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Overview
This report covers the period between the initial establishment of the FAA Center of Excellence for Alternative Jet Fuels and
Environment on September 13, 2013 through September 30, 2015. The Center was established by the authority of FAA
solicitation 13-C-AJFE-Solicitation. During that time the ASCENT team launched a new website, which can be viewed at
ascent.aero. The next meeting will be held April 25-28, 2016 at the Embassy Suites in Alexandria, Virginia.
Over the last two years, the ASCENT team has made great strides in research, outreach, and education. The team’s success
includes the following:
•

Six ASCENT meetings were held in 2014 and 2015.

•
50 research projects.
The projects can be divided into five categories: tools, operations, noise, emissions, and alternative fuels. See the project
category descriptions for more detail on each category and a summary of the projects. Funding for these projects comes
from the FAA in partnership with Transport Canada.
•
137 publications, reports, and presentations by the ASCENT team.
Each project report includes a list of publications, reports, and presentations published between September 13, 2013 and
September 30, 2015. A comprehensive list of the publications, reports, and presentations is available in the publications
index on page 439.

131 students involved in aviation research with the ASCENT team.
•
Each project report includes the names and roles of the graduate and undergraduate students in the investigator’s
research. Students are selected by the investigators to participate in this research.
63 industry partners involved in ASCENT.
•
ASCENT’s industry partners play an important role in the Center. The 59 members of the ASCENT Advisory Board provide
insight into the view of stakeholders, provide advice on the activities and priorities of the Center’s co-directors, and ensure
research will have practical application. The committee does not influence FAA policy. Industry partners also play a direct
role in some of the research projects, providing resources and expertise to the project investigators.

Leadership
Dr. Ralph Cavalieri
Center Director and Technical Lead for Alternative Jet Fuels Research
Washington State University
(509) 335-4854
cavalieri@wsu.edu
Dr. R. John Hansman
Center Co-Director and Technical Lead for Environmental Research
Massachusetts Institute of Technology
(617) 253-2271
rjhans@mit.edu
Dr. John Gardner
Industry and Stakeholder Liaison
Washington State University
(206) 448-1330
gardnerj@wsu.edu
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Dr. John Holladay
Federal Research Laboratories and Agency Liaison
john.holladay@pnnl.gov
Dr. Jim Hileman
Chief Scientific and Technical Advisor for Environment and Energy
Office of Environment and Energy
Federal Aviation Administration
james.hileman@faa.gov

Research Topics
Research projects within ASCENT are divided into five categories: tools, operations, noise, emissions, and alternative fuels.

Tools
Research within the tools category involves researching current systems to understand the short- and long-term effects of
new technologies. The ASCENT team is working to develop tools to model and assess new and existing aircraft technology.
Project topics include:
o 010 - Aircraft Technology Modeling and Assessment
o 011 - Rapid Fleet-wide Environmental Assessment Capability
o 012 - Aircraft Design and Performance Assessment Tool Enhancement
o 035 – Airline Flight Data Examination to Improve Flight Performance Modeling
o 036 – Parametric Uncertainty Assessment for AEDT 2b
o 037 – CLEEN II Technology Modeling and Assessment

Operations
Research within the operations category involves improving aviation operations to reduce negative impacts on local
communities, the environment, and the economy. The ASCENT team is working to develop efficient gate-to-gate aircraft
operations, develop evaluation tools for aircraft performance, and explore new operations procedures.
Project topics include:
o 015 - Cruise Altitude and Speed Optimization
o 016 - Airport Surface Movement Optimization
o 023 - Analytical Approach for Quantifying Noise from Advanced Operational Procedures

Noise
Research within the noise category involves researching noise pollution caused by the aviation industry. The ASCENT team
is working to understand the impact of noise pollution on health, create tools for analyzing aircraft noise, understand how
specific variables impact noise, and conduct outreach and education about aircraft noise reduction.
Project topics include:
o 003 - Cardiovascular Disease and Aircraft Noise Exposure
o 004 - Estimate of Noise Level Reduction
o 005 - Noise Emission and Propagation Modeling
o 006 - Rotorcraft Noise Abatement Operating Conditions Modeling
o 007- Civil, Supersonic Over Flight, Sonic Boom (Noise) Standards Development
o 008 - Noise Outreach
o 017 - Pilot Study on Aircraft Noise and Sleep Disturbance
o 023 - Analytical Approach for Quantifying Noise from Advanced Operational Procedures

Emissions
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Research within the emissions category focuses on reducing emissions from the aviation industry. The ASCENT team is
working to analyze data and improve models to better understand the effect of airplane emissions, create and refine
analysis techniques, and understand how policy changes could affect emissions.
Projects include:
o 002 o 013 o 014 o 018 o 019 o 020 o 021 o 022 o 024 -

Ambient Conditions Corrections for Non-Volatile PM Emissions Measurements
Micro-Physical Modeling & Analysis of ACCESS 2 Aviation Exhaust Observations
Analysis to Support the Development of an Aircraft CO2 Standard
Health Impacts Quantification for Aviation Air Quality Tools
Development of Aviation Air Quality Tools for Airport-Specific Impact Assessment: Air Quality Modeling
Development of NAS wide and Global Rapid Aviation Air Quality
Improving Climate Policy Analysis Tools
Evaluation of FAA Climate Tools
Emissions Data Analysis for CLEEN, ACCESS, and Other Recent Tests

Alternative Fuels
Research within the alternative fuels category addresses the challenges associated with the creation and accessibility of
alternative fuels. The ASCENT team is working to improve the feasibility of renewable fuels, understand how alternative
fuels will affect emissions, air quality, and performance, and create standards for alternative fuel certification.
Projects include:
o 001 - Alternative Jet Fuel Supply Chain Analysis
o 021- Improving Climate Policy Analysis Tools
o 024- Emissions Data Analysis for CLEEN, ACCESS, and Other Recent Tests
o 025 - National Jet Fuels Combustion Program – Area #1: Chemical Kinetics Combustion Experiments
o 026- National Jet Fuels Combustion Program – Area #2: Chemical Kinetics Model Development and Evaluation
o 027 - National Jet Fuels Combustion Program – Area #3: Advanced Combustion Tests
o 028 - National Jet Fuels Combustion Program – Area #4: Combustion Model Development and Evaluation
o 029 - National Jet Fuels Combustion Program – Area #5: Atomization Tests and Models
o 030 - National Jet Fuels Combustion Program – Area #6: Referee Swirl-Stabilized Combustor
Evaluation/Support
o 031 - Alternative Jet Fuels Test and Evaluation
o 032 - Worldwide LCA of GHG Emissions from Petroleum Jet Fuel
o 033 - Alternative Fuels Test Database Library
o 034 - National Jet Fuels Combustion Program – Area #7: Overall Program Integration and Analysis

3

Project 001(A) Alternative Jet Fuel Supply Chain Analysis
Washington State University
Project Lead Investigator
Michael P. Wolcott
Regents Professor
Department of Civil & Environmental Engineering
Washington State University
PO Box 642910
Pullman, WA 99164-2910
509-335-6392
wolcott@wsu.edu

University Participants
Washington State University
•
P.I.(s): Michael P. Wolcott, Regents Professor; Michael Gaffney, Director, DGSS; Manuel Garcia-Perez, Associate
Professor; and Xiao Zhang, Assistant Professor
•
FAA Award Number: 13-C-AJFE-WaSU-003
•
Period of Performance: August 18, 2014 to July 31, 2015
•
Task(s):
o 3.1 Evaluate the current alternative jet fuel (AJF) pathways, fuel properties, feedstock requirements, and
commercial offerings being considered for certification by ASTM to serve these options by constructing a
series of “design cases” for four alternative jet fuel (AJF) pathways – Garcia-Perez, Zhang
o 3.2 Identify potential intermediates (e.g. bio-oil, sugars, densified feedstock, etc.) and co-products (e.g.
biochemicals, carbon, etc) for each pathway – Garcia-Perez, Zhang
o 4.2 Inventory biorefinery infrastructure for production with an emphasis on retrofit - Wolcott
o 4.3 Refine and deploy the biogeophysical (e.g. feedstock production, transportation and production
infrastructure, demand centers) and social asset (e.g. key measures of collective action, leadership,
demographics) decision tools under development in the NARA project to aid in facility siting decisions –
Gaffney
o 5.2 Assess key aviation fuel supply chain stakeholder perceptions regarding the conditions necessary for
the adoption and diffusion of AJF -Gaffney
Washington State University
•
P.I.(s): Michael P. Wolcott, Regents Professor; Michael Gaffney, Director, DGSS; Manuel Garcia-Perez, Associate
Professor; and Xiao Zhang, Assistant Professor
•
FAA Award Number: 13-C-AJFE-WaSU-006
•
Period of Performance: August 1, 2015 to July 31, 2016
•
Task(s):
o WSU.1 Review and use of design cases for standalone AJF production facilities.
o WSU.2 Evaluation of most promising bio-refinery concepts for AJF production.
o WSU.3 Supplement the current inventory of biorefinery infrastructure identified in the conversion design
cases that are useful for production of AJF.
o WSU.4 Continue work on social asset decision tools developed in Phase 1 for plant siting (Community
Asset & Attribute Model—CAAM) through additional statistical testing and case study validation. Extend
application to full NARA region and another US region (e.g. MASBI or Chesapeake). Prepare for extension
nationally & replication for select EU countries.
o WSU.5 Refine and deploy the facility siting tools for determining regional demand and potential conversion
sites to be used in regional analyses.
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o

WSU.6 Complete assessment of key aviation fuel supply chain stakeholder perceptions regarding the
conditions necessary for the adoption and diffusion of AJF in the NARA region. Assess perceptions in
another US region (e.g. MASBI or Chesapeake)

Project Funding Level
Year 1: $400,00 FAA funding and $400,00 matching funds. Source of matching funds are $100,000 from CLH Aviation,
Madrid, Spain; $250,000 from BioJet Canada Team – a project under Transport Canada’s Clean Transportation Initiatiave;
and $50,000 Washington State University salary contribution.
Year 2: $370,00 FAA funding and $370,00 matching funds. Source of matching funds are $100,000 from CLH Aviation,
Madrid, Spain; and approximately $270,000 Washington State University salary contribution. Additional cost share is
planned to be obtained from external partners that will participate in the review of the design cases (Petroleum refineries,
pulp and paper mills, sugarcane mills, and corn ethanol mills).

Investigation Team
Leads:
•
Michael Wolcott – Washington State University
•
Paul Smith – The Pennsylvania State University
Other Lead Personnel:
•
Jody Endres – University of Illinois
•
Robert Malina –Massachusetts Institute of Technology
•
Tim Rials – University of Tennessee, Knoxville
•
Tom Richard – The Pennsylvania State University
•
Wallace Tyner – Purdue
Other WSU Research Personnel:
•
Manuel Garcia-Perez, Co-I
•
Michael Gaffney, Co-I
•
Xiao Zhang, Co-I
•
Kristin Brandt – Research Engineer

Project Overview
Year 1: This research effort has two objectives. The first objective is to develop information on regional supply chains for
use in creating scenarios of future alternative jet fuel production. Outputs from this project will be used as inputs to a
regional supply chain analysis tool being developed by the Volpe Center. The second objective is to identify the key
barriers in regional supply chains that must be overcome to produce 1-billion gallons of alternative jet fuel by 2018 and an
order of magnitude larger production in the longer term.
Year 2: This research will develop analyses of (1) design cases for conversion pathway, (2) social attitudes and industrial
fuels logistics to benefit (3) regional supply chain analyses of an emerging alternative jet fuel industry aimed at reducing
aviation greenhouse gas emissions.

Task 3.1 Evaluate the current alternative jet fuel (AJF) pathways, fuel
properties, feedstock requirements, and commercial offerings being
considered for certification by ASTM to serve these options by
constructing a series of “design cases” for four alternative jet fuel (AJF)
pathways
Washington State University
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Objective(s)
Include a description of the task and the goal(s) of this research.
Specific Objectives: While delineating the needs and requirements of the various AJF pathways, the specific objectives of
Task 3 are to:
•
Build design cases for alternative jet fuel (AJF) production technologies and existing infrastructure that could help
with the growth of this industry (pulp and paper mill, sugar cane mills, corn ethanol plants and petroleum
refineries);
•
Identify routes to generate value added chemical along with fuel production;
•
Identify potential synergisms of AJF production technologies with existing infrastructure;
•
Generate and analyze the alternatives to produce aviation fuels in the two supply chain regions; and
•
Identify technical gaps.

Research Approach
Background: While the US Federal Aviation Administration (FAA) targets to reach carbon neutral growth by 2020, the
International Airline Industry Association (IATA) aims to a net reduction of 50 % of CO2 emissions relative to the 2005
baseline by 2050 [1]. Meeting the ambitious goal of reducing green house emissions by 50 % of the 2005 levels will
require changes in the aircraft design and the extensive use of alternative fuels with low environmental impact [1]. A
strategy to create scenarios for economical alternative jet fuel production should include the addition of biofuel modules
or technologies to the existing infrastructure [2,3,4,5]. This requires the analysis of many potential schemes integrating
technological modules within a clear strategy to diversify products, reduce environmental impact and maximize socioeconomic impact [6,6,7]. Today there are three technologies approved by ASTM (ASTM D7566) to produce alternative jet
fuels [8]: (1) Hydroprocessed Ester and Fatty Acid (HEFA) [8,9,10,11], (2) Fischer Tropsch (FT) [11,12,13,14,15,16], and (3)
Direct Sugars to Hydrocarbons (DSHC | Amyris [17,18]. In addition, the (4) Alcohol to Jet (ATJ | Gevo) [19,20] pathway is
under consideration and expected to be balloted in 2014 [21]. Finally, four additional pathways are under various stage of
the ASTM process; these are (5) Hydrotreated depolymerized cellulosic jet (HDCJ | UOP, Kior) [22,23,24,25,26], (6)
Synthesized kerosene containing aromatics (SKA | UOP), (7) Synthetic kerosene and synthetic aromatic kerosene (SK&SAK |
Virent), and (8) Catalytic hydro-thermolysis (CH | ARA) [27].
Several authors have reported on the process of producing conventional and alternative jet fuels and their potential
environmental impact [29,28,29,30,31]. Although several design cases have been published in the literature [9,10,11,26],
the design criteria used vary considerably. The evaluation of all the alternative technologies under the same set of criteria
is needed to gain an objective vision of the current state and potential of each of the technologies studied. To create
scenarios of future alternative jet fuel production we also need a thorough understanding of the potential synergisms
between the available feedstock (forest, agricultural and urban wastes or energy crops), existing infrastructure that could
be leveraged to support the growth of this industry, and these emerging AJF technologies. Industrial infrastructure of
particular interest includes pulp and paper mills [32], petroleum refineries [5,33,34], sugar cane mills [35], and corn
ethanol plants.
The HEFA and FT pathways to produce AJF have already been studied by some of the PARTNER members [9,10,11,12]. In
this task we will focus on the other 6 pathways (HDCJ, SK&SAK, AJF, DSHC, SKA and CH) as well as on four of the existing
technologies (pulp and paper mills, sugarcane mills, corn ethanol mills, and petroleum refineries) that could be retrofitted
to facilitate the deployment of AJF production units in the United States.
Subtask 3.1: Development of design cases: The design cases for the technologies studied will be built by two Post-docs,
two PhD students and two teams of chemical engineering students working in their capstone projects. Each design case
will have the following components:
•
Feedstock requirement (Availability and feedstock composition)
•
Flow diagram of technology
•
Companies commercializing the technology (level of maturity)
•
Current location of units in the United States (In case of an existing technology it will be the inventory of units that
could be retrofitted)
•
Literature review on papers reporting data relevant to the operation of the technology (operating conditions, type
of reactor used, catalysts, yield of products)

6

•
•
•
•
•
•
•

Properties of Jet fuel produced
Identification of potential intermediates (bio-oil, sugars, densified feedstock); current and potential uses of wastes
and effluents; and co-products (biochemicals, carbon, etc) that can be obtained from the technology
Literature review on alternatives to use biofuel intermediates in Petroleum refineries or another existing
infrastructure.
Literature review on techno-economic analyses conducted with the technology
Construct ASPEN based process modeling diagrams for mass and energy balances. Estimation of production and
consumption indexes (fuel, and water consumption, CO2 production)
Construction of simplified block diagram of the system for high level mass and energy balances
Identification of Technological Challenges and Gaps

Responsible: Manuel Garcia-Perez (HEFA, FT, HDCJ, SK&SAK, Petroleum Refinery), Xiao Zhang (AJF, DSHC, SKA, CH, Pulp and
Paper).
Subtask 3.2: Building a platform (Integration of Block diagram in MS Excel) to study AJF production alternatives.
Responsible: Manuel Garcia-Perez and Xiao Zhang
Subtask 3.3: Generation and technical analysis of alternatives to produce AJF in the two supply chain regions.
Responsible: Manuel Garcia-Perez, Xiao Zhang and Michael Wolcott

Milestone(s)
Literature search complete for all pathways and design cases
Draft design cases complete for all pathways and design cases
Internal reports reviewed by team members

Major Accomplishments
None – Task in Progress

Publications
None – Task in Progress

Outreach Efforts
None – Task in Progress

Awards
None – Task in Progress

Student Involvement
•
•
•
•
•
•

Pulp and Paper: PhD Student Senthil Subramaniam and an undergraduate team (Ameen Alali, Brady Seroshek,
David Fugiel, Leon Li, Min Zheng).
Alcohol-to-Jet (ATJ): An undergraduate team (Alex Hadera, Luda Ledsukin, Armin Mehinagic, Serah Njau) worked
with PhD candidate Scott Geleynse.
Catalytic Hydrothermolysis (CH): PhD students Senthil Subramaniam and Mond Guo compiled an overview of the
CH process and detailed analysis of process conditions.
Direct Sugars to Hydrocarbon (DSHC): An undergraduate team (Joe Evans, Roger Kim, Lindsey Malkames, Matt
Tyler, Jenny Voss) worked under supervision of PhD candidate Carlos Alvarez-Vasco.
Fisher-Tropsch Synthesied Kerosene Containing Aromatics (FT-SKA): An undergraduate team (Alex Dunsmoor,
Kirstin Egerton, Lara Heersema, Chris Huff) and PhD students Senthil Subramaniam and Ruoshui Ma led the design
case, an overview of the process and conditions and industrial options.
Synergy for the production of Jet Fuel in Sugarcane Mills: Research associate Jonathan Pulgarin-Leon led the design
case for this technology. He has compiled literature and developed the mass and energy balances of the
technology.
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•
•
•

Hydrotreated Depolymerized cellulosic Jet (HDCJ): This design case was also assigned to Jonathan Pulgarin-Leon.
He has compiled literature and developed the mass and energy balances.
Synergy for the production of jet fuel in Dry Mill: PhD candidate Tanzil Hossain completed this design case. He has
conducted a literature review and the mass and energy balances.
Synergy for the production of jet fuel in a Petroleum Refinery: An undergraduate team (Mohammad Abdulelah, Ali
Alramadhan, Shawn Elder, Parker Scott) worked under the supervision of Jonathan Pulagrin-Leon.

Plans for Next Period
•
•
•
•

The group working with Dr. Garcia-Perez (PhD candidates: Tanzil Hossain and Jonathan Pulgarin) will work this year
on the evaluation of potential cost reductions that could be achieved if jet fuel is produced taking advantage of
existing infrastructure (dry mill corn ethanol, petroleum refinery and sugarcane mill).
The group working with Dr. Zhang will compare the performance of alternative jet fuel production concepts
studied
Complete the industrial review of case design reports.
Prepare draft manuscripts to present a high level comparison of different AJF pathways and potential integration of
selected AJF pathway (i.e. ATJ) to pulp and paper mill infrastructure.

Task 4.2 Inventory biorefinery infrastructure for production with an
emphasis on retrofit
Washington State University

Objective(s)
Include a description of the task and the goal(s) of this research.
Specific Objectives: While assessing the existing assets for potential conversion to biorefineries, the specific objectives of
Task 4.2 and 4.3 are to:
•
Compile and combine existing databases of industrial assets useful to the mid-stream components of biofuels
supply chain. These include but are not exclusive of pulp and paper facilities, sugar refineries, corn ethanol plants,
biodiesel production, etc.;
•
Work with Volpe to assess downstream oil refining and blending capacity;
•
Work with Volpe to compile market centers and requirements.
•
Work with PSU on developing social asset decision tools for plant siting

Research Approach
Background: One of the largest barriers to large-scale production of all bio-fuels is the high-capital costs of greenfield
facilities translating to risk in the investment community [36]. The capital costs of cellulosic ethanol plants range from
$10-13/gal capacity [39]. The additional process steps required to convert the intermediate to a drop-in AJF could increase
this cost to over $25/gal capacity [37]. The realities of these initial commercialization efforts into second-generation
biofuels have led to studies that envision alternate conversion scenarios including transitioning existing facilities [38].
Gevo is employing retrofit strategies of corn ethanol plants for producing isobutanol, a potential intermediate for the
alcohol-to-jet process of producing iso-paraffinc kerosene [20,21]. Research to envision scenarios to achieve the FAA
aspiration goal of AJF consumption relied upon “switching” scenarios where existing and planned capacity would be used
for producing the drop-in fuel [39]. All of these approaches require identifying existing industrial assets to target for
future AJF production. Siting becomes, not just an exercise of optimizing feedstock transportation, but aligning this critical
factor with a host of existing infrastructure, markets within regions with the proper social capital for developing this new
industry [40,41].
Subtask 4.2: Inventory biorefinery infrastructure for production with an emphasis on retrofit
Responsible: Michael Wolcott
•
Compile existing databases available from a number of sources will be assessed for use and validity. Useful
examples include: Wood2Energy.org, EthanolProducers.com, BioDieselmagazine.com
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•
•
•

Assess valuable capital components of facilities based on databases, public records, and direct contact. Examples
include, capacity of feedstock storage, fermentation capacity, wastewater treatment, energy production, hydrogen
production, etc.
Develop site selection decision matrix and weighting factors
Conduct primary level GIS analysis using algorithm developed above.

Milestone(s)
National databases are compiled, geolocated, validated and shared for biodiesel, corn ethanol, energy pellet, pulp & paper,
and sugar mill production.

Major Accomplishments
The national databases have been compiled, validated, and shared with the A01 teams. All of the metadata is compete for
use in the regional analyses

Publications
None – these are shared assets for later analyses

Outreach Efforts
None – these are shared assets for later analyses

Awards
None – these are shared assets for later analyses

Student Involvement
None

Plans for Next Period
This task is complete for these assets

Task 4.3 Refine and deploy the biogeophysical (e.g. feedstock production,
transportation and production infrastructure, demand centers) and social
asset (e.g. key measures of collective action, leadership, demographics)
decision tools under development in the NARA project to aid in facility
siting decisions
Washington State University

Objective(s)
Specific Objectives: While assessing the existing assets for potential conversion to biorefineries, the specific objectives of
Task 4.2 and 4.3 are to:
•
Compile and combine existing databases of industrial assets useful to the mid-stream components of biofuels
supply chain. These include but are not exclusive of pulp and paper facilities, sugar refineries, corn ethanol plants,
biodiesel production, etc.;
•
Work with Volpe to assess downstream oil refining and blending capacity;
•
Work with Volpe to compile market centers and requirements.
•
Work with PSU on developing social asset decision tools for plant siting
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Research Approach
Include a description of the approach to this research, including literature reviews, methodology, data analysis,
experiments, etc. This section can be broken up into smaller sections, e.g. introduction, methodology, etc. Please use
subheadings as indicated if needed. Please center-align all figures, figure titles, and figure captions.
Subtask 4.3: Refine and deploy the biogeophysical (e.g. feedstock production, transportation and production
infrastructure, demand centers) and social asset (e.g. key measures of collective action, leadership, demographics)
decision tools under development in the NARA project to aid in facility siting decisions
Building on two iterations of the CAAM model developed under the NARA project, the ASCENT applications for this subtask
include substituting original data for previously-used aggregated sources, statistically testing and validating the model,
refining the comparative benchmarks used to establish county-level ratings on the three community capitals (Social,
Human, Cultural) previously incorporated into the model, and collecting case study information for use in further
validation of the model’s efficacy. The research remains focused on refining a model which is based on readily available
national datasets (aggregated at the county level) which can be used to conduct a preliminary assessment of community
characteristics for three (Cultural, Social, Human) of the seven “Community Capitals” framework. (Emery, Mary and Cornelia
Flora. 2006. “Spiraling Up: Mapping Community Transformation with the Community Capitals Framework.” Journal of the
Community Development Society, Vol. 37, p. 22.) which informs the NARA project.

Milestone(s)
CAAM v.3.0 statistically analyzed and validated

Major Accomplishments
During this reporting period The CAAM v.3.0 has been researched, statistically analyzed, and validated against other preexisting local and regional datasets from the NARA region. This version of the model was presented at the NARA annual
meeting, and demonstrated the capacity to present a county-level rating, against a regional norm, on each of the three
relevant community capitals. In addition, this version has been presented and discussed at several forums, including the
Pacific Northwest Political Science Association annual conference, and the International Bioenergy and Bioproducts
Conference. A number of potentially suitable case study sites have been identified, and data on those case studies is being
collected and analyzed for another validation of application of the model to specific situations and locations. This will
result in a fourth, more robust, version of the model, which will also include a fourth community capital – political capital.

Publications
None – these are shared assets for later analyses

Outreach Efforts
None – these are shared assets for later analyses

Awards
None – these are shared assets for later analyses
.

Student Involvement
Sanne Rijkhoff, Ph.D. candidate in Political Science, held a funded Research Assistant position working on this project,
helped develop the second and third iterations of the CAAM model, and contributed to outreach and publication efforts.
Dr. Rijkhoff obtained a faculty position at Portland State University following her graduation in 2015.
Daniel Mueller, Ph.D. candidate in Political Science, now holds a funded Research Assistant appointment working on this
project, and has been primarily responsible for acquisition of new primary data, further validation of the model, and the
(continuing) development of the fourth iteration of the CAAM.

Plans for Next Period
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In the next year, a fourth iteration of the CAAM will be fully developed, validated, and applied in the NARA region, with
expansion to other regions. This model will be based upon:
1.
2.
3.

Primary source data replacing the Creative Vitality aggregate measure previously used so as to support more
robust and focused analyses and modelling.
Addition of new data so support addition of the fourth Political Capital to the model.
Final validation, after statistical confirmation, using selected case studies to confirm the efficacy of the model.

The Fourth CAAM will be available for use nationally, allowing comparison of counties against regional norms on Cultural,
Social, Human, and Political Capital scales that have been statistically tested and validated through triangulated testing
with external data.

Task 5.2 Assess key aviation fuel supply chain stakeholder perceptions
regarding the conditions necessary for the adoption and diffusion of AJF
Washington State University
This is a shared task lead by Penn State University. The reporting is provided in Award No. 13-C-AJFE-PSU-002.
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Graduate Students: Pooja Suresh (alternative jet fuels life cycle analysis and AFTF), Tasks 1-7, Mark Staples (supporting FAA
at ICAO AFTF and stochastic analysis, Tasks 2-4,5-7)

Project Overview
Alternative jet fuels offer the potential to mitigate the net environmental impacts resulting from aviation-related emissions
while diversifying energy supplies and thereby reducing the economic impacts of volatility in the price of oil and enhancing
U.S. energy security. As a result, alternative fuels are receiving considerable attention from policy-makers, industry and
academia. To evaluate various alternative jet fuels, a consistent set of metrics should be used to measure their impact on,
among other things, climate change, air quality, land usage, and production costs. Such metrics have been examined by MIT
in previous efforts under PARTNER Project 28 (“Environmental cost benefit analysis of alternative jet fuels”), under the FAA
CLEEN Program and in an ongoing effort under PARTNER Project 47 (“Alternative aviation fuel sustainability”) for different
fuels that are compatible with the existing aircraft fleet. Considerable progress has been made through this work especially
in fostering the understanding of lifecycle analysis in general (Stratton, 2010), and of the economic and environmental
properties of jet fuel produced from hydroprocessed esters and fatty acids (HEFA) (Stratton et al., 2010 Pearlson, 2011,
Pearlson et al., 2013, Olcay et al., 2013, Seber et al., 2014), from Fischer-Tropsch (F-T) pathways (Stratton et al., 2010 and
Carter et al, 2011) and from biomass-derived simple sugars using a variety of chemical and biological techniques (Bond et
al. 2014, Staples et al. 2014). The MIT team has also contributed to a wider understanding of the water footprint of aviation
biofuels and of trade-offs between water and land requirements (Staples et al., 2013), as well as to understanding the impact
of biogeophysical climate effects of land-use change induced by biofuel production (Caiazzo et al., 2014).
In a previous effort under Project 47, the MIT team has started to advise the International Civil Aviation Organization
Committee on Aviation Environmental Protection’s Alternative Fuels Task Force (ICAO CAEP AFTF) on scenarios for future
alternative fuel production and associated GHG emission savings.
The overall objectives of COE Project 2014-1 are (1) to derive information on regional supply chains to create scenarios for
future alternative jet fuel production and (2) to identify the key supply chain-related obstacles that must be overcome to
produce 1 billion gallons of alternative jet fuel by 2018 and an order of magnitude larger production in the longer term.
After the original grant narrative was approved, the ICAO Committee on Aviation Environmental Protection (CAEP) Steering
Group assigned a new task to the ICAO Alternative Fuels Task Force (AFTF) on the development of a methodology to assess
lifecycle CO2 emissions from alternative fuels for use in a system of market-based measures as currently discussed at ICAO,
that was not covered under the original proposal. MIT committed to supporting FAA in this additional AFTF task and
submitted a supplement to the original project grant narrative. The development of a methodology for assessing lifecycle
CO2 emissions from different fuels and feedstocks needs to address several key items. First, criteria for data quality will be
needed such that the inputs to the calculation of lifecycle emissions are sound. Second, an accounting method will be needed
that clearly defines the system boundaries (including the treatment of emissions from land-use change) and properly assigns
emissions among the various products being produced. Third, a mechanism will be needed that describes who will compute
the lifecycle emissions using the agreed-upon methodology. Fourth, a decision needs to be made on how frequently the
calculations need to be revised over time.
In October 2014, AFTF decided to introduce a new task group (TG) that will develop the methodology for calculating lifecycle
CO2 emissions. Three members of the MIT team are members of the new TG.
Under this background, the objectives of the MIT proposal are (1) to develop long-run scenarios for future alternative jet fuel
production and associated savings in GHG emissions attributable to aviation, (2) calculate lifecycle greenhouse gas emissions
for alternative jet fuel pathways, (3) to contribute to developing and applying stochastic techno-economic models for
assessing risk in conversion pathways as one key barrier for alternative jet fuel deployment and (4) to support FAA in the
development of a methodology for lifecycle CO2 emissions of alternative jet fuels for use in the market based measures
scheme currently under discussion at the International Civil Aviation Organization (ICAO).
The project consists of 7 tasks, the last two of which are part of the supplement to the original grant narrative:
•
•

Task 1: Calculate screening-level lifecycle GHG emissions for additional feedstock to fuel pathways and quantify
differences in lifecycle GHG emissions calculations in different regulatory frameworks for (aviation) biofuels
Task 2: Develop ranges for GHG reductions per unit of aviation biofuel use
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•
•
•
•
•

Task 3: Estimate future bioenergy energy / aviation biofuel potential
Task 4: Support FAA in their decision-making for ICAO CAEP AFTF
Task 5: Work with Purdue University on the development and application of stochastic techno-economic models for
aviation biofuel pathways
Task 6: Develop proposal for methodology for calculation of CO2 emissions
Task 7: Calculate lifecycle CO2 emissions under different methodological draft proposals developed by AFTF for
select feedstock-to-fuel pathways

Objective(s)
The objectives, as outlined above are:
(1) to develop long-run scenarios for future alternative jet fuel production and associated savings in GHG emissions
attributable to aviation,
(2) to calculate lifecycle greenhouse gas emissions for alternative jet fuel pathways,
(3) to contribute to developing and applying stochastic techno-economic models for assessing risk in conversion
pathways as one key barrier for alternative jet fuel deployment and
(4) to support FAA in the development of a methodology for lifecycle CO2 emissions of alternative jet fuels for use in
the market based measures scheme currently under discussion at the International Civil Aviation Organization
(ICAO).

Research Approach
The research approach is detailed under major accomplishments for each task separately.

Milestone(s)
Month

Milestone

October 2014

MS 1:
High-level methodology developed for bioenergy potential and lifecycle
GHG calculations

February 2015

MS 2:
White paper on quantitative differences in policy frameworks for
(aviation) biofuels available for FAA review

March 2015

MS 3:
Future bioenergy potential results available for AFTF discussions

April 30th, 2015

MS 4:
Results on savings in GHG emissions through alternative jet fuel in 2050
available for AFTF discussion

May 31st, 2015

MS Supplement 1: Presentation of methodological proposal at ICAO CAEP
AFTF meeting in Brazil

August 31st, 2015

MS 5:
Stochastic techno-economic study available for FAA review
MS 6:
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Screening-Level lifecycle GHG emission estimates for additional
feedstock-to-fuel pathways available
MS Supplement 2: Preparation of papers for CAEP steering group
meeting finished

Major Accomplishments
Task 1
The US generated an average of 4.38 lbs/person/day of municipal solid waste (MSW) in 2012, as reported by the EPA.
Excluding the portions of the generated MSW that were recycled and composted, the remaining discards that were sent to
landfill or combusted translated to 330 billion pounds of MSW in 2012. Converting this to fuels could potentially satisfy 15%
of the annual US transportation demand for middle distillate fuel, making MSW a significant energy resource in the US. From
an environmental and economic perspective, producing transportation fuels from MSW can offer several advantages.
The major environmental advantage is that conversion of MSW to fuel displaces the existing waste management strategy,
which is primarily landfilling. 53.8% of the generated MSW was discarded in landfills in 2012. Replacing landfills, the thirdlargest anthropogenic source of methane emissions in the US, can give MSW-derived fuels a greenhouse gas emissions credit.
Since a fraction of the MSW feedstock is biogenic, the direct emissions during fuel combustion are lower than that of
conventional fossil fuels. Additionally, unlike conventional crop-based biofuels, using MSW as a feedstock implies no direct
competition with food production and no additional land and water use.
The economics of using MSW as a feedstock are potentially favorable. Relative to conventional biomass with positive
feedstock costs, there is currently zero cost associated with MSW and many municipalities pay to dispose of MSW in landfills.
The average landfill tipping fees in the US is $50/ton. This may translate to a negative feedstock cost or source of revenue
for MSW-derived fuels and may offset high fuel production costs. Additionally, waste management infrastructure for
collection and sorting of MSW already exists and can be utilized, reducing the net production costs.
However, MSW-derived middle distillate fuels have not yet been produced at an industrial scale because significant challenges
remain to be resolved, primarily the heterogeneity of the feedstock (requiring expensive pretreatment) and the lack of
maturity of the conversion technologies (low efficiency and yields). As a result of these remaining challenges, it is not yet
known empirically how these technologies will develop and perform commercially. Though there is some existing work in
the area of evaluating the environmental and economic performance of MSW-derived middle distillate fuels, a large research
gap remains to be bridged.
Only two published studies (Niziolek et al., 2015 and Pressley et al. 2014) have attempted to quantify the environmental
performance of MSW-derived middle distillate fuels in terms of lifecycle greenhouse gas emissions. These examine only one
conversion pathway and exclude some critical components of the lifecycle such as the displaced waste management strategy
or fuel combustion emissions. Niziolek et al. estimate the overall production costs but do not perform a comprehensive
techno-economic analysis. One academic thesis (Motycka, 2013) conducts a techno-economic assessment of a different MSWto-middle distillate fuel pathway. However, it considers only a single optimized scenario and does not account for the wide
range of conversion efficiencies available from other literature.
It must be noted that there are numerous published academic papers on LCA and TEA studies of waste to energy and waste
to ethanol pathways. This literature has been utilized but needs to be supplemented to extend the analysis to production
of middle distillate fuel from MSW. Lastly, the existing studies do not comprehensively account for the significant uncertainty
and variability in each pathway. Stochastic analyses and sensitivity analyses are required for both environmental and
economic performance evaluations to facilitate better-informed decision-making. Therefore, the project task’s focus is to
comprehensively analyze the environmental and economic performance of middle distillate fuel derived from MSW compared
to that of conventional, petroleum derived middle distillate fuel, with stochastic modeling and scenario-based sensitivity
analyses. The overall approach is shown in

Figure 1.

In the last year, the environmental performance in terms of lifecycle greenhouse gas emissions for three thermochemical
technologies was studied. The three thermochemical technologies that have been considered are:
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1.
2.
3.

Conventional gasification + Fischer-Tropsch (FT) synthesis
Plasma gasification + Fischer-Tropsch synthesis
Conventional gasification + Alcohol synthesis + Alcohol-to-jet conversion (ATJ)

Figure 1: Overall research approach
Following the approach in Figure 1, the first step was to model these pathways. A brief description of the general pathway
model and some important data sources are given below:
−

The analysis excludes curbside collection, transportation and initial sorting, which must take place regardless of the
waste management strategy. Only the MSW discards that remain after recycling and compost enter the LCA. The MSW
discards’ composition used for the analysis was obtained from the US 2012 MSW data presented by EPA, 2014.

−

The pathway replaces the existing waste management strategies for these discards (landfill and combustion). This
replacement results in a GHG credit because of the methane and CO2 emissions that are offset. This credit is calculated
from the EPA WARM model and accounts for energy recovery from landfill gas and combustion.

−

The feedstock is transported to the biorefinery. At the biorefinery, further sorting is required in most scenarios to adjust
the feedstock composition that enters the gasifier. Metals, glass and other inorganics are removed and some of it is
recycled. This again results in a GHG credit that is calculated using the EPA WARM model and is included within the
system boundary in the baseline case. The emissions related to energy consumption for the sorting process are also
accounted for using simulation model data from academic literature.

−

Note that the rejects and ash are sent to landfill but since these tend to be inorganic or non-biogenic in nature, they do
not contribute to anthropogenic methane emissions; only the emissions from transportation and use of landfill
machinery are included.

−

The feedstock is then converted to jet and diesel fuel via one of the three thermochemical technologies. The direct GHG
emissions from these processes are accounted for. The primary co-products include naphtha (reformed to gasoline in
some cases), higher alcohols and excess electricity. Energy allocation is employed to allocate the emissions for fuel and
alcohol co-products, whereas the excess electricity is assumed to displace the US national average grid electricity.
Secondary co-products such as slag material for construction aggregates and elemental sulfur have also been included
in the analysis but were found to have negligible impact.
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−

The middle distillate fuels are then transported and distributed to their end-use destinations. The emissions from this
step are obtained from the GREET 2014 model.

−

Finally, only the end-of-life combustion emissions due to the non-biogenic portions of the MSW are included in the LCA
(40% non biogenic for the US EPA 2012 data based on the methodology from EIA, 2007).

The deterministic, baseline results that were computed for the three pathways in terms of lifecycle GHG emissions are shown
in Figure 2. The credits from the replaced waste management strategy and recycling are the same for each of the three
technologies on the basis of per ton of input MSW but vary when they are divided over the energy of the output fuels (MJ).
The highest conversion efficiency to fuels (almost 60%) and hence, highest energy output in the form of fuels, is achieved by
the conventional gasification + FT pathway when comparing the three baseline cases. Primarily due to this, this pathway also
has the lowest lifecycle GHG emissions footprint (~ 24 gCO2e/MJ).
The other two pathways have lower fuel yields, implying that more of the non-biogenic carbon in the MSW feedstock is
emitted as CO2 directly during the process and therefore, the emissions per MJ of middle distillate fuel are higher. In the
plasma gasification pathway, less than 40% of the energy in the feedstock is converted to fuels. Fossil fuel inputs such as
petroleum coke and natural gas further increase the direct emissions. Though the plasma gasification process produces a
large amount of electricity, plasma power requirements are high and the excess electricity that is returned to the grid is not
sufficient to balance the process emissions. In the case of the third pathway, conventional gasification + alcohol synthesis +
alcohol-to-jet conversion, the fuel yields are the lowest. Due to high conversion losses, less than 25% of the energy in the
feedstock is converted to middle distillate fuels and the excess electricity generation is very low (less than 1% of the feedstock
energy as compared to 3% in the first pathway and 12% in the second pathway). Therefore, the third pathway had the largest
lifecycle GHG emissions footprint (~ 45 gCO2e/MJ).

Figure 2: Lifecycle GHG results for three pathways that convert MSW to middle distillate fuel
These results were verified, whenever possible, by comparing to available literature. Some aspects of the pathway were
compared to the earlier mentioned publications as well as other academic papers that study MSW conversion to ethanol,
waste management strategies including waste-to-energy strategies and conversion of biomass to middle-distillate fuels. The
next step was sensitivity analysis. An example of a preliminary sensitivity analysis for the conventional gasification + FT
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pathway is shown in Figure 3. The variables are on the left and the baseline assumptions are listed on the right. The graph
shows the baseline scenario and the two extreme scenarios for each parameter.

Figure 3: Preliminary sensitivity analysis for the conventional gasification + FT pathway
The major parameter is the MSW composition, particularly the biogenic vs. non-biogenic content ratio. The 100% biogenic
case requires more energy for sorting to separate out all the plastics and thereby requires external electricity. Removing the
plastics reduces the energy content of the feedstock and as a result, produces lower quantity of fuel. However, since there
are no direct non-biogenic emissions, the credits per MJ are high. The resulting lifecycle GHG footprint is -47 gCO2e/MJ. It
must be noted that this is accompanied by a significant reduction in the amount of middle distillate fuel that can be produced
(by more than 50%). The 40% biogenic case also requires additional sorting to remove the food waste, yard wastes and wood.
Removing these biogenic wastes and sending them as rejects to landfill has a significant negative impact because of the
high methane emissions from these biodegradable components. Also, the non-biogenic CO2 emissions from both fuel
production and combustion increase. The resulting lifecycle GHG footprint is 71 gCO2e/MJ.
Varying the recycling rate proportionally changes the GHG credit from recycling. The effect is an increase of 8 gCO2e/MJ
when the recycling rate is reduced to 30% (from 50%) and a decrease of 8 gCO2e/MJ when the recycling rate is increased to
70%. The data derived from academic literature showed that as more of the feedstock energy is converted to fuel (70%) and
less electricity, the generated electricity cannot satisfy the energy demands of the process and an external electricity
requirement arises. This increases emissions. On the other hand, because of displacement allocation, generating more
excess electricity reduces the net emissions. The effect of the two scenarios is shown under the conversion efficiency
parameter in Figure 3. Implementing carbon capture and storage by capturing 90% of the carbon that is released as CO2
directly during the fuel production process is another scenario that reduces the net emissions significantly.
In the second year of the project that began this fall, the economic performance is being quantified by conducting technoeconomic analysis to determine the minimum selling price of middle distillate fuels from the three pathways. The pathway
model is the same as that used for the environmental analysis with some modifications. The major assumptions and methods
are briefly described below:
−

For the techno-economic analysis, the replaced waste management strategy affects the feedstock cost or revenue.
Replacing existing or new landfills may allow the biorefinery to charge similar tipping fees for the MSW feedstock.
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However, this may result in feedbacks to the system and in the long run, result in a positive associated cost. Therefore,
the analysis assumes a zero cost for the MSW feedstock in the deterministic baseline case but will vary this parameter
to account for current landfill tipping fees during sensitivity analysis.
−

The mass and energy balances from the environmental analysis are carried over to the techno-economic analysis to build
the biorefinery economic model. The revenue streams are middle distillate fuels, naphtha or gasoline, higher alcohols,
excess electricity, scrap metals and glass from the further recycling step, sulfur and construction aggregates. Variable
operational costs arise from process inputs such as electricity, natural gas, water, petroleum coke, limestone, catalysts
and other chemicals.

−

The prices of these revenue streams and operational inputs are based on 5-year historical market data from sources
such as Bloomberg and EIA, governmental and international agencies such as USGS, EPA and OECD, and academic technoeconomic studies for biomass conversion to fuels.

−

Capital investment costs are estimated from a variety of academic techno-economic studies, few of which are relevant
to MSW and the majority are related to biomass conversion to fuel. Some of the papers rely on chemical engineering
models in Aspen to arrive at equipment factor estimates and some employ general cost-curve estimations.

−

Fixed operational costs are estimated from capital expenses, based on heuristics in the literature. These expenses
include insurance, taxes, maintenance and plant staff salaries.

−

All of the above mentioned costs, revenues and material and energy balances are input into a Discounted Cash Flow Rate
of Return (DCFROR) model based on Pearlson et al., 2013. The model is solved for the minimum selling price defined as
the middle distillate price at which the net present value of the project cash flow equals zero at given internal rate of
return. The minimum selling price is estimated for n-th plant operations at commercial scale.

−

Most of the baseline assumptions are derived from Pearlson et al., 2013. These include 80%/20% debt to equity ratio,
internal rate of return of 15%, loan interest rate of 5.5%, loan term of 10 years, income tax rate of 40% and a plant
valuation life of 20 years. Capital expenses during construction are spread over three years and distributed as 8%, 60%,
and 32% of the total project investment, respectively. Depreciation is scheduled over 10 years, and based on the variable
declining balance method.

−

The fuel transport and combustion stages are not included in the techno-economic analysis. The minimum selling price
is estimated as the gate price that the biorefinery would sell the fuel at.

The minimum selling price is sensitive to the scale of the facility, which impacts the conversion efficiency and outputs and
reduces capital costs per unit of output by taking advantage of economies of scale. It is also very sensitive to the assumed
internal rate of return as well as the prices of the fuel products and scrap metals. Many of these critical inputs are stochastic
in behavior, including the prices of products that are used to create the fuels, prices that finished products are sold for, and
the capital costs associated with construction of the biorefinery. It is also important to note that many of the critical inputs
for the lifecycle GHG emissions analysis have significant uncertainty margins, including conversion efficiency data, GHG
intensities of utility inputs, waste management emission factors and MSW composition. Therefore, when the deterministic
techno-economic analysis is completed for all three pathways, stochastic and scenario-based analyses will be performed to
evaluate uncertainty and variability of the environmental and economic performance results.
In addition, MIT also provided an outline of the core differences in the approach for calculating lifecycle greenhouse gas
(GHG) emissions in current legislation in the European Union (EU RES, EU FQD) and the United States (US EISA, US RFS 2).
They are summarize below:
1. Allocation rules
EU legislation mandates that GHG emissions shall be divided between the fuel or its inter mediate product and the coproducts relative to their energy content (EU RES, Annex V, C.18; EU FQD, Annex IV, C.18) If excess electricity is being
produced from cogeneration in the biofuel pathway, then emissions credits are to be assigned to the biofuel according to
the emissions being avoided through the biomass-derived electricity generation. (EU RES, Annex V, C.16; EU FQD, Annex IV,
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C.16) In the US, emissions are calculated using energy-based allocation among co-products that can qualify under RFS 2
(transportation fuels), and system expansion for all other products. This choice can significantly impact on reported GHG
emission values. For example, in case of the camelina HEFA pathway, Olcay et al. (2013) calculate lifecycle GHG emissions
of ~31gCO2e /MJ if emissions are allocated among all co-products using energy-based allocation, and ~52gCO2e /MJ if
system expansion is used at the camelina oil and camelina meal step, and energy-based allocation is used to attribute
emissions among the transportation fuels being produced. 1
2. System boundary
A core difference for system boundary for the calculation of lifecycle GHG emissions exists in the extent to which emissions
from land-use change are included. Whereas the US RFS 2 mandates the inclusion of emissions from both direct and indirect
change of land use due to biofuel production (US EISA, Title II, Subtitle A, Section 201 definitions) European legislation
currently only includes emissions from direct land-use change (EU RES, Annex V, C.7; EU FQD, Annex IV, C.7). However,
following provisions contained in EU RES and EU FQD the EU commission investigated a potential inclusion of emissions from
indirect land-use change (ILUC) in EU regulation and recommended ILUC emission factors in a proposed revision of EU RES
and EU FQD (EU COM(2012) 595). This proposal is currently under negotiation at the EU institutions.
3. Annualization of emissions from land-use change
In EU, emissions from carbon stock changes caused by land-use change
are ann
7.; EU FQD, Annex IV, C.7), whereas they are annualized over 30 years in the U.S (US RFS 2, p. 14679). The choice of time
horizon for annualization can significantly alter the reported results. For example, US EPA reports emissions from land-use
change of ~32 gCO2e per MJ of soybean biodiesel (reported as 34 kg CO2e / mmbtu) (US EPA TABLE V.C–2), which - if
emissions from land-use change were annualized over 20 years instead of 30 years - would translate into emissions of
~48gCO2e /MJ of soybean biodiesel.
4. Geographical scope of sustainability criteria
While it does not directly affect emissions calculations, there is an important difference in the application of sustainability
criteria between the US and EU rules. The US sustainability criteria apply only to biofuels produced in the U.S (US RFS 2
Section II.B.4; US EISA, Title II, Subtitle A, Section 201), whereas EU sustainability criteria apply globally (EU RES Art. 17 (1)),
EU FQD Art. 7b (1)). Thus, according to E. U. sustainability criteria, sensitive lands anywhere in the world do not count towards
EU biofuels production targets (EU RES Art. 5(1)) and are not eligible for support schemes in the EU (EU RES Art. 17(1). These
restrictions do not apply under the US regulation.

Tasks 2-4
The research approach for quantifying the CO2 benefit of alternative fuels in aviation is two-fold: 1) develop and use ranges
for life cycle GHG emissions estimates of alternative jet fuels in the short- and long-run, and 2) assess the potential alternative
jet fuel production in the short- and long-run. The short-run is defined as 2020, and the long-run is defined as 2050. The
final step in the research is to combine the LCA efforts (task 1) and the fuel production assessment (task 2).
The LCA work was led by the European Commissions’ Joint Research Centre (EU JRC) and Argonne National Laboratory (ANL),
and the fuel production assessment and final integration of the two analyses was led by MIT and the International Air
Transport Association (IATA). Therefore, this report addresses MIT’s work on the fuel production assessment, and the
integration of the LCA and fuel production analyses to generate final results for the CAEP 10 trends assessment.
Fuel production assessment for 2020
The methodology used for projecting alternative jet fuel production in 2020 consists of four successive steps. First, a
database was built, collecting all the announcements made by alternative fuel producers regarding the development of their
technology, the construction of demonstration and commercial plants, and their short-term production plans.
Announcements by States (or group of States) were also collected. In a second step, the credibility of the collected
announcements was evaluated according to a set of criteria established by the subgroup. Third, different sets of
assumptions, constituting scenarios, were defined in order to explore a range of possible developments corresponding to
increasingly optimistic assumptions regarding the achievement of the industry’s announcements. Last, quantitative
projections were derived from the announcements according to the credibility evaluation and the scenarios’ assumptions.

1

Reported values are for a system in which the share of jet fuel in the product slate is maximized.
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Fuel production assessment for 2050
For the 2050 fuel production assessment, the methodology is designed to capture a range of future production potentials,
dependent upon assumptions regarding global socio-economic evolution, future energy and environmental policies, and
other factors. For that purpose, a three-step scenario approach was adopted. The three steps, as well as the major groupings
of assumptions that define the outcomes of each step, are shown in Figure 4.

Figure 4: Analysis steps in the 2050 fuel production assessment for ICAO-CAEP
In the first step, constrained primary bioenergy potential is calculated. This is the total bioenergy potential from available
land and biomass resources, subject to assumed sustainability constraints, socio-economic conditions (such as world
population, GDP, etc.), possible future environmental policies, and other variables. The result is a set of constrained primary
bioenergy potential scenarios.
In the second step, primary bioenergy achievement is calculated from constrained primary bioenergy potential. Achievement
scenarios are constructed to reflect possible future feedstock prices and energy policies that favor or discourage the
production of bioenergy, and the primary bioenergy achievement is defined as the proportion of constrained technical
potential anticipated to actually be produced under different scenario assumptions.
In the third step, alternative jet fuel achievement is calculated from primary bioenergy achievement. Alternative jet fuel
achievement is defined as the proportion of bioenergy achievement that is assumed to be converted to alternative jet fuel.
Calculating alternative jet fuel achievement requires estimating the proportion of achieved primary bioenergy potential that
is dedicated to alternative jet fuel production, as opposed to other uses, and estimating the efficiencies associated with
primary energy to jet fuel conversion processes.
Integration of LCA and fuel production assessment analyses
The integration of the LCA and fuel production assessment analyses is a matter of multiplying the agreed upon fuel-groupingspecific LCA emissions factors (the outputs of work by EU JURC and ANL), by the calculated potential fuel production volumes
(the outputs of work by MIT and IATA). This was carried out for 2020 and 2050, and the results are reported here in a number
of different ways, in order to provide insight into the consequences of the findings for the CAEP 10 trends assessment.
The work was carried out iteratively by bringing together the AFTF experts in face-to-face and teleconference meetings:
•
Early October 2014: Two teleconferences were held, hosted by MIT, to make a proposal to AFTF for the methodology
to be used for the 2050 fuel production assessment. This proposal focused on the constrained primary bioenergy
potential step of the analysis.
•
Late October 2014: AFTF convened its second face-to-face meeting in Madrid. At this meeting a revised methodology
for the 2050 fuel production assessment was presented by MIT, and key aspects were agreed upon.
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•
•
•
•

•
•

December 2014: A first iteration of the methodology information paper (IP) for the 2050 fuel production assessment
was circulated to the group for comments by MIT. A teleconference was held shortly thereafter, hosted by MIT, to
present the IP and garner comments on the document so far.
March 2015: A second iteration of the 2050 fuel production assessment IP, which incorporated comments on
iteration 1, was sent to AFTF by MIT. Again, a teleconference was hosted by MIT in order to present and explain the
IP document, and to receive feedback from AFTF members on the state of the methodology.
Early May 2015: A third iteration of the 2050 fuel production assessment IP, incorporating comments received on
iteration 2, was circulated to AFTF in preparation for the meeting in Brasilia by MIT.
Mid-May 2015: AFTF convened its third face-to-face meeting in Brasilia. The third iteration of the IP, and preliminary
results for the 2050 fuel production assessment, were presented by MIT. The proposed methodology and preliminary
results for the 2020 fuel production assessment were presented by Philippe Novelli of ICAO, the analysis for which
MIT had participated in.
June 2015: A final, agreed upon iteration of the 2050 fuel production assessment methodology IP was sent to AFTF
by MIT. This final version reflected the input of AFTF members during the meeting in Brasilia.
August 2015: An iteration of the final results IP, ultimately intended for use by the ICAO-CAEP Modeling & Data
Group (MDG) in the CAEP 10 trends assessment, was sent to AFTF for comments. The results contained in this
document represent the combination of results from the 2020 and 2050 LCA analyses (led by EU JRC and ANL) and
the 2020 and 2050 fuel production assessment analyses (led by MIT and IATA).

During this period, MIT worked together with other AFTF members to develop a methodology for the assessment for
alternative jet fuel production in 2020. The final methodology, summarized above and explained in detail in CAEP-SH/2015IP/14, was presented to the CAEP Steering Group in September 2015.
The 2020 fuel production assessment resulted in 6 scenarios, which are presented in

Table 1.

Table 1: Alternative jet fuel availability in 2020, in [Mt/yr] and [EJ/yr]

During this period, MIT developed, proposed, revised and finalized the methodology for the 2050 fuel production assessment
for the CAEP-10 trends assessment. This involved an iterative process of proposing a methodological approach to the
members of AFTF, receiving comments and adjusting the methodology. This process came to a conclusion in June 2014. The
agreed upon methodology is summarized above, and explained in detail in CAEP-SQ/20153-IP/12, presented to the CAEP
Steering Group in September 2015.
Having finalized the methodology, MIT proceeded to generate the results for the 2050 fuel production assessment. The
generation of these results represents the culmination of a full year of analysis effort on the part of MIT. A summary of
results is presented here. The first step of the analysis determined that 41-510 EJ/yr of primary bioenergy is potentially
available in 2050. Results are disaggregated by feedstock type, world region, and associated land-use. The results of step 1,
broken out by feedstock type, are shown in Figure 5. As a point of reference, total global primary energy demand was
approximately 549.1 EJ in 2011.
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Figure 5: 2050 constrained primary bioenergy potential scenario results, broken out by feedstock type
In step 2 of the 2050 fuel production assessment, various feedstock price assumptions were tested to quantify the proportion
of 2050 constrained primary bioenergy potential that might actually be produced in 2050. These results are disaggregated
by feedstock type, world region, and associated land-use. The results of step 2, ranging between 16-369 EJ/yr, are shown
broken out by feedstock type in Figure 6.

Figure 6: 2050 primary bioenergy achievement results.
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In step 3 of the 2050 fuel production assessment, different scenarios are explored to quantify the volume of alternative jet
fuel that could be produced from 2050 primary bioenergy achievement, given competing uses for biomass resources and
feedstock-to-jet fuel conversion efficiencies. Again, the results are disaggregated by feedstock type, world region, and
associated land-use. The results of step 3, ranging between 1-203 EJ/yr, are shown broken out by feedstock type in Figure

7.

Figure 7: Alternative jet fuel achievement results. The range of CAEP-10 fuel burn projections are shown by the
dashed lines for reference.
Final results for potential for alternative jet fuels to reduce the aviation CO2 emissions to 2050
MIT combined the results of the 2020 and 2050 fuel production assessment analyses with the LCA emissions factors agreed
upon by the sub-group led by EU JRC and ANL. These results were delivered to AFTF in CAEP-SQ/20153-IP/12, and are
summarized for below. Figure 8 indicates that alternative jet fuel could reduce 0-1.2% of aviation CO2e emissions in 2020,
and Figure 9 indicates that alternative jet fuel could reduce 0-51.0% of aviation CO2e emissions in 2050.

Figure 8: Potential reduction in 2020 aviation lifecycle CO2e emissions using the low LCA emission factor case,
compared to 100% petroleum-derived jet fuel baseline. Variability bars reflect different CAEP 10 fuel projections for
2020. Reduction is zero for all production scenarios under the high LCA emission factor case.
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Figure 9: Potential percentage reduction in life cycle CO2e emissions from aviation in 2050 [Mt CO2e/yr], due to the
use of alternative fuels. The grey bars indicate aviation life cycle CO2e emissions reductions in 2050 from a 100%
petroleum-derived jet fuel base case. The whiskers indicate the change in percentage of potential offset due to the
range of CAEP 10 2050 fuel burn projections.

Task 5 (with Purdue University)
We conducted a stochastic techno-economic assessment of the Alcohol-To-Jet (ATJ) pathway for three different biomass
feedstocks that advances existing techno-economic approaches in collaboration with Purdue University. First, we quantify
the impact of technical uncertainty on the production costs of the fuel by econometrically linking process inputs and outputs
to random draws on conversion efficiency. Second, we account for uncertainty in future prices of inputs and outputs through
time-series estimation. Third, we develop and apply a method to estimate breakeven price distributions for the ATJ fuels
under consideration. The point of departure for this research is previous analysis by Staples et al. (2014) funded under the
PARTNER Center of Excellence on renewable diesel and jet fuel production via fermentation and advanced fermentation
technologies. We extend this work by including stochasticity as described above.
Virtually all biofuel currently produced is ethanol or biodiesel, which cannot be used for aviation for performance and safety
reasons. Therefore, specific technologies are being developed to produce fuels that are compatible with existing aircraft and
air transport infrastructure. One such technology, referred to as alcohol-to-jet (ATJ), involves the upgrading of biomassderived alcohols to a drop-in jet fuel or blendstock specification. Typically, ATJ technologies extract polymer sugars from a
biomass feedstock via mechanical, chemical or biological means. The polymer sugars are then decomposed to monomer
sugars, and metabolized (or fermented) by an engineered microorganism to an alcohol platform molecule. Finally, the alcohol
is dehydrated, oligomerized and hydrogenated to a final fuel product slate which includes some proportion of drop-in jet
fuel or blendstock. A number of private corporations, such as Byogy Renewables, Inc. and Gevo, Inc., are pursuing ASTM
certification and commercialization of ATJ technologies. The subject of this analysis is a subset of ATJ technologies that
includes sugars derived from sugarcane, corn grain or switchgrass, followed by fermentation to an ethanol platform
molecule. These feedstocks were selected to represent the present and future of renewable fuel production: corn grain and
sugarcane are commonly used for the production of ethanol in the United States and Brazil, respectively, and herbaceous
lignocellulosic crops, such as switchgrass, can be used for the production of second-generation renewable fuels such as
cellulosic ethanol. A simplified schematic of the ATJ process is shown in Figure 10.
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Figure 10: Alcohol-to-jet pathway description
Figure 11 presents an overview of the stochastic techno-economic analysis in this study. The arrows indicate the direction
of impacts from one variable to another. ATJ first converts feedstocks to alcohol, and then converts alcohol to jet fuels. Thus,
there are two conversion efficiencies subject to uncertainty. These two conversion efficiencies, in turn, drive feedstock, utility
input requirement and output levels. We include uncertainty in feedstock and natural gas prices because of their high
proportion in operating costs. Diesel prices are also projected with uncertainty and other fuel prices are highly correlated
with diesel prices. Capital cost also is driven by capacity and feedstock quantity requirements, which are determined by
conversion efficiency.
The upper left corner of Figure 11 presents the feedstock inputs and DDGS by-products and the lower right corner displays
the utility requirements and by-products in the two production steps. The upper right corner shows the final fuel products.
The lower-left corner is capital cost. All the uncertain input variables follow a defined distribution. Technology conversion
factors, capital costs, feedstock, natural gas and diesel prices are projected through distributions represented by ovals in
Figure 11. Exogenous variables are represented by parallelograms, and variables dependent on a stochastic variable are
shown as rectangles. Each iteration of the Monte Carlo simulation yields output values that reflect the random draws from
all the input distributions. The base case from Staples et al. (2014) is defined as the most likely or mode value in our analysis.
The breakeven price distribution design is discussed in subsequent sections of the paper.

Figure 11: Schematic overview of techno-economic analysis model in this research
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We first present results for net present value distributions, followed by breakeven price distributions. The summary of NPV
distribution results is presented in Table 2. The mean NPV for corn grain, sugarcane and switchgrass are negative. Sugarcane
has the highest NPV and smallest standard deviation, and switchgrass has the lowest NPV and largest standard deviation
(Figure 12). All three feedstocks’ probability of loss is higher than 85%, and there is more uncertainty in switchgrass to jet
fuel production. These results imply that under current diesel, jet and feedstock prices, technology levels, and projected
future product prices, incentives would be needed to stimulate investment in aviation biofuel production via ATJ.
Table 2: Stochastic NPV distribution results for corn grain, sugarcane and switchgrass
Statistics ($)

Corn Grain

Sugarcane

Switchgrass

Mean

(202,676,272)

(166,949,693)

(578,847,888)

Std Dev

123,078,088

143,503,827

239,347,128

Minimum

(610,068,151)

(829,256,428)

(1,665,733,740)

Maximum

197,763,45

319,977,497

68,609,042

Probability of Loss

95%

88%

100%

3.5

Probability Density (10^-9)
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Figure 12: NPV distribution comparisons of corn grain, sugarcane and switchgrass
The NPV results show that sugarcane is the least-cost option for the ATJ pathway among the three feedstocks considered
under all circumstances. Sugarcane production does not require external heat and electricity. The sugarcane bagasse
produced provides more than sufficient heat and power for fuel production, and permits 167,847,524 kWh produced
electricity to be exported to the grid in the base case. Although the combustion of biomass residues generated from
switchgrass can also offset the heat and power requirements for fuel production, it still requires more natural gas than
sugarcane, and the power generated is less than sugarcane. In addition, its conversion efficiency is lower than corn grain. In
general, we find that mean NPV of the different renewable jet fuel pathways are inversely proportional to the recalcitrance
of simple sugars in the raw feedstock to be converted to ethanol: switchgrass is the most recalcitrant feedstock examined
(requiring greater utility, energetic and feedstock inputs per unit of monomer sugar extracted) and has the lowest NPV and,
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in contrast, sugarcane is the least recalcitrant feedstock (requiring fewer utility, energetic and feedstock inputs per unit of
monomer sugar extracted) and has the highest mean NPV.
Fitted breakeven price distributions for corn grain, sugarcane and switchgrass follow a normal, a Beta General and a PERT
distribution respectively. The statistics and quintiles of distributions are presented in Table 3. We find that the breakeven
price distribution for switchgrass has the largest standard deviation, which is because it has higher technical uncertainty
than the other two processes.
Table 3: Fitted breakeven price distribution statistics for corn, sugarcane and switchgrass ($/liter)
Feedstocks
Distribution

Corn
Normal

Sugarcane
BetaGeneral

Switchgrass
Gamma

Minimum

−∞

0.64 (2.42)

0.84 (3.17)

Maximum

∞

1.56 (5.91)

∞

Mean

1.01 (3.84)

0.97 (3.68)

1.41 (5.32)

Mode

1.01 (3.84)

0.95 (3.59)

1.32 (4.99)

Median

1.01 (3.84)

0.96 (3.65)

1.38 (5.21)

Std Dev

0.08 (0.31)

0.12 (0.44)

0.22 (0.84)

1%

0.83 (3.13)

0.74 (2.81)

1.02 (3.85)

5%

0.88 (3.34)

0.79 (3.00)

1.10 (4.15)

10%

0.91 (3.45)

0.82 (3.12)

1.15 (4.34)

15%

0.93 (3.53)

0.85 (3.21)

1.18 (4.48)

20%

0.95 (3.59)

0.87 (3.29)

1.22 (4.60)

25%

0.96 (3.64)

0.89 (3.36)

1.24 (4.71)

30%

0.97 (3.68)

0.90 (3.42)

1.27 (4.81)

35%

0.99 (3.73)

0.92 (3.48)

1.30 (4.91)

40%

1.00 (3.77)

0.94 (3.54)

1.32 (5.01)

45%

1.01 (3.81)

0.95 (3.60)

1.35 (5.11)

50%

1.01 (3.84)

0.96 (3.65)

1.38 (5.21)

55%

1.02 (3.88)

0.98 (3.71)

1.41 (5.32)

60%

1.04 (3.92)

1.00 (3.77)

1.43 (5.43)

65%

1.05 (3.96)

1.01 (3.83)

1.46 (5.54)

70%

1.06 (4.01)

1.03 (3.90)

1.50 (5.67)

75%

1.07 (4.05)

1.05 (3.97)

1.53 (5.81)

80%

1.08 (4.10)

1.07 (4.05)

1.58 (5.98)

85%

1.10 (4.16)

1.10 (4.15)

1.63 (6.18)

90%

1.12 (4.24)

1.13 (4.27)

1.70 (6.45)

95%

1.15 (4.35)

1.17 (4.44)

1.81 (6.87)

1.20 (4.56)

1.25 (4.75)

1.25 (7.75)
99%
Note: Values in parenthesis are measured in $/gallon.
The [5 percentile; mean; 95 percentile] breakeven jet prices per liter of ATJ from corn, sugarcane and switchgrass are [$0.88;
$1.01, $1.15], [$0.79; $0.96; $1.17] and [$1.10; $1.38; $1.81] respectively. The mean values are at about 50% percentile
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distributions, which means that at this value investors have 50% probability of earning less than their threshold discount
rate.
Our research investigates the economics of aviation biofuel production via the ATJ pathway from corn grain, sugarcane and
switchgrass feedstocks, using stochastic TEA. Our results complement Staples et al. (2014) findings, as we can show that
sugarcane is not only the least expensive ATJ pathway of the three considered, but also the least risky. However, even for
sugarcane, we find that there is an 88% probability that investors won’t make break even without price supports. We note,
that ATJ fuel can potentially qualify for the renewable diesel category under the US Renewable Fuels Act and that price
supports through RIN markets are available, which at the time of writing amount to approximately $0.20/liter ($0.75/gallon)
of fuel [47], thereby reducing the required mean breakeven price of sugarcane, corn grain and switchgrass ATJ fuel to around
$0.77/liter ($2.90/gallon), $0.82/liter ($3.09/gallon) and $1.18/liter ($4.46/gallon), respectively.

Tasks 6-7
MIT has also supported the work of AFTF to develop an LCA methodology for a global market-based measure (GMBM) to limit
CO2 emissions from international aviation. As the exact nature of support required by AFTF was subject to change, dependent
upon the ongoing development of the negotiations, the analysis that MIT has provided has been ad hoc. In other words,
because the GMBM negotiation process is evolving over time, MIT had prepared a number of smaller deliverables over the
course of the year. These are detailed below.
Assessment of the additional carbon concept
It was proposed by ICSA that aviation biofuels should only receive a GHG emissions credit in the calculation of lifecycle GHG
emissions if the CO2 sequestered from the atmosphere during biomass growth is additional to sequestration that would
have occurred otherwise, without aviation biofuel production. If this credit is not assigned, a lifecycle analysis will in most
cases attribute higher emissions to aviation biofuels than to conventional jet fuel, since the conversion of biomass requires
more energy inputs than the conversion of crude to jet fuel. The determination of whether sequestration is additional would
be done through a ‘with/without’ comparison; i.e. a comparison of carbon sequestration through plant growth without
aviation biofuels, compared to carbon sequestration with aviation biofuels. Generally in life cycle analysis, GHG emissions
are only accounted for if they are non-biogenic, that is, if they do not occur as the result of combustion or decomposition of
biological materials. Biogenic CO2 emissions occur when jet fuel from biomass is combusted, and can also occur at other
steps of the fuel lifecycle such as when biomass is used to produce utilities required for feedstock conversion, or when the
actual feedstock conversion process releases CO2, as in the case of fermentation of sugars. Following ICSA’s proposal, these
biogenic emissions would all be accounted for in the case that the initial sequestration during feedstock growth cannot be
proven to be additional to a situation without aviation biofuel production.
In order to test the implications of ICSA’s proposal for MBM, MIT carried out an analysis that resulted in the following findings:
1.

Consequences of ICSA’s proposal for estimated lifecycle emissions
Table 4: Life cycle GHG emissions of select feedstock-to-jet fuel pathways
Lifecycle GHG emissions (gCO2e/MJ)
with biomass
without biomass
credit
credit
Sugarcane AF-J

12.7

427.7

Corn grain AF-J

62.6

219.7

Switchgrass AF-J

37.4

332.84

Table 4 depicts an example of the consequences of not assigning a biomass credit, or in other words, accounting
for all biogenic CO2 emissions, in the lifecycle emissions for jet fuel produced using a technology known as advanced
fermentation. The first column shows different feedstock-to- jet fuel-pathways, the second column shows lifecycle
GHG emission results including a biomass credit as published by Staples et al. (2014), and the third column calculates
emissions without a biomass credit (and therefore including biogenic emissions) as proposed by ICSA in the case

31

that there is no proof that the biofuel producer is using additional biomass that would not have been grown without
aviation biofuel. For comparison purposes we note that conventional jet fuel GHG emissions have been calculated at
87.5 gCO2e/MJ of jet fuel (Stratton et al., 2010).
In the case of advanced fermentation jet fuels, significant biogenic emissions occur at the stage of sugar fermentation, as
well as fuel combustion, and – for sugarcane and switchgrass AF-J – at the stage of feedstock conversion through usage of
biomass for production of utilities required in the process. The results confirm the assertion that the lack of inclusion of
biomass emission credits can increase calculated emissions to a level much higher than that of conventional jet fuel. Similar
trends are expected to arise for other biomass-derived jet fuels such as Fischer-Tropsch and HEFA jet fuel. For soybean HEFA,
for example, including biogenic combustion emissions increase emissions from 37.0 gCO2e/MJ as reported by Stratton et
al. (2010), to 107.4 gCO2e/MJ, which is ~20gCO2e/MJ higher than emissions of conventional jet fuel.
2. Additionality requirement would lead to discrimination of aviation biofuels versus other uses of biomass
The requirement of additional carbon sequestration would exclusively apply to aviation biofuels: Current mandates or
incentive schemes for renewable energy (transportation fuels and electricity) such as those in the US and EU do not require
biomass (and consequently CO2 sequestration from the atmosphere) to be additional to existing biomass and sequestration.
Imposing an additionality requirement on aviation biofuels would increase attributed lifecycle GHG emissions for aviation
biofuels. By doing so, aviation biofuels would essentially become ineligible for a credits under GMBM, whereas biomass used
for other end-usages would still receive support under the respective schemes in the US and EU – whether they are using
existing or additional biomass.
Given competition for biomass between different end-usages, this asymmetric regulation would put a GHG and consequently
a cost-penalty on aviation biofuels compared to other usages of biomass, and would significantly decrease aviation biofuel
deployment – while not contributing to ICSA’s goal of increased carbon sequestration.
3. “Additionality” would need to be applied to both aviation biofuels and conventional jet fuel
ICSA proposes a “with/without” comparison to determine if aviation biofuels reduce atmospheric GHG emission levels. It
would be inconsistent to apply this concept under the GMBM only to aviation biofuels - it would have to be applied to
conventional jet fuel, as well. If that were the case, CO2 emissions from conventional jet fuel would only be accounted for if
they lead to an increase in atmospheric GHG emissions. This would not be the case if the crude oil used for aviation were
otherwise used for other purposes, such as road transportation fuels or heating. Given that the price elasticity of crude
demand is non-zero, one would expect a certain fraction of this crude to be indeed used for other purposes. Consequently,
applying ICSA’s additionally requirement to the calculations of CO2 emissions of conventional jet fuel as necessary under
GMBM would decrease lifecycle GHG emissions attributed to conventional jet fuel, and, in turn, emissions attributed to
aviation in general.
4. Additionality requirement could be non-implementable and non-enforceable
The ICSA proposal does not cover potential implementation and enforcement of an additionality clause under GMBM. In
essence, each batch of biomass would need to be ‘certified’ or “approved” as ‘additional’. While one can imagine this being
possible at non-prohibitive costs in cases where agricultural residues are being used or degraded lands are started to be
farmed again, certification or approval appears to be impossible at reasonable cost levels for the third relevant case of crop
yields are “actively improved (without overly increasing fertilizer emissions)” (ICSA 3.114).
Sensitivity of life cycle GHG results for alternative jet fuel to changes in market prices
In early MBM negotiations, the allocation methodology was narrowed down to two potential options: market-based allocation
and energy allocation. In order to explore the differences between the two proposed approaches, MIT carried out an analysis
to explore the impact of changes in market prices on life cycle GHG results. MIT assessed three different examples using the
US as the geographical area of interest:
•
•
•

Allocation between corn grain to AF jet fuel and distiller dry grains and solubles (DDGS)
Allocation between soybean oil to HEFA jet fuel and soybean meal
Allocation between soybean biodiesel, soybean meal and glycerol

The results outlined below show that, using rolling 10 year averages for relative prices of the co-products under
consideration, calculated lifecycle GHG emissions only vary by ~6% in case of AF jet fuel from corn starch, and by ~4% in case
of HEFA jet fuel from soybean oil.
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For the notional example of a soybean biodiesel pathway that yields a chemical as a co-product we find that emissions
calculated increase by ~57% over time, as glycerol prices decrease with rising production.
These results were used to guide and inform the AFTF negotiation on the appropriate allocation methodology to implement.
Generate suggestions on how to deal with LUC in the context of MBM
MIT was asked to provide some ideas on how best to include LUC emissions in MBM. There were 4 specific requests made
by AFTF MBM.
1.
2.
3.
4.

Ideas on how to identify feedstock/land use practices that are “low risk” for LUC (include ideas on a safeguard of a
periodic review mechanism that captures changing conditions, which would then result in a re-evaluation of the
risk-rating)
Ideas on how to calculate LUC for all other feedstock/areas utilizing existing and/or new calculations to create
data for the LCA
Ideas on how to establish safeguards to prevent the use of carbon “hot-spots”
Ideas on how to provide a mechanism to capture benefits of utilizing LUC-risk mitigation practices (e.g., land
management practices) to reduce emissions

These issues, and the suggestions that MIT made in response to them, have been the subject of subsequent discussions
within AFTF MBM.

Publications
For Tasks 2-4 and 6-7, this work is carried out in support of an international negotiation. As such, the methodology and
results have not be published in scientific journals or presented at conferences, in order to respect the sensitive nature of
the negotiation. The major publications associated with MIT’s work on this project are the IP presented to the CAEP Steering
Group:
CAEP-SG/2015-IP/14: 2020 Fuel Production Assessment Methodology
CAEP-SG/20153-IP/12: 2050 Fuel Production Assessment Methodology
CAEP-SG/20153-IP/13: 2020 and 2050 LCA Emissions Factors Methodology
An iteration of final results is presented in an information paper, which has not yet been presented to the CAEP Steering
Group.

Outreach Efforts
The work described above under tasks 2-4 was discussed at length during the face-to-face meetings of AFTF in Madrid and
Brasilia over the past year. Between the two meetings, approximately 32 hours (or four full days) of negotiations were
dedicated to discussing the proposed methodologies and initial results.
In addition, MIT hosted 4, 2-hour long teleconferences to discuss working documents, which were previously circulated to
the group, with AFTF members.

Awards
n/a

Student Involvement
Mark Staples was the primary developer of the 2050 fuel production assessment methodology. He drafted the iterations of
the IP, prepared briefings for AFTF, and incorporated the requested and required changes. He also carried out the integration
of the LCA and fuel production assessment analyses to generate final results, and drafted the IP that presents and explains
the results. Mark also worked with Wallace Tyner and Guolin Yao of Purdue University to provide ATJ data for the work on
stochastic TEA. Mark is a continuing PhD candidate.
Pooja Suresh was the primary developer of the LCA model for the three different technologies to convert MSW into jet fuel.
Pooja also provided analysis support to ANL in generating LCA values for alternative fuels in 2050. Her analysis involved
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calculating alternative jet fuel LCA results, taking into account changes in the technologies and process inputs to 2050.
Pooja prepared briefings for the LCA analysis group during teleconferences, and the entire AFTF group at the Brasilia meeting.
Pooja is a continuing Masters student.

Plans for Next Period
Final results will be discussed at length during AFTF’s face-to-face meeting in October 2015 in Montreal. Topics to be decided
upon include:
•
which of the 72 scenario results generated to provide to MDG for the CAEP 10 trends assessment
•
how to connect the 2020 and 2050 results
•
wording of the final results IP to aid in interpretation of the results
Once these issues are resolved, a final version of the results will be handed over to MDG for inclusion in the CAEP 10 trends
assessment.
In addition, MIT will continue to support the work of AFTF in developing an LCA methodology for a global MBM for
international aviation.
In terms of MSW to jet, MIT will continue work on the economics of the different pathways and incorporate stochasticity into
both the environmental and economic models.
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The Pennsylvania State University
•
Project: A Techno-Market Analysis of U.S. Biorefinery Supply Chains from Feedstock to Alternative Jet Fuels
•
P.I.(s): Paul M. Smith, Tom Richard
•
FAA Award Number: FAA Cooperative Agreement No. 13-C-AJFE-PSU, Amendment 002
•
Period of Performance: August 1, 2014 – December 31, 2015
•
Tasks:
o 3.3 (Lead: Wolcott and Richard; supported by Clifford) – Evaluate commercial options for biofuel
intermediates insertion into petroleum refineries for conversion to AJF. PSU will identify and evaluate
commercial biomass feedstocks or bio-based intermediates that could be inserted in a refinery or be
converted to alternative jet fuel with minimal processing.
o 4.3 (Lead: Wolcott; supported by Smith and Gaffney) - Refine and deploy the biogeophysical (e.g. feedstock
production, transportation and production infrastructure, demand centers) and social asset (key measures
of collective action, leadership, demographics) decision tools under development in the NARA project to
aid in facility siting decisions. Based on key measures of collective action, leadership, and demographics,
PSU is working with WSU in developing a Community Asset Assessment Model (CAAM) as part of the NARA
project. This quantitative tool will be refined, re-weighted, re-calibrated, and applied to the MASBI region.
o 5.1 (Lead: Smith; supported by Wolcott) - Examine the role of biorefinery product portfolios and new
product/market development to delineate opportunities to add value and mitigate financial risk. PSU will
identify and characterize U.S. biorefineries via secondary and primary data collection to examine value
stream outputs.
o 5.2 (Lead: Smith; supported by Gaffney and Ibarrola) – Assess key aviation fuel supply chain stakeholder
perceptions regarding the conditions necessary for the adoption and diffusion of AJF. PSU will direct the
work of Gaffney and Ibarrola to collect primary data via interviews and surveys to better understand key
aviation fuel supply chain stakeholder awareness, opinions, and perspectives regarding to the potential
impacts and key success factors for an economically viable biojet fuel production industry in the NARA
and MASBI U.S. regions.
o 7.1 (Lead: Richard; coordinated with ORNL) - Implement an open-access data platform to facilitate supply
chain model improvement and comparison toward a global standard of practice for AJF development. PSU
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will coordinate with ORNL to develop a common framework that facilitates transparent and open data
access for supply chain model intercomparison and improvement relevant to the jet fuel sector.

Project Funding Level
FAA Funding: $200,000.
Matching:
CLH Aviation (Madrid, Spain) - $100,000;
Delta - $80,000;
Penn State - $24,218.
Total Funding: $404,218

Investigation Team
•
•
•
•
•

Task 3.3: Michael Wolcott, WSU; Tom Richard, PSU; Caroline Clifford, PSU
Task 4.3: Michael Wolcott, WSU; Paul Smith, PSU; Michael Gaffney, WSU; Season Hoard, WSU; Wenping Shi, Postdoc,
PSU
Task 5.1: Paul Smith, PSU; Michael Wolcott, WSU; Min Chen, PhD candidate – funded primarily on USDA funds
(NARA)
Task 5.2: Paul Smith, PSU; Michael Gaffney, WSU; Ibon Ibarrola, CLH; Wenping Shi, Postdoc researcher – part time
on FAA ASCENT.
Task 7.1: Tom Richard, PSU; coordinated with ORNL)

Project Overview
3.3. Evaluate commercial options for biofuel intermediates insertion into petroleum refineries for conversion to AJF.
Identify and evaluate commercial biomass feedstocks or bio-based intermediates that could be inserted in a refinery or be
converted to alternative jet fuel with minimal processing.
4.3. Refine and deploy the biogeophysical (e.g. feedstock production, transportation and production infrastructure, demand
centers) and social asset (key measures of collective action, leadership, demographics) decision tools under development in
the NARA project to aid in facility siting decisions. Based on key measures of Social Capital (capacity for collective action,
Cultural Capital (creative vitality & leadership), and Human Capital (demographics), PSU and WSU are developing a Community
Asset Assessment Model (CAAM) as part of the NARA project. This quantitative tool will be refined, re-weighted, re-calibrated,
and applied to the MASBI region.
5.1. Examine the role of biorefinery product portfolios and new product/market development to delineate opportunities to
add value and mitigate financial risk. Identify and characterize U.S. biorefineries via secondary and primary data collection
to examine value stream outputs.
5.2. Assess key aviation fuel supply chain stakeholder perceptions regarding the conditions necessary for the adoption and
diffusion of AJF. Collect primary data via interviews and surveys to better understand key aviation fuel supply chain
stakeholder awareness, opinions, and perspectives regarding to the potential impacts and key success factors for an
economically viable biojet fuel production industry in the NARA and MASBI U.S. regions.
7.1 Implement an open-access data platform to facilitate supply chain model improvement and comparison toward a global
standard of practice for AJF development. PSU will coordinate with ORNL to develop a common framework that facilitates
transparent and open data access for supply chain model inter-comparison and improvement relevant to the jet fuel sector.

Task 3.3
Penn State and Washington State

Objective(s)
Evaluate commercial options for biofuel intermediates insertion into petroleum refineries for conversion to AJF.
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Research Approach
Introduction
Using an extensive literature review, PSU identified and evaluated commercial biomass feedstocks and bio-based
intermediates that could be inserted in a refinery or be converted to alternative jet fuel with minimal processing. The
evaluation considered bio-based liquids at three insertion points: 1) “bio-crude” introduced at the front of the refinery for
crude processing with petroleum, 2) refinery-ready liquids inserted after crude processing and utilizing conversion and/or
finishing unit operations to upgrade the bio-based liquids into fuels, and 3) blend-ready fuels that are inserted during
blending to upgrade low-value refinery streams, improve specifications, and take advantage of blending, storage and
distribution capacity. Unit operations and process opportunities and constraints were assessed for a range of bio-based
liquids relevant to alternative jet fuels.

Milestone(s)
A draft of the report was completed in July 2015 and shared with Delta Airlines in October 2015.

Major Accomplishments
The accomplishments of this task (Task 3.2) will provide the project and stakeholders with a clearer understanding of the
options, pros and cons of integrating bio-based feedstocks in a conventional petroleum refinery. Our hope is that Delta will
implement one or more of these options for a demonstration at their refinery.

Publications
A Technical Report was developed for discussion with Delta Airlines. This document will form the basis for a publication in
the coming year.

Outreach Efforts
Results and recommendations from the Literature Review were communicated to Delta Airlines in October 2015. We have
also initiated discussions with Rich Altman of the Commercial Aviation Alternative Fuels Initiative (CAAFI) and the Farm to
Fly 2 (F2F2) program. Rich is working with the University of Virginia on distribution systems of alternative fuels to airports
in the greater Washington DC area. We had an introductory teleconference with that group in September 2015 had a faceto-face meeting with that group in Virginia in October 2015.

Awards
N/A

Student Involvement
N/A

Plans for Next Period
In the next 3 months we will continue discussions with Delta Airlines about possible bio-based feedstock procurement and
integration strategies for their refinery.
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Task 4.3
Penn State and Washington State

Objective(s)
Refine and deploy the biogeophysical (e.g. feedstock production, transportation and productio infrastructure, demand
centers) and social asset (key measures of collective action, leadership, demographics) decision tools under development
in the NARA project to aid in facility siting decisions.

Research Approach
Introduction
Based on key measures of Social Capital (capacity for collective action), Human Capital (Health, Education, Language), and
Cultural Capital (creative vitality) which address three of the seven “Community Capitals”, WSU and PSU have continued the
development of the Community Asset Assessment Model (CAAM) which was originally developed as part of the NARA
project. The Community Capitals framework is based on the work of Emory and Flora (“Spiraling Up: Mapping Community
Transformation with the Community Capitals Framework.” Journal of the Community Development Society, Vol. 37, p. 22.
2006). This framework posits that a complete assessment of any community must address seven capitals (see bel0w). The
current CAAM model addresses three of the seven.

Financial
Capital
Built
Capital

Natural Capital

Outcomes:
Cultural Capital

* Healthy ecosystems
* Vibrant regional
economics
* Social equity
* Community resilience

Social
Capital

Human Capital

a.

Political Capital

What was accomplished under the goals?
This quantitative tool has been refined, re- weighted, re-calibrated, and is now being validated with selected case
study comparisons. It provides a three-pronged rating at the county level for nearly every county in the country,
and has been used to inform siting decisions for the NARA project. It can currently be applied to any region.
Further refinement and validation will enhance confidence in the model as a decision-support tool.
Specifically, the current iteration of the model contains 542 column variables for each 3,108 counties in the United
States. These variables were compiled from three separate national studies. These studies are the WESTAF study
on creative vitality, which is used as a proxy for Cultural Capital, the Rupasingha study on Social Capital, and the
Robert Wood county health rankings data set. Each of these data sets has been updated as more recent data
become available. Combining the three data sets and initial validation occurred under the NARA project.
Validation was conducted using comparisons to existing regional survey data maintained by WSU, and “groundtruthing to newly-collected primary data from surveys and interviews in the NARA region. Further validation is now
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underway as part of this project using case-study comparisons to test the efficacy of the current iteration of the
CAAM model.
b.

What Major Activities were executed during this period?
In addition to the research, statistical analysis and validation work done to develop the refined “version three” of
the CAAM now available for use, this version has been presented and discussed at several forums, including the
Pacific Northwest Political Science Association annual conference, the NARA annual meeting, and the International
Bioenergy and Bioproducts Conference. One article has been submitted for peer review publication, and two more
are either planned or in draft form. Final Case study validation will complete development of the three-capital
model.
Based on feedback from other researchers, ASCENT leadership, and the process of validation and model
development, the research team will add a fourth capital: Political Capital, to the model. Data source
identification is underway, as is conceptual development of model components and statistical approaches.
Addition of Political Capital will result in a model which addresses the four social components of the Community
Capital framework. Taken in conjunction with the more fully-developed Bio-Geo-Physical model, ASCENT
researchers will now have the only known quantitative decision-support tool which addresses all seven capitals.

Outreach Efforts
N/A

Awards
N/A

Student Involvement
N/A
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Task 5.1
Penn State

Objective(s)
Examine the role of biorefinery product portfolios and new product/market development to delineate opportunities to add
value and mitigate financial risk.

Research Approach
Introduction
Population growth and attendant demand for energy and environmentally-friendly products are straining conventional nonrenewable resources. The world’s dependency on fossil fuels, much of which are imported from unstable sources, is under
scrutiny. Bio-based economy, instead, addresses both supply and demand issues, and offers the promise of various
benefits related to energy security, environmental benefits and economics (Hoekman, 2009). The bioeconomy, defined by
Golden & Handfield (2014), is “…the global industrial transition of sustainably utilizing renewable aquatic and terrestrial
resources in energy, intermediate, and final products for economic, environmental, social, and national security benefits.”
Biorefineries (BRs) are systems that sustainably convert renewable resources to marketable energy, fuels and chemicals
(Cherubini, 2010; Liu et al., 2012). Overall, our research focuses on the U.S. biofuel BR industry, and special attention is
paid to cellulosic biofuels. While a significant demand is present for the conversion of lignocellulosic feedstocks into
renewable transportation fuels, cellulosic BRs face an uncertain future. Several high entry barriers have constrained their
development, including, sustainable feedstock supply, untested technologies, large capital costs per unit of production,
and policy uncertainties (Coyle, 2010; Pacini et al., 2014). In practice, KiOR’s bankruptcy in November 2014 and Cobalt’s
asset auction in June 2015 signals the incredible difficulty for cellulosic biofuel startups to scale up and to survive the socalled “Valley of Death” (Jenkins & Mansur, 2011). Researchers, therefore, indicate that innovative solutions are required to
prompt the commercialization of cellulosic biofuels (Fiorese et al., 2013).
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As mentioned by several studies, one potential solution to high entry barrier is to use initially less sophisticated
technologies to produce multiple products, thus providing additional profit and financial incentives to biofuel production
(Bozell & Petersen, 2010; Golden & Handfield, 2014). In fact, integrated production of cellulosic biofuels and bio-based
chemicals is quite nascent. A search of literature identifies several factors that may affect the commercialization of
cellulosic biofuels. Those driving factors include carbon emission reduction, government incentives, reduction of
dependence on fossil fuels, food-vs.-fuel debate, and rural economic development; while the impeding factors include
feedstock sustainability and costs, technology availability, competition, policy uncertainty, and sustainable customer
demand (Cherubini & Strømman, 2011; Cox et al., 2010; Yue et al., 2014). What remains to be explored, however, are the
factors affecting the successful integrated production of cellulosic biofuels and biochemicals.
The specific objectives of this research are to: 1) examine factors affecting the scale-up (commercialization) of 2nd Gen
(cellulosic) biofuels; and 2) identify & evaluate factors affecting the integration of biochemicals to cellulosic biofuels BRs.
Methodology
Type of Study
This research consists of three major phases. Phase I focuses on population identification and key issues via literature
review. Phase II – Integrated Cellulosic Biorefinery - is a mixed-methods exploratory design (Creswell & Clark, 2011)
whereby the researcher first collects qualitative data, then analyzes it to further develop follow-up quantitative data
collection instruments.
Sampling
Phase II – Integrated cellulosic biorefinery exploratory design. Expert elicitation, used in a wide range of areas, will be
deployed (Ayyub, 2001; Fiorese et al., 2013; Hughes, 1996) and has become increasingly commonplace to elicit hidden
information, provide useful insights regarding important uncertainties and to make funding or policy decisions (Baker &
Keisler, 2011; Fiorese et al., 2013; Oltra, 2011).
The Phase II qualitative survey will query experts with related knowledge and professional backgrounds to gain insights.
Experts will be selected from academic and industrial sectors and will consider tangible expert evidence, such as
conference presentations and publications related to cellulosic biofuels and bio-based chemicals.
The follow-up quantitative survey will query attendees of relevant USDA National Institute of Food and Agriculture (NIFA)
Agricultural and Food Research Initiative (AFRI) annual meetings (2015). The USDA-NIFA AFRI has provided approximately
$150M in research funding to seven programs, including Bioenergy Alliance Network of the Rockies (BANR) led by Colorado
State University, Advanced Hardwood Biofuels Northwest (AHB) led by University of Washington, Sustainable Bioproducts
Initiative (SUBI) led by Louisiana State University, CenUSA led by Iowa State University, Southeast Partnership for Integrated
Biomass Supply Systems (IBSS) led by University of Tennessee, the Northeast Woody/Warm-season Biomass Consortium
(NewBio) led by Pennsylvania State University, and Northwest Advanced Renewable Alliance (NARA) led by Washington State
University. The attendees of these annual meetings represent a unique set of knowledge and experience on all aspects of
biorefinery supply chains. Researchers have determined that the following five USDA-NIFA AFRI CAPs will provide adequate
coverage and provide a more manageable time schedule for data collection: NewBio at Morgantown, WV on August 3-5,
2015, IBSS at Auburn University on second week of August 10, 2015, AHB at Seattle on September 9-10, 2015, NARA at
Spoken, WA on September 15-17, 2015, and BANR at Missoula, MT on Oct. 14-16.
Data Collection
Phase II – Integrated cellulosic biorefinery exploratory design. For qualitative data collection, primary data collection
instrument used online-based survey with the advantage of decreased costs, time-saving and increased access to
geographically dispersed subjects (Burns, 2010; James, 2007).
For quantitative data collection, the researcher is contacting USDA AFRI CAPs conference organizers to explain the study
and acquire permission and support for administering the paper-based survey at relevant conferences.
Data analysis
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Phase I – Population Identification. With technology advancement and more feedstock availability, the U.S. biofuel
biorefineries (BRs) are evolving into different categories. Currently, 408 U.S. biofuel BRs have been identified via secondary
research. These BRs may be classified into four major groups by feedstock input: Corn Ethanol Biorefineries (n=207),
Biodiesel Biorefineries (n=154), Cellulosic Biofuel Biorefineries (n=41), and Algae Biofuel Biorefineries (n=6).
Because of mature commercial market, corn-grain ethanol is a major player in the U.S. biofuels industry. In 2014, 207
corn-grain ethanol BRs produced over 14 billion gallons of ethanol in the United States. Due to similar performance and
lower lifecycle GHG emissions compared to petro-based diesel, pure biodiesel (B100) production totaled approximately
1.27 billion gallons with the United States in 2014 (EIA, 2015). However, the growth of the U.S. first generation biofuels
(mainly corn-grain ethanol and biodiesel) is impeded by increased pressure from the “food-versus-fuel” debate and ethanol
“blend wall”. Cellulosic biofuels and algae biofuels, thus, have gained momentum to enter the U.S. biofuels industry
(Schnepf, 2010). Compared to corn ethanol, cellulosic biofuels have several advantages in terms of the use of non-food
based feedstocks and lower lifecycle greenhouse gas (GHG) emissions (Balan et al., 2013; FitzPatrick et al., 2010).
However, cellulosic alcohol BRs face an uncertain future due to high entry barriers, including, sustainable feedstock supply,
advanced technologies, large capital costs per unit of production, and policy uncertainty (Coyle, 2010; Pacini et al., 2014).
In practice, only four cellulosic biofuel BRs have achieved commercial-scale production, for example, Abengoa Bioenergy
25 million gallons per year (MGY) on Oct., 2014, INEOS Bio 8 MGY on July, 2014, Quad County Corn Processors 2 MGY on
July, 2014, and POET-DSM 25 MGY on Sept., 2014.
Facing these entry barriers, we would suggest that future progress in the U.S. biofuels industry is dependent on
hydrocarbon biofuels, which are drop-in replacements for gasoline, diesel, and jet fuel. Another way to scale up the U.S.
advanced biofuels industry is to diversify value stream outputs, for example, bio-based chemicals.
Phase II – Integrated cellulosic biorefinery exploratory design. For qualitative online survey, semi-structured surveys
were sent to 45 experts in the EU and US in the Spring 2015. The response rate was 40% (n=18), as shown in Fig. 5.1.1.

Fig. 5.1.1. Expert survey - participant information (sector, number, percentage)
Participants were provided 6 drivers and asked to rank them in terms of “…the successful commercialization of the U.S.
cellulosic biofuels industry. Please rank them in order of importance from 1=the most important to 6=the least important”.
Next, participants were instructed to use a pull-down menu of 9 barriers, and asked to “…indicate the 3 largest barriers to
the successful commercialization of the U.S. cellulosic biofuels industry”. The results show that government incentives is
the most important driver for the successful commercialization of cellulosic biofuels in transportation sector, with score
achieving 4.61 out of 6. The second most important driver is volatile oil prices, scoring 3.72, and the third most important
driver is carbon emission reduction which scores 3.67. The following drivers are reduction of dependence on fossil-fuel
(score=3.22), added-value from non-fuel co-product (score=3.11), and rural economic development (score=2.67) (Fig.
5.1.2). Responses of the 3 largest barriers were weighted as follows: #1 barrier = 3 points; #2 barrier = 2 points; and #3
barrier = 1 point. Overall, the eighteen participants rated policy uncertainty as the most important barrier (total points =
25), followed by high production costs (total points = 22), and feedstock costs (total points = 17) (Fig. 5.1.3).
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Fig. 5.1.2. Expert survey response - importance of drivers to the scale-up of cellulosic biofuels industry

Fig. 5.1.3. Expert survey response - top 3 barriers to the scale-up of cellulosic biofuels industry
In the following two open-ended questions, participants were asked: “… what are the most important drivers for the
integrated production of cellulosic biofuels and biochemicals?” & “…what are the top 3 barriers to the integrated
production?” The solicited information is detailed in Fig. 5.1.4. Based on the results, the potential drivers for the
integrated production of cellulosic biofuels and biochemicals include 1) profitability enhancement, 2) risk mitigation, 3)
government support, 4) customer demand, and 5) market growth. The potential barriers include 1) Process complexity, 2)
technology availability, 3) high production cost, 4) lack of capital investment, 5) policy uncertainty, 6) competition vs.
petro-chemical, and 7) product/market expertise. Those identified drivers and barriers will serve as important constructs in
the next phase of primary data collection.
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a)

b)

Fig. 5.1.4. Expert survey response - drivers (a) & barriers (b) to integrating biochemicals to cellulosic biofuels BRs
Finally, participants were asked: “What is your best estimate of the percent of cellulosic biofuels accounting for the U.S.
total renewable liquid fuels in the year 2020.” and “the percent of bio-based chemicals constituting the entire U.S. chemical
market in 2020.” The 18 expert respondents estimated the percentage of cellulosic biofuels accounting for the U.S. total
renewable liquid fuels in the year 2020 at around 2.13%, if using mid-point of each range (Fig. 5.1.5-a). The estimated
percentage of biochemical constituting the entire U.S. chemical market in the year 2020 is around 8.91%, if using midpoint of each range (Fig. 5.1.5-b).
Cellulosic Biofuels (%)

Biochemicals (%)

b) Weighted Mean =8.91%

a) Weighted Mean =2.13%

Fig. 5.1.5. Expert survey response - future penetration of (a) U.S. cellulosic biofuels; and (b) biochemicals

Milestone(s)
Key academic and industrial experts in US and EU have been identified via personal communications and secondary data
search. A literature review on salient issues regarding the commercialization of cellulosic biofuel and the successful
integrated production of cellulosic biofuel and biochemical has been completed. An expert elucidation survey is inprogress. Additional constructs of relevance are under development for a second phase of primary data collection to
better understand strategic buyer-seller relationships in channels.
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Major Accomplishments
Using secondary sources and GIS, the research team is:
1) Verifying U.S. biofuel & biochemical refineries to better understand their structure, conversion technologies, and
value stream outputs – outlined in a peer-reviewed publication (in progress);
2) Examining key success drivers and scale-up barriers for the commercialization of cellulosic biofuel from secondary
literature and, subsequently, via in-progress expert elucidation interviews.

Publications
None

Outreach Efforts
Chen, M., and P. Smith. 2015. Toward the Integrated Production of Cellulosic Biofuels and Biochemcials: Lessons Learned
from the U.S. Corn & Cellulosic Ethanol Industries. Oral Presentation at the Year 4, NARA Annual Meeting, Spokane, WA.
Sept. 15-17.
Chen, M., and P. Smith. 2015. Expert Elicitation on the Integrated Production of 2nd Gen (Cellulosic) Biofuels & Biochemicals.
Poster presentation at the Year 4, NARA Annual Meeting, Spokane, WA. Sept. 15-17.

Awards
None

Student Involvement
This research is part of Min Chen’s Ph.D. research. Min Chen has conducted a review and analysis of secondary information
and developed/pre-tested questionnaires for primary data collection. Ms. Chen plans to graduate Summer 2016, after
which she plans a career related to biofuels and biochemicals.

Plans for Next Period
In the next 3-4 months, investigators plan to complete primary data collection for phase II – integrated biorefinery
exploratory design, analyze data and develop reports and publication(s).
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trade and development perspectives. UNCTAD: United Nations Conference on Trade and Development.
25. Schnepf, R. 2010. Agriculture-based biofuels: Overview and emerging issues.
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Task 5.2 “Refinery-to-Wing” Stakeholders Assessment
The Pennsylvania State University

Objective(s)
Assess key aviation fuel supply chain stakeholders’ perceptions regarding the conditions necessary for the adoption and
diffusion of Alternative Jet Fuel (AJF) in the Pacific Northwest Region (PNW). Specific issues like the barriers and drivers to
blended AJF into the aviation supply chain and AJF molecules tracking and crediting are examined.

Research Approach
Introduction
Aviation Demand in the PNW Region
Jet fuel is the third-most used petroleum fuel in the U.S. after gasoline and diesel, with the 2013 U.S. consumption of 22
billion gallons, 135.5 billion gallons, and 58.7 billion gallons, respectively (EIA 2015) (Figure 1). The four-state PNW region
consumed approximate 927 million gallons of jet fuel in 2013 (~4% of the U.S. total), of which Washington accounts for
nearly 72% ( ~ 666 million gallons), followed by Oregon (21%), Montana and Idaho with about 7% combined (EIA 2013).
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Figure 5.2.1. U.S. Petroleum Consumption and the PNW’s share of U.S. Jet Fuel in 2013 (EIA 2015, EIA 2013)
Introduction of Sustainable Alternative Jet Fuels
The volatile crude oil price, political and public pressure on carbon emissions, more stringent environmental targets,
growing global demand for air travel, and rural economic development goals have collectively driven research toward
sustainable fuel alternatives (Gegg et al. 2014). One of the alternatives to petroleum is biofuel. Biofuel refers to fuels made
from biomass, which is material produced from organic plant and animal feedstocks (Eisentraut et al. 2011).
One specific area within the biofuels sector is aviation biofuel, also known as Alternative Jet Fuel (AJF). The sheer scale of
the petroleum industry has a massive impact on airlines. According to a report by the Sustainable Aviation Fuels Northwest
(SAFN), a one dollar per gallon increase in the price of jet fuel costs the U.S. passenger and cargo airline industry $17.5
billion in operational costs annually (MacFarlane et al. 2011). As consumers have seen in recent years, a spike in fuel prices
of one dollar per gallon is not uncommon. Thus, the volatility of the jet fuel prices has a tremendous impact on the airline
industry as the fuel is one of their major costs.
As the fastest growing transport sector, aviation has a projected growth rate of 4% per annum and the number of airline
passenger is estimated to be double from 2014 to 2034 (IATA 2015a). Currently, aviation accounts for 2-3% of global
carbon emissions (FAA 2015a), and is responsible for 12% of CO2 emissions from all transport sources, compared to 74%
from road transport (ATAG 2015). These percentages are expected to increase with the growth in operations unless
mitigated with new technologies and standards, renewable fuels, operational improvements, and market based measures
(FAA 2015a). The use of sustainable alternative jet fuel (SAJF) would significantly reduce the airlines’ carbon footprint
(Agusdinata et al. 2011). Accordingly, the global aviation industry has committed to ambitious targets to reduce their
carbon emissions, including (ATAG 2015):

1.5% fuel efficiency improvement from 2009 until 2020;

Carbon neutral growth from 2020

A 50% reduction in carbon emission by 2050 relative to a 2005 level.
Sustainable Alternative Jet Fuel Market Opportunities
The aviation jet fuel market is different from the transportation sector in that it is expected to be high-growth, there are no
viable electric or natural gas alternatives, it must be “drop-in”, and be certified as entirely safe. In addition, accsss to
distribution is facilitated by relatively few “filling stations”, and customer pull is very strong in both the commercial and
military sectors (ATAG 2012). There are roughly 160,000 gas stations in the U.S. alone vs. 190 airports worldwide which
handle over 80% of the global fuel uplift (ATAG 2012). Of the total of 1,984 U.S. airports, 381 airports accounted for nearly
99% passenger boardings (enplanement) in 2014 (FAA 2015b).
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In the PNW region, commercial airlines account for approximate 86% of region’s total civil and military jet fuel demand and
the military uses the balance (14%). Seattle-Tacoma International Airport (SEA) and Portland International Airport (PDX)
accounted for 487MG (51%) and 153MG (16%), respectively (A4A 2015), representing the two dominant PNW airports.
In addition to the commercial aviation, other market segments exist for SAJF including military aviation, general aviation,
airfreight carriers and postal carriers. The U.S. military may provide SAJF market opportunities due to its desire to
incorporate alternative fuels into its energy security strategy. Defense Logistics Agency (DLA) Energy is the primary fuel
purchaser for the U.S. military, accounting for more than 90% of all fuels utilized. In 2012, DLA purchased about 4.7
billion gallons of fuel, of which 75% represented jet fuel (Milbrandt et al. 2013).
Sustainable Alternative Jet Fuel Challenges
Although biofuels have been proven to be better for the environment in the form of reduced greenhouse gas emissions,
challenges remain including high costs, unstable policy, environmental acceptance, capital requirements and supply chain
issues. Today’s SAJF are largely demonstration-oriented, produced batch-wise and delivered in dedicated consignments
(Toop et al. 2015). As a result, reporting the physical use of SAJF has been straightforward for airlines. However, future
scaled-up volumes of “drop-in” SAJF (ASTM D7566) will require full integration into conventional jet fuel storage and
distribution systems for subsequent approval as ASTM D1655 Jet A, thus potentially requiring a mechanism for molecule
tracking, crediting and trading.
Research Design
This task is conducting an examination of opinions and perceptions from key aviation supply chain stakeholder groups in
the PNW region. A mixed methods approach was used.


Phase I - Population development. First, the team identified key aviation fuel supply chain stakeholders (SHs) in
the 4-state PNW region of Idaho, Montana, Oregon, and Washington. Key groups were identified through secondary
data and exploratory interviews: airports with jet fuel service (airport managers), airlines, Fixed Based Operators
(FBOs), fuel resellers and pipeline and terminals operators.



Phase II- Construct development and verification. This phase consisted of literature review and exploratory
interviews to examine key issues regarding the development and deployment of SAJF. Issues were developed into
constructs for interview scripts and a questionnaire (eSurvey). Pretesting with key industrial experts was conducted
to assess the applicability of the instrument’s use and the precision of interpretation. Key issues included SH
perceptions of barriers and opportunities to blended SAJF into aviation supply chain and SAJF molecule tracking,
crediting and trading.



Phase III - Primary data collection. eSurveys are in-progress to all identified PNW region airport managers
(census) with jet fuel service (n=98). Interviews are also in progress and include approximately 20 select aviation
fuel supply chain stakeholders from the large airports plus regionally representative medium-sized airports.
Interviews are recorded and transcribed and participants receive the transcripts for their review, edits and
approval.

Data Analysis – In progress.

Milestone(s)
Include a description of any and all milestones reached in this research according to previously indicated timelines.

Major Accomplishments
Include descriptions of the accomplishments in this research. Indicate what impact these accomplishments will have on the
rest of the project.
To date, some major accomplishments include:

Initial eSurvey efforts resulted in 26.5% response rate (n=26); additional eSurvey efforts are in-progress;

16 in-person interviews have been completed with airport managers, aviation fuel handlers, and pipeline operators
with 12 approved transcripts and 4 transcriptions in progress;
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The accomplishments of this task (Task 5.2) will provide the project with a better understanding of “refinery-to-wing”
stakeholders’ perceptions regarding the factors impacting the adoption and diffusion of SAJF into aviation supply chains in
the PNW region. This regional effort is being extended to other U.S. regions and potentially other European regions (e.g.,
Spain). The population development at the national level is in progress.

Publications
N/A

Outreach Efforts
N/A

Awards
N/A

Student Involvement
N/A

Plans for Next Period
In the next 3-4 months, researchers plan to complete primary data collection (eSurveys and interviews) with aviation fuel
supply chain stakeholders in the U.S. PNW region, analyze data and develop reports and (a) publication(s) for submission to
peer reviewed journal(s). In addition, population and sample frame databases will be produced over the next 3-6 months
to extend this work beyond the U.S. PNW region to another region and/or national coverage.
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Task 7.1
Penn State and ORNL

Objective(s)
Implement an open-access data platform to facilitate supply chain model improvement and comparison toward a global
standard of practice for AJF development.

Research Approach
PSU worked throughout the year with the ASCENT-1 team to assure needed data is available and accessible. We developed
a common framework that facilitates transparent and open data access for supply chain model intercomparison and
improvement relevant to the jet fuel sector, using a Box.com folder system accessible only to team members. A data
management plan with a formal data use agreement was written and reviewed by the team. Team members uploaded their
data files and references into the data management system, while PSU staff assisted with the file naming conventions,
cataloguing, and updating data files and reference material. Discussions were initiated with Laurence Eaton of ORNL
(currently on assignment in Washington, DC). ORNL has agreed to provide a section of their Bioenergy Knowledge
Discovery Framework for public distribution of ASCENT1 data, models and results. That section can be private and
password protected should we want to move material to their site prior to public release, but at the time data is submitted
researchers must identify a public release date.

Milestone(s)
The first complete draft of the Data Management Plan and Data Use Agreement were completed in December 2014.
Templates and metadata were updated continuously, with a team-wide review and revision of the Data Use Agreement
initiated in August 2015 and completed in September 2015.

Major Accomplishments
As intended, most members of the team have been actively using the data management system as a shared repository for
data. Over 1000 files have been uploaded to the system and have been organized and cataloged.

Publications
A 23 page Data Management Plan has been published for internal use. That document has been distributed to the DOE
funded Sun Grant Regional Feedstock Partnership for consideration of the ASCENT1 Data Use Agreement as a possible
model for their 50 investigator 7 year project.

Outreach Efforts
N/A
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Awards
N/A

Student Involvement
Graduate students at WSU were the primary contributors to the database during the first year of the project. This
introduction to data management and coordination will be a benefit to them in their future interdisciplinary and multiinstitutional research.

Plans for Next Period
PSU will continue organizing data as it is uploaded into the data management system, and work with team members to
identify opportunities for data sharing and model intercomparison.

References
MIT Libraries. 2014. Data Management and Publishing. http://libraries.mit.edu/guides/subjects/datamanagement/metadata.html. Date accessed January 20, 2014.

54

Project 001(D) Alternative Jet Fuel Supply Chain Analysis
Purdue University
Project Lead Investigator
Wallace E. Tyner
James and Lois Ackerman Professor
Department of Agricultural Economics
Purdue University
403 West State Street
West Lafayette, IN 47907-2056
765-494-0199
wtyner@purdue.edu

University Participants
Purdue University

•
•
•
•

Wallace E. Tyner, James and Lois Ackerman Professor
FAA Award Number: 13-C-AJFE-PU
Period of Performance: July 14, 2014 – August 31, 2016
Tasks:
1. Evaluate the current state of techno-economic analysis (TEA) for the pathways and identify pathways
and variables for stochastic analysis. This research will draw upon previous work from MIT and inputs
from NREL and PNNL.
2. Develop stochastic techno-economic models for relevant pathways and identify key stochastic
variables to be modeled for assessing risk in conversion pathways.
3. Work with the CAEP/AFTF life cycle assessment committee (WP3) on issues such as system
boundaries, induced land use change, LCA methodology, and pathway GHG emissions assessment.

Project Funding Level
Amendment 3 - $250,000, Amendment 6 - $110,000, Amendment 10 - $230,000
Cost sharing is from United Airlines (currently unused), Boeing (currently unused), Honeywell (currently
unused), National Biodiesel Foundation ($120,203 and $17,170), Indiana Corn Marketing Council ($29,994
and $37,322), Oliver Wyman ($500,000), and Monsanto ($54,000 for data used).

Investigation Team
Wallace E. Tyner, James and Lois Ackerman Professor, is the primary investigator for this project.
Farzad Taheripour is a research associate professor at Purdue University is involved in several aspects of the
project, but especially life cycle analysis and land use change
Xin Zhao and Guolin Yao are PhD students at Purdue University and are involved in the stochastic
technoeconomic analysis.

Project Overview
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For the stochastic techno-economic analysis, Purdue will develop techno-economic spreadsheets for each
conversion pathway. These will be done using the Pallisade Systems Excel add-in, called @Risk. Normally, key
parameters will be identified for the risk analysis. For example, in a recent study of the corn stover to jet
pathway, the key uncertain variables were feedstock cost, conversion efficiency (yield), hydrogen cost, capital
cost, and future aviation biofuel prices. For the technical inputs, one commonly uses either a Pert or a
Triangular distribution, both of which have the minimum, maximum, and mode as input parameters.
Sometimes the Delphi technique is used to query experts for distribution parameters. Other sources include
data from experiments conducted in the field or from the literature.
The output of the risk analysis is the distribution of net present value (NPV), internal rate of return (IRR), the
probability the investment will lose money, and a distribution of breakeven prices. All these output
distributions reflect the inherent uncertainty in project inputs. Being able to provide a distribution of financial
outputs is immensely valuable to private sector investors and other players. The analysis outputs can also be
used to help target future research to areas where the research outcome could be expected to have a high
payoff.
For the life cycle and land use change analysis, Tyner and Taheripour will draw on their extensive experience
in the area to provide inputs to the CAEP/AFTF. The AFTF has two major areas plus synthesis. Tyner will work
on both the life cycle analysis and fuels production topics, but will concentrate on life cycle analysis. Within
the life cycle analysis topic, Tyner will focus on system boundaries and approaches for estimating induced
land use change. Tyner will also provide inputs on allocation method, LCA methodology, and GHG assessment
for alternative pathways. Tyner and Taheripour are doing simulations using the Global Trade Analysis Project
(GTAP) model to produce land use change and emissions estimates for alternative aviation biofuel pathways.

Task 1
Purdue University

Objective(s)
Evaluate the current state of techno-economic analysis (TEA) for the pathways and identify pathways and
variables for stochastic analysis. This research will draw upon previous work from MIT and inputs from NREL
and PNNL.

Research Approach
We have completed the literature review for stochastic technoeconomic analysis and have included appropriate
literature in submitted and published papers.

Milestone(s)
The literature review is complete

Major Accomplishments
We have a library of all the relevant papers in the area that is available to all students working in the area. That
will facilitate the work of future students.

Publications
See below.

Outreach Efforts
See task 2 below.

56

Awards
See description under task 2.

Student Involvement
Xin Zhao – PhD student, Purdue University
Guolin Yao – PhD student, Purdue University

Plans for Next Period
We will continually update the literature review. See task 2 for other plans for stochastic technoeconomic
analysis.

Task 2
Purdue University

Objective(s)
Develop stochastic techno-economic models for relevant pathways and identify key stochastic variables to be
modeled for assessing risk in conversion pathways.

Research Approach
As indicated above, our approach has been to identify variables in the technoeconomic analysis which are
uncertain and for which the actual value is significant in the economics of the process. Then we obtain
information on the appropriate distributions to use for each uncertain variable. Once the spreadsheet model is
developed with all the technical and economic relationships included, we simulate the model to obtain
distributions for NPV, IRR, and breakeven price. These distributions add a new richness to the comparison of
alternative pathways.

Milestone(s)
Our milestones basically are development, submission, and publication of journal papers and extension or
public awareness papers on our work.

Major Accomplishments
Over the past year, we have published one paper, have a second accepted for publication, and a third
submitted for publication – all on stochastic technoeconomic analysis.

Publications
•

•

Bittner, Amanda, Xin Zhao, and Wallace E. Tyner. Field to Flight: A Techno-Economic Analysis of Corn
Stover to Aviation Biofuels Supply Chain.” Biofuels, Bioproducts & Biorefining 9, 201-210, 2015.
Zhao, Xin, Tristin R. Brown, and Wallace E. Tyner. “Stochastic techno-economic evaluation of cellulosic
biofuel pathways.” Bioresource Technology, forthcoming 2015.

