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Joshua Heyne (University of Dayton) is the project lead investigator for coordinating all NJFCP teams (both ASCENT
and non-ASCENT efforts).
Robert Stachler (University of Dayton) is a PhD student conducting the lean blowout (LBO) and emissions
measurements in the well-stirred reactor.
Erin Peiffer (University of Dayton) is a master’s student linking experimental results across ASCENT and nonASCENT teams.
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activities and analyze ignition data across NJFCP teams.
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Zhibin Yang (University of Dayton) is a graduate student research assistant working to develop physical surrogates.
Jen Colborn (University of Dayton) is an undergraduate research student assistant aiding in the testing of fuels on
the Referee Rig.

Project Overview

The NJFCP is composed of more than two dozen member institutions contributing information and data, including expert
advice from gas turbine original equipment manufacturers (OEMs), federal agencies, other ASCENT universities, and

corroborating experiments at the German Aerospace Center (DLR Germany), National Research Council Canada, and other
international partners. The project is tasked to coordinate and integrate research among these diverse program stakeholders
and academic PIs; cross-analyze results from other NJFCP areas; collect data for modeling and fuel comparison purposes in
a well-stirred reactor; conduct large eddy simulations of sprays for the Area 3 high-shear rig; procure additional swirler
geometries for the NJFCP areas and allied partners while developing an interface of NJFCP modeling capabilities with OEM
requirements. Work under this program consists of, but is not limited to:
•
conducting meetings with member institutions to facilitate the consistency of testing and modeling
•
coordinating timely completion of program milestones
•
documenting results and procedures
•
creating documents critical for program process (e.g., fuel down selection criteria)
•
soliciting and incorporate program feedback from OEMs
•
reporting and presenting on behalf of the NJFCP at meetings and technical conferences
•
integrating state-of-the-art combustion and spray models into user-defined-functions (UDFs)
•
advising the program steering committee

Task 1 - Integration and Coordination of NJFCP Teams
University of Dayton

Objective

The objective of this task is to integrate and coordinate all ASCENT and non-ASCENT team efforts by facilitating meetings,
summarizing results, presenting results external to the NJFCP, communicating regularly with the steering committee, and
other related activities.

Research Approach

The NJFCP is integrated and coordinated by two main techniques: (1) the structural combining of various teams into six topic
areas; and (2) routine meetings and discussion both internal and external to individual topic areas. The topic areas are
distinguished by the dominant physics associated with them (topics I and IV), the culmination of all relevant combustion
physics (topics II, III, V), and wrapping all work into a singular OEM graphical user interface package (topic VI). These six
topic areas are as follows:
Topic I. Chemical kinetics: Foundational to any combustion model is a chemical kinetic model and the validation data
anchoring modeling predictions.
Topic II. LBO: This topic covers data, screening, and validation under relevant conditions to statistically and theoretically
anticipate fuel property effects on this figure of merit (FOM).
Topic III. Ignition: Similar to the LBO topic, the focus here is experimental screening and validation data for statistical and
theoretical predictions.
Topic IV. Sprays: Historically, the dominant effect of fuel FOM behavior has been the spray character of the fuel relative to
others. Experimentalists in this topic area focus on measuring effects of fuel property on spray behavior.
Analogous to topic I, spray behavior is not an FOM like topics II and III, although it is critical to bound the physical
property effects on combustion behavior relative to other processes (i.e., chemical kinetics).
Topic V. Computational fluid dynamics (CFD) modeling. Complementary to the empirical topics II, III, and IV, the CFD
modeling topic focuses on the theoretical prediction of measured data and facilitates the development of
theoretical modeling approaches.
Topic VI. UDF development: Once the theoretical modeling approaches matured in topic V are validated, UDFs are
developed for OEM evaluation of fuel performance in proprietary rigs.
These topic area teams meet and coordinate regularly. At minimum, NJFCP-wide meetings are held monthly and topic area
meetings occur typically every 2 to 3 weeks.

Milestone

NJFCP Year 4 Meeting 2019

Major Accomplishments
•

Book editing and coordination.

•

Developing and publishing a Civil Aviation Alternative Fuels Initiative (CAAFI) R&D prescreening document to aid
novel companies and producers in the refinement and development of fuels that can most easily eclipse the Tier 3
and 4 testing.

Publications

Peer-reviewed journal publications
Peiffer, E.E., Heyne, J.S., & Colket, M. (2019). Sustainable aviation fuels approval streamlining: auxiliary power unit lean
blowout testing. AIAA Journal, pg. 1-9, https://doi.org/10.2514/1.J058348.
Ruan, H., Qin, Y., Heyne, J., Gieleciak, R., Feng, M., & Yang, B. (2019). Chemical