Outreach Efforts
Tyner did a presentation at the March and October ASCENT project meetings. In addition we published the
following CAAFI paper and an extension paper:
•
•

Tyner, Wallace E., and Kirsten van Fossen. “Policy Research Needs Relevant to Alternative Jet Fuels.”
CAAFI Research and development Team White Paper Series: Policy Impact (2014),
http://www.caafi.org/information/pdf/8_CAAFI_Policy_Paper_Final_December_2014.pdf
Bittner, Amanda, Wallace E. Tyner, and Xin Zhao. Field to Flight: A Techno-Economic Analysis of the
Corn Stover to Aviation Biofuels Supply Chain. Purdue Extension RE-8-W, 2014.
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Awards
Tyner received the Morrill award from Purdue University in recognition of outstanding career accomplishments
that have had impact on society.
Tyner was named an Honorary Life Member by the International Association of Agricultural Economists, that
association’s highest award, equivalent to fellow in other societies.

Student Involvement
Xin Zhao – PhD student, Purdue University
Guolin Yao – PhD student, Purdue University

Plans for Next Period
We will be developing a new stochastic technoeconomic analysis for a proprietary process that shows
considerable promise.

Task 3
Purdue University

Objective(s)
Work with the CAEP/AFTF life cycle assessment committee (WP3) on issues such as system boundaries,
induced land use change, LCA methodology, and pathway GHG emissions assessment.

Research Approach
There are many varied assignments and pieces under this task. For life cycle analysis we work with other team
members, using standard approaches for consequential LCA. For system boundaries we have investigated the
consequences of different approaches to defining system boundaries. For estimating induced land use change
we use the GTAP model and are in the process of modifying and updating databases to be able to provide
state of the art estimates.

Milestone(s)
Tyner participated in the AFTF meeting in Brazilia in May 2015 and will participate in the Montreal meeting in
October 2015. He has been involved in many of the tasks and document preparation for the meetings. In
Brazilia, he presented on induced land use change and the California Air Resources Board approach.

Major Accomplishments
Most of the accomplishments under this task are in the form of work progress of ICAO/CAEP/AFTF. The group
is making significant progress under the leadership of James Hileman and Maria del Mar Rica Jimenez.

Publications
•

Mueller, Steffen, Stefan Unnasch, Wallace E. Tyner, Jennifer Pont, and Jane M-F Johnson. ”Handling of
co-products in life cycle analysis in an evolving co-product market: A case study with corn stover
removal.” Advances in Applied Agricultural Science 3(5) 2015, pp. 8-21.

Outreach Efforts
As indicated above, Tyner gave a presentation at the AFTF meeting in Brazilia. He will give a presentation at
the October 2015 ASCENT meeting on induced land use change.
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Awards
See task 2.

Student Involvement
No graduate students are involved in this task. Tyner works with Farzad Taheripour, Research Associate
Professor.

Plans for Next Period
We plan on developing a new method for handling changes in GTAP on the intensive margin. The intensive
margin refers to things such as double cropping, irrigation, etc. GTAP has been modified and improved
considerably in dealing with changes on the extensive margin, but now needs work on the intensive margin.
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Project 001(E) Alternative Jet Fuel Supply Chain Analysis
University of Illinois at Urbana-Champaign
Project Lead Investigator
University of Illinois at Urbana-Champaign Lead:
Jody Endres
Assistant Professor
Natural Resources and Environmental Sciences
University of Illinois at Urbana-Champaign
S-524 Turner Hall
1102 South Goodwin Avenue
Urbana, Illinois 61801
(217) 333-9579
Jendres2@illinois.edu
Investigating Team:
Leads: Jody Endres – U Illinois; Madhu Khanna – U Illinois; Luis Rodríguez– U Illinois
Other Lead Personnel:
Paul Smith – PSU; Tim Rials – UTK

University Participants
University of Illinois at Urbana-Champaign
P.I.: Jody Endres, Assistant Professor, Natural Resources and Environmental Sciences
•
FAA Award Number: 13-C-AJFE-UI, Amendment 002
•
Period of Performance: September 1, 2014 to August 31, 2015
1. Task #6: Risk Assessment in Supply Chains
P.I.: Madhu Khanna, Professor, Agricultural and Consumer Economics and Luis Rodriguez, Associate Professor, Agricultural
and Biological Engineering
•
FAA Award Number: 13-C-AJFE-UI, Amendment 002
•
Period of Performance: September 1, 2014 to August 31, 2015
1. Task #1: Feedstock Production
2. Task #2: Feedstock Logistics
3. Task #6: Risk Assessment in Supply Chains
P.I.: Luis Rodriguez, Associate Professor, Agricultural and Biological Engineering
•
FAA Award Number: 13-C-AJFE-UI, Amendment 002
•
Period of Performance: September 1, 2014 to August 31, 2015
1. Task #1: Feedstock Production
2. Task #2: Feedstock Logistics
3. Task #6: Risk Assessment in Supply Chains

Project Funding Level
$199,943 FAA funding; $199,943 matching funds (FY 2014-2015)
$100,000 FAA & A4A funding; $100,000 matching funds (FY 2015-2016)

Investigation Team
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Task 1: Feedstock Production
Madhu Khanna: P.I. (UIUC)
Luis Rodriguez: P.I. (UIUC)
Tao Lin: Postdoctoral researcher (UIUC)
Fanglin Ye: Graduate student (UIUC)
Zhangliang Chen: Graduate student (UIUC)
Ruiqing Miao: Postdoctoral fellow (UIUC)
Weiwei Wang: Postdoctoral fellow (UIUC)
Task 2: Feedstock Logistics
Luis Rodriguez: P.I. (UIUC)
Tao Lin: Postdoctoral researcher (UIUC)
Task 6: Risk Assessment in Supply Chains
Jody Endres: P.I. (UIUC)
Alison Gomer: Postdoctoral researcher (UIUC)
Katt Gu: Law/Graduate student (UIUC)
Madhu Khanna: P.I. (UIUC)
Luis Rodriguez: P.I. (UIUC)
Tao Lin: Postdoctoral researcher (UIUC)
Fanglin Ye: Graduate student (UIUC)
Zhangliang Chen: Graduate student (UIUC)
Ruiqing Miao: Postdoctoral fellow (UIUC)
Weiwei Wang: Postdoctoral fellow (UIUC)

Project Overview
Task 1.1 (Lead: Rials; supported by Wolcott, Khanna, Rodriguez) – Assess and inventory feedstock options pursuant to
scenarios proposed by the Midwestern Aviation Sustainable Biofuels Initiative (MASBI).
Task 1.2 (Lead: Rials; supported by Wolcott, Khanna) – Delineate the sustainability impacts associated with the feedstock
scenarios for the MASBI region, including land use effects.
Task 2.1 (Lead: Volpe and INL; supported by Wolcott, Rodriguez) – Examine the supply chains associated with the MASBI
feedstock scenarios to optimize feedstock delivery to biorefineries using logistics and transportation models.
Task 6.1 (Lead: Endres; supported by Smith) – Assess the impact of current laws, policies, incentives and the potential for
certification on the development of the US and EU biofuel industries with implications for AJF.
Task 6.3 (Lead: PNNL; supported by Wolcott, Khanna, Rodriguez, Endres) – Conduct supply chain analysis for two regions
using a geospatial siting and operational risk assessment tool.

Tasks 1.1, 1.2, 2.1, and 6.3: Feedstock Production and Logistics and Supply Chain Analysis
University of Tennessee, Volpe, INL, and University of Illinois at Urbana-Champaign

Objective(s)
This research effort has two objectives. The first objective is to develop information on regional supply chains for use in
creating scenarios of future alternative jet fuel production. Outputs from this project will be used as inputs to a regional
supply chain analysis tool being developed by the Volpe Center. The second objective is to identify the key barriers in
regional supply chains that must be overcome to meet national targets of 1 billion gallons of alternative jet fuel by 2018
and an order of magnitude larger production in the longer term.

Research Approach
The primary methodology employed here was the compilation of a literature review of previous works performed by the
investigators and other investigators outside of Illinois with a focus on biomass-to-bioenergy logistics modeling and
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techno-economic analysis, with a particular focus on the concerns identified within the MASBI region. Literature was
compiled collaboratively by the investigators and the students and post-doctoral researchers collaborating on this project.
The MASBI region has several major airports, but the four largest are those in Chicago, St. Louis, Indianapolis and Detroit.
Feedstocks to produce alternative jet fuel for these airports are currently expected to be supplied from the states where
these airports are located or in adjoining states. We, therefore, define the MASBI region as consisting of seven states, IL, IA,
IN, MO, KY, OH, and MI in the Midwestern region of the US. The feedstocks we are considering in this analysis are
perennial energy crops (miscanthus and switchgrass) and corn residues, which can be grown under a wide range of
growing conditions in the eastern half of the US, under rain-fed conditions.
The major components of a biomass supply chain are feedstock production by farmers, transportation and location of
centralized storage facilities that can supply biomass to meet the year-round demand of refineries, location of the
biorefineries, transportation of biomass to the refinery and distribution of the biofuel from the refinery to the airport. The
development of a biomass supply chain needs to incorporate the explicit spatial distribution of production and its low
physical density and energy density (per unit volume). Additionally, feedstocks are typically harvested annually, during
fairly limited harvesting windows and then stored for meeting year round demand at refineries. Thus, the design and
operation of biomass supply chain systems significantly depends on spatial and temporal constraints of supply such as
feedstock type and yield, geographical location and siting, and land availability.
Feedstock production by farmers involves deciding whether or not to produce a feedstock and if so to select the specific
feedstock to produce; these decisions could involve changes in the use of land from existing crops to new crops. Farmers
face several options for methods of feedstock production, storage and delivery. Faced with a given price of biomass, they
can be expected to seek least cost methods by selecting appropriate equipment, storage and delivery methods.
Optimization of the entire supply chain also involves designing and locating centralized storage facilities to balance cost,
storage losses, and transportation costs. Additionally, biorefinery location and capacity need to be selected to balance
economies of scale with larger production capacity with higher costs of transporting low density, high volume, feedstock
from a longer distance. The location of the biorefinery relative to feedstock producers, blending facilities and final users
also needs to be based on considerations of the mode (rail versus road) of feedstock transportation and form (whether
baled, chopped or densified) of feedstock as well as the mode of transporting the biofuel (trucks versus pipeline) from the
refinery to the airport.
Given the nature of agricultural commodity supply and demand, the design of a biomass-biofuel supply chain can initially
be modeled after existing grain-food systems (Figure 1). In a typical grain-food system in the U.S., grain is hauled by trucks
from fields to grain elevators and centralized facilities for better access to transportation networks. The processed
agricultural products are then transported to centralized food production facilities and distribution centers by trucks and
rail cars. Similar to grain-food supply chain systems, a typical biomass-biofuel supply chain having many suppliers and few
processing facilities can be designed to gain economies of scale (Lin et al., 2015a).

Biomass
Production

Centralized
Storage and
Preprocessing

Biorefinery

Distribution

End Use

Figure 1. The scope of a biofuel supply chain system
Our primary goal in this project has been the development of a whitepaper overviewing the primary challenges,
opportunities, and data sources for analysis of biomasss-to-bioenergy supply chains within the MASBI region.

Milestone(s)
Doctors Khanna and Rodriguez presented an overview of biomass-to-bioenergy concerns within the MASBI region at the
Spring Meeting in Alexandria, Virginia.

Major Accomplishments
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A white paper was submitted to FAA on August 3, 2015.

Publications
Written report: Alternative Jet Fuel Supply Chain Analysis in the MASBI Region

Outreach Efforts
Doctors Khanna and Rodriguez presented an overview of biomass-to-bioenergy concerns within the MASBI region at the
Spring Meeting in Alexandria, Virginia.

Awards
None

Student Involvement
•
•
•
•
•
•

Dr. Tao Lin currently continues to work at Illinois, but has been offered a faculty position at the University of
Puerto Rico-Mayagüez.
Zhangliang Chen is a current and on-going graduate student who helped with the literature review.
Fanglin Ye is a current and ongoing graduate student who helped to compile the data.
Ruqiing Miao and Weiwei Wang are post-doctoral fellows who helped with the economic analysis underlying the
supply curves for biomass under various assumptions about risk preferences of farmers.
Ruiqing Miao now has a faculty position at Auburn University.
Weiwei Wang is continuing as a post-doc at Illinois.

Plans for Next Period
The aviation sector consumes 20 billion gallons of jet fuel each year and is responsible for 2% of global carbon dioxide
emissions. Demand for aviation is expected to increase significantly in the near to medium term. Growing concerns about
climate change and the rising cost of fuel have led to interest in alternative jet fuel from renewable sources. The purpose
of this research project is to analyze the economic and engineering design issues in establishing a supply chain for jet fuel
production in the MASBI region.
Our analysis will consider two feedstocks for which data is available in the MASBI region from the POLYSYS model: corn
stover and switchgrass. POLYSYS data will be integrated with our previously developed analytical tools, which will
subsequently be upgraded and adapted for application to the MASBI region. We will then examine the on-farm costs of
production taking into account operational decisions about optimal equipment sets based on farm size, biomass yield,
biomass quantity demanded, and the location. We will examine feedstock choices given feedstock yields, costs of
production, and land availability. We will also examine the logistical requirements for storing, preprocessing, and
transporting biomass to conversion facilities and for delivering fuel to pipelines and other major airports in the Midwest.
Work outlined for Year Two will focus first on the Indianapolis Airport, but work will be designed for expanded
consideration of other parts of the MASBI region in subsequent years. The analysis will be used to determine the location
of feedstock supply regions, optimal size and type of farm equipment and field processes, on-farm storage selection and
sizing, location and size of centralized storage, preprocessing, and transportation fleet size and scheduling to meet the
demand for jet fuel at a regional airport at least cost. Our analytical framework is geographical information system based
and will consider existing infrastructure such as roads, highways, railways, location and capacity of existing blending
facilities and refineries, and the oil pipeline network. Other constraints to biomass transport and delivery such as road
congestion, density of biomass and the costs of long-term storage with annual harvests will be examined.

Task 6.1: Assessment of impact of current laws, policies, and incentives, and potential for
certification on the development of the US and EU biofuel industries with implications for AJF
University of Illinois at Urbana-Champaign, The Pennsylvania State University

Objective(s)
•

Identify policy barriers and gaps to successful commercialization of alternative jet fuel (AJF) in the US and
European Union (EU).
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•
•
•

Propose model frameworks and strategies to overcome obstacles through policy design.
Specifically, examine policy design that enables the AJF supply chain to be considered “sustainable” by the public,
supply chain suppliers and consumers, and regulators in the US and internationally.
Determine how a potential Product Category Rule (PCR)/Environmental Product Declaration (EPD) can be a vehicle
for ASCENT’s work to further sustainability within the aviation sector.

Research Approach
The primary methodology employed here was a literature review with a focus on sustainability accounting, specifically
PCR/EPD development. Literature was compiled collaboratively by the investigators, and post-doctoral and graduate
student researchers, collaborating on this project.
Due to climate change concerns, policymakers are keen to displace conventional, carbon-based fuels with more
environmentally-friendly alternatives. While previous policy incentives have focused on ground-based transportation fuels,
jet fuels provide a more certain demand pathway because the sector cannot choose to use electricity-based power like
ground-based transportation can. The FAA, as well as other federal agencies such as the Departments of Energy,
Agriculture, and Defense, therefore are pursuing an active research agenda to achieve 20 billion gallons of alternative jet
fuel in the nation’s fuel supply by 2025. Civil society groups, however, are skeptical of claims that bio-based fuels can do
any better from a sustainability performance perspective than their conventional fuels counterparts. Thus, it is imperative
for bio-based industries, such as the jet fuel sector, to develop quantitative metrics for performance indicators and a way
in which to communicate sustainability impacts to the public and policymakers. Indeed, all product supply chains face the
same challenge from civil society groups—that sustainability claims are quantified and verified.
In response to questions presented by the FAA regarding the possibility of PCRs and EPDs for AJF, the research specifically
focused on examining International Organization for Standardization (ISO) rules for PCRs/EDPs, and the PCR bases of the
hundreds of EPDs internationally. Specifically, this approach enabled us to understand how different PCR efforts have
categorized and addressed environmental impacts, including GHG accounting, water and soil quality, air pollution, and
biodiversity. Researchers actively participated in methodology building efforts nationwide (including larger ASCENT team
efforts within ASCENT 001) to discern methodologies and datasets that could be used in developing PCRs. The project
team has observed, albeit from a distance at this point, the carbon accounting methodology building by the MIT-Purdue
team. We know understand how to build, using the ISO 13025 framework, an accounting system for the aviation sector
that measures the sustainability impacts from farm-to-fleet through the PCR, and how to communicate these impacts
through the EPD. Sustainability impacts include GHG emissions (including indirect land use change), biodiversity loss,
decreased water quality and quantity, and socio-economics (including but not limited to community development such as
job creation, and compliance with labor and employment law).
The PCR accounting system provides much needed clarity and transparency as to the methodologies used to measure
sustainability, thus increasing public awareness of the scientifically-substantiated sustainability attributes of bio-based
fuels. In turn, public awareness leads to legitimacy of a sustainability claim, even if it merely declares versus compares to
a baseline. In addition, PCR development can better facilitate sustainability labels across jurisdictions by providing a
foundation of common understanding of methodologies. Measurements are based on lifecycle analysis (LCA) where
possible, developed according to generally accepted practices, and are communicated to the public in a standardized way.
Further, where LCA methodologies do not exist, the PCR requires explanation of what methodologies are applied, which is
particularly important in the socio-economic sustainability realm. The transparent nature of the PCR process also identifies
where uncertainties lie, adding critical clarity to public debates that fester because those involved are not (capable of)
acknowledging how uncertainty is being treated in their positions. The sometimes speculative nature of civil society
groups’ claims have hurt unnecessarily the ability of the sector to commercialize. However, FAA leadership, coupled with
new support from DOE, will enable university-based facilitation and science to either validate or refute those claims. The
research community has generated a proliferation of measurement methodologies; however, this work has not translated
effectively into public and policy discourse on the sustainability of alternative fuels. PCR development will address that
shortcoming.

Milestone(s)
A draft white paper will be completed in October 2015 and will be shared with FAA and A4A to further facilitate discussion
on how to proceed with a PCR process and field testing within the DOE multifunctional landscapes project in 2015-2016.
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Major Accomplishments
The accomplishments of this task (Task 6.1 will provide the project and stakeholders a clear vision of how to develop a
PCR for the sustainability of AJF in the U.S. This PCR will be world-leading, as no group, governmental or otherwise, has
ever completed such a methodology-gathering exercise.

Publications
PI Jody Endres (UIllinois):
•
Evelyne Thiffault, Jody Endres, James McCubbins, Martin Junginger, Miren Lorente, Uwe Fritche, Leire Iarte (2015).
Sustainability of forest bioenergy feedstock supply chains: Local, national and international policy perspectives.
Biofuels, Bioproducts & Biorefining DOI: 10.1002/bbb (2015)
•
Jody M. Endres & Matthew A. Walker, A Tale of Three Watersheds: U.S. EPA’s Contrasting Approaches to
Agricultural Nutrient Pollution, 2 WIRE’S Water 47-54 (2015)
•
Jody M. Endres, Rocio Diaz-Chavez, Stephen R. Kaffka, Luc Pelkmans, Joaquim E.A. Seabra, Arnaldo Walter.
Sustainability Certification for Biomass Applications: Opportunities for Generating New Science, in Bioenergy &
Sustainability: Bridging the Gaps (U.N. SCOPES Rapid Assessment Project) (2015)
PI Paul Smith (PSU):
•
Dahmann, K.K.S., L.B. Fowler, and P.M. Smith. 2016. United States Law and Policy and the Biofuel Industry;
included in a Volume on “The Law and Policy of Biofuels” co-editors, Yves Le Bouthillier, Annette Cowie, Paul Martin
and Heather McLeod-Kilmurray, Edward Elgar Publishing, as part of the IUCN Academy Series. Submitted June 30,
2014. Accepted and in press.

Outreach Efforts
PI Jody Endres (UIllinois):
•
Jody M. Endres, Designing Governance Systems to Solve Nutrient Pollution: Lessons from Clean Water Act
Litigation, University of Illinois Institute for Energy and Environment Water Congress (Sep. 2015).
•
Jody M. Endres, Illinois Water Law Under Conditions of Uncertainty, Joint Meeting of the Chicago Energy Bar
Association and Association of Energy Economists (Apr. 2015)
•
Jody M. Endres, The Prospects of Product Category Rules and Environmental Product Declarations for the Biojet
Sector, Federal Aviation Administration ASCENT Bi-Annual Meeting (Mar. 2015)

Awards
None

Student Involvement
Zihui (Katt) Gu is a law/graduate student and Chinese national who continues to be involved in this project. Her work
involves research on PCR/EPD development, and specifically difference governance approaches. This is particularly
important, as ISO standards and ISEAL governance standards must be considered in building the PCR. PI Endres is hopeful
that Katt will also have the opportunity to participate in RSB certification efforts in China. While we have taken a US-EU
centric approach in this project, it behooves us to begin understanding of the Chinese approach because they are
increasingly expressing interest in biojet projects (e.g., the recent NRDC-Boeing-China project announcement). We do not
want to be caught flat-footed with regard to our PCR design at least to the extent that we should understand China’s
preliminary thinking with regard to quantification approaches.
Alison Gomer, J.D. is postdoctoral researcher who continues to be involved in this project with regard to research on
PCR/EPD development. Specifically, she is tasked with dissecting all existing PCRs for the approaches they take, and has
been the lead in analyzing recently issued USEPA guidance on PCR building.

Plans for Next Period
The University of Illinois will moderate the process of building a PCR for Bio-based jet fuel, including development of
indicator categories and measurement methodologies, developing a draft PCR, convening stakeholder consultation
group(s) and incorporating their comments into the draft, and completing a final PCR for deposit into a PCR repository.
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PI Endres was awarded in September 2015, along with her project partners, $9 million by the DOE to study, among other
items, how to operationalize sustainability verification for three of the country’s premier biorefinery projects: Poet-DSM
and Dupont/Pioneer in Iowa, and Abengoa in Kansas. Similar to the goals of FAA and A4A, DOE expects the investigation
to include application of RSB standards, among others (e.g., ATIP/ASABE, TSC/FTM) to the project. Thus, an excellent
opportunity exists to develop synergies between ASCENT and the DOE project with regard to isolating and field-testing
methodologies that would go into a PCR. The DOE project also provides a natural governance platform from which to work
in stakeholder collaboration, as all of the most knowledgeable and powerful stakeholders in the U.S. are involved in the
project, at least from a cellulosic fuels perspective. RSB has received funding from the DOE to separately reach out to
growers in the U.S., including growers not included in the DOE multi-functional landscapes project such as camalina and
other oilseed growers in the northwestern U.S. PI-Endres is likely to be leading that outreach, but the details have yet to be
finalized. Optimally, that outreach would occur in conjunction with the DOE project, as well as FTM pilot study sites.
PI Endres would like to further consider with the ASCENT funders whether or not a PCR should go beyond agriculturalbased feedstocks to include those from forestry. She has IEA funding for a case study on short-rotation woody biomass
used for pellets exported to Europe, which could serve as a platform for examining the Sustainable Biomass Partnership
Certification in relation to their methodologies. Their approach could be compared to that of FSC, which is recognized by
RSB, and which has a certification in the NARA project area.
PI Endres will be a participant in 2015-2016 building the American Society of Agronomy’s (ASA) training program for
certified crop advisors in the U.S. The effort involves building a curriculum for online study and testing of sustainability
principles, ranging from policy matters through technical aspects of sustainability accounting. All of the major commodity
groups are involved in the program. Not only can the FAA/DOE work translate into that curriculum in terms of identifying
capacity needs in sustainability certification, but the ASA’s work could be a proxy for the outreach necessary to growers for
understanding accounting and their participation in the certification process.
Depending on PSU’s funding and amenability to cooperation, PI Endres would like to incorporate PI-Smith’s program of
study in Task 5.1 into the DOE project. Although PI-Endres’ work has focused on accounting within agricultural
landscapes, identifying biorefinery-side barriers constitute an important element of sustainability certification in many
ways as well.

66

Project 001(F) Alternative Jet Fuel Supply Chain Analysis
Techno-Market Analysis of US Biorefinery Supply Chains from Feedstock to
Alternative Jet Fuels
University of Tennessee
Project Lead Investigator
Timothy Rials
Professor and Director
Center for Renewable Carbon
University of Tennessee
2506 Jacob Dr. Knoxville, TN 37996
865-946-1130
trials@utk.edu

University Participants
University of Tennessee
•
P.I.(s): Burton English, Professor; Tim Young, Professor
•
FAA Award Number: 13-C-AJFE-UTenn-002, 11712069
•
Period of Performance: August 18, 2014 to January, 31, 2016
•
Task(s):
1. Task 1.1: Assess and inventory regional forest and agricultural biomass feedstock options.
2. Task 1.2: Delineate the sustainability impacts associated with various feedstock choices including land use
effects.
3. Task 4: Biorefinery Infrastructure and Siting (Supporting Role)

Project Funding Level
Total Estimated Project Funding: $205,000
Total Federal and Non-Federal Funds: $400,000
Faculty salary will be provided by The University of Tennessee, Institute of Agriculture in support of the project.

Investigation Team
•
•
•
•
•
•
•
•
•
•
•
•

Tim Rials – Project Director(s)/Principal Investigator (PD/PI)
Burton English – Co-Principal Investigator (Co PD/PI)
Tim Young – Co-Principal Investigator (Co PD/PI)
Chris Clark – Faculty (1.2)
Lixia He – Other Professional (1.1)
Kim Jensen – Faculty (1.1)
Dayton Lambert – Faculty (1.1,1.2)
Jim Larson – Faculty (1.1)
Ed Yu – Faculty (1.1,1.2)
Olga Khaliukova – Research Associate (1.1,4)
Evan Markel – Graduate Student (1.1,1.2)
Brad Wilson – GIS programmer (1.1,1.2)

Project Overview
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The University of Tennessee is leading the Feedstock Production (Task 1) component of the project. This component
targets the need to assess and inventory regional forest and agricultural biomass feedstock options (1.1); and, the goal to
delineate the sustainability impacts associated with various feedstock choices, including land use effects. Additionally, The
University of Tennessee is supporting activities in Task 4 (Biorefinery Infrastructure and Siting) with information and
insights on regional demand centers for aviation fuels and current supply chain infrastructure, as required.

Task 1.1: Assess and inventory regional forest and agricultural biomass
feedstock options
University of Tennessee

Objective(s)
As the markets for lignocellulosic biomass (LCB) feedstock, i.e. grasses, short-rotation woody crops, and agricultural
residues, are currently not well established, it is important to evaluate the feasibility of supplying those LCB feedstocks.
The opportunity cost of converting the current agricultural lands to LCB feedstocks production will be estimated. In
addition, the production, harvest, storage and transportation cost of the feedstocks are included in the assessment. A
variety of potential crop and biomass sources will be considered in the feedstock path including:
Oilseed crops: Potentials include: Mustard/Crambe (Sinapsis alba/Crambe abyssinicia); Rapeseed/Canola (Brassica
napus/B. campestris); Safflower (Carthamus tinctorius); Sunflower (Helianthus spp.); Soybean (Glycine max); camelina
(Camelina sativa)
Perennial grasses: Switchgrass (Panicum virgatum); Miscanthus (Miscanthus sinensis); Energy Cane (Saccharum complex)
Short-rotation woody crops: Poplar (Populus species); Willow (Salix species); Loblolly pine (Pinus taeda); Sweetgum
(Liquidambar styraciflua); Sycamore (Plantanus occidentalis)
Agricultural residue: Wheat straw; Corn stover
Forest residue: Logging and Processing Residue
POLYSYS will be used to estimate and assess the supply and availability of these feedstock options at regional and national
levels. This U.S. agricultural sector model forecasts changes in commodity prices and net farm income over time. BioSAT
data will be used to aggregate data on woody biomass resources.
County level estimates of all-live total woody biomass, as well as average annual growth, removals, and mortality will be
obtained from the Forest Inventory and Analysis Database (FIADB). Mill residue data will be obtained from the USFS FIA
Timber Product Output (TPO) data. The Subregional Timber Supply (SRTS) model will be used to estimate and predict
logging residues. SRTS uses U.S. Forest Service FIA data to project timber supply trends based on current conditions and
the economic responses in timber markets20. Specific tasks related to this objective are outlined below. These supply
curves will be placed in POLYSYS and estimates into the future will be made.

Research Approach
1.

2.
3.

Using an existing model, POLYSYS, annual demand targets were developed. Analysis conducted for alternative
cellulosic feedstocks – dedicated energy crops (DEC), short rotation woody crops (SRWC), forest residues (FR), and
Crop residues (CR). A combined solution and individual solutions were estimated for the bio-jet fuel ramp up of 5
billion gallons by 2030. The feedstock streams were placed in ASCENT 1’s Database. Present before research
team. Pass feedstock info to other team members.
Began to develop Pennycress information. Send graduate student to workshop. Develop fact sheet on Pennycress
(attached). Develop budget and yield maps.
Address comments from 1 and develop new target pathway

Target (1)
1. Demand for Jet fuel 1 Billion gallons by 2021 and 5 Billion by 2025
2. Conversion process was fast pyrolysis with hydrogen purchase
3. Conversion rate 43.3 gallons jet fuel /ton biomass plus other energy fuels
4. Each plant will require 645,000 dry tons of biomass/year
5. Each facility will produce 27.9 million gallons of jet fuel plus other energy fuels
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Additional Assumptions
1. Used cost and yield assumptions in the Billion Ton Update for biomass types including Stover, Straw, Switchgrass,
Miscanthus, Poplars, Willows, Sweet Sorghum, Energy Cane, and Forest Residues.
2. Forest residue supply curves by county estimated with ForSEAM and then further develop by ORNL. Using data
developed from Lixia He, Burton C. English, Daniel G. De La Torre Ugarte, and Donald G. Hodges. (2014). "Woody
biomass potential for energy feedstock in United States." Journal of Forest Economics 20: 174-191.
3. Pasture land can be converted to dedicated bioenergy, with an assumption that remaining pasturelands will be
more intensively grazed at an increased cost. This conversion is limited to 50% of a county.
4. There is no biofuel mandate assumed other than what was assumed in the USDA Baseline.
Findings (1)
•
Feedstock potential include: corn stover; straw from wheat, barley, and oats; dedicated energy crops including:
switchgrass, miscanthus, poplars, willows, sweet sorghum, energy cane, and algae; and wood residue.
•
Biomass price for forest residues (tops and limbs) enter in at $37/dry ton. In 2019, crop residues enter into the
solution with biomass at $46/dry ton. Dedicated energy crops do not enter the solution until biomass price is at
$49/dry ton for sweet sorghum and $53/ton for dedicated energy crops.
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Harvesting corn stover or straw on 25.1 million acres producing 76 million dt of biomass (31% of the 2014 corn +
wheat acreage). Only have 110 thousand acres of dedicated energy crops. 43.3 million tons of wood residues
enter the solution first at about $37.0/dt.
Taking an average of commodity prices over the 19 year, changed very little. A decrease in commodity prices for
grain oats, barley, and wheat of $0.07/bu, $0.14/bu, and $0.05/bu, respectively. Soybeans decrease by $0.13/bu.

13 Billion Gallon Scenario (3)
1.
2.
3.
4.
5.
6.

Demand for Jet fuel 4.5 Billion gallons by 2021 and 13 Billion by 2025
Conversion process was fast pyrolysis with hydrogen purchase
Conversion rate 43.3 gallons jet fuel /ton biomass plus other energy fuels
Each plant will require 645,000 dry tons of biomass/year
Each facility will produce 27.9 million gallons of jet fuel plus other energy fuels
Used cost and yield assumptions in the Billion Ton Update for biomass types including Stover, Straw, Switchgrass,
Miscanthus, Poplars, Willows, Sweet Sorghum, Energy Cane, and Forest Residues.
7. Forest residue supply curves by county estimated with ForSEAM and then further develop by ORNL. Using data
developed from Lixia He, Burton C. English, Daniel G. De La Torre Ugarte, and Donald G. Hodges. (2014). "Woody
biomass potential for energy feedstock in United States." Journal of Forest Economics 20: 174-191.
8. Pastureland can be converted to dedicated bioenergy, with an assumption that remaining pasturelands will be
more intensively grazed at an increased cost. This conversion is limited to 50% of a county.
9. There is no biofuel mandate assumed other than what was assumed in the USDA Baseline.
10. Info required to run new scenario
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2030

26551

13,275.5

306.59

2029

26114

12,232.8

282.51

2028

25658

11,190.1

258.43

2027

25218

10,147.4

234.35

2026

24775

9,104.6

210.27

2025

24334

8,061.9

186.19

2024

23906

7,019.2

162.11

2023

23525

5,976.5

138.03

2022

23161

5,229.4

120.77

2021

22338

4,482.4

103.52

2020

22763

3,735.3

86.27

2019

22338

2,988.3

69.01

2018

21837

2,241.2

51.76

2017

21305

1,494.1

34.51

2016

20777

747.1

17.25
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Milestone(s)
•
•
•

Generated data passed on to ASCENT 1 database for five billion gallon run.
13 Billion Gallon pathway developed
Pennycress fact sheet under review.

Major Accomplishments
•
•
•

The datasets for the 5 Billion Gallon pathway have been uploaded to Box and are available for team use.
The 13 Billion Gallon scenario has been developed, POLYSYS analysis has been completed and is under review.
Preliminary maps have been developed for the pennycress growth and yield based on climate data.

Outreach Efforts
Burton C. English, Alternative Jet Fuel Supply Chain Analysis: ASCENT 1 (Feedstock) April 13, 2015. Weekly meeting
Webinar.

Awards
None

Student Involvement
We have a PhD student, Evan Markel, working on this project. He is gathering information on pennycress, and developing
an analysis looking at pennycress as a feedstock.

Plans for Next Period
Complete pennycress analysis for incorporation into the alternative jet fuel supply chain.

Publications
None

Task 1.2: Delineate the sustainability impacts associated with various
feedstock choices including land use effects
University of Tennessee

Objective(s)
Environmental Sustainability – Regarding environmental sustainability, the impacts associated with LCB feedstock
production, such as greenhouse gas (GHG) flux, water use and quality, and soil erosion will be estimated based on local
geographic characteristics. The GHG flux related to land use change and LCB feedstock production is analyzed using the
DAYCENT model along with EPIC crop management files, to simulate the daily GHG emissions changes over time between
the cropping systems. The DAYCENT model also estimates the water use by source (e.g. rain fall, irrigation) for different
feedstock production systems. Given the water use and yield of feedstock, an indicator of water use efficiency can be
generated. Different agricultural land use systems have varied effects on soil erosion or soil loss. The impact on soil
erosion from different LCB feedstock productions is simulated with the Universal Soil Loss Equation incorporating the soil
parameters generated from Environmental Policy Integrated Climate (EPIC) model.
This SPARROW module will generate ex ante forecasts of the impacts land use changes have on water quality. The
geographic resolution is flexible, and can be expanded to model all 48 contiguous states. Input from the deterministic
models (POLYSYS and BioFLAME) will provide data for the SPARROW analysis. The approach we use is entirely general, and
readily extended to encompass urban growth dynamics, increased water demand by the non-agricultural sector, and
possibly other policy-informed land use interventions on water quality21. The SPARROW model has been calibrated to
analyze changes in water quality as determined by land use driven by demand for cellulosic bioenergy in the Southeast.
This project will expand that effort to the nation.
Economic/Social Sustainability – The IO analysis provides estimates of output, employment and income multipliers, which
measure the response of the economy to a change in demand or production9, 22. The economic multipliers measure the
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indirect and induced effects of a change in final demand (direct effects) for a particular industry (for example, the
introduction of biorefineries and preprocessing facilities in a region). The indirect effects are the secondary effects or
production changes when input demands change due to the impact of the directly-affected industry (for example,
construction sector, agriculture producers, and transportation sectors). The induced effects represent the response by all
local industries caused by changes in expenditures by households and inter-institutional transfers generated from the
direct and indirect effects of the change in final demand. Projections of changes in jobs (job creation), economic activity,
labor income and state/local taxes to the region both directly from growth in the aviation biofuel industry itself and
through multiplier effects will be projected using IMPLAN.

Research Approach
Develop impact analysis for economic and environmental parameters. Develop post analysis of POLYSYS output that use
ACCESS databases and queries to estimate impact on environmental parameters (fertilizer expenditures, herbicide
expenditures, soil erosion estimates) These estimates along with land use change will be used in SPARROW a water quality
model to examine surface water impact.
IO Analysis
We are in the process of estimating the economic impacts of the 5 Billion Gallon scenario. We have developed the
transactions required for investment and annual operations of the biorefinery assumed in the 5 Billion Gallon scenario.
The conversion process was fast pyrolysis with hydrogen purchase, it has a conversion rate 43.3 gallons jet fuel /ton
biomass plus other energy fuels; each plant will require 645,000 dry tons of biomass/year; and each facility will produce
27.9 million gallons of jet fuel plus other energy fuels.

Milestone(s)
None

Major Accomplishments
Environmental indicators including Fertilizer (Nitrogen, Phosphorous, and Potassium) and chemical (Herbicides,
Insecticides, etc.) expenditures and Soil erosion coefficients have been developed. Datasets containing these estimates for
the 5 billion ton run are under review. Work on Sparrow is pending an internal review. Through a USDA AFRI project,
SPARROW was used to estimate environmental impacts of industry development in the south. Erosion coefficients when
using cover crop (Pennycress) is under development; however, insufficient experimental work has been found to develop a
C-factor for a soybean/corn-pennycress rotation.

Outreach Efforts
None

Awards
None

Student Involvement
None

Plans for Next Period
•
•
•

Develop impact analysis for economic and environmental parameters. Expand sedimentation impact model for 5
and 13 Billion Gallon scenarios. .
SPARROW needs to be updated and expanded through the rest of the nation.
Forest residues (and the environmental impact on removing) sector in Billion Ton was not completed until this
month. This allows work on sustainability to accelerate.

Task 4: Biorefinery Infrastructure and Siting (Supporting Role)
Washington State University

Objective(s)
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The University of Tennessee team plays a supporting role in this task. Several models are available to contribute to the
effort, including: 1) BioSAT (currently available for the 35 Eastern and Midwest states), 2) BioFLAME (we hope to expand
its geographic scope from its current southeast U.S. regional focus to the contiguous 48 states).

Research Approach
Database development using the enhanced database structure of the BioSAT model is being expanded to include the
Pacific Northwest and Central Plains regions. Enhancement of the database includes socio-economic and USFS/USDA/EPA
biomass data allocated to the U.S. Census Bureau 5-digit ZCTA level boundaries using forest and crop land cover imagery
in the context of geo-spatial analysis. Examples of database enhancements at this higher level of resolution include: 1)
socio-economic data, such as population density, median income, farm income, road network density, etc.; 2) biomass
data, such as merchantable and non-merchantable forest biomass tonnage and agricultural-residue data; 3) public
ownership constraints, such as, parks, preserves, national forest, military installations, etc.; 4) EPA-defined eco-region
limitations for forests; and 5) competition for the forest resource given active mill locations. The aforementioned
enhancements to existing databases will improve estimates and POLYSYS projections for modeling woody biomass
availability.
Geo-spatial Analysis
Geo-spatial economic analyses are being performed and updated for the 48 continental United States. The supply chain
supporting the BioSAT model for multiple feedstocks has three main cost components: resource, harvesting, and
transportation. All USFS inventory and USDA NASS data are allocated to 5-digit “zip code tabulation areas” (ZCTAs) based
on area proportionality. Microsoft© MapPoint® 2009 is used to provide the shortest travel time and distance routes between
the demand and supply ZCTAs. Road networks are a combination of the Geographic Data Technology, Inc. (GDT) and
Navteq data. The harvesting cost models generate production costs on a per dry-ton basis for five harvesting systems
dependent on ecoregions. Geospatial layers including public reserved land, population density and EPA Level-III ecoregions
are part of the update, i.e., ZCTAs that are not suitable for sustainable fiber supply are removed from the supply
procurement zones of the model (Figures 1 and 2).

Figure 1. Illustration of competition for resources as accounted in the BioSAT model.
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Figure 2. Marginal Cost Curve Comparison for ZCTA 66701 for "Upland Hardwood Pulpwood Total Inventory" 200mile maximum roundtrip haul distance.

Milestone(s)
Database has supply curves for individual feedstocks assuming 5 billion gallons.

Major Accomplishments
None

Publications
Young, T.M., Y. Wang, F.M. Guess, M. Fly, D. Hodges, and N. Pouydal. 2015. Understanding the characteristics of nonindustrial private forest landowners that harvest trees. Small-Scale Forestry. 14(3):273-285. DOI: 10.1007/s11842-0159287-9.

Outreach Efforts
None

Awards
None

Student Involvement
None
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Plans for Next Period
Provide feedstocks for 13 billion gallon scenario.

Publications
None
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Project 002 Ambient Conditions Corrections for Non-Volatile
PM Emissions Measurements
Missouri University of Science and Technology
Aerodyne Research Inc.
Project Lead Investigator
Philip D. Whitefield
Professor and Department Chair
Chemistry
Missouri University of Science and Technology
142 Schrenk Hall, 400 W 11th Street, Rolla, MO 65409
573-341-4420
pwhite@mst.edu

University Participants
Missouri University of Science and Technology
•
P.I.(s): Philip D. Whitefield
•
FAA Award Number: 13-C-AJFE-MST-002
•
Period of Performance: 9.18.14 to 12.31.15
•
Task(s):
o Task 1 Ambient conditions corrections for nv PM
o Task 2

(a) NARS Upgrade for gaseous emissions and smoke number

(b) NARS Upgrade for Canadian electrical standards compliance
o Task 3 - nv PM measurements at RR Indianapolis
o Task 4 - nv PM measurements at P&W
o Task 5 - nv PM measurements at the VARIANT 2 Campaign
o Task 6 - nv PM measurements at Honeywell

Project Funding Level
$2,300,000.00
3rd Party FOCA Cost Share: $2,300,000.00

Investigation Team
Philip D. Whitefield PI
Donald E. Hagen Co-PI
Prem Lobo Co-PI
Richard Miake-Lye Co-PI
Max Trueblood Research Associate
Steven Achteberg Research Associate

Project Overview
The Society of Automotive Engineers (SAE) Aircraft Exhaust Emissions Measurement Committee (E-31) has published an
Aerospace Information Report (AIR) 6241 detailing the sampling system for the measurement of non-volatile particulate
matter (nvPM) from aircraft engines (SAE 2013). The system is designed to operate in parallel with existing International Civil
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Aviation Organization (ICAO) Annex 16 compliant combustion gas sampling systems used for emissions certification from
aircraft engines captured by conventional (Annex 16) gas sampling rakes (ICAO, 2008). The certification measurements of
nvPM emissions will be performed using the SAE defined nvPM sampling system.
The Missouri University of Science and Technology (Missouri S&T) owns and operates the AIR6241 compliant, North American
mobile reference system to measure nvPM emissions from the exhaust of aircraft engines. The nvPM system consists of three
sections – collection, transfer, and measurement – connected in series (Figure 1). A description of each section is provided
below.

Figure 1: Components of an AIR6241 nvPM system
Collection section: The collection section consists of the probe rake system and up to 8m of stainless sample line heated to
160°C.
Transfer section: The transfer section consists of a three way sample splitter, a PM sample eductor/dilutor, flow controllers,
and sample line heater controllers The first sub-component of the transfer section is a three way sample splitter which
divides the total exhaust gas sample from the rake into three flow streams. The first is the required flow of exhaust for the
Annex 16 combustion gas sample. The second is the PM sample and the third is an excess flow dump line controlled with a
pressure relief valve. The PM sample is diluted by a factor 8-13 with dry nitrogen (heated to 60°C) by means of an
eductor/dilutor. The diluted PM sample with a flow rate 25 ± 2 SLPM is transferred by an electrically heated, temperature
controlled conductive, grounded, carbon loaded PTFE PM sample transfer line 25m in length, maintained at 60°C to a 1µm
cyclone and then a second three way splitter to direct the sample to the number and mass measurement devices in the
measurement system.
Measurement section: The measurement section consists of a volatile particle remover and a particle number measurement
device, a mass measurement device and a mass flow controller, pump and CO 2 detector as specified by AIR6241.
As part of evaluating the methodology and the robustness of the system described in AIR6241, the North American nvPM
reference system has been deployed at several OEM facilities in North America (McCaldon, 2013; Lobo and Condevaux, 2014)
as well as the SR Technics maintenance facility in Zurich, Switzerland (Lobo et al., 2015). These demonstration/intercomparison studies served to provide information regarding the variability of the individual sampling and measurement
systems. Additional testing at OEM facilities has also be conducted to acquire QL2 data on a set of engines identified to be
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representative of the commercial fleet for entry into the nvPM values database (Lobo and McKinney, 2014). Datasets from
these initial measurement activities are being used by the ICAO Committee on Aviation Environmental Protection (CAEP) and
their PM Task Group (PMTG) as they consider future aviation PM regulations. The data will be used by PMTG to develop a
metric on which the regulation for nvPM emissions will be based.

Task 1 Ambient conditions corrections for nv PM
Missouri University of Science and Technology

Objective(s)
1.

Conduct combustor rig testing to determine ambient condition corrections for non-volatile PM Emissions
measurements

Perform combustor rig tests at GE Aviation facilities using an AIR6241 compliant Sampling System for
the measurement of non-volatile PM (nvPM) emissions

Evaluate the influence of ambient conditions on PM production

Determine appropriate corrections to standard atmospheric conditions for aircraft nvPM

Research Approach
Missouri S&T and ARI will coordinate with GE Aviation to secure access to altitude test cells at which nvPM emissions can be
acquired for varying ambient temperature, pressure, and relative humidity. To evaluate the effects of ambient conditions on
PM production, a multi-sector combustor will be used as the PM emissions source.
Missouri S&T will work with GE Aviation to plan and prepare for the nvPM measurements in the altitude test cell. During the
planning process, a detailed plan for the test will be developed in collaboration with the OEMs. The plan will include details
of the sample extraction system, interfacing with the North American AIR6241 mobile reference system, simulating a range
of ambient conditions for the test, measurement protocol, and data analysis. A site visit will also be undertaken as part of
the planning process to have face-to-face discussions with the OEM facility engineers and technicians and also determine
essential details regarding placement of sampling and measurement system, interfacing with existing probe-rake hardware,
power and air requirements, etc.
After the test plan has been developed and approved, and a test window identified, Missouri S&T will begin preparation for
deploying the system to the GE Aviation facility, including but not limited to, calibration of instruments, checkout of various
system components, and preparing the system for transport. The nvPM system will be deployed alongside Annex 16 Volume
II certification-grade gaseous and smoke measurement systems to obtain the full complement of gaseous and nvPM data.
The testing itself will be conducted in accordance with the test plan developed during the planning phase. Data for nvPM
mass, number, and gaseous emissions and smoke number will be acquired for simulated ambient conditions spanning the
full realistic parameter space using a multipoint probe similar to those used for gaseous emissions certification. The OEMs
will be responsible for providing the probe system to be used for these tests. Following the test, the data will be analyzed
and appropriate correlations will be developed for nvPM data acquired under different ambient conditions. A correction of
nvPM data to standard atmospheric conditions will then be developed based on these correlations.

Milestone(s)
Project pending sub-contract negotiations with GEAE.

Major Accomplishments
None.

Publications
None.

Outreach Efforts
None.
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Awards
None

Student Involvement
None

Plans for Next Period
Upon successful completion of negotiations with GEAE a testing opportunity will be scheduled for Q1-2 2016.

Task 2:
(a) NARS Upgrade for gaseous emissions and smoke number
(b) NARS Upgrade for Canadian electrical standards compliance
Missouri University of Science and Technology

Objective(s) and Research Approach
Missouri S&T will procure a portable emissions cart designed for raw exhaust measurement for gaseous emissions such as
NO/NOx, UHC, CO and CO 2 . Figure 3 shows the portable unit and the analyzers available from California Analytical
Instruments (CAI). OEMs such as GE, Pratt and Whitney, and Honeywell all use gaseous emissions analyzers manufactured
by CAI during the emissions tests, including certification tests.

Figure 2: Portable emissions cart designed for raw exhaust measurement for engine gaseous emissions
Missouri S&T will also procure a smoke meter from Chell Instruments. Figure 4 shows a smoke meter manufactured by Chell
Instruments. This smoke meter has also been used by Rolls-Royce, UK for emissions measurements.
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Figure 3: Smoke meter
At this time, the North American mobile reference system does not comply with the Canadian electrical standards. To gain
approval for use in Canada, the system must pass a field evaluation (FE) performed by a third party recognized by ESA.
This field evaluation will take place on location at Missouri S&T, and will necessitate paid travel and time of an ESA
recognized inspector. The field evaluation process follows CSA SPE-1000 standard, which requires three mandatory tests;
these tests are non-destructive and ensure the electrical safety requirements meet CEC standards and the equipment can
be operated safely. During the field evaluation process, the Missouri S&T team will be provided documentation of failures,
and will be required to make modifications as necessary. Once modifications are complete, inspections will resume until
the field evaluator is satisfied and the North American mobile reference system is deemed electrically safe according to
ESA and CEC standards. It is projected that a minimum of three trips will be required by an ESA recognized inspector:
initial inspection with the Missouri S&T team and electrician to identify necessary upgrades, follow-up inspections to
critique and further guide the Missouri S&T team and electrician, and final inspection. Once deemed safe, a serialized FE
label must be put on each individual piece of equipment.

Milestone(s)
Orders have been placed for systems upgrade instrumentation delivery and integration anticipated Q4 2015.
Canadian electrical standards upgrades have been implemented. Third party field evaluation anticipated Q4 2015

Major Accomplishments
Anticipate successful completion of this task in Q4 2015.

Publications
None.

Outreach Efforts
None.

Awards
None.
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Student Involvement
None

Plans for Next Period
Include new diagnostic tools for gaseous emissions and smoke in planned measurement campaigns involving the NARS.

Task 3 nv PM measurements at RR Indianapolis
Missouri University of Science and Technology

Objective(s)
To gather emissions data on a RR engine, an engine identified by PMTG for inclusion in their nvPM emissions database to
develop a metric to regulate nvPM.

Research Approach
Missouri S&T will deploy the North American nvPM mobile reference system at an OEM facility (Rolls-Royce, Indianapolis, IN)
to gather emissions data on the engine. This engine is a mixed turbo-fan engine and one that has been identified by PMTG
for inclusion in their nvPM emissions database to develop a metric to regulate nvPM. The data from this test will also be
valuable to the SAE E-31 committee as they draft a nvPM ARP.
Missouri S&T will work with Rolls-Royce to plan and prepare for the nvPM measurements. During the planning process, a
detailed plan for the test will be developed in collaboration with Rolls-Royce. The plan will include details of the sample
extraction system, interfacing with the North American nvPM mobile reference system, measurement protocol, and data
analysis. Essential details regarding placement of sampling and measurement system, interfacing with existing probe-rake
hardware, power and air requirements, etc. will also be discussed.
After the test plan has been developed and approved, and a test window identified, Missouri S&T will begin preparation for
deploying the system to the Rolls-Royce facility in Indianapolis, including but not limited to, calibration of instruments,
checkout of various system components, and preparing the system for transport. The nvPM system will be deployed
alongside Annex 16 Volume II certification-grade gaseous and smoke measurement systems to obtain the full complement
of gaseous and nvPM data.
The testing itself will be conducted in accordance with the test plan developed during the planning phase. Data for nvPM
mass, number, and gaseous emissions and smoke number will be acquired for a range of engine power conditions, spanning
the full realistic parameter space using a multipoint probe similar to those used for gaseous emissions certification. The
OEMs will be responsible for providing the probe system to be used for these tests. Following the test, the data will be
analyzed and reported.

Milestone(s)
Task completed

Major Accomplishments
Measurements and analysis completed.

Publications
None.

Outreach Efforts
This test afforded RR-Indy testing personnel to experience firsthand the deployment of the NARS for nvPM emissions
characterization.

Awards
None.

Student Involvement
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None.

Plans for Next Period
None.

Task 4 nv PM measurements at P&W
Missouri University of Science and Technology

Objective(s)
To gather emissions data on a P&W engine, an engine identified by PMTG for inclusion in their nvPM emissions database to
develop a metric to regulate nvPM.

Research Approach
Missouri S&T will deploy the North American nvPM mobile reference system at an OEM facility (Pratt and Whitney) to gather
emissions data on the P&W engine. This engine has been identified by PMTG for inclusion in their nvPM emissions database
to develop a metric to regulate nvPM. The data from this test will also be valuable to the SAE E-31 committee as they draft a
nvPM ARP.
Missouri S&T will work with P&W to plan and prepare for the nvPM measurements. During the planning process, a detailed
plan for the test will be developed in collaboration with P&W. The plan will include details of the sample extraction system,
interfacing with the North American nvPM mobile reference system, measurement protocol, and data analysis. Essential
details regarding placement of sampling and measurement system, interfacing with existing probe-rake hardware, power
and air requirements, etc. will also be discussed.
After the test plan has been developed and approved, and a test window identified, Missouri S&T will begin preparation for
deploying the system to the P&W facility in Connecticut, including but not limited to, calibration of instruments, checkout of
various system components, and preparing the system for transport. The nvPM system will be deployed alongside Annex 16
Volume II certification-grade gaseous and smoke measurement systems to obtain the full complement of gaseous and nvPM
data.
The testing itself will be conducted in accordance with the test plan developed during the planning phase. Data for nvPM
mass, number, and gaseous emissions and smoke number will be acquired for a range of engine power conditions, spanning
the full realistic parameter space using a multipoint probe similar to those used for gaseous emissions certification. The
OEMs will be responsible for providing the probe system to be used for these tests. Following the test, the data will be
analyzed and reported.

Milestone(s)
Test scheduled for Q4 2015/Q1 2016

Major Accomplishments
None

Publications
None.

Outreach Efforts
This test will afford P&W testing personnel the opportunity to experience firsthand the deployment of the NARS for nvPM
emissions characterization and inter-compare their AIR compliant system with the NARS performance.

Awards
None.

Student Involvement
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None.

Plans for Next Period
None.

Task 5 nv PM measurements at the VARIANT 2 Campaign
Missouri University of Science and Technology

Objective(s)
a)

Upgrade the measurement capability of the North American reference system to sample nvPM emission from
mixed flow engines certified in the mixed flow configuration

b)

Participate in the VAriable Response In Aircraft nvPM Testing (VARIAnT) 2 campaign

Research Approach
The VAriable Response In Aircraft nvPM Testing (VARIAnT) campaign was conducted in Aug/Sep 2014 to (1) better understand
variability within a single measurement system versus the allowable range of operational parameters, (2) better understand
variability between (two) measurement systems and (3) better define variability among instruments of the same and different
types. The PM sources used during the study included a miniCAST burner and a small GE J-85 turbojet engine. The study
concluded that the system specifications for the sampling system and number measurement instrument were sufficiently
robust. In terms of the mass measurement instruments the LII was found to be consistently lower than the NIOSH 5040 EC
concentration by ~20% while using the miniCAST as the source and ~40% on J-85 engine emissions.
A subsequent study – MANTRA (Mass Assessment of nvPM Technology Readiness for Aviation) was conducted during Dec
2014 – April 2015 to further explore the differences in mass concentration reported by LII to that of MSS and NIOSH using
laboratory and gas turbine emission sources. The primary objective of this study was to investigate the calibration source
criterion impact on differences observed between LII and MSS mass instruments when applied to aviation engine PM
measurements. The data from this study is being processed and will be reported on during the SAE E-31 Annual meeting in
June 2015.
The VAriable Response In Aircraft nvPM Testing (VARIAnT) 2 campaign is currently scheduled for August 17-31, 2015 with a
primary goal to determine the performance of the LII (with new firmware) and MSS using both miniCAST and gas turbine
exhaust. This campaign will attempt to reproduce selected results from the MANTRA study with respect to both instrument
performance and calibration protocol.

Milestone(s)
Upgrade to NARS completed. The VARIAnT 2 campaign test plan has been developed, implemented and data acquisition
completed.

Major Accomplishments
The data arising from this campaign is currently undergoing analysis by the participants with an anticipated release date in
late October 2015. A Variant2 Data Workshop was held at the University of Minnesota Oct 1 and 2.
A summary document was generated, and provided input to PMTG.

Publications
None

Outreach Efforts
None

Awards
None
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Student Involvement
None

Plans for Next Period
The data arising from the measurement campaign will be used to assess the performance of the LII (with new firmware)
and MSS using both miniCAST and gas turbine exhaust. Also an attempt to reproduce selected results from the MANTRA
study with respect to both instrument performance and calibration protocol will be undertaken.

.

Task 6 nv PM measurements at Honeywell
Missouri University of Science and Technology

Objective(s)
a)

Conduct non-volatile PM Emissions measurements of a turbofan engine at Honeywell

b)

Validate ambient condition corrections for non-volatile PM Emissions measurements

Research Approach
Missouri S&T will deploy the North American nvPM mobile reference system at the Honeywell facility (Phoenix/San Tan, AZ)
to gather emissions data on a mixed turbofan engine that has been identified by PMTG for inclusion in their nvPM emissions
database to develop a metric to regulate nvPM. The data from this test will also be valuable to the SAE E-31 committee as
they draft a nvPM ARP.
Missouri S&T will work with Honeywell to plan and prepare for the nvPM measurements. During the planning process, a
detailed plan for the test will be developed in collaboration with Honeywell. The plan will include details of the sample
extraction system, interfacing with the North American nvPM mobile reference system, measurement protocol, and data
analysis. Essential details regarding placement of sampling and measurement system, interfacing with existing probe-rake
hardware, power and air requirements, etc. will also be discussed. Honeywell will deploy their nvPM system in parallel and
the data obtained will be used to compare the performance of the Honeywell nvPM system with the North American mobile
reference system.
After the test plan has been developed and approved, and a test window identified, Missouri S&T will begin preparation for
deploying the system to the Honeywell facility in Arizona, including but not limited to, calibration of instruments, checkout
of various system components, and preparing the system for transport. The nvPM system will be deployed alongside Annex
16 Volume II certification-grade gaseous and smoke measurement systems to obtain the full complement of gaseous and
nvPM data. In addition to measurements of nvPM number and mass-based emissions, ancillary instruments will also be
deployed to characterize the nvPM in terms of particle size and composition.
All testing will be conducted in accordance with the test plan developed during the planning phase. Data for nvPM mass,
number, and gaseous emissions and smoke number will be acquired for a range of engine power conditions, spanning the
full realistic parameter space using a multipoint probe similar to those used for gaseous emissions certification. Honeywell
will be responsible for providing the probe system to be used for these tests. Following the test, the data will be analyzed
and reported.
As part of the standard setting process, corrections for measured nvPM emissions at various ambient conditions, similar to
those employed for gaseous species, will need to be developed. Missouri S&T is currently working with GE Aviation conduct
an nvPM emissions measurement campaign in an altitude test cell to acquire data that will be used to develop first order
ambient conditions corrections of nvPM number- and mass-based emissions. These first order corrections will need to be
validated in subsequent test to evaluate its applicability to a range of turbofan engines. Such validation is planned during
the engine tests scheduled for Honeywell. Missouri S&T will review the Honeywell data and data from other engines tests
conducted over a wide range of ambient conditions to validate the methodology and the model developed in previous
campaign with GE Aviation.
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Milestone(s)
Test scheduled for Q4 2015

Major Accomplishments
None

Publications
None.

Outreach Efforts
This test will afford Honeywell testing personnel the opportunity to experience firsthand the deployment of the NARS for
nvPM emissions characterization and inter-compare their AIR compliant system with the NARS performance.

Awards
None.

Student Involvement
None.

Plans for Next Period
None.
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Project 003 Cardiovascular Disease and Aircraft Noise
Exposure
Boston University
Project Lead Investigator
Junenette Peters
Assistant Professor
Department of Environmental Health
Boston University School of Public Health
715 Albany St., T4W, Boston, MA 02118
617-638-4679
petersj@bu.edu

University Participants
Boston University

•
•
•
•

P.I.(s): Junenette Peters
FAA Award Number: 13-C-AJFE-BU-002;
Period of Performance: September 1, 2014 to August 31, 2015
Task(s):
1. Determine airports and time points for which noise exposure could be estimated.
2. Develop noise surfaces for multiple years and airports using Integrated Noise Model (INM) modeling and other
available information based on Task 1.
3. Develop quantitative estimates of historical noise exposures for time periods when INM modeling data are not
available.
4. Assign aircraft noise exposures over time to geocoded participant addresses.
5. Link to existing roadway proximity / density exposure measures by geocoded participant addresses.
6. Link to air pollution measures by geocoded participant addresses.
7. Link to participant individual data.
8. Explore the ARIC cohort for combined or sensitivity analysis on noise and CVD.

Project Funding Level
Total Funding $200,000
Matching: $66,667
Source of Matching: Non-federal donor to the Women’s Health Initiative (WHI) cohort

Investigation Team
Junenette Peters, PI, Boston University
Dr. Peters is responsible for directing all aspects of the proposed study, including study coordination, design and analysis
plans, and organizing co-investigator meetings.
Jonathan Levy, Boston University
Dr. Levy will participate in the noise exposure assessment effort and provide expertise in the area of predictive modeling
and air pollution.
Eric Whitsel, University of North Carolina
Dr. Whitsel’s team will assign aircraft noise exposures to geocoded WHI cohorts’ participant address coordinates. Dr.
Whitsel will also provide expertise related to cardiovascular outcomes and the WHI. Eric is our WHI sponsor, which is
required for obtaining WHI approval to conduct an ancillary study.
Gregory Wellenius, Brown University
Dr. Wellenius will assist with documentation of data from the Women’s Health Initiative (WHI) based on previous experience
working on air pollution and cardiovascular disease research in the cohorts.
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Project Overview
Aircraft noise is a considerable source of stress among near-airport communities. Exposure has been associated with sleep
disturbance, physiological responses and psychological reactions, with corresponding effects on blood pressure. However,
the extent to which aircraft noise increases the risk of cardiovascular disease (CVD) has not been fully elucidated.
Likewise, the role of CVD risk factors in mediating an association between noise and CVD has not been assessed.
Additionally, exposure assessment that includes time-varying and spatially resolved noise exposures has not been
systematically incorporated into previous epidemiological studies. This study proposes to evaluate the effects of aircraft
noise exposure on CVD in the longitudinal Women’s Health Initiative (WHI) study cohorts, in which over 160,000 women
were recruited from 1993 to 1998 from 40 clinics in 24 states.

Task 1. Determine airports and time points for which noise exposure
needs to be estimated for the WHI cohort.
Objective
The objective of this task is to strategize on the airports and time points to best estimate noise exposure for participants
in the WHI cohorts.

Research Approach
Our goal is to develop aircraft noise estimates for
participants for multiple years in the study. With noise
estimates across multiple years, we will be able to
examine the time periods of exposure that are more or
less associated with health outcomes.
One of the challenges is that it will be beyond the scope of
this effort to model noise exposures from every airport at
every point in time from 1993-2012. Using data as shown
in Figure 1 below, we will determine the subset of airports
and dates that would yield the most participants, and we
will develop a modeling strategy that allows us to capture
as much of the cohort as possible given a limited number
of INM runs.

Figure 1. Maps of (A) participants, (B) airports/buffers; and (C) participants in
the 10-50 km buffers surrounding e.g. Tucson International Airport

Milestone
•

A list of airports and years for which noise will be
estimated.

Major Accomplishments
We have worked with FAA to decide on INM model runs for
2000 to 2012. Models will be run for 94 U.S. airports.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
None

Plans for Next Period
None. Task Completed.
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Task 2. Develop noise surfaces for multiple years and airports using
Integrated Noise Model (INM) modeling and other available information
based on Task 1.
Objective
The objective of this task is to obtain noise surfaces from INM for multiple years and airports.

Research Approach
Noise surfaces will be developed in conjunction with the Federal Aviation Administration (FAA), using INM version 7.0a.1 As
done for past research, INM models will be run where possible on a continuous scale with high spatial resolution and
estimate noise exposure out to a minimum of 45 dB. This will allow us to assign a continuum of exposures to the cohort,
with those not living proximate to airports being considered unexposed.

Milestone(s)
•

Noise surfaces from INM models for airports and times determined in Task 1.

Major Accomplishments
Volpe has contracted with Wyle to provide noise surfaces for airports and years outlined in Task 1.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
None

Plans for Next Period
Obtain noise surfaces from Wyle.

Task 3. Develop quantitative estimates of historical noise exposures for
time periods when INM modeling data are not available.
Objective
The objective of this task is to interpolate noise estimates for years when INM modeling is not available.

Research Approach
INM modeling may not be available for the baseline (recruitment) period (1993 to 1998). The original WHI study collected
the most comprehensive data on the participants during this baseline period and the baseline period is important in
determining the prospective risk of CVD associated with aircraft noise. In addition, INM modelling may not be available for
all airports even at later time points, and it is not likely that any airport will have directly modeled noise levels for each of
the 20+ years of interest. We will therefore need to use different noise-related inputs to estimate noise exposure for these
airports and years, anchoring any noise estimates on well-validated approaches and available noise data. We will use
information for airports/time-periods for which INM modelling, contour data and radar data are available as well as airportspecific contextual data to assess differences in noise estimates based on the type of data available. We will use this
assessment to develop airport-specific time trend prediction models to best estimate historical exposures across all
relevant airports and time periods. In general, our approach will closely parallel exposure reconstruction exercises
conducted in other cohort studies (e.g., diesel epidemiology), in which extensive data for a recent year are joined with
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more limited data available for all years of the study, using available data at discrete time points and locations for
validation and calibration.2-7

Milestone
•

Estimates of noise exposure for those years without INM modeling.

Major Accomplishments
The data from 2009 is being explored to get ideas of how to develop a predictive model for years with no INM modelling
data.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
Doctoral Student involved in using 2009 data to explore historical modeling in years without INM data.

Plans for Next Period
Continue the process of historical modeling/interpolation once data is obtained for additional years.

Task 4. Assign aircraft noise exposures over time to geocoded participant
addresses.
Objective
To intersect geocoded addresses available from 1993 to 2012 with noise surfaces obtained in Tasks 2 and 3.

Research Approach
Dr. Whitsel at UNC will intersect geocoded addresses available from 1993 to 2012 with noise surfaces, which will be
developed by spatially interpolating between point estimates from INM or predictive models following standard procedures
developed by the Physical and Built Environment Scientific Interest Group (SIG) to safeguard confidentiality. Given the
longitudinal nature of this study, noise exposures will be assigned reflecting specific residential addresses over time based
on participant address histories.

Milestone
•

Assign noise exposure to WHI participants over time.

Major Accomplishments
None

Publications
None

Outreach Efforts
None
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Awards
None

Student Involvement
None

Plans for Next Period
Use noise estimates obtained in Tasks 2 and 3 to assign noise exposure to participants.

Task 5. Link to existing roadway proximity / density exposure measures
by geocoded participant addresses.
Objectives
The objective of this task is link with roadway proximity/density measures for geocoded participant addresses.

Research Approach
We will link to roadway proximity / density measures previously developed for the WHI, which have been estimated for
primary highways (A1), primary roads (A2), and secondary and connecting roads (A3) at geocoded addresses of the WHI CT
and OS participants, 1993-2012. The estimates are expressed as distances to the nearest roadway of a given type and
summed roadway lengths of a given type, each within geocoded participant address-centric buffers of 100-500 meters.
This road proximity exposure estimate is considered a surrogate for traffic noise and traffic-related air pollution.

Milestone(s)
•

Linked road proximity exposure estimates.

Major Accomplishments
None

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
None

Plans for Next Period
To link road proximity exposure estimates to dataset of aircraft noise exposure assignments.

Task 6. Link to air pollution measures by geocoded participant addresses.
Objective
To link air pollution exposure data for geocoded participant addresses.

Research Approach
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Data will also be linked to air pollution exposure data from the ongoing ancillary study with WHI headed by Dr. Wellenius.

Milestone(s)
•

Dataset with linked air pollution exposure data.

Major Accomplishments
None

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
None

Plans for Next Period
Link air pollution exposure data to dataset of aircraft noise exposure assignments.

Task 7: Link to participant individual data.
Objective
To link to participant individual data.

Research Approach
Exposure estimates will be linked to WHI cohort data. Cohort data will be anticipated to include socio-demographic data
(e.g., age, race/ethnicity, education); behavioral (e.g. physical activity/exercise, diet, smoking, alcohol consumption); other
(e.g., hearing and hearing loss, sleep disturbance); and clinical (e.g., body mass index; lipids; blood pressures,
hypertension; glucose, insulin, diabetes; heart rate and its variability; CVD and CVD mortality).

Milestone
•

Dataset with linked participant individual data.

Major Accomplishments
None

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
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None

Plans for Next Period
Link individual participant data to dataset of aircraft noise exposure assignments.

Task 8: Explore the ARIC cohort for combined or sensitivity analysis on
noise and CVD.
Objective
The objective of this task is to explore cohorts with both men and women.

Research Approach
We will explore the ARIC cohort for combined analysis with the WHI or to perform sensitivity analysis to determine whether
there are significant differences in the exposure-outcome relationship by gender. This task will include determining the
number of participants in ARIC surrounding airports.

Milestone(s)
•
•

Knowledge of other cohorts including the ARIC cohort
Determining the number of participants in the other cohorts surrounding airports

Major Accomplishments
•
•
•

Team was approached by researchers with the Nurses’ Health Study (NHS), which also includes the Health
Professional Follow-up Study (HPFS).
We have had several meeting with these researchers
We have determined the number of participants of NHS and HPFS surrounding airports.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
None

Plans for Next Period
Continue developing the relationship with researchers for the NHS and HPS and strategizing for working with the cohorts.
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Investigation Team
GT is the lead institution. Dr. Ken Cunefare serves as the GT PI and is the technical lead on engineering acoustics aspects
of the project, including the NLR measurement tasks. He is assisted by René Robért, a graduate research assistant who is
completing his master’s thesis on this project. Dr. Javier Irizarry is the Project Co-PI from Georgia Tech serves as the
technical lead on the building construction aspects of the project, including the test house construction tasks. He is
assisted by students in the GT Building Construction Program.
UNL is a subcontracted institution. Dr. Erica Ryherd serves as the overall project coordinator and the technical lead on
architectural acoustics aspects of the project, including the modeling task. She is assisted on the modeling task by Hyun
Hong, a graduate research assistant.

Project Overview
Increasing trends towards urbanization have led to increased exposure to transportation noise. Airport sound insulation
programs have grown extensively over the last several decades as many homeowners have found aircraft noise to be
unacceptably disruptive [1,2]. Building envelopes act as filters to reduce noise, with noise level reduction (NLR) being a
fundamental measure of outdoor-to-indoor sound reduction. Accurately estimating aircraft NLR is particularly challenging
because the sound source is dynamic – the source location, directivity, and noise spectrum change continually relative to
the building façade. There currently exist several methods to estimate aircraft NLR, including field measurements (e.g., in
existing homes near airports), experimental measurements (e.g., test constructions in controlled laboratory settings), and
simulations (e.g., using computer models). Studies are needed that directly compare the various approaches and evaluate
their merits and limitations. This project rigorously evaluates a range of NLR estimation approaches in order to provide
guidance to industry practitioners and standards developers.
The specific goal of Project 4A is to better understand and improve the outdoor loudspeaker methods of estimating the
noise level reduction (NLR) performance of buildings exposed to aircraft noise. Measurements and modeling have been
conducted on a test house located outdoors with a loudspeaker placed at an array of spatial positions to simulate angular
coverage of real aircraft flyover in both vertical and lateral directions. Results are being used to evaluate and compare
various NLR estimating approaches.
The following tasks are included to accomplish the project goals:
•
Task 1: Conduct Field NLR Study
o 1A: Test House Construction, Iterations, and Deconstruction
o 1B: Acoustic NLR Measurements
•
Task 2: Evaluate NLR Estimation Approaches
o 2A: Analyze Differences in Field-Measured NLR Iterations
o 2B: Compare Field Measurements and Model Simulations
•
Task 3: Synthesize Findings & Future Steps
•
Task 4: Collaborations
•
Task 5: Travel Associated with the Project

Task 1: Conduct Field NLR Study
Georgia Institute of Technology

Objective(s)
The overall objective of Task 1 was to directly collect new NLR data via outdoor field measurements. Subtasks included:
o 1A: Test House Construction, Iterations, and Deconstruction
o 1B: Acoustic NLR Measurements

Research Approach
Introduction
There currently exist several methods to estimate NLR. The investigators gained extensive experience in NLR research
through FAA PARTNER Project 38, “Sound Transmission Indoors – Study of Whole Houses” (a.k.a. P38). P38 formed the
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basis for this current NLR Project 4A [3-9]. Additionally, over 50 published articles, textbooks, and technical reports were
compiled as part of P38 and were used in the planning of this project. Finally, the team collaborated with industry
practitioners from Landrum & Brown to gain feedback on the merits and limitations of existing NLR estimation approaches
and this research project specifically.
Methodology
Task 1A: Test House Construction, Iterations, and Deconstruction
A test house was constructed to allow for direct measurement of NLR outdoors under semi-controlled conditions. Subtasks
included securing and preparing a construction site, estimating construction materials, material procurement, material
delivery, student training, test house construction, and test house iterations.
The test house was a single-room structure of approximately 90 ft2. It was constructed to be typical of the mixed-humid
climate region in Atlanta, GA [10,11]. The test house consisted of the wall and roof materials shown in Table 1 below.
There was a single hung vinyl window. Figure 1 shows the schematics of the design constructed. Figure 2 shows an
exterior image of the finished test house. Approval was secured from the GT College of Architecture and GT Facilities
Group to build the test house on the GT campus in an open green space. The house was located as far as possible from
adjacent buildings. Students from the GT College of Architecture and Building Construction Program assisted in the actual
construction, with oversight from Dr. Javier Irizarry. Some materials were reused from P38, such as roof trusses and
windows. Other materials which were not salvageable from P38, such as insulation, we procured as new materials. Two
construction iterations were implemented: a) window type, and b) window condition. For the window type iteration, two
windows with differing acoustical performance were measured (STC 25 and STC 31). For the window condition iteration,
three positions were measured (closed, ½ open, and fully open). The test house was deconstructed after acoustic NLR
measurements (Task 1B) were completed.
Table 1: Exterior wall and roof materials used in the test house

Walls

Roof

Exterior
1
Fibercement
siding
(7/16”)
Asphalt
shingles

2
Oriented
Strand
Board
(OSB;
7/16”)
Roofing
felt

3
2x4 wood
framing @
24” on
center

4
3 ½” lay-in
fiberglass
cavity insul
(R-13)

Oriented
Strand
Board
(OSB;
7/16”)

Raised-heel
wood truss
framing

Figure 1: Test house design drawings
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Interior
5
6
½” gypsum board

6 ¼” lay-in
fiberglass
cavity insul
(R-19)

½”
gypsum
board

Figure 2: Exterior view of the completed test house
Task 1B: Acoustic NLR Measurements
NLR was directly measured in accordance with industry best practices and ASTM E966 [12, 13]. ASTM E966 details
standard methods of measuring NLR that are utilized by many industry practitioners and also in accordance with
algorithms used in commonly-used NLR modeling software such as IBANA-Calc. To summarize, a loudspeaker was located
outside of the test house playing pink noise, a standard noise reduction measurement signal. Sensors located both inside
and outside the test house captured NLR performance data. Three instrumentation iterations were implemented: a) source
vertical location, b) source horizontal location, and c) sensor location.
The vertical and horizontal location iterations were included to investigate an array of spatial positions that simulate
angular coverage of real aircraft flyover in both vertical and lateral directions. Two mounting methods were used to achieve
a range of vertical locations: i) tripod mounting (3.4’ and 7’), and ii) lift mounting (15’, 20’, and 30’). The range of
horizontal angles was achieved by moving the source along fixed radial and linear increments. Figure 3 and Figure 4 show
examples of vertical and horizontal iterations.

Figure 3: Example vertical iterations of the source used in the acoustic NLR measurements. The figure depicts 15’, 20’, and
30’ lift locations as shown from the rear of the test house.
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Figure 4: Example horizontal iterations of the source used in the acoustic NLR measurements. The figure depicts the lift
(blue) and tripod (red, green, and yellow) locations as shown from above the test house.
Three sensor locations were included: i) fixed near, ii) fixed flush, and iii) moving. The ASTM standard contains procedures
in adjusting noise depending on the placements of exterior microphones, including the fixed flush and fixed near
methods. In the fixed near method, microphones are placed at a distance from the exterior façade surface, as shown in
Figure 5. In the fixed flush method, microphones are located flush to the exterior façade surface, as shown in Figure 6. In
both fixed near and fixed flush methods, interior microphones are located approximately 0.5m from the interior surface.
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Candidate Microphone Positions

0.5 m

1.2 m
2.5 m

Figure 5: Fixed near microphone positions used in the acoustic NLR measurements

Candidate Microphone Positions

0.5 m

Figure 6: Fixed flush microphone positions used in the acoustic NLR measurements
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The moving method was identified as one commonly used by industry practitioners. Guidance was provided by Landrum &
Brown on appropriate implementation of this method. In the moving method, the microphone is dynamically swept along a
path, as shown in Figure 7.

Microphone Path

1m

0.5 m

Figure 7: Moving microphone method used in the acoustic NLR measurements

Milestone(s)
Tasks 1A and 1B are complete, with major accomplishments described below.

Major Accomplishments
In total, 197 construction and instrumentation iterations were measured, using a combination of the following iteration
variables:
•
Source vertical location
o 3.4’, 7’, 15’, 20’, 30’
•
Source horizontal location
o 0º, ±15º, +30º, -35º, ±45º, +60º, +75º
•
Sensor location
o fixed near, fixed flush, moving
•
Window type
o STC 25, STC 31
•
Window condition
o closed, ½ open, fully open

Publications
Publications are summarized under Task 3.

101

Outreach Efforts
Outreach efforts are summarized under Task 3.

Awards
None

Student Involvement
Student involvement information is summarized under Task 3.

Plans for Next Period
Plans for the next period are summarized under Task 3.

Task 2: Evaluate NLR Estimation Approaches
Georgia Institute of Technology (Cunefare)

Objective(s)
The overall objective of Task 2 was to evaluate various NLR estimation approaches. Subtasks included:
o 2A: Analyze Differences in Field-Measured NLR Iterations
o 2B: Compare Field Measurements and Model Simulations

Research Approach
NLR estimation approaches were evaluated by: a) analyzing differences in field-measured NLR for the various construction
and instrumentation iterations, and b) comparing a subset of the field-measured NLR to model simulations.
Methodology
Task 2A: Analyze Differences in Field-Measured NLR Iterations
The field-measured NLR results were compiled and analyzed using Excel software. Averages, confidence intervals, and
graphical inspection techniques were used to compare results across various combinations of iterations.
Task 2B: Compare Field Measurements and Model Simulations
Model simulations were generated using IBANA-Calc software. IBANA-Calc was developed through the NRC’s “Insulating
Buildings Against Noise from Aircraft” project [14-16]. It is a software program designed to calculate the outdoor-to-indoor
noise level reduction due to aircraft in whole-house construction scenarios. It was used extensively in PARTNER P38 [3-8].

In total, 27 iterations were modeled as shown in

Table 2, using a combination of the major measurement iterations described above.

Table 2: Iterations modeled in IBANA-Calc software

Sensor Location

Window
STC

Window
Condition

33

Fixed Near

25

Closed

Source
Horizontal
Angle of
Incidence
45°

38

Fixed Flush

25

Closed

45°

3.4'

43

Moving

25

Closed

45°

3.4'

46

Fixed Near

25

Closed

15°

7'

48

Fixed Near

25

Closed

45°

7'

50

Fixed Near

25

Closed

75°

7'

51

Fixed Flush

25

Closed

15°

7'

#
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Source
Vertical
Height
3.4'

53

Fixed Flush

25

Closed

45°

7'

55

Fixed Flush

25

Closed

75°

7'

56

Moving

25

Closed

15°

7'

58

Moving

25

Closed

45°

7'

60

Moving

25

Closed

75°

7'

61

Moving

25

Half Open

45°

3.4'

62

Moving

25

Open

45°

3.4'

66

Moving

25

Closed

45°

3.4'

71
76

Fixed Near
Fixed Flush

31
31

Closed
Closed

45°
45°

3.4'
3.4'

81

Moving

31

Closed

45°

3.4'

99
100

Moving
Moving

31
31

Half Open
Open

45°
45°

3.4'
3.4'

104

Moving

31

Closed

45°

3.4'

107

Fixed Near

25

Closed

45°

15'

108

Fixed Flush

25

Closed

45°

15'

109

Moving

25

Closed

45°

15'

152

Fixed Near

25

Closed

45°

30'

153
154

Fixed Flush
Moving

25
25

Closed
Closed

45°
45°

30'
30'

Milestone(s)
Tasks 2A and 2B are complete, with major accomplishments described below.

Major Accomplishments
Task 2A: Analyze Differences in Field-Measured NLR Iterations
Extensive analyses were conducted to analyze the differences in the 197 field-measured NLR iterations. Examples are
shown below.
Repeatability and Reproducibility Analysis
An analysis of the repeatability and reproducibility of the three sensor iterations (fixed near, fixed flush, and moving) was
conducted. The repeatability test compares the results of a single test configuration multiple times. It therefore reveals the
within-test variability, or the ability of a specific test to be implemented multiple times with comparable results. The
reproducibility test compares the results of different test configurations. It therefore reveals the between-test variability, or
the ability for various test configurations (allowed within the standard) to yield comparable results.
Example repeatability and reproducibility test results are shown in Table 3. The moving method was found to have the
most reproducible results.
Table 3: Example repeatability and reproducibility test results for the three sensor iterations (fixed near, fixed flush, and
moving)
NLR [dB]
Repeatability
Fixed Near

Fixed Flush

Reproducibility
Moving
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Fixed Near

Fixed Flush

Moving

Set 1

17.3

17.9

16.3

16.8

16.2

16.3

Set 2

17.5

18.3

15.7

17.8

16.4

15.7

Set 3

17.6

18.4

16.8

16.1

17

16.8

Set 4

17.6

18.4

16.2

17.7

16.6

16.2

Set 5

17.3

18.2

16.4

18.2

16.2

16.4

Average

17.5

18.3

16.4

17.5

16.6

16.4

0.5

0.3

0.5

0.9

0.8

0.5

±95% Confidence
Interval

Differences Across Iterations
Extensive analyses of the differences measured across the various construction and instrumentation iterations was
conducted. Example results are shown in Figure 8, which shows NLR versus horizontal angle of incidence for two tripod
heights (3.5’ and 7’) and three sensor iterations (fixed flush, fixed near, and moving). The horizontal angles are plotted on
a range from 15º to 75º in 15º increments. These results are interpreted as showing that the measurements did not exhibit
consistent angular dependency.
Additional example results are shown in Figure 9, which shows NLR versus horizontal angle of incidence for the three lift
heights (15’, 20’, and 30’) and three sensor iterations (fixed flush, fixed near, and moving). The horizontal angles are
plotted on a range from 45º to -45º in 15º increments. These results are interpreted as showing that the measurements did
not exhibit symmetry.
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Figure 8: Example results of NLR (dB) versus horizontal angle of incidence for two tripod heights (3.5’ and 7’) and three
sensor iterations (fixed flush, fixed near, and moving).
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Figure 9: Example results of NLR (dB) versus horizontal angle of incidence for three lift heights (15’, 20’, and 30’) and
three sensor iterations (fixed flush, fixed near, and moving).

Task 2B: Compare Field Measurements and Model Simulations
A subset of 27 iterations were modeled in composite sound transmission software (IBANA-Calc) and compared to the fieldmeasured results.
The difference between measured and modeled predictions was calculated using two measures: a) |∆𝑁𝑁𝑁𝑁|, and b) |∆𝑇𝑇𝑇𝑇|. Both
measures were averages of the differences between measured and modeled predictions across the frequency range 315 –
5000 Hz. The |∆𝑁𝑁𝑁𝑁| was a direct measure of the difference between measured and modeled results. The |∆𝑇𝑇𝑇𝑇| was found
by accounting for the horizontal angle of incidence. Results showed that the difference between measured and modeled
was less than 3-5 dB for approximately 57% of the iterations (|∆𝑁𝑁𝑁𝑁|) and 83% of the iterations (|∆𝑇𝑇𝑇𝑇|) depending on the
metric evaluated.

Publications
Publications are summarized under Task 3.

Outreach Efforts
Outreach efforts are summarized under Task 3.

Awards
None

Student Involvement
Student involvement information is summarized under Task 3.
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Plans for Next Period
Plans for the next period are summarized under Task 3.

Task 3: Synthesize Findings and Future Steps
Georgia Institute of Technology (Cunefare)

Objective(s)
The objective of Task 3 is to synthesize findings from Tasks 1-2 and determine future steps.

Research Approach
A variety of NLR estimation approaches are being compared and evaluated. This includes identifying limitations of existing
NLR methods and opportunities for improvements. Opportunities for future research are being identified.

Milestone(s)
The following tasks were undertaken and completed in the current project period:
•
Task 1: Conduct Field NLR Study
o 1A: Test House Construction, Iterations, and Deconstruction
o 1B: Acoustic NLR Measurements
•
Task 2: Evaluate NLR Estimation Approaches
o 2A: Analyze Differences in Field-Measured NLR Iterations
o 2B: Compare Field Measurements and Model Simulations
Task 3 is partially complete, with major accomplishments, publications, and outreach materials as described below.

Major Accomplishments
Results from Tasks 1-2 are being synthesized into several work products, some of which are complete and some of which
are on-going.

Publications
Graduate student R. Robért is currently finishing his Master’s Thesis on this project:
•
R. Robért, “Measuring noise level reduction using an artificial noise source,” M.S. Thesis to be presented to the
Georgia Institute of Technology (expected: December 2015).

Outreach Efforts
The team shared results of P4A at an Acoustical Society of America Conference:
•
R. Robért, K. Cunefare, E. Ryherd, J. Irizarry (2015) “Reproducibility and repeatability of measuring Noise Level
Reduction using an artificial noise source,” 169th meeting of the Acoustical Society of America, Pittsburgh, PA.
The following activities and work products were used to foster collaboration and solicit feedback:
•
Held periodic telecons with collaborators and FAA Program Manager
•
Submitted monthly briefs to collaborators and FAA Program Manager
•
Submitted Quarterly Reports through KSN site

Awards
None

Student Involvement
Two primary graduate students assisted in this project. Multiple students from the GT College of Architecture and Building
Construction Program assisted in the test house construction.
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René Robért is the lead graduate research assistant on this project. He has been involved in almost all aspects of the work.
He conducted all of the field NLR measurements and is responsible for analyzing the differences in field-measured NLR
results. René is on track to graduate with his Master’s Degree in Mechanical Engineering from GT in December 2015. His
Master’s Thesis will focus on this project and will be submitted to the FAA upon completion.
Hyun Hong is a graduate research assistant who contributed to a portion of the project. He was involved in Task 3B:
Compare Field Measurements and Model Simulations. He was responsible for generating the models in IBANA-Calc and
comparing the results to René’s field measured data. Hyun is on track to graduate with his PhD in Architectural
Engineering from UNL in December 2015. His dissertation is on a separate project on reflection density in interior room
acoustic simulations.

Plans for Next Period
Additional synthesis of the results from Tasks 1-2 is currently underway.
The team plans to present results of P4A at an upcoming Acoustical Society of America Conference:
•
R. Robért, K. Cunefare, E. Ryherd, J. Irizarry (2015) “Measuring noise level reduction using an artificial noise
source,” 170th meeting of the Acoustical Society of America, Jacksonville, FL (invited).
Final project deliverables will be submitted to the FAA by the project close-out date (2/29/2016).

Task 4: Collaborations
University of Nebraska – Lincoln (Ryherd)

Objective(s)
The objective of Task 4 is to collaborate with others from ASCENT and industry to strengthen the overall project.

Research Approach
The GT Team collaborated with the University of Washington (UW), the Pennsylvania State University (PSU), and Landrum &
Brown on various aspects of the project.

Milestone(s)
Task 4 is complete, with major accomplishments described below.

Major Accomplishments
The team collaborated with The University of Washington (UW) on their ASCENT Project 4B. The goal of their project was to
investigate a new, phased array microphone method to measure NLR. Several telecons were held to share information and
exchange ideas on Project 4A and 4B. Participants included:
•
K. Cunefare, J. Irizarry, R. Robért (GT)
•
E. Ryherd (UNL)
•
R. Doughtery and M. Kurosaka (UW)
•
V. Sparrow (PSU)
•
H. He (FAA)
In addition to the periodic telecons, all members listed above were copied on the monthly briefs submitted to the FAA.
The team also collaborated with Landrum & Brown on Project 4A as described earlier. This included a site visit by Landrum
& Brown to the GT test house in December 2014.

Publications
Publications are summarized under Task 3.

Outreach Efforts
Outreach efforts are summarized under Task 3.
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Awards
None

Student Involvement
Student involvement information is summarized under Task 3.

Plans for Next Period
The team will continue to collaborate with others from ASCENT and industry as appropriate, including but not limited to
UW, PSU, and Landrum & Brown. Remaining work products will be shared with collaborators, including but not limited to
monthly briefs, project summary reports, ASCENT materials, and R. Robért’s thesis.

Task 5: Travel Associated with the Project
Lead: University of Nebraska – Lincoln (Ryherd)

Objective(s)
The objective of Task 5 is to conduct appropriate travel associated with the project to foster collaboration, feedback, and
information dissemination.

Research Approach
Attend Annual Board Meetings and other meetings/conferences related to the project as appropriate.

Milestone(s)
Task 5 is complete, with major accomplishments described below.

Major Accomplishments
The team participated in the two bi-annual ASCENT meeting during the project period. The team prepared slides which
were presented by E. Ryherd and feedback was solicited from the ASCENT attendees. This included:
•
ASCENT Fall 2014 Advisory Committee Meeting; October 2014; Alexandria, VA
•
ASCENT Winter 2015 Advisory Committee Meeting; March 2015; Alexandria, VA
E. Ryherd also attended the Noise Meetings that occurred adjacent to the Advisory Board Meetings. This included:
•
Noise Roadmap Meeting; March 2015; Alexandria, VA
The Advisory Committee and other attendees at these meetings provided many useful suggestions and comments that
were incorporated into the project. These discussions helped facilitate current and future directions of P4A.
Additionally, project funds, cost-share, and other funds were used to partially support travel to professional conferences.
At these conferences, the team met internally and attended technical lectures related to P4A, including noise, architectural
acoustics.
•
168th Meeting of the Acoustical Society of America; October 2014; Indianapolis, IN
•
169th Meeting of the Acoustical Society of America; May 2015; Pittsburgh, PA

Publications
Publications are summarized under Task 3.

Outreach Efforts
Outreach efforts are summarized under Task 3.

Awards
None
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Student Involvement
Student involvement information is summarized under Task 3.

Plans for Next Period
The team will participate in the next bi-annual ASCENT meeting. The team has prepared slides which will be presented by
R. Robért and feedback will be solicited from the ASCENT attendees.
•
ASCENT Fall 2015 Advisory Committee Meeting; October 2015; Seattle, WA
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Project 004(B) Estimation of Noise Level Reduction
University of Washington
Project Lead Investigator
Mitsuru Kurosaka
Professor
William E. Boeing Department of Aeronautics and Astronautics
University of Washington
Box 35-2400, Seattle, WA 98195-2400
206 685-2619
kurosaka@aa.washington.edu

University Participants
University of Washington
•
P.I.: Mitsuru Kurosaka, Professor, William E. Boeing Department of Aeronautics and Astronautics
•
FAA Award Number: 13-C-AJFE-UW-002, 003, and 004.
•
Period of Performance: August 18, 2014 to December 23, 2015.
•
Tasks:
1. Construct an isotropic speaker and phased array of microphones
2. Conduct tests of a test house by ASTM E 966-10 (speaker outside, microphone inside) and by the UW
method (speaker inside, microphone outside). Compare the two results to demonstrate the validity of the
UW method.

Project Funding Level
$60,000 from the FAA to the University of Washington.
Non-Federal cost share total $ 60,105 consisting of (a) in-kind share of $ 24,125 from the University of Washington, and
(b) in-kind cost share of $35,980 from Optinav,1414 127th Pl, NE #106, Bellevue, WA.

Investigation Team
Mitsuru Kurosaka, ,P.I., professor, Robert P. Dougherty, affiliate associate professor, Tessa L. Robinson, graduate student.
Dan Ablog and Ben Turner, undergrads

Project Overview.
To improve measurement & modeling technology for characterizing Noise Level Reduction (NLR) of houses.

Task: Estimate of Noise Level Reduction-Assessment of Phased Array of
Microphones
University of Washington

Objective
The objective of this activity is to assess the use of phased array of microphones for Noise Level Reduction (NRL)
measurements, which can potentially make an improvement on the current ASTM standards E 966-10.
Research Approach
For housing near the airports, the eligibility criteria for the FAA funded Residential Sound Insulation Program (RSIP) are
twofold:(1) the exterior noise exceeds 65 dB Day-Night-Average-Sound Level (DNL) and (2) the interior noise exceeds 45 dB
DNL. The interior noise is a difference between the exterior noise and the noise level reduction (NLR). The NLR
measurement method is based on the ASTM E-966-10, ref. 1, which specifies in detail the use of an artificial sound source
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placed outside of the house and a set of microphones positioned both outside and inside of the house. The difference
between the outside and inside microphone data forms the basis of NLR. The use of a speaker outside of the house, which
emits high-intensity sound for a prolonged time, would disrupt and annoy the neighbors. To alleviate this drawback, the
goal of the UW efforts is to place a speaker inside of the house and microphone outside, which is the reverse of the ASTM
guides. The interior placing of the speaker could substantially reduce the sound level perceived outside of the house and
lessen the disturbances to neighbors. From the reciprocity principle of acoustics, the NRL obtained by this reverse
arrangement should be equivalent to the one from the conventional ASTM method.
1.

Construction of an isotropic speaker and phased array of microphones

Strictly speaking, the reciprocity principle upon which the UW method based, is applicable for a simple source. Therefore,
as an approximated point source, an isotropic speaker is constructed.

Fig. 1 (left) isotropic speaker inside the bedroom, (right) phased array of speakers outside.

The isotropic speaker is a quasi-spherical, where twelve 6.5 inch, 100 W ceiling loudspeakers (On-Q/Legrand) were
mounted in 9 inch pentagons made of ¾ inch plywood. The resulting dodecahedron loudspeaker (Fig. 1, left) was driven
with a Dayton Audio MA1240a Multi-Zone 12 Channel Amplifier that can provide up to 40 W per channel with potentially
independent inputs and gain control. A General Radio 1382 random noise generator was connected to all of the amplifier
inputs, after splitting into the left and right banks. The amplifier gains were all set to about 2/3 of maximum to prevent
the smoke that was observed at full power due to evident overheating. The RMS output of the random noise generator was
usually set to 2 V. For some runs, the power was reduced by 10 dB by reducing the amplifier input voltage to 0.63 V.
Driving all of the loudspeakers was intended to produce an isotropic source. For some runs, the leads for the six
loudspeakers on one side of the dodecahedron were disconnected to produce an anisotropic sound source, intended to
have directivity that is more representative of a commonly available loudspeaker.
A phased array, Fig. 1 (right), using 24 Panasonic WM-61 electret microphones was constructed with three 1 m arms and
logarithmic element spacing on each arm with the element spacing decreasing away from the center of the array. The
minimum spacing was constrained by the 2 inch foam windscreens. The arms, with integral OptiNav 8-channel
preamplifiers, are removable for transportation. Data were acquired at 48 kHz using a 24-bit MOTU 24I/O audio interface.
Thirty seconds of data were record for each condition. Phased array processing was performed using OptiNav Beamform
Interactive software. The algorithm used was Robust Asymptotic Functional Beamforming (RAFB). This is a new method that
provides quantitative results and offers much lower sidelobes, and hence higher dynamic range, than conventional
beamforming. Functional Beamforming, the predecessor of RAFB, is described in Refs. 2 & 3. The robust, asymptotic
extension offers improved level accuracy.
2

Description of the field tests

Tests were conducted at a two-bedroom house located at UW Center for Sustainable Forestry at Pack Forest in the Mt.
Rainier National Park. Two separate tests were performed: (1) November, 4-8, 2014, and (2) April, 16-17, 2015.The façade
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element tested is the bedroom windows, and the test layout for the UW method is shown in Fig.2 (left). Measurements were
made for the four incidence angles as shown. Selected results to be reported herein are for the 0° position.

Fig. 2. (left)Test layout for the bedroom window, (right) free field calibration

The free-field test was conducted in an open field near the test house, Fig.2 (right), in accordance with ASTM E-966-10. The
distance between the speaker and the microphones was 57ft. The ground reflection was removed using an analytical
calculation involving the impedance of grass as given in Ref. 4. The bedroom windows were tested using both the ASTM
and UW method. Some representative results obtained by the UW method are shown in Fig. 3, which displays Beamforming
images at the 1/12 octave bands of 2114 and 4728 Hz; the bedroom left lower window was open, cracked, and shut. The
open and cracked portion of the window are seen clearly in Fig. 3 (d) and (f). Figure 3 (c) shows that propagation thorough
the window is important even when it is closed. It also shows the ground reflection and some radiation from parts of the
house other than the bedroom.
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Left lower window fully
open

(a)

2114 Hz

4728 Hz

(d)

Left lower window
cracked open

(b)

(e)

All windows closed

(c)

(f)

Fig 3. Images obtained by the phased array of microphone placed outside (the UW method; (a) to (c) at 2114 Hz,
(d) to(e) at 4728 Hz.
3. Comparison of the UW and ASTM method
The UW method rests on the reciprocity principle and its validation is shown in Fig. 4. The cases with the left window open
and cracked are shown Fig. 4a, and the case with the window shut is given in Fig. 4b. For each window position, the ASTM
spectrum, measured with the loudspeaker outside, and the UW, RAFB spectrum, measured with the loudspeaker in the
bedroom and the array outside, generally match. This validates the fundamental approach of using reciprocity for the
measurement. The agreement is not perfect. There are several factors that can potentially cause the ASTM and UW curves
to differ. These include interfering noise, which varies between runs, the placement of the loudspeaker in the bedroom for
the UW method in relation to the placement of the microphones in the bedroom for the ASTM method, and the details of
the array processing algorithm.
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Fig. 4 a – Reciprocity check, window open and cracked.

Fig. 4 b – Reciprocity check, window closed.

4. Noise Reduction Level
The 1/3 octave band noise reduction (NR) spectra are shown in Fig. 5. The noise level reduction values derived from
the 1/3 OB values according to ASTM E1332-10a , ref. 5, are shown in the legend. The agreement between the NLR
values from the ASTM and UW methods is perfect for the open window case. The UW method shows 1.06 dB less noise
reduction for the window cracked and 2.82 more reduction for the window shut case. The UW method shows higher
NR than ASTM for the window shut case at both high and low frequency. The low frequency difference carries more
weight in the computation of the NLR because the NLR formula is more sensitive to changes in smaller NR values than
larger ones. Starting with the UW NR spectrum and replacing the NR values for frequencies above 2 kHz with the ASTM
NR values, the NLR estimate for the window shut case would drop from 23.79 dB to 23.58 dB. Alternatively, replacing
the UW NR values with the ASTM NR values for frequencies below 400 Hz, the NLR for window-shut would become
20.98 dB, matching the observed ASTM result of 20.97 dB. The accuracy of the UW NR values for frequencies below
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400 Hz is constrained by the size of the array tested. An array with longer arms would produce more reliable results.
More loudspeaker power at low frequency would also improve the results by reducing the reliance on the beamforming
at low frequency.

Fig. 5. Noise Level Reduction for several window conditions and measurement methods

Milestone(s)
All tasks were successfully completed with minor variations in the milestones

Major Accomplishments
The validity of the reciprocal measurement technique, the UW method, is proven. The combination of the phased array and
the advanced beamforming technique more than compensates for the noise floor disadvantage of moving the microphones
outside in the upper part of the frequency range. At low frequency, the ASTM method has higher dynamic range than the
UW method with the tested array, processing technique, and indoor and outdoor background noise. The UW method requires
further development to be effective at low frequency. Changes that would improve the low frequency performance include
use of a larger phased array and a loudspeaker with more low frequency output. The array technique provides detailed
images of the portions of the house that transmit sound.

Publications
“Improved Method for Estimating Noise Level Reduction of Residential Houses”, by R. P. Dougherty, T.L. Robinson, and M.
Kurosaka, INTER-NOISE and NOISE-CON Congress and Conference Proceedings, InterNoise15, San Francisco, CA, pp. 20632074.

Outreach Efforts
Presented a poster and made a table top demonstration at the ‘Research+Industry’ symposium held at the Mary Gates Hall,
UW, on November 21, 2014, and hosted by the William E. Boeing Department of Aeronautics and Astronautics.
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Awards
None

Student Involvement
(a) Tessa L. Robinson, a graduate student and supported as a RA by this project for Autumn quarter 2014, and
participated in the construction of the isotropic speaker and two field tests.
(b) Dan Ablog and Ben Turner, undergrads, who volunteered to participate in the field tests.

Plans for Next Period
None
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Project 005 (A, B) Noise Emission and Propagation Modeling
The Pennsylvania State University, Purdue University
Project Lead Investigator
Victor W. Sparrow
Director and Professor of Acoustics
Graduate Program in Acoustics
Penn State
201 Applied Science Bldg.
University Park, PA 16802
+1 (814) 865-6364
vws1@psu.edu

University Participants
The Pennsylvania State University
•
P.I.: Victor W. Sparrow, Professor of Acoustics
•
FAA Award Number: 13-C-AJFE-PSU, amendments 005.
•
Period of Performance: August 18, 2014 to December 31, 2015
•
Task(s):
1. Improve modeling of atmospheric absorption of noise at en-route altitudes
2. Assess applicability of meteorological reanalysis models for possible use in FAA noise tools
Purdue University
•
P.I.(s): Kai Ming Li, Professor of Mechanical Engineering
•
FAA Award Number: 09-C-NE-PU-016
•
Period of Performance: June 1, 2014 to September 1, 2015
3. Investigate the convective amplification effects of fast moving sources

Project Funding Level
FAA funding to Penn State in 2014-2015 was $132,000. FAA funding to Purdue in 2014-2015 was $80,000. Matching
funding not yet received, but funds from both years 1 and 2 will be matched in year 2.

Investigation Team
For 2014-2015 the investigation team included:
Penn State
Victor W. Sparrow (PI)
Graduate Research Assistant
Graduate Research Assistant
Purdue
Kai Ming Li (PI)
Graduate Research Assistant
Graduate Research Assistant

Erik Petersen (atmospheric absorption investigation)
Rachel Romond (meteorological reanalysis data investigation)
Bao Tong (en-route cruise aircraft investigation)
Yiming Wang (en-route cruise aircraft investigation)

Project Overview
The FAA has been funding research efforts in developing enhanced noise emission and propagation capabilities to better
support environmental impact studies at both local and national levels. The main focus in the near and mid-term is to
increase the Research Readiness Level (RRL) of the capabilities so that they can be further matured for implementation into
the FAA tools. Validation of the modeling capabilities will be the central focus in 2014 and beyond. Via recent US-EU
research collaboration, the field measurement database (BANOERAC) is becoming available for model validation. This

118

database contains acoustic time history of flight events from various types of commercial aircraft during cruise, climb and
descent phases of the flight. In addition the DISCOVER/AQ and Vancouver Airport Authority databases are similarly coming
on line for use in the project. These datasets make model validation possible. In addition the work will make existing
models ready for simulating real weather conditions via proper treatment of the meteorological input parameters and to
establish a common basis for comparing US and EU models.

Task 1 "Improve the modeling of the atmospheric absorption of noise at
en-route altitudes" (Joint with ASCENT Project 7)
The Pennsylvania State University

Objective(s)
As field measurement databases of aircraft noise recordings were not available this year, the objective of the task became
to assess the updated Sutherland and Bass atmospheric absorption model in comparison with the existing ANSI/ASA S1.26
standard for atmospheric absorption.

Research Approach
The research team produced predictions of absorption and dispersion in the atmosphere of en-route aircraft noise by
using the ANSI S1.26 algorithm and an updated algorithm of Sutherland and Bass. Disagreement between predicted
absorption coefficients are attributed to differences between the two models and reference atmospheric profiles. The
differences in profiles were found to be larger than differences in the models. In particular, it was found that the molar
concentration of H20 was found to be a significant factor for absorption predictions in the atmosphere.
Using the Sutherland and Bass algorithm, the relative contribution of separate physical absorption mechanisms such as
classical thermoviscous effects, rotational relaxation, and vibrational relaxation losses, were compared as a function of
frequency and altitude. It was found that vibrational relaxation is the dominant absorption mechanism over the range of
125 to 1000 Hz and from 0 to 10 km. It turns out that the vibrational relaxation could be broken down into the O2, N2,
CO2 and O3 components. Figure 5.1 shows the sum of the vibrational effects combined, where the absorption coefficient
is plotted as a function of frequency and altitude. Figure 5.2 then shows the individual contributions from each of the
constituent gasses. For example, one can clearly see that the major absorption contributions at about 5 or 6 km altitude
comes from the O2 contribution, and that the CO2 contribution is only for higher altitudes and frequencies.
Although vibrational relaxation gives way to classical losses above 10 km, it was shown that carbon dioxide-induced
vibrational relaxation contributes up to 14% of the total loss at 15 km altitude. Cumulative absorption over a vertical
propagation path can be calculated by numerical integration, but the discretization step sizes should be no greater than 1
km to avoid under sampling the absorption curves to 0 to 18 km altitude. Finally, dispersion was analyzed by calculating
the phase speed increment due to O2, N2, C02, and O3 as a function of altitude. Dispersion due to O2 accounts for
approximately 85% of the phase speed increment from 0 to 18 km. At 0 km, the phase speed increment due to N2
accounts for the majority of the remaining 15%, but decreases with increasing altitude. The percent contribution of CO2 is
small at 0 km and increases to 14% at 18 km. The CO2-induced dispersion may affect sonic boom shock structure of
supersonic aircraft at cruise altitudes.
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Fig. 5.1. Total absorption coefficient due to vibrational relaxation losses, as a function of frequency and altitude.

Fig. 5.2. Contributions to vibrational relaxation loss due to different constituent gasses. O2 losses are dominant and peak
at about 6 km altitude, N2 losses extend to low frequency but are restricted to lower altitudes, CO2 has the largest effect
at high altitudes and frequencies, and O3 does not contribute substantially.
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Milestone(s)
N/A

Major Accomplishments
An understanding of the Sutherland and Bass updated atmospheric absorption algorithm has been achieved.

Publications
Peer reviewed journal publications:
N/A
Published conference proceedings:
•
E. Petersen and V. Sparrow, “Effects of carbon dioxide on atmospheric absorption for en-route aircraft and
supersonic aircraft,” Internoise 2015; San Francisco, August 10-12, 2015.
Abstract and conference presentation:
•
E. Petersen and V. Sparrow, “Differences in atmospheric absorption coefficients between ANSI/ASA S1.26-2014 and
an updated model,” 169th meeting, Acoustical Society of America, Pittsburgh, PA, May 2015 [J. Acoust. Soc. Am.
137 (4, Pt. 2) 2198 (2015)].

Outreach Efforts
Penn State has been in contact with NASA Langley Research Center regarding the potential consequences of CO2-induced
dispersion for the prediction of sonic boom signatures.

Awards
None.

Student Involvement
Graduate Research Assistant Erik Petersen was the primary person working on this task. He will graduate with an M.S. in
Acoustics in December 2015, and at the time of this writing he is currently looking for employment.

Plans for Next Period
None, task completed.

References
•
•
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Standards Secretariat, Acoustical Society of America, "Method for calculation of the absorption of sound by the
atmosphere," ANSI/ASA S1.26 (1995, Reaffirmed 2014).
L. C. Sutherland and H. E. Bass, "Atmospheric absorption in the atmosphere up to 160 km," J. Acoust. Soc. Am.
115(3) 1012-1032 (2004).
L. C. Sutherland and H. E. Bass, "Erratum to J. Acoust. Soc. Am.," J. Acoust. Soc. Am. 120(5) 2985 (2006).

Task 2 "Assess applicability of meteorological reanalysis models for
possible use in FAA noise tools"
The Pennsylvania State University

Objective(s)
Determine if meteorological reanalysis datasets and corresponding input parameters are useful for aircraft noise
propagation prediction and whether the same can be integrated into the AEDT noise analysis framework.

Research Approach
Introduction
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AEDT’s acoustic propagation algorithms currently assume a homogeneous and still propagation medium. This omits
variable acoustic absorption and refraction (bending) of sound as the sound travels from the source to a receiver. Future
versions of AEDT may be able to include refraction in sound propagation calculations by including the inhomogeneity of
the medium. This would allow prediction of ranges of received sound level that would occur due to atmospheric effects.
Currently available surface-based atmospheric models [Wilson, 2004] are not appropriate for analysis of flight operations
because they rely on the theory of the atmospheric surface layer. The thickness of the surface layer changes throughout
the day, but generally makes up the lowest ~300 m of the atmosphere. This constitutes less than 5% of the propagation
path of sound emitted from a typical en-route aircraft and received on the ground.
To include the medium inhomogeneity at all altitudes relevant to en-route flight noise, accurate upper-air atmospheric data
are required. The data source needs to have relatively high resolution, and needs to include all the atmospheric variables
required to calculate an acoustic field. A perfectly realistic representation of the medium is not feasible in terms of both
data availability and computational efficiency. It is necessary to find a compromise between a homogenous-atmosphere
assumption and a perfect recreation of the atmosphere in all dimensions of time and space. The atmospheric data also
need to be consistently collected and quality-controlled, represent an adequate spatial sampling of the propagation field,
and be openly accessible. One type of data product that satisfies these criteria is meteorological reanalysis.
Reanalysis
Meteorological reanalysis is a process that incorporates measurements of the atmosphere into a long-term model of the
earth’s geologic-oceanic-atmospheric system to produce a 4-D representation of the atmosphere in space (latitude,
longitude, and altitude) and time. In a global reanalysis, observations of the oceans and atmosphere are collected from
around the world over an extended time span. These observations are fed into a physics-based model of the atmosphere in
a detailed data assimilation process. Reanalysis incorporates many historical observations over an extended time period
(years to decades) using a consistent oceanic-atmospheric model and data assimilation scheme. The model is run forward
in time, and the calibration and settings/sensitivities of the model are periodically checked against the collected
observations. The model is used to predict analysis states, which are best estimates of the state of the total atmosphere
for a number of points in time over a distribution of spatial locations.
Currently, about a dozen state-of-the-art reanalysis products exist. They are conducted and maintained by different
entities, and each use slightly different atmospheric models, data assimilation methods, analysis time spans, and spatial
coverage and resolution. The appropriate choice of reanalysis product depends greatly on the intended use. We have
investigated two of these current reanalysis products for possible use in representing the atmosphere in an aviation noise
model. The two products are the NCDC/UCAR’s Climate Forecast System Reanalysis (CFSR) [Saha, et al., 2010] and NASA’s
Modern-Era Retrospective Analysis for Research and Applications (MERRA) [NASA, 2012].
Both CFSR and MERRA provide analysis points every 6 hours from 1979 to the present, providing excellent temporal
coverage and resolution. Both CFSR and MERRA provide global coverage at a geographic resolution better than 1 degree
latitude by 1 degree longitude. Figure 5.3 shows the geographic coverage and resolution for CFSR over the continental
United States. Both CFSR and MERRA have vertical coverage from the ground to well past the altitude required for analysis
of en-route operations (up to approximately 48 km for CFSR and 65 km for MERRA). The vertical resolutions vary with
altitude, but both products are similar, ranging from approximately 100 m (near the ground) to approximately 2 km (at an
altitude of 20 km). In addition, both CFSR and MERRA contain the necessary data fields (ambient pressure, temperature,
humidity, wind speed and wind direction) for calculation of the sound speed and acoustic absorption coefficient at altitude.
CFSR contains additional data fields for temperature at the ground, humidity at 2 m, and wind speed at 10 m. CFSR was
ultimately chosen for this proof-of-concept project because of these additional data fields and because of the accessibility
of the data.
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Fig. 5.3: Geographic distribution and resolution of CFSR analysis points (in red) over the continental United States. Figure
by R. Romond.

Long-Term Metrics
Historical atmospheric data could be used to improve the prediction of long-term average noise metrics by including the
effects of meteorological conditions on acoustical propagation. Based on methods by previous researchers [Salomons, van
den Berg & Brackenhoff, 1994; Heimann & Salomons, 2004], the statistics of occurrence of meteorological conditions can
be used to weight the sound level predictions for certain propagation conditions before they are averaged to find longterm average sound level predictions. To do this, long-term periodic meteorological measurements can be grouped into a
number of classes, while the average meteorological conditions of each class k is used to calculate the received sound
levels L k that would occur under each condition. If each class k happens w k % of the time, the long-term average level L eq is
the weighted average of each class level L k , or

Upper Atmosphere
As previously mentioned, methods exist to include measured atmospheric data in acoustic propagation calculations.
However, the methods are based on measurements made at or near the ground, and they rely on Monin-Obukhov similarity
theory of the atmospheric boundary layer theory to extrapolate the values higher into the atmosphere. These methods
have been validated for ground-to-ground sound propagation, but Monin-Obukhov similarity theory is only valid for the
lowest ~300 m of the atmosphere [Wyngaard, 2010]. The existing methods would only be appropriate for aircraft ground
operations such as taxiing and run-ups. They would not be appropriate for analysis of air-to-ground propagation where an
aircraft is at altitude.
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It would be preferable to include the full atmospheric profiles extracted from the reanalysis data. This ensures that the
entire propagation space is represented, and that few assumptions are made about the state of the atmosphere. If
necessary, the extracted profiles can be simplified and/or parameterized. This might increase processing efficiency
because only the parameterization coefficients would be carried through the calculation (rather than the full profiles). Two
possible methods are curve-fitting and layering.
In curve-fitting, a vertical profile is represented by a mathematical function where altitude z is the independent variable
and the temperature, wind speed/direction, humidity, or ambient pressure is the dependent profile. Functions currently
being considered are linear, logarithmic, log-linear, and polynomial. In layering the atmospheric profiles are split up into
layers. Each layer can be homogeneous, or linear/logarithmic/log-linear. A spline fit would combine curve-fitting and
layering, but care must be taken to ensure that the function isn’t over-determined and includes spatial variations
(“wiggles”) that don’t exist in the raw data. In either case, it is important to accurately represent the value at the ground,
the gradient, and both the location and value of any inflection points.
Proposed Approach for Year 2
Figure 5.4 shows the currently proposed method, developed over the last year, for using CFSR atmospheric reanalysis data
in an acoustic propagation model. The raw data is downloaded from UCAR and pre-processed to select relevant data fields
for the geographic area under consideration. The raw data .grb files contain one year of 6-hourly global data per file. The
pre-processing routine selects the analysis location (out of the available locations shown in Figure 5.3) closest to the
airfield. Then, vertical profiles of temperature (T), wind speed and direction (u), humidity (h), and ambient pressure (P) are
extracted. Either single-time profiles are chosen, or the profiles are averaged over the applicable time period. The resulting
atmospheric profiles are then converted to profiles of acoustic variables. Temperature and wind speed/direction profiles
are converted to a sound speed profile c(z). Temperature, humidity, and ambient pressure profiles are converted to an
acoustic absorption coefficient profile α(z). Finally, the calculated sound speed and absorption profiles are entered into an
acoustic ray tracing program, along with source parameters and receiver grid information. The ray tracing program then
calculates the received noise contour at the ground, taking into account the atmospheric conditions originally extracted
from the CFSR data set.
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Fig. 5.4: Proposed method for integrating CFSR atmospheric data into a noise model. The meteorological profile
parameters are temperature (T), wind speed and direction (u), humidity (h), ambient pressure (P). The profiles required by
the acoustic ray tracing program are sound speed (c) and acoustic absorption coefficient (α). The independent variable for
each profile is altitude (z).

Milestone(s)
N/A

Major Accomplishments
It has been determined that meteorological reanalysis may provide an avenue for the integration of noise and emissions
meteorological information in FAA tools such as AEDT.

Publications
None.

Outreach Efforts
Presentation by Graduate Research Assistant Rachel Romond at 25 August 2015 FAA External Tools teleconference.

Awards
None.

Student Involvement
Graduate Research Assistant Rachel Romond is the primary person working on this task. She is working toward a Spring
2016 or Summer 2016 graduation with her Ph.D. in Acoustics.

Plans for Next Period
In the next year R. Romond will simulate aircraft noise propagation through the atmospheric data provided by
meteorological reanalysis, assessing the advantages and deficiencies of this combination.
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•
•
•
•

•
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Task 3 "Investigate the convective amplification effects of fast moving
sources"
Purdue University
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Objective(s)
The purpose of this work is to improve aircraft noise propagation prediction by including the realistic effects of fast
moving aircraft at en-route altitudes, particularly the convective amplification effects, currently not included in current FAA
noise tools.

Research Approach
Executive Summary
A simplified ray model has been developed to compute the pressure time history for a moving aircraft under cruise
conditions. An incoherent sum is applied to the direct and reflected wave terms which allow the sound field to be
decomposed into individual contributions due to: source convection, spherical divergence, ground effect, source
directivity, and atmospheric absorption. An accurate and efficient method for computing the Doppler factor using existing
ray parameters has been identified. A semi-analytical approach for approximating the sound field for a two-layered LSSP
using a polynomial representation is developed. The aim is to apply these techniques to estimate the noise propagation
environment from experimental data and to extend the predictions to non-measurement locations.
Several factors have been identified which have a strong impact on the resulting sound field. For example, source
directivity appears to be sensitive to small gradients in the directivity pattern especially for the aircraft on approach.
Additional data should be collected within this range to accurately model the sound field before it propagates to the
ground. Dopplerization of the frequency along each propagation path leads to a time-dependent atmospheric absorption
profile for the continuously moving source. This effect may become important when a broadband noise signal is
considered since low-frequency components would become more prominent after the Dopplerization. Consequently, the
pure tone analysis performed may not be applicable to realistic aircrafts noise sources that also contain broadband noise
characteristics. The superposition principle can be applied to further the investigation.
Sound field predictions of en-route aircraft
Experimental sound field time histories for the Profan Test Assessment (PTA) aircraft under cruise condition was obtained
from a NASA technical paper [1]. The data represents an ensemble average from an 8-microphone array positioned directly
below the flight path (along the direction of motion). For flight series 100, the aircraft was located at an elevation of 9,357
m with a nominal source Mach number of 0.706. For flight series 200, the aircraft was located at an elevation of 4,755 m
with a nominal source Mach number of 0.7. The source spectrum contains a strong tonal component at around 230 Hz,
which was applied in the subsequent analysis. A one-parameter ground model with an effective flow resisivity of 515,000
MKS Rayls is used to model a hard-packed dirt road in our study.
The ANSI/ASA S1.26-1995 standard [see description under ASCENT 5 task 1] is used in the computation of atmospheric
absorption coefficients. The atmosphere behaves as a low pass filter that is sensitive to changes in the temperature,
humidity, and pressure. These three parameters vary with elevation according to the horizontally stratified atmosphere
approximation. An atmospheric absorption profile is obtained by specifying a temperature, humidity, and pressure profile.
Although experimentally obtained meteorological data was used in the NASA ray model, atmospheric conditions were not
explicitly provided within the report. A linear sound speed profile (LSSP) using the 1976 U.S. Standard Atmosphere profile
is implemented and the relative humidity is adjusted to obtain good agreement with a subset of the NASA data. For the
initial 11 km, the sound speed gradient is given by ∆c = – 0.004 s-1, which represents an upward refracting atmosphere
typically observed during the day.
The atmosphere is decomposed into horizontal layers of thickness < 30 m and the absorption coefficient is computed for
each layer following the guidelines of the international standards for prediction of aircraft noise [2]. Using a polar
coordinate system centered at the center of curvature for each ray path, the total atmospheric absorption along the ray
path can be computed efficiently. En-route measurements were made using a chase plane to obtain the source directivity
pattern for the PTA aircraft as shown in Fig. 1a. An Advanced Subsonic and Supersonic Propeller Induced Noise (ASSPIN)
program was used by NASA to interpolate the source directivity pattern. A smooth source directivity pattern is obtained by
approximating the source directivity predictions provided in Ref. [1] as shown in Fig. 5.5b. The source directivity level
correction is computed using the emission time ray launch angle along with a cubic spline interpolation for the required
angular evaluation.
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Figure 5.6a shows the variation in the ray launch angle with time for several different sound speed gradients. The source
speed is fixed at U = 0.706 c 0 in the comparisons across the various sound speed profiles. Rays launched at the distance of
closest approach (i.e., 90o) travel along a straight line trajectory. The reception times which intersects the 90o line
correspond to the shortest time delay, T d,min (t e ), for the wavefront to be experienced at the receiver. In the situation of an
LSSP, the average speed of sound at the mid-point between the source and the receiver elevation can be used to determine
T d,min (t e ). Note that predictions before t = -38 s are not shown in the upward refraction case ( ∆c = -0.004 s-1) due to the
shadow zone effect. As expected, the wavefronts arrive sooner for the faster average speed of sound medium (downward
refracting) than the upward refracting case.
The source directivity appears to be sensitive to small deviations in the directivity pattern (Fig. 5.5b) especially in the
region between the elevation angles of 30o to 60o for the approaching source. This is related to the rapidly increasing ray
launch angle during approach. Hence, additional source directivity data should be taken within this range to accurately
model the sound field before it propagates to the ground. The phenomena is suppressed in the numerical simulations by
applying the smooth source directivity pattern from Fig. 1 to the predictions in Fig. 5.6b.
An effective LSSP prediction is given in Fig. 5.7 for flights 112 and 215 to estimate the shape of the NASA ray model using
a pure tone at f 0 = 230 Hz, corresponding to the fundamental blade passage frequency. An OASPL correction factor of 150
dB is added to both flight predictions to approximate the source spectrum as a pure tone instead of a broadband signal.
The 1976 U.S. standard atmosphere profile with a 70% relative humidity is applied in both simulations for the atmospheric
absorption calculations. However, the actual atmospheric conditions may be different. The red prediction curves are time
shifted to visually match the NASA PTA data.
Atmospheric absorption is applied along the physical ray path. The Dopplerized frequency is constant along each ray path
according to our path integral analysis and Snell’s law. Hence, the Dopplerized frequency represents a physical phenomena
which should be considered in computing the atmospheric absorption losses for a high speed moving source as done in
Fig. 5.7.
Figure 5.8 highlights the effect of atmospheric absorption on shaping the leading edge of the waveform (i.e., aircraft on
approach) due to the large propagation distances involved. Source directivity shapes the trailing edge of the measured
signals due to the strong roll-off rate behind the propfan engine. A comparison of the atmospheric absorption model with
and without Dopplerization of the source emission frequency is shown. Agreement between the two predictions occur only
at the distance of closest approach (i.e., t = 29 s) where the Doppler factor is unity. Because atmospheric absorption is a
strong function of frequency, there is a significant difference between the two predictions for a high speed aircraft.
The sound field for a monopole source in the absence of atmospheric absorption and source directivity effects is
illustrated in Fig. 5.9a. The white regions correspond to the shadow zone. Figure 10b illustrates the full effects of
atmospheric absorption and source directivity on the predicted sound field extended to various sideline distances. The
overhead flight source directivity pattern is extended into three-dimensions by revolution about the horizontal axis. Apart
from a constant time delay due to synchronization with the experimental data, the results at y r = 0 correspond to the
Flight 112 predictions shown in Fig. 5.7a. The predicted sound field time-history can be used to estimate the amount of
time the noise is audible (i.e., the event duration). As to be expected, the event duration decreases with increasing sideline
distances. Furthermore, the same trends observed in the NASA PTA overhead flight data are present in the extended plane
predictions.
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Fig. 5.5: NASA PTA aircraft source directivity pattern for flight series 100. The received angle is transformed into the
emitted angle for usage in the emission time coordinate ray model. The blue curve is the approximated directivity pattern
used in our analysis.
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Fig. 5.6: Flight series 100 ray model predictions under various LSSP’s. a) Ray launch angles. b) Source directivity correction
factor. The source speed is fixed at U= 0.706 c 0

Fig. 5.7: Sound field time-history data from NASA PTA tests (shown in black). Red curves predicted using an effective LSSP
for: a) Flight 112 with z s = 9,357 m; b) Flight 215 with z s = 4,755 m. The same atmospheric absorption profile and source
directivity pattern are applied in both simulations.

Fig. 5.8: Normalized level correction terms for source directivity and atmospheric absorption for Flight 112 in an effective
LSSP of∆c = – 0.004 s-1. The 1976 U.S. Standard Atmosphere profile with a uniform relative humidity of 70% is applied in
the computation of the atmospheric absorption profile.
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Fig. 5.9: Same propagation conditions as in Fig. 5.8. a) Monopole source; b) overhead flight data from Flight 112 is
extended to various sideline distances via the proposed ray interpolation techniques. Atmospheric absorption and source
directivity effects are included in Fig. 5.9b.

Milestone(s)
N/A.

Major Accomplishments
A simplified ray model has been developed to compute the sound field time history for a moving source under cruise
condition. The Doppler factor in a refractive atmosphere is determined using two different ray paths separated by a small
time interval. An incoherent sum is applied to the direct and reflected wave terms which allow the sound field to be
decomposed into individual contribution from source convection, spherical divergence, ground effect, source directivity,
atmospheric absorption, etc. It has been shown that our developed formula can be reduced to a comparable expression used
in the Environmental Technical Manual for a monopole point source under cruise conditions. Several factors have been
identified which have a strong impact on the resulting sound field. For example, source directivity was shown to be sensitive
to small gradients in the directivity pattern especially in the region between 30o to 60o. This suggests that additional source
directivity data should be taken in this range to accurately model the sound field before it propagates to the ground. It has
also been shown that atmospheric absorption effects have a strong impact on the leading edge of the waveform. A simple
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formula for estimating the level correction term for an offset from the direct overhead flight path can be obtained given
measurements along a nearby receiver location.

Publications
•
•

B. N. Tong and K. M. Li, “Atmospheric effects on noise propagation from an en-route aircraft,” Proc. Noise Con 2014,
Fort Lauderdale, FL (Institute of Noise Control Engineering of the USA, Washington, D.C.)
B. N. Tong and K. M. Li, “Sound field predictions of a monopole source moving uniformly in a stratified medium above
an impedance plane,” Internoise 2015; San Francisco, August 10-12, 2015.

Outreach Efforts
• A special session was organized for presenting the initial results in Internoise 2015, San Francisco, August 10-12,
2015.
Awards
•

Bao Tong was awarded with the Best Student paper in Noise Con 2014 for his work on this project.

Student Involvement
Graduate Research Assistant Bao Tong was the primary person working on this task. He is now graduated with his Ph.D. in
Mechanical Engineering, and he is employed by the FAA. A new PhD student, Yiming Wang, has been recruited to continue
Bao’s effort in the coming years. It is hoped to recruit an additional Research Assistant in the near future.

Plans for Next Period
The Purdue team will focus on (a) the review of past developments of en-route aircraft noise, (b) the examination and
identification of remaining challenges, and (c) how the flight and noise data (obtained from Vancouver Airport Authority,
Discovery A/Q and BANOERAC) can be used to validate the numerical model developed in the past years. In particular, we
shall examine the combined effects of source directivity, high-speed motion and atmospheric absorption on the
propagation of en-route aircraft noise. We also aim to review and analyze the available aircraft noise and flight trajectory
database to determine if they can be used to investigate certain noise effects such as the effect of source motion and the
effect of noise observed with different microphone placements.

References
[1] D.P. Garber and W.L. Willshire Jr. En route noise levels from propfan test assessment airplane. Technical Report 3451,
NASA Technical Paper, 1994.
[2] International Civil Aviation Organization. Environmental Technical Manual Vol. 1: Procedures for the Noise Certification
of Aircraft, 2012.
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Project 006 Rotorcraft Noise Abatement Operating
Conditions Modeling
The Pennsylvania State University, Continuum Dynamics, Inc., Bell
Helicopter Textron, Inc., Sikorsky Aircraft Corporation
Project Lead Investigator
Kenneth S. Brentner
Professor of Aerospace Engineering]
Department of Aerospace Engineering
The Pennsylvania State University
233 Hammond Building, University Park, PA
(814) 865-6433
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University Participants
The Pennsylvania State University
•
P.I.: Kenneth S. Brentner, Professor of Aerospace Engineering
•
FAA Award Number: 13-C_AJFE-PSU-006, Amendment No. 6
•
Period of Performance: August 18, 2014 to January 31, 2016
•
Task(s):
1. Prediction system development
2. Noise prediction system validation
3. Noise predictions and noise mapping
4. Flight test plan development
5. Determination and development of data path to AEDT
6. Selection and modeling of notional advanced technology rotorcraft
7. Noise predictions and data preparation for AEDT

Project Funding Level
FAA: $250,326; In-Kind Match: (Continuum Dynamics, Inc: $112,500 to PSU and $75,000 to FAA; Bell Helicopter Textron,
Inc.: $37,500; Sikorsky Aircraft Corporation: $37,500)

Investigation Team
Kenneth S. Brentner, PI, The Pennsylvania State University; acoustics predictions lead on all tasks.
Joseph F. Horn, Co-PI, The Pennsylvania State University; flight simulation lead supporting all tasks
Daniel A Wachspress, Co-PI, Continuum Dynamics, Inc.; responsible for rotor loads and wake integration and CHARM
coupling, primarily involved in tasks 1-3, and 6,7.
Yaowei Li, Graduate Research Assistant, The Pennsylvania State University; primary responsibility for coupling acoustic
code into noise prediction system and acoustic predictions in tasks 1-3.
Willca Villafana, Graduate Research Assistant, The Pennsylvania State University; primary responsibility for model setup
and acoustic predictions in tasks 3, 5-7.
Adam Thorsen, Graduate Research Assistant, The Pennsylvania State University; assisted in development of flight
simulation code in task 1.
Umberto Saetti, Graduate Research Assistant, The Pennsylvania State University; assisted in flight simulation coupling and
performing coupled simulations in tasks 2, 3, and 7.
Benjamin A Goldman, Industrial Partner, Bell Helicopter Textron, Inc.; support Bell 430 model setup and validation of the
noise prediction system in task 1 and 2, provide feedback on all aspects of project, especially tasks 1-4.
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Eric Jacobs, Industrial Partner, Sikorsky Aircraft Corporation; primary responsibility for flight test plan development in task
4, provide feedback on all aspects of project, especially tasks 3 and 4.

Project Overview
Rotorcraft noise consists of several components including rotor noise, engine noise, gearbox and transmission noise, etc.
Rotor noise is typically the dominant component of rotorcraft noise that is heard by the community upon takeoff, landing,
and along the flight path of the helicopter. Rotor noise consists of several different noise sources including thickness
noise and loading noise (together typically referred to as rotational noise), blade-vortex-interaction (BVI) noise, high-speedimpulsive (HSI) noise, and broadband noise – with each noise source having its own unique directivity pattern around the
helicopter. Furthermore, any aerodynamic interaction between rotors, interaction of the airframe wake and a rotor, or
unsteady, time-dependent loading generated during maneuvers typically results in significant increases in loading noise.
The combination of all the potential rotor noise sources makes prediction of rotorcraft noise quite complex, even though
not all of the noise sources are present at any given time in the flight (e.g., BVI noise usually occurs during descent and HSI
noise only occurs in high-speed forward flight).
The rotorcraft industry, universities, and government research labs have actively engaged in research activities since the
late 1960’s to understand rotorcraft noise generation mechanisms and mitigation techniques. Both first principles and
semi-empirical prediction tools have been developed as a result of this research. This project will leverage that research
and use tools developed by the research team to develop noise abatement flight procedures and a flight test plan to
evaluate the effectiveness to those procedures. The noise prediction system will also be used to demonstrate its utility in
predicting the noise from advance rotorcraft features and concepts.

Objectives
There are two main objectives for this project, described as follows:
(1) The first objective of this activity is to develop rotorcraft noise abatement procedures through computational
and analytical modeling, and develop a comprehensive flight test plan to validate the effectiveness of resulting
noise abatement flight procedures. This objective is addressed through the implementation of tasks 1-4 described
below.
(2) The second objective is to use the computational and analytical modeling tools to demonstrate the ability to
provide vehicle noise data for notional vehicles with advanced technology in a manner than can be used in the FAA
Aviation Environmental Design Tool (AEDT). This objected is addressed in tasks 5-7described below.
The approach to developing rotorcraft noise abatement procedures requires the ability to compute the vehicle noise from
the relevant noise sources in level flight, hover, takeoff, and approach. Emphasis will be given to the level flight conditions
for conventional helicopters, but the tools coupled together will be able to predict the noise from tandem, tiltrotor, and
compound rotorcraft as well. In normal civil operations only rotor noise is expected to be a significant source of
community noise. For this reason, engine noise, and other noise sources that are important in the cabin are not planned
for consideration. Furthermore, high-speed-impulsive (HSI) noise during high-speed forward flight should be avoided in
civil operations; therefore, HSI noise will not be considered.
The approach planned to demonstrate computational and analytical modeling tools on advanced rotorcraft designs will
leverage the work done for Objective 1 (tasks 1-3, described below). For this reason the work on the second objective did
not begin until approximately 6 months into the effort.

Task 1. Prediction System Development
The Pennsylvania State University

Objective(s)
The object of this task is to couple together a flight simulator, rotor aerodynamics and wake computation, and a noise
prediction code to form a noise prediction system that will be capable of predicting helicopter noise is various flight
operations.

Research Approach
For this effort the PSU-WOPWOP code will be used for noise prediction, and will be coupled with a MatLab flight simulator
and CHARM (Comprehensive Hierarchical Aeromechanics Rotorcraft Model) to form a rotorcraft noise prediction system.
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Both CHARM and PSU-WOPWOP have previously been coupled (individually) to the flight simulation code GENHEL-PSU
(which models helicopters similar to the Sikorsky UH-60), the three codes have not been coupled together into a single
noise prediction system. The first major task of this project is to update and enhance the coupling between the three
codes. A newly developed flight simulation code will be used to compute the time-dependent flight state of the aircraft
and initial blade loading and blade motion estimates. These results will be passed to the CHARM code (module) to predict
the rotor wakes and resulting time-dependent blade loads. The loading output of these coupled codes will be input to PSUWOPWOP to compute the noise during the helicopter flight operation.
The coupling is time accurate because that is the normal operation mode of each of the codes. The initial coupling will
include multiple rotors (main rotor/tail rotor) and noise computations for noise certification flight conditions and
microphone locations will be demonstrated. Two forms of coupling are used; the first (shown in Fig. 1.1) is a coupling in
which the CHARM airloads computations are decoupled from the flight simulator. In this approach, the airloads and trim
determined by the flight simulator may be different from those computed in CHARM and used in the noise prediction. To
address this potential problem, a fully coupled approach was also developed (shown in Fig. 1.2).

Figure 1.1 Integration Method 1 – CHARM de-coupled from flight simulator.
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Figure 1.2. Integration Method 2 – CHARM fully coupled with flight simulator.
The noise prediction system is anticipated to be sufficiently fast to predict the noise during an entire operation (several
seconds at least) at a large number of observer locations so that noise contours on the ground can be predicted. The time
accurate nature of the system will enable sweeps of control parameters to be evaluated to eliminate blade-vortex
interaction (BVI) or other high noise conditions. This tool will enable the development and analysis of noise abatement
flight procedures through relatively rapid computations.
The noise prediction system is envisioned to only predict the rotor noise, but should be able to predict noise from
helicopters, compound rotorcraft, and tiltrotors (i.e., the number and placement of rotors is not a problem). The system
will be able to predict rotor noise in all normal operating flight conditions, ranging from hover (IGE or OGE), takeoff, level
flight, approach, and maneuvering flight. Engine and related noise sources are not planned in this project.

Milestone(s)
The coupled noise prediction system was largely complete after the first 3 months, but as problems are encountered (i.e.,
software bugs), the system is corrected.

Major Accomplishments
The primary accomplishment of this task is the coupling of the three components (flight simulator, high fidelity rotor
airloads and airwake (CHARM), and noise prediction (PSU-WOPWOP)) is new.
Another accomplishment was the development of the MatLab based flight simulation code (called HeloSim). This flight
simulator is relatively simple because it does not need detailed rotor aerodynamics or wake models – the CHARM rotor
module coupling provides higher fidelity loading to the flight simulator.

Publications
None

Outreach Efforts
None

Awards
None
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Student Involvement
Adam Thorsen, Ph.D. student at PSU – provided limited support setting up MatLab based flight simulation tool.
Yaowei Li, M.S. student at PSU – primarily responsible for setting up and making acoustic predictions and analysis of
acoustic data. He was also involved in developing the coupling between codes. Graduated August 2015. Plans after
graduation unrelated to the project.

Plans for Next Period
This task of Project 6 is essentially complete. Any software “bugs” found during the noise predictions in the other tasks
will be corrected as required.

Task 2. Noise Prediction System Validation
The Pennsylvania State University

Objective(s)
This task will validate the noise prediction system to demonstrate that is sufficiently accurate to be used for the
development and analysis of rotorcraft noise abatement flight procedures.

Research Approach
The noise prediction system will be validated through prediction of various flight conditions and comparison with recently
acquired flight test data. NASA, Bell Helicopter, and the U.S. Army recently performed a maneuver acoustics flight test with
the Bell 430 helicopter (Ref. 2.1). The data from this test provides an excellent opportunity to test the maneuver noise
prediction system and demonstrate its accuracy, strengths and weaknesses. Data from this test is publicly available and as
a partner in this effort, Bell will be able to provide insight into the details of this flight test, which is very valuable in the
validation effort. The primary goal of this validation is to characterize the accuracy of the system (with low to medium
fidelity level), which will provide sufficiently short noise prediction times needed in noise abatement procedure
development. It may also show “gaps” in the system that need to be addressed.
The noise prediction system predictions were compared to measurements from a cooperative flight test conducted by
NASA, Bell Helicopter and the U.S. Army to characterize the steady state acoustics and measure the maneuver noise of a

(a) OASPL

(b) PNLT

Figure 2.1 OASPL and PNLT levels for 80 kts level flight “housekeeping” run.
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Bell Helicopter 430 aircraft (Refs. 2.2, 2.3). For the first validation comparison, a level flight “housekeeping condition” is
modeled in which the aircraft was flown several times at nominally the same flight speed (80 kts) over the reference
microphone. For this case the overall sound pressure level (OASPL), plotted as a function of distance along the flight path,
has been compared to the noise prediction system results (shown in Fig. 2.1). In Fig. 2.1 the reference microphone is at
𝑥𝑥 = 0 m and the distance on the x-axes indicates the position of the aircraft relative to the reference point. Figure 2.1(a)
shows the OASPL levels as a function of where the helicopter is during the level flyover. The noise is underpredicted when
the helicopter is approaching the microphone (uprange), but the OASPL levels agree reasonably well when the aircraft is
overhead or downrange. This underprediction of in-plane noise (the helicopter is uprange) is not unusual, but should be
considered in future predictions. In Fig. 2.1(b) it is clear that each component of noise (thickness, loading, and
broadband) is important when the frequency of the noise is considered – as it is in tone corrected perceived noise level
(PNLT) measurements.
In Fig. 2.2 the acoustic pressure time history prediction during a mild BVI noise case is compared to measure data for the
same condition. The primary character and levels are predicted reasonably well, but the BVI noise spikes are
underpredicted. It is likely that a small change in predicted helicopter trim would adjust the BVI spikes substantially.

Figure 2.2 Acoustic pressure time history for 100 kts forward sped with 3 degree descent angle.

Milestone(s)
Completed validation of noise prediction system for level flight and descent (blade-vortex interaction) cases by comparison
with flight test data for the Bell 430 helicopter.

Major Accomplishments
The validation of the noise prediction system in both level flight and a blade-vortex-interaction flight conditions is a
significant achievement for the project. The agreement between the predicted and measured results is quite reasonable
for fidelity of these tools and it demonstrates that the tools are able to predict the significant physical noise sources that
must be modified to achieve noise abatement. This validation enables the noise prediction system to be used for the other
tasks in the project with a degree of confidence.

Publications
Li, Y.; Brentner, K.S.; Wachspress, D.A.; Horn, J.F.; Saetti, U.; and Sharma, K., “Tools for Development and Analysis of
Rotorcraft Noise Abatement,” proceedings of AHS “Sustainability 2015” conference, Montreal, Quebec, Canada, Sept 22-24,
2015, 10 pages.

Outreach Efforts
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The validation effort summarized here was described to Juliet Page and David Senzig, both of VOLPE.
The validation effort was also highlighted in the conference presentation: Li, Y.; Brentner, K.S.; Wachspress, D.A.; Horn, J.F.;
Saetti, U.; and Sharma, K., “Tools for Development and Analysis of Rotorcraft Noise Abatement,” presented at AHS
“Sustainability 2015,” Montreal, Sept 22-24, 2015, (presented by K.S. Brentner).

Awards
None

Student Involvement
Yaowei Li, M.S. student at PSU – primarily responsible for setting up and making acoustic predictions and analysis of
acoustic data. Graduated August 2015. Plans after graduation unrelated to the project.
Umberto Saetti, M.S. student at PSU – primarily responsible for flight simulation calculations and development and
debugging of the coupling between the flight simulation code and the CHARM rotor module. Expected graduation August
2016.

Plans for Next Period
This validation effort is essentially complete. No further work is currently planned for validation.

References
[2.1] Watts, M.E., Greenwood, E., Smith, C.D., Snider, R., and Conner, D. A., “Maneuver Acoustic Flight Test of the Bell 430
Helicopter Data Report,” NASA/TM–2014-218266, May 2014.
[2.2] Watts, M. E., Greenwood, E., Smith, C. D., Snider, R., and Conner, D. A., “Maneuver Acoustic Flight Test of the Bell 430
Helicopter Data Report,” NASA/TM–2014-218266, May 2014.
[2.3] Snider, R., Samuels, T.O., Goldman, B., and Brentner K. S., “Full-Scale Rotorcraft Broadband Noise Prediction and its
Relevance to Civil Noise Certification Criteria,” Proceedings of American Helicopter Society 69th Annual Forum, Phoenix,
Arizona, May 21–23, 2013.

Task 3. Noise Predictions and Noise Mapping
The Pennsylvania State University

Objective(s)
This object of this task is to examine several flight conditions and consider operational changes and determine the impact
on the noise levels. The goal of this task is to demonstrate how flight operations can reduce the noise.

Research Approach
In order to demonstrate the impact of noise abatement flight procedures, several simple parametric studies were
performed. According to Helicopter Association International’s “Fly Neighborly Guide”, published report in 2007 (Ref. 3.1),
the simplest way to reduce the rotorcraft noise during overflight is to increase the altitude and fly slower. To examine
these common sense recommendations, the noise prediction system was used to predict the noise for various operating
procedures. These predictions serve two purposes: 1) to develop further confidence that the noise prediction system
captures the important noise characteristic of helicopters in various flight conditions; and 2) to provide detailed
information that explain the mechanisms and directivity of noise changes (hopefully reductions) obtained through noise
abatement flight procedures. Based on this guidance, the noise prediction system was used to predict the noise of the Bell
430 aircraft.
Impact of Altitude
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The first case considered was level flyover with the Bell 430 helicopter flown with a velocity of 100 kts at different altitudes
ranging from 150 m to 350 m in 50 m increments. This range of altitudes is arbitrary, but sufficient to demonstrate the
powerful impact that distance makes in reducing noise. The aircraft weight and atmospheric conditions (standard sea level
density and temperature) are held constant for each altitude. In Fig. 3.1 the PNLT is shown for locations directly below the
flight path of the aircraft. In this figure it is evident that distance plays an important role in the noise level – as was
expected. The peak PNLT level is about 8 dB lower for the 350 m case than for the 150 m altitude.

Figure 3.1 PNLT predictions for the Bell 430 helicopter with the aircraft at different flight altitudes.
While the behavior directly below the helicopter is what is expected – increased altitude decreases the noise level – this is
not necessarily the case for observer locations to either side of the aircraft. Furthermore, the flight time over the observer
is not included when considering the PNLT levels alone. To address these issues, the Effective Perceived Noise Levels
(which are based on PNLT) were computed for an area below the aircraft (shown in Fig. 3.2). In Fig. 3.2(a) the EPNL levels
are shown for a single altitude (150m) for approximately 1800m range and 700 m to either side of the flight path. The
EPNL levels are highest directly under the aircraft, as would be expected. Notice that the EPLNL levels do not vary with the
𝑥𝑥 location because the helicopter is in level flight; thus a more quantitative examination of the results can be done by
comparing the levels at the 𝑥𝑥 = 0 positon for different lateral distances from the centerline (shown in Fig. 3.2(b)). Again in
this figure, it is clear that as the altitude of the helicopter increases the noise levels decrease along the centerline. But at
lateral distances greater than 300m (in this case), the noise levels are relatively unaffected and even increase slightly on
the right side of the aircraft (advancing rotor side). Hence, even for a very straight forward approach to noise abatement,
the results will not be the same at all observer positons.
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(a) EPNL contours, 𝑉𝑉𝐻𝐻 = 100 kts, altitude =150m

(b) EPNL at 𝑥𝑥 = 0 plane, -700 < 𝑦𝑦 < 700 m for various altitudes

Figure 3.2 Effective Perceived Noise Levels for Bell 430 helicopter flying at 100 kts at altitudes from 150m to 350 m.
Impact of Flight Speed
A similar comparison of EPNL levels was performed for the Bell 430 operating at forward speeds ranging from 60 kts to
140 kts in level flight at 150m (shown in Fig. 3.3). It is generally understood that flying slower will reduce the noise levels.
The physics of the source noise mechanisms (in-plane noise in particular) indeed exhibit this behavior. But when the EPNL
is considered, which takes into account the duration of the exposure as well as the level, the levels of EPNL do not change
significantly below the helicopter even though the expected trend is seen away from the centerline (see Fig. 3.3). The
reason for this is that while the noise level is lower for low speed (e.g., 60 kts), the exposure time is longer. So along the
helicopter flight path the EPNL levels are essentially the same for the 60 kts and 140 kts cases.
Impact of Flight Path Angle
The Sound Exposure Level (SEL) contours were also computed for different descent and climb angle (from 6 deg. descent
to 6 deg. climb). When the helicopter is not in level flight, the distance to the ground will be constantly changing and it
has already been shown that increasing distance is an effective noise abatement strategy. Therefore, in these
comparisons, the distance from the measurement plane is the same for 𝑥𝑥 = 0 and either farther or closer to the plane
otherwise. The comparison for 6 deg. and 3 deg. descent angle is shown in Fig. 3.4 (along with the level flight case as a
reference). The SEL levels are significantly higher for the 6 deg. descent. For the uprange cases (𝑥𝑥 < 0) the impact of
distance should be to reduce the level, but they are higher than the 3 deg. and level flight cases. Also it is clear at 𝑥𝑥 = 0
that the levels are higher, yet the distance is the same here. Upon closer examination, the 6 deg. descent case has
significantly more BVI than the 3 deg. descent case, and the level flight case does not have any BVI noise. Thus it is clear
that BVI should be avoided to have the lowest noise (and annoyance) levels.
In Fig. 3.5, the SEL contours for 6 deg. and 3 deg. climb are shown (along with a level flight case for reference). In this
case the change in SEL levels is primarily due to the distance the helicopter is above the measurement plane. This can be
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Figure 3.3 EPNL along 𝑥𝑥 = 0 plane, −700 ≤ 𝑦𝑦 ≤ 700 m for forward speeds ranging from 60 kts to 140 kts.

Figure 3.4 SEL contour plots for various descent angles.
seen by comparing the values at 𝑥𝑥 = 0, which are essentially the same. So unlike the descent case where BVI noise was
eliminated by changing the descent angle, there is no change in the physics in the climb case. Nevertheless, rapid climb is
an effective means of increasing the distance and thereby reducing the noise.

141

Figure 3.5 SEL contour plots for various climb angles.

Milestone(s)
Compute predicted noise for several operating scenarios. This milestone was met by the level flight, descent, and climb
cases studied.

Major Accomplishments
This task has demonstrated the noise prediction system is able to show how different rotorcraft operations can reduce or
increase the noise levels. Furthermore, the predictions have shown that even simple noise abatement strategies, like flying
higher or flying slower, may provide noise reduction in some locations and yet result in increases in other locations. This
task has demonstrated that to understand such complex changes it is important to have a physics-based noise prediction
system so that a detailed investigation of the individual noise components and the noise directivity can be made.

Publications
Li, Y.; Brentner, K.S.; Wachspress, D.A.; Horn, J.F.; Saetti, U.; and Sharma, K., “Tools for Development and Analysis of
Rotorcraft Noise Abatement,” proceedings of AHS “Sustainability 2015” conference, Montreal, Quebec, Canada, Sept 22-24,
2015, 10 pages.

Outreach Efforts
The validation effort summarized here was described to Juliet Page and David Senzig, both of VOLPE.
The validation effort was also highlighted in the conference presentation: Li, Y.; Brentner, K.S.; Wachspress, D.A.; Horn, J.F.;
Saetti, U.; and Sharma, K., “Tools for Development and Analysis of Rotorcraft Noise Abatement,” presented at AHS
“Sustainability 2015,” Montreal, Sept 22-24, 2015, (presented by K.S. Brentner).
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Awards
None

Student Involvement
Yaowei Li, M.S. student at PSU – primarily responsible for setting up and making acoustic predictions and analysis of
acoustic data for Objective 1. He was also involved in developing the coupling between codes. Graduated August 2015.
Plans after graduation unrelated to the project.
Umberto Saetti, M.S. student at PSU – primarily responsible for flight simulation calculations and development and
debugging of the coupling between the flight simulation code and the CHARM rotor module. Expected graduation August
2016.

Plans for Next Period
This task is essentially complete. No additional work is planned, but if support is needed to finish the flight test plan
development (task 4) then noise predictions could be made in support of that task.

References
[3.1] Fly Neighborly Guide, produced by the Helicopter Association International Fly Neighborly Committee, 2007.
(http://www.rotor.org/portals/1/operations/Fly2007.pdf - accessed March 27, 2015)

Task 4. Flight Test Plan Development
The Pennsylvania State University

Objective(s)
This task will develop a draft flight test plan for evaluation of noise abatement procedures.

Research Approach
A draft test plan to test the effectiveness of various noise abatement procedures is being developed, based primarily upon
the experience of our industrial partners Sikorsky Aircraft Corporation and Bell Helicopter Textron, Inc. Eric Jacobs at
Sikorsky Aircraft Corporation is leading the development of this plan. The flight test plan will involve two phases of
testing. Phase 1 will include noise characterization and model validation testing. This will provide the baseline to compare
noise abatement procedures against and to determine if changes in the test plan are needed to take into account noise
characteristics that may not be fully account for in the noise modeling. The Phase 2 plan will define the abatement
procedures to be tested and the test conditions required to ensure the test is effective. The draft test plan will have
several “to be determined” items because the target aircraft and test site are not currently known, but are critical elements
of such a plan. These items will likely not be determined until a specific test is planned (or at least proposed).

Milestone(s)
The flight test plan development is currently in progress.

Major Accomplishments
An outline of the test plan and initial Phase 1 plan has been drafted. The Phase 2 test plan is currently under development.

Publications
None

Outreach Efforts
None

Awards
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None

Student Involvement
None

Plans for Next Period
The flight test plan will be finished during the next few months of the project.

Task 5. Determination and Development of Data Path to AEDT
The Pennsylvania State University

Objective(s)
The object of this task is to develop the necessary noise prediction templates and post processing capabilities to generate
noise with the rotorcraft noise prediction system developing in task 1 and generate the needed data, in the proper format,
to be used in AEDT in lieu of manufacturer provided, or otherwise measured, data.

Research Approach
The first step is to determine the appropriate information that AEDT needs from the rotorcraft noise prediction system.
This includes helicopter noise levels and directivity for various operating conditions and will likely need to be provided in
some form of noise-power-distance (NPD) curves, spectral class data, etc. A different set of NPD data is required for each
flight operational mode. The rotorcraft noise prediction system will have the advantage that for any given flight condition,
the noise can be predicted in any direction (or on a sphere surrounding the vehicle). While such data is not currently used
in AEDT, it can be used to determine if current and any advanced modeling in AEDT are capturing the nature of the
helicopter noise sufficiently. Noise prediction templates will be developed to simplify the process of computing NPD and
spectral class data. Ultimately the goal would be to set up the helicopter model in the rotorcraft noise prediction system,
do some testing to make sure the setup is correct, and then submit a batch job and get out the data needed by AEDT.

Milestone(s)
Review input data requirements for AEDT and develop necessary post processing capabilities to provide any data or data
format as needed. The work on this milestone is underway and nearly complete.

Major Accomplishments
Work on this task is currently underway and is nearly completion. All the information needed is currently computed by
PSU-WOPWOP and the ongoing work is to set up the templates and post processing tools to compute and write out results
in a format that can be used by AEDT.

Publications
None

Outreach Efforts
We have had several interactions with Juliet Page, VOLPE, to help us understand the noise inputs requirements of AEDT.

Awards
None

Student Involvement
Willca Villafana, M.S. student at PSU – primarily responsible for acoustic work in Objective 2, i.e., preparing the noise
prediction system to output the necessary data for input to AEDT. Expected graduation August 2016.
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Plans for Next Period
It is anticipated that this task will be completed during the next few months.

Task 6. Selection and Modeling of Notional Advanced Technology
Rotorcraft
The Pennsylvania State University

Objective(s)
The objective of this task is to select a small number of advanced technology rotorcraft features to demonstrate how the
noise prediction system can help assess the potential for new technology to impact rotorcraft noise abatement or how it
may be assessed as part of the total air transportation system noise through modeling inputs for AEDT (before measured
data would be available).

Research Approach
A limited number of notional rotorcraft with advanced technologies can be studied within the scope of this effort.
Therefore, it is planned to select three new technologies that have a strong potential for noise reduction. These
technologies will be integrated into notional rotorcraft, which in turn will be analyzed as representative cases. Ultimately
the goal is to demonstrate that advanced technology rotorcraft could be studied within the context of AEDT and their noise
impact/noise reduction could be assessed in the broader context provided by AEDT. Three technologies that would be
good candidates are: a) active flap rotors (for BVI noise reduction); b) multi-speed/variable-speed rotors; and c) a
compound rotorcraft (which might not reduce noise, but may potentially have a significant noise impact). All the rotorcraft
configuration details will need to be developed and tested to ensure they are reasonable in this task.

Milestone(s)
Develop notional advanced rotorcraft configurations and build the necessary inputs for the rotor noise prediction system.
This milestone is not schedule to be completed until the 15th month of the project.

Major Accomplishments
Work on this task is underway, but has only recently started.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
Willca Villafana, M.S. student at PSU – primarily responsible for acoustic work in Objective 2, i.e., preparing the noise
prediction system to output the necessary data for input to AEDT. Expected graduation August 2016.
Umberto Saetti, M.S. student at PSU – primarily responsible for flight simulation calculations and development and
debugging of the coupling between the flight simulation code and the CHARM rotor module. Expected graduation August
2016.

Plans for Next Period
This task will be completed during the next year.

Task 7. Noise Predictions and Data Preparation for AEDT
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The Pennsylvania State University

Objective(s)
The objective of this task is to demonstrate the new capability by preforming the complete set of noise predictions (for the
advanced configurations selected in task 6) necessary to provide inputs to AEDT.

Research Approach
The notional rotorcraft, along with the Bell 430 (time permitting) will be analyzed in the rotorcraft noise prediction system
for all the various operating conditions. The data identified in task 5 will be produced in the appropriate format. This data
will be evaluated and analyzed with tools outside of AEDT to provide detailed information about the noise of the vehicles
and to provide analysis of the data delivered at the end of this task.

Milestone(s)
Predict the noise from the advanced technology configurations, prepare the data for AEDT processing, and document the
data and analysis. This milestone is not schedule to be completed until the 18th month of the project.

Major Accomplishments
Work on this task has not started yet.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
Willca Villafana, M.S. student at PSU – primarily responsible for acoustic work in Objective 2, i.e., preparing the noise
prediction system to output the necessary data for input to AEDT. Expected graduation August 2016.
Umberto Saetti, M.S. student at PSU – primarily responsible for flight simulation calculations and development and
debugging of the coupling between the flight simulation code and the CHARM rotor module. Expected graduation August
2016.

Plans for Next Period
This task will be completed during the next year.

146

Project 007 Civil, supersonic over-flight, sonic boom (noise)
standards development
The Pennsylvania State University
Project Lead Investigator
Victor W. Sparrow
Director and Professor of Acoustics
Graduate Program in Acoustics
Penn State
201 Applied Science Bldg.
University Park, PA 16802
(+1 (814) 865-6364
vws1@psu.edu

University Participants
The Pennsylvania State University
•
P.I.: Victor Sparrow, Professor, Penn State Acoustics Program Team Lead
•
Researcher: Kathleen Hodgdon Research Associate
•
FAA Award No.:13-C-AJFE-PSU Amendment 3
•
Period of Performance: August 4, 2014 to December 31, 2015
•
Task(s):
1. Study of Variability Effects
The Pennsylvania State University
•
P.I.: Kathleen Hodgdon, Research Associate, Penn State Applied Research Laboratory
•
FAA Award No.:13-C-AJFE-PSU Amendments 4
•
Period of Performance: August 4, 2014 to December 31, 2015
•
Task(s):
2. Community Engagement

Project Funding Level
This project supports the Civil Supersonics Overflight Sonic Boom (Noise) Standards Development by providing research
support on multiple tasks at the Penn State University. FAA funding to Penn State in 2014-2015 was $100,000 comprised
of $40K to Task 1 and $60K to Task 2. Boeing provided $40K matching funding in 2015. The Penn State Applied
Research Laboratory provided $42,664 matching funding in 2014-2015. Additional matching funding is expected in 20152016 that will meet additional cost share needs in both years 1 and 2.

Investigation Team
For 2014-2015 the investigation team included:
Penn State
•
Victor W. Sparrow (Co-PI)
•
Kathleen K. Hodgdon (Co-PI)
•
Graduate Research Assistant Erik Petersen (atmospheric absorption investigation, described in ASCENT Project 5)
•
Graduate Research Assistant Joshua Palmer (variability effects investigation)
Advisory Committee Members
•
AERION: Jason Matisheck, Clint Baylog, et al.
•
Boeing: Hao Shen, Bob Welge, et al.
•
Cessna: Kelly Laflin, et al.
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•
•
•
•

Gulfstream: Robbie Cowart, Brian Cook, Joe Gavin, et al.
Lockheed Martin: John Morgenstern, Tony Pilon, et al.
Volpe-The National Transportation Systems Center: Juliet Page, Bob Samiljan, et.al.
Wyle: Kevin Bradley, Chris Hobbs, et al.

Project Overview
Currently, the FAA is participating in ICAO CAEP effort to formulate new civil, supersonic aircraft sonic boom (noise)
certification standard. To achieve this, ICAO Working Group 1 is addressing the sonic boom phenomenon, the signal
acquisition and analysis of boom and making vibro-acoustical analyses and correlations with human response. This effort
relies on extensive and on-going research not only to define the aircraft design and its performance, but equally important,
to define an understanding of the acoustical annoyance over a range of sonic boom responses that are unacceptable to
imperceptible. There are a number of areas which need to be addressed to support the standards setting process, but
one of the primary ones is metrics validation and sensitivity studies for a wide range of boom levels, inclusive of rattle (for
indoor) and startle (for outdoor).
Additionally, the research tasks are designed to support NASA activities on supersonics and sonic boom research. As the
research progresses, this may involve the support of testing, data acquisition and analyses, of field demonstrations,
laboratory experiments or theoretical studies.

Task 1 “Study of sonic boom variability effects”
The Pennsylvania State University

Objective
The objective of this activity is to initiate research at The Pennsylvania State University in the ASCENT COE to complement
the sonic boom standards development ongoing within the Committee for Aviation Environmental Protection’s (CAEP)
Working Group 1 (Noise), Supersonics Standards Group (SSTG). This research will ensure that the behavior of the sonic
boom metrics considered in the SSTG discussions are well-understood prior to down-selecting a finalized metric or metrics
for use in possible sonic boom certification and/or rulemaking.

Research Approach
Various sonic boom noise metrics have been calculated for a number of sonic booms, N-wave signatures. The newly
computed metrics dataset utilized high-quality recordings from the Superboom Caustic Analysis and Measurement
Program (SCAMP) and Farfield Investigation of No-Boom Thresholds (FaINT) experiments conducted by NASA. With these
signature datasets comprised of microphone measurements by long linear arrays, one can assess the waveform variability
due to atmospheric turbulence influences across the arrays. Preferred boom events from these NASA datasets were then
chosen after review of the flight conditions, flight objectives and actual waveforms generated in order to study only the
non-focused, N-wave sonic boom signatures. The sonic boom noise metrics calculated for the preferred boom events
include Stevens Mark VII Perceived Level (PLdB), un-weighted Sound Exposure Level (SELz) as well as Sound Exposure Level
with A, B, C, D, and E weightings applied to the waveforms. The results show, for example, that the A-weighted sound
exposure levels and Steven's Mark VII Perceived Levels had standard deviations in the range of 1.4 dB to 6.1 dB for the
SCAMP measurements. Such sensitivity results should be helpful in assessing the applicability of sonic boom metrics for
use in future en-route certification standards for civilian supersonic aircraft.
The metrics selected for sensitivity analysis were chosen due to their high correlation with human perception data,
simplicity of calculation and availability within the engineering community. For Sound Exposure Levels, each weighting
function was applied to the waveform according to ANSI S1.42-2001. Sound exposure level was calculated according to
ANSI/ASA S1.4-2014, where sound exposure is the time integral of the square of a frequency-weighted signal over a given
time interval. Sound exposure was then converted to a decibel level using a standard reference value of E 0 = 400 x 10-12
Pa2s. Perceived Level was calculated in accordance with the Mark VII method using a combination of Matlab providing input
for FORTRAN code originally developed at NASA Langley. The calculation of each of these metrics was verified with
crosschecking in conjunction with other organizations. Figure 7.1 below depicts results of the PLdB metric calculated for
four SCAMP flights.
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Figure 7.1: Steven's Mark VII Perceived Level for SCAMP flights shown.
The first three flights were flown on-track, directly overhead the microphone array. The last flight is an example of a
typical off-track flight, flown parallel to the microphone array but offset a distance of 18,700 feet (5700 m). There were
sixty microphones in the array used in this analysis, each spaced at a distance of 125 feet (38.1 m). This box and whisker
plot shows the maximum and minimum measured values at the ends of the whiskers. The top and bottom of the box
represent the first and third quartiles of the data with the central line representing the median. A large amount of variance
is observed in the three on-track flights, with a noticeable decrease in the variability in off-track flight measurements. The
cause of this variability decrease is currently being reviewed but may be due to an increase in the propagation path length,
allowing more time for absorption to take place particularly in the high frequency regime.
Flights selected for analysis from the FaINT program include flights that were targeted for lateral cutoff procedures but did
not exhibit cutoff at the end of the microphone array. A distinct and very important difference between these results and
the SCAMP results are the flight paths. FaINT flights were flown over the microphone array perpendicular to the direction of
the array; this is contrasted to a parallel flight path that was used in all SCAMP measurements. Sixty microphones were
also used in the FaINT linear array, with a spacing of 125 feet (38.1 m) between each. FaINT results have shown that there
are similar amounts of variance in metrics for both types of flight path. Typical results for four flights from the FaINT
program are shown below in Figure 7.2.
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Figure 7.2: Steven's Mark VII Perceived Level for FaINT flights shown.
The first flight shown in the figure can be described as more of a U-wave type sonic boom, whereas the other three flights
are closer to typical N-wave sonic boom events (as was seen in all SCAMP measurements used in analysis). PLdB standard
deviation values for all flights analyzed ranged from 2.2 dB to 10.7 dB. As with SCAMP flights, a high amount of variability
is seen in these measurements for not only PLdB (shown) but also all SEL weighted metrics. At least part of this variability
is caused by turbulence as the sonic boom waveform propagates through the atmosphere to the ground.

Milestone(s)
N/A

Major Accomplishments
It was determined that NASA’s SCAMP and FaINT datasets could be used to assess the sensitivity of sonic boom metrics to
variability in recorded sonic boom signatures. Substantial variability was seen in the sonic boom metrics due to
atmospheric turbulence.

Publications
Peer reviewed journal publications:
N/A
Published conference proceedings:
J. Palmer and V. Sparrow, “Measured N-wave sonic boom events and sensitivity to sonic boom metrics,” Proc. of 20th
Intl. Symposium on Nonlinear Acoustics and 2nd Intl. Sonic Boom Forum, July 2-3, 2015, Lyon, France (American
Institute of Physics, 2015) [in press].

Outreach Efforts
Throughout the project the team has provided information to the ICAO’s Committee on Aviation Environmental Protection
(CAEP) through its Noise Working Group (WG1) and Supersonic Task Group (SSTG).

Awards
None.
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Student Involvement
Graduate Research Assistant Joshua Palmer was the primary person working on this task. He will graduate with an M.S. in
Acoustics in December 2015, and at the time of this writing he is currently looking for employment. The Co-PIs greatly
thank the Penn State Applied Research Laboratory for providing a Walker Assistantship to Joshua Palmer during 20132015. The authors also thank the Penn State College of Engineering for providing travel support for Joshua Palmer to
participate in the 2nd International Sonic Boom Forum in Lyon, France.

Plans for Next Period
–
–
–

Focus on additional metrics under consideration for certification procedures
Provide guidance for placement of multiple microphones
Assess if de-turbing procedures will work for low-boom signatures, as this could possibly mitigate the influence of
atmospheric turbulence on signatures used for certification purposes

References
•

•
•

•

S. Liu, V. Sparrow, and Y. Makino, "Establishing new noise standards for civil supersonic aircraft: status report,"
International Civil Aviation Organization (ICAO) Environmental Report 2013: Aviation and Climate Change, pp. 7377 (2013).
D. Maglieri, P. Bobbitt, K. Plotkin, K. Shepherd, P. Coen, and D. Richwine, Sonic Boom: Six Decades of Research
(NASA, 2014), NASA/SP-2014-622, p. 51.
J. Page, C. Hobbs, E. Haering, D. Maglieri, R. Shupe, C. Hunting, J. Giannakis, S. Wiley, F. Houtas, “SCAMP: Focused
sonic boom experiment execution and measurement data acquisition,” AIAA paper 2013-0933, 51st AIAA
Aerospace Sciences Meeting, Grapevine, TX, January 2013.
FaiNT: Farfield Investigation of No-boom Thresholds.
http://www.nasa.gov/topics/aeronautics/features/faint_sonic_booms.html#.VCVvUEskOvI

Task 2 Community Engagement
The Pennsylvania State University

Objective
The research is being conducted in anticipation of future low boom community field tests. The community engagement
task was undertaken to facilitate a pro-active approach to interacting with communities participating in future field tests.

Research Approach
The research approach includes identifying recommended methods to interact with communities and outreach strategies
that can utilize options for observing on line discussions and social dynamics in the community during the field test.

Milestone(s)
Identified community engagement and outreach based strategies in support of future NASA sponsored low boom
community impact field tests. Conducted an initial evaluation of methods to monitor social media that could be used as a
means to identify community specific content for development of outreach materials.

Major Accomplishments
An approach for engagement was identified that parallels strategies recommended by the Centers for Disease Control for
researchers conducting health based community efforts and an initial investigation into social media monitoring was
conducted.
The CDC defines community engagement as the process of working collaboratively with groups of people who are
affiliated by geographic proximity, special interests, or similar situations. Engagement principles arise from a variety of
scientific fields, requiring that the researcher adapt the science in ways that fit the community and the purposes of specific
engagement efforts. (www.cdc.gov). The approach implements the following communications strategies for engaging a
community on a research based effort.
Define and implement coordinated multi-agency community specific effort
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•
•
•
•
•

Formulate community collaboration engagement methods
Clearly identify goals of effort
Identify communications strategy, informational message content, release forums
Optimize information delivery methods
Consider Formal News Media sources: Printed, TV, Radio, Web-based, newsletters

Acknowledge individuality of each community
For each field test community assess community infrastructure
o Be knowledgeable about demographics; government infrastructure; norms
o Be aware of cultures and diversity within community
• Identify and work with leaders in local government and community organizations
o Local city, borough and township officials
o Identify other relevant community organizations

•

To engage a community successfully the research team should work to establish relationships with local community
leaders and be cognizant of the unique aspects and factors relevant to each community.
Effective outreach is a primary component of community engagement. Pro-active outreach material can be developed that
provides informational education on low boom research. Reactive outreach materials can be identified or drafted during
the test to address concerns that arise in the community. One method of identifying community concerns is by monitoring
social media. The social media monitoring task is evaluating options that would allow us to observe the social dynamics in
the overall community response during a low boom community field test. By monitoring on line discussions we have the
opportunity to identify concerns within the community related to the proposed or ongoing low boom community field test.
The research team could then engage the community with targeted Outreach materials that address issues observed on
posts to social media. This engagement task allows us to provide information that addresses concerns that we observe in
the social media discussion. Community dynamics can be monitored using traditional approaches or monitoring on line.
Multi-Media Method for Observation of Community Dynamics
•
Formal News Media: Printed, TV, Radio, Web-based
•
Population-centric technologies: Social Media: Facebook, Twitter, Instagram, blogs
•
Social Media Monitoring Tools
•
Comments/forums: Comment Sniper, Board Reader and Google Trends
•
Social campaigns; WildFire’s Social Media Monitor
•
Social networks/blogs: SocialMention, Google Reader, BlogPulse, AllTop, Google Realtime
On line social networks have grown exponentially in recent years. Users of social media create and consume content,
sharing information, ideas and perspectives with a wide variety of contacts. The on line forum allows users to post
information and opinions, engage in discussions, to simply agree with a user’s post, or to share perspectives and spread
information in an almost instantaneous manner. In this application the observations are intended to inform the researchers
of social climate and dynamics within community and are not intended as subjective response test data. Even as
observations of community dynamics, the approach needs to acknowledge the presence of any potential bias. For instance,
Twitter data sources are filtered by Twitter affording only about 7% of the data. As such, investigation of applicable
methods is ongoing.
The review of social media as a monitoring approach revealed biases inherent to that approach. The use of social media
monitoring as a method affords the means to observe a community response to an event, provided the biases and
limitations of the approach are included with the observations.

Publications
None

Outreach Efforts
This research task supports NASA activities on supersonics and sonic boom research. The team has provided information
to the NASA sponsored Waveforms Sonicboom Perception and Response Risk Reduction (WSPRRR) team. This NASA
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sponsored team consists of ASCENT Project 7 team members from Penn State, Volpe, Wyle and Gulfstream working with
NASA team lead APS to formulate a test plan for future low boom community field tests.

Awards
None.

Student Involvement
None
Plans for Next Period
The effort to expand the ability to observe the response within a community to a low boom field test led to the decision to
also evaluate additional instrumentation and methods to document the noise impact across the community.
•

The Research Instrumentation task will assess the fidelity of lower cost noise monitors to optimize noise
measurement requirements and minimize costs in future field tests.

•

The Monitoring task will further evaluate social media as a means to observe social dynamics in the community
that provide insights that afford the opportunity for subsequent Outreach.

References
Principles of Community Engagement, CDC/ATSDR Committee on Community Engagement, Centers for Disease Control
and Prevention, Public Health Practice Program Office
Atlanta, GA., 1997 http://www.cdc.gov/phppo/pce/part3.htm
Ruths, D., and J. Pfeffer. "Social Media for Large Studies of Behavior." Science 346.6213 (2014): 1063-064. 28 Nov. 2014.
Web. 10 Feb. 2015.
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Project 008 Noise Outreach
The Pennsylvania State University
Project Lead Investigator
Kathleen Hodgdon
Research Associate
Applied Research Laboratory
Pennsylvania State University
ARL North Atherton Street
P.O. Box 30 (Mail Stop 2210H)
State College PA 16804-0030
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University Participants
Pennsylvania State University
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P.I.: Kathleen Hodgdon Research Associate, Penn State Applied Research Laboratory
•
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•
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•
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•
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•
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•
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•
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Project Overview
The Outreach project seeks to improve airport and community interactions by providing information and education on
aviation noise topics. Outreach has been implemented through the NoiseQuest website and by direct interactions with
stakeholders. The NoiseQuest (NQ) site is located at www.noisequest.psu.edu. It is an international resource that is
designed to implement global education and outreach on aviation noise topics. The NoiseQuest site has grown to present
approximately 100 pages of aviation noise information on a diverse set of topics. The PSU Outreach team has continued to
expand and enhance the NoiseQuest website.
Outreach Goals:
1. Enhance global knowledge on aviation noise topics
2. Increase awareness and provide information to address aviation noise related issues
3. Interact with stakeholders to identify new content areas and current noise issues
4. Provide educational information in a format that is accessible to the general public
5. Present information on NoiseQuest in an easily navigated user friendly context

Task 8.1: Stakeholders Interactions
Pennsylvania State University

Objective(s)
This task implements a form of interactive outreach, reaching out to airport noise managers and community groups to
identify their community based outreach needs, and to obtain data and contributing information to be shared on the
NoiseQuest site.

Research Approach
This task involves interactive outreach with airport noise managers and community groups, to identify topics and to
request GIS noise contour data. The site user statistics will be monitored and feedback options will be investigated.
Stakeholders Interactions
•
Contact airport noise managers for GIS noise contour data and recommendations for site content
•
Interact on webinars and in email with noise managers or community groups on topics and issues
•
Monitor site statistics to glean information that can direct site development and enhancements

Milestone(s)
We interacted with airport noise managers, stakeholders and community organizations.
We obtained noise contours from SFO and RSW but having difficulty getting airports noise managers to share their GIS data
to noise contours on the NQ Explorer.

Major Accomplishments
We continue to interact with airport noise managers and community groups. Jason Schwartz, from Port of Portland is an
active team member and provides ideas and content topics. A webinar was held with the Florida Airports Council Noise and
Community Affairs Committee on NoiseQuest and Outreach topics. The committee members indicated that they would
work with their noise consultants to obtain the GIS data for additional Florida airports for inclusion on the NQ Mapper
function of the NoiseQuest site. The membership is listed below.
Members of Florida Airports Council Noise and Community Affairs Committee:
Jacksonville International Airport, Southwest Florida International Airport, Bartow Municipal Airport, Orlando International
Airport, Fort Lauderdale-Hollywood International Airport, Palm Beach International Airport, Naples Municipal Airport, Miami
International Airport, St. Pete-Clearwater International Airport, Tampa International Airport, Punta Gorda Airport, Pompano
Beach Air Park, Charlotte County Airport, Venice Municipal Airport, Gainesville Regional Airport, Fort Lauderdale Executive
Airport, New Smyrna Beach Municipal Airport, Sarasota-Bradenton International Airport, and Orlando Sanford International
Airport, as well as representatives from numerous airport planning, engineering, and environmental consulting firms.
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Follow on discussions were held with Ian McKay (Project Coordinator (Noise/Airspace) Lee County Port Authority and ViceChair Florida Airports Council Noise and Community Affairs Committee) to have them assist us with obtaining additional
GIS data from FAC member airports and content for the Spotlight section of the site.
We continue to contact airport noise managers to obtain contours for NQ Explorer and are working to expand our airport
noise manager contact list. We have contacted Boeing and N.O.I.S.E. about potential sharing of their contact list for airport
noise managers. We obtained noise contours from SFO and RSW but are having difficulty getting airport noise managers to
share their GIS data for the NQ Explorer. We continue to monitor site statistics to gain insights on site usage. See Appendix
1 for Site Statistics January to June 2015.

Publications
Content published at www.noisequest.psu.edu

Outreach Efforts
We continue to interact with airport noise managers and community groups from across the country. A webinar was held
with the Florida Airports Council Noise and Community Affairs Committee on NoiseQuest and Outreach topics.

Awards
None

Student Involvement
None

Plans for Next Period
The team will continue to contact Airport Noise Managers to obtain GIS data of recent noise contours that can be
implemented to expand the NQ Mapper feature. The Outreach team members also interact via email and webinars with
airport noise managers and members of community noise groups, to discuss topics and to identify site content that will
better meet the needs of different stakeholders.
We will continue to monitor site statistics to gain inferences on site usage. To foster more in depth site usage, we will work
to get additional stakeholders to link to the NoiseQuest site, and to provide recommendations for content. We will also
investigate optimal methods and options for gathering site feedback.

Task 8.2: Content Development
Pennsylvania State University

Objective(s)
This task is focused on identifying and developing content that addresses aviation noise impact and outreach education.

Research Approach
The Outreach team seeks to identify content that presents updates on aviation noise research, addresses noise issues, or
meets the educational outreach needs of aviation stakeholders on specific topics.

Milestone(s)
The team maintained existing site areas and added new content.

Major Accomplishments
Site content was updated, with new content added. We added initial content on National Parks and plan to expand the site
to include additional information on National Parks. We are still identifying content for broadening information on this
topic. We began a review of the site disclaimer with the PSU lawyers and are working to draft a revised disclaimer in the
next period of performance. We added content to the Spotlight on the Florida Airports Council. Under Noise Research, we
have featured the PARTNER report from Project 44 and are adding the report from PARTNER Project 19. We updated the
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Noise Research link to include the list of reports published on the PARTNER website. We are gathering historical noise
contours so that we can draft content demonstrating the reduction of noise contours around airports over the past several
decades. We are working with Jason Schwartz, Port of Portland to identify new content areas.
We are working with NASA and the NASA sponsored Waveforms Sonicboom Perception and Response Risk Reduction
(WSPRRR) team to develop content on supersonics and low boom noise impact. This NASA sponsored team consists of
ASCENT Project 8 team members from Penn State, Volpe, Wyle and Gulfstream who are working with NASA team lead APS
and Domenic Maglieri at Eagle Aeronautics to formulate a test plan for future low boom community field tests. This team
combines ASCENT and NASA researchers to identify and develop the low boom content for the NoiseQuest site.

Publications
Site developed at www.noisequest.psu.edu

Outreach Efforts
We develop the Outreach content by reaching out to stakeholders for content ideas and development.

Awards
None

Student Involvement
None

Plans for Next Period
Content Development: The existing site content will be enhanced or expanded. New content topics will be identified and
relevant features added to the site. Content is planned for, but not limited to, topics such as information on historical noise
contours, low boom noise, Metroplex, or helicopter noise. Other topics will be identified working with stakeholders.

Task 8.3: Site Navigation and Infrastructure
Pennsylvania State University

Objective(s)
Efforts under this task maintain the site architecture and enhance site navigation.

Research Approach
To ensure that the site is accessible to the general public the team works to assure that the information on NoiseQuest is
presented in an easily navigated user friendly format. This effort maintains the site infrastructure, implements GIS data as
contours in NQ Mapper, and identifies and maintain links to airport, community sites and reference information.

Milestone(s)
The full content on the NoiseQuest site and the NQ mapper were moved to a new server and site functionality was tested
after the move.

Major Accomplishments
The site was refreshed and updated to reflect the transition from PARTNER to ASCENT. The ASCENT link was added on each
page, and PARTNER was credited for past contributions. Links to the new ASCENT COE were added and the team members
were updated. Site navigation features were updated such as the addition of a Search Function. The full content on the
NoiseQuest site and the NQ mapper were moved to a new server to comply with new security requirements for operating
systems at PSU. Tests of the site navigation were conducted after the move to ensure the integrity of both the content and
navigation of the site. Discussions were held to determine what other site features should be implemented in the next
performance period. Methods of feedback were discussed and template for an on-line survey was devised for site
feedback.
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Publications
None

Outreach Efforts
Input from stakeholders is reviewed to identify site features and enhancements. The team works to ensure that GIS data
formats provided by airport noise managers are compatible with the site.

Awards
None

Student Involvement
None

Plans for Next Period
The NQ Explorer NQ Mapper feature will continue to support the inclusion of additional airport noise contours. Site
features will be updated as identified. New features include, but are not limited to, enhancements such as a Find Airports
button with a drop-down airports list of the airports with GIS noise contour data on the NQExplorer, addition of a back
button, creation of a site map, and other navigation features as identified working with stakeholders to make the site
easier to navigate.

Appendix 1. NoiseQuest Statistics January 2015- June 2015
# of Page Views: 25,453 Avg. Time on Page: 01:24
Most Active Countries
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

United States
United Kingdom
India
Canada
Australia
Philippines
Kenya
Germany
Malaysia
Singapore

Most Active States
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

California
Florida
Texas
New York
Illinois
Pennsylvania
Massachusetts
Arizona
Virginia
Georgia

Most Active Metro Area
1.
2.
3.
4.

New York NY
Los Angeles CA
San Francisco-Oakland-San Jose CA
Boston MA-Manchester NH
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5.
6.
7.
8.
9.
10.

Washington DC (Hagerstown MD)
Chicago IL
Phoenix AZ
Dallas-Ft. Worth TX
Minneapolis-St. Paul MN
Seattle-Tacoma WA

Top Sections
1.
2.
3.
4.
5.
6.
7.
8.
9.

Avg. Time on Page

Noise basics-basics
Types of airports
Community tools-FAQ
Community tools-glossary
Noise basics
Noise effects
Sources :helicopter noise
About airports
NQ Explorer

2:45
2:37
2:36
1:25
0:41
0:51
3:25
0:27
3:31
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Project 010 Aircraft Technology Modeling and Assessment
Georgia Institute of Technology, Purdue University, Stanford University
Project Lead Investigator
Dimitri Mavris (PI)
Regents Professor
School of Aerospace Engineering
Georgia Institute of Technology
Mail Stop 0150
Atlanta, GA 30332-0150
Phone: 404-894-1557
Email: dimitri.mavris@ae.gatech.edu
Daniel DeLaurentis (PI)
Professor
School of Aeronautics and Astronautics
Purdue University
701 W. Stadium Ave
West Lafayette, IN 47907-2045
Phone: 765-494-0694
Email: ddelaure@purdue.edu
William Crossley (Co-PI)
Professor
School of Aeronautics and Astronautics
Purdue University
701 W. Stadium Ave
West Lafayette, IN 47907-2045
Phone: 765-496-2872
Email: crossley@purdue.edu
Juan J. Alonso (PI)
Professor
Department of Aeronautics & Astronautics
Stanford University
496 Lomita Mall, Durand Bldg. Room 252
Stanford, CA 94305-4035
Phone: 650-723-9954
Email: jjalonso@stanford.edu

University Participants
Georgia Institute of Technology
•
P.I.(s): Dr. Dimitri Mavris (PI), Dr. Jimmy Tai (Co-PI)
•
FAA Award Number: 13-C-AJFE-GIT-006
•
Period of Performance: August 1, 2014 – August 31, 2015
Purdue University
•
P.I.(s): Dr. Daniel DeLaurentis, Dr. William A. Crossley (Co-PI)
•
FAA Award Number: 13-C-AJFE-PU-004
•
Period of Performance: August 1, 2014 – August 31, 2015
Stanford University
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•
•
•

P.I.(s): Dr. Juan J. Alonso
FAA Award Number: 13-C-AJFE-SU-004
Period of Performance: August 1, 2014 – August 31, 2015

Project Funding Level
The project is funded at the following levels: Georgia Institute of Technology ($400,000); Purdue University ($59,979);
Stanford University ($90,000). Cost share details for each university are below:
The Georgia Institute of Technology has agreed to a total of $400,000 in matching funds. This total includes salaries for
the project director, research engineers, graduate research assistants and computing, financial and administrative support,
including meeting arrangements. The institute has also agreed to provide tuition remission for the students paid for by
state funds.
While Purdue University provides the majority of the 1-1 cost share for ASCENT 10-Purdue, about 10% of the cost share
comes from a gift of the RDSwin-Pro aircraft design software from Conceptual Research Corp.
Stanford University has contributed matching funds for a total of $90,000 using a combination of elements. Firstly,
Stanford University is cost sharing, through tuition reductions for the students working on this project, approximately
$20,000 for the current period of performance. In addition, our partners at the International Council for Clean
Transportation are providing in-kind cost-sharing for the remainder though internal and external efforts funded to better
understand the impact of cruise speed reduction.

Investigation Team
Georgia Institute of Technology
Principal Investigator: Dimitri Mavris
Co-Investigator: Jimmy Tai
Technology Modeling Technical Lead: Christopher Perullo
Fleet Modeling Technical Lead: Holger Pfaender
Students: Benjamin Bitoun, Marcus Bakke, Ryan Donnan, Arturo Santa-Ruiz
Purdue University
Principal Investigator: Daniel DeLaurentis
Co-Investigator: William Crossley
Students: Kushal Moolchandani, Parithi Govindaraju
Stanford University
Principal Investigator: Juan J. Alonso
Aircraft Modeling Technical Lead: Anil Variyar
The team also includes two additional graduate students that have been assisting with the technical work and the
development of our aircraft optimization framework, SUAVE.

Project Overview
This year Georgia Tech, Purdue, and Stanford partnered to investigate the impact of aircraft and vehicle technologies on
future environmental impacts of aviation. This is a multi-step process involving the system assessment of FAA CLEEN
program technologies by Georgia Tech, assessment of the impact of mission specification changes on public domain
aircraft performance by Stanford, and the impact of future fleet modeling assumptions on system wide fleet fuel burn and
emissions by Purdue.
The FAA’s Continuous Lower Energy, Emissions and Noise (CLEEN) program office at the Office of Environment and Energy
has established this project to perform research in the area of aircraft technology modeling and assessment. The research
will be conducted as a collaborative effort in order to leverage capabilities and knowledge available from the multiple
entities that make up the ASCENT university partners and advisory committee. Georgia Tech has partnered with Purdue
University and Stanford University to complete the following objectives.
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The primary objective of this research project is to support the FAA in modeling and assessing the potential future
evolution of the next generation aircraft fleet while supporting the CLEEN program’s goals and objectives. Research under
this project consists of three integrated focus areas: (1) Developing a set of harmonized fleet assumptions for use in future
fleet assessments; (2) Modeling advanced aircraft technologies and advanced vehicles expected to enter the fleet through
2050; and (3) Performing vehicle and fleet level assessments based on input from the FAA and the results of (1) and (2).
Due to extensive experience assessing CLEEN I, Georgia Tech is the lead for all three objectives described above. Stanford
and Purdue will support the objectives as shown in Table 1: University Contributions for Year 1, listing the high-level
division of responsibilities amongst the universities.
Table 1: University Contributions for Year 1
Objectives
1

Harmonize Fleet
Assumptions

2

Advanced
Vehicle and
Technology
Modeling

3

Vehicle and Fleet
Assessments

Georgia Tech
Drive Process, coordinate
industry, government
participation, provide
basis for discussion
CLEEN Boeing and GE
proprietary technology
modeling, additional
public domain
technology modeling,
Provide tech models to
SU and PU
Perform vehicle and fleet
level assessments for
CLEEN technologies

Stanford

Purdue

Support assumptions
definition, provide expert
knowledge

Support assumptions
definition, provide expert
knowledge

Input into public domain
technology modeling

N/A

Provide trade factors for
mission specification
changes. Provide tech
factors for any tech
modeled in (2)

Sample problem
demonstrating
capabilities of FLEET

All three universities contributed to the development of harmonized fleet assessment assumptions. These assumptions
form the basis of both the proprietary and public domain modeling work to be performed this year.
For the first year of this project Georgia Tech, independent of the two other universities, focused on finalizing the CLEEN I
proprietary assessments due to existing non-disclosure agreements and detailed modeling knowledge acquired over the
last four years. As part of this work Georgia Tech also performed CLEEN-specific analysis under objectives (2) and (3).
Stanford provided input based on its experience into applicable public domain technology modeling identified under
objective (2) across the entire time horizon contemplated in this work. Stanford has also provided trade factors, resulting
from redesign/resizing of all vehicle classes to account for changes in mission specification changes for a public domain
mission analysis to be completed under objective (3). This task has helped to define the interfaces between Stanford’s
expertise with assessing mission specification changes and Georgia Tech and Purdue’s expertise with fleet analysis.
Purdue has applied their FLEET tool under objective (3), using a subset of the fleet assumptions defined in objective (1) and
public domain vehicle performance generated by Georgia Tech in prior years. This activity has demonstrated the
capabilities of FLEET for assessment of fleet-level noise and emissions evolution as a result of new aircraft technologies
and distinct operational scenarios.

Major Accomplishments
The following were the major tasks completed under the first year of ASCENT Project 10:
Fleet Level Workshop Assumptions
Georgia Tech hosted a virtual workshop with a wide range of government, industry, and university participants on May 14th
and a second follow up workshop is planned for August 27th to solicit input on worldviews and scenarios and which
descriptors are the most important. Furthermore a number of scenarios have been presented to the workshop attendees.
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Responses have been compiled and preliminary cross-section of results are presented in this report. A full set of proposed
scenarios is being developed and will be presented back to the workshop participants and will be published in a future
report.
Technology Level Workshop Assumptions
Georgia Tech hosted virtual workshops with a wide range of government, industry, and university participants on June 10th
and June 11th to solicit input on technology impacts and maturation rates in a wide range of topic areas. Responses have
been compiled and preliminary results are presented in section 2.4.2. A full set of proposed technology evolution roadmaps
is being developed and will be presented back to the workshop participants before publishing in a future report.
CLEEN Technology Modeling
Georgia Tech successfully incorporated the GE Flight Management Systems technologies for both the engine and airframe
into the fleet assessments. The open rotor was also assessed on a fuel burn and emissions basis. Additionally, noise modeling
for the Boeing ceramic matrix composite acoustic exhaust nozzle was completed. Vehicle level impacts and modeling
assumptions are provided in a separate, proprietary appendix. However the fleet level impacts are assessed in Task 3.
Demonstration of FLEET
Using FLEET, Purdue simulated a series of future aviation scenarios developed in discussion with the FAA, and using public
domain Georgia Tech modeled N+1 and N+2 generation aircraft instead of the Purdue modeled aircraft in FLEET. The
scenarios simulated include the "Aggressive minus CLEEN" scenario as specified in the CLEEN PARTNER Project 36 report,
plus others that studied the impact of capacity constraints at airports and airline competition. With further studies, Purdue
assessed the sensitivity of future aviation emissions to variations in fuel prices, market demand, and the dates of technology
availability. Thus, Purdue has demonstrated FLEET capabilities to simulate a range of future aviation scenarios as well as its
flexibility to handle different inputs.
Fleet Level Assessment of CLEEN Technology
Georgia Tech has successfully incorporated all of the CLEEN program technologies into a fleet level assessment of fuel burn,
emissions, and noise. The impacts are significant and show CLEEN may lead to a potential fuel savings of an average of 534
million gallons of fuel per year through 2050, leading to a cumulative savings of 24 billion gallons of jet fuel. In addition to
significant NOx emission reductions, 65 DNL noise contours could be reduced more than 40% in area, which could enable a
40% increase in operations without increase noise relative to a scenario in which CLEEN technology does not enter the fleet.
Vehicle-Level Assessment of Mission Specification Changes
During this first portion of Project 10, the group at Stanford University has focused on (a) the development of the necessary
analysis and optimization capabilities within the SUAVE framework, (b) the development and validation (with publiclyavailable data) of model vehicles in each of the five ICAO/CAEP aircraft classes, and (c) a preliminary study of the fuel-burnreduction opportunities afforded by decreases in cruise Mach number when re-designing (including airframe and engine)
these aircraft. The intent is to transfer the improved vehicles to the GT team, so that they can insert such vehicles in the
fleet-level analyses done with GREAT. The Stanford team has also supported the team’s activities for the preparation and
conduct of both the fleet-level and technology workshops.

Task 1: Developing Fleet Assumptions
Georgia Institute of Technology

Objective(s)
In order to develop assumptions suitable for a forward looking fleet level analysis that incorporates new vehicle technologies,
it is necessary to forecast the future. However, most forecasts are extrapolations of the current status quo and current
trends, which assume an undisturbed continuation of historical and recent developments. This type of forecasting is
necessary and useful, but will miss any significant changes or disturbances to the current market environment. If one
considers changes to the status quo or constraints that might prevent current trends to continue, a possibility space of
overwhelming dimensionality opens up. This dimensionality makes it intractable to fully explore all possibilities.

Research Approach
The approach taken here is to reduce the overwhelming dimensionality by selecting a small number of well-defined scenarios.
The scenarios should encompass future states that are important for specific consideration of significant changes that could
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occur and also to bind at least some of the most important future outcomes that could conceivably occur. Therefore the first
goal of the workshop series was to define a range of scenarios to bound aviation’s environmental impacts in the future and
to examine the effects of aircraft technology on these impacts.
Due to the diverse expertise needed to come to consensus on a set of scenarios, two parallel workshop tracks were
undertaken. The first track focused on fleet level trends and assumptions, including future demand and fleet evolution. A
second track focused on the state and future of aircraft technologies that reduce fuel burn, emissions, and noise. The
information gathered in both these focused workshop tracks is planned to be combined to fully define future bounding
scenarios and assess the potential of aircraft technology to improve aviation’s environmental impact. The fleet level trends
are first discussed in section 0, followed by the technology trending workshops in section 0.

Major Accomplishments
Fleet Workshops
In order to create these scenarios a series of two fleet workshops were held in order to engage participants from industry,
academia, and government and gather a diversity of opinions and expertise. The first workshop was held on May 14th 2015.
Attendees included representatives from: The U.S. Air Force, Airports Council International – North America, Booz Allen
Hamilton, Boeing, Department of Transportation Volpe Center, Embraer, FAA Office of Environment and Energy, FAA Office
of Aviation Policy & Plans, Georgia Tech, Honeywell, Mitre, NASA, Pratt & Whitney, Purdue, Rolls-Royce, Stanford, Textron
Aviation and Virginia Tech. The purpose of this workshop was to decompose the scenario assumptions for the fleet level
analysis into high level descriptions of an envisioned future state, which by themselves could include multiple scenarios.
Scenarios themselves, however, were intended to be detailed specific descriptions of a future state within a particular
worldview.

Scenario 1a
Worldview 1

Worldview 2

Scenario 1b

…

Continuing Current
Trends

Pax growth = x% / year
Fuel price = y (default)
Network = strong hubs …
Pax growth = x% / year
Fuel price = z (high), etc.
Network = change to more direct …

Scenario 2a

Environmental Crisis

…

Scenario 2b

Pax growth = y% / yr (low)
Fuel price = z (high) + tax / RPM
Network = more direct routes …
Pax growth = z% / yr (very low)
Fuel price = z (high), etc.
Network = strong point-to-point…

Figure 1: Decomposition of Fleet Assumptions into Worldview and Scenarios
An example of this is shown in Figure 1, which shows an example of worldviews and scenarios that could be derived from
them with specific assumptions listed on the right. The goal of this first workshop was to agree on a variety of worldview
and scenario descriptors by asking the attendees about the relative importance of a list of preselected descriptors.
Additionally the attendees were given the opportunity to suggest additional descriptors that were not already listed in the
survey. Furthermore, the workshops purpose was to define a set of low/medium/high levels for each descriptor. To this end
the workshop materials were created with as specific a definition and quantifiable units of each descriptor as possible.
For the purpose of the workshop the preselected descriptors were grouped into themes that as a whole cover the entire
spectrum of assumptions necessary to define future states of aviation. The themes were:
•
Economic Factors
•
Aviation Industry Factors
•
Environmental Factors
•
Technological Factors
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The potential descriptors were based on existing forecasts out of which the three most common were selected to provide
the current trends or values that illustrate the importance of a specific descriptor. The forecasts were:
•
FAA Aerospace Forecast
•
Boeing – Current Market Outlook (CMO)
•
Airbus – Global Market Forecast (GMF)
Furthermore, it should be noted that the specific assumptions and predictions contained in these forecasts are subjective
and as a result can vary to some degree – in some cases drastically – between them.
Economic Factors
Gross Domestic Product (GDP) Growth
The first descriptor is probably one of the most important economic variables. GDP describes the overall economic
development of a specific region or country and in thought to be representative of a nation’s wealth. Changes in GDP are
primarily due to two components. First the change in economic activity, which if expressed in per capita terms introduced
the second components as change in population that together drive changes in the overall wealth of a country. As shown in
Figure 2, aviation trip demand is highly correlated to GDP per capita and shown large increases in travel trip demand when
growing from low levels and small increases when growing from higher levels. Shown in Figure 3 are the levels of the annual
percent growth from the FAA Forecast. Therefore the unit for this descriptor was selected as the percent average annual GDP
growth in %/year. The question asked attendees was: What is the future annual change of US GDP growth?

Figure 2: Aviation Demand is Driven by per Capita GDP, Adopted from [1]
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Figure 3: GDP Growth [2]
Interest Rates
Interest rate is usually the rate at which interest is accrued as a result of borrowing money. The importance for aviation is
that it could serve as an important determinant in business decisions to decide whether launching a new aircraft project or
purchasing a new aircraft are profitable. The interest rates that firms are offered are usually based on the risk free interest
rate plus a risk premium. This together with a few other factors is what is usually termed the cost of money, which is the
interest rate used in Net-Present-Value or similar valuation approaches for decision making. Therefore, as an example Figure
4 and Figure 5 show the 10-Year Treasury interest rate development over the last decade. They represent as close as possible
the risk free interest rate. Changes in this interest rate can have a significant effect on the interest rate charge to firms since
it represent the underlying interest rate upon which most other interest rates are based on. The question asked to the
workshop participants was: What is the future long term average real risk free interest rate?

Figure 4: 10 Year Treasury Inflation Indexed Security Interest Rate
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Figure 5: 10 Year Treasury Constant Maturity Interest Rate

Billions of People

Population Growth
Population is another underlying factor that is a large driver of economic activity and can lead to increased passenger traffic.
The question asked attendees was: What is the future average annual US population growth?
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Figure 6: Global Population Growth, Adopted from [1] and US Census 2014 Projections
Labor Force
The labor force composition describes the makeup and the number of people available to work. Some underlying
demographics can cause significant long term shifts. The middle age group tends to travel the most with reduced travel
demand in early and old age groups being observed. The question asked attendees was: What is the future average
participation rate?
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Figure 7: Participation and Employment-Population Ratio [Calculated risk from BLS DATA]

Figure 8: Age Distribution, Adopted from [3]
International Trade
International trade measures the exchange of capital, goods, and services across international borders or territories. It can
represent a significant portion of a country’s GDP. This portion of GDP is highly influenced by global trade policies, that
either represent open border or protectionist policies. Therefore, shown in Figure 9 is the trend of the share of exports to
GDP for the US for the last 60 years. What can be observed is a long term trend of increases from very low levels. The last
few years showed the share of GDP to be as high as almost 14%. Furthermore, the amount of this trade is influenced by the
economic growth outside of the US. Therefore Figure 10 shows the economic growth rates around the world that are
significant for aviation from the latest FAA Forecast. Attendees were asked the following question: What is the future
average GDP growth in the major international trade partner regions?
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Figure 9: US Share of Exports to GDP

Figure 10: Global GDP Growth Rates [2]
Modal Competition
Competition between various modes of transportation such as airplanes, cars, trains, buses, etc. represent the popularity of
each form of travel. Changes in the modal shares depend heavily on travel times and cost. Significant technological advances
in different mode of transportation may change the aircraft travel demand. A common mode share determinant is trip
distance. Figure 11 and Figure 12 show the total person trip distribution and the percent share for a few select types of
transportation. The data used to create these charts is from the 1995 American Travel Survey. The question asked the
attendees was: What is the average future aviation mode share trend for the 400-1000mi distance trips?
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Figure 11: Total Person Trip Distribution [4]

Figure 12: Modal Share as a Function of Distance [4]
Energy Price
The price paid for energy, specifically in the case of aviation the price of aviation fuels, are an important factor that determine
the cost of travel for aviation. The underlying fundamental factor is the price that refineries that produce aviation fuels pay
for the raw oil that is refined. Therefore, the attendees were asked the following question: What is the future trend of the oil
price?
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Figure 13: Analysis if EIA Annual Energy Outlook Forecasts [5]
Figure 14 and Figure 15 show the survey questions for the economic factors described in the previous sections.

Figure 14: Survey Economic Factors Importance
As mentioned previously, the questions related to the values for each major descriptor required quantitative replies, with
attendees asked to indicate low, medium, and high values for possible futures.
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Figure 15: Economic Factors Ranges
Environmental Factors
CO2 Emissions
CO2 emissions are directly proportionate to the amount of fuel consumed. There are concerns about the effects these
emissions have on the global climate. Therefore, it is possible that airlines could face some charges for these emissions. The
large charge in effect currently in Europe is shown in Figure 16. Due to variety of charging schemes possible, the question
asked the attendees was simplified to: What is the future average cost of CO2 emissions?

Figure 16: European ETS CO2 Price and Quantity [6]
NOx Emissions
NOx Emissions are of concern due to the effect on the air quality in communities surrounding airports. NOx emissions are
of particular interest as there are existing airport charges related to NOx emissions and Heathrow recently proposed a
significant increase in their NOx charges [7] Therefore, concerns about NOx emissions could result in airline operational
charges. The modeling use would be thorough effects of additional costs on demand, airline decisions, and manufacturer
decisions. The question asked the attendees was: What is the future average cost of NOx emissions at these U.S airports?
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Figure 17: Core 30 US Airports
The additional question was asked: What percent of the Core 30 US airports do you envision will charge for NOx emissions?
The list of Core 30 airports given to the participants is shown in Figure 17.
Non-Volatile Particulate Matter Emissions
The inclusion of non-volatile particulate matter emissions was due to the concern about the effects of these emissions on
air quality, which could result in airline operational charges. Aircraft emissions influence air quality in surrounding
communities. Non-volatile particulate matter emissions are the primary pollutant impacting air quality and community health
impacts in the vicinity of airports and also play a minor role in climate impacts.
The background information presented was limited to mentioning that standard and regulations are currently in development
and advances in alternative fuels and combustion designs will help mitigate production of particulate matter. The units
suggested for numeric responses were dollars per kg nvPM emissions in (USD/kg). The suggested modeling use was primarily
through the effect of additional costs on demand, airline decisions, and manufacturer decisions. The questions asked
participants were: Do you think that nvPM emissions will have a cost in the future? If so, what percent of the Core 30 U.S.
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airports do you envision will charge for nvPM emissions? What is the future average cost of nvPM emissions at these U.S.
airports?
Noise
Noise here refers to noise produced by aircraft or its components during various phases of flight. The area around airports
exposed to significant noise depends on the number of flight operations and the operational details and type of the aircraft
used. If the number of operations increase, the noise emissions per aircraft operation have to decrease in order to not
increase the relative area. Concern about the effects of airport noise on the health and quality of living could result in airline
operational charges. For example, limits on activity and frequency of flights as well as scenarios with more stringent noise
constraints could be envisioned. The measure selected for noise was the percent of the core 30 U.S. airports. The use in
modeling for this is the effect of airline and manufacturer decisions through possible operational limits and the result can
affect aircraft choice. The questions participants were asked to answer were: What percent of the core 30 U.S. airports do
you think are currently noise limited? What percent of the core 30 U.S. airports do you envision will be noise limited in the
future?
Aviation Industry Factors
Quality of Service
Quality of service represents the quality or service provided by airlines. This includes services such as new nonstop city pairs
as well as greater frequency in flights, thus resulting in more flexible flight times for passengers. Various airline operations
scenarios can be modeled which would account for changes in airline quality of service. For example, more frequent flights
and new nonstop city pair locations could be modeled by changing flight schedules. Figure 18 shows historical data from
the BTS sample ticket database that is one attempt to measure how many passengers travelled on connecting flights instead
of travelling on direct flights. This does not necessarily mean a direct flight would have been available, but rather that the
passenger did have a connecting flight. Therefore modeling use could be achieved by potentially adjusting how passenger
Origin-Destination demand is served by airlines with actual flight connections. The metric used here was the ratio of total to
only direct tickets. The question participants were asked was: What is this ratio in 2050?
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Figure 18: Ratio of Actual to Ideal Round Trip Coupons [8]
Travel Attractiveness
This refers to the amenities provided during travel such as flexible portal times, cabin comfort, seat pitch, etc. Improvements
in travel attractiveness could lead to increases in travel demand. The modeling use would be to adjust mode shares relative
to competing transportation modes. The scale of unit is the relative attractiveness on a scale from 0-100. This is then further
defined as relative attractiveness to other modes equal 50 means it is even to average competing mode and greater than 50
means better than average competing mode and less than 50 means worse than average competing mode. The question
participants were asked was: What is the future average of the relative attractiveness of aviation?
Industry Competitiveness
This describes the level of competition between airlines as well as the cost structure. Some examples of this are: Number of
airline competitors, airline consolidation, and new entrants to airline market. The units for this factor that were used was:
Yield per passenger/seat-mile or revenue per passenger seat-mile. This represents the revenue required to break even which
is strongly related to operating costs and the amount airlines can charge. Industry competition can lead to reduced prices
and increased travel demand as a result of airlines competing for customers. The modeling use is to utilize the cost structure
of airlines which can impact passenger demand. The question participants were asked was: What is the future average relative
required passenger yield for airlines?
Openness of Air Services and Domestic Airline Regulation
This describes the level of flexibility of air services and domestic airline regulation. Reducing such regulations could give
airlines more freedom in planning routes, capacity, and pricing to improve operational efficiency. Some examples of this
include: Open Skies Agreements, Lifting Ownership Restrictions, Code Share Agreements, and Gate Slot Assignments. The
use in modeling would be through adjusting network structures and capacity. The unit for this factor a relative levels which
could be current, open, or restrictive. The question asked participants was: What is the future trend of airline regulations?
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Figure 19: Aviation Industry Factors Section of the Workshop Questionnaire
Figure 19 shows the environmental factors section of the workshop questionnaire that participants were asked to fill out. As
mentioned previously, the questions related to the values for each major descriptor required quantitative replies, with
attendees asked to indicate low, medium, and high values for possible futures.

Figure 20: Environmental Factors Section of the Workshop Questionnaire
Figure 20 shows the environmental factors section of the workshop questionnaire that participants were asked to fill out. As
mentioned previously, the questions related to the values for each major descriptor required quantitative replies, with
attendees asked to indicate low, medium, and high values for possible futures.
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Technological Factors
Amount and Speed of Technology R&D Investment
This refers to the level of funding and emphasis placed on aerospace technology research and development. Government
R&D investment in technology could reduce the uncertainty of technology performance as well as accelerate the time at
which manufacturers decide to launch new aircraft with the specific technology. The modeling use would the through the
availability of technology and also aircraft performance impacts. The units are a scalar with settings relative to current levels
such as current, high and low. The question asked participants was: What is the future trend of government R&D investments
relative to current trends?
Airline Load Factor Development and Limits
This describes limits imposed on the ratio of revenue passenger miles to available seat miles. This can be a measure of an
airline’s capability to match supply with demand. Improvements in airline load factors could result in reduced prices,
increased travel demand, as well as increased industry competition. The modeling use is through airline supply of aircraft
flying relative to passenger demand. The units are percent of aircraft seats occupied. Many forecasts currently suggest that
this could peak at ~85% for the domestic U.S. An example of this is shown in Figure 21. Therefore settings for
low/medium/high of 82%/83%/85% were suggested. The question participants were asked was: What is the future load factor
limit?
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Figure 21: FAA Forecast Load Factor [2]
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Figure 22: Aviation Industry Factors Section of the Workshop Questionnaire
The results of the first workshop are shown in Outreach Efforts. They include a ranking of importance.
Table 2 shows the eight descriptors ranked by the attendees as the most important in order of decreasing importance.
Table 2: Descriptors in Order of Decreasing Importance
GDP Growth
Energy Price
Cost of CO2 Emissions
Population Growth
International Trade
Airport Noise Limitations
Industry Competitiveness
Amount and Speed of Technology R&D Investment
This was one of the results used to create the materials for the second workshop. For example, a number of specific scenarios
have been created using variations of the resultant settings of each descriptor that came out of the first workshop. The
second workshop will also pose a number of questions regarding timing of future aircraft and the corresponding technology
insertion opportunities, aircraft age in service, and production capacity. The details of the second workshop will be included
in a future report.
Technology Road mapping Workshops Overview
The goal of the technology road mapping workshops is to develop a range of scenarios bounding possible futures for
technology impact and entry into service. Such information will be used to model advanced aircraft technologies and
advanced vehicles expected to enter the fleet through 2050. A publically available document will be prepared that documents
suggested scenarios including technology impact, time to entry into service, and examples of specific technologies.
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Two virtual workshops were held on June 10th and 11th of 2015 to solicit feedback from government, industry, and academia
on a wide range of aircraft technology topic areas. Attendees included representatives from: The U.S. Air Force, Booz Allen
Hamilton, Boeing, Department of Transportation Volpe Center, Embraer, FAA Office of Environment and Energy, Georgia
Tech, Honeywell, Lufthansa, Mitre, NASA, Pratt & Whitney, Purdue, Rolls-Royce, Stanford, Textron Aviation and Virginia Tech.
The workshop was constructed to ask for information on examples of first, second, and third generation technologies. The
first virtual workshop focused on airframe and operational technologies whereas the second focused on engine and
operational technologies. Operational technologies were included in both workshops since they affect both aircraft and
engine systems. As discussed during the workshop, participants were made aware that the final results of the survey would
be published as aggregated data. Specific identifiers would be removed prior to publication other than a general list of
organizations that participated. Participants were also made aware of the primary intent to use the data to quantify the
potential aircraft and engine technology to meet the FAA’s environmental goals.
In order to solicit meaningful feedback without asking for sensitive, proprietary information the Georgia Tech team
constructed a survey that solicited information on technologies in the following areas:
•
•
•
•
•

Availability – When will the technology be ready for entry into service (EIS)?
Applicability to subsystems and vehicle class – Where on the aircraft/engine can the technology be applied? What
sizes of aircraft are applicable? How does this change as the technology evolves?
Maturation Rate – How quickly does each generation of a technology mature to technology readiness level (TRL) 9?
Delineation between different generations of a technology – How does the technology evolve as it matures over
several product generations?
Primary impact areas – What metrics on the aircraft are impacted by the technology?

Technology Road mapping Survey Format
A survey format was developed in Microsoft Excel to allow respondents to provide feedback in a structured manner that
ensured consistency between responses and reduced the burden of filling out the survey. First, the survey was divided into
multiple technology ‘topic areas’. Broadly speaking, the technologies were classified into three distinct branches, engine,
airframe, and operational technologies. Technologies were then further subdivided into technology areas as shown in Figure
23. Workshop participants were asked to provide information on three different generations of each technology area at the
right-most level of the tree. It was left to workshop participants to define what constitutes a generational change in a
technology area; however, as an example, the use of ceramic matrix composite (CMC) technology within an engine can be
broken into different generations. A first generation application may involve the use of CMC on the turbine shroud and other
static parts outside of the main flow path. Once more experience is gained with CMC; the material may be used in turbine
vanes as a second generation application. Further development may enable the use of CMC on highly stressed rotating parts,
such as turbine blades. Participants were asked to provide specific examples in each technology area to help baseline their
opinion on delineations between technology generations.
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Figure 23: Technology Categorization
For each of the technology categories in Figure 23, a Microsoft Excel survey was constructed. Three generations of each
category were placed on a single worksheet, all of which had a consistent structure, shown in Figure 24. The figure shows
1st generation wing design; however all technology areas had a consistent structure, with the contents of each colored box
adjusted accordingly.
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Survey Format
Impact area of
technologies
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•
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sensitivities in fleet studies

• Identify target
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application
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Figure 24: Technology Road mapping Survey Format
Working clockwise from the upper left of Figure 24, participants were asked for information on the impact of each generation
within a technology category. The impact areas were chosen to be at an intermediate level of fidelity. For example, the wing
design impacts were solicited as percent reductions from the current state of the art for weight, drag, laminar flow, and
noise. Since multiple technologies could be included in a first generation wing design, participants were asked to list the
total benefits for all technologies being considered. Moving to the right, the red box asked for the current TRL and estimated
time to TRL 9. The current TRL estimate was grouped into low (TRL 1-3), medium (TRL 4-6), and high (TRL 7-9). This grouping
was selected to allow for multiple technologies to be included in a generation, reduce the possibility of asking for sensitive
data, and to account for some level of uncertainty in the technology development process. Under the time to TRL 9, responses
were sought for three scenarios, a conservative, most likely, and aggressive technology progression. Possible responses
were grouped into 5 year bins up through 20+ years. Moving to the upper right, applicable subsystems were listed for each
technology area with check boxes that participants could easily select. On the lower left, participants were asked to provide
a reference system which they used to estimate the reductions listed in the impact areas. Vehicle applicability was also
requested to identify applicable size classes for the technology. Finally, write-in boxes were provided in the lower right to
allow for any comments and concerns in addition to specific examples of technologies that should be classified within the
provided technology area and generation.
Table 3 provides a complete listing of the impact areas and applicable subsystems Georgia Tech identified for each
technology. Examples of each technology area were also provided to participants in order to help baseline responses.
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Table 3: List of Impact Areas and Applicable Subsystems for Each Technology Category
Category

Aircraft Wing
Design

Aircraft
Aerodynamic
Improvements

Aircraft
Composites

Aircraft
Advanced
Metallics

Aircraft
Manufacturing
Processes
Aircraft
Multifunctional
Structures
Aircraft
Structural Health
Monitoring

Aircraft Noise

Examples
Adaptive Trailing Edge
Gust/Maneuver Load
Alleviation
Hybrid Laminar Flow
Control
Spiroid Winglets
Drag reduction coatings
Friction-reducing surface
coatings
Electro-magnetic
technologies for drag
reduction in cruise
Damage Arresting
Stitched Composites
Damage Tolerant
Laminates
Tow Steered Fiber
Composites
Hybrid Nanocomposites
Functionally Graded
Metallics
Curvilinear Stiffened
Metal Structures
Advanced Superalloys
Advanced Powder
Metallurgy
Ultrasonic Shot Peening
Out-of-Autoclave
Composite Fabrication
Post-buckled Structures
Primary Structure Joining
Methodologies
Unitized Metallic
Structures
Wireless Integrated Strain
Monitoring and
Simulation System
Fiber-optic Embedded
Composites
Continuous Moldline Link
for Flaps
Slat Inner Surface
Acoustic Liner
Over the Rotor Acoustic
Treatment
Landing Gear Integration

Impact Areas
Component Weight (%)
Induced Drag (%)
Profile Drag (%)
Wave Drag (%)
Laminar Flow by Chord
(%)
Induced Drag (%)
Profile Drag (%)
Wave Drag (%)
Laminar Flow by Chord
(%)

Applicable Subsystems
Internal Structure
Control Surfaces
Skin
Winglet Design

Component Weight (%)
Reduction in Factor of
Safety (%)

Fuselage
Wing
Vertical Tail
Horizontal Tail

Component Weight (%)
Reduction in Factor of
Safety (%)

Fuselage
Wing
Vertical Tail
Horizontal Tail

Component Weight (%)
Reduction in Factor of
Safety (%)

Fuselage
Wing
Vertical Tail
Horizontal Tail
Fuselage
Wing
Vertical Tail
Horizontal Tail
Fuselage
Wing
Vertical Tail
Horizontal Tail

Component Weight (%)
Reduction in Factor of
Safety (%)
Component Weight (%)
Reduction in Factor of
Safety (%)
Approach Noise (EPNdB)
Sideline Noise (EPNdB)
Cutback Noise (EPNdB)
Source Noise (dB)
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Fuselage
Wing
Vertical Tail
Horizontal Tail

Slats
Flaps
Landing Gear
Wing/Tail

Category

Aircraft
Subsystems

Aircraft
Configurations

Engine Cycle

Engine
Emissions

Engine
Propulsion
Airframe
Integration

Engine
Structures and
Material

Examples
Solid Oxide Fuel Cell
Auxiliary Power Unit
Hybrid Wing Ice
Protection System
Fly-by-Light Systems
Lithium Batteries for
Secondary Power
Large-span aircraft (with
or without truss- / strutbraced wings)
Lifting fuselage (e.g.,
double bubble fuselage
with conventional engine
mounting)
Integrated propulsion
systems (boundary layer
ingestion)
Blended/Hybrid wing
body (HWB)
Direct Drive Cycle
Geared Fan Cycle
Open Rotor Cycle
Hybrid Electric
Pulse Detonation Core
Engine
Variable Core Cycle
Technology
Twin Annular Premixing
Swirler (TAPS)
Lean Direct Ingestion
(LDI)
Partially Evaporating
Rapid Mixing Combustor
(PERM)
Lean Premixed
Prevaporised Combustor
(LPP)
Low Interference Nacelle
Natural Laminar Flow
Fluidic Vaneless Thrust
Reversers
Short Inlet
Engine placement
Ceramic Matrix
Composite (CMC) Nozzle
Polymer Matrix
Composite (PMC) Fan
Case
High Temperature
Corrosion Coatings

Impact Areas
Component Weight (%)
Fuel Burn (%)
Drag (%)
On board electrical
energy consumption (%)
On board pneumatic
energy consumption (%)
On board hydraulic
energy consumption (%)
Emissions (%)
Fuel Burn (%)
Noise (EPNdB)

Applicable Subsystems
APU
ECU
Avionics and Control

TSFC (%)
Engine Weight (%)
Noise (EPNdB)
Emissions (%)

Direct Drive
Geared Fan
Open Rotor

Truss Braced Wing
Double Bubble
Hybrid Wing/Body

NOx (%)
UHC (%)
nvPM (%)

Interference Drag (%)
Nacelle Drag (%)
Component Weight (%)
Noise Reduction (EPNdB)

Pylon
Nacelle

Component Weight (%)
Reduction in Factor of
Safety (%)

Fan
Compressor
Turbine
Nacelle
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Category

Engine Propulsor
Noise

Engine Jet Noise

Engine Core
Noise

Engine
Propulsive
Efficiency

Engine Thermal
(Core) Efficiency

Operations in
the Terminal
Area

Operations En
Route

Examples
Fan Vertical Acoustic
Splitter
Noise Cancelling Stator
Fluidic Injection
Stator Sweep and Lean
Variable Geometry
Chevrons
Fan Vertical Acoustic
Splitter
Noise Cancelling Stator
Fluidic Injection
Stator Sweep and Lean
Variable Geometry
Chevrons
Compressor
Combustor
Turbine
Variable Area Nozzle
Boundary Layer Ingestion
Variable Pitch Fan
Ultra High Bypass Ratio
Engines
Contra-rotating Fan
Engines
Tip Injection for Stability
Enhancement System
Intercooled Engine Heat
Exchanger Installation
Flow Control by
Aspiration
Active Tip Clearance
Control
Taxi Bot
Controller Managed
Spacing
Combined Arrival and
Departure Runway
Scheduling (CADRS)
Runway Configuration
Management
Operational Airspace
Sectorization Integrated
System (OASIS)
Dynamic Weather Rerouting (DWR)
Pair-wise Separation
Management (PSM)

Impact Areas
Approach Noise (EPNdB)
Sideline Noise (EPNdB)
Cutback Noise (EPNdB)
Source Noise (dB)

Applicable Subsystems
Treated Fan Forward
Radiated Noise
Treated Fan Aft Radiated
Noise

Approach Noise (EPNdB)
Sideline Noise (EPNdB)
Cutback Noise (EPNdB)
Source Noise (dB)

Inner Stream Jet Noise
Outer Stream Jet Noise
Inner Stream Shock Noise
Outer Stream Shock
Noise

Approach Noise (EPNdB)
Sideline Noise (EPNdB)
Cutback Noise (EPNdB)
Source Noise (dB)
Propulsive Efficiency (%)
Component Weight (%)

Compressor
Combustor
Turbine

Thermal Efficiency (%)
Component Weight (%)

Cooling
HP Compressor
HP Turbine
Combustor
Subsystems

Fuel Burn (%)
Noise (EPNdB)
Emissions (%)

Airport Operations
Approach
Takeoff/climb

Fuel Burn (%)
Noise (EPNdB)
Emissions (%)

Aircraft in-flight
Operation
Dynamic Trajectory ReRouting
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Inlet
Propulsor
Nacelle

Category
Operations
Mission
Specification
Changes

Examples
Cruise speed reduction
(CSR)
Range/payload design
characteristics
Maximum allowable span
(see configurations)
Take-off and landing
field lengths

Impact Areas
Fuel Burn (%)
Noise (EPNdB), via weight
reduction
Emissions (%)

Applicable Subsystems
Design Range
Design Mach
Operational profile

In addition to the requested impact areas and example technologies, Georgia Tech provided examples of what may constitute
a first, second, and third generation technology in each technology category. Participants were encouraged to modify
according to their own knowledge and experience. A complete listing of the Georgia Tech provided examples of first, second,
and third generation technologies in provided in Table 4.
Category
Aircraft Wing
Design
Aircraft
Aerodynamic
Improvements
Aircraft
Composites
Aircraft
Advanced
Metallics
Aircraft
Manufacturing
Processes
Aircraft
Multifunctional
Structures
Aircraft
Structural Health
Monitoring
Aircraft Noise
Aircraft
Subsystems
Aircraft
Configurations

Table 4: technology Generation Examples
First Generation
Second Generation
Winglet designs
Active flow control
NLF control
Variable wing camber
designs
HLF control
Riblets
Shock bumps
Excrescence reduction
Active flow control
New composite fibers
and matrix
Optimized composite
design solutions
New alloys with targeted
properties
New design solutions

Pre-form technology
Efficient manufacturing
processes
Joining technologies
Tailored integral
structures
Bonding technology

Automated fiber
placement layup
Autoclave cure
Fastener assembly

Advanced structural
shapes
Co-bonding/Paste
bonding assembly
3D printed components
Morphing structures

Multifunctional coatings
Off-line sensor systems
for maintenance benefits
Fairing design
Slat design
Flap design
Advanced fly-by-wire
Lithium batteries for
secondary power
More electric aircraft
Large Span / Trussed
Braced Wing

Third Generation
Active TS control
Morphing wing
Discrete roughness
elements (DRE)
Self-reacting (adaptive)
structures
Nano-technologies
Advanced assembly
concepts
Self-reacting (selfmonitoring) structures
Major Aerostructures 3D
Printed
Advanced materials,
resins, and stitching
Self-healing/selfrepairing structures

On-line sensor systems
for component weight
and maintenance
benefits
Flap treatment
Slat treatment
Landing gear treatment
Proton exchange member
fuel cells
Fly-by-light

Fully integrated sensor
systems for weight
saving and maintenance
benefits
Active flow control
Plasma actuation

Lifting fuselage
Conventional engine
mounting

Boundary layer ingestion
Engines mounted above
fuselage
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Solid acids as fuel cell
Solid oxide fuel cell

Category
Engine Cycle

Engine
Emissions
Engine
Propulsion
Airframe
Integration
Engine
Structures and
Material
Engine Propulsor
Noise
Engine Jet Noise
Engine Core
Noise
Engine
Propulsive
Efficiency
Engine Thermal
(Core) Efficiency
Operations in
the Terminal
Area
Operations En
Route
Operations
Mission
Specification
Changes

First Generation
Geared turbofan
Advanced turbofan

Second Generation
Open rotor/unducted fan
Counter-rotating fan

Twin annular premixing
swirler
RWL combustor

Lean direct injection
Active combustion
control
Lightweight CMC liners
Buried engines
Boundary layer ingestion
inlet

Reduced nacelle weight

CMC nozzle
Advanced TBC coatings
Rotor sweep/lean
Rotor speed optimization
VAN
Advanced long duct
forced mixer
Variable geometry
chevrons
Advanced core treatment
Variable fan nozzle
Very high BPR fan
Zero hub fan
Advanced combustor
Advanced cooling
technologies
Wake detection and
prediction
Taxi bot
Aircraft-aircraft
hazardous weather
information sharing
CSR on existing aircraft

Third Generation
Adaptive cycle
Pulse detonation
Embedded distributed
multi-fan
Ultra compact lowemission combustor
Adaptive/active flow
control

Ubiquitous composites
Advanced turbine
superalloys
Zero hub fan
Soft vane
Active stator
High frequency excitation
Beveled nozzle

Advanced powder
metallurgy disk
Blisk and Bling concept
Over-the-rotor treatment
Active blade tone control

Bulk absorber materials
2 DOF/tailored absorbers
Ultra high BPR fan
Low FPR fan

Low noise combustor

Variable flow splits
Ultra compact lowemission combustor
Clearance control
Parameter driven aircraft
separation standards and
procedures
Airborne collision
avoidance
Synthetic vision systems
Aircraft/engines
redesigned for CSR
Multi-range aircraft
variants

Fluidic injection
Microjets

Active distortion tolerant
fan
Embedded engines with
inlet flow control
Active film cooling
Active flow control
Integrated air/ground
network for voice and
data
Trajectory negotiation 4D
Ts
Delegated separation
digital communications
Advanced configurations
with mission spec
changes
Very large-span aircraft

Road mapping Preliminary Results
The results were compiled and the low, high, and average impacts for each technology category, impact area, and generation
were calculated. It should be noted that the plots shown in this report represent an amalgamation of the raw data and the
final suggested roadmaps may change as Georgia Tech has more time to analyze the responses. A snapshot is shown in
Figure 25, which contains the results for Aircraft Wing Design. The chart shows the low and high estimates for impacts
subdivided by generation in the vertical direction and impact in the horizontal direction. The dark blue bars represent the
range of estimates on the low impact side; the red bars represent the range of impacts on the high side. The correct way to
read the chart is to choose a ‘square’ at the intersection of an impact (top) and generation (right side). Then look to the left
axis for the percent reduction from the state of the art in the same units associated with a given impact. Notice that the
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range of predictions in estimates increases as the generation changes. This makes intuitive sense, as it is harder to predict
benefits for technologies that are further down the development pipeline. Blanks indicate no responses were received, single
lines indicate only a single response was provided for that impact area and generation. The provided results should be
treated as preliminary until a consensus is agreed upon amongst workshop participants in a virtual workshop to be held
later in 2015.
Georgia Tech will use the collected data to develop a series of roadmaps that provide recommended minimum and maximum
impact values for each generation of a technology. Note that efforts are still underway to come up with a technically
consistent set of recommended impacts that take into account differences in respondents’ answers. Georgia Tech will be
assessing minimum and maximum ranges and leveraging vast technology modeling experiences to develop a roadmap for
each technology area. These roadmaps will be presented back to the working group in a follow on workshop where
participants will be asked to comment on the down selected modeling recommendations for future technology availability.

Figure 25: Aircraft Wing Design Impact Ranges
In addition to estimate impacts by technology generation, results have been compiled for current estimated TRL, and the
min, average, and maximum time it will take to evolve to TRL 9. Shown below is a sample of the data which is presented in
the same manner as the impact ranges. Because three generations of technology were solicited, it is likely that most
respondents listed first generation technologies as high starting TRL, second generation as medium TRL, and third
generation as low TRL. The Georgia Tech team is looking for anomalies in this trend to see if certain technologies might be
expected to have a faster development time. Future analysis will generate a consistent set of roadmaps that combine the
current TRL, time to TRL 9, and impact ranges. As discussed, this roadmap will be presented back to the workshop
participants in a follow up discussion to provide them opportunity to provide final feedback on suggested maturation rates,
technology impacts, and example technologies for each category.
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Figure 26: Aircraft Wing Design Technology Maturation Rate
Additional data was collected for applicable subsystems and vehicle classes; however, the Georgia Tech team is still working
on the best way to visualize that data set. Future analysis will use the presented ‘raw’ data to develop recommended
technology evolution scenarios back to the survey group for consensus. The final scenario recommendations will be
published in a separate report later in 2015.

Task 2: Modeling of Technologies and Advanced Configurations
CLEEN Modeling (Georgia Tech)
This year Georgia Tech finalized vehicle level modeling of the Boeing CMC nozzle, GE flight management systems for air
traffic management and engine controls, and the GE open rotor engine. Modeling assumptions and detailed vehicle results
have been provided to the FAA as a separate, proprietary appendix.

Description of Advanced Vehicles Provided to Purdue and Stanford (Georgia Tech)
In order to allow Stanford to assess the impacts of mission specification changes and for Purdue to exercise their FLEET tool,
Georgia Tech provided both universities with a set of public domain FLOPS aircraft models from the 2014 CLEEN assessments
performed under PARTNER Project 36 [9]. More specifically, the vehicles provided were from the assessment scenario named
“Aggressive minus CLEEN” or AG-C. This scenario assumed an aggressive introduction of N+1 and N+2 technologies,
including technologies currently under development or sponsorship of NASA. Since the scenario had all CLEEN technologies
removed, Georgia Tech chose to use those models as advanced technology baselines that would allow Stanford and Purdue
to carry out their respective tasks with a relatively common set of vehicle performance assumptions. Stanford used the FLOPS
models to create corresponding versions in their vehicle modeling tool, SUAVE and Purdue used the FLOPS models directly
within their FLEET tool. For more details on the usage of the models in SUAVE and FLEET please see sections 0 and 0,
respectively. For more details on the technologies included in the AG-C vehicle package, please see Reference [9]. There were
significant differences between the vehicle and engine modeling assumptions and impacts between the validated EDS
vehicles and SUAVE; however, the teams agreed the fleet level impact were close enough to proceed with a sensitivity of
mission specification changes on the fleet level performance.

SUAVE Modeling of Public Domain EDS Technologies (Stanford)
Over the past few years, pressure to reduce the overall fuel consumption of the commercial aircraft fleet has been growing
steadily. Expenses related to fuel are now one of the largest contributors to an airline's direct operating cost, even if the
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recent (2015) turn of events and global economic slowdown has substantially decreased the cost of fuel. As a result, many
technological and operational changes are being considered to alleviate these issues. In this work, we begin to investigate
the fuel burn impact of varying design mission specifications (e.g. payload, range, cruise Mach number, and allowable span)
of tube-and-wing aircraft is studied. During the first year of the effort, the Stanford team has focused on aircraft and engine
redesigns that consider the reduction of the aircraft cruise Mach number, but that leave all other mission requirements (cabin
layout, range, payload, take-off and landing field lengths, etc.) unchanged. Representative aircraft from all ICAO
(International Civil Aviation Organization) classes are chosen and redesigned for variations in the design cruise Mach number.
Future work will also focus on changes in the payload/range characteristics and even increasing the allowable wing span.
The effects of improvements in aerodynamic, structural and propulsion technology expected over the next 20 years can also
be taken into account in the context of technology scenarios for which the baseline aircraft could be redesigned. The work
is done using a conceptual design environment developed at Stanford from scratch, the SUAVE environment, that represents
all aspects of the design (including both the engine and the airframe) using an appropriate level of fidelity. Results from
aircraft redesigns indicate that variations in design mission specifications for existing technology aircraft can result in
significant reductions in fuel burn that can be modeled using one of our team’s fleet-level tools.
The following sections describe, in sequence, the improvements that the Stanford team has made to the capabilities and
optimization framework in SUAVE under the sponsorship of ASCENT Project 10, the baseline vehicles for the various aircraft
classes, the redesign process followed to come up with new vehicles that operate at reduced cruise Mach numbers, and a
summary of preliminary / ongoing results that can be carried forward to fleet-level analyses.
SUAVE and Improvements to the Design Environment
At Stanford, we have devoted a considerable amount of effort to improve the SUAVE modelling characteristics (particularly
in the off-design engine characteristics) and to create, test, and validate the optimization framework within SUAVE that
enables the design of new aircraft capabilities with changed mission specifications. SUAVE is a conceptual level aircraft
design environment that incorporates multiple information sources to analyze unconventional configurations. Developing
the capability of producing credible conceptual level design conclusions for futuristic aircraft with advanced technologies is
a primary directive for SUAVE. Many software tools for aircraft conceptual design rely upon empirical correlations and other
handbook approximations. SUAVE proposes a way to design aircraft featuring advanced technologies by augmenting relevant
correlations with physics-based methods.
SUAVE is constructed as a modular set of analysis tools written compactly and evaluated with minimal programming effort.
Additional capabilities can be incorporated using extensible interfaces and prototyped with a top-level script. The flexibility
of the environment allows the creation of arbitrary mission profiles, unconventional propulsion networks, and right-fidelity
at right-time discipline analyses.
To date, SUAVE's analysis capabilities have been used to evaluate a wide variety of configurations including traditional
commercial transports (of all sizes and speeds), as well as hybrid-electric commercial transports, supersonic vehicles, and
even solar-electric unmanned aerial vehicles (UAVs) among others. Of particular interest to SUAVE is the capability to analyze
advanced unconventional aircraft configurations, even if these are not the subject of the investigations in Project 10.
Previous work has shown SUAVE's capability to successfully analyze all these classes of aircraft. However, in order to
understand the potential fuel burn reductions of redesigning aircraft with mission specification changes, SUAVE must be
used to optimize such aerospace vehicles. During the course of the first year of Project 10 at Stanford University, we have
conceptualized, developed, implemented, and tested a full optimization environment that works with all of SUAVE’s analysis
capabilities. In the context of optimization, SUAVE operates as a ”black-box” function with multiple inputs and multiple
outputs. Several convenient functions are provided to enable connecting the optimization packages to SUAVE more easily.
Assuming an optimization algorithm is minimizing an objective subject to constraints by iteratively modifying input variables,
SUAVE's code structure is general enough to be driven from a variety of optimization packages. This work explores the use
of several, including VyPy, PyOpt, Dakota, and SciPy.
Several optimization studies have already been pursued. The primary example that has guided our development is the
optimization of a Boeing 737-800 aircraft in multiple different scenarios. During the development and verification of the
optimization framework, the Stanford team has also worked closely with colleagues at Embraer, who have also conducted
their own verification studies (compared with their internal conceptual analysis tools) and who have ensured that the
optimization problem formulations include all the necessary realistic constraints to be on par with typical industrial practice.
Just as in the analysis capabilities, and beyond the canonical B737-800 problem, the optimization environment is being
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stress-tested with unconventional configurations on separate projects. The hope is that such additional tests will help our
work in Project 10 to ensure that both the capabilities in SUAVE are as developed as possible, but that the robustness of the
optimization procedures can allow for repeated redesigns in multiple different scenarios.
In the development of SUAVE, one of the major objectives was to build it flexible enough to interface with a multitude of
different optimization packages. To adapt SUAVE to all the desired optimization programs, each optimization package must
treat SUAVE as a ”black-box” where the internal programs run cannot be modified. To formulate SUAVE as a black-box
program, the engineer or scientist must specify what inputs need to be defined, how the inputs are connected to the vehicles
and missions of interest, how vehicles and missions are connected, and what outputs are going to be returned. In addition,
SUAVE allows design parameters, specified by the user, to map to their corresponding parameters inside the code. The
general mathematical formulation can be written as a non-linear program:

where x is a vector containing n design variables x i , which are each bounded by lower and upper bounds lb i and ub i . The
objective of interest is f(x), typically the fuel burn of the aircraft through an entire mission, including reserves. There are l
equality constraints g(x) and m inequality constraints h(x), that must be satisfied by the re-designed aircraft. The design
variables x are typically some subset of the inputs to SUAVE and wrapping functions are provided to enable translation
between data dictionaries and design vectors.
When determining the inputs to SUAVE, the parts into which the inputs can be broken are: vehicle inputs, mission inputs,
vehicle-mission connections, procedure, and variable setup. By determining what inputs are specified and what missions are
performed, the engineer will define what type of problem is being analyzed. Part of the code inputs would be the design
variables of interest, but others are just the information required to setup SUAVE to run the analyses.
Vehicle: Within the vehicle inputs, the designer must first choose what type or types of configurations SUAVE will study. Does
the designer want to optimize a single aisle aircraft for a 1,000 nmi mission or a family of transoceanic aircraft sharing a
common wing where one carries 300 passengers, one carries 350 passengers, and a third aircraft carries 425 passengers?
Depending on the type of optimization desired, SUAVE needs to be configured to generate those results. Part of the code
inputs is determining what fidelity level or levels will be used to analyze the configurations. A CFD code could have different
inputs than a vortex lattice code or even handbook methods. Making sure the necessary data is provided to SUAVE for the
desired analyses is the user's responsibility.
Mission: Beyond just looking at different vehicles over the same mission, we’d like for SUAVE to be able to run the same
aircraft through different missions. Instead of optimizing the single aisle aircraft for a 1,000 nmi mission and not considering
other missions, we could optimize over a 1,000 nmi mission, but add a constraint that the maximum range of the aircraft
be 2,500 nmi. Just as we had to specify what parameters would define each vehicle, we must build the missions from the
different segments available. For example, in the work the Stanford team has done in Project 10, we have ensured that the
proper amount of reserve fuel is used. The reserve fuel is calculated by ensuring that the vehicle can fly a separate “reserve”
mission at the end of the traditional mission.
Vehicle-Mission Connections: Once the vehicles and the missions the vehicles need to fly have been constructed, the
connection between vehicles and missions needs to be specified. This can be done by creating different configurations of
the same vehicle, maybe for takeoff and landing, where flaps are deployed, vehicle geometry has been modified, or specifying
that only the 300 passenger aircraft will fly 8,200 nmi. This step tells SUAVE have aircraft-1 run missions 1, 2, 3 while aircraft2 only does missions 1 and 3. It also specifies what results SUAVE will generate when the analysis is completed.
Procedure: The analysis of the problem requires a set of sequential actions to be performed. This is the procedure. A great
example of this would be to resize the horizontal tail of the aircraft after a new wing area is selected by the optimization
algorithm to keep the horizontal tail volume constant. Additionally, the types of missions are then set here such as a long
range mission and short field takeoff missions. Finally the constraints and objectives that require additional non standard
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calculations can be performed as part of the procedure. An example of the non standard constraints are fuel margins, which
is fuel volume available in the vehicle minus the fuel used to run the mission.
Variable Setup: The optimization interface provides a concise way to define several important features of the optimization
problem. Including variable names (or tags), the initial guess of the variable, the lower and upper bounds, how it should be
scaled to yield favorable numerics within the optimizer, and finally its units. Using the information provided in a tabular
structure like the one shown below, accepting input vectors becomes much simpler, enabling SUAVE to pattern across
multiple optimization packages.

Figure 27. Sample description of optimization problem design variables , bounds and units
Furthermore, within SUAVE we allow the design variable to be defined in any user preferred name and then “alias” it to the
internal
data
structure
name.
For
example,
aspect_ratio
above
would
be
an
alias
of
problem.vehicle.wings.main_wing.aspect_ratio. SUAVE uses a very verbose methodology, but if the engineer would like
to use a different set of variable names, the functionality is in place. Outputs to be used for the objective function, constraints,
and output characteristics of interest can also be defined in the same manner. This flexible naming convention also allows
multiple parameters inside of SUAVE to be varied as one design variable in the optimization process. This capability reduces
the number of variables and constraints since there are no longer multiple variables with constraints requiring that they be
equal.
Code Outputs: After all the code inputs have been provided, and the desired vehicle characteristics, mission profiles, vehiclemission connections and the SUAVE analysis structure are generated, results are produced. Not all of the code outputs are
relevant to the optimization of interest. The code outputs might need to be post-processed to generate the actual result we
care about for our problem. If we are trying to meet Stage 4 Noise levels, we care only about generating a cumulative total
of 10 dB, not a matching certain levels at each condition. The objective function and constraints should be a subset of the
final code outputs produced. Once these parameters have been generated, they can be fed to the optimization package for
design studies to be completed.
Optimization
With a general interface in place, SUAVE can be incorporated into optimization packages. The flexibility of SUAVE and Python
allow optimization with a variety of packages and algorithms. Throughout this section, a variety of optimization packages
integrated with SUAVE, as well as various algorithms within these packages that have been applied to various design
problems, are discussed.
VyPy: VyPy is a toolbox developed at the Stanford Aerospace Design Lab that exposes useful abstractions for optimization
in the context of engineering. Similar to the concept from PyOpt, and serving as an inspiration for the SUAVE data structure,
the top level interface is an optimization formulation, with variables, objectives and constraints. Unique to VyPy, these inputs
can be defined in a tabular format or in an object oriented format. The problem is then run through a driver or several
drivers that each implements an optimization algorithm. At the moment, interfaces for the following algorithms exist: SLSQP,
BFGS, COBYLA, and CMA. The interfaces of these drivers have been expanded to permit consistent setup (for example by
standardizing the name of common parameters and variable scaling) and consistent data output (like the presentation of the
minimized objective and location). Another unique feature is that it handles data based on dictionaries instead of functions,
which are especially useful in an engineering context where inputs and outputs are intuitively described with names instead
of vector components.
PyOpt: PyOpt is a Python package containing a variety of nonlinear optimizers. The Sparse Nonlinear Optimizer (SNOPT)
module, which relies on a Sequential Linear Programming algorithm and quasi-Newton methods, has been used within SUAVE
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for multiple optimization problems. The Sequence Least Squares Programming (SLSQP) algorithm, which is another quasiNewton method, has also been used.
There are several more optimization algorithms in the PyOpt package, and all of them can be implemented easily in SUAVE
by creating a base interface and attaching them to available SUAVE functions. The exact structure of the interface will depend
on the chosen optimization algorithm and can be created based on existing PyOpt documentation.
Dakota: When determining what to expose to outside software and what to only use within SUAVE, Dakota (Design Analysis
Kit for Optimization and Terascale Applications) guided this formulation. Dakota is an object-oriented framework developed
by Sandia National Laboratories. Designed to work with high performance computers, Dakota together with SUAVE can
expand the types of optimization aircraft designers’ attempt. Dakota is constructed to connect easily with other “black-box”
functions. The user defines the inputs Dakota can change and what results to expect just as the user in SUAVE specifies an
input vehicle dictionary and creates an output data set with all the results of the analysis.
Dakota has both gradient and non-gradient based optimization capabilities. Some of the optimization algorithms available
in Dakota include, Hasofer-Lind Rackwitz-Fissler (HL-RF), sequential quadratic programming (SQP) from NPSOL, and nonlinear
interior-point (NIP) from OPT++.
In addition to optimization capabilities, Dakota combines stochastic expansion methods (such as Stochastic Collocation (SC)
and Polynomial Chaos Expansion (PCE)), surrogate models, and Optimization Under Uncertainty (OUU) algorithms to expand
the types of problems SUAVE can consider. These methods allow stochastic aircraft defining parameters to be considered as
part of the optimization and vehicle analysis. Having the flexibility to deal with uncertainty in certain parameters gives
designers the ability to see how certain parameter distributions will propagate through to the final vehicle. With this
functionality, Dakota will not only be used as an optimization driver, but also as a tool to trade how certain design inputs
can impact the final optimum aircraft.
SciPy: SUAVE is also capable of interfacing with SciPy. In this case, design variables must be inputted via a Python list. SciPy
then calls a function designed to return an objective value, which unpacks the variables and interfaces it to a problem set up
in SUAVE. Constraints may be handled by either the optimization algorithm, in which case they must be defined in the inputs
file, or they must be handled by penalty functions included in the callable SUAVE file. The SciPy optimization package as of
the time of writing includes a wide variety of optimization algorithms, including a Nelder-Mead simplex algorithm, SLSQP,
and conjugate gradient methods, among others. However, the interface requirements, as well as handling of constraints vary
from algorithm to algorithm. As a result, it is up to the user to appropriately ensure that the problem is well formulated.
Baseline to GT Vehicles (Stanford)
To capture the effect of the mission specification changes on the fleet wide fuel burn and emissions, aircraft from all the
aircraft classes need to be modelled. For this study the CRJ900 is chosen for the Regional Jet, the B737-800 for the Single
Aisle, the B767-300ER for the Small Twin Aisle, the B777-200ER for the Large Twin Aisle and the B747-400 for the very large
aircraft. The baseline aircraft were modelled using SUAVE.
The baseline aircraft modelled in SUAVE were compared with the baseline aircraft modelled by GT. The geometric and
propulsion parameters of the aircraft as well as the performance estimates including fuelburn, design and sea level static
thrust are matched to ensure that the fuel burn of the redesigned aircraft computed using SUAVE can be modelled by GT
using percentage changes. The fuel burn for a design mission provided by GT and offdesign missions are compared. It was
observed the baseline fuel burn and the fuel burn variation with mission range match fairly well for the aircraft modelled by
GT and Stanford for all but the B747-400. The level of agreement is within the expected differences that would be seen in
similar analysis and conceptual design tools. This discrepancy will be investigated in detail and for the time being this
aircraft is not redesigned for mission specification changes.
Mission Specification Change Modeling
The next step in this effort is the redesign of the baseline aircraft for mission specification changes. In this effort the
Stanford team investigated the effect of cruise Mach reduction i.e. the baseline aircraft are redesigned for a reduced cruise
Mach number. This results in aircraft that are significantly more fuel efficient than the baseline aircraft.
The aircraft redesign is posed as an optimization problem with the fuel burn for a design mission minimized for a lower
cruise Mach number. For this study the optimization framework is made up of SUAVE linked up with a gradient based
optimizer, SNOPT via PYOPT a python based optimization framework. The design variables and constraints used for this
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problem are shown below. The design variables used consist of the geometric parameters of the aircraft wing and the engine
pressure and bypass ratios as well as the design thrust (which determines the engine size). The cruise altitude of the aircraft
is also used as design parameter.
DESIGN VARIABLES:
•
Main wing aspect ratio
•
Main wing reference area
•
Main wing sweep
•
Main wing thickness to chord ratio
•
Main wing taper
•
Main wing root and tip twist
•
Engine design thrust
•
Low pressure compressor pressure ratio
•
High pressure compressor pressure ratio
•
Fan pressure ratio
•
Bypass ratio
•
Cruise altitude
The constraints used for this study are mainly feasibility constraints, a positivity constraint on the fuel burn, constraining
the fuel margin (difference in the TOW and the sum of the OEW, payload an fuel (mission and reserves) to be zero to ensure
a feasible mission, a constraint on the wing span to match the baseline aircraft’s span and constraining the takeoff field
length, the pressure ratio at the combustor inlet and the fan diameter to be less than equal to the values on the baseline
aircraft. These constraints ensure that the sizing/redesign of the aircraft is realistic and the aircraft is feasible.
CONSTRAINTS:
•
Takeoff field length
•
Fuelburn (positivity)
•
Fuel balance : TOW – (OEW+payload+reserves+fuel burn)
•
Wing span
•
Combustor inlet pressure ratio
•
Fan diameter
It is observed that the fuel burn of the aircraft for the design mission is reduced significantly for the regional jet, small twin
aisle and the large twin aisle aircraft. For the B767 (small twin aisle) the fuel burn for the off-design mission increases with
the reduction in cruise Mach number. This concerning trend will be investigated further.
The reductions in the fuel burn for the 3 aircraft mentioned above is due to the fact that, as the cruise Mach number is
reduced, the compressibility drag of the configuration is also reduced. This allows the wing to be unswept and the thickness
to chord ratio of the wing increased, which can be seen in Table 5 where data for the B777-200ER is shown. In turn, this
reduces the wing weight resulting in a reduction in induced drag. Thus the thrust requirements for the missions are much
smaller. The consequence is a reduction in the design thrust of the aircraft resulting in smaller engine sizes. This allows the
engines component pressure ratios and the bypass ratio to be changed while meeting the pressure ratio and the maximum
allowable fan diameter constraints, and results in more efficient engines and thus further reduced fuel burn for the aircraft.
Table 5 : B737-800 fuel burn
Fuel burn
Mno
(kg)
Baseline

16,616

0.76

12,417

0.72

12,587

Table 6 : CRJ-900 FUEL BURN
Fuel burn
Mno
(kg)
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Baseline

22,013

0.76

19,174

0.72

20,434

Table 7 : B767-300er
Mno

Fuel burn

Baseline

69,067

0.76

69,331

0.72

70,939

AR

Sref
(m2)

Table 8 : B777-200ER FUELBURN AND DESIGN PARAMETERS VARIATION
lpc
hpc
fan
Sweep Design
MTOW(
Pressure
pressure pressur
(deg)
Thrust(N)
t/c
kg)
taper
ratio
ratio
e ratio

8.6

427

31

73,000

0.1

66,280

0.182

1.26

20

1.58

8.2

8.8

418

26

40,000

0.13

57,760

0.1

1.46

21

1.62

7.2

8.6

426

19.43

40,000

0.13

57,940

0.1

1.5

21

1.51

8.64

bypass
ratio

Over the course of the next 3 months, the Stanford University team intends to pursue a series of activities that firm up the
preliminary results discussed here and that mature and improve the optimization capabilities we have created in SUAVE for
mission specification changes of new aircraft. In particular, the ultimate objective is to assess the fleet-level impacts of
introducing new aircraft with mission specification changes. Once the baselining effort between SUAVE and EDS is complete,
and the Stanford and GT teams are confident that the absolute values of fuel burn for the same aircraft and mission calculated
with different tools compare satisfactorily, the performance of the re-designed aircraft carried out with SUAVE will be
provided to GT / GREAT in the form of tables of improvement factors for a particular aircraft as a function of the actuallyflown cruise Mach number, the mission range, and the actual level of payload carried. This will enable seamless integration
between SUAVE and the GT GREAT tool. Jointly with GT, the Stanford team would also like to continue to validate the offdesign behavior of the engine models that we have created for SUAVE so that the validity of the results cannot be questioned.
The Stanford team is planning a paper for the AIAA SciTech 2016 conference which will provide

Task 3: CLEEN Fleet Level Aircraft Technology Benefits Assessment
CLEEN Fleet Level Technology Assessment (Georgia Institute of Technology)

194

Fleet Assessment Process and Assumptions
With the completion of the Georgia Tech modeling efforts that covered the all of the CLEEN funded industry technologies;
there is sufficient detail to complete a fleet-level assessment to identify the benefits of the modeled technologies for the
CLEEN Program. This process was laid out in several steps. First, fleet-level replacement assumptions were identified based
on announced upcoming product introductions and historical information on time between aircraft projects. Once fleet-level
replacement assumptions were defined, the aircraft technology packages can be generated for different scenarios and
timeframes. This involves selecting technologies for each scenario based on expected availability. Finally, EDS is used to
generate vehicle level results for fuel burn, NOx, and emissions in addition to the detailed mission information needed to
run the GREAT rapid fleet-level assessment tool and compute fleet-level environmental impacts. A detailed discussion on
GREAT, including major assumptions and validation can be found in [10].
The GREAT tool is an interactive environment that allows for infusion of new technologies and propagates the results to
assess the fleet-level implications [11]. This screening tool can be used as a lower fidelity means to assess a multitude of
possible scenarios.
The screening tool incorporates the Terminal Area Forecast (TAF) and CAEP/8 retirement curves to determine the future
operations of the fleet. The user has the ability to introduce vehicles with new technologies to quantify the fleet-wide
environmental metrics from 2006 to 2050 and compare different technology introduction scenarios [11,12]. For years
beyond the extent of the TAF a linear extrapolation of number of operations was used for this analysis. Predictions of fuel
burn, NOx emissions, and noise impact are determined for flights within the United States and leaving from the United States.
Further detail on the fleet prediction methods used by GREAT can be found in [11] and [12]. Georgia Tech used the ANGIM
tool to predict fleet noise contours using generic runway configurations. While many runway configurations were analyzed,
only the single runway, uni-directional area contours are presented in this report for simplicity of visually comparing noise.
The three major elements that drive fleet performance are:
•
Fleet Growth (How many future operations will there be?)
•
Fleet Retirement (How many years is an aircraft in service before being replaced with a new variant?)
•
Fleet Replacement (When are new aircraft available?)
•
Technology Assumptions (How efficient are new aircraft to enter the fleet?)
The fleet growth was predicted using the TAF forecast; however, GT used retirement curves based on [10], and summarized
in section 0. Section 0 discusses fleet replacement assumptions and provides technology assumptions for the aircraft used
in this analysis.
Fleet Retirement Assumptions
In order to predict how long an aircraft is in service before being replaced by a new variant, Georgia Tech constructed
parametric retirement curves, shown in Figure 28. These curves are represented for narrow and wide body aircraft. The
curves represent the percent of aircraft surviving after a specified number of years in service for each size category.
Further details on how these curves are implemented in GREAT can be found in [10].
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FIGURE 28: RETIREMENT CURVE COMPARISON
Fleet Replacement Assumptions
Fleet replacement assumptions were defined for two generations of new aircraft and the associated technology, termed N+1
and N+2. These scenarios were based on available public domain information regarding upcoming industry aircraft projects.
New aircraft were defined for each of the five representative aircraft size classes for each of the two technology generations.
Previous work has found that using five classes, regional jet, single aisle, small twin aisle, large twin aisle, and very large
aircraft, provide an appropriate balance between having to develop an EDS model for every aircraft currently in the fleet that
will need to be replaced vs. accuracy by using one aircraft per size class to represent replacements from the starting year
[13,14].
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In order to determine the introduction rate of new technology, the percentage of new and replacement vehicles that would
contain these technologies was defined. Figure 29 shows the percent of replacement vehicles that consist of new vehicles
defined by EDS. For example, in 2015, 0% indicates that all of the replacements will be current, in-production aircraft. In
2018, 25% of the RJ replacements will be new technology vehicles, defined by EDS, and the remainder will be in-production.
It is assumed that in the N+1 timeframe the geared fan will only be present on the single aisle and regional jet. This is
consistent with industry product announcements until the end of this decade. In order to avoid specifics on orders and
engine selection by airlines, it was assumed that the geared fan and direct drive engines are split evenly for a given vehicle.
For example, the RJ/N+1 in 2018 has 25% of replacements coming from future (EDS) vehicles. 50% of those future vehicles
will be direct drive and 50% will be geared fans. (Meaning 12.5% of replacements will be direct drive and 12.5% will be geared
fan, with the remaining 75% being current in-production aircraft).
For the N+2 aggressive scenario aircraft the open rotor was assumed to replace the direct drive replacements for the regional
jet and single aisle classes. A 50/50 split was maintained between the geared fan and direct drive on the wide body aircraft.
Four year linear phase-ins between generations of aircraft were assumed. This is consistent with historical data showing the
transition from the 737 classic to 737NG series of airplanes.
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FIGURE 29: CLEEN FLEET REPLACEMENT ASSUMPTIONS
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For the regional jet class, the N+1 replacements were assumed to enter service in at 2018, consistent with the Bombardier
C-series slated to enter service later this decade. A 10 year product development cycle is then assumed which results in an
N+2 RJ entering service in 2028. The single aisle N+1 enters service in 2016 to represent the arrival of the 737MAX and the
A320neo. Again a 10 year development cycle is assumed for the next aircraft resulting in an N+2 single aisle in 2025. For
the STA, the announcement of the 787-10 formed the basis for a new N+1 aircraft in 2018. A shorter development cycle was
assumed for the N+2 introduction since the 787-10 is a derivative aircraft and it is feasible for both a new product and
derivative to be developed simultaneously. (Such as is the case with the 737MAX and 777X). The LTA N+1 enters service in
2018 to represent the 777X and a 10 year development cycle is used to set the LTA N+2 entry into service. Finally, 2020 was
assumed to be a re-engining opportunity for the wide body large quad, resulting in a shorter timeframe to introduce a new
aircraft in 2027.
Technology Scenarios and Packages
Once the fleet replacement assumptions have been defined technology packages for each class and generation of aircraft
can be created. For this assessment three overarching technology scenarios were defined: Evolutionary (EV), Aggressive (AG)
and Aggressive without CLEEN technologies (AG-C). The Evolutionary and Aggressive scenarios represent different levels of
technology available for implementation in new aircraft in more conservative and optimistic conditions, respectively. The
Aggressive without CLEEN scenario was created in order to look at the delta impact of the modeled CLEEN technologies by
looking at their impact when removed. For each scenario vehicles were defined for the N+1 and N+2 generations. N+1
packages are labeled as EV and AG, whereas N+2 packages have a ‘2’ in the name (EV2, AG2).
shows the list of technologies considered and their inclusion in different generational technology packages. A blank cell in
the row to the right of the technology name indicates that the technology is not included in a given package. Text in a cell
in the row to the right of the technology name indicates that the technology was included in a technology package (e.g. EV2
– evolutionary scenario N+2 aircraft).
The technology list in Table 11 contains both N+1 and N+2 public domain technologies developed in prior years, as well as
modeled CLEEN funded technologies (shaded in grey). In addition to public domain technologies modeled under this project,
public domain, EDS technology models developed under NASA Environmentally Responsible Aviation (ERA) and NASA Fixed
Wing (FW) sponsorships were also used in the PARTNER Project 36 fleet-level analysis. Descriptions of technology models
completed under NASA funding are expected to be released as NASA contractor reports at a later date. Note that the GE FMS
technologies were applied starting the EV scenario since a majority of the associated technologies can be integrated into
existing aircraft and engine platforms. Therefore, the possibility for retrofit and performance improvement packages is
accounted for.
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Table 11: Technology Package Definition
1 Aft Cowl Liners
2 Blisk
3 Combustor Noise Plug Liner
4 Composite Technologies (2010 Baseline)
5 Excrescence Reduction
6 Fixed Geometry Core Chevrons
7 PMC Fan Blade with Metal Leading Edge
8 Polymer Matrix Composites (PMC) - Bypass Duct
9 Polymer Matrix Composites (PMC) - Fan Case
10 Polymer Matrix Composites (PMC) - Fan Stator
11 Polymer Matrix Composites (PMC) - Nacelles
12 Ti-Al - LPT Aft Blades
13 Variable Area Nozzle
14 Zero Splice Inlet
15 Winglet
16 Ti-Al - LPT Vane
17 Advanced TBC Coatings - HPT Vane
18 Advanced TBC Coatings - LPT Vane
19 Boeing CMC Exhaust Core Nozzle
20 Boeing Adaptive Trailing Edge
21 Honeywell Cooling
22 Rolls-Royce Cooling
23 Advanced GF Cycle
24 Advanced Powder Metallurgy Disk - HPC Last Stage Disc
25 Advanced Powder Metallurgy Disk - HPT Disc
26 Advanced Powder Metallurgy Disk - LPT First Stage Disc
27 Advanced Turbine Superalloys - LPT Last Stage Disc
28 AFC Tail
29 Continuous Moldline Link for Flaps
30 Damage Arresting stitched composites- Fuselage
31 Damage Arresting stitched composites- Wing
32 Highly Loaded Compressor
33 Landing Gear Integration - Main
34 Landing Gear Integration - Nose
35 Lightweight CMC Liners
36 Low Interference Nacelle
37 Natural Laminar Flow - Nacelle
38 Over the Rotor Acoustic Treatment
39 TAPS II
40 CMC HPT Vane + Hi Temp Erosion Coating
41 CMC LPT Vane + Hi Temp Erosion Coating
42 DRE for HLFC - Wing
43 Advanced TBC Coatings - HPT Blade
44 Advanced TBC Coatings - LPT Blade
45 Soft Vane
46 Ti-Al - LPT Foreward Blades
47 Compound Rotor Sweep for UHB Fan
48 Short Nacelle Lip Liner
49 Riblets - Fuselage
50 Riblets - Wing
51 Active Turbine Clearance Control
52 Active Turbine Flow Control
53 Advanced Turbine Superalloys - HPT Blades
54 Advanced Turbine Superalloys - LPT Blade
55 Cooled Cooling - Turbine
56 Out-of-Autoclave Composite Fabrication - Fuselage
57 Out-of-Autoclave Composite Fabrication - Wing
58 Thrust Reversers - Nacelles
59 Active Compressor Clearance Control
60 N+2 Advanced TBC Coatings - HPT Blade
61 N+2 Advanced TBC Coatings - LPT Blade
62 Primary Structure Joining Methodologies - Fuselage
63 Primary Structure Joining Methodologies - Wing
64 Active Film Cooling
65 Highly Loaded HP Turbine
66 Slat Inner Surface Acoustic Liner
67 Solid Oxide Fuel Cell Auxiliary Power Unit
68 Noise Cancelling Stator (GTF)
69 Gust Load Alleviation
70 GE FMS-Engine
71 GE GMS Air Traffic Management
72 Open Rotor

EV
EV
EV
EV
EV
EV
EV
EV
EV
EV
EV
EV
EV
EV
EV
EV
EV
EV

EV
EV
EV

EV
EV
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Packages
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C

EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2

AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG

EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2
EV2

AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG

AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C
AG-C

EV2
EV2
EV2
EV2
EV2

AG
AG
AG
AG
AG

AG-C
AG-C
AG-C
AG-C
AG-C

EV2
EV2
EV2

AG
AG

AG-C

EV2
EV2
EV2
EV2

AG
AG
AG
AG

AG-C
AG-C
AG-C
AG-C

EV2

AG

AG-C

EV2
EV2

AG
AG

AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2

AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C

AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2

AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C

AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2
AG2

AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C
AG2-C

The technology packages identified in Table 11 were generated through significant iteration between the FAA and Georgia
Tech. The EDS representation of the geared turbofan engine is included in the EV and AG scenarios; however, the AG-C
scenarios are constrained to current technology geared fans. It is also worth noting that the TAPS II combustor, an N+1
technology slated for entry into service in 2016, was carried into the AG2-C scenario since some form of advanced combustor
technology would be required to meet CAEP emission standards due to increased OPR in the N+2 timeframe. This is discussed
further in the fleet NOx results presented in Figure 32.
Vehicle Level Results
Once the technology packages and engine cycles were chosen they were modeled on the five notional vehicles in different
size classes in order to assess their impacts on fuel burn, noise, and emissions both on an absolute basis, and relative to
the CLEEN Program goals. Extensive vehicle redesign was not performed, but the vehicle’s wing and tail areas were allowed
to vary to capture the effects of reduced vehicle weight potential that results from reducing the fuel that must be carried.
Vehicle design capabilities did not change, in other words, the vehicle design range and payload were maintained. Wing
sweep and general configuration were not altered. Fuselage size was maintained so that payload capacity would remain
constant. A list of other major vehicle sizing assumptions is provided below:
•
Aircraft thrust-to-weight and wing loading is held constant.
•
Fuselage size is kept the same as the baseline aircraft in order to maintain payload capability.
•
Design point is unchanged from baseline aircraft.
•
Wing and tail areas are allowed to scale.
•
Other aircraft geometries are held constant to the baseline aircraft.
Specific Vehicle Results are proprietary, and therefore not included in this report. Results include fuel burn reduction relative
to a baseline aircraft in each size class, NOx reduction relative to CAEP/6, cumulative noise reduction below Stage IV, and
relevant design parameters for each aircraft. For each aircraft a fan pressure ratio sweep was performed to identify the
optimal cycle for each set of technologies.
Fleet-Level Results
Fleet-level fuel burn results were generated using GREAT in combination with the technology assumptions from with the
replacement assumptions defined in Figure 29. The resulting fuel burn values are shown in Figure 30. Four scenarios are
shown in the results. Business as usual (BAU), is the datum line and represents the case of the current fleet technology level
being fixed in perpetuity. In other words, the current in-production aircraft will be produced forever with no change in
technology level. Any new aircraft introduced into the fleet to meet demand are current in-production aircraft with no further
technology insertion. The BAU scenario provides the foundation for calculating percent reductions in fleet fuel burn.
The next scenario, EV or Evolutionary, represents the EV and EV2 packages from Table 11mbeing used for N+1 and N+2
vehicle replacement in Figure 29 respectively. Evolutionary represents a conservative level of technology development and
introduction. The EV scenario does contain all modeled CLEEN technologies. Next, the AG or Aggressive scenario is plotted,
representing a more optimistic level of technology development and introduction.
Finally, the AG-C scenario is included to show the effect of removing all modeled CLEEN technologies, including the second
generation geared fan and open rotor, from the fleet analysis. The y-axis shows fleet fuel burn normalized to 2006 levels.
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FIGURE 30: FLEET-LEVEL FUEL BURN IMPACT
In addition to looking at overall fuel burn trends over time, the reductions provided by each scenario relative to the BAU
baseline are shown in Table 9 for different years.
TABLE 9: FLEET FUEL BURN REDUCTIONS

Reductions
Scanrio EV
AG
AG-C
2020
-3%
-3%
-2%
2025
-7%
-10%
-7%
2030
-13%
-17%
-14%
2050
-22%
-30%
-26%
The evolutionary scenario reduces fuel burn by 3% over the BAU scenario by 2020, increasing to a 22% reduction by 2050.
The aggressive technology scenario provides further benefit, with fuel burn reductions 1 – 8% greater than the evolutionary
scenario as the fleet evolves from 2020 to 2050. This is driven by additional technologies and earlier technology introduction.
The AG-C scenario shows benefits less than the AG scenario, but greater than the EV scenario, as expected. The difference
between the AG and AG-C scenarios represents the benefits of the modeled CLEEN technologies at the fleet level, with 3-4%
lower fleet fuel burn from 2025 through 2050.
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In order to add context to the impact of the CLEEN technologies, the difference between the AG and AG-C scenarios was
translated into absolute fuel burn savings using Form 41 Schedule P-12(a) for scheduled and non-scheduled domestic and
international fuel burn. Fuel burn savings over year along with cumulative savings are shown in Figure 31. Between 2020
and 2050 the CLEEN technologies modeled in this study help contribute to an average of 534 million gallons of fuel saved
per year. This adds up to just over 24 billion gallons of fuel saved by introduction of advanced technologies developed under
the CLEEN Program. This is a significant benefit, with gains beginning as early as 2018.
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FIGURE 31: POTENTIAL FUEL BURN SAVINGS PROVIDED BY CLEEN TECHNOLOGIES MODELED IN THIS STUDY
It should be noted that the CLEEN technologies do not exist in isolation and will not enter the fleet in isolation. Future product
aircraft will take advantage of CLEEN technologies alongside other technologies in development, such as those N+1 and N+2
public domain technologies represented in this analysis. In many cases, these technologies may have positive interaction,
providing benefit in enabling engine and aircraft redesigns for greater benefit.
Similar studies were performed for NOx and the results are shown in Figure 32. Fleet NOx impacts were calculated by
computing the ICAO landing and takeoff (LTO) cycle NOx emissions for both the BAU, in-production aircraft and for the
advanced configurations generated using EDS. Then, using the operations per vehicle class, total LTO emissions per year
can be calculated. The emissions results have some trends that merit further explanation.
Even though all of the N+1 and N+2 vehicles provided large vehicle level NOx reductions, the fleet-wide NOx is relatively
constant. This can be explained by the interrelationship between fuel efficiency and emissions. As engine overall pressure
ratio is increased the engine efficiency increases; however, the combustor entry temperature also rises. As a result the flame
temperature and NOx formation also increases. This is why the CAEP/6 standard allows for more LTO NOx as OPR increases.
There is an intrinsic trade between reduced NOx and reduced emissions. For the fleet results shown in Figure 32, the
advanced combustors and TAPS II are keeping NOx levels reduced relative to the case with no advanced combustor
technology. AG-C shows the impact of not having an advanced combustor in the N+1 timeframe. There is an increase in NOx
that parallels the increase in operations. While total NOx is still reduced below the baseline through 2027, this effect is solely
due to fuel burn reductions.
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FIGURE 32: FLEET-LEVEL LTO NOX IMPACT
The results of this fleet-level analysis indicate the significant benefits of CLEEN funded technologies to fuel burn and LTO
NOx, while also demonstrating the strong potential of aircraft technology to affect aviation’s future fleet fuel burn and NOx
emissions. Additionally, the results highlight the importance of acceleration of environmentally beneficial technologies.
CLEEN’s intent to accelerate maturation of these technologies results in earlier transition into service and thereby earlier
realization of significant environmental benefits.
In addition to updates to the noise and fuel burn predictions, Georgia Tech assessed the fleet noise benefits due to CLEEN
technologies. Georgia Tech used the ANGIM tool to rapidly assess the fleet noise impact of CLEEN. More information on
ANGIM can be found in [15]. In order to assess fleet noise, grids of single event level (SEL) noise are required for each aircraft
size in each of the fleet evolution scenarios. In order to generate SEL grids, noise-power-distance curves are generated using
ANOPP within EDS. The NPD grids are combined with the EDS generated AEDT fleet database xml files for each of the future
technology aircraft. The resulting files are processed through the AEDT algorithms in order to predict the SEL grid for each
aircraft. ANGIM uses the operations schedules from GREAT to combine the SEL grids for all of the aircraft operating at the
notional airport in a day. The summing of SEL grids over the course of a 24 hour period provides the Day Night Level (DNL)
grid. The 65 dB contour is commonly plotted as the outer line to consider the level of noise exposure to the area.
The same scenarios used to generate fleet fuel burn and emissions reductions were used to generate fleet noise contours.
Shown in Figure 33 through Figure 37 are the 65 DNL fleet noise contours for 2010 through 2050 in ten year increments.
Starting with 2010 (Figure 33), there is no change between the scenarios since new vehicles have not yet entered the fleet.
Moving to 2020 (Figure 34), the business as usual case actually increases in contour area due to the increase in operations.
The light grey contour shown in the 2020 – 2050 contours represents the 2010 area for comparison. In 2020 there is a
difference between the three technology scenarios, but the differences are minor since there has not been significant time
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for new vehicles to enter the fleet in this time frame. Moving on to 2030 (Figure 35), there is more noticeable separation
between the contours. Whereas in 2020, the EV and AG contours still exceeded the baseline 2010 footprint, the technology
introductions by 2030 have started to reverse the direction of area growth. The 2030 contours for all three technology
scenarios are now smaller than the 2010 datum year (light grey contour). More separation between the three technology
scenarios also becomes apparent in 2030. The AG-C starts to become noticeably larger, especially at the left side (approach)
of the contour. In 2040 and 2050 (Figure 36 & Figure 37), as the new technology vehicles replace the existing fleet, not only
does the 65 DNL footprint fall significantly within the 2010 baseline, and the corresponding BAU 2050 contour, but there is
noticeable difference between the AG and AG-C scenarios at both the approach and departure sides of the contour.

FIGURE 33: 2010 FLEET NOISE CONTOUR
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FIGURE 34: 2020 FLEET NOISE CONTOUR
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FIGURE 35: 2030 FLEET NOISE CONTOUR
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FIGURE 36: 2040 FLEET NOISE CONTOUR
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FIGURE 37: 2050 FLEET NOISE CONTOUR
In addition to graphical representations of the fleet noise, comparisons can be made between the areas enclosed by the 65
DNL contour for each fleet scenario. Figure 39 shows reductions relative to the BAU contour area in each year. Note that
significant separation forms between AG-C and both the Evolutionary (EV) and Aggressive (AG) scenarios. This is due to the
removal of the geared turbofan and other CLEEN noise suppression technologies that exist in the AG and EV scenarios in
both the N+1 and N+2 timeframes. In total, through 2050 the AG-C scenario helps reduce the contour area by an additional
14% relative to the BAU case. Since noise tends to be treated as a constraint, one could also view the reduction in contour
noise area as a trade for increased operations at the same level of noise exposure. If the operations in the TAF are scaled for
the AG-C scenario until the AG-C and AG contour areas are equal in 2050, then 40% more operations are required. In other
words, viewed from this perspective, CLEEN technologies could help contribute to a 40% increase in operations without
significant increase in noise. Obviously the exact increases are airport dependent; however, the order of magnitude should
remain similar and is quite significant.
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FIGURE 38: FLEET NOISE AREA REDUCTION BY SCENARIO VERSUS YEAR

FLEET Sample Case (Purdue)
FLEET Overview
The Fleet-Level Environmental Evaluation Tool (FLEET) is a computational simulation tool developed to assess how aviation’s
fleet-level environmental impacts – in the form of CO 2 , NO x emissions and noise – evolve over time. Central to FLEET is an
aircraft allocation model that represents airline operations and decision-making. Additionally, the tool has a system
dynamics-inspired approach that mimics the economics of airline operations, models the airlines’ decisions regarding
retirement and acquisition of aircraft, and represents passenger demand growth in response to economic conditions. The
overarching objective of FLEET is to enable an understanding of how variation in external factors such as market conditions,
policy implementation, and technology availability will affect aviation environmental impacts into the future. The objective
in exercising FLEET in this project period was to inform FAA and its partners about the workings of FLEET, its unique inputs
and outputs, and a demonstration of its ability to compute estimates of emissions based on fleet level and technology
scenarios [16,17,18,19,20,21,22,23].
While several studies exist that investigate either the environmental impact of aviation or the problem of aircraft allocation,
these studies do not incorporate a simultaneous assessment of environmental impacts of aviation along with modeling of
airline operations and an evolution of passenger demand and airline fleet mix and technology level. FLEET provides the
ability to assess the impact of future aircraft concepts and technologies on fleet-wide environmental metrics while also
considering economics and operational decisions of airlines and policy implementation. It goes beyond the aircraft-specific
technological improvements, and its results reflect relationships between emissions, market demand, ticket prices, and
aircraft fleet composition over a period of many years. Given the complexity of studying the aviation industry and the
increasing importance being given to its environmental impact, the capabilities provided by FLEET, it is hoped, would help
all stakeholders make informed decisions.
FLEET can be used for simulating a number of scenarios defined by setting values for various input parameters. FLEET
groups available aircraft in four technology age categories:
1. Representative-in-class aircraft are the most flown aircraft in 2005 (base year for FLEET)
2. Best-in-class aircraft are the ones with most recent entry-in-service dates in 2005
3. New-in-class aircraft are either aircraft currently under development that will enter service in the future or concept
aircraft that incorporate technology improvements expected in the future
4. Future-in-class aircraft are those aircraft expected to include another generation of technology improvements and
therefore expected to enter in service a date further in the future
The aircraft within each technology age category further subdivide into six classes, based upon notional or typical seat
capacity.
A “baseline” scenario setup in FLEET is defined as follows:
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•
•

A network of 169 airports including U.S. domestic routes and international routes that either begin or end in the
U.S.
The gross domestic product (GDP) grows at a constant value of 2% per annum, which results in an inherent or
underlying demand growth of 2.8% per annum.
Jet fuel prices grow according to the Energy Information Administration (EIA) reference fuel price case [24].
A set of aircraft types in each of the four technology age categories, along with assumed dates of entry into
service. Those used in the present demonstration appear in Table 10. The first new- and future-in-class aircraft
enter into service at the years shown in Table 10.

•
•

Table 10: Aircraft used in Simulation Studies
Aircraft Types in Study
Representative-inBest-in-Class
New-in-Class
Class
Small Regional Jet
(2018)

Class 1

Canadair
RJ200/RJ440

Embraer ERJ145

Class 2

Canadair RJ700

Embraer 170

Class 3

Boeing 737-300

Boeing 737-700

Class 4

Boeing 757-200

Boeing 737-800

Class 5

Boeing 767-300

Airbus A330-200

GT N+1 DD LTA
(2018)

Class 6

Boeing 747-400

Boeing 777-200ER

GT N+1 DD LQ
(2020)

GT N+1 DD RJ
(2018)
GT N+1 DD SA
(2016)
GT N+1 DD STA
(2018)

Future-in-Class
“Magic Wand”
Small Regional
Jet (2028)
GT N+2 DD RJ
(2028)
GT N+2 DD SA
(2025)
GT N+2 DD STA
(2024)
“Magic Wand”
GT N+1 DD LTA
(2030)
GT N+2 DD LQ
(2027)

In Table 10, the aircraft labeled as “GT N+1 DD” are the N+1 generation aircraft modeled by Georgia Tech with a ‘Direct
Drive’ engine. These aircraft include the regional jet (RJ), the single aisle (SA), the small twin aisle (STA), the large twin aisle
(LTA), and the large quad (LQ).
Additional factors work as switches to turn-on or turn-off constraints in the problem formulation; for example, airport
capacity constraints can be used as desired by “turning-on” the relevant switch.
During this first year project period, Purdue demonstrated FLEET capabilities by simulating a series of scenarios developed
in discussion with the FAA; the basic idea was to use FLEET to simulate a scenario used by Georgia Tech in a previous
PARTNER Project 36 study supporting the CLEEN Program. For the FLEET simulations, Purdue used the aircraft models
provided by Georgia Tech in the new- and future-in-class categories; these aircraft models differ from those used in
Purdue’s previous FLEET studies. These are the “GT” labeled aircraft in Table 10. Table 11 lists the scenarios that were
simulated as part of this demonstration.

2
3

Table 11: Demonstration
Task
Replicate “aggressive minus” CLEEN
scenario
Capacity constraints
Duopoly model and Price-demand elasticity

4

FLEET sensitivity runs

5

Sample full scenarios

1

of Tasks Completed Using FLEET For Year One
Scenario Description
FLEET “baseline” scenario with the aircraft Entry Into Service (EIS) dates
set as those specified in the CLEEN Project 36 report.
Similar to above with airport capacity constraints turned on.
Similar to scenario 1 above, but using a duopoly of airlines, instead of
the default monopoly.
A series of scenarios with GDP varying as low (1% growth), medium
(2%), and high (3%), and fuel prices varying as the EIA specified low,
reference, and high scenarios.
A series of scenarios with varying EIS dates, aircraft technology
improvements, introduction and replacement assumptions, and
changes in travel demand.
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High technology infusion (baseline EIS,
accelerated EIS, and altered retirement,
replacement rates)
Low technology infusion, low travel demand
and high fuel cost
Description of Results of “Aggressive minus CLEEN” Scenario Run with FLEET
The remainder of this section, describes Purdue’s representation of the “Aggressive minus CLEEN” scenario simulation using
FLEET with the “baseline” setup, and with the EIS dates for new- and future-in-class changed to match those in the CLEEN
PARTNER Project 36 report [9]. These dates and the corresponding aircraft modeled are shown in Table 10 above. The
purpose of the analysis is not to compare the quality of FLEET vs. Global and Regional Environmental Aviation Tradeoff
(GREAT), but to understand the difference in results for the same scenario so the FAA can benefit from the different
approaches to this difficult forecasting problem.
Figure 39 shows the normalized demand satisfied values for the results from simulations using the FLEET and the GREAT
tool. Clearly, using FLEET the demand increases by a factor of 3.49 by 2050 as compared to its 2005 value. In FLEET, the
passenger demand uses historical data for the years 2005 through 2008. After 2008, passenger demand changes as a
function of two factors: the demand change due to economic factors, referred to as the “inherent demand growth”, and the
demand change due to passenger response to changes in ticket prices charged by the airlines, referred to as the “pricedemand elasticity”.
As mentioned earlier, in the current simulation, the GDP growth (inherent demand growth) is set at a constant 2% per year
throughout the period of simulation and is the major contributor to the total passenger demand growth (here, 2.8% increase
per year, or 1.4 times the GDP rate). In contrast, results from GREAT indicate that the normalized demand increases by a
factor of 2.59 by 2050 (demand growth from 2035 to 2050 is computed using a linear extrapolation of the data from the
last four years), which is based on the prediction provided by the FAA Aerospace Forecasts. The methodology employed by
FAA involves a combination of short-term forecasts based on monthly schedules published by airlines, and medium- and
long-term forecasts based on the results of econometric models [25]. The passenger demand served by the airline(s) in the
FLEET and GREAT simulations appear in Figure 39. With the higher inherent demand and some impact of price elasticity as
new aircraft enable the airline to operate more efficiently, the demand served by the airline in the FLEET model exceeds that
served by the airlines in the GREAT model.
Results from FLEET suggest that CO 2 emissions from US-related airline operations would increase by a factor of 1.73 from
their 2005 level by the year 2050, whereas results from GREAT suggest an increase by a factor of 1.54 by 2050 (Figure 40).
The GREAT results here are the same as the “AG-C” curve appearing in Figure 30, above.
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Figure 39: Normalized demand growth from 2005 to 2050
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Figure 40: Normalized fleet-level emissions from 2005 to 2050
The FLEET simulation results include a noticeable drop in normalized CO 2 emissions between 2025 and 2033 primarily due
to introduction of future-in-class aircraft; however, after 2033, CO 2 emissions from serving increasing demand outpaces
improvements from technology. Results from GREAT show a monotonic growth in normalized CO 2 emissions from aviation
throughout the period of simulation. The fact that FLEET uses a resource allocation-based approach that encourages the
airline to use the more fuel-efficient aircraft in a way that maximizes profit leads to the increasing and decreasing normalized
CO 2 emissions in the FLEET model.
Both demand and emissions values are normalized to their respective 2005 values, and the normalization factors are unique
to FLEET and GREAT. This is so, because the underlying transportation networks are different. For example, GREAT results
account for cargo operations, the fraction of which (of the total operations) increases from 1.51% in 2006 to 5.32% by 2050.
FLEET does not model and simulate cargo operations (though the contribution of cargo operations to the overall emissions
predicted by GREAT appears to be small). A second, and more substantial, difference necessitates the use of normalized
emissions is that GREAT models a much larger airline network, with 15,267 routes as compared to 4,268 routes in FLEET.
Figure 41 and Figure 42 show the fleet allocation by aircraft class and type respectively for the FLEET study. Notably, the
FLEET airline begins to operate a higher fraction of “GT N+2” class 2 and 3 future-in-class aircraft as these become available.
Because these very efficient aircraft offer better economic returns than the class 1 aircraft, this leads to an “up-gauging” of
the fleet on shorter routes. Further, the airline flies very few trips using class 6 aircraft, primarily due to the Class 5 Large
Quad (LQ) aircraft, which has a capacity of 430 passengers, serving the relatively few long-range high-demand routes in the
FLEET route network.
Comparison of types shows that the airline retains some older aircraft for a longer duration; for instance, Figure 42 shows
that there are some representative-in-class aircraft still operating past 2040 and some best-in-class aircraft operating until
2050. Additionally, the new-in-class aircraft never form a substantial portion of the airline’s fleet, because the future-in-class
aircraft, which lead to higher profit in the FLEET model, become available very soon after the new-in-class aircraft entered
service. For instance, the EIS for the future-in-class Class 4 N+2 Short Twin Aisle (STA) aircraft is only six years after the EIS
of the new-in-class Class 4 N+1 STA aircraft.
In 2025, the new-in-class aircraft have become about 25% of the airline and the future-in-class are just appearing. This is
the first inflection point in the CO 2 emissions trend. Because the future-in-class aircraft appear to provide the most profitrelated benefit, from 2025 onwards – when the CO 2 emissions start their downturn – the fraction of best-in-class aircraft
continues to shrink, the fraction of new-in-class aircraft stays about constant, and the future-in-class become an ever
increasing percentage of the fleet. By 2035, when the CO 2 emissions begin their upturn, the demand growth does appear to
overwhelm the advantages of an ever increasing fraction of the most efficient future-in-class.
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Figure 41: Variation in fleet allocation by aircraft class (FLEET Run)
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Figure 42: Variation in fleet allocation by aircraft type (FLEET Run)

Figure 43 and Figure 44 show a replacement schedule comparison between the results from FLEET and the schedule listed
in the PARTNER Project 36 report for the Large Twin Aisle (LTA) aircraft. The replacement schedule trends from FLEET match
closely with CLEEN fleet replacement assumptions (obtained from Georgia Tech’s GREAT tool). As expected, there are some
variations caused due to a combination of delivery limits imposed, retirement decisions and yearly fleet allocations. The
slopes of the replacement schedules are sensitive to parameters in the retirement model such as the depreciation factor,
interest rate and financing period.
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Figure 43: Fleet replacement schedule comparison for N+1 Direct Drive LTA

Figure 44: Fleet replacement schedule comparison for N+2 Direct Drive LTA
Figure 45 shows the variation in the fleet size by aircraft type over time for the results obtained from FLEET. The FLEET
network is much smaller and the FLEET airline uses fewer aircraft compared to the representation in GREAT. However, in
FLEET, the number of aircraft operated by the airline from 2005 to 2050 increases by a much larger multiple (factor of 2.5)
than the number of aircraft represented in GREAT (factor of 1.67) over the same time period. Figure 46 shows the average
CO 2 emissions (in lbs. per passenger nautical mile) for the period of simulations. The change in the slopes of the trends
around the years 2025 and 2033 correspond to the ‘inflection points’ in the fleet-level emissions trends seen in Figure 2,
and the fleet turnover trends seen in Figure 42. Also, note that in the period from 2023 through 2033 (Figure 45), the total
fleet size remains reasonably constant despite the increasing demand. This indicates the FLEET airline changes the allocation
to better serve the demand without increasing the fleet size. Despite the emissions per passenger nautical mile decreasing
year-on-year, which indicates that the airline is operating more fuel efficient aircraft, the overall fleet-level emissions shows
an increasing trend due to the overwhelming demand growth.
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Figure 46: Variation in average CO 2 emission per passenger nautical mile (FLEET Run)
Similar to the “Aggressive minus CLEEN” scenario described here, we have also simulated and are currently analyzing the
results from other scenarios as mentioned in Table 10 above. Together, these simulations will demonstrate the capabilities
of FLEET for assessment of fleet-level emissions evolution as a result of new aircraft technologies and distinct operational
scenarios, amongst others. These capabilities of FLEET would be beneficial to the FAA in tackling challenging fleet-level
emissions forecasting problems.

Mission Specification Trades (Stanford)
During this first portion of Project 10, the group at Stanford University has focused on (a) the development of the necessary
analysis and optimization capabilities within the SUAVE framework, (b) the development and validation (with publiclyavailable data) of model vehicles in each of the five ICAO/CAEP aircraft classes, and (c) a preliminary study of the fuel-burnreduction opportunities afforded by decreases in cruise Mach number when re-designing (including airframe and engine)
these aircraft. The intent is to transfer the improved vehicles to the GT team, so that they can insert such vehicles in the
fleet-level analyses done with GREAT. The Stanford team has also supported the team’s activities for the preparation and
conduct of both the fleet-level and technology workshops.

Publications
T. W. Lukaczyk, A. D. Wendorff, M. Colonno, E. Botero, T. D. Economon, J. J. Alonso, T. H. Orra, and C, Ilario, “SUAVE: An
Open-Source Environment for Multi-Fidelity Conceptual Vehicle Design,” 16th AIAA/ISSMO Multidisciplinary Analysis and
Optimization Conference, doi:10.2514/6.2015-3087, June, 2015.

Outreach Efforts
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Multiple interactions with government, industry, and academia have occurred during the course of the fleet and technology
assumption setting workshops, described in Section 0 of this report.

Awards
None

Student Involvement
Of the Georgia Tech students, Benjamin Bitoun, Marcus Bakke, Ryan Donnan, and Arturo Santa-Ruiz, Marcus Bakke and
Ryan Donnan have graduated and have been employed by Boeing and Pratt and Whitney, respectively.
On the Stanford University side, Anil Variyar, Trent Lukaczyk, Emilio Botero, Tim MacDonald, and Ved Chirayath have
participated in the work presented here, and the development of the SUAVE framework. Dr. Lukaczyk has recently
completed his doctoral degree and has started a UAV company. Mr. Chirayath is completing his dissertation by the end of
the calendar year (2015) and is currently working at the NASA Ames Research Center in the Earth Sciences division.
Both Purdue Graduate Research Assistants worked on this project for the entire first year of effort; both are still graduate
students at Purdue.

Plans for Next Period
Georgia Tech has held a follow on fleet workshop discussion on August 27, 2015 in order to present back out the results of
the first fleet workshop. Responses were collected from the participants on proposed scenarios in addition to feedback on
timing of future new and upgrade vehicle availability within the fleet. Georgia Tech will also continue to combine the fleet
and technology workshop responses into a single, coherent roadmap that will be published at a later date. The roadmap will
contain suggested, standardized technology and fleet evolution scenarios and settings that should be considered by others
when performing a system level technology analysis. This roadmap is expected to be released late in 2015. Georgia Tech
will also work with Purdue and Stanford to use the results of the fleet and technology workshops to execute selected fleet
scenarios of interest to provide insight into potential future benefits scenarios.
Over the course of the next 3 months, the Stanford University team intends to pursue a series of activities that firm up the
preliminary results discussed here and that mature and improve the optimization capabilities we have created in SUAVE for
mission specification changes of new aircraft. In particular, the ultimate objective is to assess the fleet-level impacts of
introducing new aircraft with mission specification changes. Jointly with GT, the Stanford team would also like to continue
to validate the off-design behavior of the engine models that we have created for SUAVE so that the validity of the results
cannot be questioned. The Stanford team is planning a paper for the AIAA SciTech 2016 conference which will provide
details of all this work. During the remainder of the coming year, the Stanford team will continue to refine the mission
specification changes designs in all five aircraft classes for inclusion in future scenarios / worldviews through fleet-level
modeling.
Purdue will instantiate their FLEET simulation tool with harmonized assumptions from Task 1 and public domain vehicle
and technology representations from Georgia Tech. Purdue will conduct studies with FLEET, so instantiated, to assess fleetwide emissions impacts across the range of scenarios formed from harmonized fleet assumptions and technology
alternatives.
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Project Overview
The FAA is seeking to complement the Aviation Environmental Design Tool (AEDT) with a lower fidelity screening tool
capability that will allow for consideration of a large number of policy scenarios that could be quickly analyzed and
reduced to a manageable set of scenarios for more focused, high fidelity analysis in AEDT. Georgia Tech has developed
the Global and Regional Environmental Aviation Tradeoff (GREAT) tool, which provides a quick means of quantifying the
impact of new technologies applied at the aircraft level to assess fleet-wide interdependencies on fuel burn and emissions.
Noise and noise exposure are calculated through the Airport Noise Grid Interpolation Method (ANGIM). The objective of
this work is to support the transition of GREAT and ANGIM functionality to the FAA.

Objective(s)
The Federal Aviation Administration's Office of Environment and Energy (FAA/AEE) has developed a comprehensive suite of
software tools that allow for a thorough assessment of the environmental effects of aviation, in particular the ability to
assess the interdependencies between aviation-related noise and emissions, performance, and cost valuations. The FAA is
seeking to complement AEDT with a lower fidelity screening tool capability that will allow for consideration of a large
number of policy scenarios that could be quickly analyzed and reduced to a manageable set of scenarios for more focused,
high fidelity analysis in the environmental tools suite. The screening capability would provide a quick means of quantifying
the impact of new technologies applied at the aircraft level to assess fleet-wide interdependencies on fuel burn, emissions,
and noise. Fleet-wide effects on noise would be measured in number of persons exposed to Day/Night Average sound level
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(DNL). The research consists of extending the current capabilities that have been developed within the Global and Regional
Aviation Environmental Tradeoff (GREAT) and the Airport Noise Grid Integration Method (ANGIM) tools by Georgia Tech to
provide the FAA with a more comprehensive and flexible screening tool to assess different aviation environmental policy
scenarios, both domestically and internationally.

Research Approach
The work plan was divided into three main tasks that each address extending the current capability that GREAT provides
for analyzing fleet-level environmental impacts. The first task consisted of improving the flexibility and user-functionality
of GREAT, including improvements and expansions in GREAT connectivity to ANGIM to provide fleet-level noise. The
second task included the development of population exposure measurements utilizing ANGIM. The third task concerns the
maintenance of GREAT-AEDT connectivity on an as-needed basis, and continued testing of AEDT 2b in conjunction with
Volpe.
Task 1 – Great Development
This task consisted of improving upon and expanding the current baseline capabilities available in GREAT. This included
some simple tasks, such as adding the most recent Terminal Area Forecasts. The original work plan suggested linking the
GT dashboard developed under CLEEN, but given the integration of airport noise with ANGIM into the tool an alternative
approach was pursued that takes advantage of average generic vehicle designs developed under previous PARTNER and
ASCENT projects. These average generic vehicles serve as technology test-beds with the impacts of specific technology
packages modeled in the Environmental Design Space (EDS) and the results reduced to a simplified functional form for use
in GREAT. For fuel burn and NOx emissions, the simplified form is a 2nd order polynomial regression versus mission length
in nautical miles. For noise, the simplified functional form is a pre-computed Sound Exposure Level (SEL) grid per
discretized stage-length for standard day sea-level conditions and straight-in and straight-out ground tracks, as is
consistent with the formulation of ANGIM. The CLEEN dashboard was not designed to generate the latter noise grids,
hence the use of average generic vehicles in EDS to capture interdependencies of fuel burn, NOx emissions, and noise.
Specific technologies from the CLEEN portfolio can be modeled, and a library of vehicles with different technology
packages can be pre-computed for use in GREAT and exploration of different technology scenarios. The performance of
these technology-infused average generic vehicles are validated against AEDT algorithms to ensure the fuel burn, NOx, and
noise results are compatible with AEDT Fleet DB aircraft definitions with all relevant AEDT coefficients defined.
The most significant effort under this task was the integration of GREAT and ANGIM. While ANGIM had a simplified
structure and much faster run-times than DNL contour calculations in AEDT, the user was still required to manually
construct flight schedules which can be time-consuming and complicated for a user not familiar with the structure of the
tool. This limited the flexibility of ANGIM to show contours changing over time given different assumptions for the growth
of operations, the retirement of old aircraft, and the introduction of new replacement vehicles with new technologies. The
formulation of GREAT already captures these growth-retirement-replacement schedules, and thus this task focused on
automatically filtering the existing schedules at the relevant airport subset and automatically generating these flight
schedules for use in ANGIM to ensure common operations between fuel burn, NOx emissions, and noise contour analysis.
A diagram of this formulation is displayed in Figure 1. This formulation takes advantage of the Generic Airport designs
developed under previous PARTNER and ASCENT projects. The baseline Generic Airport schedules are scaled based on
filtering and tabulation of changes at the relevant subset of airports. The allocation of operations to replacement vehicles
are also tabulated from GREAT, and the necessary flight schedule input files are generated and linked to the appropriate
Generic Infrastructures (runway configurations).
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Figure 1. Flow Diagram of GREAT-ANGIM Integration
The ANGIM executable can now be called from within GREAT, and an additional tab was added to the GREAT user interface
for visualizing these noise results. An example screenshot of the noise results tab is shown in Figure 2. The user can
dynamically switch between scenarios executed in GREAT to visualize results. The user can also dynamically switch
between plots of different Generic Airports to visualize the changes in the contour over time.

Figure 2. ANGIM Contour Visualizations in GREAT
Additionally, “wedge plots” show the aggregate contour areas and population exposure counts broken out by operational
groupings such that the user can visualize the relative contributions of each Generic Airport operational group to the total
noise contour areas. Similar plots are included for population exposure counts, as is discussed in more detail in Task 2.
Examples of these wedge plots are displayed in Figure 3. The DNL 65-dB population counts versus time are displayed on
the left and the DNL 65-dB contour areas versus time are displayed on the right.
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Figure 3. Sample "Wedge Plots" for Aggregate ANGIM Results Visualization

Task 2 – Population Exposed to DNL within ANGIM
Adding the capability to assess population exposure counts at the screening level within GREAT consisted of two main
elements. The first element required a development of the technical capability to compute population exposure to DNL
within ANGIM and a collection of 2010 Census block data around the relevant subset of airports. The second element
consisted of assessing and selecting the appropriate level of fidelity of population information to utilize in performing
exposure estimates within GREAT, which culminated in an attempt to create Generic Population grids to pair with Generic
Airports.
AEDT utilizes a method by which population receptor points are defined along a user defined grid. Each point represents
the centroid of a population polygon. Each of these centroids is assigned a total population count equivalent to the
population contained within the polygon. AEDT then computes noise at these receptor locations and a simple summation
provides the population exposed at desired DNL levels. By assuming the population is concentrated at these receptor
points, DNL decibel levels needs only to be calculated at these centroid points instead of calculating an entire grid of
receptor points as is required for visualizing the DNL contours. The drawback of this method is that there is a mismatch
between the Census block centroids contained within a contour and the Census blocks actually intersected by the contour,
as is demonstrated in Figure 4. Additionally, using this approach is overly discretized and does not allow a continuous
reduction in the extent of a DNL contour to map to a continuous reduction in population exposure. Using an area-weighted
method with population assumed to be uniformly distributed spatially throughout the Census block would enable this
continuous improvement in population exposure, but traditionally this requires calculating DNL contours, converting to
geospatially reference shapefiles, and importing into a Geographical Information System (GIS) for overlay with Census
blocks and calculation of area proportions. This formulation does not lend itself to the flexibility necessary for the fleetlevel capability discussed in Task 1.
A number of methods for simplifying the 2010 Census block information for use in ANGIM were explored. The final
method chosen imports a geospatially referenced grid into ArcGIS of the exact dimensions (72-nmi x 32-nmi) and
resolution (0.08-nmi spacing in each direction) as the noise grid in ANGIM. Each grid-point is mapped to a 0.08-nmi x 0.08nmi square through a Thiessen Polygon algorithm. These squares are overlayed with the 2010 Census block polygons and
area-weighted calculations are used to map population counts to each grid point. These population grids are then
exported and added to the input library in ANGIM. When the noise grids are calculated, each grid point is checked against
the relevant noise exposure threshold (typically DNL 65-dB but capability exists for capturing other levels such as DNL 55dB) and counts for grid points that are above the exposure level are summed to give total exposure counts. This
formulation adds minimal additional computational time to the execution of ANGIM, as it is a simple post-processing
algorithm.
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Figure 4. Mismatch between Centroids within and Census Blocks Intersected by DNL 65-dB Contours
A comparative study at a busy airport in a densely populated area showed that this method more closely matched
population exposure counts than the centroid method as compared to the ideal but more computationally expensive
approach of importing the contour shapefiles into ArcGIS and computing the area overlays. The Thiessen Polygon grid
approach serves as an effective compromise of accuracy and speed between the better assumption of area-weighted
population and the inexpensive computations of the centroid method.
After collecting population grids at the MAGENTA 95 airports, an attempt was made to define Generic Population grids by
translating and rotating the actual population grids to spatially align with the Generic Airport runway configurations. This
method did not result in good accuracy compared to using the actual population grids due to the uniqueness of population
distributions around each airport. A better Generic Population Method will likely require a novel approach such as
surrogate modeling that can map improvements in Generic Airport noise contour areas to equivalent noise contour area
improvements and population exposure counts at the actual airports.
Task 3 – Great AEDT Connectivity
The main focus of recent efforts has been on Tasks 1 and 2. A limited effort of research has been directed to
enhancements of the connectivity of GREAT output schedules and the creation of an AEDT Movements database. Small test
cases have been conducted with AEDT2b, but challenges exist in mimicking in house results compared to results
generated by Volpe. Coordination is occurring to resolve the challenges.

Milestone(s)
The population method was finalized and integrated into ANGIM in August 2014. Population data was collected from
ArcGIS for the MAGENTA 95 airports and exported to Thiessen Polygon grids, with the full set of population grids
completed by October 2014. The method for mapping GREAT forecasts to ANGIM flight schedules (as diagrammed in
Figure 1) was established in December 2014 and integrated into GREAT by May 2015. The first attempt at Generic
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Population grids was completed in April 2015. A Beta version of the integrated GREAT environment with ANGIM with a
draft of a User’s Guide was delivered to FAA/AEE in June 2015.

Major Accomplishments
A complete set of 2010 Census block population grids for the MAGENTA 95 airports was developed along with
documentation of how to generate population grids for other airports not included in the original set. Validation against
reported population exposure counts from 2010 showed that the current method captured total exposure counts within
8% of 2010 inventories despite a lack of information on specific runway utilization and without modeling airport-specific
ground tracks. A comparative study using average generic vehicles instead of actual vehicles at these 95 airports
demonstrated precision within 2% at significantly reduced runtimes, further supporting validation studies performed for
these average vehicles under previous PARTNER and ASCENT projects.
A Beta version of the integrated GREAT and ANGIM tool was delivered to the FAA/AEE in June along with a first draft of a
User’s Guide. Technology packages similar to those listed in the PARTNER CLEEN report (excluding the technologies
deemed proprietary) were infused on the average generic vehicles and included as part of the Beta tool. Fuel burn results
demonstrated similar trends as observed in the CLEEN report. NOx emissions results differed due to the exclusion of
proprietary combustor technologies discussed in the CLEEN report. Noise results demonstrated a mitigation in future
growth of DNL 65-dB contour areas relative to a Business-as-Usual scenario due to infusion of vehicle-level noise
technologies. These results and the ability to visualize changes in these contours over time at each Generic Airport
demonstrate a flexible screening-level noise analysis capability linked to fleet forecasts for previously impossible scenario
analysis.

Publications
Peer-Reviewed Journal Publications
•Bernardo, J. E., Kirby, M., Mavris, D., “Development of a Rapid Fleet-Level Noise Computation Model,” AIAA Journal of
Aircraft, Status: Published November 2014.
•Bernardo, J. E., Kirby, M., Mavris, D., “Development of Generic Airport Categories for Rapid Fleet-Level Noise Modeling,”
Journal of Aerospace Operations, IOS Press, Submitted Revisions December 2014, Status: Accepted, to be published soon.

Outreach Efforts
•LeVine, M. “Progress on Population Data Methods in ANGIM for Project 11,” Presentation to FAA/AEE Tools Review
Teleconference. January 20, 2015.
•LeVine, M. “Enhancement of Rapid Noise Assessment to Include Population Exposure,” 23rd Annual External Advisory
Board Review at the Aerospace Systems Design Laboratory, Atlanta, GA. April 29, 2015.
•LeVine, M, Pfaender, J.H., Kirby, M. Training at FAA/AEE for Beta version of GREAT tool integrated with ANGIM,
Washington, D.C. June 2-3, 2015.

Awards
None.

Student Involvement
Student involvement is key to all of the work done on this project at the Aerospace Systems Design Laboratory at Georgia
Tech. In addition to the research staff at ASDL, the following students participated in some capacity on this project:
Matthew LeVine (PhD), Paul Brett (PhD), Emmanuel Lacouture (Masters), Olivier Kiehl (Masters), Robert Moss (Masters),
Amelia Wilson (Masters), Stephanie MacLeod (Masters), and Sean Samuel (Masters).

Plans for Next Period
At the GREAT training in June, GT collected feedback and suggestions from FAA/AEE on enhancements and additional
capabilities desired for the integrated GREAT-ANGIM tool. A wish list of these capabilities was drafted and iterated upon
with the FAA, and a list of tasks for the next funding cycle was finalized. This list includes but is not limited to:
improvements to the user interface; development of a Comparison tab to overlay results from various scenarios; inclusion
of Out-of-Production vehicle noise; and connectivity for the actual MAGENTA 95 airports as opposed to just the Generic
Airports.
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The objective of the research is to continue development of an analytical framework for evaluating the environmental
impact of aviation. This framework will use surrogate models for aircraft-level performance and noise, enabling broad
scenario explorations and fast parametric analyses in environmental studies. Phase I of this research consisted of general
analysis framework development, sample problem selection, and surrogate model development. Phase II of this research
aims to demonstrate the capability of the surrogate modeling approach on a multi-dimensional output space, with
emphasis on system-level aviation noise sample problems. The research will extend the surrogate modeling method
developed by Yutko, with aircraft performance derived from the Transportation Aircraft System OPTimization (TASOPT)
tool. The resulting surrogate model(s) will be used to solve a relevant sample problem that will demonstrate the capability
of the method for analyzing environmental impacts. As part of this project, TASOPT will also be extended to better predict
aircraft-level noise and to allow for a more flexible flight trajectory for operational noise mitigation studies.

Task Progress and Plans
Task 1: Develop Model Architecture
In the first task, completed under Phase I of this research, the system architecture and general modeling framework have
been developed. The set of potential scenario input variables and their forms are defined based on anticipated policy or
technology impact questions. Some of these are discrete inputs, some are parametrically defined, and some are defined in
standard forms such as the TAF or CAEP forecasts, retirement curves or reference initial conditions such as the 2010 COD
flight database. In addition, the desired output space must be defined. This may include standard AEDT outputs such as
fuel burn, CO2, NOX, Noise as well as the capability to define other impact parameters of interest. Based on the inputs and
outputs, the general model framework has been defined. The working model includes the capability for multiple surrogate
model response surfaces to interact in a hierarchical framework, depending on the complexity and scope of the problem at
hand. In Phase II of the project, the model framework will continue to be assessed to ensure that tradeoffs between
computational speed and fidelity are appropriate for the chosen sample problem.
Task 2: Extend Existing Capabilities of TASOPT
In order to meet the project objectives, the capabilities of TASOPT has been extended under Phase I of this project.
Aircraft-level noise modeling has been added to TASOPT as a post-processing module. This involves an interface with
NASA’s ANOPP noise modeling code. In Phase II of the project, flexibility will be added to the aircraft trajectory and
performance assumptions to enable studies of the environmental impacts of operational changes.
Task 3: Develop Simplified Version of Surrogate Model (Fuel-Only)
Under Phase I of the project, the model framework has been evaluated using a simplified version of the architecture. This
results in a surrogate model with a single output variable (fuel burn) using TASOPT as the high-fidelity basis. This version
can be rapidly implemented as it can build on the existing artificial neural network models developed by Yutko. The
preliminary version will be validated against AEDT or other available data sets.
Task 4: Develop Noise Modeling Approach
Under Phase I of this project, options for surrogate noise models that can be used as the basis for rapid fleet-wide analysis
were explored. An approach using an aircraft-level surrogate model for performance and noise has been identified as the
most promising solution, with direct system-level calculation generated with a gridded superposition approach. The output
of this task is a detailed noise modeling approach that falls under the general modeling framework conceptualized in Task
1. Under Phase II of this project, refinements to the surrogate noise modeling approach may be necessary based in
practical implementation challenges.
Task 5: Develop Multi-Output Surrogate Model
This task will develop a multi-output version of the surrogate model that will include all of the key environmental outputs
identified in Task 1, likely including Fuel Burn, NOx, and Noise. Noise related surfaces would be created using the method
developed in Task 4.
Task 6: Test the Multi-Output Rapid Assessment System on a Representative Scenario Evaluation Problem (Sample
Problem)
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One or more representative evaluation problems will be defined and the multi-output version will be used to evaluate
relevant scenarios for that problem. The rapid assessment results can be used to identify specific AEDT cases that will be
run both to explore the problem of interest and also to validate the rapid assessment model.
Task 7: Develop Revolutionary Technology Evaluation Capability
Methods will be evaluated for modeling revolutionary technological advances that a simple extrapolated prediction
framework would not capture. Both physics based models and historical case studies will be used to identify how historical
or potential technologies could change the response surfaces. It is expected that it should be possible to identify standard
ways in which the response surface changes. If this were correct, these insights would be used to define indicators of
potential future capability that could be evaluated parametrically to explore potential future performance spaces.
Task 8: Coordination within FAA and Volpe
The research team will be utilizing a number of tools within the FAA Tool Suite for which experts reside at FAA and Volpe,
specifically AEDT. TASOPT has previously been connected with AEDT, and it may be useful to call on experts that have
worked in this specific area.

Major Accomplishments
Have developed and demonstrated TASOPT and ANOPP connection and modeled several aircraft types with good
agreement with certification data. Have demonstrated surrogate modeling approach on fuel only example problem.

Publications
None

Outreach Efforts
Several briefings on FAA Tools Team meeting

Awards
None

Student Involvement
Graduate students have been involved in all aspects of this research and have been the key implementers.
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Embraer are also contributing cost-sharing funds, through personnel expenses to collaborate in the development of the
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The team also includes other researchers that have been assisting with the technical work and the development of our
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The FAA Office of Environment and Energy has devoted considerable effort and resources to the development of the Aviation
Environmental Design Tool (AEDT) to perform full four-dimensional analyses, using arbitrary levels of detail and complexity,
of the NAS and its environmental and economic impacts. AEDT relies on models of aircraft performance supplied to it by
external aircraft modeling capabilities for the quantification of fuel burn, emissions, and noise at the source (the aircraft
being considered), as well as the trajectories to be flown by said aircraft. As stated in the ASCENT COE Project Notice, there
is an interest on the side of the FAA to enhance the variety of external tools that may be used to supply aircraft performance
/ environmental impact information to AEDT. This work describes the efforts that were pursued over the course of the past
13 months to create a module for SUave (the Stanford University Aerospace Vehicle Environment) that enables full
connectivity with AEDT and is used to create a database of AEDT aircraft that is representative of aircraft flying today (in all
five aircraft classes and with specific models as needed). In addition, we also showcased some of the unique capabilities of
SUave, by demonstrating the introduction of an advanced technology that would require higher-fidelity tools to be used
within SUave into a particular aircraft class. Such an advanced technology aircraft was made available to AEDT for further
analysis. The addition of this new module (from SUave to AEDT) has the benefit of ensuring that a more diverse set of aircraft
analysis / design tools can be interfaced with AEDT and that, as future aircraft configurations (and aircraft technologies
and/or mission specification changes) need to be modeled, they are incorporated into aircraft design processes with a
sufficiently-high level of fidelity so that the input information provided to AEDT can credibly be used to assess system-level
impacts.

Background and Previous Accomplishments
SUave (the Stanford University Aerospace Vehicle Environment) is being developed as a flexible, easily extensible, and opensource software framework for the analysis and design of aerospace vehicles at the Aerospace Design Laboratory at Stanford
University. SUave is capable of modeling conventional aircraft configurations in a manner similar (but significantly enhanced
in its mission description and propulsion models) to our predecessor tool, PASS (Program for Aircraft Synthesis Studies). In
order to enable advanced technologies and advanced aircraft configurations (such as higher-span strut-braced wing aircraft,
blended-wing body configurations, or even more electric aircraft that might materialize in the future) a method of conceptual
design was required that could accept arbitrary aircraft configurations. Many current software tools for aircraft conceptual
design rely upon empirical correlations and other low-fidelity approximations for the propulsion and power system as well
as the architecture of the airframe (fuselage and wing or, in some cases, certain types of blended wing-body.) On the other
hand, designing unconventional aircraft configurations featuring integrated, game-changing technologies, including but not
limited to hybrid concepts, requires the ability to perform conceptual design using both physics-based predictions (higherfidelity) as well as relevant correlations (lower-fidelity) based on available historical trends. In short, a design tool was
required that allows for an arbitrary aerospace vehicle to be designed with an arbitrary level of fidelity in its supporting data.
SUave, Stanford University Aerospace Vehicle Environment (see suave.stanford.edu), is being developed in the Aerospace
Design Laboratory (ADL) to fulfill this need. SUave is a Python module, a language chosen for its widespread support in the
science and engineering communities as well as its exceptional ability to interface between various languages. It is designed
as an easy-to-use application programming interface (API) with clearly-understandable syntax accessible to those with
minimal Python experience. By design, SUave is intended to be driven by or interfaced with other tools, including numerical
optimization frameworks such as NASA’s OpenMDAO (also a Python-based tool.)
SUave’s core is a modular set of components than can be assembled and analyzed without having to write any additional
software. Vehicles, the top-level data structure, are assembled from Components that include Wings, Fuselages, Propulsors,
etc. These components themselves can be specified at a level chosen by the user to match the fidelity of the available analysis
methods. For instance, a component can be described by only the minimal information necessary for completing a lowfidelity approximation of its performance or directly with high-fidelity data and geometry. Figure 1 shows an abbreviated
class structure diagram used in the SUave framework. Though green aviation is our immediate research application, Vehicles
are not limited to commercial aircraft: the class structure in SUave has been created with complete generality. For example,
during the construction of the class structure, rotorcraft, personal air vehicles, and even launch vehicles were considered
and can be analyzed within the framework.
During SUave’s development, we have been fortunate to have Embraer personnel in direct collaborations, resulting in
significant opportunities for enhancing the predictive capabilities of the tools and multiple validation efforts (particularly
with regional jet aircraft). In addition, we are currently in discussions with NASA in order to include their personnel in our
development efforts, as well as with Boeing’s Advanced Concepts Development group. SUave is released under an opensource license for others to contribute to its improvement. All work done under this effort is available for others to use in
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the future and to improve as appropriate when additional capabilities can be added to SUave, or when data requirements
from AEDT change.

FIGURE 1. ABBREVIATED CLASS DIAGRAM AND SAMPLE SYNTAX DEMONSTRATING SUAVE’S MODULAR CONSTRUCTION AND FLEXIBILITY

Project Objectives
During the development of SUave, we have paid careful attention to a number of issues that can be particularly relevant to
improving the accuracy of the models that are supplied to AEDT. In particular, SUave can handle with added accuracy (beyond
standard conceptual analysis/design tools such as PASS) the following issues:
1.

2.

3.

4.
5.

Advanced engine model module: the conventional propulsion module within SUave is based on a one-dimensional
thermodynamic cycle including all component efficiencies and realistic inputs such as bleed flows and secondary
flow system models. We have paid particular attention to the thrust and specific fuel consumption estimations
in off-design conditions, which are particularly important for local noise and emission estimations. Ongoing
efforts (joint with the NASA Glenn Research Center) have resulted in a further-enhanced propulsion modeling
capability with arbitrary networks of components (similar to the NPSS approach) coupled together and the ability
to model details of the thermodynamics and real gas effects in a variety of types of propulsion plants.
Detailed Mission Integration Strategy: In SUave, every portion of a particular flight (taxiing, take-off and landing,
climb with multiple segments, descent & approach, etc.) is modeled based on first principles using the appropriate
propulsion system model and the aerodynamic performance for that specific flight condition. The result is
enhanced accuracy in the predictions that result. For example, advanced procedures such as Optimized Profile
Descents (OPDs) can be modeled based on first principles, including the trajectory followed by the aircraft.
Internal to AEDT, the aircraft mission profile is computed according to standard methodologies. A study to assess
the differences between the flight profiles embedded in AEDT and those computed by SUave was completed as
part of this effort.
Ability to incorporate future technologies: the multi-fidelity approach followed in SUave allows for the introduction
of higher fidelity tools (we are currently working on better aerodynamics, see su2.stanford.edu, better weight
estimation approaches for the primary structure based on FEM optimization, and more accurate stability and
control assessments using a multi-fidelity database) when needed. This type of approach enables the systemlevel quantification of benefits of technologies that might have significant interactions within the aircraft system.
Rapid execution of analyses: to enable the possibility of examining the performance of the aircraft at a variety of
range, weight, speed and altitudes that can then be passed on to AEDT for its analysis.
Advanced optimization techniques: the resulting SUave models are typically used as a starting point for entire
vehicle and engine optimizations (single- and multi-objective) that can result in improved performance and
environmental impact by suitable changes in the configuration and while ensuring that a large variety of
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constraints are satisfied. As a result of this work (and work in ASCENT Project 10), we have completed a full
optimization environment in SUave that will be published in the AIAA SciTech 2016 (January 2016) conference.
A sample of results for the detailed mission description for a B737-800 aircraft (using multiple climb and descent segments)
is shown below in Figure 2.

FIGURE 2. SAMPLE RESULTS FROM A SIX-SEGMENT BOEING 737-800 MISSION SIMULATED IN SUAVE, INCLUDING THREE CLIMB SEGMENTS, ONE
TRIMMED CRUISE SEGMENT, AND TWO DESCENT SEGMENTS. TOTAL (INTEGRATED) FUEL CONSUMPTION AND THROTTLE HISTORY ARE PLOTTED.

Leveraging the existing SUave capabilities and multiple ongoing efforts at the Aerospace Design Laboratory, the main
objective of this work is to automate all the necessary tasks to seamlessly integrate the output of any SUave analysis and /
or design into AEDT. This integration involves all the necessary data transfer / formatting but, in addition, it also includes
a validation & verification effort to ensure that, when the performance of a vehicle is transferred to AEDT using its XML
interface definition, the calculations carried out by AEDT closely conform to the analyses performed by SUave.
The result, pySUave-AEDT, is a stand-alone program that can be used to automatically transfer any vehicle in SUave to the
AEDT framework. Note that a library of SUave aircraft was also built, including an advanced technology airplane, and is
available to the FAA for use in future AEDT studies. If at all possible, we would like to see the resulting pySUave-AEDT be
added as either a contributed software module to the AEDT distribution or even as a plugin that might enable the reading of
SUave aircraft directly from the AEDT GUI.

Statement of Work
During the proposal phase, we suggested to structure the work into the following three tasks.
Task 1: Create a SUave-AEDT module (pySUave-AEDT) to be able to provide all the necessary information for any aircraft that
can be modeled in SUave to AEDT, including the ability to estimate fuel burn performance, associated emissions in each
phase of the mission, and noise emitted in terminal area operations. The module automatically runs all of the simulations
required and outputs the information from SUave in the XML format used within AEDT for seamless connectivity. Python,
the language used in the core of SUave, already has excellent XML connectivity and the ability to convert the internal SUave
database to any XML schema that is required. This effort will require the re-organization of the aircraft/engine information
within SUave into an XML database that conforms to the requirements found in the AEDT Reference Manual. In addition, and
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as mentioned earlier in this document, since AEDT represents aircraft by a series of parameters in an XML database and then
proceeds to use its own internal models to translate those database parameters into actual aircraft trajectories and
performance, there exists the possibility that the computed trajectories and performance in SUave might differ from what is
assumed in AEDT. Given that the models in SUave are deemed to be of higher-fidelity than those in AEDT, we will ensure
that the XML database can be specifically created so that performance differences can be minimized. The deliverable for this
task is the entire source code for pySUave-AEDT including the necessary documentation and input files to be able to run it.
During this effort, we focused our activities on ensuring that the current noise modeling capabilities in AEDT are leveraged
to ensure a full accounting of the environmental impact of SUave aircraft. However, and although it was considered to be
beyond the scope of this work, we managed to create, in collaboration with Embraer, a noise prediction module (including
both airframe and engine noise models) that has been interfaced with SUave to further enhance the noise prediction
capabilities. While these noise predictions are not yet fully interfaced with AEDT, we expect to complete this effort in the
coming months.
Task 2: Create SUave-based AEDT models for representative aircraft in all five aircraft groups: leveraging our experience
from previous efforts with FAA and NASA (Project 43, NASA LEARN program) we have created all the necessary models for at
least one aircraft in each of the five major groups and make them available to AEDT. This effort has created an initial library
of vehicles that can be used for AEDT-based studies. The various aircraft models that we modeled within each aircraft group
are as follows: Regional Jet – CRJ900 and/or Embraer 175/190, Single Aisle – B737-800, Small Twin Aisle – B767-300, Large
Twin Aisle – B777-200ER, Very Large Aircraft – A380 and B747-400. In addition to the XML databases required by AEDT, the
deliverables for this task also include the detailed performance characteristics, in the form of detailed charts for all aspects
of the aircraft mission, for all aircraft modeled.
Task 3: Demonstrate an advanced technology introduced into an aircraft: in order to showcase the future potential of SUave
as a source of information for AEDT, we have introduced an advanced technology aircraft that requires the high-fidelity
analysis capabilities in SUave. In this Task, we focused on the AEDT introduction of a large-span strut-braced wing aircraft
of the size and mission capabilities of a B737-800.
All tasks described in this proposal were completed at the Aerospace Design Laboratory at Stanford University. Interactions
with FAA and Volpe personnel were fundamental to the completion of the effort. The authors would like to acknowledge the
guidance of Mr. Aniel Jardines and the AEDT-related input of Mr. David Senzig. Software for interaction between SUave and
AEDT is now part of an open-source module that is maintained as part of the SUave standard distribution (see
http://github.com/suavecode).

Task 1: Interface between SUAVE and AEDT
Stanford University

Objective(s)
AEDT is a tool recently developed by the FAA with the purpose of providing a program that could accurately predict emissions
and noise patterns created by aircraft fleets around the world. A substantial amount of work has been done to collect data
needed to model aircraft that are currently in use, but it is also desirable to have the ability to evaluate new aircraft within
this framework. SUAVE is aircraft design tool with development headed at Stanford University. With the goal of allowing AEDT
to use new aircraft designs, modules are added to SUAVE that will allow relevant data to be generated within SUAVE, and
then exported for use in AEDT.

AEDT Aircraft Representation
To avoid the lengthy computations that would be required for a full simulation or the large amount of data required for
interpolation in every mission type, AEDT breaks the aircraft into several simple modular components and uses two types of
coefficient fitting in mission calculations.
AEDT Aircraft Structure
The AEDT aircraft structure is composed of several components that can the independently modified to suit the needs of a
particular aircraft configuration. The overall structure uses an AEDT aircraft that is linked to five sub IDs. Each of these IDs
contains information used in different aspects of the mission simulation. This structure and the associated data sets is
displayed in Figure 3. The purpose of each component is described briefly in Table 1.
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FIGURE 3. AEDT AIRCRAFT FILE STRUCTURE

AEDT Aircraft
ANP
ANP
ANP
ANP
ANP
ANP

ID
Airplane
Profile Set
Thrust Set
Flaps Set
Noise Group

BADA ID
BADA Fuel
BADA Airplane
BADA Altitude Distribution
Set
BADA Config Set
BADA Profile Set
BADA Thrust
Engine Code
Engine
Engine Mod

This is the highest level in the structure. It provides the five IDs and codes shown in
Figure 1, as well as a description of the aircraft.
This is the reference code for the aircraft ANP data sets
Contains basic values for the ANP model such as static thrust and maximum weights.
Contains profile data for various segments that may be flown by the aircraft.
Contains thrust coefficients used in the ANP model.
Contains flap coefficients used in the ANP model.
Contains noise data at various altitudes for given aircraft thrust levels and operation
modes.
The reference code for the aircraft BADA data sets.
Contains coefficients for fuel flow in the BADA model.
Contains basic values for the BADA model such as aircraft weights and operating
speeds.
Contains statistical information about aircraft altitudes. These are not used in the
modeling process.
Contains data dependent on aircraft configuration – stall speed and drag coefficients.
Contains information on climb, descent, and cruise profiles.
Contains coefficients for thrust levels in the BADA model.
Code identifying the engine that is used.
Contains key engine parameters such as emissions.
Contains any engine modification data.
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Airframe
APU
Energy Share

Contains various aircraft designation codes used in the modeling process.
Contains APU emission data.
Contains an energy share factor used in modeling climb and descent.
TABLE 1. DESCRIPTION OF AEDT AIRCRAFT ELEMENTS.

Aircraft-dependent data that must be calculated is primarily in the ANP and BADA data sets. These are what the SUAVE-AEDT
interface is built to generate – specifically the BADA fuel, config, profile, and thrust sets, along with the ANP profile, thrust,
and flaps set. The BADA altitude distribution set and ANP noise group must be manually entered in the SUAVE module if new
values are needed. Otherwise default values from the AEDT 737 will be used to form a complete data file for the aircraft IDs.
Aircraft Trajectory Modeling
BADA and ANP are the two sets of modeling equations are used in AEDT. The BADA (Base of Aircraft Data) model and the
ANP (Aircraft Noise and Performance) model are both provided by EUROCONTROL. In AEDT, the BADA model is used to
simulate trajectories above 10,000 feet greater than field elevation, while the ANP model is used below1.
BADA Model
The BADA model consists of several coefficients principally set up to determine rate of climb and fuel burn. The primary
equations, transformed for use in linear regression as per the EUROCONTROL modeling guide, are given below2.

Fuel Flow (kg/s):

These equations are used for all types of aircraft, but the coefficients that may be set to zero vary between operation and
engine types.
BADA Coefficient Calculation
EUROCONTROL has a specified process that can be used to
determine BADA coefficients. This process manipulates the BADA
equations to allow linear regression of a separate set of coefficients
that can then be transformed into the coefficients that are used
directly in the model.
The missions created are2:
•

9 climb trajectories combining 3 different aircraft masses
(maximum, reference, and minimum) and 3 different
speed profiles (high, reference, and low) performed under
ISA conditions
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k4
TAS
m
ESF
h
ΔT ISA
γ
M
ROC
T
D

Unit Conversion
True Airspeed (kts)
Aircraft mass (kg)
Energy share factor
Altitude (ft)
Temperature change from ISA (K)
Climb angle (rad)
Mach number
Rate of climb (fpm)
Thrust (N)
Drag (N)

•
•
•

3 descent trajectories for the reference mass and 3 different speed profiles performed under ISA conditions.
4 climb trajectories combining 3 different aircraft masses and 2 different non-ISA temperature conditions (ISA+10
and ISA+20) performed with the reference speed profile
1 cruise trajectory performed under ISA conditions, for the reference mass and speed profile.

The process outlined below is then followed2:
1. Initialization of the set of trajectories used to estimate {t0, t1, t2, t3, t4, d0, d2, d16} with the ISA climb trajectories
2. Estimation of {t 0 , t 1 , t 2 , t 3 , t 4 , d 0 , d 2 } as described above from the set of ISA climbs, using as the aircraft mass at
each point, m i , the observed value until estimates of the fuel coefficients {f 0 , f 1 , f 2 , f 3 , f 4 , f 5 } become available to
allow the predicted value to be used instead.
3. Estimation of {t 5 , t 6 } as described above using non ISA climbs.
4. Estimation of the hi and lo version of t 7 as described above using ISA descent trajectories. Provided that the
estimates of {t 0 , t 1 , t 2 , t 3 , t 4 , d 0 , d 2 } are known from step 1, the observation matrix degenerates into a column vector.
On the other hand, since h des is unknown, it has to be determined as the one that makes the minimum corresponding
RMS. (h des is the altitude at which the t 7 coefficient switches from its hi to lo value)
5. Now, all the thrust and drag coefficients are estimated. Therefore, the thrust can be calculated for all the points in
the various segments and thus, fuel consumption coefficients {f 0 , f 1 , f 2 , f 3 , f 4 , f 5 } can be estimated as described
above.
6. Repetition from step 1, considering all the trajectories used for modelling with the exception of cruise, and the
BADA predicted values of the aircraft mass instead of the observed ones. Also, step 1 is to solve for the coefficients
{t 0 , t 1 , t 2 , t 3 , t 4 , d 0 , d 2 } Iterations can continue while effectively improving, until the improvements achieved in terms
of RMS change fall below a given tolerance.
Note that the outlined process in the document also includes determining d 16 . The SUAVE module is capable of doing this,
but does not do so by default. This is because this coefficient is used for compressibility effects that are not included in the
current BADA modeling in AEDT. SUAVE is also using 6 non-ISA climb trajectories to capture all the possible combinations.
ANP Model
The ANP model principally calculates fuel burn and net thrust. It is split into approach and descent models, with separate
coefficient used above the engine breakpoint temperature. Net thrust is determined by1

Fuel flow rate in departure and approach is determined by

M
θ
F n /δ
Fn
F n0
ANP Coefficient Calculation
The ANP coefficients are calculated based on the procedure given in a
reference document3. For the thrust equations, mission segment are
simulated with an acceleration segment between typical climb speeds,
along with a constant climb segment. This is done with all relevant
configuration settings so that thrust and drag can be calculated for each.
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aircraft Mach number
ratio of temperature at aircraft altitude to
sea level ISA temperature
aircraft corrected net thrust per engine (lbf)
aircraft net thrust per engine (kN)
ISA sea-level static thrust (lbf)

F n /δ
v
h
TC

Corrected net thrust per engine (lbf)
Equivalent airspeed (kt)
Pressure altitude (ft)
Temperature (°C)

The descent segments are modeled similarly, but with deceleration and descent. In SUAVE, profiles are typically created to
provide thrust and these can be used in AEDT in place of the thrust coefficients.
The fuel flow calculations are split only between approach and descent, with the same coefficients used for different
configurations. These equations are fit using all the fuel rates in the simulation.

SUAVE Overview and AEDT Module
SUAVE General Structure
SUAVE is an aircraft design tool built to have the capability to work with unconventional configurations. It is written in Python
to allow easy addition of modules. In order to allow unconventional designs, aircraft are modeled as a collection of
components that are combined to form full aircraft. SUAVE aircraft are defined as Python classes, which for purposes relevant
here can be considered as a large data structure. SUAVE simulates missions by taking this data and using a built-in mission
solver. SUAVE is highly extensible, and allows aircraft data to be computed from many different sources. It is designed to be
multi-fidelity tool so that the modeled aircraft can be built to an appropriate fidelity for the application. This may involve
links to outside program, allowing data such as CFD results to be used.
SUAVE AEDT Module Structure
The SUAVE AEDT module is built as a set of modules that perform the basic operations needed to simulate aircraft and
transfer the results into a file that can be imported by AEDT. The information flow in these module is shown in Figure 4.

FIGURE 4. SUAVE INTERFACE WITH AEDT
Vehicle Data Input
The BADA Vehicle Data, ANP Vehicle Data, and SUAVE Profile modules all contains information on the vehicle setup. All three
contain the data required by SUAVE to model the aircraft. This would typically be the same set of data, but could be modified
if there is a reason for changes between different fitting algorithms. The BADA and ANP data sets also include data that is
specifically needed for BADA and ANP models, along with specific missions for fitting purposes. The specialized data must
be manually entered by the user in each case.
Fitting Algorithms
Both the BADA and ANP fitting algorithms rely on regression to generate coefficients that can be used in AEDT. Fitting is
done by taking mission results data and using equations specified in the relevant documentation. The coefficients are then
transformed as required to be used in the standard equations, and then output for use in export.
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SUAVE Profile Creation
To create the SUAVE profile, the standard vehicle setup is used and mission data is created for all segments that are desired.
This can include as many approach and descent segments as desired. Profiles must be indicated as approach or descent in
this module. AEDT requires a particular set of values to be used when point-wise segments are used instead of trajectory
steps. This are computed with SUAVE’s mission solver and output in a matrix for use.
XML Export
The export module brings together all of the data and sorts it into the XML trees needed for creating the ASIF (AEDT Standard
Input File). General data for the aircraft should also be entered here.

SUAVE Output Testing
Verification was done using missions similar to what would be expected in a standard mission for a 737. This was designed
to test that the coefficients being generated by SUAVE were indeed predicting the performance that was expected.
BADA Fitting Data
Since BADA fits based on climb rate and fuel flow rate, these numbers were calculated for the appropriate mission segments.
Figure 5 and Figure 6 show the results for rate of climb in ISA conditions. Similar results were also found for other segments.
This shows the BADA coefficients determined by SUAVE can accurately describe aircraft trajectories. Though in the future
AEDT will use BADA 4 instead of 3, this demonstrates that the process for calculating coefficients is functioning properly.
Since BADA 4 uses similar principals to determine coefficients, the methods in these modules should not be difficult to
accurately apply with BADA 4.

FIGURE 5. BADA CLIMB RATE
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FIGURE 6. BADA FUEL FLOW
ANP Data
Using SUAVE data for point-wise mission segments, fuel flow modeling becomes the important aspect of the ANP data. These
results (see Error! Reference source not found.Figure 7 below) demonstrate that the fuel flow coefficients generated in
SUAVE match the performance expected.

FIGURE 7. ANP FUEL FLOW

Running with New Aircraft
SUAVE Data Input
To create information for a new aircraft, data for the vehicle configuration and mission types must be input in the relevant
SUAVE sections. The details of the process are essentially the same as those described in the tutorials on the SUAVE website4.
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The difference is that BADA and ANP data must be included. These data sets can be found at the end of the vehicle definitions
in their respective files.
Running the Full Module
Once vehicle and mission data is input as desired, the module can be run from the main XML export file. Inputs are required
at the top of this file to select the vehicle and mission data, as well as file names for generated files. Airframe data (see Table
1) also must be entered here. It is important to select an engine and APU that are already define in AEDT, or one that you
will create manually, as the data for these is not created in SUAVE. Once the inputs are entered, the module can be run and
will produce an XML file that can be read directly into AEDT.

Summary
SUAVE has been extended with fitting algorithms and the capability to generate ASIFs ready for import into AEDT. These
fitting algorithms contain BADA and ANP equations that are also used in AEDT, and are fit with mission data designed to
provide coefficients that will be useful for the typical missions modeled in AEDT. These coefficients have been verified to
produce rate of climb, fuel flow, and net corrected thrust values that match input values. With proper inputs, the module can
be run and imported into AEDT with no additional file modification required.

Task 2: Creating a Library of Existing Aircraft
As part of the effort to create a SUAVE-AEDT interface, the need was felt to build a database/library of (conventional) aircraft
in SUAVE which could then be used to perform fleet level analysis with aircraft having different payload-range characteristics.
With this in mind representative aircraft from all the five ICAO classes were chosen and modeled in SUAVE. The five classes
and the representative aircraft modeled are show in Error! Reference source not found..
ICAO Aircraft Class

Aircraft chosen

Regional Jet

CRJ900

Single Aisle

B737-800

Small Twin Aisle

B767-300ER

Large Twin Aisle

B777-200ER

Very Large Aircraft

B747-400

TABLE 2. LIST OF AIRCRAFT MODELED IN SUAVE FOR AEDT USE.

Aircraft Modeling in SUAVE
The aircraft are modeled in SUAVE as a collection of wing, fuselage and engine/propulsion components that are assembled
together to obtain an aircraft model. A brief description of how these components are set up and assembled is given below.
More detailed descriptions of these components and SUAVE in general are available in an AIAA Aviation 2015 paper
(reference 5).
Wings
The main wing, horizontal and vertical tail of the aircraft are modeled using the Wing component in SUAVE. The geometric
parameters of these components as well as their positions are specified. The inputs specified for the main wing of the B737800 are shown in Figure 8. Once the parameters of the wing are defined, the wing is added to the aircraft model.
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# -----------------------------------------------------------------# Main Wing
# -----------------------------------------------------------------wing = SUAVE.Components.Wings.Main_Wing()
wing.tag = 'main_wing'
wing.aspect_ratio
= 9.0
wing.sweep
= 25.0 * Units.deg
wing.thickness_to_chord
= 0.1
wing.taper
= 0.16
wing.span_efficiency
= 1.08
wing.spans.projected
= 35.66
wing.chords.root
= 6.81
wing.chords.tip
= 1.09
wing.chords.mean_aerodynamic = 4.235
wing.areas.reference
= 124
wing.twists.root
= 4.0* Units.degrees
wing.twists.tip
= -4.0 * Units.degrees
wing.vertical
= False
wing.symmetric
= True
wing.high_lift
= True
wing.dynamic_pressure_ratio = 1.0
vehicle.append_component(wing)

FIGURE 8. SAMPLE WING DESCRIPTION FOR SUAVE B737-800 WING.
Fuselage
Setting up the fuselage is similar to the wing with the basic geometric parameters being specified as shown in Figure 9.
Engine/Propulsion System
Modeling the propulsion system is a little more complicated owing to the use of an energy network framework. The turbofan
model is built using compressor, nozzle, fan, combustor and turbine components which are connected together as a network.
The instantiation of an energy network and the addition of a component are shown in Figure 10. The model takes into
account the pressure ratios and polytropic efficiencies of the components (specified as inputs) and solves the 1D propulsion
equations at design and off-design conditions to obtain thrust, specific fuel consumption and the fuel flow rate at different
instances of the mission.
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# --------------------------------------------# Fuselage
# --------------------------------------------fuselage = SUAVE.Components.Fuselages.Fuselage()
fuselage.tag = 'fuselage'
fuselage.seats_abreast
=6
fuselage.seat_pitch
=1
fuselage.fineness.nose
= 1.6
fuselage.fineness.tail
= 2.
fuselage.lengths.nose
= 6.4
fuselage.lengths.tail
= 8.0
fuselage.lengths.cabin
= 28.85
fuselage.lengths.total
= 38.02
fuselage.lengths.fore_space = 6.
fuselage.lengths.aft_space
= 5.
fuselage.width
= 3.74
fuselage.differential_pressure = 5.0e4 * Units.pascal
vehicle.append_component(fuselage)
FIGURE 9. SAMPLE FUSELAGE DESCRIPTION FOR SUAVE B737-800.
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# ---------------------------------------------------------# Turbofan Network
# --------------------------------------------------------#instantiate the gas turbine network
turbofan = SUAVE.Components.Energy.Networks.Turbofan()
turbofan.tag = 'turbo_fan'
# setup
turbofan.number_of_engines = 2.0
turbofan.bypass_ratio
= vehicle_inputs.bypass_ratio #5.4
turbofan.engine_length
= 2.71
turbofan.nacelle_diameter = 2.05
# working fluid
turbofan.working_fluid = SUAVE.Attributes.Gases.Air()
# ----------------------------------------------------------# Component 2 - Inlet Nozzle
# instantiate
inlet_nozzle = SUAVE.Components.Energy.Converters.Compression_Nozzle()
inlet_nozzle.tag = 'inlet_nozzle'
# setup
inlet_nozzle.polytropic_efficiency = 1.0 #0.98
inlet_nozzle.pressure_ratio
= 0.999 #0.98
# add to network
turbofan.append(inlet_nozzle)

FIGURE 10. SAMPLE TURBOFAN NETWORK FOR B737-800 EXAMPLE
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Mission
The mission the aircraft is designed for, is broken down into climb, cruise and descent segments which are modeled using
segment objects (as shown in Figure 11) and these are then stitched together to form the mission for which the aircraft is
flown. The mission solver solves the equations of motion for the aircraft at every point in the defined mission using the
aerodynamic and propulsion data obtained from the analysis models.

# ------------------------------------# Climb Segment
# ------------------------------------segment = Segments.Climb.Linear_Mach_Constant_Rate(base_segment)
segment.tag = "climb_1"
segment.analyses.extend( analyses.takeoff )
segment.altitude_start = 0.0 * Units.km
segment.altitude_end = 3.0 * Units.km
segment.climb_rate
= 6.0 * Units['m/s']
segment.mach_end = 0.4
segment.mach_start = 0.25
# add to misison
mission.append_segment(segment)

FIGURE 11. SAMPLE MISSION SEGMENT DEFINITION FOR B737-800 EXAMPLE.
Analysis Methods
For the simulation of conventional aircraft, correlation based methods are used to estimate the aircraft’s aerodynamics,
propulsion performance, weight breakdown, stability characteristics, landing and takeoff performance and its overall mission
performance. These methods have been described in detail in the SUAVE paper (reference 5).
Once the design is finalized, the aircraft can be flown in SUAVE for a variety of climb profiles, cruise altitudes, atmospheric
models and cruise ranges as described in Section 6. This information is then used to generate the AEDT input files.

Performance Estimates of the Five Aircraft Classes
The aircraft for the five baseline classes are modeled in SUAVE and their performance for the design mission is obtained.
The subplots in Figure 12 indicate the variation of the aircraft altitude during flight as well as the change in the weight of
the aircraft (due to fuel burn) during the mission for the B737-800, including the reserve mission at the end of the typical
flight profile. The change in the engine performance indicated by the specific fuel consumption is also shown in the figure.
The design/input parameters including the geometric parameters of the wings, fuselage and engine performance parameters
are obtained from publically available data including the airport planning guides of the aircraft (reference 6). These
design/input parameters as well the performance estimates obtained using SUAVE for all five baseline aircraft are shown in
Figure 12. Typical Suave performance plots for the B737-800 Example Mission.
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Figure 12. Typical SUave performance plots for the B737-800 Example Mission.

Mission/Operation Parameters
Parameter

Units

Value at Design Point

Cruise Mach

~

CRJ900
0.8

B737-800
0.78

B767-300ER
0.8

B777-200ER
0.84

B747-400
0.85

Range

nm

2,011

2,960

5,920

7,530

7,060

Payload weight

lbs

18,000

37,170

54,810

64,050

87,570

Reserve fuel

lbs

4,251

6,229

11,325

16,400

29,037

Block fuel

lbs

16239

39125

163600

280563

347151
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Total mission fuel

lbs

20,490

45,354

174,925

296,963

376,188

Take off length

ft

8,280

10,298

10,212

10,212

9,801

Landing length

ft

6158

6236

6776

6776

6417

Parameter
Wing aspect ratio

Units
~

Value
10.2

Value
9

Value
10.63

Value
8.6

Value
7.38

Wing reference area

ft^2

651.841

1344

3049.42

4602

5972

Wing projected span

ft

81.5289

117

156.1

199.1

211.4

Wing sweep at 1/4 chord

Aircraft geometry and dimensions

deg

26.8

25

31.5

31

38.4

Airfoil t/c ratio at wing root

~

0.12

0.1

0.11

0.1

0.106

Wing inner taper ratio

~

0.204

0.16

0.24

0.182

0.222

Fuselage max width

ft

3

10.3018

18.4

22

Fuselage max height

ft

3

10.3018

18.4

22

28.6

Fuselage length

ft

21.56

124.73753

116.01

197.44

24.01

Horizontal tail aspect ratio

~

4.58

6.16

4.61

4.928

3.6

Horizontal tail area

ft^2

208.58

349.698

811.2

1238

367.2

Horizontal tail span

ft

30.9

46.4108

61.15

78

65.61

Horizontal tail sweep

~

40

30

33

32

39

Vertical tail aspect ratio

~

1

1.91

1.77

1.1

1.146

Vertical tail span

ft

9.737

25.82021

40.3

31.8

29.82

Vertical tail area

ft^2

97.77

349.698

582.5

923

776

Vertical tail sweep

~

40

25

40.3

40.5
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Engine geometry and design parameters
Parameter

Units

Value

Value

Value

Value

Value

Max SLS thrust

lbf

16 148

27 303

57266

94804

57 603

0.553

0.585

0.576

0.52

0.565

TSFC(design point)
Weight breakdown
Parameter
OEW

Units
lbs

Value
41105

Value
88100

Value
185414

Value
299861

Value
389025

MTOW

lbs

83269

174200

412000

676000

875000

0.9

0.7

0.7

0.7

MZFW/MTOW

~

TABLE 3. SUMMARY OF PERFORMANCE ESTIMATES FOR AIRCRAFT IN THE FIVE CLASSES
The performance of these aircraft for the design mission and the off-design missions are compared with results obtained
during an earlier effort as part of PARTNER Project 43 (2011-2013) with the FAA and using results obtained from Georgia
Tech using the Environmental Design Space (EDS) tool as part of Ascent Project 10. Figure 13 shows a comparison of the
performance of the B737-800 modeled using SUAVE for a variation of mission range with results from EDS. The results clearly
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indicate that the aircraft model in SUAVE not only accurately predicts the design performance for the baseline aircraft but
also predicts accurately the aircraft performance for off-design missions. Similar trends are observed for the aircraft as well.
The database of aircraft thus created can now be easily imported in AEDT using the interface and used for fleet level analysis.
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Figure 13. Performance Comparison Between SUAVE (yellow) and EDS (red) for Different Range Missions for the B737-800
Aircraft.

Task 3: Modeling Unconventional Aircraft Configurations – Strut-Braced
Wing Aircraft
An important motivation of creating a SUAVE-AEDT interface is to leverage SUAVE’s ability to easily model/simulate
unconventional aircraft/engine configurations to build AEDT models for futuristic aircraft configurations and study their fleet
level impact. In order to test the ability of the framework to translate complex/unconventional aircraft configurations into
the AEDT format, we model a strut-braced wing configuration in SUAVE and describe how translating the model into AEDT
format is a trivial exercise.

Modeling the aircraft in SUAVE
Aircraft
The aircraft model is setup in SUAVE exactly like the conventional aircraft described in Section 7. The aircraft is build up of
a combination of wing, fuselage and engine components (SUAVE objects) with the input geometric parameters for each
component specified exactly like the conventional aircraft. The strut-braced wing differs from the conventional aircraft in
that it has four wing components, the main wing, horizontal and vertical tails and a strut. For the strut, a strut location needs
to be specified but otherwise is identical to the setup of a conventional wing component. The fuselage and propulsion are
set up in the exact same way as a conventional aircraft.
Mission
Setting up the mission is identical to the conventional aircraft. The mission is broken down in to segments and each segment
is modeled using a SUAVE segment object. These segments are then assembled together into a mission that is then used to
evaluate the aircraft performance.
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Physics-Based Design Modules
For the estimation of the aerodynamic properties and the primary structural weight of the aircraft, computational fluid
dynamics (CFD) using SU2 (a CFD solver developed at the Aerospace Design Lab, Stanford) and an in-house finite element
based weight estimation framework are used. The results from these analyses are then fed back into SUAVE and used to
analyze the performance of the aircraft over the design mission

Figure 14. Interfacing of high-fidelity analysis modules in SUave environment.
FEA based weight estimation
FEA based weight estimation entails a number of steps as shown in Figure 14. First the vehicle’s geometric data (dimensions
and positions of the fuselage and wings) are imported from SUAVE and stored in a local data structure.
Geometry Generation
Next, a geometric (CAD) model/ outer mold line of the aircraft is generated in an automated fashion. GeoMACH, a geometry
generation framework developed at the University of Michigan, Ann Arbor is used for this purpose. The outer mold line
generated is fed to a volume mesh generator (Pointwise) for generation of the unstructured volume mesh for computational
fluid dynamic calculation (described in Section 8.1.8). The outer mold line is used to build a structural model (finite element
mesh) of the aircraft consisting of fuselage and wing skins as well as spars, ribs and stringers for the internal structure.
These elements are approximated as shell elements.
Sizing loads
Structural sizing using a finite element method requires the definition of sizing loads. For aircraft configurations, this
includes the flight loads acting on the structure as well as fuel loads on the wing internal surface and cabin pressurization
loads on the fuselage. The fuel and cabin pressurization loads can easily be added as a constant distributed pressure loading
on the structural elements. The flight loads are obtained using lift distribution functions that specify the span-wise and
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chord-wise distribution of lift on the wings. Loads obtained from computational fluid dynamic simulations or panel methods
if available can also be used.
FEA based sizing/Optimization
Once the structural mesh and the sizing loads are obtained, sizing optimizations are performed on the structure. The
thicknesses of the shell elements are used as design variables with the optimizer aiming to minimize the weight of the
structure while ensuring that stress constraints are met during optimization. For the current study, the design sizing and
optimization is performed using Nastran. Nastran is a commercial finite element structural solver that contains an
optimization module Solution 200. Solution 200 is used to solve the design problem specified above and its returns the
weight of the feasible structure. More detailed descriptions of the weight estimation framework will be presented at SCITECH
2016. Figure 15 shows the results of the steps described above for the strut-braced wing aircraft configuration modeled
(going from the geometry to the optimal structural solution).

Figure 15.Schematic of entire FEA-based weight estimation procedure, including computation of critical aerodynamic
loads.
Improved Aerodynamic Prediction
In order to get an accurate estimate of the lift of the aircraft in cruise, an Euler solution (as shown in Figure 16) is computed
using the SU2 computational fluid dynamics suite developed at the Aerospace Design Lab at Stanford. The outer mold line
(OML) obtained from GeoMACH is used to build an unstructured volume mesh using Pointwise. This mesh is then used for
the CFD solution with SU2 returning the lift and inviscid drag of the aircraft. These results are fed back into SUAVE and used
to build surrogates for the lift and drag of the aircraft, which are then used during the mission evaluation.
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Figure 16. Sample strut-braced wing aircraft solution using the SU2 CFD analysis capability.
Overall performance analysis
The overall mission solver functions in the same way as for conventional aircraft with equation of motion solved at each time
step using the performance estimates obtained form the individual analysis modules. The aerodynamics and the primary
structural weight are obtained from physics based models as described in Sections 8.2.1and 8.2.2. The stability and landing
and takeoff modules use correlation-based methods to compute estimates.
Given that the aircraft models/component breakdown and output data structures used for the strut-braced wing are
consistent with those used for conventional aircraft configurations, the results obtained from simulating the performance of
the strut-braced wing for a set of conditions can be used to generate an AEDT input file without any modification to the
SUAVE-AEDT interface.

Outreach Efforts
N/A

Awards
N/A

Student Involvement
N/A

Publications
N/A

Conclusions & Future Work
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In summary, all the objectives of Project 12 (in the three separate Tasks described in this report) were completed during
the period of performance of this grant. More specifically, we have created a software module, pySUAVE-AEDT, that is now
maintained as part of the SUave open-source distribution (see http://github.com/suavecode), that can transfer any aircraft
that is modeled in SUave to a format that can be understood by AEDT. The module is based on the BADA3 format but, as
we gain access to the new and improved BADA4 representation, we will make the necessary changes to enable BADA4
models to be created as well. In addition, we have created a library of representative existing aircraft (at least one aircraft
in each of the aircraft classes) in SUave that can be analyzed and optimized in SUave, but that can also be transferred to
AEDT for future use. Finally, we have demonstrated the SUAVE-AEDT connectivity for an advanced aircraft (a truss-braced
wing aircraft model) that has been modeled and optimized in SUave as a way to show that future advanced aircraft
developed in SUave could be provided to AEDT for additional impact assessment of new technologies and new
configurations.
As part of the effort, and although not required by the grant, we have developed an acoustic source characterization and
propagation module for SUave that accounts for both engine and airframe noise sources. Although this model has not
been described here and is not yet integrated with AEDT, we intend to include this capability in future releases of pySUAVEAEDT.
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Project Funding Level
$200,000 from FAA plus $200,000 in cost-sharing by Stanford University.

Investigation Team
The team performing the research during this period included Prof. Mark Z. Jacobson (PI), Prof. Sanjiva K. Lele (co-I), Mary A.
Cameron (a Ph.D student), and Aniket R. Inamdar (a Ph.D student). We are also collaborating with other groups for goals 13. The PIs are overseeing the project (Tasks 1-4). The graduate students are performing the research described under Tasks
1-4.

Project Overview
NASA’s Alternative Fuel Effects on Contrails and Cruise Emissions (ACCESS-2) field experiment, held in the summer of 2014
in California, measured a number of aviation exhaust parameters during flight that are useful to study the chemical and
physical evolution of exhaust gases. A detailed knowledge of the composition and evolution of exhaust gases and particles
in free flight is necessary to study their interaction with solar and thermal radiation to estimate aviation climatic effects.
The main goal of this project was to simulate the measured short-term, near- and far-field evolution of aircraft exhaust
aerosol and contrail particles and gases with two computer models – GATOR-GCMOM and an LES model. Thus these two
models together would simulate phenomena spanning a very large range in spatial scales from the smallest turbulent
scales (a few millimeters) to the largest planetary scales (a few thousand kilometers). During the exercise, we would
validate and improve detailed microphysical processes in the models so that the models could provide more credible
estimates of impacts on climate and atmospheric composition (useful for air quality impact studies) when used at the
regional and global scale. The studies were also designed to tease out characteristics of near-field aerosol and contrail
evolution not available from data alone. Model simulations with GATOR-GCMOM were proposed to simulate the evolution
of aerosol and contrail particle size distributions for comparison with data and with Aerodyne model results (obtained in a
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parallel study). The LES model CDP-IF2 were supposed to be run to provide parameters for plume spreading and shearing
to GATOR-GCMOM and the Aerodyne model. Results were to be obtained following the analysis of data from six aircraft
flights.

Task 1. Update GATOR-GCMOM and LES models to simulate ACCESS 2 data
Stanford University

Objective(s)
The main goal of this task is to update the GATOR-GCMOM and LES models to simulate ACCESS 2 data.

Research Approach
Simulations with two different models are being run. One model is an LES model and the second, a Reynolds-Averaged NavierStokes (RANS) model that treats subgrid plumes. Near-field simulations are being run with both models from 1 second to 20
minutes.
The LES model is CDP-IF2, an incompressible turbulent flow solver, with Boussinesq approximation for buoyancy effects and
Euler-Lagrangian treatment for ice-microphysics. Potential temperature and water vapor concentration are treated as Eulerian
fields. The model treats emissions of aerosol, which are tracked for the primary purpose of simulating contrail development.
Water vapor deposition on aerosol particle nuclei is based on local supersaturation. The model treats multiple ice crystalhabits (Inamdar et al., 2013). It has been used for process studies of persistent aircraft contrails and has supported the
development of subgrid-plume model for use with global circulation models.
The RANS model is GATOR-GCMOM, a one-way nested, online gas-aerosol transport, radiation, general-circulation,
mesoscale, and ocean model. It treats gas photochemistry, spectral radiative transfer, size- and composition-resolved aerosol
and cloud microphysics and chemistry, dynamical meteorology, and ocean and soil processes. With respect to aircraft,
GATOR-GCMOM treats the subgrid evolution of aircraft exhaust from individual flights with an analytical plume expansion
model coupled with a size-and-composition-resolved aerosol and contrail module. The model also treats subgrid gas
chemistry. Emissions from individual flights worldwide are obtained from the 2006 chorded Volpe emission inventory.
For the present study, the models were updated to simulate the ACCESS 2 data. For GATOR-GCMOM, this involved shrinking
the model to a box-model version in each of many layers of a 1-D model and adjusting input such that a single flight with a
specified initial plume cross section and emissions profile was specified. The initial plume axes were determined from the
LES model output for ACCESS 2 ambient conditions and aircraft characteristics. The LES model updates included setting up
the model under the ambient conditions of the field campaign, adjusting emission indices for different engines, and including
a multimodal initial particle PDF to replace the initial uniform distribution. During the LES simulations, the impact of fuel
sulfur content is modeled by varying the initialized PDF of activated particles.

Task 2. Obtain ACCESS 2 data / determine best data for model comparison
Stanford University

Objective(s)
The goal of this task is to obtain as much ACCESS 2 data as possible then to aggregate the data in the best way possible so
as to compare model results.

Research Approach
Data were obtained from NASA’s Alternative Fuel Effects on Contrails & Cruise Emissions (ACCESS 2) field experiment. ACCESS
2 involved six, 3-hour long flights and was designed to measure the aircraft exhaust composition and contrail characteristics
as it burned (1) JP-8 with low sulfur, (2) a 50/50 blend of low S JP-8 and HEFA fuel, and (3) high sulfur JP-8. The flights were
in the 31,000-38,000 ft. altitude range.
GATOR-GCMOM and LES simulations are being initialized using measurements of ambient conditions taken by the NASA DC8 4-engine aircraft. Within each flight, some ambient conditions needed for model simulations (temperature, pressure, and
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humidity) varied during the flight, creating a large number of test cases spanning the observed parameter values. To decrease
the parameter space needed for simulations, four test cases that were most likely to result in contrail formation were chosen.
Exhaust measurements from the NASA DC-8 source aircraft were made by the NASA HU-25 Falcon sampling aircraft. For two
flight days, May 27 and May 29, 2014, short-lived contrails were sampled and the corresponding aerosol and contrail size
distributions were provided. Mach number and separation distance, also provided, were used to calculate the age of the
exhaust plume for each test case, providing a time-resolved size distribution for up to ~2 minutes. These size distributions
are used for comparison with GATOR-GCMOM and LES model results from the four test cases.

Task 3. Simulate data with models and compare with Aerodyne
Stanford University

Objective(s)
The goal of this task is to perform simulations of the evolution of aircraft exhaust under conditions that the data were
valid for in order to compare model results with the data and with the Aerodyne model results.

Research Approach
Several iterations of comparisons are needed. Following the first comparison, the models must be updated further. The
four GATOR-GCMOM and LES 20-minute simulations described under Task 2 have been run but require further refinement
to compare directly the number of activated particles, ice mass, and optical properties resulting from each model
simulation.
To match GATOR-GCMOM results with measured data, it may be necessary to start the model simulation within 1 second
after exhaust leaves the aircraft rather than one minute or to assume a smaller initial plume size. Another change may be
to assume a different initial size distribution of particles to ensure the modeled size distribution is not so far off the
observed one initially. Once Stanford has compared sufficiently with data, we will compare with results from the Aerodyne
model ensemble-averaged quantities including dilution ratio from LES, ice mass, ice area, and particle size distribution.

Task 4. Write up results for conferences and peer-reviewed publications
Stanford University

Objective(s)
This task involves determining the most important information to present publicly through conferences proceedings and
talks as well as in peer-reviewed publications.

Research Approach
Some results will already by presented at the October 14, 2015 Ascent meeting and at the American Geophysical Union
2015 annual fall meeting in San Francisco, CA.

Milestone(s)
The milestones reached to date include the setting up of the GATOR-GCMOM and LES models to simulate individual aircraft
plumes, the gathering and analysis of size-resolved aerosol data, and the preliminary simulation of the data with the
models. Some results have been graphed for presentation for the October 14, 2015 Ascent Meeting. The four GATORGCMOM and LES model inter-comparison cases will be presented at the American Geophysical Union 2015 fall meeting,
December 2015.
In addition to LES comparisons with GATOR-GCMOM, a separate reduced order ODE box model for contrail ice habit
formation was developed to predict bulk contrail properties, including total ice mass and number density, total ice area,
median particle size, and inferred optical depth. The ODE model is computationally inexpensive, so simulations lasting up
to 20 minutes can be run and compared with GATOR-GCMOM. Results from common 20-minute test cases performed by
the LES, GATOR-GCMOM, and reduced-order ODE model will be compared and presented at the 2015 AGU fall meeting.
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Major Accomplishments
The major accomplishments to date are the setting up of the GATOR-GCMOM and LES models to simulate individual
aircraft plumes, the gathering and analysis of size-resolved aerosol data, and the preliminary simulation of the data with
the models. Some results have been graphed for presentation at the October 14, 2015 Ascent Meeting. A comparison of
GATOR-GCMOM, LES, and reduced-order ODE model results will be presented at the 2015 AGU fall meeting.

Publications
Peer-reviewed publications
Gettleman, A., C.C. Chen, M.Z. Jacobson, M.Z. Cameron, D.J. Wuebbles, A. Khodayari, and D. Phoenix, Climate effects from
2050 projected aviation emissions, Atmospheric Environment, in review, 2015.
Cameron, M.A., M.Z. Jacobson, S. R. H. Barrett, H. Bian, C.-C. Chen, S. D. Eastham, A. Gettelman, A. Khodayari, Q. Liang, D.
Phoenix, H. B. Selkirk, N. Unger, D. J. Wuebbles, Model intercomparison study of effects of aircraft on surface air quality, in
preparation, 2015.
Conference proceedings
Inamdar, A.R., S.K. Lele, and M.Z. Jacobson, LES of Contrails with Ice Habit Treatment Using the Fickian-Distribution Model,
4th Joint US-European Fluids Engineering Division Summer Meeting, American Society of Mechanical Engineers 2014
Conference, August, 2014.
Technical reports
Gettelman, A., C.-C. Chen, M.Z. Jacobson, M.A. Cameron, D.W. Wuebbles, and A. Khodayari, Climate forcing effects from
2050 projected aviation, Federal Aviation Administration Office of Environment and Energy, Washington, D.C., March 31,
2015.
Jacobson, M.Z., M.A. Cameron, S.R.H. Barrett, S.D. Eastham, A. Gettelman, C.-C. Chen, H.B. Selkirk, H. Bian, Q. Liang, N.
Unger, D.W. Wuebbles, A. Khodayari, and D. Phoenix, Surface air quality effects of cruise emissions, Federal Aviation
Administration Office of Environment and Energy, Washington, D.C., March 31, 2015.

Outreach Efforts
Cameron, M.A., M.Z. Jacobson, and S.K. Lele, Evaluating the photochemical effects of aircraft emissions in the uppertroposphere/lower stratosphere, Atmospheric Chemical Mechanisms conference, University of California, Davis, December
10-12, 2014.
Cameron, M.A., M.Z. Jacobson, and S.K. Lele, Quantifying the spatial and temporal distribution of aircraft emissions in the
upper troposphere/lower stratosphere, American Geophysical Union Fall Meeting, San Francisco, California, December 1519, 2014.
Cameron, M.A., M.Z. Jacobson, and S.K. Lele, Quantifying the spatial and temporal distribution of aircraft emissions in the
upper troposphere/lower stratosphere, 2015 CRC mobile-source air toxics workshop, Sacramento, California, Feb. 17-19,
2015.
Cameron, M.A., M.Z. Jacobson, S. R. H. Barrett, H. Bian, C.-C. Chen, S. D. Eastham, A. Gettelman, A. Khodayari, Q. Liang, D.
Phoenix, H. B. Selkirk, N. Unger, D. J. Wuebbles, X. Yue, An intercomparative study of the effects of aircraft on surface air
quality, American Geophysical Union Fall Meeting, San Francisco, California, December 14-18, 2015.
Inamdar, A.R., M.A. Cameron, S.K. Lele, and M.Z. Jacobson, Reduced order ODE model for linear contrails, American
Geophysical Union Fall Meeting, San Francisco, California, December 14-18, 2015.
Jacobson, M.Z., J.T. Wilkerson, S. Balasubramanian, W.W. Cooper, Jr., and N. Mohleji, The effects of rerouting aircraft
around the Arctic Circle on Arctic and global climate, Climatic Change, 115, 709-724, doi:10.1007/s10584-012-0462-0,
2012.

253

Inamdar A.R., Lele S.K., Jacobson M.Z., A Probabilistic Ice Habit Model for LES of Contrails, 5th Atmos. & Space Env.
Conference, AIAA control number 1586391, 2013.
Cameron, M.A., M.Z. Jacobson, A.D. Naiman, and S.K. Lele, Effects of plume-scale versus grid-scale treatment of aircraft
exhaust photochemistry, Geophys. Res. Lett., 40, 5815-5820, 2013. Projects
Studying the effects of aircraft exhaust on global and regional climate, ASCENT Aviation Sustainability Center Advisory
Meeting, Alexandria, Virginia, March 10, 2015 (presented remotely).
Studying the effects of aircraft exhaust on global and regional climate, ASCENT Aviation Sustainability Center Advisory
Meeting, Seattle, Washington, October 14, 2015.

Awards
Outstanding student poster award, Atmospheric Sciences, Mary Cameron, American Geophysical Meeting Fall 2014 Meeting,
http://ospa.agu.org/ospa/2014-fall-meeting-ospa-winners/. Cameron, M.A., M.Z. Jacobson, and S.K. Lele, Quantifying the
spatial and temporal distribution of aircraft emissions in the upper troposphere/lower stratosphere, American Geophysical
Union Fall Meeting, San Francisco, California, December 15-19, 2014.
Outstanding presentation award for the poster, “Quantifying the Spatial and Temporal Distribution of Aircraft Emissions in
the Upper Troposphere/Lower Stratosphere,” Cameron, M.A., M.Z. Jacobson, and S.K. Lele, at the Opportunity Job Fair
Reception at Stanford University, January 23, 2015.
First place in student poster competition at the MSAT workshop, “Quantifying the Spatial and Temporal Distribution of
Aircraft Emissions in the Upper Troposphere/Lower Stratosphere,” Cameron, M.A., M.Z. Jacobson, and S.K. Lele, February 19,
2015.

Student Involvement
Mary Cameron (PhD student) has been working to compare GATOR-GCMOM box-model simulation results of the evolution
of the aerosol size distribution with ACCESS 2 data. She has updated the model, obtained, analyzed, and aggregated some
data, and performed some initial comparisons. She will now compare with additional data and update the model to
simulate the data more accurately. She will also write up results for publication.
Aniket Inamdar (PhD student) has been working to compare LES 3-D model simulation results with ACCESS 2 data, and has
developed the reduced-order ODE contrail model. He has updated the LES model, helped to analyze and plot data, and
compared model predictions with some data. He will now compare with additional data and GATOR-GCMOM results and
update the model to simulate the data more accurately. He will also write up results for publication.

Plans for Next Period
We requested and received a no-cost extension until September 30, 2016 to complete the uncompleted work for the
project at no additional cost. The main remaining tasks are to finish model comparisons with data and Aerodyne results
and to write up papers for publication.
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Project 014 Analysis to Support the Development of an
Aircraft CO2 Standard
Georgia Institute of Technology, Massachusetts Institute of
Technology, Booz Allen Hamilton
Project Lead Investigator
Co-lead by all participants listed below.

University Participants/Companies/Organizations
Georgia Institute of Technology
•
P.I.(s): Prof. Dimitri Mavris, Dr. Michelle R. Kirby (Co-PI)
•
FAA Award Number: 13-C-AJFE-GIT-003, Amendment 003
•
Period of Performance: July 1, 2014 to January 31, 2016
Massachusetts Institute of Technology
•
P.I.(s): Prof. R. John Hansman
•
FAA Award Number: P.O. DTRT5714P80095
•
Period of Performance: Sept. 16, 2014 to Feb. 29, 2016
Booz Allen Hamilton
•
P.I.(s): Dr. Philippe Bonnefoy
•
FAA Award Number: DTFAWA-14-D-00013
•
Period of Performance: January 1st 2015 to February 2016

Project Funding Level
GT
Funded amount is $500,000 for the period of performance of July 1, 2014 to January 31, 2016. The Georgia Institute of
Technology has agreed to a total of $500,000 in matching funds. This total includes salaries for the project director,
research engineers, graduate research assistants and computing, financial and administrative support. The institute has
also agreed to provide equipment funds as well as tuition remission for the students paid for by state funds.
BAH
FAA Award Number: DTFAWA-14-D-00013and DTRT57-10-D-30015
Period of Performance: September 2014 to February 2016
Project Funding Level: $363,900 FAA funding.
MIT
DOT Volpe TSC Award Number: P.O. DTRT5714P80095
Period of Performance: Sept. 16, 2014 to Feb. 29, 2016
Project Funding Level: $147,385.55 FAA funding and no matching funds. No source of match is required for this contract.

Investigation Team
GT
Prof. Dimitri Mavris, Dr. Michelle Kirby, Dr. Don Lim, Dr. Yongchang Li, Robert Moss (Graduate Student), Fatma Karagoz
(Graduate Student)
MIT
Prof R. John Hansman (PI). Dr. Brian Yutko (I), Edward Mugica (Graduate Student), Morrisa Brenner (Graduate Student)
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BAH
Dr. Philippe Bonnefoy, Dominic McConnachie

Project Overview
The Federal Aviation Administration's Office of Environment and Energy (FAA/AEE) is working with the International Civil
Aviation Organization’s (ICAO) Committee on Aviation Environmental Protection (CAEP) to establish an international aircraft
carbon dioxide (CO2) standard, which is a combination of a regulatory level and a certification requirement. The research
team has been instrumental in the progress made to date within CAEP. The research team will utilize prior efforts to
conduct a shadow cost benefit and cost effectiveness analysis of the 10 stringency options that have been established by
CAEP in order to provide sound scientific information and insight to the FAA decision-making process.

Objectives
The objective of ASCENT Project 14 is to conduct analyses on the CO2 standard to shadow those being done
internationally, in order to provide sound scientific information to the decision-making process. In particular:
•
Continue support of CAEP CO2 standard setting process through the expected decision at the CAEP/10 meeting in
Feb 2016
•
Inform U.S. policy makers with analytical information for the CO2 standard setting process
•
Provide a preliminary analysis of the CO2 cost-benefit analysis ahead of the CAEP cost-effectiveness assessment to
ensure that U.S. policy makers are well informed of the expected outcomes and potential issues
•
Address any emerging issues associated with various stakeholders in the process either in a quantitative or
qualitative manner

Research Approach
•
•
•
•

Conduct extensive cost benefit analysis using the full FAA Tool Suite, in order to inform the U.S. position for the
development of an aircraft CO2 standard which will result in technology responses with the greatest environmental
benefits while being technically feasible and economically viable
Provide quantitative and methodological support of CO2 Standard Main Analysis modelling process
Conduct sensitivity analyses in order to inform decision makers of potential outcomes under different scenarios
and assumptions using the FAA Tool Suite, quantitative and qualitative research methods
Actively engaging stakeholders using a data driven collaborative approach

Recent Accomplishment #1: Cost Benefit Analysis
ASCENT Project 14 team is conducting extensive cost benefit analysis using the full FAA Tool Suite, as depicted below, in
order to inform the U.S. position for the development of an aircraft CO2 standard which will result in technology responses
with the greatest environmental benefits while being technically feasible and economically viable.

Figure 1: Depiction of FAA Tool Suite

Recent Accomplishment #2: CO2 Main Analysis Support
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Research team has provided quantitative and methodological support of CO2 Standard Main Analysis modelling process,
which is depicted below.

Figure 2: Illustration of the CO2 Standard Main Analysis

Recent Accomplishment #3: Sensitivity Analyses
The ASCENT Project 14 team is conducting sensitivity analyses in order to inform decision makers of potential outcomes
under different scenarios and assumptions using the FAA Tool Suite, quantitative and qualitative research methods. A
notional example of the sensitivity analysis is depicted below.

Figure 3: Illustration of sensitivity analyses

Recent Accomplishment #4: Stakeholder Analysis
ASCENT Project 14 team is actively engaging stakeholders using a data driven collaborative approach by quantifying the
potential impact of the various CO2 Standard options on forecast fleet evolution, airline and manufacturer economic
metrics, and interdependencies using the FAA Tool Suite
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Figure 4: Illustration of Stakeholder Analysis

Recent Accomplishment #5: Green House Gas (GHG) Modeling in FAA’s AEDT using Direct
Transformation Approach
ASCENT Project 14 has been investigating how to perform GHG modeling in AEDT 2b. As a result, a direct transformation
approach has been developed that can directly manipulating the database to create a GHG modeling study in AEDT for any
size of schedule data generated from the APMT-E outputs. This approach used an empty AEDT study DB and developed
SQL scripts to populate the data tables of the Study DB required to run AEDT analysis. To test this process, the 629
operation schedules given as part of BADA3 vs BADA4 comparison study in October 2014 were used as a test study. The
direct transformation approach was successfully conducted on the test study, and the results generated by this approach
were compared with the results produced by Volpe. It shows that most of the results have a good agreement with the
results produced by Volpe, and for a small portion the flights (from 2 of 9 OD pairs), AEDT does not generate right results.
The team is working with AEDT support team to resolve this inconsistency and will give the updates once it is
accomplished.

Milestone(s)
•
•
•

•

A14 supported U.S. policy makers leading up to the July 2015 Steering Group Meeting in Montreal, Canada
A14 is completing an extensive cost benefit analysis in order to inform the U.S. position for the development of an
aircraft CO2 standard
A14 to inform U.S. policy makers leading up to Feb 2016 CAEP CO2 standard decision
Provide materials to support MDG/FESG and WG3 meetings during October 2015

Major Accomplishments
•
•
•
•
•

CAEP consensus on a functional CO2 Standard metric
Systematic analysis process utilizing the FAA environmental tool suite
Technical and data driven input into CAEP process
Cost benefit analysis to inform U.S. policy makers and FAA team
Future fleet evolution studies for CAEP and NextGen

Publications
CAEP Reports
•
COST-BENEFIT ANALYSIS… (CAEPx_SGx_IPxx_Cost-Benefit Analysis of CAEP10 CO2 Stringency Options)
•
CO2 main analysis: Cost… (CAEPSG.201x.WPx.en_FESG-MDG)
•
INVESTIGATION OF PRICE… (IP0x_MDG-FESG-STG-0x)
•
POST-PROCESS IMPLEMENTATION OF PRICE… (IP0x_MDG-FESG-STG)
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•
•
•
•
•
•

CO2 MAIN ANALYSIS… (CAEPSG.201x.WP.x.3.en_MDG-FESG)
CO2MAIN ANALYSIS: FUEL PRICE… (IP0x_MDG-FESG-STG-0x)
CO2MAIN ANALYSIS: FUEL PRICE… (WP0x_MDG-FESG-STG-0x)
Technology review… (CAEPx_WGx_CO2_WP0x)
CO2 MAIN ANALYSIS: FRAMEWORK… (CAEPx_WGx_CO2-x_IP0x)
CO2 MAIN ANALYSIS: FRAMEWORK… (presentation)

Outreach Efforts







Participation at ICAO CAEP Steering Group 10 in Montreal Canada, July 2015
Participation in ICAO CAEP MDG/FESG Meetings
•
Savannah, Georgia (January 2015)
•
Cologne, Germany (April 2015)
Participation in ICAO CAEP WG3 Meetings
•
Belfast, United Kingdom
•
Washington D.C., U.S.A.
Extensive interaction with Volpe
Extensive support of interaction with Stakeholders
•
Manufacturers, Operators, NGOs, EPA
Within ASCENT
•
Collaboration with ASCENT Projects 20, 21, and 24A on environmental impact modeling to assess
value of the standard
•
Collaboration with ASCENT Projects 11A and 11B on fleet modeling
•
Collaborating with Volpe on the GHG modeling in AEDT2b

Awards
None

Student Involvement
Graduate students have been involved in all aspects of this research and have been key members of the team.
GT: Robert Moss (M.S. April 2015, employed), Fatma Karagoz (M.S. April 2015, transitioned to another project)
MIT: Edward Mugica (M.S. May 2015, employed), Morrisa Brenner (estimated: M.S. ’17, PhD ’20)
BAH: None

Plans for Next Period
A14 team will inform U.S. policy makers leading up to Feb 2016 CAEP CO2 standard decision and provide materials to
support MDG/FESG and WG3 meetings during October 2015. GHG modeling comparisons will continue with Volpe and
documentation of implementation.
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Project 015 Aircraft Operations Environmental Assessment:
Cruise Altitude and Speed Optimization
Massachusetts Institute of Technology
Project Lead Investigator
R. John Hansman
T. Wilson Professor of Aeronautics & Astronautics
Department of Aeronautics & Astronautics
Massachusetts Institute of Technology
Room 33-303
77 Massachusetts Ave
Cambridge, MA 02139
617-253-2271
rjhans@mit.edu

University Participants
Massachusetts Institute of Technology
•
P.I.(s): R. John Hansman
•
FAA Award Number: Lincoln Laboratory Award Number: P.O. 7000213564
•
Period of Performance: Sept. 1, 2012 to Oct. 31, 2016
•
Task(s):
1. Identify operations with high fuel reduction potential from CASO
2. Present results and discuss operational considerations with stakeholders
3. Develop set of recommended operating procedures to improve fuel performance in domestic operations
through cruise altitude and speed optimization
4. Extend analysis to specific long-haul operations

Project Funding Level
Project Funding Level: $313,196.18 FAA funding and no matching funds. No source of match is required for this contract.

Investigation Team
Prof R. John Hansman (PI)
Luke Jensen (Graduate Student)
Henry Tran (Graduate Student)
Sarah Folse (Graduate Student)

Project Overview
This purpose of this project is to examine the potential fuel burn benefits of altitude and speed optimization in the cruise
phase of flight for domestic operations in the United States and certain long-haul operations. Airlines can achieve cost
reductions and mitigate environmental impact by making small modifications to the cruise phase operating condition. With
coordination between air traffic controllers, pilots, and airline dispatchers, the efficiency of air transport activities can be
improved. This study builds off of prior work in this area to establish best-case benefits. High-benefit operations within the
NAS are identified and potential implementation considerations are discussed. In order to achieve these objectives, a
cruise-phase fuel burn estimator is developed using publicly-available radar tracks and weather data. This estimator is
used to examine 217,000 flights from 2012 for optimization potential, with continuing analysis of more recent data from
domestic and international operations.
Environmental and economic concerns provide motivation for fuel consumption reduction in air transportation. There are
various techniques to control fuel-related environmental impact with varying implementation timelines and potential
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benefits. These include new aircraft technology (decade-scale implementation, high cost), retrofits to existing aircraft
(multi-year implementation, medium cost), alternative jet fuel and propulsion technology (decade-scale implementation,
high cost), and operational mitigation (rapid implementation, low cost) [1]. Operational mitigations are useful due to the
potential for rapid implementation and low capital expenditure, although the long-term benefit is generally less than other
technology-driven solutions. Prior research in academia and industry has identified potential operational mitigations. For
example, Marais et al. proposed 61 specific operational mitigations with implementation timelines in the 5-10 year range
[2]. Of these, eight mitigations dealt with opportunities in cruise altitude and speed optimization (CASO).
The fuel efficiency of an aircraft at any point along its flight path is a function of weight, altitude, speed, wind,
temperature, and other second-order effects. At a fixed weight, there exists a combination of speed and altitude at which
instantaneous fuel efficiency is maximized, as shown in Figure 1 for a typical widebody long-range airliner. For a full
flight, this becomes an optimal sequence of speeds and altitudes to minimize fuel consumption [3]. The speed and altitude
at which aircraft are actually flown may differ from this optimal point for a variety of operational and practical reasons.
Integrated fuel consumption depends on effective trajectory planning in speed and altitude as well as in lateral flight path.
There are many examples in the literature demonstrating techniques and potential applications for single-flight trajectory
optimization in lateral, vertical, and temporal dimensions (e.g. [4]–[11]). However, no research has demonstrated the
systemwide benefits pool of such optimization concepts compared to current operating practices.

Figure 1. Instantaneous fuel efficiency of a typical long-haul aircraft at a fixed weight (calm winds, standard
atmosphere)
The degree to which flights may operate at optimal altitudes and speeds depends on a variety of system characteristics,
including prevailing weather conditions, congestion, airline schedules, operating costs, and Air Traffic Management (ATM)
technologies available on the ground and in the cockpit of participating aircraft. In domestic US operations, the suite of
communication, navigation, and surveillance (CNS) technologies allows for continuous very-high frequency (VHF) radio
communication, and radio-based navigation, and radar tracking. However, traffic volumes prevent unconstrained altitude
selection in most areas of the country. Speed selection is driven by a combination of ATM constraints and airline
operational priorities

Task Progress and Plans
Task 1: Identify operations with high fuel reduction potential from CASO
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Based on the distribution of benefits evident in the first part of this project, it was clear that some types of operations (i.e.
airlines, aircraft types, and routes) had larger benefit potential from CASO implementation than others. Therefore, one
objective of this phase of the project is to characterize current operations by type and identify particularly high-benefit
candidates for cruise phase optimization. Potential drivers for off-optimal flight conditions, such as airspace congestion or
weather impacts, can be investigated at this stage to inform discussions with stakeholders.
Task 2: Present results and discuss operational considerations with stakeholders (airlines and air traffic controllers)
In order to implement CASO concepts in operational contexts, it is necessary to understand system efficiency drivers from
the airline and ATC perspectives. Therefore, an objective of this research is to meet with airline operational departments,
dispatchers, pilots, and air traffic controllers to discuss the cruise efficiency analysis results generated under Task 1.
Based on these meetings, the reasons for particular airline-specific or type-specific results can be understood and
incorporated into implementation suggestions. Opportunities for improvement in meaningful, short-term operational
contexts can be identified based on these meetings. A consultation with Delta Airlines in late 2014 provided feedback from
the perspective of a single airline, so continued consultation with a wider range of operators will be pursued.
Task 3: Develop set of recommended operating procedures to improve fuel performance in domestic operations
through cruise altitude and speed optimization
Based on analysis of historical flight records and discussions with airlines, operational procedures to improve cruise-phase
altitude and speed efficiency will be proposed. Areas of potential application include flight planning, tactical altitude and
speed assignment, and cockpit procedures. This objective may include development of cockpit and/or controller decision
support tools, efficiency evaluation algorithms, or other tools that can be integrated within the existing air transportation
infrastructure based on stakeholder input.
Task 4: Extend analysis to specific long-haul operations
The initial phase of this project focused on domestic US analysis. International and long-haul operations consume a larger
amount of fuel in cruise, on an absolute and percentage basis, than short-haul small-gauge flights. Therefore, the
environmental and economic impact of fuel burn reduction for these operations may be significant. The analysis
framework will be expanded in this phase of the project to incorporate data sets other than the FAA flight records and
domestic NOAA weather models used in the early stages of the project.

Major Accomplishments
Have met with groups from American and United airlines. Have completed analysis of long haul flights on the North
Atlantic Tracks. Have extended CASO analysis to include 2015 data. Have developed initial prototypes of cockpit decision
support tool

Publications
•
•
•
•

“Cruise Fuel Reduction Potential from Altitude and Speed Optimization in Global Airline Operations.” Jensen, L.,
Tran, H., and Hansman, R.J., 11th USA/Europe Air Traffic Management Research and Development Seminar
(ATM2015), 23-26 June 2015, Lisbon, Portugal.
“Commercial airline altitude optimization strategies for reduced cruise fuel consumption,” Jensen, L., Hansman,
R.J., Venuti, J., Reynolds, T.G., AIAA 2014-3006, 14th AIAA Aviation Technology, Integration, and Operations
Conference (ATIO), 16-20 June, 2014, Atlanta, GA. DOI: 2514/6.2014-3006
“Commercial airline speed optimization strategies for reduced cruise fuel consumption,” Jensen, L., Hansman, R.J.,
Venuti, J., Reynolds, T.G., AIAA 2013-4289, 13th AIAA Aviation Technology, Integration, and Operations
Conference (ATIO), 12-14 August, 2013, Los Angeles, CA. DOI: 2514/6.2013-4289
“Fuel Efficiency Benefits and Implementation Considerations for Cruise Altitude and Speed Optimization in the
National Airspace System.” Jensen, L., SM Thesis, MIT, 2014.

Outreach Efforts
Meetings with Delta, United and American fuel efficiency, flight planning and operational groups.

Awards
Luke Jensen selected ASCENT 2014 Student of the Year.
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Student Involvement
Graduate students have been involved in all aspects of this research and have been the key implementers.

References
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Project 016 Airport Surface Movement Optimization
Massachusetts Institute of Technology, MIT Lincoln Laboratory
Project Lead Investigator
Hamsa Balakrishnan
Associate Professor
Aeronautics and Astronautics
Massachusetts Institute of Technology
77 Massachusetts Ave, 33-328, Cambridge, MA 02139
(617) 253 6101
hamsa@mit.edu

University Participants
MIT Lincoln Laboratory
•
Tom Reynolds
•
FAA Award Number: IA # DTFAWA-11-X-80007, FAA Task # 18
•
Period of Performance: 1 September 2014 to 31 October 2015
•
Task(s):
1. Site adaptation to different airports
2. Analysis of the impacts of departure metering in different operating environments
3. Identification and evaluation of barriers to implementation
4. Design of implementation protocols and field-testing at selection of study airports
5. Coordination with Advances Surface Management Programs
Massachusetts Institute of Technology
•
Hamsa Balakrishnan
•
Lincoln subcontract number: Purchase Order 7000174664
•
Period of Performance: 1 October 2014 to 30 September 2015
6. See tasking above

Project Funding Level
$170,000

Investigation Team
Hamsa Balakrishnan (PI -- MIT), Tom Reynolds (PI – MIT Lincoln Laboratory), Hector Fornes Martinez (graduate student
researcher, MIT), Patrick McFarlane (graduate student researcher, MIT), Armen Samurkashian (undergraduate researcher,
MIT), Melanie Sandberg (associate staff, MIT Lincoln Laboratory).

Project Overview
Aircraft taxiing on the surface contribute significantly to fuel burn and emissions at airports. The quantities of fuel burned
as well as different pollutants such as carbon dioxide, hydrocarbons, nitrogen oxides, sulfur oxides and particulate matter
are proportional to the taxi times of aircraft, in combination with other factors such as the throttle settings, number of
engines that are powered, and pilot and airline decisions regarding engine shutdowns during delays. Domestic flights in the
United States in 2008 emitted about 6.6 million US tons of CO 2 , 49,000 US tons of CO, 8,800 US tons of NOx, and 4,400 US
tons of HC taxiing out for takeoff; almost half of these emissions occurred at the 20 most congested airports in the country.
Similar trends have been noted at major airports in Europe, where it is estimated that aircraft spend 10-30% of their flight
time taxiing, and that a short/medium range A320 expends as much as 5-10% of its fuel on the ground. The purpose of the
Airport Surface Movement Optimization study is to show that a significant portion of these impacts can be reduced through
“technologically-lightweight” operational measures to limit airport surface congestion.
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A simple airport congestion control strategy would be a pushback policy aimed at reducing congestion on the ground that
would consider the situation on the airport surface (also called the state). The N-control strategy is one such approach, and
was first considered in the Departure Planner project. Several variants of this policy have been studied since in literature.
The policy is effectively a simple threshold heuristic: if the total number of departing aircraft on the ground exceeds a certain
threshold, further pushbacks are stopped until the number of aircraft on the ground drops below the threshold. In our early
analysis we discovered that this form of discrete, on-off control strategy was difficult to implement in practice, and could
also be overly reactive, potentially leading to instability. By contrast, the pushback rate control strategy that we have
developed and tested at Boston Logan International airport (BOS) does not stop pushbacks once the surface is in a congested
state, instead it regulates the rate at which aircraft pushback from their gates during high departure demand periods so that
the airport does not reach undesirably high congested states. This document summarizes the Phase 2 efforts, including site
selection criteria and developing techniques for characterizing airport surface operations, in order to enable the adaptation
of a given congestion management approach to different airports, and the comprehensive evaluation of implementations.
As part of this project, MIT undertook an initial assessment of the applicability and potential benefits of "light-weight" airportwide surface management control concepts involving minimal levels of automation to complement other Federal Aviation
Administration (FAA) surface congestion management programs. It involved defining and modeling surface management
control schemes, implementing them in a field demonstration at Boston Logan International airport, and evaluating
performance in terms of impacts on taxi time, fuel burn and environmental emissions. During 15 four-hour tests conducted
during the summers of 2010 and 2011, fuel use was reduced by an estimated 23-25 US tons (6,600-7,300 US gallons), while
carbon dioxide emissions were reduced by an estimated 71-79 US tons. These savings were achieved with average gateholds of just 4.7 min, and savings of 114-128 lb of fuel per gate-held flight. In addition to these savings achieved during
field trials, many important lessons were learned regarding operational implementation of surface management techniques
in both nominal and off-nominal conditions.
Most prior research (including this project to date) has focused on demonstrations of a proposed congestion management
approach at a particular airport, and not on the adaptation of a particular approach to a range of airport operating
environments. The current focus of this project addresses the challenges involved with adapting any class of surface
congestion management approaches to different airports. Data and case studies from New York’s LaGuardia Airport and
Philadelphia International Airport are used to illustrate the diversity in operating environments. In particular, the MIT team
has developed techniques for characterizing airport surface operations using site surveys and operational data. These
characterizations are used for the adaptation of a given congestion management approach to different airports, and for the
comprehensive evaluation of implementations.

Integration of Departure Metering Concepts into Surface Capabilities
Objective(s)
The objectives of this project are to conduct an initial assessment of the applicability and potential benefits of relatively easyto-implement airport-wide surface management control concepts involving minimal levels of automation and procedural
modifications, to complement other FAA surface congestion management programs. Phase 1 involved defining and modeling
surface management control schemes, implementing them in a field demonstration at Boston Logan International airport,
and evaluating performance in terms of impacts on taxi time, fuel burn and environmental emissions. Phase 2, conducted
during FY14 and 15, is exploring adaptation of the approach to other airport locations with very different operating
characteristics to help understand and inform requirements for more general deployment in future FAA decision support
tools.

Research Approach
Framework for adapting approaches to different operating environments
This study has identified the overall process for designing a congestion management approach illustrated in Figure 1. The
main steps involved in this process are: (1) Airport Selection, where an airport with surface congestion problems are
identified; (2) Airport Characterization, where the details of the operation relevant to surface congestion management at
an airport are identified; (3) Algorithm Development, where specific surface congestion management approaches are
created; (4) Implementation Design, where the protocols of the execution of the algorithms are developed for the airport;
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and (5) Operational Testing and Performance Evaluation, where the approach is tested and evaluated in the operational
setting.

Airport Selection
e.g., Identification of congested airports which could
benefit from surface congestion management

Airport Characterization
Site
Visits

Operational
Data Analysis

Refinement/Validation

Visualizations

Algorithm Development
e.g., Aggregate, Airline-, Aircraft-specific approaches

Implementation Design
e.g., Operational procedures, DSTs

Operational Testing & Performance Evaluation
e.g., Live testing & analysis of algorithms
Results

Figure 1. Overall design process for a congestion management approach.
The airport selection step resulted in an analysis focus on LGA and PHL airports during Phase 2 activities.

Analysis of LGA operations
Various sources of operational data have been used to perform analyses relevant to surface congestion management,
including ASDE-X archives, the Aviation System Performance Metrics (ASPM) database, and the Route Availability Planning
Tool (RAPT) archives. The high accuracy/update rate of ASDE-X allows the surveillance data to be of high value to the
airport characterization task. The availability of ASDE-X at the 35 OEP airports in the US makes it particularly attractive for
this effort. However, much of the analyses presented below can also be carried out with data from the ASPM database,
which provides the Out, Off, On and In (OOOI) times of flights in the US National Airspace System. More detailed analyses,
such as the measurement of departure queues and runway utilization, require the high-fidelity of ASDE-X data.
Runway configuration usage
The runway configuration is a considerable factor in determining airport arrival and departure throughput. Similarly, at
many airports, the taxi-out times can also vary by configuration. Therefore, departure metering algorithms need to be
adapted to different runway configurations. For example, Figure 2 shows the relative frequencies of occurrence of different
runway configurations at LGA in January-August 2013.
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Figure 2. Frequencies of occurrence of different runway configurations at LGA in Jan-Aug 2013.
Departure throughput envelopes
The departure runway throughput varies by configuration, meteorological conditions, etc. For example. Figure 3 shows the
departure throughput as a function of the number of active departures, for runway configuration 4|13. The figure shows
the observed values, as well as curves that fit to the mean and median of the observed values.

Figure 3. Departure throughput at LGA as a function of the number of taxing departures, for the 4|13 configuration under
VMC.
Integration of RAPT data
Information on downstream restrictions is used for more accurate predictions of the operational throughput of an airport
by leveraging the Route Availability Planning Tool (RAPT), an automated decision support tool that identifies departure
routes that will be impacted by convective weather. Archived RAPT data can be used to predict the impact of route
availability on the capacity of the airport. Regression trees are used to predict the departure throughput of LGA in each 15minute interval as a function of arrival rate and a “RAPT value”, which is used to measure the level of route blockage in the
departure airspace. Figure 4 illustrates the regression tree is learned for the 4|4 configuration.
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Figure 4. Regression tree for departure throughput (per 15-min) of the 4|4 runway configuration at LGA.
Figure 5 shows the proposed rate determination procedure adapted for LGA operations, which will consider the runway
configuration, meteorological conditions, demand and RAPT forecast in a 15-minute period in order to determine the
suggested pushback rate for that time period. The red items highlight the adaptations required for the LGA
implementation relative to the BOS implementation developed in Phase 1 of the work.

Gate availability
Config
IMC/VMC
Demand

CIWS & RAPT
data

Departure
Throughput

Flight Plan
& FSM data

Number taxiing aircraft

RAPT
timeline

+
-

Predicted departure rate
in next time period
+

ASDE-X & DSP
data

Desired Nctrl

Prior
analysis

Current N

Recommended
pushback rate
in next time period

Current N remaining on surface
throughout next time period

(influences next time period)

= Required LGA site adaptations
Figure 5. Recommended LGA pushback rate determination procedure.
Implementation protocol
Figure 6 shows the preliminary implementation protocol which was developed in collaboration with the LGA Facility. The
dark red text indicates the modifications to the current push-back process. This option involves the creation of an “LGA
Gate Controller” position similar to the BOS Gate Controller in the Phase 1 trials. It is possible that the Ground Control 1
position at LGA may potentially be modified to carry out this role.
The suggested pushback rate could be determined using the procedure shown in Figure 6. The RAPT forecasts can be
obtained from the displays near the back of the tower; the current level of departing traffic can be determined either
through visual observations or by counting flights on the DSP tool in the LGA Tower.
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Aircraft

FAA Tower
Clearance Del LGA Gate

Call for PDC
Issue PDC

Ramp Towers
Ground

Push

Data inputs

When push
Call ready
Authorize push request appropriate given
metering
When
Call ready
Issue push clearance when spot free / Issue spot assignment spot
free
Push, Call for push to assigned spot
When spot
Issue push clearance
Engine start,
is free
Taxi to spot Call for taxi
Taxi

Issue taxi clearance
Figure 6. Potential implementation procedure.

Analysis of gate conflicts
Departure metering can potentially lead to additional gate conflicts: these are situations in which an arriving aircraft touches
down when the gate it is assigned to is still being used by the previous (departure) aircraft. These conflicts could also be the
result of the late departure of the departing aircraft and/or an early arrival of the arriving aircrafts. In the subsequent
simulations of departure metering procedures such a N-control, a departure is released from its gate (virtual queue) when
the arrival assigned to that gate touches down.
One of the LGA stakeholders requested an analysis of the gate conflict situation with and without metering in place. Figure
7 shows the impact of N-control on gate conflicts, by showing the average number of gate conflicts expected with and
without metering at LGA. Metering (N-control) is seen to result in a small number of additional gate conflicts. However, the
simulations also suggest that despite departures being released from the virtual queue because of gate conflicts, significant
benefits can be expected to be gained from departure metering at LGA (Figure 8).
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Figure 7. Average number of gate conflicts by time-of-day, for airlines at LGA, with and without departure metering.

Figure 8. Average taxi-out imes by time-of-day at LGA, with and without departure metering, using simulations based on
schedules from Jul-Aug 2013.
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Analysis and simulation of PHL operations
Similar modeling and analyses to the ones presented above were also conducted for operations at Philadelphia International
Airport (PHL). Figure 9 shows the relative frequencies of occurrence of different runway configurations at LGA in Jun-Jul
2014.

Figure 9. Frequencies of occurrence of different runway configurations at PHL in Jun-Jul 2014.

Figure 10. Departure throughput at PHL as a function of the number of taxing departures, for the 26,27R,35 | 27L,35
configuration under VMC.
Figure 10 shows the departure throughput as a function of the number of active departures, for runway configuration
26,27R,35 | 27L,35 at PHL. The figure shows the observed values, as well as curves that fit to the mean and median of the
observed values.
Simulations of departure metering at PHL show that even after accounting for gate conflicts, significant reductions in taxiout time may be realized. The total taxi-out time savings at PHL with N-control over a simulated two-month period (Jun-Jul
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2014) with metering is estimated to be nearly 592 hours. In addition, as shown in Figure 11, the proposed approach is fair:
the shares of taxi-out time reduction, gate-holding times and departure operations between airlines are all commensurate
with one another during the departure metering times.

Figure 11. Shares of taxi-out time reduction, gate-holding times and departure operations, which are all found to be
commensurate with one another during the departure metering times (simulated for Jun-Jul 2014).

Milestone(s)
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Site selection [Complete]
Framework to adapt departure metering concepts to different operating environments [Complete]
Gate conflict analysis [Complete]
Impact of 2012-2013 LGA gate changes [Complete]
Initial protocol designs (multiple) [Complete]
Initial stakeholder engagement [Complete]
Integration of LGA route availability information [Complete]
Incorporation of gatehold time limits in simulations [Complete]
Modeling and simulation of departure metering at PHL [Complete]
Identification of air carrier impact metrics [Complete]
Engagement/coordination with TFDM benefits analysis [Ongoing]
Investigation of benefits of incorporation of S-CDM data elements (e.g. EOBT) [Planned]
Identification of most appropriate departure metering algorithm for different airports and operating conditions and
levels of uncertainty/ data accuracy [Planned]
Identification of metrics to assess and refine strategic/ tactical departure metering performance [Planned]
Coordination with Advanced Surface Management Programs [Planned]

Publications
Peer-reviewed journals:
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M. Sandberg, I. Simaiakis, H. Balakrishnan, T.G. Reynolds and R.J. Hansman. “A Decision Support Tool for the Pushback Rate
Control of Airport Departures,” IEEE Transactions on Human-Machine Systems, Vol. 44, No. 3, pp. 416-421, June 2014.
I. Simaiakis, H. Khadilkar, H. Balakrishnan, T. G. Reynolds and R. J. Hansman. “Demonstration of Reduced Airport Congestion
through Pushback Rate Control,” Transportation Research Part A: Policy and Practice, Vol. 66, pp. 251-267, August 2014.
Other Reports
“Demonstration of Reduced Airport Congestion through Pushback Rate Control.” I. Simaiakis, H.Khadilkar, H. Balakrishnan,
T. G. Reynolds, R. J. Hansman, B. Reilly and S. Urlass. Proceedings of the 9th USA/Europe ATM R&D Seminar, June 2011.
“Dynamic Control of Airport Departures: Algorithm Development and Field Evaluation.” I. Simaiakis and H. Balakrishnan.
Proceedings of the American Control Conference, July 2012.
“Design, Testing and Evaluation of a Pushback Rate Control Strategy.” I. Simaiakis, M. Sandberg, H. Balakrishnan and R. J.
Hansman. Proceedings of the International Conference on Research in Air Transportation, May 2012.
“Airport Characterization for the Adaptation of Surface Congestion Management Approaches.” M. Sandberg, T. G. Reynolds,
H. Khadilkar and H. Balakrishnan. Proceedings of the 10th USA/Europe ATM R&D Seminar, June 2013.
“Dynamic Control of Airport Departures: Algorithm Development and Field Evaluation.” I. Simaiakis, M. Sandberg and H.
Balakrishnan. IEEE Transactions on Intelligent Transportation Systems, Vol. 15, No. 1, pp. 285-295, February 2014.
DOI:10.1109/TITS.2013.2278484
Presentations
INFORMS Annual Meeting, November 2015
Transportation Research Board (TRB) Annual Meeting, January 2015

Outreach Efforts
Transportation Research Board (TRB) Annual Meeting, January 2015
INFORMS Annual Meeting, November 2015

Student Involvement
Hector Fornes Martinez, modeling of LGA operations and implementation design. Graduated with Masters degree, Jan
2015. Currently a Senior Aviation Analyst at ALG Global, Barcelona.
Patrick McFarlane, currently a Masters student at MIT. Modeling and simulation of PHL operations as well as uncertainty
analysis.

Plans for Next Period
Task 1: Investigate effect on departure metering algorithms/benefits of incorporation of S-CDM data elements (e.g., EOBT,
gate information, etc)
Task 2: Investigate most appropriate departure metering algorithm for different types of airports and operating
conditions.
Task 3: Determine what metrics should be collected to assess and refine strategic and tactical departure metering
performance.
Task 4: Coordination with Advanced Surface Management Programs (S-CDM and TFDM)
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Project 017 Pilot Study on Aircraft Noise and Sleep
Disturbance
University of Pennsylvania
Project Lead Investigator
Mathias Basner
Associate Professor of Sleep and Chronobiology
Division of Sleep and Chronobiology, Department of Psychiatry
University of Pennsylvania
1019 Blockley Hall, 423 Guardian Dr.
Philadelphia, PA 19104-6021
215-573-5866
basner@mail.med.upenn.edu

University Participants
University of Pennsylvania
•
P.I.: Mathias Basner, Associate Professor
•
FAA Award Number: COE-2014-17
•
Period of Performance: October 1, 2014 to September 30, 2015
•
Task: Pilot study to test an ECG and Actigraphy methodology for monitoring sleep which was developed in earlier
phases of this project.

Project Funding Level
The funding amount for this period was $154,000. The cost sharing requirement for this project was met by our
international collaborators at the German Aerospace Center (DLR).

Investigation Team
•
•
•

Principal Investigator: Mathias Basner
Postdoctoral Researcher: Sarah McGuire
Research Assistant: Maryam Witte

Project Overview
The most recent U.S. field study on the effects of aircraft noise on sleep was conducted in 1996. Since then air traffic has
changed significantly, with an increase in traffic volume, on one hand, and significant improvements in noise levels of single
aircraft, on the other. While more recent studies have been conducted, primarily in European Countries, it is unknown whether
results from studies performed outside the U.S. can be directly transferred to U.S. domestic airports. Therefore, it is
important that U.S. field studies be conducted to acquire current data for varying degrees of noise exposure.
The long-term goal of this project is to derive exposure-response relationships for aircraft noise-induced sleep disturbance
that are representative of the exposed U.S. population. As studies will have to investigate samples around multiple airports
it will not be possible to use polysomnography (i.e., simultaneous recording of the electroencephalogram, electromyogram,
and electrooculogram) to monitor sleep, as this method requires trained personnel at the measurement site in the evening
and in the morning and is thus too costly. An alternative methodology of using a single channel electrocardiogram (ECG)
and actigraphy to monitor sleep has been examined. This methodology allows the investigation of larger subject samples at
lower cost as individuals can be taught how to apply the electrodes themselves. Also unlike polysomnography, awakenings
can be identified automatically. As part of previous research, an algorithm for identifying EEG arousals (Basner, Griefahn,
Müller et al., 2007) based on increases in heart rate was refined in order to only identify those arousals greater than or equal
to 15 seconds in duration. Changes made include modifications to the model parameters, the inclusion of actigraphy data,
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and an algorithm to identify sleep onset and the final awakening. High agreement between EEG visually scored arousals and
arousals identified using the refined algorithm has been obtained.
The methodology of using actigraphy and ECG to monitor sleep was implemented in a pilot field study conducted around
Philadelphia International Airport. This airport was chosen for the pilot study as it was in close distance to the study team
and had relevant amounts of nighttime traffic. The purpose of the study was to evaluate the feasibility of using the developed
methodology in a field setting and to examine at what aircraft noise exposure level sleep quality may start to differ relative
to those not exposed to aircraft noise. Field measurements were completed in the summer of 2015. Data analysis for the
study is ongoing and will be completed in 2016. Based on lessons learned from conducting the pilot study, during the next
year the methodology for conducting field studies will be simplified even further, and a second field study will be conducted
in which equipment is mailed to participant’s homes therefore eliminating the need for staff in the field.

Objectives
1.
2.
3.
4.
5.
6.
7.

Conduct a pilot study around Philadelphia International Airport to evaluate the feasibility of using an ECG and
actigraphy methodology for monitoring sleep
Monitor sleep and noise levels in the bedroom for 3 consecutive nights for 40 subjects that were exposed to nighttime
aircraft noise and 40 subjects that were not exposed to significant levels of aircraft noise
Develop models which relate acoustical properties of single aircraft noise events (e.g., SEL, L AS,max ) and awakenings
Compare the degree of sleep fragmentation between those exposed and not exposed to nighttime aircraft noise
Compare models derived in this study to those derived in a study conducted around Frankfurt Airport
Determine improvements that can be made to the recruitment process, data collection procedure, and data analysis.
Provide recommendations on the methodology for a potential larger study examining sleep in a more representative
sample.
Collaborate with DLR and other researchers to develop a common methodological approach for future sleep studies
which will allow comparisons between studies and data pooling

Research Approach
A 3 night in home sleep study was conducted from July 2014 until July 2015. Forty subjects were enrolled who lived near
Philadelphia Airport, and 40 subjects were enrolled that were not exposed to significant levels of aircraft noise and who
lived in Philadelphia County.
Subject Recruitment
Ten subjects were recruited by going door to door and hanging flyers in Essington, PA near Philadelphia International Airport.
The remaining 70 subjects were recruited by mailing letters to households with the highest L Night levels near the airport and
to randomly selected households in the control area. Those enrolled in the study had to be 21 years or older, have normal
hearing, Body Mass Index ≤ 35, no children under 5 years of age, have not been diagnosed with a sleep disorder, or had a
cardiac arrhythmia.
Physiological Measurements
Each night actigraphy (skeletal muscle movement) and heart rate (ECG) was simultaneously measured. Each morning
participants measured their blood pressure using a home monitor; three consecutive measurements with 60 seconds
between measurements were completed.
Environmental Measurements
Noise levels inside the bedroom were continuously recorded 24 hours a day using a sound level meter. Indoor sound
recordings were also made during the nighttime period. The subjects started the indoor sound recorders each night and
stopped the recorder each morning. A less expensive sound recording device was used to measure sounds outside the
bedroom window continuously 24 hours a day. The outdoor measurements are only being used for aircraft identification.
Temperature, humidity, and light intensity in the bedroom were also measured in order to control in the statistical analysis
for the effects of these variables on sleep.
Subjective Assessments of Sleep
Subjects completed surveys on their sleep and health on the first day of the study including the Health Survey (SF-36) (Ware
and Sherbourne, 1992), the Pittsburgh Sleep Quality Index (PSQI) (Buysse, Reynolds, Monk, et al., 1989), and the HorneOstberg Morningness-Eveningness Questionnaire (Horne and Ostberg, 1976). We also wrote a demographic questionnaire in
order to collect basic socio-demographic data as well as responses on annoyance to different noise sources. Subjects also
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completed a brief survey each morning on their previous night's sleep, their annoyance to the noise, and their level of
alertness and fatigue.
Data Analysis
Models will be developed which relate acoustical properties of single aircraft noise events (e.g., SEL, L AS,max ) and awakenings.
Awakenings will be determined using an automatic algorithm that identifies increases in heart rate and body movement
associated with a cortical awakening. Aircraft noise events will be identified by human scorers by listening to both indoor
and outdoor recordings and will also be verified using flight schedule data.

Milestones
The following are milestones that were achieved during the past 12 months:
(1) 80 participants were enrolled in the study and field measurements were completed July, 2015
(2) Scoring of the indoor sound recordings have been completed for 20% of the subject nights.

Major Accomplishments
Eighty subjects were enrolled in the study; characteristics of which are listed in Table 1. In order to meet the target of
enrolling 40 subjects near the airport, 17 were enrolled from Gloucester City, New Jersey which is an area predominately
affected by arrival aircraft and 23 were enrolled from Essington, Pennsylvania which is an area predominately affected by
departure aircraft. The subjects in all three study areas were of a wide age range.

Table 1: Characteristics of the 80 participants that were enrolled in the pilot sleep study.
Area
Control, Philadelphia PA
Airport, Essington PA
Airport, Gloucester City NJ

Number of Participants
40
23
17

Age Range (mean)
22-68 (32)
23-77 (48)
22-62 (42)

Gender
52% Female
70% Female
41% Female

For analysis, data for 3 subjects will be excluded. For two of the three, the reason for exclusion is potential health reasons
identified based on the heart rate and actigraphy data. An overview of the number of completed physiological and noise
measurements for the remaining 77 subjects are listed in Table 2. All subjects except for 1 completed all 3 nights of the
study. For 93% of the nights, there was not any data loss in the heart rate measurements due to improper use of the device,
or cables or electrodes coming off during the night. For all nights, actigraphy measurements were obtained without data
loss. For all but 1% of the mornings, a blood pressure measurement was obtained, with three measurements completed for
94% of the mornings. Subjects also turned on the indoor sound recorder for most nights (91%). There were equipment
problems and high background noise levels due to television though on a few nights (6%). All subjective assessments of
sleep and health were completed. Overall based on the data that was collected, subjects were able to follow the study
protocol and complete sleep and noise measurements for multiple nights unassisted by staff members.
Table 2: Overview of physiological and noise measurement data obtained as part of the pilot sleep study.
Nights of Study Completed (Total Subjects: 77)
99.0% of subjects
Completed 3 nights/mornings
1.0% of subjects
Completed 2 of 3 nights/mornings
Heart Rate Measurements (Total Nights: 230)
93.0% of nights
No missing recording periods due to improper use of device, electrodes,
cables
6.0% of nights
Partial nights of ECG recordings
1.0% of nights
No valid ECG recording
Blood Pressure Measurements (Total Mornings: 230)
94.0% of mornings
3 of 3 blood pressure measurements completed
3.0% of mornings
2 of 3 blood pressure measurements completed
2.0% of mornings
1 of 3 blood pressure measurements completed
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1.0% of mornings
0 of 3 blood pressure measurements completed
Indoor Sound Recordings (.wav files) (Total Nights: 230)
91.0% of nights
Full recordings
3.0% of nights
Equipment problems
3.0% of nights
High background noise throughout night (e.g. tv)
3.0% of nights
Device not turned on (Valid 1-sec dB(A) time histories obtained)
Outdoor Sound Recordings (.wav files) (Total Nights: 230)
95.0% of nights
Full recordings
3.0% of nights
No secure location to place device
2.0% of nights
Equipment problems

Publications

•
•
•

Basner, Mathias (MD, PhD, MSc), McGuire, Sarah (PhD), Witte, Maryam. “Pilot Sleep Study near Philadelphia
International AirportPilot Sleep Study near Philadelphia International Airport,” Report Date: August 2016. Project
Period: September 2013 – August 2016.
Basner, M., Brink, M.: Sample size estimation for field studies on the effects of aircraft noise on sleep. Applied
Acoustics 74(6): 812-817, 2013
Basner, M., Elmenhorst, E.-M., Brink, M.: Critical appraisal of methods for the assessment of noise effects on sleep.
Noise & Health 14(61): 321-329, 2012.

Outreach Efforts
None

Awards
None

Student Involvement
None

Plans for Next Period
Year 1: Pilot Sleep Study to Test ECG and Actigraphy Methodology
The scoring of the indoor recordings will be completed by using flight operations data to verify aircraft events in the
recordings and by having individuals listen to the recordings. For the heart rate and actigraphy data collected, artifacts in
the signals will be identified and excluded from analysis and awakenings will be detected using the algorithm that has been
developed.
Year 2: Sleep Study to Test Methodology of Mailing Equipment (Airport TBD)
Preparations for a second field study will be completed. For this second study we will further simplify the methodology and
reduce the methodological expense by eliminating staff in the field. We will mail out surveys to households around one U.S.
airport that has relevant amounts of traffic between 10:00 pm and 7:00 am. The survey will include questions on sleep and
health. Participants will also be asked on the questionnaire whether they are interested in taking part in a 5-night in home
sleep study. The five night study will include indoor sound recordings and actigraphy and heart rate measurements. During
the next period the recruitment questionnaire will be finalized, IRB approval will be obtained, and inexpensive sound
recording devices will be acquired and tested.
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Project 018 Health Impacts Quantification for Aviation Air
Quality Tools
Boston University
Project Lead Investigator
Jonathan I. Levy
Professor and Associate Chair
Department of Environmental Health
Boston University School of Public Health
715 Albany St. T4W, Boston, MA 02118
617-638-4663
jonlevy@bu.edu

University Participants
Boston
•
•
•
•

University
P.I.: Jonathan I. Levy, Professor and Associate Chair
FAA Award Number: 13-C-AJFE-BU, Amendment 3
Period of Performance: October 1, 2014 – September 30, 2015
Tasks:
o 1. Collaborate with investigators in ASCENT COE-2014-19 to directly model the majority of aviation
emissions within the US using CMAQ-DDM atmospheric modeling.
o 2. Use spatial pollutant concentration surfaces from the subset of airports directly modeled to derive a series
of damage functions, using the BenMAP-CE analytical tool and incorporating concentration-response
functions derived from the epidemiological literature.
o 3. Explore variability in damage functions across airports, including through regression models using
meteorological and population data.
o 4. Apply the health damage functions (all airports) and spatial pollutant concentration surfaces (directly
modeled airports) to evaluate hypothetical policy scenarios.
o 5. Compare aviation-related health impacts as well as damage functions with those from other important
source sectors.

Project Funding Level
$150,000. Matching funds at 75:25 level from the North American Insulation Manufacturers Association (related to Task
5).

Investigation Team
Principal Investigator: Jonathan I. Levy, Sc.D. (Professor of Environmental Health, Department of Environmental Health,
Boston University School of Public Health). Dr. Levy is the Boston University PI of ASCENT. He has primary responsibility for
the execution of the project and contributes to manuscripts and reports produced.
Graduate Student/Post-doctoral researcher: Stefani Penn, MS, PhD (BUSPH). Dr. Penn leads the analytical efforts to develop
the individual airport health damage function model, as part of her dissertation work, including the effort to design
individual airport atmospheric modeling runs and to estimate health damage functions.
Research Assistant: May Woo (BUSPH). Ms. Woo supports both Dr. Levy and Dr. Penn, conducting data management efforts
and working with BenMAP-CE.
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Project Overview
The objective of this activity, in conjunction with ASCENT COE-2014-19, is to develop flexible modeling tools to leverage
outputs from CMAQ-DDM atmospheric modeling and enable quantitation and rapid characterization of airport-specific
health impacts from a number of airports across the US to analyze health benefits of alternative policy measures. These
tools are meant to provide outputs to relevant decision makers quickly, allowing for analysis of numerous comparative
scenarios. The following attributes will be included in the modeling tool:
•
Enable the assessment of premature mortality and morbidity risk due to aviation-attributable PM 2.5 and ozone from
aviation landing and takeoff (LTO) emissions;
•
Model aviation-related impacts both directly through CMAQ-DDM and indirectly through statistical extrapolation to
non-modeled airports;
•
Capture airport-specific health impacts at a regional and local scale;
•
Allow for the assessment of a wide range of aircraft emissions scenarios, including differential growth rates and
emissions indices;
•
Compare aviation-related emissions and health impacts with those of other prominent source sectors using the same
modeling techniques; and
•
Be computationally efficient such that the tool can be used in time-sensitive rapid turnaround contexts and for
uncertainty quantitation.

Task 1 - Collaborate with investigators in ASCENT COE-2014-19 to directly
model the majority of aviation emissions within the US using CMAQ-DDM
atmospheric modeling
Boston University School of Public Health

Objective(s)
The primary objective of this task is to optimally design CMAQ-DDM runs to allow for the estimation of concentration
impacts and resulting health risks from individual airports, in a form that would allow for extrapolation to unmodeled
airports. Specific activities include preliminary work using pilot CMAQ-DDM runs to create optimal run designs (done within
an earlier PARTNER project), post-processing of CMAQ-DDM outputs to determine whether plumes from individual airports
could be adequately separated, and iterative run refinement to yield a robust set of individual airport health damage
function estimates.

Research Approach
Given the initial design of experiments based on pilot CMAQ-DDM runs (completed as part of PARTNER and described
elsewhere), we received CMAQ-DDM output files that included 66 airports across 30 runs, which collectively accounted for
77% of the total annual fuel burned from commercial passenger flights in 2005. CMAQ-DDM runs therefore included 1-4
airports per run, with the need to separate the contribution of individual airports. To do so, we developed and applied
image segmentation techniques using MATLAB 8.1.0, R2013a (MathWorks, Natick, MA). For each emitted precursor /
ambient pollutant relationship for each group and month (January and July), a region growing algorithm was developed to
determine the concentration regions attributable to each individual airport. The algorithm used an iterative region growing
technique with threshold values for inclusion, which continued until at least 95% of the total mortalities from the run were
included and the threshold values were less than 10% of the maximum nearby concentration for all airports. The algorithm
accounted for both positive and negative concentrations, as seen for secondary pollutant formation, and had modules to
ensure that smaller airports could have the full extent of their health impacts captured. In post-processing, regions were
masked by the land of the contiguous United States and small holes within each region (< 3 grid cells in any direction)
were filled to form contiguous concentration areas for each individual airport to include areas with smaller emissionsrelated sensitivities that were not originally picked up by the algorithm yet are within the geographical region of emissions
from that airport. We conducted multiple quality assurance analyses, including visual inspection of attributable
concentration surfaces and examination of resulting health damage function distributions. CMAQ-DDM runs that were
deemed to include airports whose emissions overlapped were removed post-hoc and re-run individually.

Milestone(s)

280

The major milestone for this task was the development of the statistical approach to separate individual airport plumes, a
necessary step for the estimation of individual airport health damage functions. This approach was developed and
evaluated in a timely fashion, allowing for other tasks to be completed as indicated.

Major Accomplishments
The novel image segmentation technique, drawn from medical imaging, coupled with the insights available from CMAQDDM runs, allowed us to develop the first set of precursor-specific and airport-specific estimates of health damages. This
provides the foundation of all subsequent tasks as well as information that could directly inform FAA policy.

Publications
None (precursor to future tasks)

Outreach Efforts
•

S. Boone, S. Penn, J. Levy, S. Arunachalam. Calculation of sensitivity coefficients using CMAQ-DDM for individual
airport emissions in the United States. ITM 2015, Montpellier, France, May 2015.

Awards
Stefani Penn - 10th Annual Joseph A. Hartman Student Paper Competition Award, 1st Place (2014)

Student Involvement
Work led by Stefani Penn as a doctoral student (graduated 9/15).

Plans for Next Period
None – task completed as proposed.

Task 2 - Use spatial pollutant concentration surfaces from the subset of
airports directly modeled to derive a series of damage functions, using the
BenMAP-CE analytical tool and incorporating concentration-response
functions derived from the epidemiological literature
Boston University School of Public Health

Objective(s)
With the completion of Task 1, we have a series of files linking individual emitted pollutants (e.g., NOx, SO 2 , VOC, PEC,
POC, PSO4) with concentration surfaces of PM 2.5 and ozone for individual airports. The primary objective of Task 2 is to
construct the related health damage functions, merging the concentration surfaces with concentration-response functions,
population data, and baseline morbidity/mortality rates.

Research Approach
To determine the relationship between the change in air quality associated with individual airport emissions and human
health impacts, we used standard health damage function modeling approaches where i is row number, j is column
number, N is total number of rows and M is total number of columns in the CMAQ grid. Δy is the change in mortality
across the continental US, y 0 is the all-cause baseline mortality incidence rate in grid cell at location ij, β is the
concentration-response function as derived from the epidemiological literature, Δx is the change in air quality for a given
precursor in grid cell ij, and Pop is the population of interest in grid cell ij.
𝑁𝑁

𝑀𝑀

Δ𝑦𝑦 = � �(𝑦𝑦0𝑖𝑖𝑖𝑖 (𝑒𝑒 𝛽𝛽∙𝛥𝛥𝑥𝑥𝑖𝑖𝑖𝑖 − 1) ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖 )
𝑖𝑖=1 𝑗𝑗=1
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For PM 2.5 , we applied a 1% increase in mortality associated with a 1 μg/m3 increase in annual ambient PM 2.5 concentrations,
a central estimate used in many previous health damage function models that is consistent with expert opinions and
bounded by reported values from major cohort studies. For O 3 , we developed a concentration-response function central
estimate of a 0.4% increase in daily mortality per 10 ppb increase in daily 8-hour maximum O 3 concentrations, based on an
average of 6 major meta-analyses or multi-city studies. In work to date, we have not yet incorporated morbidity outcomes
but have developed the concentration-response functions and assembled the necessary baseline incidence/prevalence data
to allow us to do so if of interest to FAA and other stakeholders
County-resolution populations and baseline mortality rates for individuals age 25 and over were retrieved from CDC
WONDER for 2001-2010 to estimate mortality for 2005. Using ArcMap v.10.1, mortality rate and population data by county
were projected as Lambert conformal conic and intersected with CMAQ grid cells and mortality and population values were
determined for each grid cell, assuming uniform density of population and mortality rates within counties.
Health damages were then calculated for summer and winter months separately to showcase seasonal variability, as well as
on average per year by assuming that each of the January and July concentration surfaces represented half of the year, and
dividing the total annual mortality risk by the total annual emissions for each precursor type for each airport. Health
damage functions were reported per 1,000 tons of precursor emissions for ease of interpretation.

Milestone(s)
The major milestone for this task was the calculation of airport-specific health damage functions for all 66 modeled
airports by precursor. This milestone was completed as proposed.

Major Accomplishments
Health damage functions for each precursor and season were successfully modeled for each of the 66 airports. These
health damage functions varied across airports for each precursor-pollutant relationship modeled, as well as across the
different types of precursor-pollutant relationship (i.e. primary PM 2.5 , secondary PM 2.5 formation, O 3 formation). The
boxplots in Figure 18-1 on the following page show variance in health damage function values for primary PM 2.5 precursors
PEC, POC, and PSO4 (Figure 18-1a), secondary PM 2.5 precursors NOx, SO 2 , and VOCs (Figure 18-1b), and O 3 precursors NOx
and VOCs (Figure 18-1c). Both January and July values are shown in lieu of an annual average damage function to
demonstrate seasonal differences.
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Figure 18-1. Boxplots of health damage functions for 66 individual airports during January and July in mortality risk per
thousand tons of precursor emissions. Panel a shows primary PM 2.5 precursors; Panel b secondary PM 2.5 precursors, and
Panel c O 3 precursors. Boxplots show 5%, first quartile, median, third quartile, and 95% values for each precursor/pollutant
damage function with horizontal lines, and dots show values outside of 95%.
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Airports with the largest health damage functions for primary PM 2.5 precursors are located near large population centers.
On the other hand, for secondary PM 2.5 from both NOx and SO 2 emissions in January, the largest health damage functions
are not near larger cities, although the pattern differs in July. Patterns are less discernible for health damage functions
related to PM 2.5 sensitivity to VOC emissions. Health damage functions associated with O 3 formation from NOx emissions
in January are largest in warmer climates, while negative values were found in big cities in colder climates. In July, the
largest health damage functions associated with O 3 formation from NOx emissions were at smaller airports. For health
damage functions associated with O 3 from VOC emissions, larger values were seen at larger airports.
The range, mean, and median annual average health damage functions are shown in Table 18-1 below. The annual health
damage functions for primary PM 2.5 precursors are approximately 20 times the annual health damage functions for
secondary PM 2.5 precursors, which are comparable in magnitude to one another and to the ozone health damage functions.
For each precursor-pollutant combination, annual average health damage functions vary significantly across airports. In
total, these directly modeled health damage functions account for 88% of total mortality risk for the entire source sector.
Table 18-1. Yearly health damage functions for 66 individual airports in mortality risk per thousand tons of precursor
emissions.
PrecursorPollutant
PEC PM 2.5
POC PM 2.5
PSO 4 PM 2.5
NOx PM 2.5
SO 2 PM 2.5
VOC PM 2.5
NOx O 3
VOC O 3

Mean

Median

Minimum

Maximum

24.4
28.1
20.5
0.9
1.0
0.7
0.3
0.5

18.2
22.7
15.2
0.6
0.9
0.5
0.3
0.5

3.1
3.5
1.6
0.1
0.1
0.1
-0.1
3x10-3

76.1
156.5
75.8
2.7
2.8
6.3
1.0
1.3

Publications
None (precursor to future tasks)

Outreach Efforts
None (precursor to future tasks)

Awards
Stefani Penn - 10th Annual Joseph A. Hartman Student Paper Competition Award, 1st Place (2014)

Student Involvement
Work led by Stefani Penn as a doctoral student (graduated 9/15).

Plans for Next Period
None – task completed as proposed.

Task 3 - Explore variability in damage functions across airports, including
through regression models using meteorological and population data.
Boston University School of Public Health

Objective(s)
For the airports directly modeled using CMAQ-DDM under Tasks 1 and 2, the health damage functions provide convenient
summary metrics, but the availability of robust concentration surfaces means that we could examine exposures and health
outcomes directly. However, we also have the goal to determine damage functions for airports that could not be modeled
directly using CMAQ-DDM, either because resources are insufficient or because the emissions are too low to reliability
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estimate values using CMAQ-DDM. Having these damage functions for all airports would allow for rapid evaluation of the
health implications of any policy measure yielding any combination of emissions across airports in the US, a powerful
decision tool.

Research Approach
The goal of regression modeling for health damage functions for each precursor-pollutant relationship is two-fold. We aim
to a) quantify and understand the variability between health damage functions for directly-modeled airports, and b) use
physically interpretable predictors to extrapolate health damage function values to unmodeled airports across the US.
Physically interpretable independent variables including downwind and upwind population, atmospheric chemistry
regimes, and meteorology are combined in a linear regression model to predict mortality risk values normalized by airport
emissions.
After testing correlation between population cut points and mortality risk, population variables were created by calculating
population within 100 km, 100-500 km, and 500-1200 km of each airport using ArcMap v10.1. Background concentrations
of NOx, VOCs, sulfate, nitrate, and ammonium including all sources other than aviation emissions, as well as air
temperature, were averaged over these same population domains. Wind vectors were averaged over each domain and used
to determine the prevailing wind direction for each airport. Each of the variables, as extracted from the WRF outputs that
were also used to drive CMAQ, were broken into downwind, defined as the 90° quadrant in which the wind was most often
directed, and upwind, defined as the three quadrants (270°) in which the wind was not most often directed. SO 4 , NO 3 , and
NH 4 background concentrations were combined into two variables: the molar ratio between SO 4 /NH 4 and the molar ratio
between NO 3 /NH 4 for inclusion in secondary PM 2.5 models. VOC and NOx background concentrations were combined as
the ratio of VOC/NOx for inclusion in O 3 models. A categorical variable defining whether an airport lies east or west of the
Rocky Mountains was also tested to account for meteorological differences.
Due to the small sample size, predictor variables were tested in models based on a priori assumptions regarding the
relationship between predictor variables and health damage functions from known precursor-pollutant relationships.
Population variables were tested first, then interactions between population variables and meteorological and chemistry
terms were tested. For example, the ratio of VOC/NOx is a known predictor of O 3 formation, as areas with high VOC/NOx
ratios are NOx-limited and require NOx emissions to form O 3 , while areas with low VOC/NOx ratios are VOC-limited and
require VOC emissions to form O 3 . Best fit models were created associating airport-specific health damage functions with
the aforementioned predictors for each of the 8 precursor-pollutant pairs, with p < 0.05 and variance inflation factors
between model predictors less than 3, indicating a lack of multicollinearity between predictors. Within each model,
observations with studentized residuals > 3 or Cook’s D > 1 were determined to be influential points and were removed.
As a sensitivity analysis, regression models were re-run including influential points to ensure model conclusions were not
changed. Statistical analyses were carried out using SAS v9.3.

Milestone(s)
The major milestone for this task was the construction of physically interpretable regression models for individual airport
health damage functions. This milestone was completed as proposed.

Major Accomplishments
Linear regression models for health damage functions for each precursor-pollutant relationship include population,
meteorology, and atmospheric chemistry regime predictors. Meteorological and atmospheric chemistry regime predictors
were included only as interaction terms with population variables, as health risk will only occur in the presence of an
exposed population.
Across primary PM 2.5 models, downwind population either within 100 km of the airport or between 100-500 km of the
airport and upwind population (i.e., not in the predominant wind direction) within 100-500 km of the airport are predictive
of health damage functions. Models provide better fit for January versus July. In models with significant intercepts,
variability not otherwise represented by predictor variables is captured. Sensitivity analyses of models with influential
points removed (1 or 2 points for primary PM 2.5 models only) indicate parameter estimates changed slightly with inclusion
of each point, though predictor variables remained significant in each model.
Secondary PM 2.5 model structures differ more from one another than those for primary PM 2.5 . In the model predicting health
damage functions from secondary PM 2.5 related to NOx in January, downwind populations 500-1200 km from the airport
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predict increased health damage functions, although only if the sulfate/ammonium molar ratio is less than 0.5. Upwind
populations 500-1200 km from the airport are negatively associated with the health damage function. In July, the health
damage functions from secondary PM 2.5 related to NOx are only associated with population 100-1200 km from the airport.
For secondary PM 2.5 related to SO 2 in January, the health damage function is positively associated with the upwind
population 100-500 km from the airport, but only if the sulfate/ammonium molar ratio exceeds 0.5. In July, the upwind
population 100-500 km from the source remains significant but is diminished with a sulfate/ammonium molar ratio over
0.5, and the downwind population < 100 km from the airport is significant and has a heightened effect with a
sulfate/ammonium molar ratio over 0.5. For PM 2.5 related to VOC in July, the downwind population < 100 km from the
airport increases health damage functions. No defined independent variables were predictive of health damage functions
associated with VOC-related PM 2.5 in January.
Health damage functions for NOx-related O 3 are increased in January where downwind populations < 100 km from the
airport are exposed to average temperatures greater than 65°F, and decreased downwind at lower temperatures and in the
far field upwind. Downwind populations within 100 km of the airport similarly decreased health damage functions for NOxrelated O 3 in July, with a lesser decrease where VOC/NOx ratio is greater than 15 and a positive contribution from upwind
populations 100-500 km from the airport. Health damage functions for VOC-related O 3 are increased in the far field in
January, though decreased where populations are exposed to high VOC/NOx ratios 500-1200 km downwind. In July,
downwind populations < 100 km from the airport experience decreased health damage functions, while those upwind <
100 km from the airport experience increased health damage functions.

Publications
Conference presentation: Penn S, Arunachalam S, Boone S, Kamai E, Levy J. Modeling Variability in Air Pollution-Related
Health Damages from Individual Airport Emissions. International Society of Exposure Science Annual Meeting, Cincinnati,
Ohio, October 2014.
Doctoral dissertation: S. Penn. Modeling Contributions of Major Sources to Local and Regional Air Pollutant Exposures and
Health Effects. Boston University School of Public Health, Boston, MA, September 2015.
Peer-reviewed publication: Penn S, Boone S, Harvey B, Heiger-Bernays W, Tripodis Y, Arunachalam S, Levy J. Modeling
variability in air pollution-related health damages from individual airport emissions. Submitted September 2015.

Outreach Efforts
Presentation of work at AEC Roadmap, External Tools meeting.

Awards
Stefani Penn - 10th Annual Joseph A. Hartman Student Paper Competition Award, 1st Place (2014)

Student Involvement
Work led by Stefani Penn as a doctoral student (graduated 9/15).

Plans for Next Period
None – task completed as proposed.

Task 4 - Apply the health damage functions (all airports) and spatial
pollutant concentration surfaces (directly modeled airports) to evaluate
hypothetical policy scenarios.
Boston University School of Public Health

Objective(s)
The successful completion of Task 3 allows us to assign health damage functions to each individual airport in the US. This
would allow us to determine the health implications of any set of aviation LTO emissions in the US. The objective of this
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task is to conduct a series of analyses to illustrate the utility of the tool and to provide insight to FAA and others regarding
the optimal strategies for reducing the public health impacts of aviation emissions.

Research Approach
In general, the approach for this task is dependent on the interests of FAA and other stakeholders, in terms of policy
scenarios to analyze and ways in which individual airport health damage functions could be used. Through a series of
discussions, it was determined that policy analyses utilizing individual airport health damage functions were not yet
warranted, and the preferred geographic aggregate for health damage functions was census divisions. While this
contributes significant error in health damage estimation given considerable heterogeneity within census divisions, it
avoids identifying specific airports and their associated contributions to health. Therefore, to meet this objective, we
calculated aggregated health damage functions by constituent and census division as the sum of the health impacts across
all airports within a census division divided by the sum of emissions across all airports within that census division. This
effectively upweights larger airports and provides a value that would correspond with the health implications of percentage
changes in emissions across all airports. We also calculated an NAS-wide value to allow for broad-scale national policy
analyses.

Milestone(s)
The major milestone for this task, given the modification in scope per FAA discussion, was the construction of census
division health damage function estimates. This has been completed for the 66 modeled airports, and ongoing work is
focusing on incorporating the unmodeled airports through application of the regression models developed in Task 4. Our
long-term milestones for future policy analyses, described below, include identifying policy and what-if scenarios by
12/31/15, applying health damage function models to evaluate policy scenarios by 4/30/16, and completing a policy
analysis manuscript by 9/30/16.

Major Accomplishments
To date, we have calculated census division average health damage functions for the 66 modeled airports. We have also
calculated health damage functions based on a Jan/Jul NAS-wide 2005 run, noting that these values would not simply
reflect a weighted average of the census division values given the exclusion of unmodeled airports to date.
Given this framework, the resulting values are listed in Table 18-2 on the following page. The values reflect the mortality
risks per 1,000 tons of emissions, comparable to the values presented in Table 18-1 above.
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Table 18-3. Yearly health damage functions per 1000 tons of emissions, by census division and NAS-wide
Census Division

PEC

POC

PSO4

NOx

SO2

VOC

O3 NOx

O3 VOC

East North Central

28.80

30.28

19.92

1.35

1.84

0.80

0.17

0.93

East South Central

20.60

20.56

16.49

0.88

1.30

0.36

0.52

0.60

Middle Atlantic

38.58

41.24

35.24

0.68

1.03

0.77

0.13

0.72

6.27

6.47

5.31

0.27

0.32

0.32

0.17

0.11

New England

17.77

20.00

14.06

0.54

0.79

0.35

0.32

0.33

Pacific

32.43

33.63

30.07

1.00

1.20

0.68

0.16

0.82

South Atlantic

25.60

25.89

20.99

1.12

0.96

0.33

0.47

0.46

West North Central

15.55

17.93

13.69

1.37

0.85

0.85

0.17

0.66

West South Central

13.36

13.04

10.61

0.32

0.86

0.38

0.33

0.44

O3 NOx

O3 VOC

Mountain

NAS-Wide

PEC

POC

PSO4

NOx

SO2

VOC

All Airports
16.50
15.58
15.21
0.89
1.13
0.28
0.18
0.38
As anticipated, there is geographic heterogeneity across census divisions, based in part on population patterns as well as
differences in atmospheric chemistry and meteorological regimes. The patterns for PEC, POC, and PSO4 are exclusively
related to population patterns combined with meteorology, while the patterns for secondary pollutants include the
atmospheric chemistry components. Given the individual airport health damage function values reported previously, these
values also emphasize the considerable heterogeneity within census divisions.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
Work led by Stefani Penn as a doctoral student (graduated 9/15).

Plans for Next Period
In the short term, we plan to calculate health damage functions for unmodeled airports, updating the census division
aggregated values and providing a foundation for future policy analyses. We will also examine the NAS-wide health damage
functions using annual CMAQ-DDM runs.
Over the next 12 months, we propose to apply our estimates to a series of hypothetical policy scenarios. We will work
closely with FAA and other stakeholders to determine realistic scenarios, including some that have been evaluated using
other modeling approaches, which would allow us to do model inter-comparisons and general quality assurance checks.
Along with the defined scenarios, we propose to conduct a series of “what if” analyses meant to determine the importance
of the individual airport insights. For example, we could examine the minimum percentage reduction of various pollutants
needed to achieve a defined percentage reduction in health outcomes; the difference in health impacts from a uniform
emissions reduction vs. a health-optimal allocation of the same magnitude of emissions reduction; or the implications of
optimizing from a population health vs. an individual health perspective. For the subset of directly modeled airports, we
will be able to conduct additional analyses, including investigations of the spatial patterns of concentrations before and
after hypothetical policy measures, which could provide insight about NAAQS violations, equity issues, and other
questions. Because of the importance and sensitivity of this work, we will present both our hypothetical policy scenarios
and set of “what if” analyses to FAA and the ASCENT advisory board, gathering feedback before conducting the analyses.
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Task 5 - Compare aviation-related health impacts as well as damage
functions with those from other important source sectors.
Boston University School of Public Health

Objective(s)
For any analyses of the health effects of aviation emissions, it is important to be able to place the output in context. In this
case, the output includes both the total public health impacts, which have been previously compared with other source
sectors, and the damage functions normalized by emission rate, which have not been previously compared with other
source sectors. For this task, we will compare the distribution of values for airports with those from power plants and
residential combustion sources, derived using identical CMAQ-DDM modeling platforms. As aviation LTO emissions include
some contributions at ground level, paralleling residential combustion sources, and some elevated contributions,
paralleling high stack power plants, the comparisons should prove interesting.

Research Approach
In an ongoing study funded external to ASCENT, investigators on Projects 18 and 19 are applying CMAQ-DDM to
aggregates of power plants and residential combustion sources within individual states or sub-regions within states.
Methods are analogous to those described under Tasks 1 and 2, including the image segmentation algorithm, the
concentration-response functions, and the baseline population data. We will first consider the damage functions across
source sectors within states to get a sense of how the normalized values compare with one another, recognizing that
differences across sectors could be related to source characteristics (i.e., ground-level emissions vs. elevated stack
emissions vs. aviation sources) or differential geographic locations within states (i.e., residential emissions which
correspond with population density vs. defined locations for power plants and airports). For the 66 directly modeled
airports, we will also be able to evaluate concentration surfaces and compare directly with the concentration surfaces for
residential combustion and power plants, which will allow for evaluations of relative contributions to ambient
concentrations at varying distances from airports, as well as the general spatial patterns and spatial extent of impact. The
comparisons under this task will provide significant insight to the aviation community regarding the air quality and health
impacts of aircraft relative to other source sectors.

Milestone(s)
The major milestone for this task would be the development of formal comparisons among source sectors for both total
health damages and health damage function models. As the CMAQ-DDM work for the external study was slightly delayed
relative to original plans, the completion of this task has been deferred, with a defined milestone to complete a manuscript
comparing damage functions across source sectors by 6/30/16.

Major Accomplishments
To date, we have completed all CMAQ-DDM runs for power plants and residential combustion sources, including some reruns for states that could not be adequately separated using the plume separation algorithm. We have completed health
damage function models for 43 states for power plants and 44 states for residential combustion, and the remaining states
(which were re-run in CMAQ-DDM) are in the process of being compiled.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
Work led by Stefani Penn as a doctoral student (graduated 9/15).
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Plans for Next Period
We plan to complete all health damage function models in the fall of 2015, conduct all comparative analyses in the winter
of 2015/2016, and complete a manuscript comparing these values by 6/30/16.
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Project 019 Development of Aviation Air Quality Tools for
Airport-Specific Impact Assessment: Air Quality Modeling
University of North Carolina at Chapel Hill
Project Lead Investigator
Saravanan Arunachalam, Ph.D.
Research Associate Professor
Institute for the Environment
University of North Carolina at Chapel Hill
100 Europa Drive, Suite 490
Chapel Hill, NC 27517
919-966-2126
sarav@email.unc.edu

University Participants
University of North Carolina at Chapel Hill
•
PI: Saravanan Arunachalam, Research Associate Professor
•
FAA Award Number: 13-C-AJFE-UNC Amendments 1 - 3
•
Period of Performance: September 13, 2013 – December 31, 2015
•
Task(s):
1. Develop and Assess Efficacy of Multiple Emissions Scenarios using the APMT-Impacts Air Quality Modeling
Platform for year-over-year analysis to achieve Air Quality (and Health) Goals under FAA’s Policy Initiatives
2. Extend current prototype modeling for CMAQ-DDM-3D to compute Airport-specific Sensitivities for the
year 2005, and explore possibilities to extrapolate for a future year
3. Consult with FAA and the ACCRI team of investigators to assess the surface air quality impacts of aircraft
emissions during cruise mode.
4. Develop High Fidelity Weather for Global Inventories using AEDT

Project Funding Level
$325,614
Matching funds from
A) Los Angeles World Airport Authority (LAWA)
B) North American Insulation Manufacturers Association (NAIMA).

Investigation Team
Prof. Saravanan Arunachalam (UNC) (Principal Investigator) [Tasks 1-4]
Dr. Matt Woody (UNC) (Co-Investigator) [Tasks 1, 2]
Dr. Jared Bowden (UNC) (Co-Investigator) [Tasks 1, 4]
Dr. Mohammad Omary (UNC) (Co-Investigator) [Tasks 1, 4]
Mr. Alejandro Valencia (UNC) (Co-Investigator) [Task 1]
Ms. Pradeepa Vennam (UNC) (Graduate Research Assistant) [Task 1, 3]
Mr. Scott Boone (UNC) (Graduate Research Assistant) [Task 2]

Project Overview
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With aviation forecasted to grow steadily in upcoming years, 1 a variety of aviation environmental policies will be required to
meet emissions reduction goals in aviation-related air quality and health impacts, and tools will be needed to rapidly
assess the implications of alternative policies in the context of an evolving population and atmosphere. In addition, tools
are required to understand the implications of global aviation emissions, in the context of the International Civil Aviation
Organization (ICAO)’s Committee on Aviation Environmental Protection (CAEP).
The overall objective of this project is to continue to develop and subsequently implement tools to allow for assessment of
year-over-year changes in significant health outcomes, both within the US and globally. These tools are intended to be
acceptable to EPA (in the context of Destination 2025) or to other decision-makers, while providing outputs quickly enough
to allow for a variety of “what if” analyses and other investigations. While the tools for use within and outside the US (for
CAEP) need not be identical, a number of attributes would be ideal to include in both:
•
Enable the assessment of premature mortality and morbidity risk due to aviation-attributable PM2.5, ozone, and
any other pollutants determined to contribute to significant health impacts from aviation emissions;
•
Capture airport-specific health impacts at a regional and local scale;
•
Account for the impact of non-LTO and LTO emissions, including separation of effects;
•
Allow for the assessment of a wide range of aircraft emissions scenarios, including differential growth rates and
emissions indices;
•
Account for changes in non-aviation emissions and allow for assessing sensitivity to meteorology;
•
Provide domestic and global results;
•
Have quantified uncertainties and quantified differences from EPA practices, which are to be minimized where
scientifically appropriate; and
•
Be computationally efficient such that tools can be used in time-sensitive rapid turnaround contexts and for
uncertainty quantification.
The overall scope of work is being conducted amongst three collaborating universities – Boston University (BU),
Massachusetts Institute of Technology (MIT) and the University of North Carolina at Chapel Hill. However, while the
reporting is being done under three separate projects (ASCENT 18, 19 and 20) by each collaborating university, the project
is performed as a coordinated effort with extensive interactions among the three institutions. The components led by the
University of North Carolina at Chapel Hill’s Institute for the Environment (UNC-IE) included detailed modeling of air quality
using the Community Multiscale Air Quality (CMAQ) model. UNC-IE is collaborating with BU to develop health risk estimates
on a national scale using CMAQ outputs, and with MIT for inter-comparing against nested GEOS-Chem model applications
within the US, and to further compare/contrast the forward sensitivity versus the inverse sensitivity (such as adjoint)
techniques for source attribution. Our efforts for this project build directly on previous efforts within Project 16 of
PARTNER, including detailed air quality modeling and analyses using CMAQ at multiple scales for multiple current and
future year scenarios, health risk projection work that successfully characterizes the influence of time-varying emissions,
background concentrations, and population patterns on the public health impacts of aviation emissions under a notional
future emissions scenario for 2025. Under Project 16, we started to develop a new state-of-the-art base year modeling
platform for the US using the latest version of models (CMAQ, WRF, SMOKE) and emissions datasets (AEDT, NEI), and tools
(MERRA-2-WRF, CAM-2-CMAQ) to downscale from GCMs being used in Aviation Climate Change Research Initiative (ACCRI).
In this project, we are performing research on multiple fronts during the stated period of performance:
1. Develop and assess efficacy of multiple emissions scenarios using the Destination 2025 Air Quality Modeling
Platform, for year-over-year modeling to achieve air quality (and health) goals.
2. Extend prototype modeling for CMAQ-DDM-3D to compute Airport-specific Sensitivities for the year 2005, and
explore possibilities to extrapolate for a future year.

1

Boeing Commercial Airplane Market Analysis, 2010.
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3.
4.

Consult with FAA and the ACCRI team of investigators (MIT, Stanford, NCAR, Yale, NASA-Goddard and University of
Illinois at Urbana Champaign) to assess the surface air quality impacts of aircraft emissions during cruise mode.
Develop high fidelity weather based inventories using AEDT.

Task 1: Develop and Assess Efficacy of Multiple Emissions Scenarios using
the APMT-Impacts Air Quality Modeling Platform for Year-over-year
analysis to achieve Air Quality (and Health) Goals under FAA’s Policy
Initiatives
University of North Carolina at Chapel Hill

Objective(s)
The objective of this task is to develop a modeling platform using state-of-the-art tools such as WRF-SMOKE-CMAQ and
assess efficacy of multiple emissions scenarios to achieve air quality (and health) goals under FAA’s Policy initiatives.

Research Approach
The research approach for this task involved using three models, i.e., the Weather Research Forecast (WRF) model (for
meteorology), Sparse Matrix Operator Kernel Emissions (SMOKE) modeling system (for emissions) and the Community
Multiscale Air Quality (CMAQ) model to study US-wide aviation impacts on air quality for multiple years. Figure 1.1 shows the
flow chart and the data used to run all three models. Here, we describe the updates incorporated in the methodology during
our second round of modeling, after the project transitioned from PARTNER to ASCENT.

Figure 1.1: Flowchart representing the modeling methodology platform.

Meteorological Modeling
This research began with a review of global atmospheric datasets that can be used with the Weather Research and
Forecasting Model (WRF) in near real-time for D2025 modeling efforts. Third generation reanalysis products provide
significant improvements in both the data assimilation and temporal/spatial resolution and should be used for future
modeling efforts. These datasets include:
•
Climate Forecast System Reanalysis (CFSR),
•
40-yr ECMWF Re-Analysis (ERA-40),
•
ECMWF Interim Re-Analysis (ERA-Interim),
•
Japanese 25-year Reanalysis (JRA-25), and
•
Modern Era Retrospective-Analysis for Research and Applications (MERRA).
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At the time of selection, comparisons of these datasets were in their infancy, and MERRA was selected based on both data
availability and discussion from prior studies (e.g. see special issue in Journal of Climate;
http://journals.ametsoc.org/page/MERRA).
MERRA is a state-of-the-art global reanalysis dataset with a frozen data assimilation system. The data assimilation is frozen
because MERRA is intended to provide a reanalysis dataset for climatological studies aimed to improve the representation
of the hydrologic cycle. MERRA uses the GEOS-5 atmospheric general circulation model (AGCM) with a horizontal grid
resolution of 0.5 deg. x 0.67 deg. with 72 vertical levels extending to 0.01hPa. A catchment-based land-surface model is
used over more traditional regular latitude-longitude grids. A three-dimensional data assimilation algorithm called the
Gridpoint Statistical Interpolator with an incremental analysis update is used to minimize the shock of the observation
input. MERRA uses conventional observations, such as radiosondes and surface land observations, in addition to radiance
data from many operational and research satellites.
A Fortran program, MERRA2WRF, is used to process the MERRA dataset into “WPS intermediate format”, a big-endian binary
format used by the Weather Research and Forecasting Preprocessing System (WPS). WPS is responsible for collecting
meteorological files needed as initial and later boundary conditions in the WRF model. The Fortran program can be
downloaded from https://modelingguru.nasa.gov/docs/DOC-2242. The program requires the standard Unix ‘make’
program, plus a Fortran compiler (Intel’s ifort is recommended). In addition, the following third-party libraries are required,
which must be built and installed using the same compiler (NETCDF, HDF4, JPEG, ZLIB, SZIP, HDF5).
When using MERRA2WRF, the following files and variables must be downloaded
1. Static fields (surface geopotential; lake and ocean fraction)
2. Instantaneous atmospheric fields (surface pressure, sea level pressure, temperature, winds, specific humidity, skin
temperature, sea ice fraction).
An important caveat when using MERRA is that it does not process any soil data (temperatures, moisture), as the land
surface model used with MERRA is not used by WRF. Soil conditions from the Global Forecast System are used as a
substitute. The GFS soil fields are processed using a separate Vtable for soil temperature and moisture fields.
Numerous annual simulations were run to downscale MERRA to a 36-km horizontal resolution over the CONUS using WRF.
These tests included using various physics options and nudging strategies, some of which became available with recent
releases of WRF. Some of these tests improve near surface fields that are important for air quality modeling. They include
recent advancements to the representation of sub-grid clouds and radiation feedbacks within the cumulus
parameterization scheme and the treatment of lake temperatures using a mass and energy balance model.
Annual simulations were completed using WRF version 3.6.1 for 2005, 2010, and 2013 to support this task for ASCENT.
The WRF configuration includes the Kain-Fritsch cumulus parameterization with modification for sub-grid cloud radiation
feedback, lake treatment using the Community Land Model (CLM) lake module, Rapid Radiative Transfer for longwave and
shortwave radiation (RRTMG), Noah land surface model, and Yonsei University (YSU) Planetary Boundary Layer. A 12-month
spin-up period is used for each of these annual simulations and allows the atmosphere and lake surface temperatures to
come into equilibrium.
The meteorological model evaluation here focuses on temperature, precipitation, wind speed and direction for the 2005
annual simulation. Similar conclusions can be drawn for the additional years. A quantitative analysis for mean daily
temperature is performed and compared against the observed National Oceanic and Atmospheric Administration (NOAA)
Earth System Research Laboratory (ESRL) Meteorological Assimilation Data Ingest System (MADIS). We also use a qualitative
approach to compare the model-estimated total monthly precipitation with the monthly Parameter-elevation Relationships
on Independent Slopes Model (PRISM) precipitation.
Figure 1.2 compares January and July 2005 mean absolute error of daily 2-m temperature. The mean absolute error is
typically less than 2°C, with exceptions for the complex terrain over the intermountain West in some locations near the
Great Lakes during the winter. The larger errors are likely a result of the limitation of the horizontal resolution and
resolving sharp gradients in terrain and land-water interface. Figure 1.3 is the daily temperature error and bias average for
each month over the CONUS. Most months have a slight cold bias (<1°C) with a mean error between 2°C-3°C. The error and
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bias falls within the statistical benchmark suggested for meteorological modeling for air quality of ±1.0°C for bias and
3.0°C for error (McNally, 2009). 2
Figure 1.4 is a comparison of PRISM monthly accumulated precipitation to the WRF-simulated precipitation. In both January
and July, the WRF-simulated precipitation closely matches the PRISM observations throughout the CONUS. During the
summer, there is a tendency to overestimate precipitation during July over the southeast US. The summer months are also
when the mean absolute error and bias are largest on average for the CONUS (not shown). However, the error and bias of
the 2-m mixing ratio during the summer months is within the suggested benchmark of 2 g/kg and 1 g/kg, respectively.
Figure 1.5 is the daily wind speed and direction error and bias average for each month over the CONUS. The root mean
square error for wind speed in January and July, Figure 4, is largest in areas of complex terrain and near land-water
boundaries. With exception of these locations, error is generally smaller than the recommended benchmark of 2 m/s.
However, we find wind direction has the largest error and is the least reliable field evaluated. The average wind direction
root mean square error is between 51–63 degrees for all months across the CONUS and typically larger than the wind
direction error metric of 55 degrees. Despite the poorer performance for wind direction, the overall evaluation indicates
the WRF-MERRA simulation provides reliable meteorology to support air quality modeling.

McNally, D. E., 2009. “12km MM5 Performance Goals.” Presentation to the Ad-hoc Meteorology Group. 25-June,
http://www.epa.gov/scram001/adhoc/mcnally2009.pdf.

2
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Figure 1.2: Mean absolute error of daily 2-m temperature (°C) for January (top) and July (bottom) 2005.
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Figure 1.3: Mean absolute error and bias of daily 2-m temperature (°C) with benchmark metrics.
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Figure 1.4: Accumulated monthly precipitation for January (left) and July (right) 2005.
PRISM is on top and WRF simulation is on the bottom.
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Figure 1.5: Root mean square error of daily wind speed (m/s) for January (top) and July (bottom) 2005.
1) Emissions:
a) Background: In our previous modeling, we used the NEIv05_4.2 version for 2005 background emissions. In
these new simulations, we are using the latest NEIv05_4.3 emissions, subsequently released by the US EPA.
Major changes in these new background emissions were observed mainly in the on-road and non-road sectors.
The 2010 emissions were based upon an interpolation of the 2008 and 2013 future year projection years
available at that time.
b) Lightning NOx: Based upon prior sensitivity modeling of lightning NOx (LNOx) emissions, we found some issues
with a mismatch of emissions layers processing due to a bug in CMAQ. While background emissions and aircraft
emissions (from LTO) are only within the planetary boundary layer (lowest 3 km of the atmosphere), lightning
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NOx emissions are typically distributed through the entire model column. We developed a fix for this problem
in our prior efforts, and will continue to use this in the new round of modeling.
CMAQv5.0.1/5.0.2 takes National Lightning Detection Network (NLDN) based flash count observational data
and allocates emissions based on convective precipitation. EPA released 2011-2013 gridded NLDN flash counts
for 12km recently; we downloaded the data and regridded them to 36km to use in the present year CMAQ
modeling. Regridding was performed using the spatial allocator tool by area weighted average approach. Overall,
we have 5 years (2005, 2010, 2011, 2012, 2013) of NLDN data for the 36-km CMAQ domain.
We are also trying to develop a method to calculate LNOx emissions from convective available potential
energy (CAPE) based on the recent paper (Romps et al., Science, 2014). This approach might be beneficial to use
particularly for future year simulations, as we will not have lightning flash rate measurements to generate LNOx
emissions. So a simple empirical proxy approach is the suitable way to estimate future year LNOx emissions.
2) Downscaled Boundary conditions: We updated CMAQ species mapping with CAM4 (an earlier version) and CAM5
global data and also made new SOA species mapping. As CMAQ needs other SOA species, such as AXYLJ, ATOLJ,
ABNZJ, AALKJ, AISO2J, ASQT, and AOLBGJ (xylene, toluene, benzene, alkane, sesquiterpene), we incorporated
mapping of these SOA precursor species to the bulk SOA aerosol in the CAM5 model. We obtained CAM5 simulations
from collaborators at the University of Illinois at Urbana Champaign (used in the ACCRI modeling) for the years 2005
and 2050 (two alternate emissions scenarios). Using this approach, we downscaled CAM5-based boundary conditions
for use in CMAQ. The 2050 BCs will be used to extrapolate from 2005 BCs and create CMAQ inputs for other inbetween years such as 2010, 2013, 2018 and 2025.
3) CMAQ Model: Previously we used CMAQv5.0.1 to perform 2005 and 2010 annual runs. With the latest release of
CMAQv5.0.2 (few updates and corrections made in chemistry and transport algorithms) we built and tested the new
v5.0.2. Using this new build, we performed an annual basecase model simulation. For this second round of modeling,
we finished annual simulations for the following scenarios:
•
Base05b_KF – CMAQv5.0.1, met update, BC update, without aircraft.
•
Sens05b_KF – CMAQv5.0.1, met update, BC update, without aircraft.
•
Base05c – CMAQv5.0.2, background emissions update, including base05b_KF updates.

Results
Based on the aircraft-attributable concentrations presented in Figure 1.6, overall the US annual aviation perturbation is
~0.02% (max: 0.08%). For NO 2 and PM 2.5 , the US annual aviation perturbation is ~0.25% and ~0.035% (max: 3.72% and 0.26%)
in 2005. In 2010 the aircraft-attributable perturbations are similar to 2005 but 2010 shows slight increases in NO 2 (max:
0.02 ppbv) and PM 2.5 (max: 7.6 ng/m3) concentrations near airports (based on the spatial plots that are not presented here).
From Figure 1.7 we can observe that the maximum hourly O 3 aviation perturbation average is ~0.5ppbV but can also be as
high as 2.5ppbV in a few grid cells. In the case of PM 2.5 , maximum aviation perturbation mean is below ~0.5μg/m3 but it can
be as high as 7μg/m3. The diurnal profile of O 3 shows higher contributions during late evening hours. In the case of PM 2.5 we
are observing a uniform trend throughout the day. We also looked at the number of exceedance events in 2005, as shown
in Table 1.1. We note that 735 grid-cells exceed the daily maximum 8-hr O 3 standards and 12 grid-cells exceed the 24-hr
average PM 2.5 standards due to NAS-wide aircraft emissions.
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Figure 1.6: Monthly average aircraft-attributable perturbations for key pollutants (top, left), speciated aerosol species (top,
right) in 2005, differences between 2010 and 2005 concentrations for key pollutants (bottom, left) and speciated aerosol
species (bottom, right).

Figure 1.7: Diurnal Profile of maximum aviation contributions of Ozone and PM 2.5 in 2005.
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Table 1.1: NAAQS exceedances for O 3 and PM 2.5 standards for senscase (with aircraft emissions) and basecase (without
aircraft emissions) model scenarios

Based upon discussions with FAA, we will model 4 to 5 specific years to assess aviation-attributable AQ impacts. Possible
candidate years are 2005, 2010, 2013, 2018 and 2025. Each year will include a 2-week spin-up period.
Note that the previously modeled 2005 and 2010 emissions from AEDT did not use high fidelity weather in its processing.
UNC is assisting Volpe to process AEDT emissions using MERRA-based meteorology. It is anticipated that UNC will get a
revised set of AEDT outputs for the proposed modeling years. If AEDT emissions based upon high fidelity are not available
in a timely manner, it is anticipated that FAA will provide AEDT outputs from the “Goals and Targets” project. Thus, while
redoing the CMAQ simulations, if time permits, we will also upgrade WRF to use the latest version (V3.6), 3 and repeat the
meteorological downscaling. This version of WRF has an updated lake scheme from the Community Land Model (V4.5) that
will address problems we saw with earlier versions of WRF around the Great Lakes region.

Milestone(s)
We have achieved multiple milestones during this performance period, listed below.
•
Completed 2005, 2010, 2013 annual WRF simulations
o Post-processed these simulations using MCIP for CMAQ, including changes to MCIP code for additional
lake category
•
Completed 2005 and 2010 annual basecase and senscase modeling simulations (with CMAQv5.0.1) with latest
updates and performed 2005 basecase annual simulations using new CMAQv5.0.2 build.
•
Evaluated model predictions extensively with surface observation data (AQS, CASTNet, IMPROVE, CSN) and in-situ
aircraft observational (MOZAIC) data.
•
Refined the AEDTProc tool previously developed to process AEDT emissions inventories in a form for use in CMAQ
•
Performed analyses of AQ results to predict 2005 and 2010 annual US aircraft impacts; simultaneously studied the
annual aviation impacts differences between these years.
•
Updated background emissions, meteorology data and boundary conditions in our second round of modeling.
•
Sub-grid scale clouds, radiation scheme and lake scheme updated in WRF modeling.
•
SOA mapping updated in boundary conditions downscaling tool.
•
Generated boundary conditions from recent ACCRI project related CAM5 data for 2005 and 2050 annual years.
•
Fixed high aircraft-attributable O 3 issues (particularly in summer months) observed in our first round of modeling
due to lightning NOx emissions.

Major Accomplishments
•
•

Substantially improved the modeling platform using the WRF-SMOKE-CMAQ
Models configured and ready for use
o Once revised AEDT-based emissions inventories are made available by the FAA, UNC is prepared to
perform the modeling for each year of interest and assess the aviation-attributable trends from current to
future years.

3 http://www2.mmm.ucar.edu/wrf/users/wrfv3.6/updates-3.6.html
David M. Romps, Jacob T. Seeley, David Vollaro, and John Molinari, 2014. Projected increase in lightning strikes in the
United States due to global warming. Science 14 November 2014: 346 (6211), 851-854, [DOI:10.1126/science.1259100].
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Publications
1)

2)

3)
4)
5)

Arunachalam, S., M Woody, J. Rissman, F.S. Binkowski, H.-W. Wong, S. Jathar, A. Robinson (2014). An Enhanced
Sub-grid Scale Approach to Characterize Air Quality Impacts of Aircraft Emissions, Air Pollution Modeling and its
Application XXIII, D.G. Steyn and R. Mathur (eds.), ISBN: 978-3-319-04378-4 (Print) 978-3-319-04379-1 (Online),
Springer, The Netherlands, 2014.
Vennam, L.P., S. Arunachalam, B.H. Baek, M. Omary, F.S. Binkowski, S. Olsen, R. Mathur, W. Vizuete, G. Fleming
(2014). A Multiscale Modeling Study to Assess Impacts of Full-Flight Aircraft Emissions on Upper Troposphere and
Surface Air Quality, Air Pollution Modeling and its Application XXIII, D.G. Steyn and R. Mathur (eds.), ISBN: 978-3319-04378-4 (Print) 978-3-319-04379-1 (Online), Springer, The Netherlands, 2014.
Vennam. L.P., Arunachalam. S., Vizuete. W., Baek. B.H., Omary. M., Bowden. J., and Olsen. S. “ Modeled Trends in
Impacts of Landing and Takeoff Emissions on Surface Air Quality in US for 2005, 2010 and 2018”, Oral
presentation at 13th Annual CMAS Conference held at Chapel Hill, NC from Oct 5-7, 2014.
Vennam. L.P., Arunachalam. S., Vizuete. W., Baek. B.H., Omary. M., Bowden. J., and Olsen. S. “ Modeled Trends in
Impacts of Landing and Takeoff Emissions on Surface Air Quality in US for 2005, 2010 and 2018”, Poster
presentation at 2014 AGU Fall meeting held at San Francisco, CA from Dec 15-19, 2014.
Woody, M. C., West, J. J., Jathar, S. H., Robinson, A. L., and Arunachalam, S. (2015): Estimates of non-traditional
secondary organic aerosols from aircraft SVOC and IVOC emissions using CMAQ, Atmos. Chem. Phys., 15, 69296942.

Outreach Efforts
•

Multiple presentations to ASCENT Advisory Board and to the FAA during the Weekly Tools telecons.

Awards
•

None.

Student Involvement
•

Pradeepa Vennam, Ph.D. student in the Department of Environmental Sciences and Engineering is leading the air
quality modeling efforts for this task. She is expected to graduate in 2016.

Plans for Next Period
•
•
•

Rerun the multi-year modeling with the updated platform and study the incremental US-wide impacts.
Perform model evaluation for additional years that have observational data available.
We will repeat all previous US-wide analyses and also study O 3 and PM 2.5 sensitivity changes in major urban areas,
or by other appropriate divisions of the US.

Task 2: Extend current prototype modeling for CMAQ-DDM-3D to compute
Airport-specific Sensitivities for the year 2005, and explore possibilities to
extrapolate for a future year
University of North Carolina at Chapel Hill

Objective(s)
The overall objective of this task is to extend the WRF-SMOKE-CMAQ Modeling platform from Task 1, described above, that
incorporates the latest modeling science, datasets and tools, and helps address the aspirational goals of Destination 2025,
to compute sensitivity coefficients that link changes in atmospheric PM 2.5 concentrations to perturbations in aircraft
emissions on an individual airport-basis.

Research Approach
The approach involved using the D2025 modeling platform with the CMAQ v4.7.1 instrumented with the Decoupled Direct
Method (DDM) – a sensitivity analysis technique to perform multiple simulations. Note that the CMAQ v5.0.2 version with
DDM was available much later during the past year, and in the interest of getting a first order implementation complete,
we used an earlier version of CMAQ instrumented with DDM. Using a smartly designed grouping technique to separate AQ
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and health impacts from individual airports, we clustered 66 individual airports into 30 groups, each containing 1 – 4
individual airports, and performed 30 simulations during January and July 2005 with an appropriate spinup period. We
then post-processed these results to tease out the individual airport AQ impacts and performed multiple types of analyses
to assess / quantify individual airport AQ impacts at various spatio-temporal scales.
In addition to the above, we also performed 3 more simulations on a NAS-wide basis:
•
CMAQ v4.7.1 with background emissions alone from all other sources
•
CMAQ v4.7.1 with background emissions and NAS-wide aircraft emissions
•
CMAQ-DDM v4.7.1 with NAS-wide aircraft emissions
Use of the DDM-3D allows a single model run with hourly sensitivity coefficients to take the place of “brute force''
sensitivity analysis, where discrete model runs compare varying scenarios with an unperturbed base case.
DDM-3D outputs sensitivity coefficients of chemical concentration Y in grid cell i to sensitivity parameter X j as:

where X j is, in our case, emissions of a species (or group of species) from a specific airport. Thus, given unperturbed
concentrations of Y i ,

where

is the multiplicative change in X j . The base case would be represented as

emissions category j would be calculated using

= 0; the effect of 50% reduction in

= -0.5.

During the previous year’s work, we first short-listed a set of 139 major airports from the US. This list included the 99
airports from Woody et al, 2011, with additional airports used for geographical representativeness (at least one airport in
each state), and to leverage comparisons with other airport-related health studies, such as the retrospective study for
aircraft noise and hospital admissions related to cardiovascular diseases (Correia et al, 2013). We then used the CMAQ and
health impact results from the two-week long simulations of 99 individual airports to develop an empirical concentration
threshold below which airport impacts were not meaningful. Using this threshold, we developed a design of experiments,
which was the foundation of the work performed here.
We explicitly modeled 66 large airports in the US in about 30 different CMAQ simulations. Each CMAQ simulation
contained between 1 – 4 airports. Airports that do not significantly overlap in influence were grouped together to save
processing power and reduce model runtime. For example, one CMAQ simulation will have the IAH (Houston, TX), BUR
(Burbank, CA), and ALB (Albany, NY) airports chosen using the empirically driven concentration threshold. CMAQ-DDM-3D
will be able to track the model’s sensitivity for each output species (such as O 3 and various PM 2.5 chemical components) to
six aircraft-emitted precursors, namely NO x , VOC, SO 2 and the three PM 2.5 primary components (PEC, POC and PSO4). These
66 airports capture about 61% of flight activity and 77% of fuel burn on a NAS-wide basis. This intense modeling required
over 200,000 CPU-hours and generated 8 terabytes of model outputs; however during the model simulations, we
generated hundreds of terabytes of data that were then discarded. Resources permitting, we will model another 15 airports
explicitly to capture up to 92% of fuel-burn. We leveraged the extensive testing and benchmarking performed under last
year’s funding to perform this task. Our collaborators at BU then developed regression-based approaches to assess AQ and
health impacts for all the non-modeled airports in the US.
We post-processed the CMAQ simulations to extract daily average PM 2.5 (total mass and chemical components) and daily
maximum 8-hr O 3 fields to assess aviation impacts, and shared the results with collaborators at Boston University to
perform the health risk analyses.
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We analyzed the model AQ results to explore developing specific metrics related to airport-specific impacts for future
policy use. We performed this analyses both at the airport grid-cell, and at increased distances for O 3 and primary and
secondary components of PM 2.5 . Possible candidates for this metric are radial influences of air pollutants at increasing
distances.
Finally, we are also collaborating/coordinating with other FAA-funded research activities to cross-compare our regionalscale CTM results (such as CMAQ) with global-scale model simulations (such as GEOS-Chem) at multiple scales, using both
forward and inverse source attribution techniques.
The differences between scenarios (a) and (b), called the Brute-force approach, were then compared with results from (c) to
evaluate the efficacy of the DDM technique for various PM 2.5 species and O 3 .
Figure 2.1 shows the aviation-attributable PM 2.5 concentrations as a function of total all-source PM 2.5 concentrations in both
absolute and relative terms, and as a function of model performance when compared to PM 2.5 monitors (top) and fuel burn
in millions of gallons (bottom). As can be seen from this figure, there are 9 airports that contribute at least 0.01% of the
total PM 2.5 in the airport’s home grid-cell. But not all of these 9 airports have the highest fuel-burn in the nation,
highlighting the fact that there are potentially smaller airports that could have a higher contribution to PM 2.5 than larger
airports. Figure 2.2 shows the aviation-attributable PM 2.5 concentrations from each of the 66 airports as a function of
distance from the airport. From this figure, there are at least 23 airports with at least 1E-3 μg/m3 of aviation-attributable
PM 2.5 at distances of up to 150-200 km from the airport’s home grid-cell. The bulk of these concentrations at downwind
distances are due to secondary PM 2.5 formed by the atmospheric interactions between aircraft-emitted gas-phase precursors
with background emissions at downwind distances.
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Figure 2.1: Aviation-attributable PM 2.5 concentrations compared to total PM 2.5 concentrations from all sources, in absolute
and relative terms. The intensity of the dots represent bias in model performance compared to observations (top) and as a
function of fuel burn at the airport (bottom).
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Each ring represents a 50km radius from the airport; airports
shown in descending order of average sensitivity.

Figure 2.2. Airport-specific aviation-attributable PM 2.5 concentrations from each of the 66 individual airports as a function
of distance from the airport.

Milestone(s)
We have achieved multiple milestones during this performance period, listed below.
•
Completed January+July modeling for 66 individual airports with CMAQ-DDM v4.7.1.
•
Post-processed these simulations and shared with BU for health-risk analyses.
•
In parallel, performed extensive analyses of AQ results to tease out airport-specific impacts.
•
Manuscript in final stage of preparation before submission to the Journal.

Major Accomplishments
•
•

Completed modeling and analyses, with a manuscript nearly ready for submission.
Master’s thesis summarizing these results submitted to UNC’s Department of ESE.

Publications
1)
2)
3)

Boone, S., S. Napelenok, and S. Arunachalam, 2013. Calculation of sensitivity coefficients for airport emissions in the
Continental United States using CMAQ DDM-3D/PM, Presented at the 12th Annual CMAS Conference, Chapel Hill, NC,
October 28-30, 2013.
Boone, S. and S. Arunachalam (2014). Calculation of Sensitivity Coefficients for Individual Airport Emissions in the
Continental US using CMAQ-DDM/PM, In Proceedings of the Extreme Science and Engineering Discovery Environment
(XSEDE) 2014 Conference, July 2014, Atlanta, GA.
Boone, S., S. Penn, J. Levy and S. Arunachalam (2015). Calculation of sensitivity coefficients for individual airport
emissions in the continental United States using CMAQ-DDM3D/PM. Presented at the 34th International Technical
Meeting (ITM) for Air Pollution Modeling and Applications, Montpellier, France, May 2015.
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Outreach Efforts
•

Multiple presentations to ASCENT Advisory Board and to the FAA during the Weekly Tools telecons.

Awards
1)

“Best Student Paper of the 2014 Conference”
Boone, S. and S. Arunachalam. Calculation of Sensitivity Coefficients for Individual Airport Emissions in the Continental
US using CMAQ-DDM/PM, In Proceedings of the Extreme Science and Engineering Discovery Environment (XSEDE) 2014
Conference, July 2014, Atlanta, GA.

Transition of Research Results
•

None.

Student Involvement
•

Scott Boone, who did the bulk of the work under this task, obtained his dual M.S. in Environmental Sciences and
Engineering and in Transportation Planning, and has graduated from UNC.

Plans for Next Period
•
•
•

Finalize two manuscripts – one led by UNC on air quality impacts, and the other led by BU on health risk analyses.
Extend work to look at additional “damage/ton” metrics over multiple geographic regions – such as Census
divisions, metroplex, airshed, etc.
Explore computing 2nd order sensitivities with DDM, and compare/contrast with adjoint-based methods.

Task 3. Consult with FAA and the ACCRI team of investigators to assess
the surface air quality impacts of aircraft emissions during cruise mode
University of North Carolina at Chapel Hill

Objective(s)
Assess surface air quality impacts of cruise emissions using multiple global-scale modeling systems.

Research Approach
This task includes a multi-model assessment including GEOS-Chem, NASA GISS-E, GATOR-GCMOM, CESM, CAM-Chem, and
GMI. UNC’s role was to provide guidance for using consistent sets of input meteorology and emissions, and postprocessing to facilitate comparison between the models, and against ongoing modeling and analyses, specifically relevant
to health impacts from a NAAQS perspective.
The UNC PI participated in several conference calls with the ACCRI team to provide guidance on model analyses and
evaluation to be consistent with D2025 modeling platform, focused on O 3 and PM 2.5 air quality and health impacts. This
task is now complete. The lead investigators in the ACCRI team are finalizing their project reports to the FAA and
developing manuscripts.

Milestone(s)
None.

Major Accomplishments
The project team completed the modeling and analyses and a final report was submitted to the FAA.

Publications
None.
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Outreach Efforts
None.

Awards
None.

Student Involvement
None.

Plans for Next Period
We are exploring a follow-on task to obtain the multi-model datasets and work with investigators at BU to perform health
risk analyses of these air quality impacts of full-flight global emissions.

Task 4. Develop High Fidelity Weather for Global Inventories using AEDT
University of North Carolina at Chapel Hill

Objective(s)
The primary objective of this project is to assist ATAC’s development of a report covering the process for creating high
fidelity weather full flight environmental analyses for global inventories using AEDT, using both great circle routes and
radar flight tracks as input. This report will include a description of the optimal high fidelity weather data sources for this
purpose, instructions on how to use the optimal weather data within AEDT, and validation of its use using CFDR data.
(Note that ATAC was funded separately, and not through ASCENT.)

Research Approach
AEDT and WEATHER DATA
This research provided a detailed description of weather data sources as input into AEDT. This description complements
and extends upon the information available about weather data in the AEDT2a Technical Manual and User Guide, and helps
justify the selection of an appropriate weather data source from those currently available (RUC, NCEP-NCAR Reanalysis,
GEOS-5, MERRA). Comprehensive review of this data by UNC concluded MERRA should be used for future development with
AEDT. However, recent developments with MERRA must be considered for future development. MERRA will soon transition
to MERRA-2, but no decision has been made to cease its forward production. MERRA-2’s format will be slightly different
from MERRA. The global grid will change from 540x360 to 576x360. There will no longer be a coarse resolution for certain
variables, all will be written at the native resolutions. Most variables remain with some to be added. The MERRA-2 data is
being written to netCDF format directly, and not the HDF-EOS format that MERRA used. MERRA-2 will use an updated form
of the GEOS-5 atmospheric model and analysis scheme, and assimilate meteorological and aerosol observations not
available to MERRA.
MERRA as input into the weather module with AEDT
The version of AEDT 2b used to model operations using high-fidelity MERRA weather was built in June 2014 and reflects
the AEDT 2b development code base from around that time. ATAC and UNC worked together to identify problems within
AEDT when using the MERRA weather data as input. Fixes and improvements were recommended for each encountered
issue. UNC compared raw MERRA data values for select flights with AEDT output. The comparison revealed several
fundamental issues within the AEDT weather module that were also independently confirmed by ATAC through the code.
The issues UNC identified and the recommended solutions provided to ATAC are discussed below.
•

•

Temporal interpolation issue within AEDT: AEDT currently requires hourly data for a single day.
Recommendation: Update the weather module to be completely flexible on the temporal duration of weather data
files. The current interpolation algorithm assumes 1-hour duration. Update the weather module to use weather
data from the following day when performing interpolations whenever it is appropriate to do so.
Missing MERRA values near the surface.
Recommendation: Missing values may exist because MERRA does not extrapolate below ground. To fill between
lowest model pressure level available and valid pressure surfaces below this surface, an extrapolation routine is
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•

•

•

needed. Update the methodology employed by the weather module when loading AEDT-readable binary into
memory in order to minimize the amount of invalid pressure levels. This would reduce recalculating geo-potential
heights and temperature for pressure levels marked as invalid. For these pressure levels, wind values would be
made equal to those of the highest (pressure-wise) valid pressure level.
The weather module in the version of AEDT 2b used in MERRA analysis interprets weather reading requests with
negative latitudes as errors. Therefore, the weather module is not able to take weather readings south of the
equator.
Recommendation: The weather module should be updated to ensure correct interpretation of negative latitudes in
the high-fidelity weather use-case.
The MERRA-capable version of AEDT 2b is limited to using only one day of MERRA weather data. If a user were to
provide two or more days of MERRA weather data, and make a weather reading request for one of the days
following the temporally first day, the weather reading request would default to using the first day’s weather data.
Recommendation: Update the weather module to ensure that it can access all dates of its loaded weather data,
making sure to avoid the issue encountered in the MERRA-capable version of AEDT 2b.
The MERRA-capable version of AEDT only uses airport-relative humidity in acoustics computations. Relative
humidity coming from high-fidelity weather would have no impact on these computations
Recommendation: Update the weather module to calculate relative humidity from the specific humidity contained
in MERRA data

Milestone(s)
We have achieved multiple milestones during this performance period, listed below.
•
Determined optimal weather data sources for AEDT.
•
Identified methodologies that need updating to improve MERRA based AEDT high fidelity weather modeling.
•
Recommended changes to AEDT methodology for processing meteorological fields.

Major Accomplishments
This research provided a report with a priority of recommendations for improving high fidelity weather within AEDT. A final
report that will include a detailed description of MERRA and other meteorological inputs (RUC, NCEP-NCAR Reanalysis,
GEOS-5, as well as a methodology to download meteorological fields will be provided in this report.

Publications
•

None.

Outreach Efforts
Presentation to the FAA during the Weekly Tools telecons.

Awards
•

None.

Student Involvement
•

None.

Plans for Next Period
The next step is to implement the recommended changes within AEDT. A similar comparison will be made between raw
MERRA and AEDT output to ensure the AEDT output is consistent with the input.
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Project 020 Development of NAS wide and Global Rapid
Aviation Air Quality
Massachusetts Institute of Technology
Project Lead Investigator
Prof. Steven R.H. Barrett
Associate Professor of Aeronautics and Astronautics
Department of Aeronautics & Astronautics
Massachusetts Institute of Technology
77 Massachusetts Ave.
(617) 452-2550
sbarrett@mit.edu

University Participants
Massachusetts Institute of Technology
P.I.(s): Steven Barrett, Associate Professor of Aeronautics and Astronautics
•
FAA Award Number: 13-C-AJFE-MIT, Amendment Nos. 007 and 018
•
Period of Performance: August 19, 2014 to August 31, 2016 (reporting with the exception of funding levels and cost
share only for August 19, 2014 to August 31, 2015)
•
Task(s):
1. Update and validate the global GEOS-Chem adjoint tool, and prepare the tool for use outside MIT
2. Calculate and analyze second-order sensitivities
3. Assess policy scenarios defined in agreement with FAA

Project Funding Level
$350,000 FAA funding and $350,000 matching funds. Sources of match are approximately $81,000 from MIT, plus 3rd party
in-kind contributions of $114,000 from Byogy Renewables, Inc and $155,000 from Oliver Wyman Group.

Investigation Team
Principal Investigator: Prof. Steven R.H. Barrett (MIT)
Co-Investigator: Dr. Raymond L. Speth (MIT), task1-2
Co-Investigator: Dr. Robert Malina (MIT), task 3
Graduate student: Irene Dedoussi (MIT), tasks 1-3

Project Overview
The project aims to develop tools that enable rapid assessment of NAS wide and global impacts of aviation emissions on
aviation-attributable PM, and resultant health outcomes for different policy scenarios. The adjoint method, which the tools
are based on, provides a computationally efficient way of calculating the sensitivities of an objective function with respect
to multiple model inputs. The project enhances the existing tools in terms of the domains and impacts covered, and in terms
of uncertainty quantification. The enhanced tools support the FAA in its strategic vision to reduce the significant health
impacts of aviation emissions, by providing a rapid way of assessing the significant health impacts of any present or future
aviation emissions scenario.

Objective(s)
The aim of the project is to enhance the capabilities of the existing rapid assessment tool. The main objectives of this cycle
are aligned with the aforementioned tasks. Specifically:
1. To expand the scope of the current policy tool to cover the global domain as per Koo et al. 2013. This will enable to
assess international policy scenarios, such as the ones provided in the CO 2 standard analysis.
2. To provide understanding about how the change in the background concentrations affects the values of the
sensitivities. This will eventually allow us to assess more accurately the impacts of future policy scenarios.
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3.

To apply the tool in a real-life policy.

Research Approach
First, we expand the scope of the current tool to cover the global domain. The resulting global rapid assessment tool will
allow for separation of LTO and non-LTO impacts and capturing differential scenarios. This also allows the study of transport
of cruise emissions between regions in the global domain as per Koo et al. 2013. Together with the existing NA nested grid,
this will allow studies of the impact of cruise emissions in the NA domain at a higher resolution. The two grids are shown in
Figures 1 and 2 below. We wrapped these tools in a Matlab package for both the nested and the global policy tool for use
outside of MIT, and for easier application of the tools to policy scenarios.

Figure 1: GEOS-Chem global 4x5 grid

Figure 2: GEOS-Chem NA nested 0.5x0.666 grid
It should be noted that the sensitivities calculated allow us to quantify the speciated, temporal, and spatial origins of the
population exposure to PM 2.5 . Specifically, they allow us to decouple the LTO and non-LTO impacts, as well as to calculate
what percentage of the total aviation impacts originates from each aviation emissions species. In terms of the temporal
aspect, they allow us to see if there is any seasonality in the importance of emissions in driving the PM 2.5 exposure and hence
premature morality impacts. Specifically, we find that the SO 2 sensitivity over the full flight altitude layers exhibits significant
seasonality. Particularly emissions over the summer months (April to September) are approximately twice as impactful in
terms of PM 2.5 exposure than those over the winter months (October to March). This implies that the benefit of sulfur
emissions control (e.g. using alternative fuels, or low sulfur jet fuel) over the summer is twice as high as that of the winter.
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Figure 3: Seasonality in the SO2 sensitivity
The 3D sensitivities are used to assess the impacts of different emissions scenarios by performing an inner matrix
multiplication of the sensitivity matrix with the emissions matrix as shown in Figure 4 below. This computation is of
negligible computational cost, compared to the 3D Chemical Transport Model (CTM) tools that have been conventionally
used until now in assessing air quality impacts of different emissions.

Figure 4: Application of sensitivities
This global adjoint air quality tool, due to its source oriented focus, as well as the minimal computational cost involved in
applying the sensitivities to assess the impacts of emissions scenarios, was applied in the CO 2 standard policy assessment
project (ASCENT 14), in order to quantify the air quality impacts of the proposed scenarios. Given that this was the first time
that this tool was applied in a real-life policy, the interaction of the tool with upstream (emissions modeling) and downstream
(monetization) processes had to be streamlined. The different process steps followed from emissions data to monetized
scenario impacts are shown in the flow diagram below (Figure 5). The gridded emissions provided by VOLPE had to be regridded into the GEOS-Chem global grid. The emissions preprocessor was thus developed to perform this task. The adjoint
tool was also accompanied with some Monte Carlo simulations to estimate how the different sources of uncertainty (e.g.
emissions uncertainties, CRF uncertainty, etc) propagate throughout the process.
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Figure 5: Process flow for scenario assessment
Given the significant involvement in the application of the global tool for the CO 2 , the second order sensitivity study was
decelerated in order to be able to provide assistance with the aforementioned process steps for this high priority project.
However, this second order sensitivities work was performed in parallel to that. The aim of this part of the project is to
capture the impacts of the change in background emissions on the GEOS-Chem adjoint sensitivity values. The computation
of the second-order sensitivities can be performed by applying a finite difference approach to the adjoint model. This will
also enable assessment of how any potential non-linearities affect the policy tool, which at present assumes a linear
relationship between health impacts and emissions.
In order to calculate the impact of the change in background emissions to the sensitivity values, we are calculating the
sensitivities for a different year, specifically 2011. By comparing the 2011 sensitivities with the sensitivities of 2006 (that we
already have), we will be able to estimate the second order sensitivities (as the baseline emissions changes between 2006
and 2011 are known). In order to calculate the 2011 sensitivities, we are implementing into the GEOS-Chem adjoint model
the EPA National Emissions Inventory (NEI) for 2011, with the goal of calculating sensitivities with these 2011 NEI baseline
emissions. The implementation involves adding a new module to the currently existing GEOS-Chem adjoint model. This
module is a modified version of a module developed by the GEOS-Chem developers for the forward model. We have performed
the forward model run and generated the corresponding checkpoint data that is needed for the adjoint. We are currently
working on the adjoint model, and developing and testing some code to accommodate for this new inventory of emissions.
This second order sensitivites task will be concluded in the next period.

Milestone(s)
•

•
•

Make the global rapid assessment tool available and provide FAA with a briefing on its capabilities: This was
accomplished on time. The FAA was briefed on the capabilities of the tools, and was also trained on how to use it.
Accompanying documents of ‘how to use the tool’ were also provided.
Provide FAA with a briefing on the results of the policy scenario assessment: Throughout the application of the tool
in the policy context the FAA has been continuously briefed and informed about the progress and the results.
Brief FAA on second order sensitivities progress: The FAA was briefed on the progress made regarding the
sensitivities work.

Major Accomplishments
The major accomplishment during this period regarding the tool was its application to the CO 2 policy assessment. The tool
allowed the assessment of the air quality impacts of ~80 scenarios in a very reasonable computational time, which would
have otherwise required weeks if not months of run time in conventional air quality models.
References
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Publications
Dedoussi, IC and Barrett, SRH (2015): US aviation air quality impacts and comparison with other sectors. 2015 Aircraft Noise
and Emissions Reduction Symposium (ANERS), September 22-25, 2015, La Rochelle, France.

Outreach Efforts
None

Awards
None

Student Involvement
Graduate student Irene Dedoussi is a PhD candidate in the Department of Aeronautics and Astronautics at MIT, and is the
graduate student involved in this project.

Plans for Next Period
Continuing this project onto the next period, we are aiming to enhance the capabilities of the existing rapid assessment
tool. First, we will expand the scope of the current tool to capture the ozone (O3) impacts, both at a global as well as the
nested US domain. The resulting global rapid assessment tool will allow for separation of LTO and non-LTO impacts and
capturing differential scenarios, and will provide sensitivities of both PM2.5 as well as ozone population exposure. We will
coordinate with Prof. Jon Levy from BU, who is currently leading the health impacts effort, regarding the appropriate choice
of the O3 Concentration Response Function (CRF), to ensure consistency between the health impacts calculation of the
different air quality teams. Given that the ozone Concentration Response Function (CRF), unlike the one for PM2.5, is nonlinear, the adjoint model will have to be modified to be able to capture this. The forward GEOS-Chem model will be used to
select the portion of the day when O3 contributes to the health impacts (based on the choice of the CRF). The adjoint code
will then be modified to only account for that specific part of the day. In this way, the non-linearity in the CRF will be
overcome, and we will be able to calculate the O3 mortalities.
Second, we will extend the current adjoint tool to also cover the nested domains of Europe (EU), and South Eastern Asia
(SEA). The global coarse model (4° × 5° resolution) will be used to obtain boundary conditions for these two sub-domains.
Furthermore, we will adapt the relevant grid-specific emissions inputs and meteorology, which is needed to be able to run
the forward model. In order to ensure that each subdomain runs successful benchmark runs will be performed and compared
against the corresponding regions in the coarse grid. Once the forward models are tested for each subdomain, the adjoint
models will also be tested against the forward model nested results. When these two additional nested domains become
available, we will be able to also examine in detail EU and SEA within global aviation emissions policy assessments, similarly
to the way we currently assess the US, both for PM2.5 as well as O3 impacts.
The enhanced tool will enable the assessment of the aviation-attributable PM2.5 and O3 impacts both in the NAS and globally.
This tool will be capable of capturing both the LTO and non-LTO impacts, for either a subdomain or the whole of the domain,
thus enabling the study of exchange of pollution between different regions. Since the adjoint sensitivities give spatial and
temporal information about the sources that lead to the aggregated impacts, differential growth scenarios can be assessed
as well. The computation of the second-order sensitivities will enable the estimation of the aviation impacts for given changes
in the background emissions, and coupled with future year population data, will enable the study of future scenarios. The
tool will be applied to assess present and future year emissions scenarios, which will be agreed on with the FAA.
We will collaborate with the research teams that will be continuing ASCENT projects 18 and 19 to maintain consistency
between assumptions and inventories in the rapid assessment tools, health impacts assessments and airport-specific
analyses, as we have successfully done in the past with the groups of Prof. Levy at Boston University and Prof. Arunachalam
at University of North Carolina. We will also continue to assist the teams (e.g. currently ASCENT 14 for the CO 2 standard
work) who are applying the adjoint tool for air quality analyses.
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Project 021 Improving Climate Policy Analysis Tools
Massachusetts Institute of Technology
Project Lead Investigator
Steven R. H. Barrett
Associate Professor
Department of Aeronautics and Astronautics
Massachusetts Institute of Technology
77 Massachusetts Avenue
Cambridge, MA 02139
+1 (617) 452-2550
sbarrett@mit.edu

University Participants
Massachusetts Institute of Technology
•
P.I.(s): Steven R. H. Barrett
•
FAA Award Number: 13-C-AJFE-MIT, Amendment Nos. 004 and 017
•
Period of Performance: Aug. 1, 2014 to Aug. 31, 2016 (reporting with the exception of funding levels and cost
share for August 01, 2014 to August 31, 2015 only)
•
Task(s):
1. Investigate efficacies of short-lived climate forcers
2. Explore contrail and cirrus cloudiness modeling in APMT-Impacts Climate
3. Expand alternative fuel modeling capability in APMT-Impacts Climate
4. Improve characterization of zonal and regional climate characteristics

Project Funding Level
$300,000 FAA funding and $300,000 matching funds. Sources of match are approximately $82,000 from MIT, plus 3rd
party in-kind contributions of $114,000 from Byogy Renewables, Inc and $104,000 from Oliver Wyman Group.

Investigation Team
Dr. Steven R. H. Barrett, Principal Investigator
Dr. Robert Malina, Project Management and Alternative Fuel Expert
Dr. Philip Wolfe, Tasks 2 and 3
Lawrence Wong, Tasks 1 and 4
Dr. Raymond Speth
Dr. Ronald Prinn, MIT IGSM Lead

Project Overview
The objective of ASCENT Project 2014-21 is to facilitate continued development of climate policy analysis tools that will
enable climate impacts for different policy scenarios at global, zonal and regional scales and will enable FAA to address its
strategic vision on sustainable aviation growth. Following this overall objective, the particular objectives of the MIT
proposal are (1) to continue the development of a rapid reduced-order climate model for policy analysis consistent with the
latest literature and scientific understanding and (2) contribute to the development and use of a more complex model
appropriate at finer spatial and temporal scales and to validate this model as a supplemental tool for scientific and policy
analysis.
In the proposed project, we will further investigate the role of aviation short-lived forcers on the earth climate system.
First, we will use the IGSM to understand how heterogeneities in the temporal, spatial, and altitudinal distribution of
climate forcing radiative forcings impact the induced climate response and temperature change. Using IGSM results and
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results from the published literature and current research (e.g. Ponater et al. 2009) we will develop probabilistic estimates
of short-lived forcer efficacies.
Second, we will continue to advance the alternative fuel modeling capability in the APMT-Impacts model, with a focus on
improving non-CO 2 combustion modeling and the development of relevant metrics that go beyond current CO 2 equivalents
based on Global Warming Potential (GWP). Furthermore, we will develop and apply simplified metrics for the potential
climate impacts from alternative fuels to better understand alternative fuel impacts on temperature and societal damages.
Third, we will use the IGSM to better characterize the zonal and regional climate response (emissions, concentrations,
radiative forcing, and temperature) of aviation-induced climate change over time. We will use these zonal and regional
projections to develop a requirements document for a zonal rapid assessment tool that can be used in policy analysis.

Objective(s)
Recent research at the FAA through the Aviation Climate Change Research Initiative (ACCRI) Phase II as well as in the field
at large has focused on quantifying the global bulk behavior and radiative impact of short-lived climate forcers. The
objective of this work is to understand how the radiative forcing of aviation-induced climate forcers leads to temperature
change. Further, the work looks to understand how reactive species, like aviation NO X , impact longer-lived species in the
atmosphere. Feedback mechanisms with other climate forcers; changes in concentrations of O 3 , OH, and CH 4 ; and
spatially-non-uniform concentrations can all impact the global climate response induced by non-CO2 emission species.
This work seeks to better understand these impacts in a way that is useful for global policy analysis. Unlike the work in
ACCRI Phase II, the work here seeks not to constrain the uncertainty related to the radiative forcing from short-lived
species, but to better understand how the remaining uncertainty in radiative forcing impacts uncertainty in downstream
impacts. The research of task 1is divided into 3 important subtasks:
1.1 Modeling the role of short-lived climate forcers in producing temperature responses, such as
through quantifying equilibrium climate efficacies.
1.2 Assessing the impact of non-linear climate responses from short-lived forcers. This task focuses
on the impact of projections of background concentrations of reactive species on aviation-induced
ozone concentrations, an aviation climate forcer where non-linearity and system feedbacks could
be expected to be significant.
1.3 Comparing the future temperature response from aviation short-lived forcers across models with
different accounting for feedbacks, non-linearity, background concentrations, and efficacies.
Second, the role of aviation on producing climate forcing through direct and indirect cloudiness impacts is one of
the most uncertain environmental impacts of aviation. Aviation induced cloudiness has the largest instantaneous
forcing on the atmosphere, but little is known about future performance of aviation contrails or potential
feedbacks with operational or technology changes in the aviation fleet. Thus, the objective of this research is to
better understand how contrails and cloudiness are modeled in simplified climate tools and how these
assumptions influence policy assessment.
Third, alternative fuels have the ability to mitigate some of the climate impacts of aviation if developed sustainably.
However, current methods for evaluating alternative fuel impacts on the climate are incomplete focusing either on single
metrics (like the Global Warming Potential CO 2 equivalent) that fail to capture the temporal evolution of the climate system
or ignore several physical and chemical impacts of alternative fuel adoption such as combustion-induced short-lived
forcers or biogeophysical impacts. The objective of this research is three-fold
3.1 Expand the modeling capability of alternative fuels in APMT-Impacts Climate to better capture a
wide range of fuel choice options
3.2 Explore alternative metrics for quantifying and describing the climate impacts of aviation
alternative fuels
3.3 Assess the potential importance of contrails in alternative fuel modeling
A final objective of this research is to assess the regional and zonal implications of the climate system. Aviation
emissions are spatially and temporally non-uniform, and explaining their impact in terms of yearly integrated
global averages may fail to capture the importance of these heterogeneities. Thus, while modeling approaches like
APMT-Impacts Climate are important for global policy analysis, they may not be appropriate for regional analyses.
Understanding the requirements for a regional model of the earth’s climate is important for future tool
development.
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Research Approach
Aviation NO X emissions in the upper troposphere and lower stratosphere (UTLS) lead to ozone (O 3 ) formation (with an efolding time of 2-3 months (Stevenson et al 2009)). Grewe et al (2002) estimated the increase in O 3 in the upper
atmosphere to be 3-4% and 6-8% for 1990 and 2015 air traffic respectively. Khodayari et al (2014) computed the annual
tropospheric mean O 3 perturbation from 2006 air traffic to be between 1.9% and 2.4%. These short-lived O 3 perturbations
shift the tropospheric balance of hydrogen radicals (HO x ) from perhydroxyl radical (HO 2 ) towards hydroxyl radical (OH),
thereby increasing the oxidative capacity of the atmosphere and reducing the atmospheric lifetime of methane (CH 4 ) by
1.4% to 3% (Khodayari et al 2014, Ko�hler et al 2008). This long-lived (11.5-14.2 years (Stevenson et al 2009)) effect is
associated with an equally long-lived reduction in tropospheric O 3 . Further, climate forcers producing identical radiative
forcing may produce dissimilar globally averaged temperature impacts, which is often referred to as the efficacy of the
climate forcer (Ponater 2009).
The primary approach for this task is to evaluate the earth’s climate response to different levels of background emissions
and aviation emissions broken down by species. Atmospheric gas concentration and temperature projections are modeled
using the MIT Integrated Global System Model (IGSM) Version 2.2. The IGSM includes 33 species in the atmospheric
chemistry scheme and has a horizontal resolution of 4°, with 11 vertical levels extending from the surface to 17 hPa. Full
details of the model can be found in Sokolov et al (2005). The use of IGSM to assess the impact of atmospheric O 3 and CH 4
from aviation emissions was previously validated (Olsen et al 2013b), showing that IGSM’s estimates of aviation’s impacts
falls in the middle of a range of fully coupled three-dimensional chemistry-climate models.
A 400-member Monte Carlo ensemble simulation approach is used to separate the small signal of aviation from noise and
to quantify statistical uncertainty. In each of the member simulation, climate sensitivity, the rate of heat mixing into the
ocean, and aerosol forcing are varied from probability distributions using Latin hypercube sampling. The design of
experiment and parameter distributions follows that of Sokolov et al (2009).
To effectively model aviation’s impact on the environment for policy analysis, fast, efficient, and robust tools are needed. A
reduced-order climate model is essential for modeling aviation’s impact on climate as fully-coupled models may take
months to run a single deterministic projection, whereas policy-relevant results could require the modeling of hundreds of
projections in a few days. Therefore, the APMT-Impacts Climate Model was developed to probabilistically project aviation’s
impact on climate using both physical and monetary metrics of impact. The APMT-I Climate Module adopts the impulse
response modeling approach based on the work by Hasselmann et al. (1997), Sausen and Schumann (2000), and Shine et
al. (2005). The module determines the climate system response by superimposing a time series of yearly impulse response
curves onto prescribed background anthropogenic emissions. The aviation impacts are calculated by taking the difference
of total emissions and total emissions less aviation. The temporal resolution of the APMT-I Climate Module is one year
while the spatial resolution is at the global mean level. The effects modeled include long-lived CO 2 , the intermediate-lived
impact of NO X on methane (NO X -CH 4 ) and its associated primary mode interaction on ozone (NO X -O 3 long), the short-lived
effects of NO X on ozone (NO X -O 3 short), the production of aviation induced cloudiness, sulfates, soot, and H 2 O. Long- and
intermediate-lived radiative forcing impacts associated with yearly pulses of CO 2 and NO X emissions decay according to
their atmospheric lifetimes while the RF from short-lived effects including the warming NO X -O 3 short effect is assumed to
last only during the year of emissions.
A detailed description of past versions of the APMT-I Climate Module can be found in Marais et al. (2010), Mahashabde et
al. (2011) and Wolfe (2012). Version 23 of the APMT-Impacts Climate code has three areas of improvement over past
models: structural and formatting changes that aid usability and increase speed and flexibility, parameter updates to
better reflect current literature and more fully account for uncertainty, and improved functionality in determining the lifecycle costs of conventional and alternative fuels. This model can then be used to examine the sensitivity of policy results
to different scientific and input assumptions

Milestone(s)
The first milestone surpassed this year for Ascent-21-2014 was to assess the capability of the IGSM to project climate
temperature responses and determine short-lived climate forcer efficacies from 2000 through 2100 and to provide a
briefing to the FAA of the results of the project by Month 6 of the project. This milestone was achieved in February, 2015.
In addition to an FAA briefing, a journal paper is in preparation as a result of this research milestone. While the paper was
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originally completed in Spring 2015, under guidance from the FAA, the paper is being revised to include a wider variety of
NOx emissions scenarios and to include comparisons to other climate models.
The second milestone was to undergo V&V testing of the APMT-Impacts Climate v23 code with external review to produce
an operational version of the climate code. At the same time, an internal development code was also developed to explore
potential modeling opportunities for APMT-Impacts climate, in particular looking at expanded alternative fuel modeling
capabilities and uncertain climate forcers. The APMT-Impacts Climate v23 code underwent external review in the Spring of
2015. The code was then disseminated to other research groups (such as Ascent Project 14) for use in policy analysis. The
Developmental version of the APMT-Impacts climate code was first developed in the Summer of 2015 with expanded
alternative fuel capabilities and exploratory approaches for new short-lived forcer relationships.
The third milestone was to provide a briefing to the FAA on short-lived climate forcers in APMT-Impacts and other models
by month 9 of the project year. The Ascent 21 team first presented a briefing to FAA project leadership on developmental
capabilities of the APMT-Impacts code in Fall of 2014. From this briefing, the team developed 3 presentations for the
research community on APMT-Impacts v23, APMT-Impacts Development Code, and short-lived forcers and contrail research
and its impact on APMT-Impacts climate. These presentations were delivered both to FAA leadership following discussions
from the original briefing and then presented at the FAA Tools Seminar.
The fourth milestone was to prepare a paper on climate metrics for alternative fuels. A paper on climate metrics for
alternative fuels is currently in preparation. Because the climate impact of alternative fuels is dependent on their contrail
forming properties, the paper will necessarily be for internal use only until more research is published on the alternative
fuel contrail properties.
A final milestone was to prepare a draft of a requirements document for the regional analyses of the climate system for
aviation. The draft requirements document is a living document that will likely continuously undergo revision as the
modeling needs of the FAA change and as research into aviation short-lived forcers and zonal and regional responses to
aviation continues to improve and mature.

Major Accomplishments
The first major accomplishment was the quantification of short-lived forcer concentrations from aviation and their
dependency on background concentrations of reactive gas species. Building on findings from the Aviation Climate Change
Research Initiative (ACCRI) Phase II, the Ascent Project 21 team investigated the variability in climate response for non-CO 2
aviation species as a function of background concentrations, using different projections of emissions from literature.
Because it produces impacts that persist in the atmosphere over two different timescales, aviation NOx is especially of
interest for modelers as its net impact can depend upon the point of view of the modeler, and different metrics may
produce impact results with different signs. Thus, aviation NOx was used to explore the role of background concentrations
on short-lived forcer concentrations. Aviation NOx produces a primary response of short-lived ozone formation. However,
this formation is dependent upon background concentrations of reactive gases in the atmosphere as well as the quantity
and location of the aviation emissions. The impact of background emissions on ozone concentration is shown in the figure
below.
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Zonal changes in concentrations of ozone from aviation emissions in year 2000 and in year 2080 under two different
background scenario projections.
This work is an area of critical research need for aviation policy modeling, and the results of this work will be highly
influential in determining future modeling capabilities of reduced-order policy tools. As shown in the above figure, the
ozone responses from aviation emissions are highly dependent on background concentration and spatially non-uniform.
As ozone is a short-lived climate warmer, the role of anthropogenic emissions in other sectors will influence the climate
performance of aviation in the future. Thus, the role of aviation in climate change must be modeled for several scenarios
accounting for the uncertainty in the background concentration of other species to correctly capture these feedbacks.
Additional research is necessary to understand how these uncertainties will impact the costs and benefits of aviation
environmental policies and decisions impacting future aviation emissions. In addition to being an important research
finding in its own right, the research from Ascent 21 will serve as the necessary inputs for these future studies. Further
work must be done to understand how these feedbacks and spatial performance are accounted for in other chemicaltransport and climate models. A preliminary framework for this comparison was already performed as part of the
validation of the IGSM for modeling aviation. For example, the dispersion performance of a NOx-Ozone-like tracer was
examined for both the IGSM and GEOS-Chem as shown in the figure below. While there are notable differences in the
performance of the two models, the comparison shows an agreement in the bulk transport characteristics of the two
models, despite significant differences in model complexity. Future work will look at comparing additional models to the
performance of the IGSM for a variety of short-lived forcers.
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Performance of an Ozone-like tracer in IGSM (left) and Geos-Chem (right) for three different time windows.
A second accomplishment of this work has been quantifying the role of short-lived forcers on creating non-uniform
responses to the climate system. The role of different climate forcers in producing non-uniform temperature impacts on
the climate has been developed over the past 20 years, beginning with work by Hansen et. al (2005) in measuring the
“efficaciousness” of different forcers to produce temperature change. The efficacies of aviation-specific species is highly
uncertain as the climate signal of many of these forcers is small enough that integrated climate models have difficulty
resolving the difference between changes in temperature from individual forcers and statistical variability. Drawing on the
work of Ponater (2009), this work looked to characterize the non-uniform temperature response of climate forcers. In
particular, the role of aviation NOx was examined because it leads to both cooling and warming responses Thus, while the
expected radiative response of aviation NOx is positive (Holmes et al. 2012), the temperature response is dependent on
the efficacies of upper-tropospheric ozone and methane. This work produced was the first to produce probabilistic
projections of temperature change from aviation NOx as shown in the figure below. The dashed lines in the figure show
the 1-σ range of expected radiative responses from literature for ozone and methane and the dot-dashed lines show the 2-

σ range. The temperature response is then shown as a function of the ratio between the ozone and methane efficacy. The
figure shows that where the efficacy of ozone is greater than efficacy of methane, the probability of a warming
temperature increases. At a ratio of 1.2, there is an 84% chance of warming from aviation NOx. Alternatively, as the
efficacy ratio becomes smaller, the probability of aviation NOx producing a cooling impact increases.
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Contour plot of change in equilibrium non-dimensional SAT given modeled ratios between ozone (o) and methane (c)
radiative forcings (F) and efficacies (r). Non-dimensional SAT is calculated by dividing the mean SAT by (r o × l o × F o ). The
star indicates model mean RFs from the most recent meta-analysis of aviation NO X RF studies with assumed efficacies of
unity The dashed lines show +/- 1 standard deviation from the meta-analysis model means, and the dot-dashed lines show
+/-2 standard deviations. The diamond indicates the results from the present study.
A major accomplishment of the research was producing a development version of the APMT-Impacts Climate code and the
transfer of the APMT-Impacts climate code v23 to different research groups at the FAA and in ASCENT. APMT-Impacts v23
was first developed under Ascent Project 21-2013 building on research of PARTNER project 46. This research indentified
gaps in the current modeling approach and identified new research that improved the understanding and uncertainty
quantification of aviation short-lived climate forcers. Ascent 21 interfaced and worked directly with researchers in the
Aviation Climate Change Research Initiative (ACCRI) Phase II to translate recent studies on climate-forcer uncertainty into
parameter inputs to simplified climate modeling codes for policy assessment. The APMT-Impacts Climate v23 code was
validated from an external research panel at University of Illinois Urbana Champagne in Spring of 2015, and became the
operational version of the climate code for policy analysis thereafter. Briefings to transfer code capabilities to policy
research teams began in tandem with the validation and external review process to speed up adoption of the new code,
particularly in analyses for ICAO-CAEP environmental policy negotiations. A functional diagram of the APMT ImpactsClimate code is shown in the figure below.
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APMT-Impacts Climate Code v23 Functional Diagram
Finally, major accomplishments of this work have been exploring the sensitivity of climate results and metrics to different
assumptions of short-lived climate forcer uncertainty. In particular, monetary metrics of the impact of aviation on climate
change are sensitive to short-lived forcers that may not be captured in the current modeling framework. Nitrates from NOx
emissions may have an additional cooling impact on the climate, whereas stratospheric water vapor may have an additional
warming impact. Sensitivity analyses performed as part of Ascent Project 21 have shown that the inclusion of these shortlived forcers and their projections in the future can influence expected climate damage estimates. As a result of this work,
it was proposed that future versions of the APMT-Impacts climate code (v24) include modules that estimate these impacts.
However, it is important that these newer uncertain mechanisms be treated probabilistically to capture the significant
uncertainty associated with them. Further, it is important for policy assessment that outputs of the APMT-Impacts Climate
code distinguish between impacts that have reached a level of scientific consensus and those that represent novel
pathways.

Publications
•
•
•
•
•

Brasseur, et al. “Impact of Aviation on Climate: FAA’s Aviation Climate Change Research Initiative (ACCRI) Phase II.”
BAMS. 2015.
Jacob, D.J, P.J. Wolfe, S.R.H. Barrett, “Requirements Document for Regional Assessment of Climate.” Report.
Wong, L. et al. “Long-term atmospheric chemistry and temperature impacts of aviation NOx” In Preparation
(Revision).
Wolfe, P.J. “Aviation Environmental Policy and Issues of Timescale.” Chapter 3: Climate Modeling. Dissertation.
Wolfe, P.J. APMT-Impacts Climate Code Algorithm Design Document (APMT-I Climate v23). 2015. Report.

Outreach Efforts
FAA Tools Team Presentation on APMT-Impacts Climate (Fall 2014, Spring 2015)
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FAA Tools Team Presentation on Short-Lived Climate Forcer Modeling (Summer 2015)
MIT Technical Communications Seminar (Spring 2015)
Ascent 14 Climate Tools Briefing (Fall 2014), Climate Modeling Briefing (Winter 2014/2015)

Awards
MIT Technical Communications Seminar Best Student Research (2015)

Student Involvement
Philip Wolfe (Ph.D. Candidate, MIT) worked primarily under tasks 2 and 4 of this work. His work focused on using the
APMT-Impacts climate code and a literature review of Aviation NOx studies to understand the economic impact of NOxinduced climate change in policy tools and policy analysis. He has been the primary developer of the APMT-Impacts
Climate code for the past 5 years, and has overseen the entirety of the APMT-Impacts V23 code revision, implementation,
and validation and verification. Philip Wolfe graduated in September and accepted a post-doctoral research position
through the MIT Department of Aeronautics and Astronautics. He will continue to be involved in Ascent research in 2015.
Lawrence Wong (Ph.D. Student, MIT) has lead IGSM applications and code implementation for Ascent Project 21. His
research is in the climate impacts of short-lived climate forcers and their impact on the climate system with a focus on
feedbacks and non-linearity.

Plans for Next Period
In the next period for this project, we will enhance the capabilities of the existing rapid assessment tool by developing a
v24 of the APMT-Impacts Climate Code. First, we will expand the scope of the current tool to capture the tropospheric
nitrate impacts and stratospheric water vapor impacts identified in the ACCRI phase 2 research. This will involve updating
the code to allow for additional short-lived forcer species, to account for significant uncertainty in these “new” forcers, and
scoping work to consider interactions with other short-lived forcers (such as the interaction between sulfur and nitrate
emissions or the interaction between aviation-induced methane and water vapor enhancement). The resulting global rapid
assessment tool will allow for more comprehensively considered impacts of aviation on climate. Further, v24 of the climate
code will quantitatively consider the impact of different damage functions and physical metrics from literature. Finally, the
updated code will more fully consider the life-cycle impacts of alternative fuels. Version-23 of the climate code introduced
a life-cycle impact sub-model that calculates physical and economic metrics of climate damages from non-combustion
emissions related to fuel choice. The v24 of the code will expand the available alternative fuel choice options to consider
other alternative fuels once the required data becomes available from ASCENT Projects 1, 24a and 24b. Interim work as
part of ASCENT Project 21 has characterized the time-dependence of CH4 and N2O emissions using reduced-order
modeling techniques and anthropogenic emissions forecasts from the IPCC. For APMTv24, these models will be fully
integrated into APMT to better account for the temporally heterogeneous impacts of alternative fuel life-cycle impacts.
Finally, the v24 of the climate code will utilize recent research on LTO and cruise emission black carbon relationships to
capture differences in combustion emissions between conventional and alternative fuels (Speth et al., 2014).
Second, we will evaluate a global 3-D model as a tool for both calibrating the rapid reduced-order model and for enhancing
the understanding of aviation’s impact on the future climate. This work will explore the ability of 3-D models to resolve a
statistically significant climate signal from aviation, the ability of 2-D models to be an effective proxy for 3-D models, and
the role of aviation-induced climate feedbacks. This work will compare a suite of deterministic and probabilistic model
outputs ranging from atmospheric chemistry to local temperature anomaly from models such as the MIT IGSM, GATOR,
ModelE, and CAM. This will complement the model inter-comparison work performed as part of ACCRI phase 2 and year 1
of ASCENT project 21.
Third, we plan to further investigate the role of contrail and contrail-cirrus in aviation climate models. Recent work from
ACCRI phase 2 has better constrained the current climate-related uncertainty from aviation-induced cloudiness. By
constraining this uncertainty, radiative forcing, temperature projections, and economic damages from aviation have
improved, resulting in a mean change in metrics of up to 15%. Further work is necessary to understand the role of contrails
and cirrus cloudiness on the climate, and the impact of modeling assumptions on temperature and damage projections.
The climate efficacy of contrail-induced radiative forcing, the potential of future contrail saturation changing the
relationship between fuel burn and radiative forcing, and the impact of alternative fuels on contrail formation are all highly
uncertain. This work will focus on exploring the physical and chemical mechanisms of contrail formation and aviationinduced cloudiness in the present and under future conditions. Further, it will explore modeling approaches for better

324

estimating the relationship between future operations and policies and the expected coverage and radiative forcing of
contrail and contrail cirrus.
Fourth, we will continue to support FAA analyses of national and global policies as they relate to climate change and
environmental impacts. We will continue to provide modeling support and expertise as well as technical and analysis
experience. In addition to developing and transferring a v24 of the APMT-Impacts climate model to relevant research
groups, we will continue to assess policy-related co-benefits and tradeoffs, for example by continuing to support the
APMT-Impacts Air Quality and APMT-Impacts Noise tools. We will continue to collaborate with the research team that will be
continuing ASCENT project 20 to ensure that all emissions assumptions are consistent across policy-relevant models. We
will continue to support ASCENT project 20 and ASCENT project 14 with the analysis of the international CO2 standard,
whose researchers are applying ASCENT Project 21 tools in assessing the climate, air quality, and noise impacts of
proposed policy options.
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Project Overview
In this project, we will continue to act as a resource to FAA for analyses relating to metrics and to model development and
evaluation of FAA modeling tools and datasets, with special emphasis on testing the Aviation Environmental Portfolio Tool
(APMT) model and the further development and evaluation of its climate component to ensure that the underlying physics
of the model is addressed properly.
Our primary efforts on the project to this point have been to further evaluate the much more complex 3-D chemistry-climate
model to further our understanding of the chemistry and climate effects from aviation emissions. As part of this effort we
have used CAM5Chem, the atmospheric component of Community Earth System Model (CESM) and did series of studies to
evaluate aviation impact both on surface air quality in 2006 and on climate in 2050. These findings will be useful in our
evaluation of the APMT model later this year.

Task and Research Approach
1.

We have contributed to a report and a companion journal paper led by Andrew Gettleman investigating the
effects of aviation cruise emissions on climate in 2050. The study found that a growth in the climate impact of
aviation by 2050, including positive radiative forcing from contrails up to ~80mWm-2 and enhanced upper
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tropospheric and lower stratospheric ozone (O3), due to nitrogen oxide (NOx) emissions of ~60mWm-2. Changes
in methane (CH4) forcing resulting from changes in the CH4 lifetime induced by aviation are estimated at 25mWm-2 in 2050.
2.

We have also contributed to a report lead by Mark Jacobson investigating the effects of aviation cruise emissions
on air quality. This study found that all models (Three-dimensional chemical-transport models (CTMs) and
Climate Response Models (CRMs)) show increases in near-surface ozone (0.4 to 1.9% globally), perturbations in
the Northern Hemisphere that are highest in winter (when ambient ozone levels are lower and potentially of not
as much concern to human health compared to the higher ozone in the summer months). In the CTMs, the
response was highest in high-altitude regions and large-scale subsidence regions, with maximum annual
perturbations ranging from ~1.1 to 2.8 ppbv over the Tibetan Plateau. Horizontal transport of ozone and its
precursors, rather than chemistry, is shown to dominate the surface ozone response. A similar response is seen
in the CRMs. The study also found the contribution of aviation emissions to the increase in PM2.5 concentration
near the surface and compared the response between CTMS and CRMs. Changes in surface-level PM2.5 in the
CTMs (0.14 to 0.4%) and CRMs (-1.9 to 1.2%) may depend on highly-varying background aerosol fields among
models and the inclusion of feedbacks between aircraft emissions and changes in meteorology. The CTMs tend
to show an increase in surface PM2.5 primarily over high-traffic regions in the North American mid-latitudes.
The CRMs, on the other hand, demonstrate the effects of changing meteorological fields and potential feedbacks
on aviation emission impacts, and exhibit large perturbations over regions where natural emissions (e.g., soil
dust and sea spray) are abundant. Excluding these emissions in the CRMs results in a smaller-in-magnitude
surface change due to aviation.

3.

We also evaluate the impact of using different year-to-year meteorological fields on derived changes in aviation
induced ozone in CAM5Chem. CTM studies of human effects on the atmosphere, including those of aircraft,
have typically employed a single representative year of atmospheric meteorology to drive the model (i.e
simulations have been run in a specified dynamics mode). The current and likely near-future aircraft fleets
operate mostly near the tropopause, a region sensitive to changes in dynamics that are likely among different
years. We evaluated the variation in aviation induced ozone perturbations using CAM5Chem over eleven years
of meteorological fields which represent eleven years of interannual variability. Meteorology to drive the model
was supplied by eleven years of MERRA (Modern Era Retrospective-Analysis for Research and Applications)
reanalysis for years 2000-2011. The aviation emissions used were obtained from the Aviation Environmental
Design Tool (AEDT) for the year 2006.Results indicate a very little year to year variation (less than 10%) in the
derived changes in aviation-induced ozone. This result led to the conclusion that aircraft effects modeling under
a single meteorology year should suffice within current model uncertainties. It can be further concluded that
aviation induced signals obtained in coupled simulations could not be entirely masked by the model interannual
variability.

4.

Our paper investigating the sensitivity of NOx emissions from lightning on aviation-induced ozone production
has been submitted to Atmospheric Environment.

5.

Our paper titled “Aviation NOx-induced CH 4 effect: Fixed mixing ratio boundary conditions versus flux boundary
conditions” was published in Atmospheric Environment in May.

6.

Our paper on aviation metrics is finally near completion. Don is working on it and will send to the other authors
towards completing it.

7.

We are preparing an individual paper that examines the global impacts of aviation non-LTO emissions on surface
air quality for present day and mid-century (2050). Our results from the present day simulations show a northern
hemisphere (NH) mean surface O 3 increase of 1.3 ppb (2.7% of the background) and a NH maximum surface PM
2.5 increase of 1.4 µg/m3 in January. Mid-century simulations show slightly greater surface O 3 increases (mean
of 1.9 ppb (4.2%) for both scenarios) and greater PM 2.5 increases (maximum of 3.5 µg/m3 for SC1 and 2.2 µg/m3
for Alt). We conclude that these perturbations do not significantly increase the frequency of extreme air quality
events (increase is less than 1.5%), although they do contribute to the background concentrations of O 3 and
PM 2.5 , making it easier for urban areas to surpass these standards.
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8.

We are preparing a second individual paper on the evaluation of the aviation impact at mid-century with two fuel
scenarios. Our results show that the impact of aviation on climate in mid-century shows a short-term O 3 radiative
forcing (RF) of 62.1 mWm-2 for both mid-century scenarios, which while still quite small, is a 111% increase
relative to present day simulations. The main differences between the two fuel scenarios are the SO 4 2- and black
carbon (BC) direct radiative forcings. The SO 4 2- direct RF is -15.3 and -8.1 mWm-2 in SC1 and Alt, respectively
while the BC direct RF is 1.1 and 0.5 mWm-2 in SC1 and Alt, respectively.

Milestone(s)
All the milestones have been reached.

Major Accomplishments
Evaluated the impact of aviation emissions on the surface air quality in 2006 and on climate in 2050 and contributed to
7 research papers that either have been published, submitted for publication or are in preparation phase.

Publications
Gettleman, A., M. Z. Jacobson, and D. J. Wuebbles, Climate forcing effects from 2050 Projected Aviation, FAA Report,
submitted to FAA for review, 2015.
Gettleman, A., C.-C. Chen, M. Z. Jacobson, M. A. Cameron, D. J. Wuebbles, A. Khodayari, D. B. Phoenix, Climate effects
from 2050 Projected Aviation Emissions, Atmos. Environ., submitted.
Jacobson, M. Z., S. R. H. Barrett, A. Gettleman, H. B. Selkirk, N. Unger, and D. J. Wuebbles, Surface Air Quality Effects of
Cruise Emissions, FAA Report, submitted for review by FAA, 2015.
Khodayari, A., S. C. Olsen, D. J. Wuebbles, and D. B. Phoenix, Aviation NOx-induced CH4 effect: Fixed mixing ratio
boundary conditions versus flux boundary conditions, Atmospheric Environment 113 (2015): 135-139.
Khodayari, A., D. B. Phoenix, and D. J. Wuebbles, Effect of NOx emissions from lightning on the production of aviationinduced ozone, J. Geophys. Res.-Atmos., submitted.
Phoenix, D. B., A. Khodayari, and D. J. Wuebbles, Aviation impact on air quality in present day and mid-century simulated
in the community atmosphere model (CAM), in preparation to be submitted to Atmos. Chem and Phys.
Phoenix, D. B., A. Khodayari, and D. J. Wuebbles, Evaluation of Aviation Effects with Alternative Fuels on Climate in MidCentury (2050) in the Community Atmosphere Model (CAM), in preparation to be submitted to Atmos. Environ.

Outreach Efforts
Dan Phoenix attended and gave presentations at the AEC Roadmap meeting in Washington DC on May 19-20, 2015.
Arezoo Khodayari gave seminars on our findings both at the University of Birmingham and Cambridge University in UK
in Aug, 2015.
Don Wuebbles had numerous phone discussions with FAA leadership on project developments and related science
issues.

Awards
None.

Student Involvement
Daniel Phoenix was the graduate student who has been involved in this project and contributed in all the analyses. He
graduated this summer and moved to the University of Oklahoma to do his doctorate study.

Plans for Next Period
If there is funding the plan for the next phase would be to investigate the relationship between the CRMs and CTMs,
chiefly in balancing an accurate representation of atmospheric processes with computational cost. Overall, aviationinduced perturbations to ground level ozone and PM2.5 in this study are found to occur globally, not only near airports,
although primarily in the Northern Hemisphere. Global chemistry-climate models such as those used in this study are
critical for further narrowing the estimated range of impacts of aircraft on surface ozone and PM2.5 and potentially,
their effects on human health.
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Project Overview
The objective of the research is to continue development of an analytical approach for evaluating the noise impacts of
advanced operating procedures. Older generations of jet engines produced significantly more noise than currentgeneration products. The assumption that jet noise dominates aerodynamic sources may have been reasonable in previous
environmental impact studies. However, for new advanced approach and departure procedures, aerodynamic noise
reduction may contribute strongly to environmental benefits. For example, in a delayed deceleration approach (DDA),
deployment of landing gear and high-lift devices can be delayed until later stages in an approach, reducing aerodynamic
noise. This effect is not captured using current noise-power-distance (NPD) noise calculation tools now in common use
throughout the aerospace industry. This illustrates a gap in noise analysis capability for advanced operational procedures.

Task Progress and Plans
Task 1: Development of one or more procedures for calculating the source generation and propagation of
aerodynamic noise in the terminal environment
Task 1 will involve a continued review of the physics driving aerodynamic noise generation from advanced procedures
(including speed adjustments, thrust adjustments and timing of high-lift device and/or landing gear deployment). The
objective of the task is to guide improvements to current noise analysis techniques incorporating aerodynamic effects.
This may take the form of enhanced NPD reference data or direct estimation of noise from a physics-based model such as
ANOPP. Calibration of the noise model will be aided by a variety of data sources and analytical techniques. Operational
overflight noise data provided by Massport will be used to help calibrate and refine the model. The data will be correlated
with high-resolution PDARS radar track records and NOAA weather models to provide a large set of flyover noise events
and the corresponding flight conditions. If needed, this calibration method will be supplemented with other noise data
(through FAA-AEE, Volpe, and/or aircraft manufacturers).
Task 2: Identify requirements for aircraft performance modeling during advanced operational procedures
Task 2 will evaluation options for higher-fidelity performance calculation and simulation for advanced operating
procedures. Thrust level, flap setting, and landing gear configuration all have an impact on noise levels and performance
capabilities. During the first phase of this research, it was evident that accurate modeling of flight dynamics and
performance are vital to generate high-fidelity noise models. This is true for analysis using either NPD-based approaches or
higher-fidelity models. Therefore, this phase of the research will include more detailed analysis of performance
characteristics and resulting impact on procedural noise.
Task 3: Apply a modified noise assessment technique to one or more sample advanced operational procedures
Task 3 will incorporate the results of Tasks 1-2 to illustrate potential noise analysis improvements for advanced approach
and departure procedures. The sample approach or departure procedure(s) will be used to demonstrate noise analysis
capability improvements from Task 3 relative to existing AEDT/INM methods. Data from Massport will be used to help
define utility as well as operational and noise issues for candidate procedures and to provide calibration baselines. The
dataset, consisting of single-event overflight noise signatures at specific locations surrounding Boston Logan International
Airport, includes a wide variety of flight operating conditions. This baseline dataset will be explored as a potential
validation source for the noise model at different real-world operating points.
Modifications to account for alternate aircraft configurations will then be applied to demonstrate the potential for
parametric analysis of advanced approach and departure procedures. The larger applicability and development
requirements for such methods will be discussed.
Task 4: Identify modeling improvements of existing tools required to represent noise impacts of advanced
operating procedures
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Task 4 will use the results from Tasks 1-3 to determine necessary modeling improvements to capture the impact of
advanced operating procedures. These changes may include noise source and propagation methods, aircraft performance
model refinement, or both. The methods implemented in the sample problem from Task 3 will be described in terms such
that outside tool developers could incorporate similar changes as needed.
Task 5: Identify improvements required to noise source models and implement and assess new prediction formulas
The theory that underlies ANOPP dates from the 1970’s and is crude at best. In particular, the models for airframe noise
are based on a very simplified representation of the noise generation mechanisms and scaling. In addition, the prediction
procedures have been calibrated based on conventional aircraft component geometries. The extent to which these
simplifications affect the evaluation of the noise impacts of advanced operational procedures remains unknown. In
recognition of these deficiencies NASA introduced a new noise prediction program concept called ANOPP2. This revised
approach is based heavily on computational fluid dynamics with the associated computational costs. So the revised
concept is not yet applicable to noise impact studies. In this task, based on the shortcomings in noise prediction models
identified in the first phase of the project, revised noise source models will continue to be developed. It is not proposed to
modify ANOPP but to develop noise source models with higher fidelity to replace key airframe noise elements in the
present predictions.
Task 6: Extend existing noise source models to account for changes in aircraft noise due to changes in aircraft
configurations
This task will identify noise source characteristics that would be affected by interaction effects or unconventional aircraft
configurations. This could have a significant effect on the noise radiation. Examples would be shielding and reflection
effects. To make such models computationally viable for operational procedure assessment they will be based on reduced
order models. For example, at the lowest level of fidelity, line-of-sight models could be used for shielding effects. At a
higher level of fidelity, analytic solutions for refraction effects could be included. The extent to which these effects have a
noticeable effect on the noise metrics will be evaluated by comparisons with predictions omitting these installation effects
as well as comparisons with measurements where available.
Task 7: Continue evaluation of candidate metrics in addition to DNL and assess the importance of the need for such
metrics
The DNL metric represents the current industry standard. It remains to be determined if this metric is the most appropriate
one to assess the noise impact of advanced operational procedures. Based on the final results of the first phase of the
project, continued assessment of alternative noise metrics will continue. These metrics will be evaluated on the basis of
the noise prediction models and flight procedures developed in the other tasks.

Major Accomplishments
Have developed and demonstrated TASOPT and ANOPP connection and modeled several aircraft types with good
agreement with certification data. Have demonstrated the tool on representative departure (cut back) procedures and
approach (Delayed Deceleration Procedures).

Publications
None

Outreach Efforts
Several briefings on FAA Tools Team meeting

Awards
None

Student Involvement
Graduate students have been involved in all aspects of this research and have been the key implementers.
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Project 024A Emissions Data Analysis for CLEEN, ACCESS,
and Other Recent Tests
Massachusetts Institute of Technology
Project Lead Investigator
Steven Barrett
Associate Professor
Department of Aeronautics & Astronautics
Massachusetts Institute of Technology
77 Massachusetts Ave
Building 33-316
Cambridge, MA 02139
617-452-2550
sbarrett@mit.edu

University Participants
Massachusetts Institute of Technology
•
P.I.(s): Steven Barrett, Associate Professor
•
FAA Award Number: 13-C-AJFE-MIT, Amendment No. 005
•
Period of Performance: Aug. 18, 2014 to Aug. 31, 2015
•
Task(s):
o Task 1: Gather additional nvPM emissions data from recent measurement campaigns
o Task 2: Update nvPM model to account for altitude effects
o Task 3: Extend nvPM model to incorporate results from non-paraffinic alternative fuels

Project Funding Level
Project Funding Level: $95,000 FAA funding and $95,000 matching funds. Sources of match are approximately $4,000
from MIT, plus 3rd party in-kind contributions of $91,000 from Byogy Renewables, Inc.

Investigation Team
•
•
•
•

Steven Barrett (Associate Professor, Principal Investigator, MIT) – Responsible for project management on all tasks.
Raymond Speth (Research Scientist, Co-Investigator, MIT) – Responsible for Tasks 2 & 3 and coordination with
ASCENT Project 24B research team at Pennsylvania State University.
Robert Malina (Research Scientist, Co-Investigator, MIT) – Responsible for coordination with ASCENT Projects 20
and 21 and air quality and climate impacts.
Luis Alvarez (Graduate Student, MIT) – Responsible for Task 1.

Project Overview
The objective of this research is to gather and analyze aircraft engine non-volatile particulate matter (nvPM) emissions data
collected from CLEEN, ACCESS and other recent emission measurement campaigns and to develop improved models for the
relationship between fuel composition and nvPM emissions. Improvements to estimates of nvPM emissions from alternative
fuels will be useful in understanding the air quality and climate impacts of alternative jet fuels. The goals for this project
are to expand modeling capabilities in the following areas:
•
Extend the previously-developed ASAF (Approximation of Soot from Alternative Fuels) model (Speth et al., 2015) to
account for changes in ambient conditions, i.e. adjusting for altitude to improve predictions of emissions at cruise
altitude.
•
Determine fuel properties that can serve as predictors of soot formation for fuels where the distribution of
aromatic compounds differs from that found in conventional jet fuel
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•

Extend the ASAF model to allow predictions of nvPM from non-paraffinic alternative jet fuels, such as those
produced by hydroprocessed depolymerized cellulosic jet (e.g. KiOR) or catalytic hydrothermal (e.g. Readijet)
processes

Task 1: Gather additional nvPM emissions data from recent measurement
campaigns
Massachusetts Institute of Technology

Objective(s)
This task consists of acquiring nvPM mass and/or number emissions measurements from recent measurement campaigns
such as those conducted under the FAA CLEEN program and as part of the NASA ACCESS-2 study.

Research Approach
CLEEN Results
Results from the CLEEN program were extracted from the reports submitted to the FAA by Pratt & Whitney. These data
consisted of nvPM mass emissions data collected at a range of thrust settings for a PW615F engine operated at sea level
static conditions using the following fuels and fuel blends:
1.
2.
3.
4.
5.
6.

100% Conventional Jet-A1
30% KiOR hydroprocessed depolymerized cellulosic jet (HDCJ) / 70% Conventional
50% KiOR hydroprocessed depolymerized cellulosic jet (HDCJ) / 50% Sasol FT
20% Amyris direct sugar to hydrocarbon (DSHC) / 80% Conventional
50% ARA catalytic hydrothermolysis (CH) / 50% Conventional
100% ARA catalytic hydrothermolysis (CH)

For each fuel, the ASTM D1655 specifications for each fuel were also reported. At each operating point, we computed the
relative emissions produced by the alternative fuel blend (compared to the conventional fuel operating at the same
operating point) and the relative fuel aromatics content (compared to the conventional fuel aromatics content) and added
these data to our database of alternative fuels emissions data. The original database consisted of equivalent test data
collected for FT and HEFA paraffinic alternative fuels tested on 7 different turbofan and turbojet engines (not including the
PW615F). The nvPM emissions from the alternative fuels tested under the CLEEN program are compared to the emissions
from the FT and HEFA fuels is summarized in Figure 1.
ACCESS-2 Results
Through discussions with the principal investigator responsible for the ACCESS-2 campaign conducted by NASA, we were
able to obtain preliminary results for some of the cruise-altitude nvPM measurements taken as part of this campaign.
However, the currently available dataset only includes emissions for conventional jet fuel, and not any alternative fuel
blends, and as such does not provide information which can be incorporated into our database.
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Figure 1: Relative BC emissions for different types of alternative fuels as a function of relative aromatics content and
engine setting.

Milestone(s)
Milestone 1: Develop database of available emissions measurements and corresponding fuel properties for use in analyses

Major Accomplishments
The addition of the CLEEN measurements increases the breadth of the nvPM emission by adding three new fuel types, two
of which (HDCJ and CH) have fuel compositions which are significantly different from previously-studied alternative fuel
mixtures. This provides a foundation for improving on our alternative fuel nvPM predictive model to account for the more
complex fuel compositions which are present in several alternative jet fuels of interest.

Publications
None.

Outreach Efforts
These results were presented at the Aviation Emissions Characterization Workshop which was held May 19–20, 2015.
Presentations
•
Aviation Emissions Characterization Workshop which was held May 19–20, 2015.
•
A presentation describing the analysis of altitude and fuel composition effects using the reactor network model
was given in the AEC Roadmap Teleconference on September 24, 2015.

Awards
None.

Student Involvement

334

Luis Alvarez was primarily responsible for gathering the emissions data from the CLEEN program and incorporating it into
the existing emissions database.

Plans for Next Period
Not applicable.

Task 2: Update nvPM model to account for altitude effects
Massachusetts Institute of Technology

Objective(s)
The objective of this task is to extend the ASAF model to account for changes in ambient conditions, i.e. adjusting for
altitude to improve predictions of emissions at cruise altitude, and to validate these modifications against the data
collected in the ACCESS-2 study.

Research Approach
Since ground level nvPM measurements are much simpler than cruise-altitude measurements, the vast majority of
emissions tests on alternative fuels have been conducted at sea-level static conditions. However, in order to evaluate the
effects of cruise-altitude emissions on other atmospheric processes, e.g. contrail formation, these ground level test data
must be mapped to cruise conditions. Previously, the correspondence between ground level and cruise altitude conditions
was addressed in the FOX model (Stettler et al., 2013) for nvPM emissions from conventional fuels using a correlation
developed by Döpelheuer and Lecht (1999). This correlation does not include any parameters which would account for
different behaviors based on changes in fuel composition, and as such cannot account for any potential differences in the
behavior of alternative fuels.
Because the ACCESS-2 alternative fuel measurements have not yet been made available, there is at present no experimental
data on which to base an updated correlation relating ground-based alternative fuel emissions measurements to cruise
altitude. Instead, we have pursued an approach based on using a chemical reactor network model with a detailed chemical
kinetic mechanism (Ranzi et al., 2012) to predict formation of large polycyclic aromatic hydrocarbons (PAH) in the primary
reaction zone, which are considered to be precursors to soot formation. This model was run for a range of engine
conditions, covering variations in inlet temperature, inlet pressure, pressure ratio, equivalence ratio, primary reaction zone
volume, and fuel composition. The parameter ranges included values which are expected to be relevant to both groundlevel and cruise-altitude conditions.

Milestone(s)
Milestone 2: Provide FAA with a briefing on the model with altitude effects incorporated. This briefing was provided as part
of the AEC Roadmap Teleconference on September 24, 2015.

Major Accomplishments
We found that for a range of fuel compositions, relative soot formation (compared to soot formation for a naphthalene, a
high-sooting fuel) for ground and cruise conditions were similar when comparing cases where the burned gas temperature
was held constant, rather than cases where the equivalence ratio was held constant. These results are summarized in
Figure 2.
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Figure 2: Comparison of black carbon emissions indices for selected fuels at ground level (solid lines) and cruise altitude
(dashed lines). Left: Absolute emissions indices as a function of equivalence ratio. Right: normalized emissions indices as a
function of burned gas temperature.
This correspondence of results suggests that ground-level, static emissions test sample the desired parameter space of
engine operating conditions, and that correlating ground and cruise altitude emissions is feasible. However, some data on
cruise altitude emissions needs to be used in order to develop and validate such a correlation.

Publications
None.

Outreach Efforts
A presentation describing the analysis of altitude and fuel composition effects using the reactor network model was given
in the AEC Roadmap Teleconference on September 24, 2015.

Awards
None.

Student Involvement
None.
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Plans for Next Period
Not applicable.

Task 3: Extend nvPM model to incorporate results from non-paraffinic
alternative fuels
Massachusetts Institute of Technology

Objective(s)
The objective of this task is to extend the ASAF model to allow predictions of nvPM from non-paraffinic alternative jet
fuels, such as those produced by hydroprocessed depolymerized cellulosic jet (e.g. KiOR) or catalytic hydrothermal (e.g.
Readijet) processes which have been tested as part of the CLEEN program. These processes generate alternative fuels with
distributions of aromatic species that are different from those found in conventional jet fuel, and consequently
demonstrate different emissions behavior.

Research Approach
Introduction
In the ASAF model, the soot formation rate is assumed to consist of two components: one proportional to the fuel
aromatics content, and one independent of fuel aromatics. For fuels where the distribution of aromatic compounds differs
from that found in conventional jet fuel, accounting for differences in soot-production efficacies among classes of aromatic
compounds can improve the fidelity of the model. Our approach to this task was to examine how the chemical kinetics
specific to different fuel components leads to differences in soot formation, and use this to determine how measured fuel
properties can be to improve predictions of soot formation.
Fuel Compositions
Alternative fuel compositions can differ significantly from conventional jet fuel. Among the alternative fuels currently
available FT, HEFA, and DSHC fuels consist mainly of iso- and n-paraffins. CH has distributions of aromatic compounds
similar to Jet A. HDCJ has large fractions of dicycloparaffins and indans/tetralins. Each of these fuel components can have a
distinct contribution to the nvPM emissions performance of an alternative jet fuel. Typical compositions for alternative jet
fuels, compared with conventional jet fuel, are show in Figure 3.

Jet A
FT #1

n-paraffins

iso-paraffins

FT #2

cycloparaffins

HEFA #1

dicycloparaffins

HEFA #2

alkylbenzenes

DSHC

indans/tetralins
naphthalenes

CH
HDCJ
0%

20%

40%

60%

80%

100%

other

Figure 3: Typical chemical compositions of conventional and alternative jet fuels.

Threshold Sooting Index
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One measure of a fuel’s propensity to generate soot is the threshold sooting index (TSI), which is a property that can be
measured in lab-scale diffusion flames (Olson and Pickens, 1984; Watson et al., 2013). TSI values for a wide range of
hydrocarbon compounds have been tabulated in the literature (REFS). The TSI is a normalized measure of the sooting
propensity of a fuel, with a high sooting fuel (naphthalene) assigned a TSI of 100 and a low sooting fuel (ethane) assigned
a TSI of zero. The TSI of a fuel species depends on its structure and composition. TSI values from a range of fuel
components are shown in Figure 4.

Figure 4: Threshold sooting index (TSI) for representative fuel species, classified by molecular structure.
While the TSI is partially correlated to H/C ratio, there is high variability among aromatic fuel components with similar H/C
ratios. Estimating nvPM emissions indices from the TSI requires additional modeling. The TSI is determined only at one
condition, and therefore does not provide information on what changes may occur as operating conditions such as
temperature, pressure, or equivalence ratio change. For this, we utilize the reactor network model that was described
under Task 2.
Reactor Modeling
We utilize the reactor network described under Task 2 to examine the trends in emissions between different fuel
components as a function of engine and combustor conditions. The variation in nvPM emissions with fuel type shows the
expected trends among molecular families, with high nvPM emissions from tetralins, lower from single-ring aromatics,
lower still from cyclo-paraffins, and lowest from normal and iso-paraffins. These trends qualitatively follow the trends
observed in the TSI measurements.
In addition, the nvPM emissions depend strongly on equivalence ratio, an effect which is not explicitly captured by TSI.
Differences between molecular families diminishes at higher equivalence ratios, consistent with the observed behavior for
alternative fuels, where the differences between conventional and alternative fuels decrease at high thrust settings where
the fuel flow rates are highest and there are likely to be more regions of high equivalence ratio in the combustor.
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Figure 5: nvPM emissions indices for representative jet fuel components as a function of equivalence ratio.

Milestone(s)
Milestone 3: Prepare a paper for journal publication describing the improved nvPM model. Preparatory steps have been
taken toward producing a paper, but completion of this milestone is contingent on the availability of the cruise-altitude
alternative fuels emissions data which has not yet been released.

Major Accomplishments
Using reactor network simulations, we have demonstrated that detailed chemical kinetic models are able to capture
differences in BC formation between different fuel species and among different families of chemical compounds which can
be identified by detailed fuel analyses (e.g. GCxGC).

Publications
None.

Outreach Efforts
A presentation describing the analysis of altitude and fuel composition effects using the reactor network model was given
in the AEC Roadmap Teleconference on September 24, 2015.

Awards
None.
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Student Involvement
None.

Plans for Next Period
Not applicable.
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Project 024B PM Emission Database Compilation, Analysis
and Predictive Assessment
The Pennsylvania State University, GE U.S. Aviation
Project Lead Investigator
Randy L. Vander Wal
Professor, Energy and Mineral Engineering, Materials Science and Engineering
John and Willie Leone Family Dept. of Energy and Mineral Engineering
Penn State University
104 Hosler Bldg.
814-865-5813
ruv12@psu.edu

University Participants
Penn State University
•
P.I.(s): Randy L. Vander Wal, Professor, Energy and Mineral Engineering, Materials Science and Engineering
•
FAA Award Number: Grant 11895155, Amendment No. 011, under 13-C-AJFE-PSU.
•
Period of Performance: Aug. 18th, 2014, Sept. 30th, 2016
•
Task(s):
1. Develop Database. Include mass and number nvPM emission data for fuels, engine, measurement
method(s) and engine conditions.
2. a) Compare current ground nvPM predictive methods to measured values from NASA campaigns.
b) Compare current cruise scaling approximation to measured cruise values from NASA's ACCESS
3. Correct current engine condition predictive methods using proprietary GE cycle deck data
4. Compare current methods using accurate engine condition inputs
5. Formulate new predictive relationships for nvPM with engine thrust level.
6. Evaluate whether a universal relation or separate ones are required for Jet-A and alternative fuels.
7. Evaluate whether a universal relation or separate ones are required for Jet-A and alternative fuels.

Project Funding Level
FAA funding: $149,975.
GE Aviation, U.S. is the Industrial Partner supplying matching funds, level $150,000, with $1,724895 available to the FAA
COE AJFE ASCENT program, administered through Washington State University.

Investigation Team
Professor Randy L. Vander Wal, Penn State EME Dept., with responsibilities for project management, reports, interfacing
with FAA program manager, and mentoring the graduate student supported on this project.
Joseph P. Abrahamson, Graduate student. Responsibilities include data assembly, analysis and predictive relation
assessment, towards completion of a Ph.D. program.

Project Overview
Relationships between fuel components, engine operating conditions and emissions are necessary towards understanding
their formation and achieving mitigation. Present synthetic paraffinic kerosene (SPK) aviation fuels differ from petroleum
derived aviation kerosene by their high paraffin (~ 53% n-paraffin, 47%, iso-paraffin, FT Shell), napthene content (~ 87%
cycloparaffin, 12%, iso-paraffin, FT Sasol), but most notably absence of aromatics (< 0.5%) and negligible organo-sulfur
compounds. Future alternative fuels may have substantially higher cycloparaffin content while hydrotreated depolymerized
cellulosic jet (HDCJ) fuel may even (re)-introduce aromatics, adding to composition variability and need for understanding
emissions from varied components and their mixtures.
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The emerging use of alternative fuels with varied compositions markedly changes the non-volatile PM (nvPM) emissions.
Both number density and mass changes are found, and hence emission index (EI). These measures in particular are
relevant to potential regulations. These quantities can vary with engine power, and are strongly dependent upon fuel
components, namely paraffin, naphthene and aromatic content. The value of these studies is that assembling data across
field campaigns, fuels and measurement methods will build a comprehensive picture of PM emissions dependence upon
fuel components, engine type, power level and minor fuel species such as sulfur.

Objective(s)
Nonvolatile PM emissions from aircraft engines are primarily comprised of soot particles formed in the engine
combustor. The amount of soot formed within a specific combustor design can change by more than an order of
magnitude as engine thrust increases from idle to takeoff, due to increasing combustor pressure, temperature, and fuel-air
ratio. In order to understand the influence of fuel properties on nvPM emissions from a specific engine, it is important to
separate fuel effects from changes in emissions due to differences in combustor operating conditions, which are affected
by engine thrust level, ambient conditions, altitude, flight Mach number, and engine deterioration.

Research Approach
Emerging use of alternative fuels markedly changes non-volatile PM (nvPM) emissions. Substantial numbers and mass
changes are observed. Number and mass measures in particular are relevant to future regulations. These quantities can
vary with engine power, and are strongly dependent upon fuel components, namely paraffin, naphthene and aromatic
content. Presently only a mass-based emission index (EI) is used, but has significant uncertainty given its present
derivation by smoke number.
In light of this situation nvPM emissions data from the FAA CLEEN program, NASA-led ACCESS campaigns, and related
NASA Aviation Particle Emission Experiment (APEX) I, and Alternative Aviation Fuel(s) Experiment (AAFEX) I & II campaigns
has been collected. These campaigns and tests investigated alternative fuels, varied fuel components and assessed the role
and aromatics. To-date there is no comparison(s) between these studies or compilation of results into a unified database.
The value of these studies is that assembling data conducted using one engine class, (representative of rich-dome style
combustors), across a range of fuels and measurement methods will build a comprehensive picture of PM emissions
dependence upon fuel composition and engine thrust at ground and cruise.
Previous studies have used simplified relationships to estimate emissions as a function of engine operating conditions. A
more detailed two-step process is planned to correct for these effects in this proposed study. GE Aviation has detailed
proprietary analytical models for each GE and CFMI engine type to predict pressures and temperatures throughout the
engine as a function of thrust and inlet conditions. The first step in the study is to use this type of model to calculate
combustor inlet pressure, temperature, and fuel-air ratio at operating points where nvPM emissions have been measured,
and re-evaluate current predictive methods using correct engine operating conditions. By comparison to ground and cruise
nvPM emission data, deficiencies in current predictive tools can be identified and new predictive relations can be
developed. With relations benchmarked against measurements, and confidence in engine operating conditions as inputs,
measured nvPM from alternative fuels may be used to guide expansion of these new predictive relations so as to
encompass alternative fuels. Thereafter these relations will be assessed by comparison to nvPM test data from other
engines such as from NASA studies and the FAA CLEEN program.

Milestone(s)
Milestones accomplished include the following.
1. Database development for nvPM mass, number emission data for fuels and engine thrusts, across field campaigns.
2. GE Aviation cycle deck calculations at ground and cruise conditions, matching test point conditions in the NASA
ACCESS field campaign.
3. Comparison and evaluation of current predictive methods to ground and cruise measurements using accurate
engine operating conditions.

Major Accomplishments
Analysis of current predictive relations for assessing PM emissions by comparison to both ground and cruise data for JP-8
fuel, using accurate engine operating conditions, courtesy of our partner, GE Aviation’s engine cycle deck calculations.
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Benefits: Predictive tools, even if semi-empirical in nature but validated against alternative fuels, blends and fewcomponent surrogates would have tremendous value in evaluating future fuels without requirement of expensive rig or
full-scale combustor testing.

Publications
COE AJFE ASCENT Quarterly Reports, thus far.
•
•

Abrahamson, Joseph. Aviation Black Carbon Mass Predictive Model for Alternative and Conventional Fuels at
Ground and Cruise, 2016. https://ascent.aero/wp-content/uploads/sites/192/2015/12/Hartman_CH_7-2016JPA.pdf
Speth R.L., Rojo C., Malina, R. and Barrett S.R.H., “Black carbon emissions reductions from combustion of
alternative jet fuels.” Atmospheric Environment 105, pp. 37-42, 2015. DOI:10.1016/j.atmosenv.2015.01.040

Outreach Efforts
Presentations on project 24B status at the FAA COE AJFE ASCENT meetings, Oct. 2014, March 2015.
Presentation on project 24B results to the Aviation Emissions Council (AEC) Annual Roadmap Meeting, May 2015.
Presentation on project 24B results on the AEC monthly telecon, Sept. 2015.

Awards
Joseph P. Abrahamson – EME (Energy and Mineral Engineering Dept.) The Robert and Leslie Griffin Award in Fuel Science,
2014.

Student Involvement
The current graduate student, Joseph P. Abrahamson, is conducting data assembly, analyses and predictive relation
assessment, towards partial fulfillment of his Ph.D. program in EME, with Fuel Science option.

Plans for Next Period
To maintain the same numbering of tasks for this project are listed according to the prior section, with description
following.
4. Formulate new predictive relationships for nvPM with engine thrust level.
A kinetically based relation incorporating both formation and oxidation rates will be applied with input parameters
including combustor temperature, fuel/air ratio and compressor inlet pressure.
5.

Evaluate whether a universal relation or separate ones are required for Jet-A and alternative fuels.
Using test data from NASA led field campaigns, including ground and the recent ACCESS campaign that included
cruise, our new relation will be expanded so as to account for alternative fuels with varied components, in
particular an absence of aromatics and overall higher H/C content.

6.

Evaluate whether a universal relation or separate ones are required for Jet-A and alternative fuels.
The accuracy of the new predictive relation will be the criteria by which to have one universal relation for both
ground and cruise, or, separate ones.
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Project 025 Shock Tube and Flow Reactor Studies of the
Kinetics of Jet Fuels
Stanford University
Project Lead Investigator
Ronald K Hanson
Woodard Professor
Mechanical Engineering Department
Stanford University
452 Escondido Mall
650-723-6850
rkhanson@stanford.edu

University Participants
Stanford University
•
P.I.s: Prof. Ronald K Hanson, Prof. C Thomas Bowman
•
FAA Award Number: 13-C-AJFE-SU-008
•
Period of Performance: 11/05/2015 to 11/30/2015
•
Task: Area #1 – Chemical Kinetics Combustion Experiments

Project Funding Level
$330,000 from FAA with 1-1 matching funding of $330,000 from Stanford University.

Investigation Team
Prof. Ronald K Hanson, Principal Investigator, Research Direction
Prof. C Thomas Bowman, Co-Principal Investigator, Research Direction
Dr. David F Davidson, Senior Research Engineer, Research Management
Dr. Sayak Banerjee, Doctoral Fellow, Research Assistant
Yangye Y Zhu, Graduate Student, Research Assistant
Tom C Parise, Graduate Student, Research Assistant

Project Overview
Provide shock tube/laser absorption and flow reactor experiments for a fundamental kinetics database for jet fuels.
Experiments are expected to continue to reveal the sensitivity of combustion properties to fuel composition for the
ultimate use in simplifying the alternative fuel certification process.

Task 1 - Area #1 – Chemical Kinetics Combustion Experiments
Stanford University

Objectives
Experiments provide an extensive fundamental kinetics database for selected jet fuels. These data are used as critical
input for Area #2 that seeks to develop a new hybrid and detailed kinetics model for jet fuels (HyChem). These
experiments continue to reveal the sensitivity of combustion properties to variations in fuel composition for ultimate use
in simplifying the alternative fuel certification process. The team works in close collaboration with Prof. Hai Wang, also of
Stanford University, the PI for area #2, who uses the data acquired in our experiments. The data provided will also ensure
that the combustion models developed in Area #4 - Combustion Model Development and Validation to model the
extinction and ignition processes controlling lean blowout, cold ignition and high altitude relight, are chemically accurate.
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Research Approach
The development, refinement and validation of detailed reaction mechanisms describing the pyrolysis and oxidation of
fuels require experimental data as targets for kinetics models. Experimentally, the best way to provide these targets at
high temperatures and pressures is with shock tube/laser absorption experiments and flow reactor experiments,
conducted over a wide range of pressure, temperature, and fuel and oxidizer composition.
Reflected shock wave experiments provide a test environment that does not introduce additional fluid mechanics,
turbulence, or heat transfer effects to the target phenomena. This allows isolation of the target phenomena (ignition delay
times and species concentration time-histories) in a quiescent high-temperature, high-pressure environment that is very
well characterized and hence amenable to modeling. Recent work in our laboratory to develop the Constrained Reaction
Volume (CRV) methodology provides an additional tool to provide shock tube data under constant-pressure constraints
when needed, to significantly simplify the gasdynamic/thermodymamic models needed to properly simulate reactive
reflected shock wave data.
The strength in the Stanford shock tube approach comes with the implementation of laser diagnostics that enable the
simultaneous measurement of species time-histories. Using laser absorption we are able to provide quantitative timehistories during fuel pyrolysis and oxidation of the fuel, including transient radicals (e.g., OH, CH3), stable intermediates
(e.g., CH4, C2H4, iso-butene and aromatics), combustion products (including CO, CO2, and H2O), and temperature.
In combination with the shock tube experiments, the Stanford Variable Pressure Flow Reactor is used to provide
concentration profile data for important stable intermediate and product species (see Flow Reactor Section) during fuel
pyrolysis and oxidation for temperatures ranging from 900 - 1200K, for pressures up to 5 bar, and for residence times
from 5 - 100 msec. These species provide critical constraints on the development of the HyChem detailed kinetic models
of Prof. Hai Wang.
The range of conditions accessible in the flow reactor partially overlap those achievable in the shock tube so that the
combination of shock tube and flow reactor experiments provides a comprehensive species data set over a wide range of
experimental conditions that is essential for kinetic model development and validation as well as for model reduction to a
size needed for implementation in the Area #4 - Combustion Model Development and Evaluation. To our knowledge, our
laboratory is the only one worldwide with this combined capability.
Measurements of the pyrolysis and oxidation systems of real fuels, rather than of surrogates or solvent surrogates, provide
a direct link to actual fuel behavior. We believe that the combination of high-quality shock tube and flow reactor
measurements combined with the HyChem kinetic model based on real fuel decomposition products proposed by Prof. Hai
Wang greatly increases the likelihood of the FAA meeting their program objectives.
Shock Tube Experiments
Stanford has the largest and best-equipped shock tube laboratory in the U.S., perhaps in the world, with five shock tubes:
three large-diameter (10, 14 and 15 cm I.D.) high-purity shock tubes (see Fig. 1a); one heated high-pressure shock tube (5
cm I.D., capable of achieving 500+ atm); and 10 cm I.D. expansion tube for generating supersonic flows. Additionally, we
have unique capability for species measurements using laser absorption (see Fig. 1b) developed over the past 30 years. In
these experiments, temperatures from below 500 K to above 3000 K, and pressure from sub-atmospheric (0.2 atm) to 10500+ atmospheres can be achieved in different carrier gases, such as argon or air, with demonstrated test times up to and
exceeding 50 ms at low temperatures.
Three primary types of shock tube experiments are performed.
The first primary shock tube experiments are species concentration time-history measurements obtained during fuel
pyrolysis. These data are needed to place strong constraints on the reaction mechanism and the individual reaction rates
and pathways. Laser absorption techniques, many pioneered at Stanford, are used to measure these species timehistories. Measurements of fuel concentration time-histories at a wavelength of 3.39 microns and of the stable fuel
decomposition product ethylene, C2H4, at a wavelength of 10.53 microns are performed. We also are able to measure the
transient radical OH (in the UV at 306 nm), the combustion products CO, CO2 and H2O (in the IR at 2.7, 4.6 and 2.5
microns, respectively) as well as other product species.

345

Figure 1a: Stanford 15 cm diameter shock tube. Figure 1b: Schematic of shock tube/laser absorption setup. Simultaneous
measurement of multiple species time-histories and temperature with microsecond time resolution are enabled using this
arrangement. Only a partial list of accessible species is indicated.
During this first year of this program, using shock tube/laser absorption methods we acquired fuel, ethylene, and methane
time-histories for all 9 FAA fuels during pyrolysis. These pyrolysis product yield data are directly applicable to the
development of the HyChem model by Prof. Hai Wang. Representative data are shown in Figure 2a. Here the high signalto-noise ratio of laser absorption data is evident.
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Figure 2a: C2H4 and CH4 mole fraction time-history traces acquired during the pyrolysis of FAA fuel A-1 (JP-8). Figure 2b:
Ignition delay times for several FAA fuels in air over the temperature range of 700 to 1250 K.
The second types of shock tube experiments are ignition delay time measurements that define the global behavior of a
fuel during oxidation. Comparison with these data provides a direct test and validation of a kinetic model. Ignition delay
times can be measured using several different diagnostic methods. Here, we use both emission from OH*, a radical that
normally forms during the exponential growth phase of ignition, and pressure, which is monitored using a piezo-electric
transducer (PZT).
In the first year using these methods, we extensively examined the ignition delay times of 9 different fuels over a wide
range of temperatures (700-1200 K) in an effort to provide the FAA with sufficient information to allow down-selection to a
smaller test set. The original 9 fuels were identified as FAA fuels A-1, A-2, A-3, and C-1, C-2, C-3, C-4, C-5, and C-6.
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Representative ignition delay time data for these fuels are shown in Figure 2b. As evident in this figure, the low-scatter
data provides ignition delay times over a wide temporal range (150-7000 microseconds) using identical facilities and
measurement criteria.
The third type of shock tube experiment takes advantage of the wealth of information available in multi-species timehistory data during oxidation. Species concentrations in different time regimes during the oxidation process are sensitive
to different reactions. An example of the extent of each regime and the type of chemistry seen in these regimes is shown
in Figure 3. It should be possible also, for example, to design shock tube/laser absorption experiments where particular
species, such as OH or CO, are sensitive to the same reactions that one would find in sensitivity analyses of lean blowout
or high altitude relight kinetics. Thus, these shock tube experiments could offer an alternative to WSR (Well-Stirred
Reactor) lean-blowout experiments, where the shock tube has the advantages of providing ideal (i.e. perfectly stirred)
mixing and a precise uniform temperature environment.

Fuel
pyrolysis

Stable
intermediate
oxidation
Ignition

1410 K, 2.3 atm
457 ppm C12H26/O2/Ar, φ = 1

Figure 3: Five species time-history measurements during the oxidation of n-dodecane. Early times are dominated by fuel
pyrolysis kinetics; intermediate times are dominated by stable intermediate oxidation; and later times are dominated by
ignition and post-ignition product formation.
Stanford Variable Pressure Flow Reactor
A schematic diagram of the Stanford Variable Pressure Flow Reactor is shown in Fig. 4a. The facility comprises a quartz
reactor tube housed in a stainless steel pressure vessel. A premixed laminar burner provides high-temperature vitiated air
and this air is mixed with fuel vapor prior to entering the reactor tube. Electrical resistance heaters surrounding the
reactor tube provide for nearly adiabatic reactor conditions. Gas samples are extracted by a cooled translating probe
which also is used to measure gas temperature.
A variety of on-line analyzers, including a four-column gas chromatograph and a new GC/mass spectrometer, obtained
using AFOSR funds, are available to measure multiple stable species profiles simultaneously over reaction time scales up to
100 ms. Species that can be measured with these analyzers includes C1 - C12 alkanes, C2 - C8 alkenes, cycloalkanes,
allenes, aromatics, including benzene, toluene, and naphthalene, C1 - C3 aldehydes, H2, CO, CO2, and O2. Many of these
species are not currently accessible in proposed shock tube experiments.
This facility has been used to study the oxidation and pyrolysis of pure liquid hydrocarbon fuels as well as distillate fuels,
including n-dodecane and JP-8 (A-1), under funding by the AFOSR.
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Fig. 4a: Stanford Variable Pressure Flow Reactor. Figure 4b: Species profiles during pyrolysis of C-1 at 1 atm and initial
temperature of 1010K.

Milestone(s)
Major Milestones included regular reporting of experimental results and analysis at monthly meetings for both the Testing
Working Group and the Steering Working Group, as well as reporting at FAA Quarterly meetings.

Major Accomplishments
During the first year of this program, using shock tube/laser absorption methods we acquired fuel, ethylene, and methane
time-histories for all 9 FAA fuels during pyrolysis. In flow reactor experiments this set of species was extend (as described
above) using gas chromatography measurements. These pyrolysis product yield data are directly applicable to the
development of the HyChem model by Prof. Hai Wang.
In addition, we extensively examined the ignition delay times of 9 different fuels over a wide range of temperatures (7001200 K) in an effort to provide the FAA with sufficient information to allow down-selection to a smaller test set. The
original 9 fuels were identified as FAA fuels A-1, A-2, A-3, and C-1, C-2, C-3, C-4, C-5, and C-6.

Publications
Published Conference Proceedings
Davidson, D. F., Tugestke, A., Zhu, Y., Wang, S., Hanson, R. K., “Species time-history measurements during jet fuel
pyrolysis,” 30th International Symposium on Shock Waves, Paper 179, Tel Aviv, Israel, July 2015.
Zhu, Y., Wang, S., Davidson, D. F., Hanson, R. K., “Shock tube measurements of species time-histories during jet fuel
pyrolysis and oxidation,” 25th International Colloquium on the Dynamics of Explosions and Reactive Systems, Paper 262,
Leeds, UK, August 2015.
F. Davidson, Y. Zhu, S. Wang, T. Parise, R. Sur, R. K. Hanson, “Shock Tube Measurements of Jet and Rocket Fuels,” 54th
American Institute of Aeronautics and Astronautics Aerospace Sciences Meeting, January 4-8, 2016, San Diego, CA.

Outreach Efforts
Presentations at the 30th International Symposium on shock Waves, Tel Aviv, Israel July 2015; and at the 25th International
Colloquium on the Dynamics of Explosions and Reactive Systems, Leeds, UK, August 2015.

Awards
None
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Student Involvement
Graduate students are actively involved in the acquisition and analysis of all experimental data.

Plans for Next Period
Advances in the HyChem model development based on the experimental and theoretical work so far in Year I indicate that
there are several important issues that should be addressed as the model is further developed and validated. Three issues
in particular, are important.
The first is the development of a protocol for specification of sub-model kinetic parameters. The HyChem model currently
requires 6 constraining relationships based on pyrolysis experiment. These include ethylene and methane yields, currently
derived from shock tube/laser absorption experiments, and propene/ethylene and butane/ethylene ratios, and benzene
and toluene yields, currently derived from flow reactor/gas chromatography experiments. A critical question in the
advancement of this modeling scheme is if these specifications can be derived from an independent fuel analysis or are
shock tube and flow reactor experiments required? Further understanding of the relationship of these parameters with
fuel composition is needed. This effort has been characterized recently as developing a “Fuel X” model.
The second is the need to establish temperature and pressure boundaries for the validity of the HyChem modeling
approach. Current in-house validation of the model is based on a small set of ignition delay time and flow reactor
experiments over limited ranges of pressure, temperature, equivalence ratio, and fuel concentration. Direct testing over a
wider range of test conditions, using both shock tubes and flow reactors, should provide a first-order limits of the
applicability of the HyChem model.
Finally, the third issue that may become important is the possible need to extend the HyChem model to the NTC (negative
temperature coefficient) regime. The unique oxygen-addition chemistry in this low temperature regime can become
important at higher pressures, but also at longer residence times. Recommendations to extend the HyChem model into
the NTC regime would be based on needs derived from engine simulations using these operating conditions.
These issues can begin to be addressed within the proposed Experimental and Modeling Prioritization Matrix for Year 2
provided by the FAA and given in the accompanying Table. This matrix and these issues, in conjunction with discussions
and collaboration with Prof. Hai Wang and the FAA, should provide the necessary prioritization for fuel and test conditions
for both the shock tube and flow reactor experiments consistent with the proposed funding.
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Project 026 National Jet Fuels Combustion Program – Area #2:
Hybrid Approach to Chemical Kinetics Model Development
and Evaluation
Stanford University
Project Lead Investigator
Hai Wang
Professor
Mechanical Engineering
Stanford University
Building 520, Room 202, 452 Escondido Mall, Stanford, CA 94305-3032
650-497-0433
haiwang@stanford.edu

University Participants
Stanford University
•
P.I.: Hai Wang
•
FAA Award Number: 13-C-AJFE-SU-006
•
Period of Performance: December 1, 2014 to November 30, 2015
•
Task(s):
1. To develop reduced order reaction models, in close coordination with other areas on conditions and
required types of data needed for model development and validation, to capture most important
combustion properties of three Category A reference jet fuels and selected category C fuels, including
pyrolysis intermediate distributions, ignition delay, flame extinction and flame speed.
2. To understand the dependency of model parameters on fuel composition and chemical properties (DCN,
aromatics, H/C, MW, etc.).

Project Funding Level
Funding from FAA: $200,000
Matching funding: $140,000 (Stanford University), $60,000 (United Technologies Research Center, in-kind)

Investigation Team
Single PI project

Project Overview
The study is designed to satisfy the objective of Area #2 of National Jet Fuels Combustion Program (NJFCP)– Chemical
Kinetics Model Development and Evaluation. The overall objective is to providing validated kinetic models for the
combustion of the three reference jet fuels ranging in their performance from the best to the worst case. During the
course of the program, it was determined that kinetic models are also needed for two Cat C fuels to meet the overall NJFCP
objectives. In all cases, the reaction models are validated to ensure that they can predict combustion phenomena of
relevance to extinction and ignition processes controlling lean blowout, cold ignition and high altitude relight.
The work is to be carried out in close coordination with Profs. Ronald K. Hanson and C. Thomas Bowman, also of Stanford
University, who carry out research in Area #1 of NJFCP – Chemical Kinetics Combustion Experiments. Coordination with
Area #4 is also necessary to reduce the reaction model to a target size of < ~ 35 species.

Task 1 – Model Development
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Stanford University

Objective(s)
Develop reduced order reaction models for three category A and two Category C fuels.

Research Approach
Earlier efforts suggest that the pyrolysis of large hydrocarbon fuels leading to smaller molecular fragments precedes the
oxidation of the resulting fragments in real fuel combustion. The two reaction processes are separable in time scales. These
phenomena have been demonstrated by several experiments in a flow reactor and in shock tubes. In flames, the pyrolysis
and oxidation zone are separate spatially. For thermodynamic and chemical kinetic reasons, the pyrolysis of a jet fuel in the
flame front or during the induction time of an ignition process yields only a handful of species that may include H 2 , CH 4 ,
C 2 H 4 , C 3 H 6 , 1-C 4 H 8 (1-butene), i-C 4 H 8 (isobutene), benzene and toluene. Past studies also suggest that during hightemperature fuel oxidation the rate-limiting steps are largely the oxidation of pyrolysis products. The above considerations
led us to take a hybrid approach to chemistry modeling of jet fuel combustion, namely, a lumped approach to jet fuel
pyrolysis leading to the production of a handful of molecular fragments, followed by a detailed description of the reaction
kinetics for the oxidation of pyrolysis fragments. The kinetic rates and composition of the pyrolysis products are determined
experimentally within the range encompassing the gas turbine operating conditions, through a coordinated research effort
in collaboration with Prof. Hanson in the area of shock tube measurement and Prof. Bowman using a flow reactor.
Models for Category A fuels
Selected results for the A2 (JP-8) fuel are shown in Figure 1. The left panel shows the time histories of ethylene and methane
for a selected experiment, along with model predictions. The fuel pyrolysis model was developed on the basis of this type
of data at around 13 atm and over a temperature range of 1100 – 1500 K. Combining the pyrolysis model with a detailed,
foundational fuel model for H 2 , CO and small hydrocarbon oxidation, the hybrid model is seen to predict very well the
ignition delay times and laminar flame speed of the A2 fuel accurately.
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Figure 1. Selected comparisons of the experimental data and predictions for the A2 fuel. Left panel: time histories of
ethylene and methane produced during shock tube pyrolysis of A2; middle panel: shock-tube ignition delay time; right panel:
laminar flame speeds. The shock tube data were taken from the unpublished work of Hanson and coworkers, and the flame
speed data were taken from Egolfopoulos.
The same approach was applied to the A1 and A3 fuels. It was found that the two fuels do not differ from the A1 fuel in
their properties of pyrolysis, ignition and flame propagation. Figures 2 and 3 present comparison between experiment and
model for selected cases. Again, the model predictions are shown to be in close agreement with the experimental data.
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Figure 2. Selected comparisons of the experimental data and predictions for the A1 fuel. Left panel: time histories of
ethylene and methane produced during shock tube pyrolysis; right panel: ignition delay time for several equivalence ratio
and under two different pressures. The experimental data were taken from the unpublished work of Hanson and coworkers.
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Figure 3. Selected comparisons of the experimental data and predictions for the A1 fuel. Left panel: time histories of
ethylene and methane produced during shock tube pyrolysis; right panel: ignition delay time for several equivalence ratio
and under two different pressures. The experimental data were taken from the unpublished work of Hanson and coworkers.
Models for C1 and C5 fuels
Experimentally, the C1 fuel shows different pyrolysis behaviors. The dominant pyrolysis products are isobutene and propene,
and the rate of pyrolysis of the C1 fuel was measured to be greater than that of the Cat A fuels. The C5 fuel, on the other
hand, is very similar to the Cat A fuel in its pyrolysis and oxidation kinetic behaviors. The hybrid modeling approach yields
satisfactory results. These are summarized in Figures 4 through 7. Improvements can be made for the prediction of the
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laminar flame speed of the C1 fuel in the fuel-rich stoichiometry. Analysis shows that the cause for the discrepancy lies in
the chemistry of isobutene oxidation, which is quite uncertain presently.
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Figure 4. Selected comparisons of the time histories of ethylene and methane during shock-tube pyrolysis of the C5 fuel.
The experimental data were taken from the unpublished work of Hanson and coworkers.
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Figure 5. Comparisons of experimental (symbols) and computed (lines) ignition delay times (left and middle panel) and
laminar flame speed of the C5 fuel. The shock tube data were taken from the unpublished work of Hanson and coworkers,
and the flame speed data were taken from the unpublished work of Egolfopoulos and coworkers.
Model Reduction
Model reduction was carried out by Prof. Tianfeng Lu of UConn. The results show that the hybrid model can be reduced to
about 30 species for each fuel to capture a wide range of combustion phenomena over a wide range of thermodynamic
conditions.
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Figure 6. Selected comparisons of the time histories of ethylene and methane during shock-tube pyrolysis of the C1 fuel.
The experimental data were taken from the unpublished work of Hanson and coworkers.
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Task 2 – Dependency of Model Parameters on Fuel Properties
Stanford University

Objective(s)
Understand the dependency of model parameters on fuel composition and chemical properties (DCN, aromatics, H/C, MW,
etc.).

Research Approach
The dependency of model parameters on fuel composition and chemical properties is understood primarily through
experimentation, aided with interpretation by kinetic modeling.
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Comparisons
Experimental and modeling results show very little dependency of the reaction model parameters on the fuel composition
or properties among all Cat A fuels and the C5 fuel. The C1 fuel, on the other hand, exhibits notably different pyrolysis
behaviors. Rather than ethylene and methane being the dominant pyrolysis products, the C1 fuel produces predominantly
propene and isobutene, both of which tend to have smaller reactivity towards oxidation than ethylene. Indeed, the laminar
flame speed of the C1 fuel was computed to be about a few cm/s smaller than those of the Cat A fuels. The ignition delay
time shows mixed behaviors. As shown in Figure 8, the ignition delay time of the C1 fuel is larger than that of the three Cat
A fuels in a dilute, 4%O 2 -Ar mixture, but the trend is seen to be opposite in the air mixture. Analysis of the computational
results shows that the ignition delay time is impacted by two factors. The production of isobutene and propene from the
pyrolysis of the C1 fuel leads to a longer induction time of radical buildup and thermal runaway, whereas the pyrolysis rate
of the C1 fuel is larger than those of the Cat A fuels. It is the competition of these two processes that lead to the behaviors
of switched overall reactivity, as seen in Figure 8.
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Figure 8. Comparison of the ignition delay times of the C1 and Cat A fuels in 4%O 2 -Ar (left panel) and in air (right panel).
The symbols are experimental data and the lines are computed results.

Milestone(s)
All milestones have been accomplished. These include the reaction models that can be reduced to less than 35 species for
all three Cat A reference fuels and two Cat C fuels.

Major Accomplishments
The hybrid modeling approach is shown to be critical to obtaining the predictive capability for five multicomponent real
fuels. The resulting models have shown to yield satisfactory results when reduced to about 30 species (by T.-F. Lu). They
are used by modelers in Area #4 in their CFD simulations.

Publications
Nothing to report.

Outreach Efforts
Nothing to report.

Awards
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Nothing to report.

Student Involvement
One student (Ray Xu) and one postdoctoral fellow (Dongping Chen) worked on the project. They gained useful experience
through the project effort.

Plans for Next Period
•
•
•
•

Develop and implement a strategy for and approach to modeling jet fuels of arbitrary composition from the
knowledge of fuel composition.
Refine the reaction models for cat A and C fuels.
Test NO x chemistry in these models.
Explore an approach to address the NTC chemistry.
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Project 027(A) National Jet Fuels Combustion Program – Area
#3: Advanced Combustion Tests
Georgia Institute of Technology, Oregon State University, University
of Illinois at Urbana-Champaign
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Tonghun Lee
Associate Professor
Mechanical Science & Engineering
University of Illinois at Urbana-Champaign
1206 W. Green St.
Urbana IL 61801
517-290-8005
tonghun@illinois.edu

University Participants
University of Illinois at Urbana-Champaign
•
P.I.(s): Tonghun Lee, Associate Professor
•
FAA Award Number: 113-C-AJFE-UI-005
•
Period of Performance: 12/1/2014 to 11/30/2015
•
Task(s):
1. Optimize and apply laser diagnostics for application in the advanced combustion tests at GATech.

Project Funding Level
Funding Level: $40K
Cost Share: In-kind academic time of the PI, student support for at 25% for one semester, $3,050 in materials and supplies.

Investigation Team
Eric Mayhew is a graduate student at the University of Illinois at Urbana-Champaign and works with the execution of laser
and optical diagnostics at GATech.
Rajavasanth Rajasegar is a graduate student at the University of Illinois at Urbana-Champaign and works with the
optimization of laser diagnostics strategy.
Stephen Hammack is a graduate student at the University of Illinois at Urbana-Champaign and works with the execution of
laser and optical diagnostics at GATech.

Project Overview
The objective of this proposal is to support the advanced laser and optical diagnostics in area #3 (Advanced Combustion
Tests) of the FAA COE ASCENT’s combustion program. The diagnostics effort will strive to meet two critical targets. The first
is to optimize diagnostics that has enough fidelity to discern the combustion characteristics of candidate jet fuels in their
respective testing conditions (support fuel screening). The second goal is to organize and analyze the data in a structured
way that allows partners in the combustion program to refine and validate their numerical models. The success of this
program will substantially accelerate the efforts of the FAA and the OEMs to certify alternative, fit for purpose fuels.
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Task 1 – Optimize and apply laser and optical diagnostics for application
in the advanced combustion tests at Georgia Institute of Technology
University of Illinois at Urbana-Champaign

Objective(s)
The objectives in this proposal are to work with Georgia Tech in their advanced combustor experiments and achieve the
following four goals:
•
Evaluate the experimental combustor set up and operating conditions for laser diagnostics
•
Design laser and optical diagnostics set up and oversee data acquisition process
•
Participate in fuel screening process for optimizing experimental design
•
Analyze data and pass on structured information to modeling groups in combustion program

Research Approach
Diagnostics Optimization and Set up
The main goal here is the development of multi-phase 2D diagnostics using Planar Laser Induced Fluorescence (PLIF) and
Particle Imaging Velocimetry (PIV) to understand the blow off development at the boundaries and flame dynamics in the
GATech high shear and high pressure combustor. The goal will be to apply two simultaneous measurements from high speed
PLIF, PIV, and chemiluminescence. In both PLIF and PIV, we will look to obtain quantitative and spatially resolved data. We
will configure and set up the laser and optical diagnostics equipment around the high shear combustor at GATech with
remote access and control, possibly with beam relay from an adjoining room due to vibration and thermal loading issues.
For the high speed PLIF measurements, we plan to pump a high speed dye laser (Credo, Sirah) with a high speed diode
pumped Nd:YAG (Edgewave) for generation of the UV light. We anticipate that the frame rate will be in the 5 to 10 kHz range.
Energy per laser pulse at these conditions maybe small (20 µJ/pulse) and light collection from the PLIF will be enhanced
using a f/1.8 UV lens. For the PIV measurements, we will use a stereo PIV system to ensure that we can collect velocity
information in all three spatial coordinates.
Quantification of the LIF Signal
To ensure that the signal is fully quantified, we set out to build and calibrate a small scale flat flame burner for use in the
GATech test rig. The combustor will be fully calibrated at Illinois using a combination of laser absorption and multi-line nitric
oxide LIF thermometry. By calibrating the intensity of the setup with the flat flame combustor, we can assess first order
values for concentration of radical concentrations in the flame. We were also required to address the issue of fuel PLIF as a
significant interference source in our measurements. In order to account for the fuel PLIF, a two camera PLIF system with a
multi-filter setup was used to selectively control the level of both the OH LIF signal and fuel LIF. The two images then can be
used to isolate the OH LIF signal.

Milestones
These are the milestones according to each time period.
Proposed (3 Month): At the 3 month mark, we will conclude the analysis of the experimental setup and should be close to
finishing the design of the laser and diagnostics setup.
Achieved: Design of the laser setup complete and fabrication of calibration torch started.
Proposed (6 Month): At the 6 month mark, we should be finalizing the experimental setup and getting ready to actually
deploy measurements in Task 1 of the proposal. Fuel screening will be conducted during this phase.
Achieved: Most of experimental setup complete. Calibration torch completed and initial quantification of radicals complete.
Proposed (9 Month): At the 9 month mark, we should be almost complete with the initial shakedown of the tests in Task 1
and making changes to optimize the experimental setup. Send preliminary test guidelines and results of the fuel screening
studies (sensitivity to fuel characteristics) to the modeling groups.
Achieved: First test run at GATech for simultaneous PLIF and PIV successfully complete and results analyzed. Laser and
optical setup successfully implemented and tested. Identified key problems such as fuel PLIF. Main measurement campaign
set for last quarter.
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Proposed (12 Month): At the 12 month mark, we should have completed an initial set of data for tasks outline in the
proposal. We should be planning for additional measurements in the next phase of the combustion program.
Achieved: Major three week campaign completed at GATech for two of the test fuels. Experiments included two camera PLIF
and stereo PLIF over a wide range of test conditions. Data analysis started. Fuel PLIF isolated using two camera PLIF setup
with differing detection bandwidth.

Major Accomplishments
The main accomplishment of year one in this project was that we were able to assemble the laser system around the test
rig at GATech and accomplish the task of simultaneous stereo PIV and two camera PLIF. The schematic of the experimental
setup is shown in Figure 1.

Figure 1 Diagnostics Setup at GATech with Stereo PIV and 2 Camera PLIF (4 high speed cameras + 2 lasers)
Figure one shows the experimental setup of the main combustor with the four high speed cameras positioned around it.
The laser system, which is composed of a high speed Nd:YAG pumping a tunable high speed dye laser is situated in the
adjacent room and the beam is routed to the experimental setup. Prior to reaching the test rig, the beam is expanded into
a sheet using a custom set of optics and is routed into the test rig from the top. The beam is about 4 inches in width and
about 100µm in thickness. The combustor itself is fully accessible through the top port and two side windows on either
side. Prior to the measurements, the Illinois calibration burner is inserted into the chamber and imaging is done with the
exact same setup to ensure wavelength position of the laser as well as the intensity of the OH LIF signal, which can later be
fully quantified using a spectroscopic model. The laser is tuned to the A-X (1,0) transition of OH at 283nm. For the
shakedown of the rig, an air pressure atomizer was used while for the actual tests in August, an air blast atomizer was
mainly utilized.
The two cameras on either side at the top are the PLIF detection cameras, which are both intensified. The bottom two
cameras at a slight angle are the PIF cameras which are mounted in a scheimpflug set up so as to ensure clear focus across
the entire imaging plane. The entire system is synchronized at 5 kHz, which is an adequate repetition rate considering the
turbulent intensity of the required flow conditions. The setup was installed and tested during May of 2015 and then the
actual full scale measurements of A2, C5 fuels were conducted in August.
In addition to the quantification issue of the LIF signal, it became obvious during the May campaign that fuel PLIF was a
major interference source in our measurements. In order to resolve this issue and to isolate the OH PLIF signal, a two
camera PLIF setup was utilized with two differing spectral bandpass filters. The difference in the optical bandpass allows
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the ratio of OH and fuel PLIF to be varied and the strategy is to use one set of images to correct for the fuel PLIF in the
other image. An example of this is shown in Figure 2.
.

Figure 2 Two camera OH PLIF setup for isolation of fuel PLIF from the images. The image on the very right shows the
isolation of the fuel PLIF using the added camera with a wide band-pass filter and suppression of OH PLIF.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
Three graduate students (listed above) have participated in this project on a rotational basis to address various aspects of
the project. Rajavasanth designed and fabricated the calibration burner used at GATech, and conducted experiments to
determine the actual concentration of radical concentrations in the flame. Two other students (Stephen Hammack and Eric
Mayhew) made trips to GATech to make test measurements in the high shear combustor. This included assisting in the
setup of the laser and optics as well as participating in the actual measurements. The calibration torch as well as other
optical and imaging equipment was taken down to GATech for testing.

Plans for Next Period
In year II of the NJFCP, an effort will be made to expand the scope of participation in the GATech combustion tests. This
will include measurements over a wider region of test conditions as well as inclusion of more test fuels from the selection
made by the PIs. We also anticipate that the measurements will include possibly new diagnostics strategies such as the CH
C-X transition to monitor progression of flame front during ignition in the GATech program. Additionally, we will include
improvements to the two camera detection method for isolation of fuel PLIF, which would result in enhanced abilities to
obtain quantified OH concentrations.
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Project Overview
The objective of this activity is to provide advanced combustion testing support to the FAA’s alternative jet fuels program.
We are performing advanced combustion testing to accomplish two goals. The first goal is to screen candidate jet fuels for
sensitivities of their burning properties to fuel physical and chemical properties. The second goal is to provide empirical
data to combustion modeling partners to facilitate the refinement and validation of their models, which aim to develop
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predictive capability for fuel composition sensitivities. The success of this program will substantially accelerate the efforts
of the FAA and the OEMs to certify alternative, fit for purpose fuels.
In the first year of the program, we have tested A1, A2, and A3 fuels, as well as all five Category C fuels and n-dodecane.
During this first year, we had proposed three tasks that address the most critical challenges associated with advanced
combustion model development and differentiating differences in fuel chemistries:
(1) Task 1: flame stabilization, extinction, and blowoff in high shear flows
(2) Task 2: forced ignition
(3) Task 3: turbulent flame speed
Each task has a strong focus on supporting model development and evaluating fuels, and a strong connection to
understanding engine operational limits. They were designed toward addressing critical gaps associated with both objectives
of the larger program, namely an improved combustor rig evaluation process for ASTM D4054 and validated models for
combustor evaluation. These studies leverage existing flame stabilization, ignition, and turbulent flame speed facilities and
infrastructure that enable operation at realistic conditions, as described below for each task, and so are well positioned to
support the overall program schedule. For example, these rigs have been routinely used to obtain measurements that meet
or exceed the high pressure/temperature conditions noted in the RFP of 75 psia, 450 F air preheat, and 250 F fuel preheat.
This has enabled data to be obtained at elevated temperatures and pressures during the first year. Analysis and design in
support of low temperature/pressure capabilities has also been part of the first year. We will initiate low temperature and
measurements in the second year, using chillers and possibly ejectors for subatmospheric pressure measurements.
As detailed in their respective sections, these tasks have been developed toward supporting the overall program goals
culminating in referee rig capabilities, as well as acquiring data to differentiate potentially subtle fuel effects that can be
used for model validation.
This effort has implemented an extensive coordination plan integrates the other area teams and the steering group, in order
to refine the experimental test matrices to best serve model validation efforts. It also extensively leverages other projects
supported by OEM’s and AFRL.
The objective of the first task is to empirically map combustor blowoff limits, to obtain validation data sets of a spray flame
in a high shear flow, and to develop diagnostics and analysis approaches that can be utilized on the referee rig. The benefits
of this task are threefold: (1) measurements of mapped blowoff limits will provide combustion modelers with a quick, macroscale benchmark for validation, (2) data sets will provide modelers with high quality data with well characterized boundary
conditions in a two-phase, physically relevant flow field, and (3) further develop advanced combustion diagnostic techniques,
analysis approaches, and other best practices for the difficult multi-phase, combusting conditions of interest, that can be
utilized in the referee rig. These tests should be sensitive to the fuel properties, as quantities such as extinction strain rate
(which controls blowoff boundaries and local extinction under near-limit conditions) vary by approximately 50% as aromatic
volume fraction varies between 10% to 25%, representative of the category A fuels.
The objective of the second task is to measure the forced ignition probability of various fuels under experimentally
repeatable, engine-relevant, and readily modeled conditions (i.e., well defined boundary conditions and a computationally
tractable flow field). The benefit of this task is that it can quickly determine if candidate fuels have different forced ignition
response over a wide range of conditions. Simultaneously, this task measures the characteristics of the flow field and the
spark discharge as inputs for ignition models. Measurements of the probability of successful ignition, and the space-time
evolution of the ignition kernel and flame ball, serve as benchmarks for ignition models and their inherent kinetic models.
The objective of the third task is to quantify the turbulent flame speed, S T , of conventional and alternative jet fuels at varying
pressures and preheat temperatures. This has two significant benefits. First, this work will help to enable chemistry effects
of jet fuels to be captured in models to be used by other groups (UDRI) and OEMs (e.g., GE, Williams). Second, turbulent
flame speed measurements may offer a metric for screening the significance of fuel chemistry of alternative fuels.
Advanced combustion tests, which couple chemical kinetic processes with complex fluid mechanic and/or
atomization/evaporation processes, are a critical link in the path from fundamental knowledge to prediction of how fuel
composition impacts engine operation. The investigators and the consultant have extensive experience in this field,
including developing surrogate mixtures for Jet-A, characterizing changes in pollutants when alternative and conventional
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jet fuels are burned, and having successfully completed and transitioned similar approaches for synthesis gas fuels and for
natural gas fuels.
From a diagnostics standpoint, the objective of this work is to support the advanced laser and optical diagnostics in area #3
(Advanced Combustion Tests) of the FAA COE ASCENT’s combustion program. The diagnostics effort strives to meet two
critical targets. The first is to optimize diagnostics that has enough fidelity to discern the combustion characteristics of
candidate jet fuels in their respective testing conditions (support fuel screening). The second goal is to organize and analyze
the data in a structured way that allows partners in the combustion program to refine and validate their numerical models.

Task 1. Blowoff
Georgia Institute of Technology

Objective(s)
This task has two objectives. These objectives focus on the blowoff figure of merit, in a pressurized, preheated, liquid
fueled, single-nozzle combustor. The first objective is to measure and demonstrate the sensitivity of the lean blowoff
point to fuel composition, for a range of conventional jet fuels as well as fuels with varying physical and kinetic properties.
The second objective is to measure detailed data for select flow conditions and fuels. These detailed measurements are
designed to support modeling efforts by capturing key boundary conditions and providing validation information. A third,
tangential objective of this task is to elucidate the fundamental physics that drive the observed fuel sensitivities.

Research Approach
The objective of this task is to empirically map combustor blowoff limits, to obtain validation data sets of a spray flame in a
high shear flow, and to develop diagnostics and analysis approaches that can be utilized on the referee rig. The benefits of
this task are threefold: (1) measurements of mapped blowoff limits provide combustion modelers with a quick, macro-scale
benchmark for validation, (2) data sets provide modelers with high quality data with well characterized boundary conditions
in a two-phase, physically relevant flow field, and (3) this effort is further developing advanced combustion diagnostic
techniques, analysis approaches, and other best practices for the difficult multi-phase, combusting conditions of interest,
that can be utilized in the referee rig. These tests should be sensitive to the fuel properties, as quantities such as extinction
strain rate (which controls blowoff boundaries and local extinction under near-limit conditions) vary by approximately 50%
as aromatic volume fraction varies between 10% to 25%, representative of the category A fuels [1].
Blowoff sets important operational limits on a combustor system – for a flame to exist inside the combustor requires low
velocity regions where the flame can anchor and subsequently spread to the rest of the system. While blowoff is intrinsically
a system-dependent phenomenon, the measurements conducted here provide key input needed for modeling blowout, as
well as for correctly designing the blowoff measurement test approach and interpreting blowoff data. In particular, we focus
on the dynamics of a spray flame in a high shear flow, and characterize the onset of local extinction as well as final blowoff.
As detailed in [2], blowoff is preceded by a process involving two key steps: (1) local extinction of the flame, with growth in
the size and frequency of extinction events as the blowoff boundary is approached; and (2) large scale fluid mechanic
alterations as the fundamental hydrodynamic stability character of the flow is altered due to the significant disruption
induced by the first stage. This review [2] also noted that Damköhler number correlations of the form Da=τ flow /τ chem did a
reasonable job in capturing fuel composition impacts on blowoff – however, they emphasized that the reason that these
correlations work is because blowoff boundaries are ultimately correlated with the onset of local extinction.
With this in mind, this task specifically focuses on fuel screening and obtaining model validation data, as well as
demonstrating methods for characterizing and understanding blowoff boundaries, flowfields, and flame dynamics in a
configuration that captures the key physics that combustion models must capture – high shear, swirling, two-phase flows.
These data are measured in a much simpler, more easily modeled configuration than the referee rig’s (e.g., without dome
and wall cooling flows). This has allowed the diagnostic developments and fuel screening to be carried out in detail in the
early months of the program. The diagnostic, data analysis, and fuel screening lessons are then transitioned to the referee
rig. We are currently partnering with Prof. Suresh Menon on a related project in this facility, in which he has performed
simulations of the facility using gaseous fuel and have developed extensive experience in closely working with modelers in
obtaining the data needed for model validation [3] and determining the controlling processes through data analysis and
comparison with detailed kinetic calculations. We are using stereoscopic PIV and temperature measurements to characterize
inflow and boundary conditions for CFD. In addition to mapping blowoff boundaries, we are also characterize the flow and
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flame topology, using high repetition rate stereo PIV, OH PLIF, and mie-scattering measurements of the spray. We are also
leveraging two other ongoing project to accelerate the demonstration of advanced, planar measurements of gas and liquid
fuel distribution on this same facility. The velocity field, and flame location data are being used by Area 4 modelers to verify
their velocity field, and flame location predictions. Additionally, the modelers are using the inlet flow field and spray data
as boundary conditions.

Figure 1. High shear swirl combustor, showing a) pressure vessel and b) cross section

Milestone(s)
1.
2.
3.
4.

5.

Measurements of inflow and boundary conditions. This has been completed and is being delivered to Area 4.
Measurement of lean blowout equivalence ratio, mapped over full screening test matrix. This has been completed,
with over 1,230 blowoff measurements obtained this year!
Measurement of flame shape and anchoring location for full detailed test matrix. This has been completed and is
being analyzed to hunt for sensitivities to fuel type and flow conditions.
Development of optimized approaches for high repetition rate PIV and OH and/or CH PLIF measurements in high
shear, two-phase flow. This has been completed, we have developed best practices for stereo PIV in this type of
environment, and we have developed a methodology to isolate OH PLIF from the fuel PLIF that naturally
contaminates the measurement.
Measurements of other local quantities, such as velocity and strain rates along reaction layer near flame
stabilization points, with accompanying extinction strain rate calculations, for conditions of greatest interest to
Area 2 researchers. This analysis is in progress.

Major Accomplishments
1.

2.

3.

We have completed over 1,230 blowoff measurements, which span all fuels of interest, all flow conditions of
interest, and two different types of fuel injector. A sub-sample of these measurements is presented in Figure 2.
With these measurements we demonstrated clear fuel sensitivities, which enabled the program to down-select the
fuels of interest for the rest of this year. We have also used these measurements to correlate the blowoff process
to physical fuel properties, and we have shown how certain physical properties dictate the blowoff behavior of the
fuels for select flow conditions and injection schemes (see Figure 3 for an example).
We have also collected two databases of detailed diagnostic data, one for each type of injection scheme. This has
two important merits for the program. The first important merit is that this has provided the necessary boundary
conditions and validation data to Area 4 so that they could proceed with CFD simulations of our rig. Figure 4
shows an example velocity field measured under reacting, pressurized conditions. The second important merit is
that we have used these measurement campaigns to further develop the detailed diagnostics, which is noted as a
third accomplishment.
We have demonstrated that the OH PLIF measurement can be significantly enhanced to reduce noise from fuel PLIF,
even if only one tunable laser is available. The approach that we developed is a two-camera approach, where one
camera is optimized to measure OH PLIF, the other camera is optimized to measure fuel PLIF, and the composite of
this information is then used to isolate the OH PLIF. Figure 5 illustrates this diagnostic improvement.
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Figure 2. Sample of screening data showing blowoff points, expressed as adiabatic flame temperature at blowoff, relative
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Figure 4. Sample mean flow field measured under reacting conditions. Vectors show axial and radial velocity components,
and background color indicates azimuthal velocity component.
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Improved
Method
OH + FUEL PLIF
Pressure-atomizing nozzle

Improved setup: 2-camera
PLIF and stereo PIV

OH + FUEL PLIF
Air-blast nozzle

Isolated FUEL PLIF
Air-blast nozzle

Figure 5. Illustration of improved, 2-camera OH PLIF methodology

Publications
None published to date.

Outreach Efforts
We are writing two conference papers to be presented at the ASME Turbo Expo 2016 conference.

Awards
None

Student Involvement
•
•
•

Nick Rock has been actively involved in the Task 1 experimental effort. Nick was the PhD student responsible for
operating the experimental facility. He led the blowoff measurements and operated the facility for the detailed
diagnostic efforts.
Ianko Chterev, Eric Mayhew, and Steve Hammack were also actively involved in the Task 1 experimental effort.
These three PhD students were responsible for implementing the detailed diagnostic measurements.
Hanna Eck was involved in the Task 1 effort as a data analysist. Hanna has been responsible for processing and
analyzing the large volume of detailed data produced by the PIV, PLIF, and Mie scattering measurements.

Plans for Next Period
The objective of the blowoff task in year 2 is to measure detailed operational data near the blowoff limits of a swirl combustor
that mimics OEM hardware. The combustor, used in year 1 of this program, is a swirl-stabilized spray combustor, which is
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configured similarly to the referee rig, but without dome cooling and liner-cooling flows. The benefits of this task will be
threefold. The first benefit of this task will be the measurement of detailed boundary conditions and validation data that are
critical to a successful modeling effort. These measurements will be selected collaboratively with Area 4 after their year 1
simulation attempt, in order to support their refinement and validation cycle. For example, this effort will likely involve a
detailed spray characterization using PDPA. The second benefit of this task is exploratory refinement of detailed diagnostics
and best practices, which can be rapidly explored on the simplified Area 3 rig, and then fed forward to the referee rig. The
third benefit of this task is the capability to rapidly measure a wealth of screening data, in order to probe alternate conditions
(i.e., temperatures, pressures, and injector geometries) for key fuel sensitivities. The work plan for this task will begin with
detailed analysis of the PIV, spray, and OH PLIF data from year 1. The plan will also execute additional detailed diagnostic
campaigns, to be designed in close collaboration with Tonghun Lee and Area 4. Finally, the work plan will include additional
screening with the air blast injector. Screening conditions will be selected collaboratively with the OEMs, Area 1, and Area
6. Collaboration with Area 6 will ensure overlap at one or more nominal pressure and temperature conditions (as in year 1),
while leveraging their sub-atmospheric/low temperature capability and our high pressure/high temperature capability to
search for coupled fuel/pressure/temperature trends. For example, between the two teams, we can perform screening over
a broad range of pressures to confidently answer the question: “How does pressure couple with fuel composition to influence
flame shape and blowoff?” While the key figure of merit and primary focus of this task is blowoff, the detailed diagnostics
will help complement the blowoff work by studying fuel effects on flame shape over a range of pressures, as flame shape
has important influences on combustor operational characteristics. In coordinating discussions with Prof. Hanson’s group at
Stanford, they have agreed to obtain data at the same range of pressures as this task.
Blowoff sets important operational limits on a combustor system – for a flame to exist inside the combustor requires low
velocity regions where the flame can anchor and subsequently spread to the rest of the system. While blowoff is intrinsically
a system-dependent phenomenon, blowoff measurements provide key input needed for modeling blowout, as well as for
correctly designing the blowoff measurement test approach and interpreting blowoff data. In particular, we propose to focus
on the dynamics of a spray flame in a high shear flow, and characterize the onset of local extinction as well as final blowoff.
As detailed in [2], blowoff is preceded by a process involving two key steps: (1) local extinction of the flame, with growth in
the size and frequency of extinction events as the blowoff boundary is approached; and (2) large scale fluid mechanic
alterations as the fundamental hydrodynamic stability character of the flow is altered due to the significant disruption
induced by the first stage. This review [2] also noted that Damköhler number correlations of the form Da=τ flow /τ chem did a
reasonable job in capturing fuel composition impacts on blowoff – however, they emphasized that the reason that these
correlations work is because blowoff boundaries are ultimately correlated with the onset of local extinction.
With this in mind, this task will specifically focus on obtaining model validation data and demonstrating methods for
characterizing and understanding blowoff boundaries, flowfields, and flame dynamics in a configuration that captures the
key physics that combustion models must capture – high shear, swirling, two-phase flows. These data will be measured in
a much simpler, more easily modeled configuration than the referee rig’s (e.g., without dome and wall cooling flows). This
will also allow the diagnostic methods and fundamental fuel sensitivities to be better characterized. The diagnostic and data
analysis approaches can then be reliably transitioned to the referee rig. They will be obtained in an existing liquid-fueled,
high pressure, swirl combustor, developed under funding from Pratt & Whitney [4, 5]. We are currently partnering with Prof.
Suresh Menon on a related project in this facility, in which he has performed simulations of the facility using gaseous fuel
and have developed extensive experience in closely working with modelers in obtaining the data needed for model validation
[3] and determining the controlling processes through data analysis and comparison with detailed kinetic calculations. Our
partnership with Suresh Menon during year 1 of this program has also generated a mesh of the rig, a preliminary simulation
of the liquid fueled system, and has helped demonstrate the challenging boundary condition and validation data that are
needed for a liquid fueled simulation.
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Figure 6. High shear swirl combustor, showing a) pressure vessel instrumented for high speed stereo PIV and OH PLIF, and
b) a cross section with generic swirler holder/injector for illustrative purposes
Citations
[1] Won, S. H., Sun, W., and Ju, Y., 2010, "Kinetic Effects of Toluene Blending on the Extinction Limit of N-Decane Diffusion
Flames," Combustion and Flame, 157, pp. 411-420.
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Task 2. Ignition
Georgia Institute of Technology

Objective(s)
This task has two objectives. These objectives focus on the ignition figure of merit in an atmospheric pressure, preheated,
prevaporized, liquid fueled rig. The rig simulates the ignition environment of an aircraft combustor by implementing an
OEM igniter and by establishing an air film flow that separates the igniter from the flammable mixture. The first objective
is to measure and demonstrate the sensitivity of the ignition probability to fuel composition, for a range of conventional
jet fuels as well as fuels with varying physical and kinetic properties. The second objective is to measure detailed data that
could be used by modelers in subsequent years of the program. A third, tangential objective of this task is to elucidate the
fundamental physics that drive the observed fuel sensitivities.

Research Approach
The objective of this task is to measure the forced ignition probability of various fuels under experimentally repeatable,
engine-relevant, and readily modeled conditions (i.e., well defined boundary conditions and a computationally tractable
flowfield). The benefit of this task is that it can quickly determine if candidate fuels have different forced ignition response
over a wide range of conditions. Simultaneously, this task is measuring the characteristics of the flow field and the spark
discharge as inputs for ignition models. Measurements of the probability of successful ignition, and the space-time evolution
of the ignition kernel and flame ball, will serve as benchmarks for ignition models and their inherent kinetic models.
Forced ignition in an engine combustor is deemed successful if the spark kernel(s) lead to the initiation and stabilization of
a self-sustained flame. For many aircraft engines, the fuel-air ratio at the igniter location can be outside the flammability
limits (e.g., much leaner). It is important to emphasize that the fuel sensitivity of forced ignition can differ substantively from
its autoignition sensitivity. For example, autoignition delay times are generally a weak function of fuel/air ratio, while the
probability of successful forced ignition is a strong function of fuel/air ratio [6] and fuel composition [7]. To understand
forced ignition, one must differentiate between the three things that must occur to achieve a self-sustained flame: (1)
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initiation of a reacting fuel-air ignition kernel, (2) transition of the kernel to a self-sustained reaction front, and (3)
stabilization of the flame [8]. These three processes involve different physical mechanisms and success in one of them does
not imply success in other. The third process (3) is perhaps most dependent on the combustor configuration, and so we will
specifically focus on the first two processes, which strongly couple turbulence to the chemical kinetics and diffusive
characteristics of the fuel to provide the most elemental data for model validation of fuel effects. In addition there is some
overlap with the other tasks, as process (2) is closely related to the mixtures S T value, focused on in Task 3, and process (3)
relates to flame stabilization/extinction in shear layers -the focus of Task 1.
With this in mind, this task is utilizing an existing forced ignition facility, developed in partnership with Pratt & Whitney, to
measure ignition probabilities of stratified fuel-air mixtures in a 10-50 m/s flow, and which employs a typical aircraft engine
sunken fire igniter [6]. The facility has been utilized this year to test vaporized liquid fuels in order to particularly focus on
kinetic effects, and in following years will be utilized to test atomized liquid fuels (using results from Area 5 to inform the
test matrix, particularly with regards to spray distribution). This task is investigating the sensitivity of successful ignition to
the fuel composition at a range of fuel-air ratios, velocities, fuel and air temperatures and stratification gradients. The facility
is designed to isolate the interaction of fuel chemistry with the rapid entrainment associated with a pulsed, plasma kernel
ejected into a well-characterized, nearly uniform velocity cross-flow. Thus the measurements obtained in the facility are
discriminating fuel effects on the ignition process and are providing useful model validation data. Kernel/flame ball evolution
is being characterized with high speed Schlieren and emission (chemiluminescence) imaging; additionaly CH PLIF imaging is
planned at a later time. However, the primary measurement used to discriminate fuel effects and to validate models is a
measurement of the ignition probability for a fuel at each nominal flow condition, i.e., the fraction of plasma kernels that
successfully develop into a self-sustained, propagating flame. This well-characterized experimental facility in a simplified
but relevant flow field will be able to validate models developed under Area 4 that focus on ignition (high altitude relight
and cold start). This task also aims to model the forced ignition process to improve physical understanding of the role of
fuel chemical properties.
a)

b)

Figure 7. a) Drawing of the ignition rig and b) sequence of Schlieren images of ignition event

Milestone(s)
•
•
•

Measurements of inflow and igniter boundary conditions. Rig characterization measurements are complete, and
more detailed measurements are pending.
Measurements of ignition probability for full (vaporized) fuel test matrix as function of parameters outlined in
proposal. An extensive database of ignition probability data has been completed for all fuels of interest.
Measured space-time evolution of the ignition kernel and propagating flame front. These measurements are
complete and are being analyzed.

Major Accomplishments
•

•

This task has produced three major accomplishments, which are detailed here.
The first major accomplishment is a fuel screening dataset. The fuel screening investigated the dependence of
ignition probability on equivalence ratio for each fuel. This dependence was demonstrated to be sensitive to fuel
composition. A sample of the screening dataset is shown in Figure 8. These results have identified at least one of
the fuels as an outlier with respect to the range observed in the A-category fuels.
One of the detailed measurements performed in this task was high speed chemiluminsecence imaging. Analysis of
the chemiluminescence images demonstrated that the time-history of the chemiluminescence of the ignition kernel

372

and ensuing flame ball is different for different fuels, which is a further demonstration of fuel sensitivity. A
sample of the chemiluminescence results is shown in Figure 9.
Significant progress has been made on a reduced-order ignition model, which encompasses entrainment physics
unique to the type of forced ignition systems used in jet engines. Thus the model promises to elucidate the
physics that govern the forced ignition process. This modeling effort is illustrated in Figure 10.

•
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Figure 8. Sample ignition screening data, showing a) ignition probability vs equivalence ratio, and b) ignition probability
relative to A2 at an equivalence ratio of 1.5
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Figure 9. Further demonstration of fuel-effects through chemiluminescence data
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Figure 10. Illustration of ignition modeling effort

Publications
None published to date.

Outreach Efforts
We are presenting one poster at the UTSR workshop, and writing one conference paper to be presented at the ASME Turbo
Expo 2016 conference.

Awards
None

Student Involvement
•
•
•
•

Hong Dao was actively involved in the Task 2 experimental effort, prior to graduating in May 2015. Hoang was the
student responsible for adapting the ignition facility for vaporized jet fuel and collecting ignition probability
measurements.
Sheng Wei has been actively involved in the Task 2 detailed diagnostic effort. Sheng supported the ignition
probability measurement collection and was the primary student responsible in collecting schlieren and
chemiliuminescence data. Sheng is also the lead student involved in modeling efforts.
Edwin Goh has been actively involved in the Task 2 modeling efforts. Edwin has been responsible for adapting the
model code to accommodate the jet fuel mechanisms and has collected and analyzed the majority of sensitivity
studies
Hee Yong “Bill” Jeon has been involved in the Task 2 modeling effort. Bill has supported the execution of many
simulations for sensitivity studies and aided in reduction of the resulting data.
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Plans for Next Period
The objective of this task in the second year is to measure the spark ignition probability of various fuels under
experimentally repeatable, engine-relevant, and readily modellable conditions. The benefit of this task is that it can quickly
determine the forced ignition response over a wide range of conditions and fuels. This capability was successfully
demonstrated during the first year of the program. During the second year, the ignition facility will be expanded to
accommodate more realistic conditions, with the most important change being addition of a pressure-atomizer to produce
two-phase flows. While the year 1 data focused solely on chemical effects, measurements of ignition probability for a fuel
spray will include the fuel’s physical property dependencies, such as boiling range and viscosity. For the non-prevaporized
fuels, we will also extend the range of fuel and air temperatures investigated in year 1 (T>380°F) to lower values (within the
limits of achieving ignition). A liquid chiller system will be added to reach low fuel temperatures; the minimum air
temperature from our non-preheated supply will be limited by seasonal variations, although we speculate that the limit of
zero ignition probability will be the lower limit on the air temperature. Similarly, the pressure atomizer will be chosen to
target a specific fuel droplet size range. The specific temperature range and targeted droplet size will be collaboratively
selected in close-collaboration with the OEMs, in order to answer the question “How closely do the lessons learned to-date
about fuel sensitivity carry over to high altitude re-light conditions where forced ignition is difficult?” In addition to
ignition probabilities, this task will measure the characteristics of the flow field and the spark discharge as inputs for
ignition models. Measurements of the probability of successful ignition, and the space-time evolution of the ignition
kernel and flame ball, will serve as benchmarks for ignition models and their inherent kinetic models. For example, we
anticipate employing a new high-speed CH PLIF measurement approach developed by Tonghun Lee at UI for characterizing
the ignition kernel’s reaction zone development and its conversion to a propagating turbulent flame. The operating
conditions will also be coordinated with the Area 1 team. In coordinating discussions with Prof. Hanson’s group at
Stanford, they have agreed to obtain data at the same conditions examined in this task.
Forced ignition in an engine combustor is deemed successful if the spark kernel(s) lead to the initiation and stabilization of
a self-sustained flame. For many aircraft engines, the fuel-air ratio at the igniter location can be outside the flammability
limits (e.g., much leaner). It is important to emphasize that the fuel sensitivity of forced ignition can differ substantively from
its autoignition sensitivity. For example, autoignition delay times are generally a weak function of fuel/air ratio, while the
probability of successful forced ignition is a strong function of fuel/air ratio [6] and fuel composition [7]. To understand
forced ignition, one must differentiate between the three things that must occur to achieve a self-sustained flame: (1)
initiation of a reacting fuel-air ignition kernel, (2) transition of the kernel to a self-sustained reaction front, and (3)
stabilization of the flame [8]. These three processes involve different physical mechanisms and success in one of them does
not imply success in other. The third process (3) is perhaps most dependent on the combustor configuration, and so we will
specifically focus on the first two processes, which strongly couple turbulence to the chemical kinetics and diffusive
characteristics of the fuel to provide the most elemental data for model validation of fuel effects. In addition there is some
overlap with the other tasks, as process (2) is closely related to the mixtures S T value, focused on in Task 3, and process (3)
relates to flame stabilization/extinction in shear layers -the focus of Task 1.
With this in mind, this task will utilize an existing forced ignition facility, developed in partnership with Pratt & Whitney, to
measure ignition probabilities of stratified fuel-air mixtures in a 10-50 m/s flow, and which employs a typical aircraft
engine sunken fire igniter [6]. The facility will be utilized in year 1 of this work to test vaporized liquid fuels in order to
particularly focus on kinetic effects, and in following years to test atomized liquid fuels (using results from Area 5 to
inform the test matrix, particularly with regards to spray distribution). The proposed program will investigate the
sensitivity of successful ignition to the fuel composition at a range of fuel-air ratios, velocities, fuel and air temperatures
and stratification gradients. The facility is designed to isolate the interaction of fuel chemistry with the rapid entrainment
associated with a pulsed, plasma kernel ejected into a well-characterized, nearly uniform velocity cross-flow. Thus the
measurements obtained in the facility should be able to discriminate any fuel effects on the ignition process and provide
useful model validation data. This well-characterized experimental facility in a simplified but relevant flow field will be able
to validate models developed under Area 4 that focus on ignition (high altitude relight and cold start), as well as providing
useful support for chemical mechanism reduction approaches under Areas 2 and 4.

Citations
[4] Rosfjord, T., and Cohen, J., 1990, "Air and Spray Patterns Produced by Gas Turbine High-Shear Nozzle/Swirler Assemblies,"
AIAA 90-0465.
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[5] Li, X., Soteriou, M. C., Kim, W., and Cohen, J. M., 2014, "High Fidelity Simulation of the Spray Generated by a Realistic
Swirling Flow Injector," Journal of Engineering for Gas Turbines and Power.
[6] Sforzo, B., Kim, J., Jagoda, J., and Seitzman, J., 2014a, "Ignition Probability in a Stratified Turbulent Flow with a Sunken
Fire Igniter," GT2014-26667, Proceedings of the ASME/IGTI Turbo Expo.
[7] Chen, Z., and Ju, Y., 2007, "Theoretical Analysis of the Evolution from Ignition Kernel to Flame Ball and Planar Flame,"
Combustion Theory and Modeling, 11, pp. 427-453.

Task 3. Turbulent Flame Speed
Oregon State University
Objective(s)
This task has two objectives. These objectives focus on the turbulent flame speed, which is a critical parameter in many
turbulent combustion closure models used by modelers, and which has a major influence on all combustion figures of
merit. The first objective of this task is to measure and demonstrate the sensitivity of the turbulent flame speed to fuel
composition, for a range of conventional jet fuels as well as fuels with varying physical and kinetic properties. The second
objective is to build a database of turbulent flame speeds for pre-vaporized jet fuels. A third, tangential objective of this
task is to elucidate the fundamental physics that drive the observed fuel sensitivities.

Research Approach
Methodology
Turbulent flames are generated using a vaporizer and burner based on
designs developed by the Air Force Research Lab and Lieuwen and
colleagues. The experimental setup consists of fuel and air metering
systems that deliver jet fuel and air to the burner. Fuel is vaporized using a
series of heaters, and elevated to a temperature of 200 ºC. The air/fuel
mixture is flowed through an adjustable turbulent generator which
generates turbulent fluctuations ranging from 10 to 20% of the bulk flow
velocity. Turbulence intensity (TI) is independent of bulk flow velocity. A
premixed methane pilot flame is used for ignition. Fuel and air flow rates
for the jet flame are metered to a precision of 0.5% and 2% of set-point
value, respectively.

(a)

(b)

(c)

(d)

Data is collected for each jet fuel variant over 5,000 ≤ Re ≤ 10,000, 0.8 ≤ Ф
≤1.15, and 10% ≤ TI ≤ 20%. Measurements are taken using a 16-bit
intensified charge-coupled device (ICCD) camera with a 1024 x 1024 pixel
resolution and a 25 mm, f/4.0, UV camera lens. For each flow condition (Re,
Ф, TI), data is collected over a 3 minute period at 2 Hz.
Data Analysis
Image processing to determine the average flame sheet from the
measurements was completed using the technique developed by
Venkateswaran et al. and is summarized here. The line-of-sight images are
time-averaged, the background is subtracted, and the image is cropped to
include only the flame. The image is then checked for axis-symmetry,
straightened, and filtered using a 2-D median filter with a kernel less than
2% of the burner diameter, as seen in Figure 11 (b) and (c). A 3 point Abel
deconvolution is applied and the resulting axial distribution of the
centerline intensity is fit to a Gaussian curve. The maximum intensity
location is determined. This allows the leading edge of the time averaged
flame-brush to be determined. This point is the most probable location of
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Figure 11. Step-by-step summary of image
processing approach:(a) time-averaged,
background subtracted and cropped (b)
Axisymmetric (c) 2-D median filtered (d)
Abel transform with 〈c〉=0.5 contour
drawn.

the flame brush, and is defined as the 〈𝑐𝑐〉 = 0.5 progress variable contour and corresponds to the location of maximum
intensity, see Figure 11 (d) [1]. The estimated uncertainty in this process is 1%-2% [1].

Milestone(s)
•
•

Building burner and experimental arrangement for turbulent flame speed measurements of large hydrocarbon
fuels.
Measurements of turbulent flame speeds for a suite of fuels.

Major Accomplishments
•

•

This task has produced two major accomplishments, which are detailed here.
A burner for measuring turbulent flame speeds of large hydrocarbon fuels has been built and is operational. The
combined vaporizer and burner system is one of just a few such systems in the world. The system has the
flexibility to vary the Reynolds number, equivalence ratio, and turbulence intensity of the flame. A picture of the
system is shown in Figure 14 (b).
Turbulent flame (consumption) speeds have been measured for multiple fuels, with detailed measurements
collected for two fuels at varying Reynolds numbers, equivalence ratios, and turbulence conditions. These are
some of the only such data in the world reported for these types of fuels. Figure 12 shown below shows
representative data.

Figure 12. Sample turbulent flame speed data

Figure 13. Legend for Figure 12
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Publications
From Funding
•
Effects of Fuel Chemistry and Turbulence Intensity on Turbulent Consumption Speed for Large Hydrocarbon Fuels,
Aaron J. Fillo, David L. Blunck, Western States Combustion Institute, Fall 2015
Related
•
Effect of Turbulent Fluctuations on Radiation Emissions from a Premixed Flame, J. Bonebrake, A. J. Fillo, D. Blunck,
Western States Section Combustion Institute, 2015
•
Radiation Characteristics of Turbulent Diffusion Flames Burning Alternative Aviation Fuels, E. Zeuthen, D. Blunck,
“,” 9th US Combustion Meeting, Cincinnati, OH (2015).

Outreach Efforts
None

Awards
None

Student Involvement
•

•
•
•

Aaron Fillo, a PhD student, took the lead in designing and building the experimental arrangement for the turbulent
flame speed burner. He has then lead efforts to measure and analyze data. He has subsequently received an NSF
Graduate Fellowship and will work tangentially on this project to analyze results and further investigate scientific
phenomena.
Jonathan Bonebrake, MS student, is currently leading efforts to collect and analyze data. Moreover, he is
responsible for analyzing the turbulent flow conditions at the exit of the burner.
Multiple undergraduate students have worked with the graduate students to operate the burner and collect data.
This has provided a significant opportunity for the students to experience research.
The burner developed as part of this project is being used for a graduate level measurement and instrumentation
course. This is a significant benefit to the students by providing a practical system to use.

Plans for Next Period
For the second year of this program, we propose extending the tasks from year 1 to more severe/extreme conditions.
These tasks address the figures of merit and most critical challenges associated with advanced combustion model
development: (1) flame stabilization, extinction, and blow-off in gas-turbine realistic flow fields and (3) turbulent flame
speeds. The task is designed toward addressing critical gaps associated with both objectives of the larger program,
namely an improved combustor rig evaluation process for ASTM D4054 and validated models for combustor evaluation.
The study will leverage existing facilities and infrastructure that were developed and demonstrated in year 1 of the current
effort. The proposed plan for year 2 will continue to search for fuel sensitivities at other conditions that are expected to
stress-test the combustion models and fuels.
The turbulent flame speed has significant influence on essentially all important combustor operational and emissions metrics
including propagation of flames during combustor light-off, blow-off, and combustion instability. The objective of this task
is to quantify the turbulent flame speed, S T , of conventional and alternative jet fuels at varying pressures and preheat
temperatures. This has three significant benefits. First, this work would be useful to help identify chemistry effects of jet
fuels that should be captured in the modeling efforts of other groups (Area 4) and OEMs. Second, turbulent flame speed
measurements may offer a metric for screening the significance of fuel chemistry of alternative fuels. Third, the turbulent
flame speed database can be helpful to Area 4, where LES models often use flamelet approaches that require turbulent flame
speed closures. Hence, inaccuracies in turbulent flame speeds of jet fuels (which have not been well characterized for
aviation fuels) bias the combustion models. This task will leverage the existing turbulent flame speed facility at OSU,
developed in collaboration with GT during year 1 of this program. Year 2 data at OSU will focus on sub-atmospheric pressure
conditions (e.g., 1/3 atm), which match that under Task 2 and which will be matched by Prof. Hanson’s group in Area 1.
We will leverage our extensive experience in obtaining these types of measurements to meet the objectives with the OSU
facility. Over the last six years, we (the joint OSU and GT team) have extensively utilized a benchmark high pressure facility
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for characterizing fuel composition influences of synthesis gas fuels on S T . We have collected data at pressures up to 20
atm and velocities of 70 m/s at very high turbulence intensities (u’/u o values up to 30%) [9]. We have shown that different
fuels with identical laminar unstretched flame speeds can have S T values that differ by 400% at high turbulence intensities
(e.g., see data in [10]). These variations can be correlated with the reactants sensitivity to high levels of stretch, and so this
effort will closely coordinate with Areas 1 and 2 to communicate the Area 3 test conditions. Such S T measurements are
useful discriminators of fuel composition influences – indeed, detailed kinetic calculations show that the maximum stretched
laminar flame speed (shown to be a good correlating parameter for fuel influences on the turbulent flame speed) for the
three prevaporized category A fuels varies by 50%. The extension of this task to low pressures will help assess the
significance of low temperature chemistry, and develop general methodologies for collecting flame speed measurements at
subatmospheric conditions.
This focuses on similar measurements for prevaporized fuels of interest, in order to particularly focus on kinetic effects and
not incorporate additional spray physics. As such, this work will be closely coupled with measurements and analysis in Areas
1 and 2. Validation of turbulent combustion models in Area 4 may take the form of comparisons of predicting turbulent
flame speeds with our measurements.

b)

a)
Figure 14. a) Drawing of nozzle inserted into a pressure vessel, and b) photograph of OSU facility designed and built
during year 1.
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Figure 15. Measured dependence of turbulent flame speed of various fuel blends having identical laminar, unstretched
flame speeds, SLo (done by adjusting stoichiometry of each mixture) upon turbulence intensity at a mean velocity of 50
m/s. Note the variation of almost 400%, purely due to fuel effects. As explained in the main text, this fuel effect can be
correlated with the maximum stretched laminar flame speed. Similar data in this facility has been obtained at pressures up
to 20 atm.

Citations

1. Venkateswaran, P., Marshall, A., Shin, D. H., Noble, D., Seitzman, J., and Lieuwen, T. “Measurements and Analysis of
Turbulent Consumption Speeds of H2/CO Mixtures” Combustion and Flame 158, no. 8 (2011):
2 Venkateswaran, P., et al., Pressure and fuel effects on turbulent consumption speeds of H2/CO blends. Proceedings of the
Combustion Institute, 2012. 34: p. 1527-1535.
3Venkateswaran, P., et al., Turbulent Consumption Speeds of High Hydrogen Content Fuels From 1-20 atm, in Journal of
Engineering for Gas Turbines and Power. 2014.

Diagnostics Task. Optimize and apply laser and optical diagnostics for
application in the advanced combustion tests at Georgia Institute of
Technology
University of Illinois at Urbana-Champaign
Objective(s)
The objectives are to work with Georgia Tech in their advanced combustor experiments and achieve the following four
goals:
•
Evaluate the experimental combustor setup and operating conditions for laser diagnostics
•
Design laser and optical diagnostics setup and oversee data acquisition process
•
Participate in fuel screening process for optimizing experimental design
•
Analyze data and pass on structured information to modeling groups in combustion program

Research Approach
Diagnostics Optimization and Setup
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The main goal here is the development of multi-phase 2D diagnostics using Planar Laser Induced Fluorescence (PLIF) and
Particle Imaging Velocimetry (PIV) to understand the blowoff development at the boundaries and flame dynamics in the
GATech high shear and high pressure combustor. The goal will be to apply two simultaneous measurements from high speed
PLIF, PIV, and chemiluminescence. In both PLIF and PIV, we will look to obtain quantitative and spatially resolved data. We
will configure and set up the laser and optical diagnostics equipment around the high shear combustor at GATech with
remote access and control, possibly with beam relay from an adjoining room due to vibration and thermal loading issues.
For the high speed PLIF measurements, we plan to pump a high speed dye laser (Credo, Sirah) with a high speed diode
pumped Nd:YAG (Edgewave) for generation of the UV light. We anticipate that the frame rate will be in the 5 to 10 kHz range.
Energy per laser pulse at these conditions maybe small (20 µJ/pulse) and light collection from the PLIF will be enhanced
using a f/1.8 UV lens. For the PIV measurements, we will use a stereo PIV system to ensure that we can collect velocity
information in all three spatial coordinates.
Quantification of the LIF Signal
To ensure that the signal is fully quantified, we set out to build and calibrate a small scale flat flame burner for use in the
GATech test rig. The combustor will be fully calibrated at Illinois using a combination of laser absorption and multi-line nitric
oxide LIF thermometry. By calibrating the intensity of the setup with the flat flame combustor, we can assess first order
values for concentration of radical concentrations in the flame. We were also required to address the issue of fuel PLIF as a
significant interference source in our measurements. In order to account for the fuel PLIF, a two camera PLIF system with a
multi-filter setup was used to selectively control the level of both the OH LIF signal and fuel LIF. The two images then can be
used to isolate the OH LIF signal.

Milestone(s)
Proposed (3 Month): At the 3 month mark, we will conclude the analysis of the experimental setup and should be close to
finishing the design of the laser and diagnostics setup.
Achieved: design of the laser setup complete and fabrication of calibration torch started.
Proposed (6 Month): At the 6 month mark, we should be finalizing the experimental setup and getting ready to actually
deploy measurements in Task 1 of the proposal. Fuel screening will be conducted during this phase.
Achieved: Most of experimental setup complete. Calibration torch completed and initial quantification of radicals complete.
Proposed (9 Month): At the 9 month mark, we should be almost complete with the initial shakedown of the tests in Task 1
and making changes to optimize the experimental setup. Send preliminary test guidelines and results of the fuel screening
studies (sensitivity to fuel characteristics) to the modeling groups.
Achieved: First test run at GATech for simultaneous PLIF and PIV successfully complete and results analyzed. Laser and
optical setup successfully implemented and tested. Identified key problems such as fuel PLIF. Main measurement campaign
set for last quarter.
Proposed (12 Month): At the 12 month mark, we should have completed an initial set of data for tasks outline in the
proposal. We should be planning for additional measurements in the next phase of the combustion program.
Achieved: Major three week campaign completed at GATech for two of the test fuels. Experiments included two camera PLIF
and stereo PLIF over a wide range of test conditions. Data analysis started. Fuel PLIF isolated using two camera PLIF setup
with differing detection bandwidth.

Major Accomplishments
The main accomplishment of year 1 in this project was that we were able to assemble the laser system around the test rig
at GATech and accomplish the task of simultaneous stereo PIV and two camera PLIF. The schematic of the experimental
setup is shown in Figure 16.
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Figure 16. Diagnostics Setup at GATech with Stereo PIV and 2 Camera PLIF (4 high speed cameras + 2 lasers)
Figure 16 shows the experimental setup of the main combustor with the four high speed cameras positioned around it.
The laser system, which is composed of a high speed Nd:YAG pumping a tunable high speed dye laser is situated in the
adjacent room and the beam is routed to the experimental setup. Prior to reaching the test rig, the beam is expanded into
a sheet using a custom set of optics and is routed into the test rig from the top. The beam is about 4 inches in width and
about 100µm in thickness. The combustor itself is fully accessible through the top port and two side windows on either
side. Prior to the measurements, the Illinois calibration burner is inserted into the chamber and imaging is done with the
exact same setup to ensure wavelength position of the laser as well as the intensity of the OH LIF signal, which can later be
fully quantified using a spectroscopic model. The laser is tuned to the A-X (1,0) transition of OH at 283nm. For the
shakedown of the rig, an air pressure atomizer was used while for the actual tests in August, an air blast atomizer was
mainly utilized.
The two cameras on either side at the top are the PLIF detection cameras, which are both intensified. The bottom two
cameras at a slight angle are the PIF cameras which are mounted in a scheimpflug setup so as to ensure clear focus across
the entire imaging plane. The entire system is synchronized at 5 kHz, which is an adequate repetition rate considering the
turbulent intensity of the required flow conditions. The setup was installed and tested during May of 2015 and then the
actual full scale measurements of A2, C5 fuels were conducted in August.
In addition to the quantification issue of the LIF signal, it became obvious during the May campaign that fuel PLIF was a
major interference source in our measurements. In order to resolve this issue and to isolate the OH PLIF signal, a two
camera PLIF setup was utilized with two differing spectral bandpass filters. The difference in the optical bandpass allows
the ratio of OH and fuel PLIF to be varied and the strategy is to use one set of images to correct for the fuel PLIF in the
other image. An example of this is shown in Figure 17.
.
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Figure 17. Two camera OH PLIF setup for isolation of fuel PLIF from the images. The image on the very right shows the
isolation of the fuel PLIF using the added camera with a wide band-pass filter and suppression of OH PLIF.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
Three graduate students (listed above) have participated in this project on a rotational basis to address various aspects of
the project. Rajavasanth designed and fabricated the calibration burner used at GATech, and conducted experiments to
determine the actual concentration of radical concentrations in the flame. Two other students (Stephen Hammack and Eric
Mayhew) made trips to GATech to make test measurements in the high shear combustor. This included assisting in the
setup of the laser and optics as well as participating in the actual measurements. The calibration torch as well as other
optical and imaging equipment was taken down to GATech for testing.

Plans for Next Period
In year II of the NJFCP, an effort will be made to expand the scope of participation in the GATech combustion tests. This
will include measurements over a wider region of test conditions as well as inclusion of more test fuels from the selection
made by the PIs. We also anticipate that the measurements will include possibly new diagnostics strategies such as the CH
C-X transition to monitor progression of flame front during ignition in the GATech program. Additionally, we will include
improvements to the two camera detection method for isolation of fuel PLIF, which would result in enhanced abilities to
obtain quantified OH concentrations.
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Project 028 Area 4: Combustion Model Development and
Evaluation
Georgia Institute of Technology
Project Lead Investigator
Suresh Menon
Professor
School of Aerospace Engineering
Georgia Institute of Technology
270 Ferst Drive, Atlanta, GA 30332-0150
(404)-894-9126
suresh.menon@ae.gatech.edu

University Participants
Georgia Institute of Technology
•
P.I.(s): Suresh Menon
•
FAA Award Number: 13-C-AJFE-GIT-009
•
Period of Performance: December 1, 2014 – November 30, 2015
•
Task(s):
1. Development of reduced kinetics for NJFCP Fuels
2. Network modeling and kinetics acceleration
3. LES of spray combustion in NJFCP test facilities

Project Funding Level
$350K from FAA and $350K cost share.

Investigation Team
The investigation team with specific tasks is as follows:
1. Task 1:
•
Title: Development of reduced kinetics for NJFCP Fuels
•
Lead: Professor Tiangfeng Lu
•
Post Docs & Students: Y. Gao, B. Majda, Y. Liu
•
University Affiliation: University of Connecticut
2. Task 2:
•
Title: Network modeling and kinetics acceleration
•
Lead: Professor Wenting Sun
•
Post Docs & Students:
•
University Affiliation: Georgia Institute of Technology
3. Task 3:
•
Title: LES of spray combustion in NJFCP test facilities
•
Lead: Professor Suresh Menon
•
Post Docs & Students: Dr. R. Ranjan, A. Panchal
•
University Affiliation: Georgia Institute of Technology

Project Overview
The overall objective of this activity is to establish a predictive capability to evaluate new aviation fuels in combustors for
ASTM D4054 at operating conditions including lean blowout, cold start or altitude relights. The key objectives of this project
are as follows:
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•
•
•

Establish a simulation strategy using Large-Eddy Simulations (LES) to capture fuel sensitivity in experimental
screenings
Collaborate with Area 2 to develop, optimize and evaluate efficient reduced chemical kinetics for use in LES
Collaborate with Areas 3, 5 and 6 to perform LES investigation of the experimental rig for stable and LBO conditions

Task 1 – Development of reduced kinetics for NJFCP Fuels
University of Connecticut

Objective(s)
The objective of this research activity is to develop, optimize and evaluate reduced chemical kinetics models for use in LES
of spray combustion in NJFCP test facilities.

Research Approach
Model reduction for Cat A & C fuels
Skeletal and reduced models for Cat A and C fuels, including Cat A2 (POSF10325), C1 (POS11498, beta version) and C5
(POSF12345) have been developed based on the detailed-lumped models from Area 2 of the NJFCP program. The reduced
models are validated over a wide range of parameters for ignition, extinction and flame propagation. The hybrid modeling
approach with lumped fuel cracking reactions assumes that the intermediates of the fuel cracking are in quasi-steady state
as demonstrated in [1, 2], resulting in highly compact detailed-lumped models for high-temperature real fuel oxidation. The
detailed-lumped models consist of more than 100 species while the reduced models consist of less than 30 species.
Procedurally, the DRG-based methods, including DRG [3-6] and DRG-aided sensitivity (DRGASA) [7, 8], are first employed to
remove unimportant species and reactions based on reaction states sampled from auto-ignition and perfectly stirred reactors
(PSR). The H radical is selected as the starting species in the graph searching in DRG. After the skeletal reduction of DRG,
the skeletal mechanism is further reduced by using DRGASA with ignition delay and extinction residence time of PSRs being
the target parameters. The skeletal mechanisms are then reduced using the linearized quasi steady state approximations
(LQSSA) [9]. Global QSS species are identified and approximated with algebraic equations, which are analytically solved using
a graph-based method to ensure high accuracy and robustness [9].
The reduction covered a wide range of parameters: pressure from 1 to 30 atm, initial temperature from 1000 K to 1600 K
for auto-ignition, inlet temperature 300 K for PSR, and equivalence ratio from 0.5 to 1.5. A worst-case error tolerance of 20%
was set for the target parameters in DRGASA. The sizes of the detailed-lumped, skeletal and reduced models are summarized
in Table 1. The performance of the reduced models is demonstrated with Cat A2 in Fig. 1 for ignition delay, laminar flame
speed, and extinction of premixed and non-premixed counterflow flames for different flame conditions. Similar performances
were observed for the reduced models for Cat C1 and C5.
Extended validation was further performed for Cat A2 for PSR at both lean and rich extinction conditions as shown in Fig. 2.
The important reaction pathways controlling lean blow-out (LBO) are identified using bifurcation analysis [10] as shown in
Fig. 3. It was found that LBO at the investigated conditions is primarily controlled by reactions involving small molecules,
such as H, OH, CO and HCO. These reaction rates need to be accurately computed for accurate prediction of LBO.
High-performance model-specific solvers for jet fuels
Analytic Jacobian was developed for Cat A2, C1 and C5 for efficient time integration of chemistry using implicit ODE solvers,
for which the Jacobian evaluation and factorization are typically the most time consuming components. Analytic chemical
Jacobian evaluation can reduce the computational cost to the level comparable to that for a single rate evaluation. As such
the computational efficiency of implicit solvers can be significantly improved. The strategy to couple implicit solvers with
the analytic Jacobian is applicable for simulations with arbitrarily large integration time steps.
Dynamic adaptive hybrid integration (AHI) [11] was further developed in addition to the analytic Jacobian technique by only
solving the fast species and reactions implicitly, while treating the slow variables and source terms explicitly. The size of the
implicit core to be solved in AHI can thereby be significantly reduced and the computational efficiency is improved.
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For simulations with integration time steps smaller than about 20 ns, non-stiff reduced models based on the dynamic
chemical stiffness removal [12] are developed for Cat A2, C1 and C5, such that explicit solvers for time integration can be
employed to achieve high efficient in high-fidelity DNS and LES of compressible flows.
The performances of implicit solvers with analytic Jacobian, AHI, and explicit solvers with dynamic chemical stiffness removal
are compared in Fig. 4 for mechanisms of different sizes, including the skeletal and reduced Cat A2 models. Speedup factors
close to or larger than an order of magnitude are achieved using analytic Jacobian, AHI and dynamic chemical stiffness
removal.
Table 1. Size of the detailed-lumped, skeletal and reduced models for Cat A2, C1 and C5.
A2
C1 (beta)
C5
Species

Reactions

Species

Reactions

Species

Reactions

Detailed

112

790

112

794

112

790

Skeletal

38

185

37

210

38

185

Reduced

29

27

29
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Figure 1. Validation of the reduced model against the detailed model for Cat A2 for a) ignition delay, b) laminar flame speed,
c) extinction of non-premixed counterflow flames, and d) extinction of premixed counterflow flames.
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Temperature, K
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Lines: detailed
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Figure 2. Extinction of Cat A2/air in PSR at different inlet temperatures, pressures and residence time.

Figure 3. Controlling reactions identified using bifurcation analysis at the lean blow-out conditions in Fig. 2.
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USC-Mech II

Cat A2 skeletal

Cat A2 reduced

H2

Figure 4. Averaged computational cost per integration time step in auto-ignition using different solvers and mechanisms of
different sizes.

Major Accomplishments
The accomplishments of the current year’s research activity with their impact on the rest of the project are as follows:
•
Development of reduced chemical kinetics models for Cat A2 and C5: Based on the detailed-lumped models from
Area 2, we developed a 38 species skeletal and 29 species reduced kinetics, which were used in the LES of spray
combustion under Task 3 for stable and LBO conditions.
•
Comprehensive validation of the newly developed reduced models: We performed a comprehensive validation
of the new models by considering variety of combustion physics such as auto-ignition, perfectly stirred reactors
(PSR), flame speed, extinction of premixed and non-premixed counterflow flames, etc. The developed models are
accurate enough to capture wide variety of combustion physics of interest such as LBO, cold restart, altitude relightning etc. Additionally, these models can capture the effects of fuel sensitivity, which is an essential element of
the current research effort.
• Development of efficient approaches for handling chemical kinetics in LES: In LES with finite-rate chemical
kinetics, use of a skeletal or reduced chemical kinetics lead to excessive computational cost associated with the
chemical kinetics. Therefore, novel approaches have been developed to alleviate this excessive computational cost.
This has been achieved by developing analytical Jacobian and non-stiff routines, which can be used for LES under
Task 3. Additionally, having a mixture-averaged transport in an LES is also expensive, when the number of species
is large. Therefore, reduced transport models of 15 species group has been generated, which can be used in LES
instead of the expensive 29 species based transport for the reduced models, with a similar level of accuracy. The
efficient approaches developed in this research effort will reduce the cost of large-scale LES and they will allow OES
to simulate these problems without sacrificing the accuracy.

Publications
N/A

Outreach Efforts
N/A

Awards
N/A

Student Involvement
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•
•
•

Y. Gao
B. Majda
Y. Liu

Plans for Next Period
In future, the research effort will focus on the following tasks:
•
Develop and optimize reduced kinetics and transport for Cat C1 fuels.
•
Develop a robust and generalized strategy for different NJFCP fuels.
•
Perform comprehensive validation of the fuels for wide range of combustion physics such as LBO, cold start and
altitude re-lightning.
•
Deliver the reduced models to be used for LES and to the OEMs.
•
Develop a dynamic strategy for computational acceleration for all NJFCP fuels.
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Task 2 – Network modeling and kinetics acceleration
Georgia Institute of Technology

Objective(s)
The objectives of this research activity are as follows:
•
Develop a reactor network model for assessment of chemical kinetics: This task was aimed to use preliminary
LES results obtained from Task 3 to develop a reactor network model for assessment of the newer chemical
kinetics model developed under Task 1 for different NJFCP fuels.
•
Develop a dynamic mechanism reduction approach for LES Modeling: The focus of this research effort was to
develop a novel approach to perform a dynamic mechanism reduction for LES by identifying the reactor models such
as mixing zone, flame zone etc., so that efficient computation of the chemical kinetics can be performed while using
a chemical kinetics with large number of species.

Research Approach
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Assessment of Reduced Kinetic Mechanism Using Reactor Network Model
In this task, reactor network model was developed based on LES modeling (from Prof. Menon’s group) to assess detailed and
reduced kinetic mechanism generated by Prof. Wang’s group at Stanford and Prof. Lu’s group at UCONN. The schematic of
the combustor in LES and corresponding reactor network model is shown in Fig. 1. The reactor network model was developed
based on the simulation conditions of LES which is used to model Area 3 and Area 6 combustors. As demonstrated in Fig.
1, LES combustor simulation results were employed to extract information of volume, residence time, temperature, and
pressure. The reactor network model was then formed by a serious of Perfect Stirred Reactor (PSR) and Plug Flow Reactor
(PFR). These reactors model mixing zone, flame zone, recirculation zone and post-flame zone, respectively with identical
residence time and temperature/pressure conditions in LES simulation. Therefore the chemical effect and accuracy of the
reduced kinetic mechanism can be evaluated by comparing results from reduced and detailed kinetic mechanisms.
The results from reactor network model for CatA2 model are summarized in Fig. 2. From Fig. 2 it can be seen the reduced
kinetic mechanism of CatA2 can accurately reproduce the detailed mechanism for major species. There is deviation on the
prediction of minor species, such as H 2 O 2 , but the deviation of minor species does not affect the prediction of heat release
prediction. This rationales the applicability of the reduced kinetic mechanism.
Based on the results from reactor network model, detailed reaction pathway analysis was conducted and an automated
program has been developed. The reaction pathways of CatA2 in different regimes are shown in Fig. 3. In Fig. 3, the darkness
of arrows indicate the intensity reaction flux of reaction pathways. Darker color means faster conversion. The direaction of
arrows indicate the direction of conversion. It can be seen that in the mixing zone of the combustor, fuel starts to decompose
owing to the presence of H and OH from the recirculation zone. In flame zone, the dominate reaction pathway of jet fuel is
pyrolysis into small hydrocarbons, majorly C 2 H 4 and then oxidizes to CO and CO 2 . The reaction pathways in the recirculation
zone and post flame zone are the regions where CO burns out. Results from Fig. 3 also indicate different reaction pathways
in different regions, therefore it is highly possible to use different submechanisms in different region to accelerate
computation efficiency.
Dynamic Mechanism Reduction for LES Modeling
In different regions of combustor and at different time steps, the dominate chemistry is different. The reactor network model
shows that in the post flame region, CO to CO 2 conversion dominates the chemical reaction while fuel pyrolysis and initiation
reactions are negligible there. Therefore, using a global reduced kinetic mechanism is not efficient in the whole LES
simulation regime both spatially and temporally. On-the-fly mechanism reduction [Sun, et al 2010; Sun, et al 2015; Yang, et
al 2015] can be applied in LES modeling to further reduce the cost of computation.
In this task, the globally reduced CatA2 skeletal mechanism with 38 species (from Prof. Tianfeng Lu’s group) is used. It is
noteworthy that it is not necessary to do mechanism reduction every time step and every grid point, so a local vector  is
used to determine whether new local reduced mechanism is needed or not at a specific grid point.

 T − T ln χ O − ln χ O ,0 ln χ fuel − ln χ fuel ,0
o
2
2
∆ =
,
,
 To
ln χ O2 ,0
ln χ fuel ,0







Where T is temperature of the flow.  is mole fraction of species. Subscript 0 means initial condition. This local vector  is
calculated in simulation and compared with the value from last time step. If  is smaller than a specific value, the locally
reduced mechanism from last time step can then be used without new reduction. Otherwise, Path Flux Analysis method (PFA)
[Sun et al. 2010] is used at local temperature and pressure condition to generate a new locally reduced mechanism for
calculation.
The on-the-fly adaptive kinetics (OAK) was tested using a 3D premixed turbulent flame code provided by Prof. Menon’s
group. This turbulent flame mode is the core module for the LES code used to simulate Area3 and Area6 combustors.
Computation was conducted using full skeletal mechanism with 38 species and OAK method. The results of OH mass fraction
are than compared for accuracy as shown in Fig. 4. Figure 5 further compared the PDF (Probability Density Function) of
reaction rates of fuel and OH.
The CPU time was then compared for calculation with CatA2 skeletal mechanism with and without OAK. The comparison is
shown in Fig. 6. As shown in Fig. 6, OAK can significantly decrease the computation cost on chemistry by almost 28 times.
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The time used for mechanism reduction (PFA) is negligible. The total computation time is shortened by factor 7 and the most
time consuming part is the calculation of transport properties after using OAK. Therefore, the adaptive property methodology
was extended to the calculation of transport properties. If new locally reduced mechanism is needed in the calculation, the
transport properties will be calculated. Otherwise, transport properties from last time step will be used without new
calculation. The results using both adaptive kinetics and transport property (OAK+CoTran) are also compared and shown in
Fig. 4 and 5. It can be seen from Fig. 4 and 5 that nearly identical results were obtained from three methods with max
deviation less than 0.5%. The comparison of CPU time shown in Fig. 6 clearly indicates that with adaptive kinetics and
transport, the computation time of transport property is almost negligible and the total computation time of turbulent flame
can be decreased by factor 17.
Figures

Figure 1. (top) LES simulation results of combustor (bottom) reactor network model developed based on LES simulation
geometry and conditions

Figure 2. Comparison of reactor network modeling results between detailed CatA2 kinetic mechanism (dashed line) and
skeletal kinetic mechanism (solid line); red: flame zone, black: mixing zone, blue: recirculation zone, green: post flame
zone.
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Figure 3. Reaction path flux analysis for CatA2 in the flame zone

Figure 4. Profiles of OH mass fraction of premixed Cat A2 turbulent flame (left) with skeletal mechanism, (middle) with
OAK, and (right) with OAK and transport adaption

Figure 5. PDF of reaction rates of fuel and OH of premixed Cat A2 turbulent flame (left) with skeletal mechanism and (right)
with OAK
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Figure 6. Comparison of CPU time

Major Accomplishments
The accomplishments of the current year’s research effort with the impact on the rest of the project are as follows:
•
Development of a reactor network model: In this research past LES data was used to segregate the combustor into
different zones so that the chemical kinetics effect and accuracy of the reduced kinetic mechanism can be evaluated
by comparing results obtained from reduced and detailed kinetic mechanisms. This framework allowed to establish
that the developed reduced kinetics models under Task 1 are appropriate enough to capture the combustion physics
of interest to the NJFCP program.
• Development and validation of on the fly adaptive kinetics: A typical combustor can be segregated into different
zones as mentioned above and within each of such zones, only some of the species are active. This lead to
development of an approach “on-the-fly adaptive kinetics” (OAK), which lead to reduction in the overall computational
cost. The method was validated by comparing results obtained by considering all the species in a conventional
manner, thus establish that the approach will help reducing the computational cost of LES of large-scale combustors.

Publications
N/A

Outreach Efforts
N/A

Awards
N/A

Student Involvement
N/A

Plans for Next Period
In future, the research effort will focus on the following tasks:
•
Perform extensive validation of the OAK approach by considering LES of flame turbulence interaction in canonical
premixed and non-premixed configurations.
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•

Perform computational cost assessment of the OAK approach for LES of the Area 3 rig.
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Task 3 – LES of spray combustion in NJFCP test facilities
Georgia Institute of Technology

Objective(s)
The objective of this research activity is to establish a simulation strategy using LES to capture fuel sensitivity in experimental
test facilities. In particular, the focus of the current year’s effort is to perform a baseline validation of the numerical
framework for two of the NJFCP fuels, namely Cat A2 and Cat C5 by matching experimentally stable conditions and to
demonstrate that the method can predict lean blowout and can capture fuel sensitivity.

Research Approach
Numerical Methodology
We use the well-established Eulerian-Lagrangian (EL) formulation [1] to perform LES of spray combustion in NJFCP test
facilities. In the EL method, a Lagrangian tracking of the dispersed phase is performed and the gas phase is modeled using
the conventional Eulerian framework [2]. The coupling between the dispersed phase and the gas phase is specified through
inter-phase exchange source terms that appear in the mass, momentum and energy transport equations. A detailed
description of the governing equations, turbulence closure and numerical method is provided elsewhere [1, 3]. Here, we
briefly summarize the numerical method used in this study.
The gas phase is simulated using a second-order accurate (in both space and time) finite-volume solver for the unsteady
Favre-filtered, multi-species, compressible Navier-Stokes equations [3]. A hybrid scheme, which dynamically switches
between a second-order-accurate central scheme and a third-order-accurate MUSCL (Monotone Upstream-centered Schemes
for Conservation Laws) scheme [3] is used in this study. The subgrid-scale (SGS) momentum and energy fluxes are closed
using a subgrid eddy viscosity model, which is obtained using the local grid filter ∆ and the subgrid kinetic energy 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 , for
which an additional transport equation is solved [4]. The dispersed phase is simulated using the Lagrangian tracking method
[5], which solves for the individual droplet evolution in space and time within the gas phase. The time advancement of the
Lagrangian equations are performed through a fourth-order-accurate explicit Runge-Kutta scheme [1]. The closure of the
subgrid-scale turbulence chemistry interaction is attained through the quasi-laminar formulation.
LES of Area 3 rig
The simulation parameters for the Area 3 rig for the gas and spray phase are summarized in Table 1 and Table 2, respectively.
The focus of this research effort was to perform a validation of the numerical methodology by simulating the Area 3 rig
matching the experimental test conditions corresponding to the stable combustion configuration. Afterward, the same
configuration and numerical methodology is used to study fuel sensitivity and LBO. Here, we describe the results for the
stable combustion with two different fuels, namely Cat A2 and Cat C5. The experimental data is only available for Cat A2
fuel.
Figure 1 shows the instanteneous contours of the temperature field for in the central and axial planes of the combustor. We
can observe a high temperature region in the core of the vortex bubble. This central recirculating region with high
temperature products and radicals acts an aerodynamic flame holder leading to stable flame on the periphery of the vortex
bubble in its updstream part. Figure 2 shows the instanteneous OH mass fraction on the same planes. Note that OH mass
fraction is typically considered as an indicator of the flame location. We can observe that simiar to the temperature contours,
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the OH radical is present in the core region with flame anchoring occurring on the periphery of the central vortex bubble.
Figure 3 shows the spray droplets colored by their temperature along with the flame identified by the temperature iso-surface
(T 1800 K). We can clearly observe lower temperature particles near the location where they are being injected in the domain
and the higher temperature particles near the flame where they eventually get evaportated.
Figure 4 shows comparison of the time averaged velocity components with the experiments. Overall the results show a
reasonable agreement with the experiments, and the trends appear to be captured by the simulations. Note that the
experimental profiles shown in this figure are only available for Cat A2 stable configurations. In addition to Cat A2 simulation
results, Figure 4 also includes results for Cat C5 cases (A3-C5 1 S and A3-C5 2 S) for stable conditions. Here, Case A3-C5 1 S uses
chemical kinetics for C5 with A2 as the liquid fuel, whereas Case A3-C5 2 S uses chemical kinetics and fuel corresponding to
C5. These cases were considered to demostrate sensitivity of the fuel on the results. We can observe that the results for the
velocity components only show minor sensitivity. However, the radial profiles of the temperature shown in Figure 5, show
differences among the three cases, where the central core appears to be colder in the case employing C5 as the liquid fuel.
Based on the results presented here, we can conclude that the LES framework employed in this research effort is adequate
to capture the dynamics of unsteady spray-flame-trubulence interaction, which is essential to study the combustion physics
such as LBO, cold restart and altitude relightning for the present NJFCP program.
Tables
Value

Source

Outlet/reference pressure

50 Psi

Experiment

Inlet mass flow rate

53 g/s

Experiment

Inlet temperature

350 F

Experiment

Bulkhead temperature
(Isothermal walls)

530 F

Experiment

Parameter

Table1. Gas phase simulation parameters for the Area 3 rig.
Injector type

Pressure blast

Experiment

Pressure drop across nozzle

40 Psi

Experiment

SMD

27 µm

Rizk scaling

Mass flow rate (stable)

1.3 g/s

Experiment

Mass flow rate (LBO)

1.14 g/s

Experiment

Injection temperature

100 F

Experiment

Particles distribution

Log normal

Simulation

Injection

Hollow cone with cone
angles 50o and 90o

Estimated from number density
obtained from experiments

Table 2. Details of the spray parameters for the Area 3 rig.
Case
A3-A2S
A3-C5 1 S
A3-C5 2 S
A3-A2B

Fuel
Cat A2
Cat A2
Cat C5
Cat A2

Kinetics
Cat A2
Cat C5
Cat C5
Cat A2

Condition
Stable
Stable
Stable
LBO
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Rig
Area 3
Area 3
Area 3
Area 3

Status
Complete
Complete
Complete
Underway

A3-C5B
A6-A2S
A6-C5S
A6-A2B
A6-C5B

Cat
Cat
Cat
Cat
Cat

C5
A2
C5
A2
C5

Cat
Cat
Cat
Cat
Cat

C5
A2
C5
A2
C5

LBO
Stable
Stable
LBO
LBO

Area
Area
Area
Area
Area

3
6
6
6
6

Underway
Underway
Future work
Future work
Future work

Table 3. List of LES cases indicating their current status.
Figures

Figure 1. Temperature contours for LES of experimentally stable configuration with CatA2 kinetics.

Figure 2. OH mass fraction contours for LES of experimentally stable configuration with CatA2 kinetics.
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Figure 3. Spray particles (colored by temperature) and flame (identified by temperature iso-surface) visualization in LES of
experimentally stable configuration with CatA2 kinetics.

Figure 4. Comparison of time averaged velocity components obtained from LES (A3-A2S, A3-C5 1 S and A3-C5 2 S) and experiment
(A3-A2S).
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Figure 5. Comparison of the time temperature obtained from LES of different cases illustrating fuel sensitivity.

Major Accomplishments
The accomplishments of the current year’s research effort with the impact on the rest of the project are as follows:
•
Simulation of the Area 3 rig with Cat A2 fuel: The simulation has been performed matching the experimentally
stable conditions to validate the numerical methodology. It used the reduced chemical kinetics model developed
under Task 1. The spray condition was partly estimated from the experiment and additional condition was
prescribed through the Rizk’s scaling law. Overall, the results show a reasonable agreement thus establishing the
suitability of the numerical framework employed in this investigation.
•
Simulation of the Area 3 rig with Cat C5 fuel: The simulation was conducted by keeping the same configuration
as mentioned above and only changing the fuel. The change in the fuel was done in two sub-steps leading to two
cases. In the first case, only the chemical kinetics was modified whereas in the second case both the liquid fuel
and the chemical kinetics corresponded to the Cat C5 fuel. The results obtained from Cat A2 and C5 cases show
fuel sensitivity, which is an essential element of the NJFCP program.
•
Simulation of the Area 3 rig under LBO conditions: Additional set of simulations corresponding to LBO
conditions is currently underway.
•
Simulation of the Area 6 referee rig: The simulation of the Area 6 referee rig with effusion cooling holes and Cat
A2 fuel is also currently underway.

Publications
N/A

Outreach Efforts
N/A

Awards
N/A

Student Involvement
•

A. Panchal

Plans for Next Period
In future, the research effort will focus on the following tasks:
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•
•
•
•
•

Implementation of efficient reduced kinetics and other acceleration techniques in the LES solver to speedup
parametric studies.
Collaborate with Area 5, UTRC and OEMs to develop closures for spray combustion
Develop efficient turbulence-chemistry subgrid closures for LES of spray capable of predicting fuel sensitivity to LBO
and ignition.
Area 3 rig will be simulated again with the new ari-blast injector used in the ongoing experiments for Cat A2, C5
and C1 fuels.
Area 6 rig will be simulated for stable and LBO conditions for different fuels.
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Project 028(B) Area-4: Development of LES Combustion
Models to Characterize Jet-Fuel Effects on Combustion
Stabilization and Ignition
Stanford University, United Technology Research Center
Project Lead Investigator
Matthias Ihme
Assistant Professor
Department of Mechanical Engineering
Stanford University
488 Escondido Mall, Building 500, Room 500A, Stanford, CA 94304
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University Participants
Stanford University
•
P.I.(s): Matthias Ihme, Assistant Professor
•
FAA Award Number: 13-C-AJFE-SU-005
•
Period of Performance: 12/01/2014-11/30/2015
•
Task(s):
o Develop and extend large-eddy simulation (LES) combustion models to describe fuel-effects on spray
evaporation, combustion, and flame stabilization
o Perform large-eddy simulation of referee-rig combustor to provide assessment of fuel-effects on lean-blowout conditions

Project Funding Level
FAA Amount Awarded: $100,000
Cost Share Amount: $100,000
Source of Cost Share: Mechanical Engineering Department, UTRC, Stanford University, and Professor Ihme non-sponsored
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Investigation Team
Matthias Ihme, Assistant Professor
o Tasks: principal investigator, oversees project progress, coordination with research teams from other FAANJFCP subject areas, presentation of research findings
Lucas Esclapez: Postdoctoral students
o Tasks: LES model development; performs simulations of referee-rig combustor, analysis of simulation
results, assistance in preparing biweekly presentations
Vaidya Sankaran: PhD, UTRC
o Provided baseline mesh for referee-rig combustor

Project Overview, Approach, and Accomplishments
The objective of this research is the development of LES modeling capabilities that enable the prediction of fuel effects on
lean-blow-out conditions in aviation gas-turbine combustors. Primary modeling efforts focus on the development and
implementation of essential submodel components for the representation of liquid fuel droplet distribution, effusive cooling,
fuel evaporation, combustion, and flame stabilization. A complementary effort addresses the development of simulation
procedures to examine lean-blow-out conditions to numerically examine fuel-effects on LBO.
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Main accomplishments regarding the combustion modeling include:
•
Formulation and implementation of combustion submodels for FAA-transportation fuels Cat A2 and C5
•
Implementation of effusive boundary conditions to describe air-flow split through primary and secondary injector
•
Extension of FPV-combustion model to describe combustion of prevaporized fuel Cat A2 and C5
•
Integration of referee-rig combustor geometry into LES-solver
•
Formulation and prescription of boundary conditions for air-mass flow rate, spray-droplet distribution from empirical
SMD-scaling
•
Conduct simulations to assess flame-structure, assessment of model performance, and essential model sensitivities
•
Formulation of protocol to examine static and dynamic LBO-conditions; develop metric to quantify LBO-behavior

Simulation of referee combustor rig, showing instantaneous temperature field and spray droplet distribution.

Publications
•

Characterization of Fuel Effects on Lean Blowout in Gas Turbine Combustors, L. Esclapez, P. C. Ma, M. Naik, and M.
Ihme, accepted for presentation at AIAA SciTech Meeting, San Diego, 2016.
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Project 029 (A) National Jet Fuels Combustion Program – Area
#5: Atomization Test and Models
Purdue University
Project Lead Investigator
Robert P. Lucht
Ralph and Bettye Bailey Distinguished Professor of Combustion
School of Mechanical Engineering
Purdue University
West Lafayette, IN 47907-2088
765-714-6020 (Cell)
Lucht@purdue.edu

University Participants
Purdue
•
•
•
•
•

University
P.I.(s): Robert P. Lucht, Jay P. Gore, Carson D. Slabaugh, Paul E. Sojka, and Scott E. Meyer
FAA Award Number: COE-2014-29A , 401321
Period of Performance: 12/1/2015-11/30/2015
Task(s):
The tasks to be performed in Year 1 are listed below:
Quarter 1
1. Collaborate with area 4 and 6 groups for development of experimental test matrix for Year 1
2. Obtain heat exchanger and cyclone separator for AGTC test rig for operation with heated nitrogen
3. Install reference nozzles in AGTC and RTS test rigs
4. Design of SAE J2715 Standards based laser spray patternator tests for measurement of drop and ligament
size distributions and liquid surface area to volume ratios
Quarter 2
1. Exploratory/shakedown tests of RTS rig
2. Exploratory/shakedown test of AGTC rig
3. Share initial test data with area 4 and 6 groups
4. Assist Ihme group with mesh generation for RTS and AGTC rigs
5. Design laser extinction tomography tests
6. Perform screening study for several fuels of potential interest at a limited number of operating conditions
Quarter 3
1. Perform experiments on refined test matrix for first reference fuel: Schlieren in RTS test rig, Mie
scattering and fuel PLIF in AGTC test rig
2. Communicate results to Prof. Ihme, Area #4 researchers, and Area #6 researchers
Quarter 4
1. Perform experiments on refined test matrix for second and third reference fuels: Schlieren/PDPA in RTS
test rig, Mie scattering and fuel PLIF in AGTC test rig
2. Comparisons of simulation results against complementary measurements (PLIF, Mie, Schlieren)
3. Aid model development by quantitative comparisons between the laser sheet spray patternator and
tomography data

Project Funding Level
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The funding level from FAA was $250,000 for Year 1. Purdue University provided cost sharing funds in the amount of
$250,000.

Investigation Team
PI Dr. Robert Lucht, Bailey Distinguished Professor of Mechanical Engineering is responsible for the oversight of the entire
project here at Purdue University. He is also responsible for mentoring one of the graduate students, coordinating
activities with Stanford and will work with all parties for appropriate results and reporting as required.
Co-PI Dr. Jay Gore, Reilly Professor of Mechanical works closely with the PI for all deliverables of Purdue University, and also
oversees the work performed by one of the graduate students that he is mentoring.
Co-PI Dr. Paul Sojka, Professor of Mechanical Engineering is responsible for mentoring one of the graduate student and is
responsible for supervising the PDPA measurements.
Co-PI Scott Meyer, Managing Director of the Maurice J. Zucrow Laboratories is responsible for coordinating facility
upgrades and for facility design reviews.
Co-PI Dr. Carson Slabaugh, Senior Research Engineer in Mechanical Engineering is responsible for directly managing facility
operations.
Senior Research Scientist Dr. Sameer V. Naik is responsible for direct supervision of the four graduate students involved in
the project.
PhD students Robert Zhang and Rohan Gejji are primarily responsible for getting the fuel cart and optical patternator back
into operating condition. Rohan Gejji is also helping with getting the Rules and Tools Spray (RTS) test rig back into
operation. PhD student Timo Buschhagen and MS student Andrew Bokhart are responsible for performing the PDPA
measurements and for getting the RTS test rig back into operation.

Project Overview
The objectives of this task as stated in the Invitation for ASCENT COE Notice of Intent (COE-2014-29) are to “measure the
spray characteristics of the nozzles used in the Referee Combustor used in Area 6 tests and to develop models for
characterizing the atomization and vaporization of the reference fuels.” We propose a joint experimental and modeling
effort to achieve these objectives. The experimental tasks will be performed at Purdue University and the modeling tasks
will be performed by Prof. Matthias Ihme’s group at Stanford University. The modeling tasks are described in a separate
proposal but a specific task will involve rendering of modeling results in the form of measurable and important quantities
including liquid surface area density and discrete probability density functions of liquid ligament and drop sizes.
Purdue University has two very capable test rig facilities for measuring spray characteristics over very wide ranges of
pressure, inlet air temperature, and fuel temperature. The experimental diagnostics that will be applied will include both
well-established diagnostics such as phase Doppler particle anemometry (PDPA) as well as advanced high-frame-rate
simultaneous Mie scattering and fuel planar laser-induced fluorescence (PLIF). Recently commercialized and SAE J2715
standards based techniques for liquid surface area density and drop size probability density functions will be utilized by
renting patternator equipment from a Purdue Technology Center small business. These tests will help us qualify the nozzles
to be installed in the high-pressure rigs. The atomization and spray dynamics of the three reference fuels and referee rig
nozzle configurations will be performed in both of our spray rig facilities. These facilities will allow us to test over the entire
range of fuel and air temperatures and air pressures of interest. In one of the test rigs we will be able to directly compare
reacting and non-reacting flow cases.

Task: COE-2014-29A: National Jet Fuels Combustion Program – Area #5: Atomization
Tests and Models
Purdue University

Objective(s)
The objectives of this task as stated in the Invitation for ASCENT COE Notice of Intent (COE-2014-29) are to “measure the
spray characteristics of the nozzles used in the Referee Combustor used in Area 6 tests and to develop models for
characterizing the atomization and vaporization of the reference fuels.” We proposed, with Matthias Ihme at Stanford, a
joint experimental and modeling effort to achieve these objectives. The experimental tasks were performed at Purdue
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University and the modeling tasks were performed by Prof. Matthias Ihme’s group at Stanford University. Purdue University
has very capable test rig facilities for measuring spray characteristics over very wide ranges of fuel pressure, swirler air
pressure drop, inlet air temperature, and fuel temperature. The experimental diagnostics that were applied were phase
Doppler particle anemometry (PDPA), high-frame-rate video imaging, and optical patternation. The experimental data will
support continued development and evaluation of engineering spray correlations including the dependence of Sauter Mean
Diameter (SMD), spray cone angle, and particle number density per unit volume on the fuel properties at fuel and air
temperatures of interest. The experimental data will also provide detailed transient measurements of and visualization of
breakup length for specifying the initial plane for detailed numerical simulations of mixing and combustion processes.
The high speed imaging data will include detailed information related to ligament size, breakup length, and oscillation
modes and frequencies to support progress towards predictive modelling.

Research Approach
The Purdue University test rig facilities are designed for measuring spray characteristics over very wide ranges of pressure,
inlet air temperature, and fuel temperature. An atmospheric pressure spray test rig facility has been extensively used in year
1 of the project to establish the differences in spray properties of the different fuels at multiple fuel temperatures, fuel
pressures, and swirler pressure drops. The second facility is the Rules and Tools spray (RTS) test rig which will allow
measurements under high and low pressure conditions relevant to the aviation applications and is being reactivated during
the last part of year 1 activities and the first part of year 2 activities.
The operating system for the atmospheric pressure spray facility and the instrument positioning and atomization systems have
been upgraded over the first year to allow high repeatability for PDPA drop size and velocity measurements. A high speed
camera with backlighting has yielded significant insights into the structure of the liquid fuels flowing out of the nozzle with
and without the swirling co-flow through the injector. An optical patternator is also used for rapid analysis of spray distribution
patterns.
Liquid fuels can be supplied to the test rigs by multiple systems. A facility-integrated system draws fuel from one of two
certified flame-shield fuel containments for testing standard aviation fuels as well as other alternative blends. A mobile fuel
cart, developed under the combustion rules and tools (CRATCAF) program and redeployed during the first year of the NJFCP
program is being utilized for further control of additional injector circuits or for running alternative fuel blends. Both
systems were designed with two independently controlled and metered circuits to supply fuel to pilot and main injector
channels of the test injector. The mass flow rates of both supplies are measured with Micro Motion Elite® Coriolis flow meters.
A nitrogen sparge and blanket ullage system is used to reduce the dissolved oxygen content of the fuel, which is monitored
with a sensor just upstream of the fuel control circuits. High pressure gear pumps provide fuel at up to 300 kg/hr, supplied
to the control circuits at a 10 MPa regulated line pressure. The mobile fuel cart was built with two onboard heat exchangers
and a chilling unit controls the temperature of the fuel over a range of 233 K to 600 K (-40ºF to 600ºF).

Milestone(s)
The major milestones that have accomplished so far during Year 1 of the project are:
1. Screening of candidate alternative fuels using optical patternation and PDPA.
2. PDPA measurements of JP8 pilot only fuel flow, no gas flow across swirler for comparison with LES spray modeling
by Dr. Matthias Ihme’s group at Stanford University.
3. Acquired PDPA data over a significant range of test matrix for comparison with spray correlations developed by Dr.
Nader Rizk. Studied effects of fuel type, fuel temperature, fuel nozzle pressure, swirler location, radial location,
and axial location.

Major Accomplishments
During the first year, optical patternation, high-speed video imaging with backlighting, and PDPA were all applied to the
study of sprays. Figure 1 shows the atmospheric pressure spray rig and the PDPA system. Some representative PDPA
experimental results are shown in Figure 2. In Figure 2, the SMD is plotted as a function of radial distance at two different
axial locations for 3 different aviation fuels selected by the NJFCP team for comparison: A2 (POSF-10325, “average JetA”),
C1 (POSF-11498, Gevo ATJ “low cetane”), and C5 (POSF 12345 “flat boiling”). The upper and lower data sets were acquired
for pilot-only fuel flow at axial locations of 1″ and 2″ downstream of the nozzle exit. Both sets of data were collected for a
fuel pressure of 75 psig flowing through the pilot injector at a nominal flow rate of 34 lbm/hr. Nitrogen flows through the
nozzle swirler, the pressure drop across the swirler is 2%. It can be seen from Fig. 2 that the drops are smaller for the C5
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fuel, and that the SMD distributions for A2 and C1 much more similar, especially for the plane 2″ downstream of the nozzle
exit.
We have completed a significant number of PDPA measurements examining the effects of fuel temperature, fuel nozzle
pressure, pressure drop for the gas flow across the swirler, and axial location. Of these effects, the pressure drop across
the swirler has the most dramatic effect on the SMD distribution.
Another key finding during the year 1 work involved the significant deterioration of atomization quality with fuel temperature.
This is an expected result but with the differences in the temperature dependence of fuel properties between the aviation
fuels it is a key effect that must be studied. For example, the backlit images from amongst the videos taken for C1 fuel
show that the drop size significantly increases and the drop number density significantly decreases as the temperature is
reduced from T=50ºF to T=0ºF while maintaining a fixed pressure drop of 50 psi across the nozzle and a fixed nitrogen
pressure drop of 2 % across the air box. Recent studies at fuel temperatures down to -30 oF show even more deterioration
in spray quality.
Flow visualization and PDPA measurements for many representative operating conditions have been completed and are being
checked for repeatability, uncertainty and effects of optics are being documented and shared with the NJFCP community.
These interactions will continue through the remainder of the year 1 project period. The results are being used for
comparison with both advanced LES simulations of spray breakup and atomization (Ihme group at Stanford, Menon group at
Georgia Tech) and also for comparison with correlation equations for parameterization of spray properties (Dr. Nader Rizk,
formerly of Rolls Royce).
In addition to drop sizes and number densities velocities in the axial and radial directions are key variables that affect the
fuel vaporization and fuel air mixing resulting in very significant impact on lean blowout, cold start ignition and high altitude
relight conditions. The PDPA provides measurements of two important components of the liquid velocity simultaneously
with drop sizes and drop diameters.

Figure 1. Photograph of the atmospheric pressure spray rig, the PDPA system, and the high speed video camera.
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Figure 2. Radial distributions of droplet Sauter Mean Diameter (SMD) at 1″ (upper) and 2″ (lower) axial planes for three
different fuels, a pilot pressure of 75 psig, fuel temperature of 70ºF, and swirler pressure drop of 2%.

Publications
•

•

“Effect of Aviation Fuel Type and Fuel Injection Conditions on Non-reacting Spray Characteristics of Hybrid Air Blast Fuel
Injector,” Timo Buschhagen, Robert Z. Zhang, Sameer V. Naik, Carson D. Slabaugh, Scott E. Meyer, Jay P. Gore, and Robert
P. Lucht, to be presented at the 2016 AIAA SciTech Meeting, San Diego, CA, 4-8 January 2016
“Large-Eddy Simulations of Fuel Injection and Atomization of a Hybrid Air-Blast Atomizer,” P. C. May, M. B. Nik, S. E.
Carbajal, S. Naik, J. P. Gore, R. P. Lucht, and M. Ihme, to be presented at the 2016 AIAA SciTech Meeting, San Diego, CA,
4-8 January 2016.

Outreach Efforts
Same as above.

Awards
None.

Student Involvement
PhD students Robert Zhang and Rohan Gejji are primarily responsible for getting the fuel cart and optical patternator back
into operating condition. Rohan Gejji is also helping with getting the Rules and Tools Spray (RTS) test rig back into operation.
PhD student Timo Buschhagen and MS student Andrew Bokhart are responsible for performing the PDPA measurements and
for getting the RTS test rig back into operation.

Plans for Next Period
Two very capable test facilities at Purdue University for measuring spray characteristics over very wide ranges of pressure,
inlet air temperature, and fuel temperature were redeployed for measurements for this project over the first year and are
now being extended. Our work during the first year allowed the definition of the locations, the boundary conditions, the
operating conditions, and the fuel types for the studies being proposed during this year. Backlit high speed imaging, phase
Doppler particle anemometry (PDPA), high-frame-rate simultaneous Mie scattering, and fuel planar laser-induced
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fluorescence (PLIF) emerged as the techniques for obtaining fundamental data for comparison with the numerical
simulations. In addition, commercialized atomizer characterization equipment such as the Malvern particle analyzer and the
multiple laser sheet absorption based spray patternator were used in the first year and will be accessed during year 2 when
necessary. The atomization and spray dynamics of the three reference fuels and two nozzle configurations corresponding
to the referee rig will be performed in both of our spray test facilities. These facilities will allow us to test over the entire
range of fuel and air temperatures and air pressures of interest. In one of the test rigs we will be able to directly compare
reacting and non-reacting flow cases.
The experimental data will support continued development and evaluation of engineering spray correlations including the
dependence of Sauter Mean Diameter (SMD), spray cone angle, and particle number density per unit volume on the fuel
properties at fuel and air temperatures of interest. The experimental data will also provide detailed transient measurements
of and visualization of breakup length for specifying the initial plane for detailed numerical simulations of mixing and
combustion processes. The high speed imaging data will include detailed information related to ligament size, breakup
length, and oscillation modes and frequencies to support progress towards predictive modelling. In addition, the prediction
of the spatial distribution of the fuel vapors and breakdown components resulting from the evaporation of the liquid fuels
critically affects the ignition, flame-stabilization, and pollutant formation processes. The Purdue facilities are capable of
extensions towards detailed species and temperature measurements that would support engineering and detailed scientific
simulations based approaches for the description of spray mixing and vaporization as well as gas phase mixing,
decomposition and subsequent reactions. The focus during the year 2 activities will be on the transient liquid breakup,
spray formation and distribution processes.
Quarter 1
1. Collaborate with area 4 and 6 groups, and with the Area 5 subcommittee, for development of experimental test
matrix for Year 2.
2. Install heat exchangers and cyclone separator for RTS test rig for operation at subatmospheric pressure.
3. Perform extensive characterization of Nozzle B sprays for LBO and other conditions in the RTS test rig using PDPA
and high-speed backlit video imaging.
4. Share boundary, initial and operating conditions and resulting experimental data with Ihme and Menon groups.
5. Design system for mixing of liquid and gaseous nitrogen to produce gaseous nitrogen at temperatures down to 230
K.
Quarter 2
1. Exploratory/shakedown testing of the AGTC test rig.
2. Continue extensive characterization of Nozzle B sprays for LBO and other conditions in the RTS test rig using PDPA
and high-speed backlit video imaging.
3. Perform characterization of selected Nozzle B spray conditions for LBO conditions in the AGTC test rig using Mie
scattering and fuel PLIF imaging.
4. Share boundary, initial and operating conditions and resulting experimental data with Ihme and Menon groups.
5. Fabricate and test system for mixing of liquid and gaseous nitrogen to produce gaseous nitrogen at temperatures
down to 230 K.
Quarter 3
1. Perform extensive characterization of Nozzle B sprays for GLO and other conditions in the RTS test rig using PDPA
and high-speed backlit video imaging.
2. Perform characterization of selected Nozzle B spray conditions for GLO and other conditions in the AGTC test rig
using Mie scattering and fuel PLIF imaging.
3. Install Nozzle A in RTS test rig and perform measurements for selected LBO conditions.
4. Share boundary, initial and operating conditions and resulting experimental data with Ihme and Menon groups.
Quarter 4
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1.
2.
3.
4.

Continue extensive characterization of Nozzle B sprays for GLO conditions in the RTS test rig using PDPA and highspeed backlit video imaging.
Continue characterization of selected Nozzle B spray conditions for GLO and LBO conditions in the AGTC test rig
using Mie scattering and fuel PLIF imaging.
Install Nozzle A in RTS test rig and perform measurements for selected GLO conditions.
Share boundary, initial and operating conditions and resulting experimental data with Ihme and Menon groups.
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Project 029(B) Area 5: Development of Spray Models for the
Description of Multicomponent Jet Fuel Effects
Stanford University
Project Lead Investigator
Matthias Ihme
Assistant Professor
Department of Mechanical Engineering
Stanford University
488 Escondido Mall, Building 500, Room 500A, Stanford, CA 94304
650-724-3730
mihme@stanford.edu

University Participants
Stanford University
•
P.I.(s): Matthias Ihme, Assistant Professor
•
FAA Award Number: 13-C-AJFE-SU-007
•
Period of Performance: 12/01/2014-11/30/2015
•
Task(s):

Project Funding Level
FAA Amount Awarded: $100,000
Cost Share Amount: $100,000
Source of Cost Share: Mechanical Engineering Department, School of Engineering, and Stanford University

Investigation Team
Matthias Ihme, Assistant Professor
o Tasks: principal investigator, oversees project progress, coordination with research teams from other FAANJFCP subject areas, presentation of research findings
Pavan Govindaraju: Graduate student
o Development of multicomponent evaporation model
Peter C. Ma: Graduate student
o Perform detailed simulations and validation studies of level-set/volume-of-fluid method to predict primary
and secondary breakup characteristic; validation against experiments performed at Purdue University.
o

Project Overview, Approach, and Accomplishments
The objective of this effort is the development of computational models for the reliable prediction of the primary breakup
and droplet evaporation of multicomponent reference fuels. Currently, the prediction of primary breakup relies exclusively
on phenomenological models that have been derived from linear stability arguments. While these models provide a rudimentary representation of liquid inertia, surface tension, and aerodynamic and viscous forces, these models are not predictive
and rely on empirical input parameters. In addition, the gas-fuel deposition and the evaporation rate of the liquid fuel critically affect the ignition, the flame-stabilization, and the pollutant formation. However, the evaporation process requires the
consideration of intra-droplet processes, the gas-phase transport at the droplet boundary, and the description of the droplet
interface for subcritical conditions. Since the reference fuels consist of different components, covering a wide range of
vaporization conditions, a multicomponent evaporation formulation is required.
The overall objectives of the proposed research are:
(i)
Develop surrogate representations for multicomponent fuel-evaporation of the three reference fuels
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(ii)
(iii)
(iv)

Develop and implement multicomponent evaporation model into Lagrangian particle model
Perform parameter simulation to assess effects of spray-evaporation on combustion, flame stabilization, and
flame structure
Perform LES simulation of RTS and RGTC. Compare modeling results against experiments and evaluate capability
of currently employed phenomenological RT/KH breakup models.

Task: Modeling of multicomponent droplet evaporation
Introduction
Computational approaches to multicomponent droplet evaporation introduce challenges in generalizing to arbitrary fuel
blends due to the vast number of assumptions that are being introduced to describe evaporation and composition. Some
models [3] simplify on the computational cost by using a distribution-weighted average of component properties without a
physical justification for the choice of the distribution. Other methods [2,3,6,11] arbitrarily generalize existing physical
property correlations to fractional carbon numbers. In addition to this, current literature is restricted to specific families of
components which is an infeasible approach for aviation fuel blends which not only have a high species count but also
contain components belonging to widely different families of organic compounds. This motivates a generalized approach
where the lack of experimental data is taken to be inevitable and physical properties must be calculated from first principles.
Measurements from distillation and chromatography provide information regarding the molecular weight and functional
groups present in compounds, constituting a particular fuel blend. The results presented utilize the fuel descriptions provided in [12]. Also, [1] and [4] describe methods to estimate physical properties of a compound based on the functional
groups present in it. To evaluate how suitable the above methods are in calculating multicomponent fuel evaporation characteristics, we need to utilize a highly accurate evaporation model. UNIFAC [5] is a method used to calculate interaction
coefficients and is also based solely on the functional groups present in each component. Note that the method described
in [1] is compatible with the UNIFAC model and thus enabled the two to be coupled in the simulation code used for obtaining
results. Preliminary evaporation studies have been performed on Jet-A and JP-8.

Basic Equations and Approximations
A computational study was performed using the UNIFAC non-ideal evaporation model. Despite the usage of an interpreted
language (MATLAB), runtime is of the order of a second for droplet evaporation in fixed ambient conditions, making it a
feasible candidate for other codes like reactive flow solvers which utilize an evaporation module. The focus in the following
section will however be only on evaluating the effectiveness of this group contribution method in predicting droplet evaporation characteristics of fuel blends.
The evaporation rate is calculated on a per-component basis. A one-dimensional version of this equation is presented in [6]
and is commonly referred to as DCM (Discrete Component Model). The current approach is also the multicomponent model
implemented in ANSYS Fluent.
The evaporation rate is calculated on a per-component basis. A one-dimensional version of this equation is presented in
[6] and is commonly referred to as DCM (Discrete Component Model). The current approach is also the multicomponent
model implemented in ANSYS Fluent.

(1)
where r is radius of the droplet,
which in turn is given by

is the molecular weight of species and

is the mass transfer coefficient,

(2)
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where

is the Sherwood number (can be expressed as a function of Reynolds and Prandtl num ber),

diffusion coefficient of species i. Also, for a droplet temperature
is evaluated as

is the

, the concentration of species at the surface

(3)
where p sat is the saturated pressure, γ i is the activity coefficient, and x i is the mole fraction of species. Similarly, C i∞
stands for the far-field equilibrium concentration of the droplet species in the gas phase.
The change in temperature is calculated using the following equation.

(4)
where
is the latent heat of evaporation, Nu is the Nusselt number (which can also be expressed as a function
of the Reynolds and Prandtl number),
is the thermal conductivity of the surrounding medium (air in this case),
is the ambient temperature, md is the mass of the droplet and cl is the mole fraction weighted average liquid specific
heat capacity of the drop. Time integration was done using 'ode23' since the equations are stiff, especially as temperature
of drop approaches the ambient temperature. The Prandtl number was assumed to be a constant, with a value of 0.7
and the following correlations from [7] have been used for calculating the Nusselt and Sherwood numbers:

(5)
(6)

One of the key ideas we present is to use UNIFAC to calculate the activity coefficient . This quantity is a function of
the entire mole fraction vector and thus makes this a non-linear problem. In addition to this, we require the physical
properties as functions of temperature based only on the knowledge of functional groups and this is achieved using
group contribution method [5], which also bases itself on the same functional group definitions as UNIFAC.
There is no known accurate method to estimate binary diffusion coefficients using the primary and secondary functional
groups of [1]. For this purpose, the method due to Lee and Wilke [8] is used which yields
as a function of the Van der
Waals Radius. An intermediate step for calculating the collision integral
is from [9]

(7)
where

.

UNIFAC is based on splitting the activity coefficient calculation into a combinatorial (

) and residual component (

Both contributions are totally determined by the three parameters, viz., group surface area parameter
contribution

and the binary interaction parameter which is related to the interaction energy.
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).

, group volume

Results and Discussion

Figure 2: Comparison between quiescent Jet-A experimental evaporation data [2], computational results from group contribution using UNIFAC activity coefficients utilizing the full and surrogate (Jet A POSF 4658 2nd generation) description
presented in [12,16]. Initial droplet diameter = 100µm, ambient temperature is 800K, initial droplet temperature = 298 K
and ambient pressure = 1 bar
Figure 2 shows reasonable agreement between experimental data and the proposed method for evaporation calculations.
Further relaxation of assumptions is possible and since Jet-A predominantly consists of non-polar molecules, the same simulation was run with both non-ideal and ideal model, the latter just assumes an activity coefficient of 1 for every component.
An error of 0.8% was observed in the evaporation time for the same case. Thus, it is suggested that an ideal evaporation
model be used when computational cost is a constraint.

Figure 3: Comparison between
JP-8 experimental evaporation[2] and computational results from group contribution
using ideal evaporation. Initial
droplet diameter = 639µm,
ambient temperature = 298K,
initial droplet temperature =
298 K, ambient pressure = 1
bar, relative velocity =
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Figure 4: Computational results for 3-component gasoline evaporation surrogate[11] from group contribution using ideal
evaporation with 3-quasicomponent model data [11]. Initial droplet diameter = 20µm, ambient temperature = 450K, initial
droplet temperature = 298 K, ambient pressure = 3 bar, relative velocity = 10m/s

Outreach Efforts
N/A

Awards
N/A

Student Involvement
N/A

Publications
P. Govindaraju, Q. Wang, and M. Ihme, Multicomponent Droplet Evaporation using Group Contribution Methods with Application to Fuel Blends, presented at 9th U. S. National Combustion Meeting Organized by the Central States Section of the
Combustion Institute, May 17-20, 2015, Cincinnati, Ohio.
P. C. Ma, M. B. Nik, S. E. Carbajal, M. Ihme, T. Buschhagen, S. V. Naik, J. P. Gore, R. P. Lucht, “Large-Eddy Simulations of
Fuel Injection and Atomization of a Hybrid Air-Blast Atomizer.” To be presented at AIAA SciTech Meeting, San Diego, January 2015.
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Project 030 National Jet Fuels Combustion Program – Area #6:
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Dayton, OH 45469
937- 785-5349
Steven.Zabarnick@udri.udayton.edu

University Participants
University of Dayton
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University of Dayton Research Institute
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1.

Referee Swirl-Stabilized Combustor Evaluation and Support.

University of Illinois at Urbana-Champaign
•
P.I.: Tonghun Lee
•
Associate Professor
Mechanical Science & Engineering
•
FAA Award Number: 11757359
•
Period of Performance: December 1, 2014 to November 30, 2015
•
Task(s):
1. Optimize and apply laser diagnostics for application in the Referee Combustor.

Project Funding Level
University of Dayton:
Funding Level: $209,949.00
Cost Share: NRC Canada
University of Illinois at Urbana-Champaign:
Funding Level: $140K
Cost Share: In-kind academic time of the PI, Lab renovation cost by department for diagnostics work

Investigation Team
University of Dayton
•
•
•
•
•

Dr. Steve Zabarnick- Team Leader
Dr. Scott Stouffer- Referee Combustor Lead Engineer
Dr. Matt Dewitt- Lead for Emissions
Tyler Hendershott- Referee Combustor Engineer
Jeff Monfort- Graduate Student- Thermo-Acoustics Research Engineer

University of Illinois at Urbana-Champaign
•
•
•

Eric Mayhew -Graduate Student-Execution of laser and optical diagnostics.
Rajavasanth Rajasegar -Graduate Student-Optimization of laser diagnostics strategy.
Stephen Hammack -Graduate Student-Execution of laser and optical diagnostics

Project Overview
This project will develop, conduct, and analyze combustion experiments for alternative jet fuels in the National Jet Fuel
Combustion Program’s referee combustor.
The effort involves rig testing of combustion parameters as well as implementation of advanced laser and optical
measurements in the referee combustor to provide insight into details of the combustion process and provide data for new
predictive combustion models under ASCENT Project 028. The goal of this research is to simplify alternative fuel
certification procedures by reducing the need for full-scale engine testing. It is part of the National Jet Fuels Combustion
Program and will satisfy Area #6, Referee Swirl-Stabilized Combustor Evaluation and Support.

Task 1: Referee Swirl-Stabilized Combustor Evaluation and Support
University of Dayton

Objective(s)
The main objective of this work is to work with AFRL, the OEM rig committee, and the other team areas of the NJFCP to
obtain and interpret the combustor operability for alternative fuels. Specific operational characteristics examined include
lean blowout (LBO), combustor stability, and ignition. One of the major purposes of this initial phase was to determine if
the facility could be used to determine differences in the operational characteristics between different fuels. In addition to
these overall measurements we will also acquire, in cooperation with University of Illinois at Urbana-Champaign, high
quality optical diagnostic measurements, which will be passed on to the modeling groups within the NJFCP
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Research Approach
Initial Shakedown of the referee combustor rig
The referee combustor is located at the Air Force Research Laboratory (AFRL). The referee combustor is shown in operation
in Figure 1. The combustor incorporates many of the features of current state of the art combustor including a realistic
swirler and two stage nozzle, dilution holes, and effusion cooling. At the start of the project the referee combustor had
just become operational. We worked in collaboration with the OEM rig committee of the NJFCP to identify means for
improving the combustor, combustor facility, and test methods for lean blowout tests. As a result of these collaborative
efforts many improvements were made to the referee rig including:
1. Improvements in the air temperature, fuel temperature, and back pressure control.
2. Automatic control of fuel ramping rate during LBO experiments.
3. Improvements in light off and flameout detection.
4. Refinements to the dome cooling.

Figure1. Referee combustor during operation.

For the lean blowout experiments a method based on the use of syringe pumps was used to improve the fuel control.
Figure 2 shows the fuel flow rate vs time for three successive tests. The close control of fuel flow rate was an essential
element of the improvement of the LBO results.
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Figure 2. Fuel Ramping Employed during LBO Experiments
During this phase of the experiments we also characterized the acoustic response of the combustor and it was determined
that acoustics coupling with the facility was not a factor near lean blowout.
An initial series of LBO experiments was conducted for the fuels. The experiments were showed significant differences in
the ignition characteristics of some of the fuels. Differences in the LBO characteristics of the system were not seen during
the initial experiments. Further refinements were made on the fuel system which resulted in greatly reduced scatter in the
LBO measurements, allowing fuel effects to be seen in the LBO experiments.
We also conducted cold flow experiments of the measurements of the effective areas of the combustor parts (dilution jets,
effusion cooling holes, swirler passages), and passed this data onto the modeling groups.
LBO measurements and Optical Diagnostic measurements
With the refinements in the fuel system completed we determined LBO data for the down selected fuels. We also worked
with the University of Illinois and the AFRL team to obtain temperature measurements, high speed images, shadowgraph
images, and chemiluminescence of the OH*, C 2 * and CH*.

Milestone(s)
Proposed (3 months): During the first quarter we will transition geometry to the modeling teams.
Achieved: The combustor design information transferred to the modeling teams
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Proposed (6 months): During the second quarter we will finish the shake-down and characterization experiments for the
facility.
Achieved: Initial shakedown experiments were completed with the fuels.
Proposed (9 months): Conduct Lean blowout experiments and begin diagnostics experiments
Achieved: Lean Blowout experiments conducted and optical diagnostics experiments started
Proposed (12 months): Finish initial phase of optical diagnostics experiments
Achieved: In progress to transition all data to modelers.

Major Accomplishments
After refinement of the rig we conducted LBO experiments on the pilot nozzle circuit for the downselected fuels. The
shakedown phase of this experiment resulted in improvements in test methods and reduction of data scatter. Figure 3
shows the overall equivalence ratio at lean blowout for the experiment at the experiment at 3%. The results clearly show
differences in the lean blowout point between the C-1 and the other three fuels. The results show that the referee rig and
combustor is sensitive enough to show fuel effects on LBO.

Figure 3. Lean Blowout Data measured at dome ∆P =3%, T air = 250°F, T fuel = 120°F
During the LBO measurement campaign we discovered differences in ignition characteristics of the fuels. A detailed ignition
experiment was not attempted yet the differences in the ignition characteristics between the different fuels were evident, as
shown in Figure 4. Note that the ignition data was acquired at elevated temperatures (T air = 250°F, T fuel = 120°F) yet even at
these elevated temperatures we see the differences between the different fuels. It is expected that follow on experiments
to be conducted at low fuel temperatures will show even more pronounced fuel effects on the ignition characteristics.
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Figure 4. Ignition characteristics measured at T air = 250 F, T fuel = 120 F, P = 2 atm, Dome ∆P = 3%.
Optical experiments were also conducted in cooperation with University of Illinois at Urbana-Champaign, and AFRL. The
results from these experiments will be discussed in the next task.

Publications
None

Outreach Efforts
Poster Presentation:
Edwin Corporan, Scott Stouffer, Tyler Hendershott, Chris Klingshirn, Matt Dewitt, Steve Zabarnick, Craig Neuroth, Dale
Shouse, Jacob Diemer, “Initial Studies of Fuel Impacts on Combustor Operability and Emissions at the Air Force Research
Laboratory”, IASH 2015, the 14TH International Symposium on Stability, Handling, and Use of Liquid Fuels, Charleston,
South Carolina USA, 4-8 October 2015

Awards
None

Student Involvement
Jeff Monfort – University of Dayton Ph.D. Candidate
Research – Acoustic analysis of the Referee combustor
Graduated in Aug 2015 with Ph.D. in Mechanical Engineering
Currently employed by University of Dayton

Plans for Next Period
Plans for the next year include more refined ignition experiments with cold fuel. We will also be developing the cold air
and low pressure (altitude simulation) capability for future experiments. The LBO characteristics of the fuels will also be
explored on the main circuit of the nozzle.
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Task 1 – Optimize and apply laser and optical diagnostics for application
in the Referee Combustor
University of Illinois at Urbana-Champaign

Objective(s)
The main objectives of the work in this proposal are to work with UDRI and AFRL in carrying out diagnostics measurements
for the referee combustor. The following tasks will guide this collaboration:
•
Identify the operating conditions and key parameters for detection in the referee combustor
•
Evaluate and modify the referee combustor at AFRL for laser and optical diagnostics
•
Design laser and optical diagnostics setup and assist in the fuel screening process
•
Analyze data and pass on data to modeling groups in combustion program

Research Approach
Diagnostics Optimization and Setup
The main goal here is the development of multi-phase high-speed diagnostics using 2D imaging to understand the
combustion instabilities at the operational boundaries and flame dynamics. The goal will be to apply selected measurements
from PLIF, PIV, and/or chemiluminescence (10 to 50 kHz). Additional high fidelity measurements from AFRL may be
integrated with our efforts. In both PLIF and PIV, we will look to target OH and CH radicals in the flame. When required, we
may employ high power low repetition PLIF measurements to look at various other flame properties such as nitric oxide
generation (226 nm, Nd:YAG pumped dye laser) and/or formaldehyde (355 nm, Nd:YAG laser). For high speed
chemiluminescence measurements, we plan to utilize a series of high speed intensified cameras around the referee
combustor. For the high PLIF measurements, we plan to first utilize a conventional 10 Hz PLIF laser system and ultimately
move to a high speed dye laser (Sirah) pumped by a high speed diode pumped Nd:YAG (Edgewave). AFRL is in possession of
a 200 W Edgewave system which may be deployed for the studies. Energy per laser pulse at these conditions maybe small
(~30 µJ/pulse) and light collection from the PLIF will be enhanced using a f/1.8 UV lens from Cerco.
Quantification of the LIF Signal and Light Sheet Integration
To ensure that the signal is fully quantified, we set out to build and calibrate a small scale flat flame burner for use in the
referee rig. The combustor will be fully calibrated at Illinois using a combination of laser absorption and multi-line nitric
oxide LIF thermometry. By calibrating the intensity of the setup with the flat flame combustor, we can assess first order
values for concentration of radical concentrations in the flame. One critical issue in the referee combustor is to insert a light
sheet into the combustion chamber itself as there as only side windows for detection and no top view or bottom view window
for propagation of the laser sheet.

Milestone(s)
Proposed (3 Month): At the 3 month mark, we will conclude the analysis of the experimental setup and start to modify the
optical access of the referee combustor. Simultaneously, we will pursue development of the diagnostics with AFRL.
Achieved: Design of the laser setup complete and fabrication of calibration torch started. Construction on a mockup of the
referee combustor begins at Illinois to test out the laser sheet feasibility.
Proposed (6 Month): At the 6 month mark, we should be well into building the experimental setup and modification of the
referee combustor for optical access. We should also have made considerable progress in optimization of the CH PLIF strategy
in the laboratory as well as commenced in the development of 50 kHz PLIF of OH for deployment in the referee combustor.
Preliminary fuel screening measurements using high speed chemiluminescence will be carried out during this phase.
Achieved: CH PLIF is demonstrated at AFRL in a separate lab and is ready for deployment. 50 kHz OH PLIF is also ready for
deployment. Measurement plans are pushed back slightly to accommodate for fuel screening in the referee combustor.
Design of a multi-species chemiluminescence and shadowgraph setup commences.
Proposed (9 Month): At the 9 month mark, we should have completed the combustor optical access modifications and also
conducted an initial shakedown of the tests. The diagnostics setup should also be completed and tested. We will start to
share diagnostics data with other groups, notably 2, 4, and 6.
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Achieved: Chemiluminescence measurements of C 2 , OH and CH along with shadowgraph measurements of the fuel spray in
a cold flow are completed.
Proposed (12 Month): At the 12 month mark, we should have obtained an initial set of data for the 10 Hz OH PLIF. Depending
on the progress we may also have some preliminary data set for 10 and/or 50 kHz OH PLIF. We should be fully prepared to
implement high speed PLIF measurements for year 2.
Achieved: Data analysis of the chemiluminescence measurements to begin. Test of the light sheet insertion in the referee
combustor to begin.

Major Accomplishments
During July 2015, 10 kHz shadowgraph was implemented on the Area 6 referee rig with the primary objective of obtaining
the fuel spray cone angle. Shadowgraph images were taken of steady state combustion for each of the C-1, C-5, and A-2
fuels over a range of equivalence ratios. For the C-1 fuel, the equivalence ratios tested were: 0.1, 0.098, 0.096, and 0.095.
For the C-5 and A-2 fuels, the equivalence ratios tested were: 0.1, 0.098, 0.096, 0.095, 0.0925, 0.09, and 0.0875. All of
the data was taken with an air temperature of 250 °F, fuel temperature of 120 °F, combustor pressure of 30 psia, and a ΔP
of 3%. Fuel spray tests were also conducted without combustion over the same range of equivalence ratios; a
representative set of shadowgraph images of the fuel spray tests are shown in Figure 1. The images taken are currently
being processed to obtain spray cone angle and RMS intensity along the centerline and at the edge of the spray.

Figure 1 Sample shadowgraph images of an A-2 fuel spray test
During the same measurement campaign, 10 kHz OH*, CH*, and C 2 * chemiluminescence images were taken at the same
combustion conditions as the shadowgraph images described above. The chemiluminescence was captured using a
Photron SA-5 intensified with a LaVision High Speed IRO with a Cerco f/2.8 UV lens. The OH* chemiluminescence was
captured by using a Semrock Brightline 320/40 bandpass filter, the CH* chemiluminescence was captured using a Semrock
Brightline 427/10 bandpass filter, and the C 2 * chemiluminescence was captured using a Semrock Brightline 494/20
bandpass filter. The white vertical stripe shows sooting on the windows of the combustor during these runs, showing the
difficulties of running in an actual combustor with real kerosene fuels.
Through discussions in the diagnostics subcommittee, several aspects of the data will be analyzed and transferred over to
the modeling groups in the first pass. These include the angle of the spray as shown by the cold shadowgraph images as
well as the OH* and CH* chemiluminescence signals. Additionally, we will provide contours of the OH generated in the
flame as well as some relative intensities between the various chemiluminescence signals. This type of data will enable the
modeling teams to anchor their models and in particular to ensure that the flow characteristics of their simulations are
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accurate. All the information will be placed on a grid system so that the PIs can ensure that their computations are to scale.
Sample images of OH*, CH* and C 2 * are shown in Figure 2.

Figure 2 Representative averaged chemiluminescence images of OH*, CH*, and C 2 * of the C-5 fuel at an equivalence
ratio of 0.096
In addition to the analysis of the data, significant effort was made to develop a method of inserting a laser sheet into the
referee combustor using optical engineering. As noted above, the referee combustor does not have top or bottom windows
for inserting a laser beam and therefore require creative means for both pitching of the laser sheet into the combustor as
well as detection. Several methods were proposed and two are shown in Figure 3. During this year, a mockup SLA of the
referee combustor was constructed at Illinois and these light sheet integration methods were tested. They are expected to
be integrated into the actual referee combustor in the following years.

Figure 3 Methods of light sheet integration to the referee combustor. Left side shows a sheimpflug setup coupled with a
reflected beam while the right shows the rapid expansion of a single beam.

Publications
None

Outreach Efforts
None
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Awards
None

Student Involvement
Three graduate students (listed above) have participated in this project on a rotational basis to address various aspects of
the project. Rajavasanth designed and fabricated the calibration burner to be used in the referee combustor, and
conducted experiments to determine the actual concentration of radical concentrations in the flame. Two other students
(Stephen Hammack and Eric Mayhew) made multiple trips to AFRL to make test measurements in the high shear
combustor. This included assisting in the setup of the laser and optics as well as participating in the actual measurements.

Plans for Next Period
In year II of the NJFCP, an effort will be made to fully integrate the laser sheet in the referee combustor. We also expect to
continue assisting in their effort to take images in the referee combustor and analyze the data. The high speed laser
systems are already at AFRL and will be ready for deployment when we can find a window of run time in the referee
combustor. Finally, we will assist with quantification of the referee combustor using the calibration torch built for this
project at the University of Illinois.
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Project 031(A) Alternative Jet Fuel Test and Evaluation
University of Dayton
Project Lead Investigator
Steven Zabarnick
Division Head
Energy & Environmental Engineering Division
University of Dayton Research Institute
300 College Park, Dayton, OH 45469-0043
937-255-3549
Steven.Zabarnick@udri.udayton.edu

University Participants
University of Dayton Research Institute
•
P.I.(s): Steven Zabarnick, Division Head
•
FAA Award Number: 13-C-AJFE-UD
•
Period of Performance: April 8, 2015 to March 14, 2016
•
Task(s):
1. Evaluate candidate alternative fuels for their performance via the ASTM D4054 approval process

Project Funding Level
Funding level: $400,000
Cost share: to be obtained from fuel suppliers

Investigation Team
Matthew DeWitt, low temperature and combustion emissions properties
Richard Striebich, fuel chemical analysis and composition
Linda Shafer, fuel chemical analysis and composition
John Graham, fuel seal swell and materials compatibility
Zachary West, fuel properties

Project Overview
Alternative jet fuels offer potential benefits of reducing global environmental impacts, achieving national energy security,
and stabilizing fuel costs for the aviation industry. The Federal Aviation Administration is committed to the advancement
of “drop in” alternative fuels and has set the aspirational goal of enabling the use of 1 billion gallons annually by 2018.
Successful adoption of alternative fuels requires approval for use of the fuel by the aviation community followed by large
scale production of a fuel that is cost competitive and meets safety standards of conventional jet fuel. Alternative jet fuels
must undergo rigorous testing in order to become qualified for use and incorporated into ASTM International
Specifications.
Cost effective and coordinated performance testing capability (in accordance with ASTM D4054) to support evaluation of
promising alternative jet fuels is needed. The objective of this project is to provide capability to conduct the necessary
work to support alternative jet fuel evaluation of either a) to-be-determined fuel(s) that will be selected in coordination with
the FAA, or b) a fuel test and evaluation project with a specific fuel(s) in mind.
The proposed program should provide the following capabilities:
•
Identify alternative jet fuels (which may include blends with conventional jet fuel) to be tested and that have the
potential to be economically viable and support FAA’s NextGen environmental goals.
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•
•
•
•
•

Perform engine, component, rig, or laboratory tests, or any combination thereof, to evaluate the performance of
an alternative jet fuel in accordance with ASTM International standard practice D4054.
Identify and conduct unique testing beyond that defined in ASTM International standard practice D4054 necessary
to support evaluation of alternative jet fuels for inclusion in ASTM International jet fuel specifications.
Obtain data for baseline and alternative jet fuels to demonstrate any effects of the alternative jet fuel on aircraft
performance, maintenance requirements, and reliability.
Coordinate effort with activities sponsored by Department of Defense and/or other government parties that may
be supporting relevant work.
Report relevant performance data of the alternative fuels tested including a quantification of the effects of the
alternative fuel on aircraft and/or engine performance and on air quality emissions relative to conventional jet fuel.
Reported data will be shared with both the FAA (NJFCP) and the broader community (e.g. ASTM International) and
with ASCENT COE Program 33 “Alternative Fuels Test Database Library.”

Task 1- Evaluate candidate alternative fuels for their performance via the
ASTM D4054 approval process
University of Dayton Research Institute

Objective(s)
Cost effective and coordinated performance testing capability (in accordance with ASTM D4054) to support evaluation of
promising alternative jet fuels is needed. The objective of this project is to provide capability to conduct the necessary
work to support alternative jet fuel evaluation of either a) to-be-determined fuel(s) that will be selected in coordination with
the FAA, or b) a fuel test and evaluation project with a specific fuel(s) in mind.

Research Approach
The intent of this program is to provide the capability of performing specification and fit-for-purpose (FFP) evaluations of
candidate alternative fuels towards providing a pathway forward through the ASTM D4054 approval process. The UDRI
team possesses the capability of performing a large of number of these evaluations, and we are prepared to work with
other organizations such as SwRI and engine OEM’s, as needed, for their unique test capabilities. These include additional
engine, APU, component, and rig evaluations. The UDRI testing capabilities cover our efforts at the laboratories of the
Fuels Branch of AFRL and at our campus laboratory facilities.
Appendix A is an example Technical Memorandum from 2012 prepared by UDRI for AFRL on two biofuels and a biofuel
blend. This is an example of the type of information that UDRI has generated, analyzed and compiled for AFRL over the
years. GCxGC chromatograms are also supplied to show compositional differences in a graphical format, see Figure 1.

Figure 1. Example GCxGC chromatogram of a biofuel (LanzaTech PNNL).
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The following are examples of the evaluations that UDRI is able to provide:
Tier I
1.
2.
3.
4.
5.
6.
7.
8.

Thermal Stability (Quartz Crystal Microbalance)
Freeze Point (ASTM D5972)
Distillation (ASTM D 86)
Hydrocarbon Range (ASTM D6379 & D2425)
Heat of Combustion (ASTM D 4809)
Density, API Gravity (ASTM D 4052)
Flash Point (ASTM D 93)
Aromatics (ASTM D 1319)

Tier II
1. Color, Saybolt (ASTM D 156 or D 6045)
2. Total acid number (ASTM D 3242)
3. Aromatics, (ASTM D 1319 & ASTM D 6379)
4. Sulfur (ASTM D 2622)
5. Sulfur mercaptan (ASTM D 3227)
6. Distillation temperature (ASTM D 86)
7. Flash point (ASTM D 56, D 93, or D 3828)
8. Density (ASTM D 1298 or D 4052)
9. Freezing point (ASTM D 2386, D 5972, D 7153, or d 7154)
10. Viscosity, at -20°C, (ASTM D 445)
11. Net heat of combustion (ASTM D 4809)
12. Hydrogen content (ASTM D 3343 or D 3701)
13. Smoke point (ASTM D 1322)
14. Naphthalenes (ASTM D 1840)
15. Calculated cetane index (ASTM D 976 or D4737)
16. Copper strip corrosion (ASTM D 130)
17. Existent gum (ASTM D 381)
18. Particulate matter (ASTM D 2276 or D 5452)
19. Filtration time (MIL-DTL-83133F Appendix B)
20. Water reaction interface rating (ASTM D 1094)
21. Electrical conductivity (ASTM D 2624)
22. Standard Test Method for Thermal Oxidation Stability of Aviation Turbine Fuels (ASTM D3241)
Extended Physical and Chemical Characterization
1. Lubricity Evaluation- BOCLE test (ASTM D 5001)
2. Low Temperature Properties – Scanning Brookfield Viscosity
3. Detect, quantify, and/or identify polar species - Analyze as necessary
4. Detect, quantify and/or identify dissolved metals - Analyze as necessary
5. Initial Material Compatibility Evaluation – Perform optical dilatometry and Partition Coefficient Measurements to
determine the fuel-effected swell and the fuel solvency in 3 O-ring materials (nitrile, fluorosilicone and
fluorocarbon) and up to 2 additional fuel system materials
6. Experimental Thermal Stability Evaluation – Quartz Crystal Microbalance – Measure thermal deposit tendencies
and oxidation profile at elevated temperatures
7. Viscosity versus Temperature – (ASTM D 445) determination of the fuels viscosity at 40°C and -40°C to assess
the fuel’s viscosity’s variation with temperature
In addition to the above physical and chemical fuel evaluation capabilities, UDRI also has extensive experience in
evaluation of microbial growth in petroleum-derived and alternative fuels. These evaluations include standard lab culturing
and colony counting methods, as well as advanced techniques such as quantitative polymerase chain reaction (QPCR) and
metagenomic sequencing. These methods allow the quantitative measurement of microbial growth rates in candidate
alternative fuels in comparison with petroleum fuels.
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UDRI also has extensive experience in evaluation of elastomer degradation upon exposure to candidate alternative fuels.
Various methods are used to evaluate seal swell and o-ring fixture leakage, including: optical dilatometry, measurement of
sealing pressure, fuel partitioning into elastomer, and a pressurized temperature controlled o-ring test device.
UDRI is also able to perform fuel-material compatibility testing using the D4054 procedures for fuel soak testing, postexposure non-metallic and metal materials tests, and surface and microstructural evaluation. Testing of both 68 “short-list”
materials and the complete 255 materials list can be performed.

Milestone(s)
The schedule for this project is dependent upon receipt of alternative fuel candidates for testing. As candidate fuels are
received a schedule of testing will be coordinated with the FAA and collaborators. Our existing relationships with these
organizations will help expedite this process.

Major Accomplishments
Initial measurements have been performed for the first candidate jet fuel. The data are currently being compiled.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
None

Plans for Next Period
Evaluations for the initial candidate fuel continue. Decisions will be made on the extent of future testing on this fuel
through collaboration with FAA and AFRL.
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Project 31(B) Effect of Residual Oxygenated Functional
Groups on the Behavior of Alternative Jet Fuel Properties
Washington State University, University of Washington
Project Lead Investigator:
Manuel Garcia-Perez
Associate Professor
Biological Systems Engineering
Washington State University
LJ Smith, Room 205, PO Box 646120
Pullman, WA 99164-6120
509-335-7758
Email: mgarcia-perez@wsu.edu

University Participants
Washington State University
•
P.I.(s): Manuel Garcia-Perez
•
FAA Award Number: 13CAJFEWaSU-004
•
Period of Performance: March 1st, 2015to February 29, 2016
•
Task(s):
1. AJF sample collection
2. Identification of the nature and quantity of residual oxygenated compounds in selected AJFs under ASTM
consideration
3. Preparation of surrogate blends and evaluation of the effect of five most important oxygenated
compounds identified on the fuel properties of AJFs.
4. Literature review to identify characterization strategies for the fast identification and quantification of the
residual oxygenated compounds in AJFs
5. Final Report
University of Washington
•
P.I.(s): John Kramlich, Philip Malte
•
FAA Award Number: 13CAJFE-UW-003
•
Period of Performance: March 1st, 2015 to February 29, 2016
6. AJF sample collection
7. Determination of lean blow out limit, NOx and sooting threshold
8. Final Report

Project Funding Level
Washington State University: Amount of funding from the FAA ($ 49,998), Matching funds ($ 55,000), Source: State
Funds (from Dr. Cavalieri’s program), departmental funds to purchase analytical equipment and Dr. Garcia-Perez’s salary.
University of Washington: Amount of funding from the FAA ($ 29,997), Matching funds ($30,002), Source: State funds
from salaries of Profs. Kramlich and Malte

Investigation Team

430

Washington State University:
Yinglei Han (PhD student): Development of analytical techniques for the identification and quantification of
oxygenated compounds in jet fuels
Anamaria Paiva (MSc student): Analysis of chemical composition and fuel properties of alternative jet fuels
Manuel Garcia-Perez (Associate Professor): Principal Investigator, project management and reporting
University of Washington:
Arshiya Hoseyni (PhD student): Determination of the combustion properties of the oxygenated fuels: lean blowout,
NOx emissions, and soot point
Philip Malte (Professor): Experimental supervision and data interpretation
John Kramlich (Professor): Principal Investigator, project management, experimental supervision and data
interpretation

Project Overview
By 2050 the International Air Transportation Association (IATA) aims to reduce the net CO 2 production by 50 % compared
with the 2005 levels (Hileman et al. 2013). The large scale production of alternative jet fuels could achieve this goal while
improving national energy security, and helping to stabilize fuel costs for the aviation industry. The goal of the Federal
Aviation Administration (FAA) is to contribute to catalyze the production of 1 billion gallons of “drop in fuels” by 2018.
Today there are three technologies approved by ASTM (ASTM D7566) to produce AJFs (Brown 2013): (1) Hydro-processed
Ester and Fatty Acid (HEFA) (Pealson 2011, 2013, Malina 2012, Seber et al. 2014), (2) Fischer Tropsch (FT) (Malina 2012,
Henrich 2007, 2009, Spath et al. 2005, Wright 2008, Swanson et al. 2010, Marano and Ciferno 2001), and (3) Direct Sugars
to Hydrocarbons (DSHC | Amyris) (Total-Amarys, 2012) (http://www.astmnewsroom.org/default.aspx?pageid=3463).
Currently, (4) Alcohol to Jet (ATJ | Gevo) (Johnston 2013, GEVO 2012) is under consideration and is expected to be balloted
in 2014 (http://www.iata.org/pressroom/facts_figures/fact_sheets/pages/alt-fuels.aspx). Another four additional pathways
are under various stages of the ASTM evaluation process: (5) Hydrotreated depolymerized cellulosic jet (HDCJ | UOP, Kior)
(Wildschut et al. 2009, French et al. 2010, Ringer et al. 2006, Jones et al. 2009, Elliott 2010), (6) Synthesized Kerosene
containing aromatics (SKA | UOP), (7) Synthetic Kerosene and Synthetic Aromatic Kerosene (SK&SAK | Virent), and (8)
Catalytic hydro-thermolysis (CH | ARA (ARA 2011).
Each of the fuels that will be produced by these alternative pathways must undergo rigorous testing to meet ASTM
International specifications (ASTM D4054-09, D7566-14a) (Appadoo 2009). Of particular interest, the presence of residual
oxygenated functional groups in alternative jet fuels (AJF) could negatively or positively impact some of the properties of
AJFs (Balster et al. 2006). Most of the pathways currently studied to produce AJF rely on a final de-oxygenation step via
hydrotreatment. Under certain circumstances (catalyst deactivation, changes in the composition of the feedstock,
operational problems), the de-oxygenation efficiency might decrease and some residual oxygenated compounds will
remain in the product fuel (Christrensen et al. 2011). Although it is possible that some fuels with low contents of oxygen
residual oxygen could pass existing ASTM standards, others will not. The difference in the behavior of fuels with residual
oxygenated compounds can be related to the content and nature of these molecules. The identification of undesirable
oxygenated functional groups and their acceptable limits is critical to the aviation industry to develop new standards and
assist the AJF producers to develop strategies to avoid the formation of undesirable compounds.

Tasks
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Task 1. AJF samples Collection
Leading University: Washington State University and University of Washington

Objective(s): Collect the samples that will be studied in this project
Research Approach: In total 14 samples were received at WSU.
Profs. Kramlich and Malte shipped WSU 200 mls of the following AJFs: (1) Gevo, (2) FT coal, (3) FT methane, (4) HEFA
Tallow and (5) HEFA Camelina (6) JP5 (7) JP8.
Dr. Tim Edwards from the Air Force Research Laboratory (AFRL) shipped WSU 200 mls of the following AJFs: (8) Gevo (9)
Amyris Renewable Diesel, (10) ReadiJet (ARA Jet), (11) HEFA Camelina and (12) HDCJ from Kior and (13) 10 gallons of Shell
Commercial jet fuel.
Mr. Brice Dally (R&D Manager Virent) very kindly shipped 200 mL of the following AJFs for analysis: (14) Synthetic kerosene
(SK) and (15) Synthetic Aromatic Kerosene (SAK)

Milestone(s)
All the samples were received at WSU

Major Accomplishments
All the samples were received and are being studied at this time.

Publications
None

Outreach Efforts
Presentation at ASCENT workshops

Awards
None

Student Involvement
A PhD student Yinglei Han travelled to the University of Washington to collect the samples.

Task 2. Identification of the nature and quality of residual oxygenated compounds in
selected AJFs under ASTM consideration
Washington State University

Objective(s)
Identification of the nature and the content of the oxygenated compounds present in the AJF received from UW and from
the AFRL.

Research Approach
WSU researchers will identify the oxygenated compounds present in the AJF received from UW and from the AFRL using the
SEP-HPLC-GC/MS method proposed by Balster et al (2006). The content of carbonyl groups will be determined with 2,4
dinitrophenylhydrazine according with the ASTM E411-12 standard. The HPLC and GC/MS for the identification and
quantification of residual oxygenated compounds in AJFs and the spectrophotometer needed to determine the content of
carbonyl groups are available at LJ Smith Analytical Lab.
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Milestone(s)
The nature of the oxygenated compounds in the AJF received has been identified using the SEP-HPLC-GC/MS method
proposed by Balster et al (2006). We are currently purchasing the standards to quantify the content of these compounds.
The content of carbonyl groups and total acid number of all the oils received have been quantified.

Major Accomplishments
The nature of the oxygenated compounds in each of the AJFs have been identified by the method proposed by Balster et al
(2006). We are currently purchasing the standards to quantify these compounds. The overall content of carbonyl
compounds and the total acid number of all the AJFs received have been measured. Complementary to the work of this
project and as part of the MSc thesis of Anamaria Paiva we have also studied other fuel properties (Overall composition by
GC/MS, water content, clouding point by DSC, Flash point, equilibrium water and kinematic viscosity). A few days ago we
purchased a calorimetric bomb and a tensiometer to part of our growing Jet Fuel characterization lab. These instruments
will be used in the analysis of the AJFs studied in this project.

Publications
None

Outreach Efforts
Presentations at ASCENT workshops.

Awards
None

Student Involvement
Two graduate students (Yinglei Han and Anamaria Paiva) worked on this task.

Task 3. Preparation of surrogate blends and evaluation of the effect of the five most
important oxygenated compounds identified on the fuel properties of AJFs
Washington State University

Objective(s): Identification of the effect of oxygenated found in alternative Jet Fuels on their fuel properties.
Research Approach: The WSU researchers were initially planning to purchase standards of the five oxygenated
compounds most commonly identified in AJFs. However, due to the limited amount of commercial jet fuel available to
prepare surrogate blends we decided to reduce our study to three of the oxygenated molecules identified in the previous
task (Phytol, 2-methyl Phenol, Ethanol, 2-methoxy-ethoxy). We prepared blends containing 0, 0.01, 0.1, 1.0, 2.0 and 5.0
wt. % of these oxygenated compounds with the commercial jet fuel received from the Air Force Research Lab.
The effect of the three oxygenated compounds chosen on selected fuel properties of a conventional jet fuel were
measured. The water solubility characteristics (equilibrium water) was measured following a method described elsewhere
(Lam et al. 2014). The water content of the AJFs was determined with a Coulometric Karl Fischer Titrator available at our
Analytical Lab. The TAN number (an indicator of acidity) was measured following the method described elsewhere
(Christensen et al. 2011) using a potentiometric titrator (Wu et al. 2014) also available at LJ Smith Analytical Lab. The Flash
point was determined by the Pensky-Martens Closed Cup Tester following the ASTM D93-13e1 standard. The kinematic
viscosity was measured following by ASTM D445 standard. The heating baths and the Cannon-Fenske viscometers needed
for this study were purchased with funds requested from this project. The cloud point of the blends were measured by
differential scanning calorimetry (DSC) using the method described elsewhere (Heino et al. 1987, Zabarnick and Widmor
2001, Widmor et al. 2003).
We recently purchased a tensiometer (with matching funds from Biological Systems Engineering) and a calorimetric bomb
(with funds from the FAA and matching funds from Biological Systems Engineering) that will be soon used to characterize
the fuel properties of the fuels. These two instruments will be part of our fuel characterization lab.
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We do not have installations to conduct the JFTOT procedure in our labs so were planning to assess the effect of
oxygenated compounds on the thermal stability of the surrogate jet fuel blends following the method described by Dunn
(2005) and Garcia-Perez et al. (2010). We encountered some problems with the implementation of this method in our
DSCs, so we are now developing a new method to study jet fuel thermal stability in our lab.
We are planning to study the effect of oxygenated compounds on the growth of two microorganisms typically found in jet
fuels (pseudomona aeruginosa and cladosporium resinae). The studies will be carried out over 3 to 4 months in two-phase
systems containing the surrogate fuels and water following the methods described by Neihof and Bailey (1978).
Three liters of surrogate blends of o-cresol and phytol and three liters of commercial jet fuel were delivered to the
University of Washington team for combustion tests. The surrogate blends contained 1 and 5 wt. % of the oxygenated
compounds (o-cresol and phytol).

Milestone(s)
Surrogate blends of three oxygenated compounds were prepared and several fuel properties of these blends were studied
(carbonyl content, total acid, viscosity, water content, flash point). The instruments to measure surface tension and
calorific value in our labs.

Major Accomplishments
The effect of three oxygenated molecules found on AJFs (Phytol, 2-methyl Phenol and Ethanol, 2-methoxy-ethoxy) on
selected fuel properties of surrogate blends of commercial jet fuels was studied.

Publications
None

Outreach Efforts
Presentations at ASCENT workshops.

Awards
None

Student Involvement
Two graduate students (Yinglei Han and Anamaria Paiva) worked on this task.

Task 4. Determination of lean blow out limit, NOx and sooting threshold
University of Washington

Objective(s)
To identify the effect of oxygenated molecules found in Alternative Jet Fuel on te lean blow out limit, NOx and sooting
threshold of commercial jet fuels.

Research Approach
The surrogate blends prepared at Washington State University were delivered to the University of Washington for further
testing. The UW team will determine for each of the three identified oxygenated compounds the lean blow out limit, the
NOx emission at 1900 K, and the sooting threshold. The blowout and NOx data are obtained in a stirred reactor, while the
sooting threshold is obtained in a laminar premixed burner (Meker). The lean blow out and NOx emissions will be
determined in the jet stirred reactor at the UW Combustion Lab. The UW group has performed extensive testing on JP8,
hydroprocessed biofuels, Fischer-Tropsch fuels, and chemically pure surrogate compounds. These results will be compared
with the UW group’s extensive database on conventional and alternative aviation fuels.

Milestone(s)
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Testing for lean blowout and NOx emissions on several of the baseline fuels and surrogates has been completed.

Major Accomplishments
Blowout data suggest that the variation of oxygen content within expected ranges does not significantly change the lean
blowout point. Testing with higher oxygen contents is planned to show where the threshold does exist. Variations in NOx
emissions were noted, and the data are being interpreted by chemical kinetic models to identify the reasons for the
variation in emissions.

Publications
None.

Outreach Efforts
Presentation at ASCENT workshops

Awards
None.

Student Involvement
Arshiya Hoseyni is operating all the experimental combustion work, consisting of lean blowout tests, NOx emissions tests,
and soot threshold measurements. She is interpreting the data as part of her PhD dissertation.

Task 5. Literature review to identify characterization strategies for the fast
identification and quantification of the residual oxygenated compounds in AJFs
Washington State University

Objective(s)
Literature review on methods for the identification and quantification of oxygenated compounds in alternative jet fuels.

Research Approach
The team at Washington State University will conduct a literature review on potential fast methods (or sensors) to identify
the presence of the undesirable oxygenated compounds identified in the previous tasks. The goal of this review is to
contribute to develop in the future on-line real time system for the identification of these compounds in AJs.

Milestone(s)
We just started this task.

Major Accomplishments
We just started to work on this task.

Publications
None.

Outreach Efforts
None

Awards
None

Student Involvement
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This task will be conducted by the MSc student Anamaria Paiva.

Plans for Next Period
Task 1. AJF samples Collection
Washington State University and University of Washington
This task has been completed.

Task 2. Identification of the nature and quality of residual oxygenated compounds in
selected AJFs under ASTM consideration
Washington State University
The nature of the oxygenated compounds in all the jet fuel received was identified. In the next period we will work on the
quantification of each of the oxygenated compounds.

Task 3. Preparation of surrogate blends and evaluation of the effect of the five most
important oxygenated compounds identified on the fuel properties of AJFs
Washington State University
We have completed the preparation of surrogate blends with three oxygenated compounds and have determined selected
fuel properties of these blends (viscosity, flash point, carbonyl content, total acid number, water content, water
equilibrium). In the next period we will continue studying the effect of these oxygenated compounds on other properties
(surface tension, calorific value, density, microbial growth and thermal stability).
Three four liter samples of the surrogate jet fuels will be shipped to the Air Force Laboratory for thermal oxidative stability
analysis (JFTOT) analysis.

Task 4. Determination of lean blow out limit, NOx and sooting threshold
University of Washington
All of the samples received will be tested for soot point (Meker burner), and the NOx data will be completed (stirred
reactor). Surrogate fuels to test chemical kinetic hypotheses will be selected, as will samples which are higher in
oxygenates than normal to help data interpretation. The goal is to understand how the various oxygenate groups, at
various concentrations influence behavior.

Task 5. Literature review to identify characterization strategies for the fast
identification and quantification of the residual oxygenated compounds in AJFs
Washington State University
In the next period we plan to complete the literature review on potential methods to identify and characterize oxygenated
compounds in AJFs.
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University Participants
Massachusetts Institute of Technology
•
P.I.(s): Professor Steven Barrett,
•
FAA Award Number: 13-C-AJFE-MIT, Amendment No. 010
•
Period of Performance: December 4, 2014 to September 30, 2016 (reporting with the exception of funding levels
and cost share only for period from December 4, 2014 to August 31, 2015)
•
Task(s):
1. Preliminary global baseline analysis for 2005 and 2020
2. Analysis of changes to the baseline in 2050, assessment of opportunities for reduction in lifecycle GHG
emissions
3. Analysis of world region baseline for recent past and 2020
4. Final report and data handover

Project Funding Level
$150,000 FAA funding and $150,000 matching funds. Sources of match are approximately $39,000 from MIT, plus 3rd
party in-kind contributions of $111,000 from Byogy Renewables, Inc

Investigation Team (all MIT)
Principal Investigator: Prof. Steven Barrett
Co-Investigator: Dr. Robert Malina, Tasks 1-4
Co-Investigator: Dr. Raymond Speth, Tasks 1-4
Dr. Pooya Azadi, Postdoctoral Associate, Tasks 1-4

Project Overview
The total greenhouse gas impact of petroleum-derived fuels includes both direct combustion emissions and the well-topump (WTP) emissions associated with extraction, transportation, and refining of crude oil and transportation of refined
products. In this project, the WTP life cycle emissions of petroleum-derived jet fuel are quantified. The analysis addresses
both temporal and spatial variation in WTP emissions of jet fuel.

Tasks and Plans for Next Period

Task 1: Preliminary global baseline analysis for 2005 and 2020
1.1 Analysis of global portfolio for crude recovery emissions
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1.2. Analysis of global transportation emissions developed
1.3 Analysis of global refinery emissions
1.4 Completion of white paper for use at ICAO steering group meeting
Task 2: Analysis of changes to the baseline in 2050, assessment of opportunities for reduction in lifecycle GHG
emissions
2.1 Assessment of 2050 emissions baseline for jet fuel from petroleum
2.2 Quantification of opportunities for reduction in lifecycle GHG emissions by lifecycle stage
Plans for next period
Task 3: Analysis of world region baseline for recent past and 2020
3.1. Analysis of crude mix profiles by world region
3.2 Analysis of transportation and refinery emission profiles by world region accounting for differences in straightrun and hydroprocessed processing
3.3 Analysis of lifecycle GHG emissions baseline for jet fuel from petroleum by world region
3.4 Refinement of preliminary global baseline using world-region results
Task 4: Final report and data handover
4.1 Completion of white paper on project available for sponsor review
4.2 Data preparation for handover to Argonne National Laboratory for use in GREET model
Objectives
The main objective of this project is to calculate GHG emissions estimates for petroleum jet fuels for the recent past and
for future scenarios in the coming decades. Results will be reported globally and broken out by world regions, and the
impact of changes in future demand for certain petroleum products and of changes in crude properties will be quantified.
Opportunities for reductions in GHG emissions along the supply chain will be estimated.

Research Approach
Background
To date, only a limited number of analyses of GHG emissions for jet fuel from petroleum sources exist, limited to the
United States and generally relying on 2005 data (Skone and Gerdes 2009, Stratton et al. 2012). A recent update to the
Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation Model (GREET) developed and maintained by
Argonne National Laboratory includes more recent data on refining efficiency from a report by Elgowainy et al. (2014), but
is still U.S.-specific, only.
To the best of our knowledge, no baseline value for jet fuel from petroleum has been established in other world regions. In
Europe, for example, baseline values are calculated for diesel fuels from petroleum, but not for jet fuel (JEC 2014).
Moreover, there is no baseline value on a global scale that describes average lifecycle GHG intensity of using jet fuel from
petroleum, either for fuel produced now or for scenarios of projected future petroleum-derived jet fuel use. Existing values
for jet and diesel that are used in the US and the EU are summarized in Figure 1.
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Figure 1: Lifecycle GHG emission values used as baselines in the EU and U.S. (Malina et al. 2014).
This is a particularly important research gap given the ongoing efforts under the Committee on Aviation Environmental
Protection (CAEP) of the International Civil Aviation Organization (ICAO) to include alternative fuels into a global system of
market-based measures, which requires the existence of a petroleum-centric benchmark to compare an alternative fuel to,
so that airlines can receive appropriate monetary credits for using these fuels. Moreover, a baseline is required for current
work under the Alternative Fuels Task Force (AFTF) of ICAO CAEP to estimate the potential contribution of large-scale
alternative jet fuel introduction to mitigating aviation’s climate impact by the year 2050.
Moreover, from a temporal perspective, the crude mix used in refineries changes over time, as do refining and recovery
practices and product slates produced, which might impact on associated lifecycle emissions for jet fuel from petroleum
both globally and within specific world regions. For example, using the most recent update to GREET, average lifecycle
GHG emissions attributable to jet from petroleum in the U.S. are estimated at 85.8 gCO2e per MJ of jet fuel, whereas Skone
and Gerdes (2009) reported 88.0 gCO2e per MJ (Malina et al., 2014).
Methodology
For both conventional and unconventional (e.g., oil sands, shale) petroleum-derived jet fuels, we investigate and quantify
greenhouse gas emissions in all stages of the petroleum-derived jet fuel lifecycle (crude recovery, feedstock transportation,
feedstock-to-fuel conversion, jet fuel transportation, and jet fuel combustion). For the recovery stage, we will build upon
existing analyses on emission profiles for different representative crude types and recovery practices such as the analyses
by Rahman et al. (2014), Bouvart et al. (2013), Garg et al. (2013), Charpentier (2009) and Skone and Gerdes (2009). In case
of missing data for emissions associated with recovery of certain crude types, we approximate them with emissions from
crude types with similar recovery practices.
Data on crude mixes used in the different world regions have been obtained from existing analysis mentioned above and
by data from the International Energy Agency (IEA) and the Energy Information Administration (EIA). This data is necessary
both for assigning recovery emissions to jet fuel produced in a particular word region, and for estimating refinery
emissions. Scenarios for future crude mixes will be developed by using data about crude reserves by country or worldregion such as those maintained by OECD and EIA.
Refinery GHG emissions are based on refinery usage statistics in world regions where this data is available (i.e. U.S. and
Europe), and estimated based on refinery configurations and capacities in other regions. Characteristics of the input crude
slate such as sulfur content and API gravity have been used to determine process energy requirements and resulting
emissions. We use available information to estimate the relative amounts of straight-run and hydroprocessed jet fuel that
are produced by refineries worldwide. We use insights from process-level refinery linear programming (LP) models to both
estimate the emissions from both the production of straight-run and hydroprocessed jet fuels as well as understand how
changes in relative transportation fuel demand affects refinery energy usage and GHG production, and how those changes
affect the GHG emissions attributed jet fuel. For future scenarios where demand for jet fuel may exceed straight-run
production capabilities, emissions will be estimated for the upgrading processes needed to convert other fractions of the
input crude to jet fuel. Changes in refinery emissions associated with more stringent fuel standards (e.g. ultra-low-sulfur
jet) may also be calculated.
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Feedstock and product transportation emissions for each world region are calculated by combining representative
transportation distances with emission profiles of representative means of transportations accessible in the GREET and/or
SimaPro tools.
We will investigate and quantify opportunities for reducing lifecycle GHG emissions of jet fuel from petroleum by lifecycle
step. Opportunities that will be quantified, for example, include the use of utilities and inputs produced from renewable
resources, changes in refinery configurations and practices, changes in crude sourcing and associated transportation
distances, and modes of transportation used.
Calculations will be made available for implementation into the GREET model, if desired by FAA.

Milestone(s)
Due Date
May 1st, 2015
August 1st, 2015
Mid October 2015
November 1st,
2015
March 1st, 2016

Milestone
MS 1 (related to Task 1):
Crude extraction emission’s profiles compiled
MS 2 (related to Task 1):
Preliminary global baseline results available for FAA discussions
MS 3 (related to Task 1):
Presentation of preliminary global baseline emissions at CRC Workshop
MS 4 (related to Task 1):
White paper available on preliminary global baseline for use at ICAO Steering
group meeting
MS 5 (related to Task 2):
Preliminary results of GHG emissions baseline for 2050 available for discussion

May 1st, 2016

MS 6 (related to Task 3):
World-region specific baseline results available for discussion

June 1st, 2016

MS 7 (related to Task 2):
Opportunities for lifecycle GHG reductions for jet fuel from petroleum available for
discussion
MS 8 (related to Task 4):
White paper on project available for FAA review

September 30th,
2016

Major Accomplishments
We have thus far fulfilled the requirements of MS1 and MS2, i.e. the emissions associated with extraction of crude and
global baseline results of jet fuel WTP emissions. The analysis is based on a country-specific life cycle model encompassing
data on each lifecycle stage that allows for calculating world-region-specific and global WTP emissions for each fuel type.
We have gathered the required raw data from over twenty international and national agencies, as well as private
companies. In total, 72 sources of emission associated with crude production in 90 countries, refining in 687 refineries
across 112 countries, and global crude and product movements have been quantified.
For the year 2005 (Figure 2), we estimate the global mean WTP emissions for an average unit of gasoline, diesel, jet fuel,
and bunker fuel to be 21.5, 18.6, 14.6, and 12.7.0 gCO2-e/MJ, respectively. The differences in WTP emissions of these
petroleum-based fuels are primarily attributed to the differences in the extent to which catalytic cracking, hydrocracking,
and hydrotreating refinery units contribute to producing each fuel.
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Figure 2: Global average Lifecycle GHG emission values of petroleum-derived fuels in 2005.
Between 2005 and 2012, changes in regional supply and demand for the different fuel products and increasing
exploitation of unconventional petroleum resources increased WTP emissions while reductions in flaring and fugitive
emissions reduced WTP emissions. The global mean WTP emissions for an average unit of gasoline, diesel, jet fuel, and
bunker fuel to be 22.5, 18.7, 14.8, and 13.0 gCO2-e/MJ, respectively (Figure 3). The differences in WTP emissions of these
petroleum-based fuels are primarily attributed to the differences in the extent to which catalytic cracking, hydrocracking,
and hydrotreating refinery units contribute to producing each fuel. Overall, per-unit WTP emissions increased by 4%
between 2005 and 2012.

Figure 3: Global average Lifecycle GHG emission values of petroleum-derived fuels in 2012.

Furthermore, we estimate that by 2020, global mean emissions will be 4% higher than in 2012 baseline (Figure 4) mostly
due to higher shares of unconventional crudes and hydroprocessed refined products.
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Figure 4: Estimated global average Lifecycle GHG emission values of petroleum-derived fuels in 2020.

Figure 5 demonstrates the refinery emissions associated with production of jet fuel from major production pathways.
Depending on the processes involved, the jet fuel refinery emission can vary from 0.9 to 16.9 g CO 2 -e/MJ with the global
average of 4.2 g CO 2 -e/MJ. After accounting for the share of emissions from refinery flaring and credits from refinery cogeneration, the global average refinery emission attributable to jet fuel is estimated at 3.7 g CO 2 -e/MJ.

Figure 5: Jet fuel refinery GHG emissions under different production pathways.
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Publications
Life Cycle GHG Emission of Jet Fuel from Conventional Oils and Forecasted Crude mix in 2020, submitted to ICAO AFTF

Outreach Efforts
FAA monthly project updates from January to September.
AFTF LCA Task group working meeting on fossil fuel baseline

Awards
None.

Student Involvement
None.

Plans for Next Period
The research in the following year will be focused on MS3 through MS8. We will be presenting our findings on global
baseline emissions at the CRC workshop in October 2015, and we will submit our written contribution to ICAO steering
group by November.
We will extend our current global baseline analysis to year 2050 based on different scenarios that will be defined with
regard to crude production (grade and region) as well as the forecasted demand slate. The results will be submitted by
March 2016.
As for the next stage of the project, we will compile the country-specific emissions to calculate the world region-specific
emissions in 2012 and 2020. As a part of this step, we will calculate the intra-region and inter-region emissions associated
with movements of crude and refined products and will allocate those emission along with their respective upstream
emissions separately to the region where the final fuel consumption takes place. Next, the results obtained for year 2050
along with sensitivity analysis will be used to identify and quantify the opportunities for reducing the WTP emissions of jet
fuel.
Finally, all of the findings of the study will be compiled into a white paper and will be submitted as MS8 in September
2016.
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Project 033 (A) Alternative Fuels Test Database Library
University of Dayton Research Institute
Project Lead Investigator
Steven Zabarnick
Division Head
Energy & Environmental Engineering Division
University of Dayton Research Institute
300 College Park, Dayton, OH 45469-0043
937-255-3549
Steven.Zabarnick@udri.udayton.edu

University Participants
University of Dayton Research Institute
•
P.I.(s): Steven Zabarnick, Division Head
•
FAA Award Number: 13-C-AJFE-UD-5
•
Period of Performance: February 20, 2015 to January 14, 2016
•
Task(s):
1. Compilation of data from UDRI/AFRL alternative fuel evaluations

Project Funding Level
Funding Level: $36,624
Cost Share: In-kind academic time of the PI, Software license support from Reaction Design (ANSYS)

Investigation Team
•
•

Linda Shafer, data compilation
Rhonda Cook, data compilation

Project Overview
This study aims to establish a foundational database of current and newly emerging alternative jet fuels by integrating all
pre-existing jet fuel relevant data into a common archive which can provide guidelines for design and certification of new
jet fuels in our future as well as steer federal policy. In the near term, the effort will focus on integration and analysis of
pre-existing jet fuel data from various government agencies and individual research groups with oversight from both the
Federal Aviation Administration (FAA) and the National Institute of Standards and Technology (NIST). In the long run, we
hope that the database will act as ‘the comprehensive and centralized knowledgebase’ shared by the academic,
government, and industrial communities in fuels research and policy, possibly facilitated on a cyber-based infrastructure.
With prolific diversification of new jet fuels in our future, an effort to integrate dispersed information would be critical in
providing the FAA with an overview of the latest developments and to support many other tangential fields of research
impacted by integration of new alternative jet fuels.

Task 1 – Development of an Alternative Fuels Test Database
University of Dayton Research Institute

Objective(s)
The main objective of this study is to establish a foundational database of current and newly emerging alternative jet fuels
by integrating all pre-existing jet fuel relevant data into a common archive which can provide guidelines for design and
certification of new jet fuels in our future as well as steer federal policy. This proposal outlines the year II efforts under this
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mandate. The vision is to institute a database that can be utilized for the design and optimization of new propulsion and
energy systems including development of next-generation engines, fuel delivery systems, as well as pollution mitigation
technologies. Furthermore, it can provide data for screening and certification of newly emerging fuels and thereby impacting
legislative measures and national policy. In so doing, the goals of this project are as follows:
•
Survey current pre-existing data and analyze information
•
Prioritize current data and compile into centralized logical structure
•
Analyze the obtained information into chronological order and regroup into relevant group
•
Obtain information on detailed test platform and test conditions
•
Develop a controlled web portail for access to the information
•
Develop and implement a database/web portail infrastructure and methodology
•
Integrate data from FAA ASCENT National Jet Fuel Combustion Program (NJFCP)

Research Approach
Development Strategy of a Successful Fuels Test Database
• Phase I: Integrate Current Pre-Existing Data: Preliminary survey and integration of all pre-existing database and data
(including raw data) on jet fuels from universities, national laboratories, government archives, and private industry (i.e.,
existing database from Sandia, NIST, DoD Labs, ASTM research reports, government technical reports etc. is part of the
year I efforts and will be used to initially seed the basic infrastructure of the fuels database proposed in this study. Year
II efforts will continue to assemble information and annex a prioritized set into the web portal/database. In year II, we
anticipate a more focused effort in integrating fuel property test data from certification protocols.
• Phase II: Analysis of Preliminary Data: Conduct comprehensive analysis of the initial data to categorize all relevant physical
and chemical characteristics of the fuels and relevant testing conditions. Effort will be made to determine insufficient
areas for further investigation. In year II, we will significantly expand our efforts to the analysis of information into
chronological order and in incorporating detailed test platform and test condition data. An effort will be made to recategorize the data according to different testing groups and performance. A preliminary effort will be made to vet some
of the data according to test conditions as required (future efforts will more fully address vetting and analysis of data)
• Phase III: Establish Web Portal/Database Infrastructure and Methodology: A basic web portal will be established during
the year I efforts. In year II, based on the analysis of pre-existing data, we will work with NIST and other national
laboratories to establish a flexible and accessible database structure and data access protocols for both retrieval of current
data and integration of new information in the future. This will be integrated into the web portal. We anticipate increased
functionality in the web portal to conduct advanced searches and user feedback on each data item (community based
vetting system).
• Phase III-b: Integration of FAA ASCENT and NJFCP Data: New data generated from both the FAA ASCENT and the NJFCP
will be integrated into the database according to the pre-defined infrastructure. This will be coordinated with Area #7 of
the NJFCP program.
• Phase IV: Integrate with Current and Future Research: Disseminate and integrate new database to relevant research
groups in universities, national laboratories, government, and industry. Formulate partnerships for stewardship,
preservation, and continued development of the alternative jet fuel database.
• Phase V: Continued Development: Continue development of the database after the initial integration and distribution
phase into a more widely distributed community based infrastructure (potentially cyber-based). Link and expand the
database to encompass pre-existing data from other countries.

Major Accomplishments
Identification of important fuels, publications, and data sets has been performed. This has included initial evaluation of the
vast AFRL Fuels Database for data that should be included in our database. Data have been abstracted from the AFRL
Database for inclusion in our database. This is a very challenging task due to the large amount of data with various levels
of public release classification. The data also needs to be evaluated for its being company proprietary.

Publications
None

Outreach Efforts
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None

Awards
None

Student Involvement
None

Plans for Next Period
In year II of the NJFCP, we plan to expand the efforts and integrate as much data as possible into the database. The format
of the database should be fully in place and the main challenge is expected to come from dealing with the many different
format of data. Eventually, we anticipate three areas that the project should move into. (1) Organization of data that is
most relevant to the community, (2) Analysis of the data and statistical analysis, and (3) Development of database into a
cyber-based infrastructure.
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Project 033(B) Alternative Fuels Test Database Library
University of Illinois at Urbana-Champaign
Project Lead Investigator
Tonghun Lee
Associate Professor
Mechanical Science & Engineering
University of Illinois at Urbana-Champaign
1206 W. Green St.
Urbana IL 61801
517-290-8005
tonghun@illinois.edu

University Participants
University of Illinois at Urbana-Champaign
•
P.I.(s): Tonghun Lee, Associate Professor
•
FAA Award Number: 11812030
•
Period of Performance: 2/19/2015 to 8/14/2016
•
Task(s):
1. Development of an alternative fuels test database

Project Funding Level
Funding Level: $133K
Cost Share: In-kind academic time of the PI, Software license support from Reaction Design (ANSYS)

Investigation Team
•
•

Kyungwook Min (Graduate Student, University of Illinois at Urbana-Champaign): Compilation of fuel test data.
Anna Oldani (Graduate Student, University of Illinois at Urbana-Champaign): Compilation of fuel test data and
development of database.

Project Overview
This study aims to establish a foundational database of current and newly emerging alternative jet fuels by integrating all
pre-existing jet fuel relevant data into a common archive which can provide guidelines for design and certification of new
jet fuels in our future as well as steer federal policy. In the near term, the effort will focus on integration and analysis of
pre-existing jet fuel data from various government agencies and individual research groups with oversight from both the
Federal Aviation Administration (FAA) and the National Institute of Standards and Technology (NIST). In the long run, we
hope that the database will act as ‘the comprehensive and centralized knowledgebase’ shared by the academic,
government, and industrial communities in fuels research and policy, possibly facilitated on a cyber-based infrastructure.
With prolific diversification of new jet fuels in our future, an effort to integrate dispersed information would be critical in
providing the FAA with an overview of the latest developments and to support many other tangential fields of research
impacted by integration of new alternative jet fuels.

Task 1 – Development of an Alternative Fuels Test Database
University of Illinois at Urbana-Champaign

Objective(s)
The main objective of this study is to establish a foundational database of current and newly emerging alternative jet fuels
by integrating all pre-existing jet fuel relevant data into a common archive which can provide guidelines for design and
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certification of new jet fuels in our future as well as steer federal policy. This proposal outlines the year II efforts under this
mandate. The vision is to institute a database that can be utilized for the design and optimization of new propulsion and
energy systems including development of next-generation engines, fuel delivery systems, as well as pollution mitigation
technologies. Furthermore, it can provide data for screening and certification of newly emerging fuels and thereby impacting
legislative measures and national policy. In so doing, the goals of this project are as follows:
•
Survey current pre-existing data and analyze information
•
Prioritize current data and compile into centralized logical structure
•
Analyze the obtained information into chronological order and regroup into relevant group
•
Obtain information on detailed test platform and test conditions
•
Develop a controlled web portal for access to the information
•
Develop and implement a database/web portal infrastructure and methodology
•
Integrate data from FAA ASCENT National Jet Fuel Combustion Program (NJFCP)

Research Approach
Development Strategy of a Successful Fuels Test Database
• Phase I: Integrate Current Pre-Existing Data: Preliminary survey and integration of all pre-existing database and data
(including raw data) on jet fuels from universities, national laboratories, government archives, and private industry (i.e.,
existing database from Sandia, NIST, DoD Labs, ASTM research reports, government technical reports etc. is part of the
year I efforts and will be used to initially seed the basic infrastructure of the fuels database proposed in this study. Year
II efforts will continue to assemble information and annex a prioritized set into the web portal/database. In year II, we
anticipate a more focused effort in integrating fuel property test data from certification protocols.
• Phase II: Analysis of Preliminary Data: Conduct comprehensive analysis of the initial data to categorize all relevant physical
and chemical characteristics of the fuels and relevant testing conditions. Effort will be made to determine insufficient
areas for further investigation. In year II, we will significantly expand our efforts to the analysis of information into
chronological order and in incorporating detailed test platform and test condition data. An effort will be made to recategorize the data according to different testing groups and performance. A preliminary effort will be made to vet some
of the data according to test conditions as required (future efforts will more fully address vetting and analysis of data)
• Phase III: Establish Web Portal/Database Infrastructure and Methodology: A basic web portal will be established during
the year I efforts. In year II, based on the analysis of pre-existing data, we will work with NIST and other national
laboratories to establish a flexible and accessible database structure and data access protocols for both retrieval of current
data and integration of new information in the future. This will be integrated into the web portal. We anticipate increased
functionality in the web portal to conduct advanced searches and user feedback on each data item (community based
vetting system).
• Phase III-b: Integration of FAA ASCENT and NJFCP Data: New data generated from both the FAA ASCENT and the NJFCP
will be integrated into the database according to the pre-defined infrastructure. This will be coordinated with Area #7 of
the NJFCP program.
• Phase IV: Integrate with Current and Future Research: Disseminate and integrate new database to relevant research
groups in universities, national laboratories, government, and industry. Formulate partnerships for stewardship,
preservation, and continued development of the alternative jet fuel database.
• Phase V: Continued Development: Continue development of the database after the initial integration and distribution
phase into a more widely distributed community based infrastructure (potentially cyber-based). Link and expand the
database to encompass pre-existing data from other countries.

Milestone(s)
These are the milestones according to each time period.
Proposed (3 Month): At the 3 month mark, we will have concluded an exhaustive survey to obtain all fuel relevant data from
individual PIs and national laboratories. We will work with the advisory committee and other PIs in the NJFCP and ASCENT to
ensure that a comprehensive and complete survey of data has been completed. During this time, we will initiate efforts to
start the physical construction of a database and work with web designers and relevant personnel for deployment. Data
format for the FAA ASCENT and NJFCP research will also be acquired during this time.
Achieved: Basic survey of the fuels test data has been accomplished and a plan is in place for construction of a web based
database. We have discussed the format of a metafile to deal with the data. We have a list of data formats that will become
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available in the database.
Proposed (6 Month): At the 6 month mark, we should have a preliminary version of a standardized platform with integration
of data from all federal, academic, and industrial sources. The focus will be on smooth and logical integration of data, and
clear organization of information into subgroups.
Achieved: A preliminary outline of a web-based portal is in place and we have started to analyze the data for integration into
the database. The NJFCP has also contributed two quarters of data to be integrated in to the database. We have visited AFRL
to discuss how to extract data at AFRL for integration into the database.

Major Accomplishments
The newly established alternative jet fuels database website is shown in Figure 1 (altjetfuels.web.engr.illinois.edu).

Figure 1 Alternative Jet Fuel Test Database site homepage
During the past year, several tasks were completed with regard to development of the Alternative Jet Fuels Test Database.
The site to house the database was established through the coordinated efforts of members of the University of Illinois
team and Engineering IT services at the University of Illinois. A screenshot of the homepage of the site is shown in Figure
1, displaying the main feature of the site. These features include a general About section with information regarding the
mission and goals of the database project, funding agencies of the program, a directory of members involved in the work,
and links to partner institutions participating in the larger FAA ASCENT database project. Users have two methods to
access data made available on the site. The first is a search feature where users can input search terms of interest
including authors, title, DOI, year of publication, data type, and keywords. The second feature is a grouping of data by
subject area; users can then follow through the sublevel categories to access specific data grouped under various topic
areas. Figure 2 displays a sampling of the current data categorization. The site will also house data from the National Jet
Fuel Combustion Program (NJFCP) Areas 1 through 6. To access any data (in the Search, Database, and NJFCP menu
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headings), users will first be required to request access, and once the request for access has been approved by site
administrators, the user can then register a username and password to login on the site and search through the database.
Registered users will also be able to submit data directly to the site. These submissions will be received by the site
administrators and posted once the proper classification has been assigned to the data. The site will display general
information available to the public only in the About and News headings. The News section highlights recent activity
related to the various projects underway in the program and general activity in the alternative jet fuels field. Finally, users
will be able to leave comments under the Contact section, which will direct all submissions to site administrators. The
general sections of the site have been completed and testing of the search features for sample data submissions is
currently underway. Data has been received from AFRL and NJFCP program areas with discussions for further data to be
obtained from the AFRL fuel database system. Data will be continuously uploaded and updated on the site as it is received,
with registered users able to submit comments on all available data.
Data Type
Chemical Kinetics Data
Testing Results
Fuel Properties
Publications

Examples
Mechanisms
Shock Tube, Rapid Compression Machine, GC MS
Lab Analysis Reports
Production Processes, Reaction Studies, Chemical
Kinetics, Economic Analyses, Technical Reports, Fuel
Certifications
Figure 2 Sample data categories

Sample File Types
.TXT, CHEMKIN
EXCEL, .CSV
EXCEL, .CSV, PDF
PDF

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
Two graduate students (listed above) have participated in this project on a rotational basis to address various aspects of
the project. Their main tasks have been to survey the data, interact with the data source and come up with a strategy to
integrate the data into the database. They have also been working to develop the web-based portal for the actual
implementation of the web interface.

Plans for Next Period
In year II of the NJFCP, we plan to expand the efforts and integrate as much data as possible into the database. The format
of the database should be fully in place and the main challenge is expected to come from dealing with the many different
format of data. Eventually, we anticipate three areas that the project should move into. (1) Organization of data that is
most relevant to the community, (2) Analysis of the data and statistical analysis, and (3) Development of database into a
cyber-based infrastructure.
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Project 034(A) National Jet Fuel Combustion Program – Area
#7 Overall Program Integration and Analysis
University of Dayton
Project Lead Investigator
Joshua Heyne
Assistant Professor
Mechanical & Aerospace Engineering
University of Dayton
300 College Park
(937) 229-5319
Jheyne1@udayton.edu

University Participants
University of Dayton
•
P.I.(s): Joshua Heyne, Assistant Professor
•
FAA Award Number: 13-C-AJFR-UD-004
•
Period of Performance: February, 20, 2015 to January 28, 2016
•
Task(s):
1. Integration of Efforts from all NJFCP members.
2. Dissemination of Information including but not limited to
3. Analyze Data and Computational Results
4. Recommend Future Research Directions
University of Illinois – Urbana Champaign
•
P.I.(s): Tonghun Lee, Associate Professor
•
FAA Award Number: 13-C-AJFE-UI-006
•
Period of Performance: 12/16/2014 to 11/30/2015
5. Compilation of test data and review of laser diagnostics plan

Project Funding Level
The FAA has provided funds of $85,000 and $15,000 for the University of Dayton and University of Illinois respectively.
Cost share for the University of Dayton has been provided by the University of Dayton Mechanical Engineering Department
in the form of salary and benefits for Dr. Heyne and NRC-Canada in the form of in-kind research on sprays and altitude
relight tests. Cost share from the University of Illinois has come from In-kind academic time of the PI and partial support
for student Research Assistantship.

Investigation Team
List the investigation team and specify the tasks for which they are responsible, their role in the team, and university
affiliation. Include graduate students and post-doctoral researchers.
•

•
•

Joshua Heyne (University of Dayton) –Overall Program Integration and Analysis
o Tasks:

Integration of Efforts

Dissemination of Information

Analyze Data and Computational Results

Recommend Future Research Directions
Steven Zabarnick (UDRI) – Fuel properties/composition and chemical kinetics
Scott Stouffer (UDRI) – Fundamental and applied combustion and sprays
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•
•
•

Matthew DeWitt (UDRI) – Fuels properties and combustion emissions
Alex Briones (UDRI) – Applied combustion modeling and simulation
Tonghun Lee (University of Illinois) – Fundamental combustion, optical diagnostics, and data base coordination
o Task(s):

Compilation of test data and review of laser diagnostics plan

Project Overview
Area 7, ASCENT Project 34, of the NJFCP is responsible for the overall integration and analysis of the program. Our role in
the program is nominally the completion of the annual success criteria of the NJFCP. The execution of the role leads Area
7 to be involved in both high level and detailed ongoing within the program. Area 7 contributes to high level discussions
with the Steering Committee, OEM members, and contributors on a daily basis. These high level contributions consist of
but are not limited to long term strategic goals of the NJFCP, annual success criteria of the program, the involvement of
additional and existing strategic partners, and general programmatic directions. Additionally, Area 7 makes detailed
contributions to individual tasks of funded Areas regularly through monthly discussions with the three major program
Working Groups (the Testing, Modeling, and Steering Committee), the various sub-committee meetings, and the annual
success criteria of the program via planning.
•
•
•
•
•

Task:
o
Task:
o
Task:
o
Task:
o
Task:
o

Integration of Efforts
University of Dayton
Dissemination of Information
University of Dayton
Analyze Data and Computational Results
University of Dayton
Recommend Future Research Directions
University of Dayton
Compilation of test data and review of laser diagnostics plan
University of Illinois

Objective(s)
The objective of this Project is to facilitate the accomplishment of the annual success criteria through overall program
coordination and integration towards the streamlining of the certification process of alternative jet fuels.

Research Approach
The objective of this project is completed through the regular interaction of this team with the other member institutions
of the NJFCP. These interactions involve both high level programmatic discussions with the Steering Committee and the
engine OEMs and detailed discussions with the various experimental and modeling activities within the program. These
interactions are completed through regular contact in the form of monthly meeting, impromptu teleconferences, emails,
and phone calls with NJFCP stakeholders. These stakeholders include, but are not limited to, the 7 funded academic Areas
within the NJFCP, NRC Canada, AFRL, FAA, ARL, NIST, University of Sheffield, DLR Germany, NASA, the 5 OEMs, AFOSR, and
the involved universities under AFOSR funding. The tasks of this project were completed in conjunction with these
partners in the following manner:
•

•

Integration of Efforts: As mentioned above, Project 34 organized and executed meetings with the three NJFCP
working groups, the various sub-committees, daily phone calls with the Steering Committee, phone calls with
partners/members, and emails to ensure efforts and activities were properly integrated. Teams’ efforts were
integrated not only through discussions with Project 34 but also within the various members present on calls,
email threads, and meetings. Due to these integration activities greater program alignment communication
shortcomings were avoided and success criteria obtained.
Dissemination of Information: Project 34 worked to circulate and disseminate information critical to program
success. Both technical and programmatic information was sent to effete areas. Technical information such as
experimental conditions, strategic needs, and latest results from each member were circulated to relevant parties.
Programmatic information regarding future meetings, future research directions, and other programmatic maters
were communicated to the NJFCP members as needed.
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•

•

Analyze Data and Computational Results: Results from NJFCP members were analyzed at the three monthly NJFCP
working groups, the routine sub-committee meeting, and through regular interactions with members (e.g. phone
calls and emails). The both computational and experimental results were scrutinized by Project 34. These
analysis lead to tighter integrations by closing scientific gaps between the various Areas.
Recommend Future Research Directions: Project 34 recommended future research directions through regular high
level interactions with the NJFCP Steering Committee. These interactions lead to the current plans for delivery of
NJFCP computational techniques to the OEM community and the standardization of the referee rig. These plans, if
properly executed, would mark the pinnacle of achievement for the NJFCP, i.e. the delivery of a tool to streamline
the certification process of alternative jet fuels.

Milestone(s)
•

NJFCP Mid-Year Meeting

Major Accomplishments
•
•
•

Facilitating the successful completion of success criteria 1 and 3. Success criteria 2 completion, as of 29
September 2015, is in progress and is anticipated to be completed by the first year of the program.
Planning and facilitating the two NJFCP review meetings.
Presenting on behalf of the NJFCP at the CRC Aviation Fuels Meeting in Nashville, TN in May.

Publications
1.
2.

J. S. Heyne, F. L. Dryer, S. H. Won, F. M. Haas, “Reactivity Comparisons of Conventional and Alternative Jet Fuels in
a Variable Pressure Flow Reactor,” 9th US National Combustion Meeting, 2015, Cincinnati, OH.
M. Colket, J. S. Heyne, M. Rumizen, J. T. Edwards, M. Gupta, W. M. Roquemore, J. P. Moder, J. M. Tishkoff, C. Li, et
al., “An Overview of the National Jet Fuels Combustion Program,” Accepted for presentation at AIAA SciTech
Meeting, San Diego, 2016.

Outreach Efforts
1.

J. S. Heyne, M. Colket, “National Jet Fuels Combustion Program: Overall Program Integration and Analysis,” CRC
Aviation Committee Meetings, Nashville, TN, 6 May 2015.
Presentation on behalf of the NJFCP to the fuels community.

Awards
None.

Student Involvement
None.

Plans for Next Period
The assembled team will continue to execute the aforementioned goals and objectives consistent with the past year’s
approach. This will involve the continued close interaction with university research teams, engine manufacturers,
contractors, federal government researchers, and allied partners to perform comparative analyses of results, organize
meetings, align efforts, and aid the Steering Committee. Fundamentally, the Area #7 team will serve at the behest of the
Steering Committee to facilitate attainment of the overall goals of the NJFCP program and the needs of the OEMs to enable
program directives, provide leadership, optimize strategic partnerships, and provide accountability.
The program directives, e.g. annual success criteria and streamlining new aviation fuel certification via ASTM D4054, will
be the central focus of this project. We will align individual research efforts within the program and use these directives
holistically in decision making processes. Further, these directives will be continually communicated to NJFCP members.
Our team will provide leadership to the NJFCP. As the central point of contact and singular consistency across
communications, we will communicate clearly and concisely the role of each program member ensuring program cohesion
and efficiency. We will continue to implement program strategy into program efforts.
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The strategic partnerships of the various allied partners (e.g. DLR Germany, NRC Canada, the University of Sheffield, ARL,
AFRL, NASA, Navair, NIST, AFOSR, DOE laboratories, engine OEMs) will be optimized. We will work to leverage the
experience and capabilities of existing and emerging allied partners. This will include but is not limited to the concerted
spray efforts at NRC Canada and Area 5, the complementary combustor rig testing at NASA Glenn, and the comparative
fuels study at DLR Germany. We look to continue to develop burgeoning partnerships such as the University of Sheffield.
We will provide accountability to the program by giving visibility to missed tasks, milestones, incomplete and inconsistent
data, unphysical models, and etc. The team will keep up-to-date on the progress of the six individual projects and allied
partners, working with teams to provide program status reports and monitor archival progress. This will include providing
monthly telecom meeting on the overall and incremental program progress and outcomes. Additionally, this team will be
involved in biweekly teleconferences with the Steering Committee. Further, the team will work closely with the funded
teams to assure that the program schedule is being met. Deviations from schedules and program progress will be noted
and subsequent adjustments made to project schedules. Comparative data analyses of modeled and measured results will
involve analyzing the sufficiency and credibility of individual research area results and their interfacing. These analysis
tasks will require a wide breadth of combustion and fuels research experience as exemplified by our proposed team
composition. Data from experiments must sufficiently constrain modeling predictions. Correspondingly, modeling
predictions need to be performed over equivalent parameter spaces to check for model fidelity. Key modeling parameters,
such as rate constants in chemical kinetics, will be checked over a wide range of operational conditions to ensure
predictive fidelity. Furthermore, experimental data must be reported with the appropriate experimental uncertainties.
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Project 034 (B) National Jet Fuels Combustion Program –
Overall Program Integration and Analysis, Area #7
University of Illinois at Urbana-Champaign
Project Lead Investigator
Tonghun Lee
Associate Professor
Mechanical Science & Engineering
University of Illinois at Urbana-Champaign
1206 W. Green St.
Urbana IL 61801
517-290-8005
tonghun@illinois.edu

University Participants
University of Illinois at Urbana-Champaign
•
P.I.(s): Tonghun Lee, Associate Professor
•
FAA Award Number: 11787522
•
Period of Performance: 12/16/2014 to 11/30/2015
•
Task(s):
1. Compilation of test data and review of laser diagnostics plan.

Project Funding Level
Funding Level: $15K
Cost Share: In-kind academic time of the PI, Partial support for student Research Assistantship

Investigation Team
•
•

Kyungwook Min (Graduate Student, University of Illinois at Urbana-Champaign): Compilation of fuel test data.
Anna Oldani (Graduate Student, University of Illinois at Urbana-Champaign): Compilation of fuel test data and
analysis of laser diagnostics.

Project Overview
The scope of work in this proposal is collaborate with UDRI, AFRL, FAA, and the National Jet Fuel Combustion Program (NJFCP)
steering committee in the program to ensure that close integration is carried out in the NJFCP program. This will involve
working closely with the university research teams, engine manufacturers, federal government researchers, and NRC Canada
to perform detailed comparative analyses of modeled and measured data. In particular, University of Illinois will focus its
effort on integration of overall test data in the NJFCP and to ensure that laser and optical measurements in the NJFCP program
are carefully monitored and guided by a mutual committee.

Task 1 – Compilation of Test Data and Review of Laser Diagnostics Plan
University of Illinois at Urbana-Champaign

Objective(s)
The focus of the proposed study is to integrate the efforts of the six areas in the ASCENT COE National Jet Fuel Combustion
Program (NJFCP), ensuring that the goals outlined in its agenda are achieved through synergistic and interactive collaboration
between the groups. The Area #7 team, with the guidance of the NJFCP Steering Committee, will not only integrate the
research efforts of the individual teams, but also incorporate and disseminate feedback from industrial and governmental
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partners, and provide critical data analysis and recommendations. The activities of Area #7 encompass (1) integration of
team efforts in the NJFCP, (2) dissemination of information, (3) analysis of data and computational results, (4) communication
between teams, (5) coordination and reporting, (6) overview of publications, and (4) providing recommendation for future
research directions. Dr. Tonghun Lee at the University of Illinois which will be focused on the following three activities:
•
Integration and dissemination of NJFCP test data through an alternative fuels database
•
Analyze experimental data in NJFCP. Dr. Lee will focus on laser and optical diagnostics efforts
•
Coordination of laser diagnostics effort for both Areas #3 and #6 in the combustion program

Research Approach
Integration and Dissemination of NJFCP Data through Database
The PI will ensure that the data generated through the NJFCP program is integrated with proper reporting format (guidance
from NIST) and disseminated efficiently through a shared archive and ultimately distributed to the wider academic community
as well as industry through a standardized database. There is an effort in the FAA COE for development of a standard
database (Project 33, led by Dr. Tonghun Lee) in collaboration with NIST and AFRL. We will ensure that data can be compiled,
standardized, and disseminated within a cyber-based infrastructure through this project. For the first year of the project, we
will work to figure out the initial type of data that will be generated by the teams and prioritize them according to the critical
requirements of the NJFCP. We will work closely with Dr. Tim Edwards (AFRL), Dr. Pam Chu (NIST), and Dr. Mike Kweon (ARL)
in this effort.
Analysis of Experimental Data and Coordination of Diagnostics Effort
As part of Area #7, Dr. Lee will assume a leadership role in analysis of experimental data with a focus in standardizing
diagnostics data that are (1) of high fidelity, and (2) relevant to the numerical simulation tasks outline in other areas of the
NJCFP. Central to the diagnostics efforts is the referee combustor tests that will be carried out by UDRI and Dr. Lee at Wright
Patterson Air Force Base and the advanced combustor tests (Area #3) to be carried out at GATech. Most importantly, Dr. Lee
will be responsible for coordinating a committee to ensure that diagnostics direction and data mining are mutually agreed
upon by both modeling and experimental PIs in the program. The committee will convene monthly to make sure that things
stay on track

Milestone(s)
These are the milestones according to each time period.
Proposed (3 Month): At the 3 month mark, we will outline a roadmap that shows a solid integration of the teams and set
forth a template of deliverables from each team. Preliminary integration of the efforts with the FAA database will also take
place during this time.
Achieved: Set up a subcommittee for laser and optical diagnostics with participation from modeling and experimental PIs in
the program. Set up a data collection protocol for the NJFCP PIs
Proposed (6 Month): At the 6 month mark, a standard for integration of the data should be in place for the NJCFP and an
initial review of the experimental setup for each Area will take place. The focus of the experimental setup will be to ensure
that all teams are focused on experimental conditions and diagnostics that can be synergistically integrated down the road.
Any problems will be identified and corrected at this phase.
Achieved: A careful review of the experimental efforts were made for both Areas #3 and #6. Visit were made to both GATech
and AFRL to prioritize the diagnostics plan and experimental techniques. A concept of the fuels test database was established
to integrate data from the NJFCP.
Proposed (9 Month): At the 9 month mark, the analysis of the experimental efforts should be completed and the focus will
shift towards experimental data generation. The PI will analyze efforts by individual teams to provide data with a focus on
laser and optical measurements being deployed in each setup. We will also work closely with the numerical simulation and
modeling teams to ensure that the data being generated can be fully coupled and utilized for development of a
comprehensive combustion model.
Achieved: At this point, the subcommittee on diagnostics has prioritized efforts and preliminary measurements have been
made. Shakedown measurements have yielded data which have been carefully scrutinized by both the experimental PIs and
modeling PIs to ensure agreement. The construction of the test database has commenced where the NJFCP data will have its
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own space. The PIs have also submitted their first round of data from the NJFCP program.
Proposed (12 Month): At the 12 month mark, a solid integration plan should be in place with specific details on the
integration efforts and a clear understanding of each Area’s roles in the overall efforts. A set of deliverables will be sent to
each individual Area and an evaluation matrix should be implemented. Near the end of year one, we will provide a report
outlining these issues, as well as plans for reporting and dissemination of data and recommendations for future years in the
NJCFP program.
Achieved: The PIs in the NJFCP program have submitted their second round of data and we have established that data should
be collected every quarter (initially through KSN but through the actual database in the future). The subcommittee on laser
diagnostics has also yielded fruitful changes in the NJFCP program resulting in more optimized directions in the program. In
particular, we have adjusted diagnostics plans in Area #6 of the program to ensure that more time is allocated to fuel
screening in the referee combustor.

Major Accomplishments
The first task that was accomplished was that we have started to gather, archive, and analyze data that is being generated
by the NJFCP. Near the second half of year I, the PIs were asked to submit data that is generated from the NJFCP to the KSN
website every quarter. The data will be organized and archived on a web portal that is being created as part of Project 33
(Alternative Jet Fuels Test Database) of ASCENT. The data will be displayed separately as NJFCP data under its own heading
along with other relevant information specific to the fuels and test being executed in the NJFCP (fuel specs, etc.). The data
in itself will of course benefit the NJFCP efforts but we believe that we will also contribute to establishing a foundational
database that can be referenced for similar efforts in the future. A screenshot of the NJFCP part of the test database is shown
in Figure 1.

Figure 1 NJFCP section in the ASCENT fuels test database
The second task that was accomplished was the establishment of the diagnostics subcommittee to ensure that the detailed
diagnostics efforts in the NJFCP are carefully coordinated between the different areas. The subcommittee has been (1) making
sure that the data collected is carefully scrutinized and the best possible quantification is carried out, and (2) continually
adjusting and prioritizing the diagnostics effort through discussion. In year I, the diagnostics subcommittee (led by Tonghun
Lee) convened every month to ensure that the diagnostics methods being carried out were in line with the requirements of
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the modeling needs and that the limited resources were bring used in the best possible way. This effort will continue in Year
II for both Areas 3 and 6. We have also established a standard data collection protocol which are listed below.
Data Collection Protocol
The goals of the proposed data protocol are to:
•
ensure data can be shared among project members without confusion,
•
limit the need for clarification communications,
•
allow data and metadata to be accessible by scripts,
•
and keep the effort required to share data to a minimum.
DATA PACKAGE
A data package is a zipped folder (Area X.zip) containing a data set which may include:
•
matrices;
•
images;
•
scripts, macros, and executables;
•
txt file that contains description of data and other useful notes
A data package must have a corresponding text (.txt) file with the file name matching the data folder name. This
file contains a brief set of metadata. It should be outside of the data folder so it can be easily viewed. It contains the
following, with each item on a new line:
package name: This should be human readable and match the data package folder name exactly.
date created: Use YYYY_MM_DD format.
last modified: Date of last modification to data package.
created by:
modified by:
matrix: y or n (as in, does the package contain matrix data? yes or no)
image: y or n
code: y or n
other: y or n (if yes, note what it is on the comment line)
readme: y or n
comment: Optional message that should be kept to a minimum and contain no line breaks. Detailed information
should go in a readme file located within the data package. Avoid special characters as a general rule.
FORMATS:
matrix
Save matrix style or tabular data as a Comma-Separated Values file (csv) whenever possible. If the file contains
fields that are calculations, such as cells containing formulas, consider including the native file as well.
Image
The preferred format for image data is the uncompressed Tagged Image File Format (tiff or tif). Image sequences
can be stored as a multipage tiff file. Avoid downsampling the bit depth, especially if the image data is quantitative
(many scientific cameras are 12-bit and should be saved as 16-bit if needed, but not 8-bit). If an image set is
reduced (in bit depth, resolution, number of frames) or processed (background subtraction, filtered, etc.), make a
note of this in a readme file. Some acquisition software outputs a metadata file with the image set, which may be
helpful if included (for example, .cih files from Photron’s PFV software).
Code
If sharing source code, use comments. Include information on the nature of the code, compilation platform etc.
Macros/scripts should be text files.

Publications
None
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Outreach Efforts
None

Awards
None

Student Involvement
Two graduate students (listed above) have participated in this project on a rotational basis to address various aspects of
the project. They have mainly contributed in establishment of the ASCENT test database and analysis of the data for
integration into this database. The students did not play a role in the formation and operation of the diagnostics
subcommittee, which was mainly carried out by Dr. Lee.

Plans for Next Period
In year II of the NJFCP, we will continue our efforts in both the data archiving and subcommittee for prioritization of the
laser and optical diagnostics. As the test database gets fully underway through project 33 in the ASCENT program, we will
need to develop an optimized metafile that will need to operate with the NJFCP data. The issue is expected to have
complexity in the fact that NJFCP data is varied in terms of both format and scope. The subcommittee on diagnostics is
expected to make more contributions as we evaluate data and ascertain feedback from the modeling groups on how to
steer the next round of measurements.
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Project 035 Airline Flight Data Examination to Improve Flight
Performance Models
Georgia Institute of Technology, Delta Airlines, Landrum and Brown
Project Lead Investigator
John-Paul Clarke
Professor
School of Aerospace Engineering
Georgia institute of Technology
270 Ferst Drive NW, Atlanta, GA 30332-0150
404-385-7206
johnpaul@gatech.edu

University Participants
Georgia Institute of Technology
•
P.I.(s): Professor John-Paul Clarke
•
FAA Award Number: 13-C-AJFE-GIT Amendment 015
•
Period of Performance: July 29, 2015 – June 30, 2016
•
Task(s):
1. Airline Flight Data Examination to Improve Flight Performance Modeling

Project Funding Level
FAA: $150,001.00. Matching: $101,121.00 (Georgia Tech); $48,880.00 (Landrum and Brown); Data (Delta Air Lines).

Investigation Team
James Brooks (GT: Data Analysis); Karén Melikov (GT: Analysis Support); Jesse Miers (Delta Air Lines: Subject Matter Expert);
Vince Mestre (Landrum and Brown: Subject Matter Expert).

Project Overview
Currently, when modeling either aircraft noise or emissions with the Integrated Noise Model (INM) or the Aviation
Environment Design Tool (AEDT), there are errors associated with the methodology suggested for determining the aircraft
gross takeoff weight and the inability to model reduced thrust/power departures. The goal of this project is to develop a
functional relationship between stage/trip length and weight that can replace the existing guidance provided for weight
estimation; and subsequently to determine the percentage of departures that use reduced thrust and the level of reduced
thrust that is used when the takeoff weight is such that reduced thrust departures are possible.

Task 1 Airline Flight Data Examination to Improve Flight Performance
Modeling
Georgia Tech

Objective(s)
Analyze aircraft departure operating data for two wide-body and two narrow body commercial aircraft to develop of a
functional relationship between stage/trip length and weight that can replace the existing guidance provided for weight
estimation; and determine the percentage of departures that use reduced thrust as well as the level of reduced thrust that
is used.
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Research Approach
The Air Transportation Laboratory (ATL) at the Georgia Institute of Technology has acquired a large database of aircraft
departure operating data that provides aircraft specific takeoff power applied along with the gross weight of the aircraft,
ambient temperature, and the origin and destination of the flight. We will use this data to develop a functional
relationship between stage/trip length and weight that can replace the existing guidance provided for weight estimation;
and subsequently to determine the percentage of departures that use reduced thrust and the level of reduced thrust that is
used when the takeoff weight is such that reduced thrust departures are possible.
Takeoff Weight Determination
Although preliminary analysis has shown a strong functional relationship between aircraft weight and Great Circle Distance
(GCD) flown there are known issues with using GCD for some specific airport pairs. An additional source of distance flown
is the “planned distance” which is generated by the air carrier flight plan. Since the trip fuel that is loaded is determined
for this planned distance, it is anticipated that the functional relationship will be stronger than the GCD methodology.
With regard to modeler access to the planned distance, there are a number of websites that provide flight-tracking
information and include the planned distance (i.e., Flightaware.com). The FAA/ATO also collects flight plan information
daily. In addition, the air carrier supplying the reduced thrust data has also agreed to provide flight plan data to support
this element of the research. The resulting functional relationship can then be decomposed into an aircraft specific
“lookup” table in the AEDT using the flight distance just as currently done for the existing stage length versus weight
relationship.
In the course of this research, we will:
1.

Compare the functional relationship between great circle distance and planned distance to determine the best
relationship.

2.

Compare the aircraft weights generated with the existing AEDT methodology using the resulting relationship, and
discuss the impact of the differences on the resulting aerodynamic vertical profile.

Reduced Thrust (Usage and Level)
The operational database described above is straightforward with respect to the aircraft/engine type and the takeoff
weight and amount of reduced thrust used for the departure. While thousands of departures are contained in the
database, the task to derive a relationship predicting the amount of reduced thrust for any departure of a specific
aircraft/engine type is complicated by the way in which the carriers implement the use of reduced thrust.
The performance analysis to certify the maximum reduced thrust that can be used for a departure from a specific runway,
at a specific airport, for existing temperature and wind conditions is mandated by the FAA certified Aircraft Flight Manual
(AFM). The AFM requirements for performance analysis is the same for each air carrier. What varies within the various air
carriers is the presentation of the allowable reduced thrust departure information to the flight crew. The variation is
essentially due to the pilot community and their historical views of using something less than maximum thrust available
for conducting the critical departure phase of the operation. Although the performance analysis is in compliance with the
AFM just as the performance analysis of any departure, there are those in the pilot community that opt to use a reduced
thrust that is less than the maximum reduced thrust certified to safely conduct the departure.
The flight crew is presented with takeoff performance information (by the air carrier) for each departure. Based on the
agreed information format and the limitations, if any, on the amount of information that can be conveyed, a number of
reduced thrust options can be presented. Even in situations where only one reduced thrust option is presented, this single
option may be less than the maximum allowable reduced thrust (the existing case for some of the data contained in the
ATL operational database).
As a result of the described pilot community reaction there exists a noticeable variation in reduced thrust applied for a
given recorded takeoff weight, which complicates the task of developing a relationship describing the level of reduced
thrust used. A number of statistical analyses can be performed and assessed with respect to defining the correct strategy
for predicting the amount of reduced thrust applied as a function of variables that effect engine thrust. In each strategy,
the implementation into the AEDT will be considered with regard to cost and complexity.
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In the course of this research, we will:
1.

Work closely with the airframe manufacturers to enable the development of the required reduced thrust
coefficients.

2.

Aircraft specific reduced thrust in both percentage of total departures and reduced thrust level. These
percentages will be presented for the aggregate as well as by airport for those departures contained in the
database.

3.

Define a set of benchmark test cases that can be used to conduct a comparative noise contour analysis using
various modeling approaches. The benchmark test cases will be comprised of:
a. Three close-in and three distant departure procedures that best describe the air carriers departure procedure
development with regard to AC 91-53A.
b. Takeoff flap
c. A range of weights and their associated percentage of reduced thrust
d. The initiating or thrust cutback altitude.
These test cases can be compared to:
a. AEDT/INM - standard departure profiles
b. AEDT/INM - user defined departure profiles (matching flight trajectory)
c. AEDT/INM – simulated cutback

4.

Dependent on the timing of the coefficient development, work with the A-21 PWT to compare the resulting
reduced thrust modeling with the output of both ACRP 02-41 and ACRP 02-55.

5.

Present comparison results to AEE/tool development team, COE ASCENT advisory board members and SAE A21.

6.

If new coefficients are considered critical, develop a plan to obtain them for an expanded coverage of the AEDT
aircraft fleet. Various aircraft performance tools will be considered (i.e. BCOP, PIANO, Suave, etc.)

Milestone(s)
Developed a functional relationship between the trip distance and the takeoff weight for one wide-body aircraft type.

Major Accomplishments
None

Publications
None

Outreach Efforts
ASCENT Advisory Board Meeting. SAE-A21 Committee.

Awards
None

Student Involvement
The graduate student will be cleaning and analyzing data under the supervision of the PI (John-Paul Clarke) and the lead
analyst (Jim Brooks).
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Plans for Next Period
Developed a functional relationship between the trip distance and the takeoff weight for one other wide-body aircraft type
and two narrow-body aircraft. Begin development of the functional descriptors for the aircraft specific reduced thrust in
both percentage of total departures and reduced thrust level
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Project 036 Parametric Uncertainty Assessment for AEDT 2b
Georgia Institute of Technology
Project Lead Investigator
Principal Investigator:
Professor Dimitri N. Mavris
Director
Aerospace Systems Design Laboratory
School of Aerospace Engineering
Georgia Institute of Technology
Phone: (404) 894-1557
Fax: (404) 894-6596
Email: dimitri.mavris@ae.gatech.edu
Co-Principal Investigator:
Dr. Michelle R. Kirby
Chief, Civil Aviation Research Division
Aerospace Systems Design Laboratory
School of Aerospace Engineering
Georgia Institute of Technology
Phone: (404) 385-2780
Fax: (404) 894-6596
Email: michelle.kirby@ae.gatech.edu
Georgia Institute of Technology
•
FAA Award Number: 13-C-AJFE-GIT, Amendment 014
•
Period of Performance: August 1, 2015 – January 31, 2016
•
Task(s):
1. Proper Uncertainty Definition of AEDT Input Parameter
2. Identification of Important Output to Input Relationships
3. Guidelines for Future Tool Research

Project Funding Level
Funding from the FAA is $65,000 for 6 months. The Georgia Institute of Technology has agreed to a total of $65,000 in
matching funds.

Investigation Team
Prof. Dimitri Mavris, Dr. Michelle Kirby, Dr. Don Lim, Dr. Yongchang Li, Evanthis Kallou (Graduate student), with
consultation/support by graduate students: Matthew Levine, Fatma Karagoz, and Junghyun Kim and research staff Dr.
Holger Pfaender and Mr. Chris Perullo

Project Overview
The Federal Aviation Administration's Office of Environment and Energy (FAA/AEE) has developed a comprehensive suite of
software tools that allow for a thorough assessment of the environmental effects of aviation, in particular the ability to
assess the interdependencies between aviation-related noise and emissions, performance, and cost valuations. At the heart
of this tool suite is the high fidelity Aviation Environmental Design Tool (AEDT). AEE is interested in performing a system
level parametric uncertainty analysis on the Aviation Environmental Design Tool (AEDT). This system level assessment will
quantify how input uncertainties propagate through the system and contribute to uncertainty in overall policy outcomes.
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The objective of this research is to perform a more meaningful system level parametric uncertainty analysis on AEDT
Version 2b. This investigation requires expertise in aircraft design and mathematical formulations, especially with respect
to uncertainty and sensitivity analysis, in addition to properly modeling the relationships of the input parameters to AEDT
2b. The task outcome will be used for a multitude of items, specifically 1) to identify gaps in the tools functionality and
areas for further development, 2) contribute to the development of external understanding of the FAA tools suite
capabilities, 3) provide a sensitivity analysis of the output response to uncertainties in input parameters and assumptions,
and 4) establish a new approach for future uncertainty quantification (UQ) efforts.
The research conducted herein is leveraging prior efforts conducted at GT which relate the physical changes at the aircraft
level to changes in input parameters to the AEDT Fleet DB, and subsequently the output results of AEDT in terms of fuel
burn, emissions, and noise and other metrics of interest to the FAA.

Task 1 Proper Uncertainty Definition of AEDT Input Parameter
Objective(s)
The objective of Task 1 is to identify the uncertainty of the key AEDT input parameters that may impact the key
environmental metrics being calculated by AEDT. Prior research is reviewed to understand the approach used, results, and
lessons learned. Based on the findings from the prior research and the discussions with the sponsor, the clear scope of the
research is defined. The outcome of this task is a list of AEDT input parameters that will be taken for Tasks 2 and 3 along
with the probability distributions associated with them. In addition, physical correlations among input parameters are
defined in this task.

Research Approach
Review of Prior Works
During the development of AEDT, two major research efforts have been undertaken in the past related to parametric
uncertainty quantification of AEDT. The most recent work was on AEDT 2a, which resulted in AEDT 2a UQ Report and AEDT
2a SP2 UQ Supplemental Report in 2014 (Refs. [1] and [2]). Another major effort was made on parametric uncertainty
quantification of AEDT alpha in 2010 (Refs. [3], [4], [5], [6]). The GT team has reviewed the documents and held a
teleconference with the Volpe personnel who had lead the AEDT alpha and 2a UQ studies. Based on the understanding of
the approaches taken, datasets used, and the results observed, the GT team has proposed the scope and approach for the
AEDT2b UQ effort as summarized in Table 1 through telecons with the FAA Project manager.
Table 1 Summary of Previous Studies and Comparison to GT Approach

Previous Studies

Analysis Scope

•

GT Approach

•

Fleet level at 1~5 Airports

•
Approach

•

•

Combined impacts of inputs
varying together

Assess UQ at an aircraft level for various
aircraft types (first 6 months)
Fleet level (optional)

•

Show impact of individual input changes to
outputs
Show combined impacts

Output
Parameters

•
•

LTO fuel burn and emissions
Noise

•
•
•

Full gate-to-gate fuel burn and emissions
LTO fuel burn and emissions
Noise

Input
Parameters

•

Vary input parameters
independently

•

Capture physical relationship among input
parameters
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Uncertainty Characterization
In order to characterize the sources of uncertainties that contribute to uncertainties in AEDT outputs, it is important to
understand the context in which AEDT is utilized for the purpose of environmental impact assessments. GT has been
either or both developing and utilizing various FAA’s environmental tools such as EDS, GREAT, APMT-E, and AEDT.
Specifically, GT has been performing technology and policy impact analyses for the US FAA modeling vehicle technology
and design changes in EDS, propagating its vehicle level impacts into the fleet level impacts in AEDT.
GT will leverage prior research conducted and coefficient data generated under PARTNER Project 14 and 36. Under these
projects, a number of engine/airframe combinations were developed and validated directly to the AEDT definitions and
performance. As such, a consistent approach was developed to quantify changes at the vehicle level to changes in the
outputs of the AEDT modeling environment. This full definition includes all aspects of BADA and SAE AIR-1845, including
detailed takeoff and landing procedures, noise, etc. which is consistent with the output results of the AEDT Fleet DB
representation as documented in numerous PARTNER annual reports since 2007. This aspect is imperative for the current
research since changes in the aircraft or engine design are parametrically linked to Fleet DB coefficients, thereby changing
the performance in AEDT. This process is the fundamental driver of the uncertainty analysis.
In prior analyses, GT developed a comprehensive approach translating a vehicle definition in EDS to a representation in the
AEDT Fleet DB and also testing the vehicle on representative missions that mimic the way aircraft are flown in AEDT. GT
developed a batch mode version of AEDT core logic that is executed when EDS runs so as to ensure that the AEDT
representation of an EDS model is in line with an equivalent aircraft in the Fleet DB. This tool is called the “AEDT tester”
and was provided to Volpe. The tester also allows for running vehicles that are within the Fleet DB. As surrogate models for
GREAT and or the generic fleet were developed over the years, a plethora of data of the AEDT Fleet DB coefficients were
generated and in addition output results from the AEDT tester. This data, and the models from which it was created, serves
as the basis to understand the uncertainty associated with variations in aircraft design to the changes in the coefficients
and sequentially to the changes in the AEDT output results.
In addition, GT has used the EDS/AEDT toolset for the purposes of modeling and evaluating NASA’s ERA technology
portfolio. NASA’s ERA technology portfolio targets mid-term technology solutions including unconventional airframe and
engine architectures of open rotor being integrated into hybrid-wing-body (HWB) airframe in 300 passenger class. GT will
collect AEDT input and output parameters from ERA vehicles to compare the statistics with the data obtained from
PARTNER Projects 14 and 36.
The AEDT input file for each of the aircraft models generated through EDS is in an xml format. In order to parse key AEDT
input parameters from the xml files, a python script has been written. Running the script, the GT team has collected about
30 AEDT input parameters for about 900 EDS aircraft in large single aisle (LSA) class. The preliminary analysis was
performed on LSA aircraft from PARTNER Project 14. In Project 14, the baseline EDS LSA aircraft was varied by changing
aircraft and engine design parameters for the purpose of creating a generic vehicle (GV) that represents environmental
footprints of major LSA aircraft fleet including Boeing 737 and Airbus A320 families.
As an example, the geometry and technology level of a 150 pax aircraft were varied and the calculated coefficients are
depicted in Figure 1. The scatterplot shows the physical correlations for a very small subset of the coefficients needed within
the Fleet DB. Each dot on the right represents a specific definition of an aircraft. When a clear trend exists in a panel between
two variables (i.e. COEFF_CF1 and COEFF_CF2 are positively correlated), this implies a physical correlation between the two
which must be accounted for during the uncertainty propagation. In the previous AEDT UQ studies, these distributions on
the left were sampled independently and usually as either a triangular or uniform distribution. When strong correlations
among input parameters are ignored, a sampled set of inputs can created a physically infeasible case. As such, this task will
result in the collation of prior analysis conducted at GT to properly define the input distributions and the physical correlation
between them to establish the uncertainty representation of the inputs to AEDT. Each of these prior analyses utilized various
accepted statistical sampling techniques, for which numerous mathematical uncertainty quantification techniques will be
utilized in Task 2 to relate the variability of inputs to AEDT outputs.
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Figure 1 BADA Fuel Flow Coefficients from EDS LSA Aircraft

Milestone(s)
Since the project is in its early phase, the GT team is conducting literature review, data collection, and data analysis under
Task 1. The team had a kickoff meeting with the FAA on August 5, 2015. The GT team and the FAA held a teleconference
on August 31, 2015 and GT has submitted a monthly report on that day. GT/FAA/Volpe had a subsequent teleconference
on September 15, 2015 to discuss AEDT2a and AEDT alpha UQ work conducted by Volpe in 2014 and 2010 time frames.
The GT team also presented its work to the FAA external tools team on September 22, 2015.

Major Accomplishments
Since the project is in its early phase, the GT team is conducting literature review, data collection, and data analysis under
Task 1. The team has shared the plan and preliminary results in various meetings with the US FAA, Volpe, and the external
tools team.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
Fatma Kargoz, is a second year PhD student. As a Graduate Research Assistance, Fatma has been writing Python scripts to
parse AEDT input parameters from AEDT input files.
Evanthis (Eva) Kallou is a first year PhD student who started in fall 2015. As a Graduate Research Assistance, Ms Kallou has
conducted literature review on UQ methods. Ms. Kallou is being trained on related tools such as AEDT Tester and AEDT2b.
Junghyun (Andy) Kim is a first year PhD student who started in fall 2015. Mr. Kim has conducted literature review on UQ
methods. Mr. Kim is being trained on related tools such as AEDT Tester and AEDT2b.
Matthew Levine is a PhD student, anticipated graduation in December 2015, and has served as a collaborator on this
project due to his experience with AEDT and EDS and the data utilized in this project.

Plans for Next Period
GT is planning on finalizing Task 1 in early October 2015. However depending on the outcome of Task 2, it is possible to
revisit this task and update the analysis. GT will continue the project conducting Tasks 2 and 3. Brief descriptions of the
future tasks are provided here.
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Task 2 – Identification of Important Output to Input Relationships
The outcome of this task will be an identification of the key input drivers across multiple vehicle types to multiple AEDT
metric outputs to provide a comprehensive insight to the uncertainty associated with AEDT and the and joint-distribution
shapes between Fleet DB coefficients. Various uncertainty quantification mathematical techniques will be used depending
upon the metric of interest and the most intuitive means for communicating the results to the FAA. This may include, but
not be limited to the following techniques: Analysis of Variance (ANOVA), Multivariate Analysis of Variance (MANOVA),
Monte Carlo Simulation, or Copula Techniques.
Task 3 – Guidelines for Future Tool Research
Finally, each of the prior tasks will culminate into a summary document of the data assumptions, techniques utilized, and
the resulting observations to help guide the FAA in the areas of further research in the development of AEDT and its
supporting data structure and algorithms.
This document can also serve as a guidance material for various aircraft design tools as they seek to connect to the AEDT
Fleet DB data structure. This will allow for the identification of specific coefficients that are more important in terms of the
level of accuracy needed from that specific aircraft design tool. This is of significant importance as AEDT 2b seeks
widespread use within the aviation community.
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Project 037 CLEEN II Technology Modeling and Assessment
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Regents Professor
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Atlanta, GA 30332-0150
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University Participants
Georgia Institute of Technology
•
P.I.(s): Dr. Dimitri Mavris (PI), Mr. Christopher Perullo, Dr. Jimmy Tai (Co-PI)
•
FAA Award Number: 13-C-AJFE-GIT-013
•
Period of Performance: September 1, 2015 – February 25, 2017

Project Funding Level
The project is funded at the following levels: Georgia Institute of Technology ($200,000).
The Georgia Institute of Technology has agreed to a total of $200,000 in matching funds. This total includes salaries for
the project director, research engineers, graduate research assistants and computing, financial and administrative support,
including meeting arrangements. The institute has also agreed to provide tuition remission for the students paid for by
state funds.

Investigation Team
Georgia Institute of Technology
Principal Investigator: Dimitri Mavris
Co-Investigators: Christopher Perullo, Jimmy Tai
Fleet Modeling Technical Lead: Holger Pfaender

Project Overview
Georgia Tech (GT) was previously selected to perform all of the system level assessments for the CLEEN program under
PARTNER project 36 and ASCENT project 10. As a result, Georgia Tech has a unique position from both a technical and
programmatic standpoint to continue the system level assessments for CLEEN II. From a technical perspective, GT has
significantly enhanced the Environmental Design Space (EDS) over the last 5 years to incorporate advanced, adaptive, and
operational technologies targeting fuel burn, noise, and emissions. EDS was successfully applied to all CLEEN I contractor
technologies including: GE open rotor, TAPS II combustor, FMS-Engine and FMS-Airframe; Pratt & Whitney geared fan;
Boeing adaptive trailing edge and CMC nozzle; Honeywell hot section cooling and materials; and Rolls-Royce turbine
cooling technologies. GT also gained significant experience in communicating system level modeling requirements to
industry engineers and translating the impacts to fleet level fuel burn, noise, and emissions assessments. This broad
technical knowledge base covering both detailed aircraft and engine design and high level benefits assessments puts GT in
a unique position to assess CLEEN II technologies.
As the ultimate goal of this work is to conduct fleet level assessments for aircraft representative of future ‘in-service’
systems, GT will create system level EDS models using a combination of both CLEEN II and other public domain N+1 and
N+2 technologies. The technology and fleet assumptions setting workshops conducted under ASCENT project 10 will be
heavily leveraged for this effort. Non-CLEEN II technologies for consideration along with potential future fleet scenarios will
help to bound the impact of CLEEN II on future fleet fuel burn, emissions, and noise.
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Long term goals of this project include the vehicle and fleet level assessments of fuel burn, emissions, and noise benefits
for the aircraft and engine technologies funded for development under CLEEN II. More specifically, the first period of
performance for this work seeks to establish working relationships with each of the chosen CLEEN II contractors (yet to be
awarded at this time) and to identify system level modeling needs within EDS for each contractor. At the conclusion of the
first period of performance, GT expects to have system level modeling roadmaps in place for each contractor along with
non-disclosure agreements (NDA) and working timelines to conduct the assessments for each contractor.

Major Accomplishments
As the project has just started, there are no major accomplishments to report. Georgia Tech has begun the process of
signing non-disclosure agreements with the CLEEN II contractors and will host the CLEEN Consortium in November of 2015
at Georgia Tech.

Publications
None.

Outreach Efforts
None.

Awards
None

Student Involvement
None yet; students will be involved later in the period of performance once modeling work begins.

Plans for Next Period
In the first year of CLEEN II, it is unlikely that detailed technology modeling data will be available. Therefore, GT will focus
on attending contractor kickoff meetings and working with awarded contractors to discuss proposed modeling approaches
and initial timelines for assessment (pending successful negotiations of NDAs). Once GT knows what technologies are
being considered under CLEEN II, work can begin to incorporate additional technology modeling capabilities into EDS.
Georgia Tech will also work with FAA over the course of the project to incorporate any modeling structure enhancements
in EDS performed under this project into the version of EDS that will be installed under ASCENT Project 10 in the FAA
Environmental Modeling Lab.
GT will also work with the FAA to choose baseline vehicles for the assessment process. The FAA is interested not only in
the effects of individual CLEEN II technologies, but also the impact of combining various CLEEN II and other public domain
technologies across vehicle size classes. GT has extensive experience is in this field as the system assessment contractor
for FAA CLEEN I, NASA ERA, and the NASA FW projects. Translating the technology impacts across the fleet (aircraft size
classes) requires both vehicles for assessment, and the ability to communicate modeling needs to the CLEEN II contractors.
Modeling and roadmap work from ASCENT project 10 will also be leveraged in this effort.
Once GT understands the breadth and number of technologies to be assessed under CLEEN II, modeling and assessment
rodamaps will be constructed for each CLEEN II contractor. These roadmaps will include working schedules for data
exchange between GT and the contractor and expected system assessment modeling start and end dates. Roadmaps will
be broken out by technology and will be used to plan out resources and modeling efforts for the remainder of the CLEEN II
program. The roadmaps will also include descriptions of the technology modeling approaches for each CLEEN II technology
and whether or not the underlying assessment models (independent of CLEEN II data) are leveraged from prior FAA work,
must be newly developed under this work, or are from another effort such as a NASA funded project.
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•

•

•
•
•

•
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IUCN Academy Series. Submitted June 30, 2014. Accepted and in press.
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Generating New Science, in Bioenergy & Sustainability: Bridging the Gaps (U.N. SCOPES Rapid
Assessment Project) (2015)
Endres, Jody M., Walker, Matthew A., A Tale of Three Watersheds: U.S. EPA’s Contrasting
Approaches to Agricultural Nutrient Pollution, 2 WIRE’S Water 47-54 (2015)
Mueller, Steffen, Unnasch, Stefan, Tyner, Wallace E., Pont, Jennifer, and Johnson, Jane M-F.
”Handling of co-products in life cycle analysis in an evolving co-product market: A case study with
corn stover removal.” Advances in Applied Agricultural Science 3(5) 2015, pp. 8-21.
Thiffault, Evelyne, Endres, Jody, McCubbins, James, Junginger, Martin, Lorente, Miren, Fritche,
Uwe, Iarte, Leire (2015). Sustainability of forest bioenergy feedstock supply chains: Local, national
and international policy perspectives. Biofuels, Bioproducts & Biorefining DOI: 10.1002/bbb
(2015)
Young, T.M., Wang, Y., Guess, F.M., Fly, M., Hodges, D., and Pouydal, N. 2015. Understanding the
characteristics of non-industrial private forest landowners that harvest trees. Small-Scale Forestry.
14(3):273-285. DOI: 10.1007/s11842-015-9287-9.
Zhao, Xin, Brown, Tristin R., and Tyner, Wallace E. “Stochastic techno-economic evaluation of
cellulosic biofuel pathways.” Bioresource Technology, forthcoming 2015.
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•
•
•
•
•
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-, Alternative Jet Fuel Supply Chain Analysis in the MASBI Region
-, CAEP-SG/2015-IP/14: 2020 Fuel Production Assessment Methodology
-, CAEP-SG/20153-IP/12: 2050 Fuel Production Assessment Methodology
-, CAEP-SG/20153-IP/13: 2020 and 2050 LCA Emissions Factors Methodology
Bittner, Amanda, Tyner, Wallace E., and Zhao, Xin. Field to Flight: A Techno-Economic Analysis of
the Corn Stover to Aviation Biofuels Supply Chain. Purdue Extension RE-8-W, 2014.
Tyner, Wallace E., and van Fossen, Kirsten. “Policy Research Needs Relevant to Alternative Jet
Fuels.” CAAFI Research and development Team White Paper Series: Policy Impact (2014),
http://www.caafi.org/information/pdf/8_CAAFI_Policy_Paper_Final_December_2014.pdf

Presentations
•
•

Burton C. English, Alternative Jet Fuel Supply Chain Analysis: ASCENT 1 (Feedstock) April 13, 2015.
Weekly meeting Webinar.
Chen, M., and P. Smith. 2015. Toward the Integrated Production of Cellulosic Biofuels and
Biochemcials: Lessons Learned from the U.S. Corn & Cellulosic Ethanol Industries. Oral
Presentation at the Year 4, NARA Annual Meeting, Spokane, WA. Sept. 15-17.
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•
•
•
•

Chen, M., and P. Smith. 2015. Expert Elicitation on the Integrated Production of 2nd Gen (Cellulosic)
Biofuels & Biochemicals. Poster presentation at the Year 4, NARA Annual Meeting, Spokane, WA.
Sept. 15-17.
Endres, Jody M., Designing Governance Systems to Solve Nutrient Pollution: Lessons from Clean
Water Act Litigation, University of Illinois Institute for Energy and Environment Water Congress
(Sep. 2015).
Endres, Jody M., Illinois Water Law Under Conditions of Uncertainty, Joint Meeting of the Chicago
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Endres, Jody M., The Prospects of Product Category Rules and Environmental Product Declarations
for the Biojet Sector, Federal Aviation Administration ASCENT Bi-Annual Meeting (Mar. 2015).
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Three graduate students and two undergraduate students involved.

Publications

•

Dougherty, R.P., Robinson, T.L., Kurosaka, M., “Improved Method for Estimating Noise Level
Reduction of Residential Houses”, INTER-NOISE and NOISE-CON Congress and Conference
Proceedings, InterNoise15, San Francisco, CA, pp. 2063-2074.

Thesis
•

Robért, R. “Measuring noise level reduction using an artificial noise source,” M.S. Thesis to be
presented to the Georgia Institute of Technology (expected: December 2015).

Presentations
•
•
•
•
•

Robért R., Cunefare K., Ryherd, E., Irizarry, J. (2015) “Measuring noise level reduction using an
artificial noise source,” 170th meeting of the Acoustical Society of America, Jacksonville, FL
(invited).
Robért, R., Cunefare, K., Ryherd, E., Irizarry, J. (2015) “Reproducibility and repeatability of
measuring Noise Level Reduction using an artificial noise source,” 169th meeting of the Acoustical
Society of America, Pittsburgh, PA.
ASCENT Fall 2014 Advisory Committee Meeting; October 2014; Alexandria, VA
ASCENT Winter 2015 Advisory Committee Meeting; March 2015; Alexandria, VA
Presented a poster and made a table top demonstration at the ‘Research+Industry’ symposium
held at the Mary Gates Hall, UW, on November 21, 2014, and hosted by the William E. Boeing
Department of Aeronautics and Astronautics
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Three graduate students involved.

Publications
•
•
•

Tong, B. N., Li, K. M., “Atmospheric effects on noise propagation from an en-route aircraft,” Proc.
Noise Con 2014, Fort Lauderdale, FL (Institute of Noise Control Engineering of the USA,
Washington, D.C.)
Tong, B. N., Li, K. M., “Sound field predictions of a monopole source moving uniformly in a
stratified medium above an impedance plane,” Internoise 2015; San Francisco, August 10-12,
2015.
Petersen, E., Sparrow, V., “Effects of carbon dioxide on atmospheric absorption for en-route
aircraft and supersonic aircraft,” Internoise 2015; San Francisco, August 10-12, 2015.

Presentation
•

Petersen, E., Sparrow, V., “Differences in atmospheric absorption coefficients between ANSI/ASA
S1.26-2014 and an updated model,” 169th meeting, Acoustical Society of America, Pittsburgh, PA,
May 2015 [J. Acoust. Soc. Am. 137 (4, Pt. 2) 2198 (2015)].
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•
•

Presentation by Graduate Research Assistant Rachel Romond at 25 August 2015 FAA External
Tools teleconference
A special session was organized for presenting the initial results in Internoise 2015, San
Francisco, August 10-12, 2015.

Project 006
Two graduate students involved.

Publications
•

Li, Y.; Brentner, K.S.; Wachspress, D.A.; Horn, J.F.; Saetti, U.; and Sharma, K., “Tools for
Development and Analysis of Rotorcraft Noise Abatement,” proceedings of AHS “Sustainability
2015” conference, Montreal, Quebec, Canada, Sept 22-24, 2015, 10 pages.

Presentations
•

The validation effort was also highlighted in the conference presentation: Li, Y.; Brentner, K.S.;
Wachspress, D.A.; Horn, J.F.; Saetti, U.; and Sharma, K., “Tools for Development and Analysis of
Rotorcraft Noise Abatement,” presented at AHS “Sustainability 2015,” Montreal, Sept 22-24, 2015,
(presented by K.S. Brentner)

Project 007
Presentations
•

Palmer, J., Sparrow, V., “Measured N-wave sonic boom events and sensitivity to sonic boom
metrics,” Proc. of 20th Intl. Symposium on Nonlinear Acoustics and 2nd Intl. Sonic Boom Forum, July
2-3, 2015, Lyon, France (American Institute of Physics, 2015) [in press].
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Eleven graduate students involved.

Publications
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Lukaczyk, T. W., Wendorff, A. D., Colonno, M., Botero, E., Economon, T. D., Alonso, J. J., Orra, T.
H., and Ilario, C., “SUAVE: An Open-Source Environment for Multi-Fidelity Conceptual Vehicle
Design,” 16th AIAA/ISSMO Multidisciplinary Analysis and Optimization Conference,
doi:10.2514/6.2015-3087, June, 2015.
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Twelve graduate students involved.

Publications
•
•

Bernardo, J. E., Kirby, M., Mavris, D., “Development of a Rapid Fleet-Level Noise Computation
Model,” AIAA Journal of Aircraft, Status: Published November 2014.
Bernardo, J. E., Kirby, M., Mavris, D., “Development of Generic Airport Categories for Rapid FleetLevel Noise Modeling,” Journal of Aerospace Operations, IOS Press, Submitted Revisions December
2014, Status: Accepted, to be published soon.

Presentations
•

LeVine, M. “Enhancement of Rapid Noise Assessment to Include Population Exposure,” 23rd Annual
External Advisory Board Review at the Aerospace Systems Design Laboratory, Atlanta, GA. April
29, 2015.
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•
•
•

LeVine, M. “Progress on Population Data Methods in ANGIM for Project 11,” Presentation to
FAA/AEE Tools Review Teleconference. January 20, 2015.
LeVine, M, Pfaender, J.H., Kirby, M. Training at FAA/AEE for Beta version of GREAT tool integrated
with ANGIM, Washington, D.C. June 2-3, 2015.
LeVine, M. “Progress on Population Data Methods in ANGIM for Project 11,” Presentation to
FAA/AEE Tools Review Teleconference. January 20, 2015
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Four graduate students were involved.

Project 013
Two graduate students involved.
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A., Khodayari, A., Liang, Q., Phoenix, Selkirk, D. H. B., Unger, N., Wuebbles, D. J., Model
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Phoenix, D., Climate effects from 2050 projected aviation emissions, Atmospheric Environment, in
review, 2015.
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quality effects of cruise emissions, Federal Aviation Administration Office of Environment and
Energy, Washington, D.C., March 31, 2015.

Presentations
•
•
•
•
•

•
•

Inamdar, A.R., Lele, S.K., and Jacobson, M.Z., LES of Contrails with Ice Habit Treatment Using the
Fickian-Distribution Model, 4th Joint US-European Fluids Engineering Division Summer Meeting,
American Society of Mechanical Engineers 2014 Conference, August, 2014.
Cameron, M.A., Jacobson, M.Z., and Lele, S.K., Evaluating the photochemical effects of aircraft
emissions in the upper-troposphere/lower stratosphere, Atmospheric Chemical Mechanisms
conference, University of California, Davis, December 10-12, 2014.
Cameron, M.A., Jacobson, M.Z., and Lele, S.K., Quantifying the spatial and temporal distribution of
aircraft emissions in the upper troposphere/lower stratosphere, American Geophysical Union Fall
Meeting, San Francisco, California, December 15-19, 2014.
Cameron, M.A., Jacobson, M.Z., and Lele, S.K., Quantifying the spatial and temporal distribution of
aircraft emissions in the upper troposphere/lower stratosphere, 2015 CRC mobile-source air toxics
workshop, Sacramento, California, Feb. 17-19, 2015.
Cameron, M.A., Jacobson, M.Z., Barrett, S. R. H., Bian, H., Chen, C.-C., Eastham, S. D., Gettelman,
A., Khodayari, A., Liang, Q., Phoenix, D., Selkirk, H. B., Unger, N., Wuebbles, D. J., Yue, X. An
intercomparative study of the effects of aircraft on surface air quality, American Geophysical
Union Fall Meeting, San Francisco, California, December 14-18, 2015.
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contrails, American Geophysical Union Fall Meeting, San Francisco, California, December 14-18,
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Studying the effects of aircraft exhaust on global and regional climate, ASCENT Aviation
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476

•
•
•
•

Studying the effects of aircraft exhaust on global and regional climate, ASCENT Aviation
Sustainability Center Advisory Meeting, Seattle, Washington, October 14, 2015
Jacobson, M.Z., J.T. Wilkerson, S. Balasubramanian, W.W. Cooper, Jr., and N. Mohleji, The effects of
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treatment of aircraft exhaust photochemistry, Geophys. Res. Lett., 40, 5815-5820, 2013. Projects
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Four graduate students involved.
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“Cruise Fuel Reduction Potential from Altitude and Speed Optimization in Global Airline
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Research and Development Seminar (ATM2015), 23-26 June 2015, Lisbon, Portugal.
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“Demonstration of Reduced Airport Congestion through Pushback Rate Control.” I. Simaiakis,
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Basner, M., Brink, M.: Sample size estimation for field studies on the effects of aircraft noise on
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effects on sleep. Noise & Health 14(61): 321-329, 2012.
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Penn, S., Boone, S., Harvey, B., Heiger-Bernays, W., Tripodis, Y., Arunachalam, S., Levy, J. Modeling
variability in air pollution-related health damages from individual airport emissions. Submitted
September 2015.

Thesis
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Penn, S. Modeling Contributions of Major Sources to Local and Regional Air Pollutant Exposures
and Health Effects. Boston University School of Public Health, Boston, MA, September 2015.
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Penn, S., Arunachalam, S., Boone, S., Kamai, E., Levy, J., Modeling Variability in Air PollutionRelated Health Damages from Individual Airport Emissions. International Society of Exposure
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S. Boone, S. Penn, J. Levy, S. Arunachalam. Calculation of sensitivity coefficients using CMAQ-DDM
for individual airport emissions in the United States. ITM 2015, Montpellier, France, May 2015.
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Boone, S., Napelenok, S., and Arunachalam, S., 2013. Calculation of sensitivity coefficients for
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Boone, S., Penn, S., Levy, J. and Arunachalam, S. (2015). Calculation of sensitivity coefficients for
individual airport emissions in the continental United States using CMAQ-DDM3D/PM. Presented at
the 34th International Technical Meeting (ITM) for Air Pollution Modeling and Applications,
Montpellier, France, May 2015.
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Vennam. L.P., Arunachalam. S., Vizuete. W., Baek. B.H., Omary. M., Bowden. J., and Olsen. S. “
Modeled Trends in Impacts of Landing and Takeoff Emissions on Surface Air Quality in US for
2005, 2010 and 2018”, Oral presentation at 13th Annual CMAS Conference held at Chapel Hill, NC
from Oct 5-7, 2014.
Vennam. L.P., Arunachalam. S., Vizuete. W., Baek. B.H., Omary. M., Bowden. J., and Olsen. S. “
Modeled Trends in Impacts of Landing and Takeoff Emissions on Surface Air Quality in US for
2005, 2010 and 2018”, Poster presentation at 2014 AGU Fall meeting held at San Francisco, CA
from Dec 15-19, 2014.
Woody, M. C., West, J. J., Jathar, S. H., Robinson, A. L., and Arunachalam, S. (2015): Estimates of
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Atmos. Chem. Phys., 15, 6929-6942.
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sectors. 2015 Aircraft Noise and Emissions Reduction Symposium (ANERS), September 22-25, 2015,
La Rochelle, France.

Project 021

479

Two graduate students involved.

Publications
•

Brasseur, et al. “Impact of Aviation on Climate: FAA’s Aviation Climate Change Research Initiative
(ACCRI) Phase II.” BAMS. 2015.

Reports
•
•
•

Jacob, D.J, P.J. Wolfe, S.R.H. Barrett, “Requirements Document for Regional Assessment of
Climate.” Report.
Wolfe, P.J. APMT-Impacts Climate Code Algorithm Design Document (APMT-I Climate v23). 2015.
Report.
Wong, L. et al. “Long-term atmospheric chemistry and temperature impacts of aviation NOx” In
Preparation (Revision).

Thesis
•

Wolfe, P.J. “Aviation Environmental Policy and Issues of Timescale.” Chapter 3: Climate Modeling.
Dissertation.

Presentations
•
•
•
•
•
•
•

-, Ascent 14 Climate Tools Briefing (Fall 2014), Climate Modeling Briefing (Winter 2014/2015)
-, FAA Tools Team Presentation on APMT-Impacts Climate (Fall 2014, Spring 2015)
-, FAA Tools Team Presentation on Short-Lived Climate Forcer Modeling (Summer 2015)
-, MIT Technical Communications Seminar (Spring 2015)
FAA Tools Team Presentation on APMT-Impacts Climate (Fall 2014, Spring 2015)
FAA Tools Team Presentation on Short-Lived Climate Forcer Modeling (Summer 2015)
Ascent 14 Climate Tools Briefing (Fall 2014), Climate Modeling Briefing (Winter 2014/2015)

Project 022
One graduate student involved.

Publications
•
•
•
•
•
•
•

Gettleman, A., Jacobson, M. Z., and Wuebbles, D. J., Climate forcing effects from 2050 Projected
Aviation, FAA Report, submitted to FAA for review, 2015.
Gettleman, A., Chen, C.-C., Jacobson, M. Z., Cameron, M. A., Wuebbles, D. J., Khodayari, A., Phoenix,
D. B., Climate effects from 2050 Projected Aviation Emissions, Atmos. Environ., submitted.
Jacobson, M. Z., Barrett, S. R. H., Gettleman, A., Selkirk, H. B., Unger, N., and Wuebbles, D. J., Surface
Air Quality Effects of Cruise Emissions, FAA Report, submitted for review by FAA, 2015.
Khodayari, A., Olsen, S. C., Wuebbles, D. J., and Phoenix, D. B., Aviation NOx-induced CH4 effect:
Fixed mixing ratio boundary conditions versus flux boundary conditions, Atmospheric Environment
113 (2015): 135-139.
Khodayari, A., Phoenix, D. B., and Wuebbles, D. J., Effect of NOx emissions from lightning on the
production of aviation-induced ozone, J. Geophys. Res.-Atmos., submitted.
Phoenix, D. B., Khodayari, A., and Wuebbles, D. J., Aviation impact on air quality in present day and
mid-century simulated in the community atmosphere model (CAM), in preparation to be submitted
to Atmos. Chem and Phys.
Phoenix, D. B., Khodayari, A., and Wuebbles, D. J., Evaluation of Aviation Effects with Alternative
Fuels on Climate in Mid-Century (2050) in the Community Atmosphere Model (CAM), in preparation
to be submitted to Atmos. Environ.

Project 023
Three graduate students and one undergraduate student involved.

Project 024

480

Two graduate students involved.

Publications
•
•

Abrahamson, Joseph. Aviation Black Carbon Mass Predictive Model for Alternative and
Conventional Fuels at Ground and Cruise, 2016. https://ascent.aero/wpcontent/uploads/sites/192/2015/12/Hartman_CH_7-20-16JPA.pdf
Speth R.L., Rojo C., Malina, R. and Barrett S.R.H., “Black carbon emissions reductions from
combustion of alternative jet fuels.” Atmospheric Environment 105, pp. 37-42, 2015.
DOI:10.1016/j.atmosenv.2015.01.040

Presentations
•
•

Aviation Emissions Characterization Workshop which was held May 19–20, 2015.
A presentation describing the analysis of altitude and fuel composition effects using the reactor
network model was given in the AEC Roadmap Teleconference on September 24, 2015.

Project 025
Two graduate students involved.

Publications
•
•
•

Davidson, D. F., Tugestke, A., Zhu, Y., Wang, S., Hanson, R. K., “Species time-history
measurements during jet fuel pyrolysis,” 30th International Symposium on Shock Waves, Paper
179, Tel Aviv, Israel, July 2015.
Zhu, Y., Wang, S., Davidson, D. F., Hanson, R. K., “Shock tube measurements of species timehistories during jet fuel pyrolysis and oxidation,” 25th International Colloquium on the Dynamics
of Explosions and Reactive Systems, Paper 262, Leeds, UK, August 2015.
F. Davidson, Y. Zhu, S. Wang, T. Parise, R. Sur, R. K. Hanson, “Shock Tube Measurements of Jet and
Rocket Fuels,” 54th American Institute of Aeronautics and Astronautics Aerospace Sciences
Meeting, January 4-8, 2016, San Diego, CA.

Project 026
One graduate student involved.

Project 027
Nine graduate students involved.

Reports
•

Effects of Fuel Chemistry and Turbulence Intensity on Turbulent Consumption Speed for Large
Hydrocarbon Fuels, Aaron J. Fillo, David L. Blunck, Western States Combustion Institute, Fall 2015

Project 028
Three graduate students involved.

Reports
•

Characterization of Fuel Effects on Lean Blowout in Gas Turbine Combustors, L. Esclapez, P. C. Ma,
M. Naik, and M. Ihme, accepted for presentation at AIAA SciTech Meeting, San Diego, 2016.
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Project 029
Six graduate students involved.

Publications
•

•

•
•

Buschhagen, Timo, Zhang, Robert Z., Naik, Sameer V., Slabaugh, Carson D., Meyer, Scott E., Gore,
Jay P. and Lucht, Robert P. “Effect of Aviation Fuel Type and Fuel Injection Conditions on Non-reacting
Spray Characteristics of Hybrid Air Blast Fuel Injector,” to be presented at the 2016 AIAA SciTech
Meeting, San Diego, CA, 4-8 January 2016.
Govindaraju, P., Wang, Q., and Ihme, M., Multicomponent Droplet Evaporation using Group
Contribution Methods with Application to Fuel Blends, presented at 9th U. S. National Combustion
Meeting Organized by the Central States Section of the Combustion Institute, May 17-20, 2015,
Cincinnati, Ohio.
Ma, P. C., Nik, M. B., Carbajal, S. E., Ihme, M., Buschhagen, T., Naik, S. V., Gore, J. P., Lucht, R. P.
“Large-Eddy Simulations of Fuel Injection and Atomization of a Hybrid Air-Blast Atomizer.” To be
presented at AIAA SciTech Meeting, San Diego, January 2015.
May, P.C., Nik, M. B., Carbajal, S. E., Naik, S., Gore, J. P., Lucht, R. P., and Ihme, M, “Large-Eddy
Simulations of Fuel Injection and Atomization of a Hybrid Air-Blast Atomizer,” to be presented at
the 2016 AIAA SciTech Meeting, San Diego, CA, 4-8 January 2016.

Project 030
Three graduate students involved.

Presentations
•

Corporan, Edwin, Stouffer, Scott, Hendershott, Tyler, Klingshirn, Chris, Dewitt, Matt, Zabarnick,
Steve, Neuroth, Craig, Shouse, Dale, Diemer, Jacob “Initial Studies of Fuel Impacts on Combustor
Operability and Emissions at the Air Force Research Laboratory”, IASH 2015, the 14TH International
Symposium on Stability, Handling, and Use of Liquid Fuels, Charleston, South Carolina USA, 4-8
October 2015

Project 31
Three graduate students involved.

Project 32
Report
•

-, Life Cycle GHG Emission of Jet Fuel from Conventional Oils and Forecasted Crude mix in 2020,
submitted to ICAO AFTF

Project 033
Two graduate students involved.

Project 034
Two graduate students involved.

Publications

482

•
•
•

Heyne, J. S., Dryer, F.L., Won, S. H., Haas, F. M., “Reactivity Comparisons of Conventional and
Alternative Jet Fuels in a Variable Pressure Flow Reactor,” 9th US National Combustion Meeting,
2015, Cincinnati, OH.
Colket, M., Heyne, J. S., Rumizen, M., Edwards, J. T., Gupta, M., Roquemore, W. M., Moder, J. P.,
Tishkoff, J. M., Li, C., et al., “An Overview of the National Jet Fuels Combustion Program,” Accepted
for presentation at AIAA SciTech Meeting, San Diego, 2016.
Heyne, J. S., Colket, M. “National Jet Fuels Combustion Program: Overall Program Integration and
Analysis,” CRC Aviation Committee Meetings, Nashville, TN, 6 May 2015.
Presentation on behalf of the NJFCP to the fuels community.

Project 035
One graduate student involved.

Presentations
•
•

ASCENT Advisory Board Meeting
SAE-A21 Committee

Project 036
Four graduate students involved.

483

Project Funding Allocations by Federal Fiscal Year*
Breakout by Project
Funding
Based on award date

Project
2014

2015

2016**

Total

001

Alternative Jet
Fuel Supply
Chain Analysis

$1,759,943

$1,265,000

-

$3,024,943

002

Ambient
Conditions
Corrections for
Non-Volatile PM
Emissions
Measurements

$2,800,000

$750,000

-$727,000

$2,823,000

003

Cardiovascular
Disease and
Aircraft Noise
Exposure

$200,000

$200,000

-

$400,000

004

Estimate of Noise
Level Reduction

$150,000

-

-

$150,000

005

Noise Emission
and Propagation
Modeling

$212,000

$200,000

-

$412,000

006

Rotorcraft Noise
Abatement
Operating
Conditions
Modeling

$250,326

$150,000

$150,000

$550,326

007

Civil, Supersonic
Over Flight,
Sonic Boom
(Noise)
Standards
Development

$100,000

$200,000

-

$300,000

008

Noise Outreach

$30,000

$50,000

-

$80,000

010

Aircraft
Technology
Modeling and
Assessment

$549,979

$550,000

$75,000

$1,174,979

011

Rapid Fleet-wide
Environmental
Assessment
Capability

$626,000

$244,000

-

$870,000

012

Aircraft Design
and Performance
Assessment Tool
Enhancement

$90,000

-

-

$90,000

013

Micro-Physical
Modeling &
Analysis of
ACCESS 2
Aviation Exhaust
Observations

$200,000

-

-

$200,000

014

Analysis to
Support the
Development of
an Aircraft CO2
Standard

$520,000

-

-

$520,000

017

Pilot Study on
Aircraft Noise
and Sleep
Disturbance

$154,000

$343,498

-

$497,498

018

Health Impacts
Quantification
for Aviation Air
Quality Tools

$150,000

$150,000

-

$300,000

019

Development of
Aviation Air
Quality Tools for
Airport-Specific
Impact
Assessment: Air
Quality Modeling

$320,614.46

$369,996

-

$690,610.46

020

Development of
NAS wide and
Global Rapid
Aviation Air
Quality

$150,000

$200,000

-

$350,000

021

Improving
Climate Policy
Analysis Tools

$150,000

$150,000

-

$300,000

022

Evaluation of
FAA Climate
Tools

$150,000

$30,000

-

$180,000

023

Analytical
Approach for
Quantifying
Noise from
Advanced
Operational
Procedures

$220,000

$66,711

-

$286,711

024

Emissions Data
Analysis for
CLEEN, ACCESS,
and Other Recent
Tests

$244,975

-

025

National Jet Fuels
Combustion
Program – Area
#1: Chemical
Kinetics
Combustion
Experiments

$330,000

$285,000

-

$615,000

026

National Jet Fuels
Combustion
Program – Area
#2: Chemical
Kinetics Model
Development
and Evaluation

$200,000

-

-

$200,000

027

National Jet Fuels
Combustion
Program – Area
#3: Advanced
Combustion
Tests

$470,000

$540,000

-

$1,010,000

$75,000

$319,975

028

National Jet Fuels
Combustion
Program – Area
#4: Combustion
Model
Development
and Evaluation

$450,000

$20,000

-

$470,000

029

National Jet Fuels
Combustion
Program – Area
#5: Atomization
Tests and
Models

$350,000

$290,000

-

$640,000

030

National Jet Fuels
Combustion
Program – Area
#6: Referee
Swirl-Stabilized
Combustor
Evaluation/Supp
ort

$349,949

-

-

$349,949

031

Alternative Jet
Fuels Test and
Evaluation

-

$489,619

-

$489,619

032

Worldwide LCA
of GHG
Emissions from
Petroleum Jet
Fuel

$150,000

-

-

$150,000

033

Alternative Fuels
Test Database
Library

-

$199,624

-

$199,624

034

National Jet Fuels
Combustion
Program – Area
#7: Overall
Program
Integration and
Analysis

$15,000

$219,999

-

$234,999

035

Airline Flight
Data
Examination to
Improve flight
Performance
Modeling

-

$150,001

-

$150,001

036

Parametric
Uncertainty
Assessment for
AEDT2b

-

$65,000

$175,000

$240,000

037

CLEEN II
Technology
Modeling and
Assessment

-

$200,000

-

$200,000

Breakout by University
Funding
Based on award year

University

2013

2014

2015

2016**

Total

Boston
University

$5,000

$350,000

$350,000

-

$705,000

Georgia
Institute of
Technology

$5,000

$2,010,000

$1,275,001

$175,000

$3,465,001

Massachusetts
Institute of
Technology

$10,000

$1,554,000

$823,073

-

$2,387,073

Missouri
University of
Science and
Technology

$5,000

$2,800,000

$750,000

-$727,000

2,828,000

Oregon State
University

$5,000

$80,000

$80,000

-

$165,000

Pennsylvania
State University

$5,000

$971,301

$656,711

$571,426

$2,207,438

Purdue
University

$5,000

$639,979

$780,000

$140,000

$1,564,979

Stanford
University

$5,000

$1,110,000

$425,000

$25,000

$1,565,000

University of
Dayton

$5,000

$209,949

$696,247

-

$911,196

University of
Hawaii

$5,000

$5,000

$75,000

-

$85,000

University of
Illinois

$5,000

$544,943

$358,000

-

$907,943

University of
North Carolina

$5,000

$320,614

$369,996

-

$695,610

University of
Pennsylvania

$5,000

$154,000

$343,498

University of
Tennessee

$5,000

$300,000

-

-

$305,000

University of
Washington

$5,000

$60,000

$29,997

-

$94,997

Washington
State University

$20,000

$974,228

$864,968

-

$1,859,196

$502,498

Funding
Based on award year

State

2013

2014

2015

2016**

Total

California

$5,000

$1,110,000

$425,000

$25,000

$1,565,000

Georgia

$5,000

$2,010,000

$1,275,001

$175,000

$3,465,001

Hawaii

$5,000

$5,000

$75,000

-

$85,000

Illinois

$5,000

$544,943

$358,000

-

$907,943

Indiana

$5,000

$639,979

$780,000

$140,000

$1,564,979

Massachusetts

$15,000

$1,904,000

$1,173,073

-

$3,092,073

Missouri

$5,000

$2,800,000

$750,000

-$727,000

2,828,000

North Carolina

$5,000

$320,614

$369,996

-

$695,610

Ohio

$5,000

$209,949

$696,247

-

$911,196

Oregon

$5,000

$80,000

$80,000

-

$165,000

Pennsylvania

$10,000

$1,125,301

$1,000,209

$571,426

$2,706,936

Tennessee

$5,000

$300,000

-

-

$305,000

Washington

$25,000

$1,034,228

$894,965

-

$1,954,193

* Each project funding amount is divided up by fiscal year based on the award date of the funding.

**Numbers in progress until end of federal fiscal (9/30/16)

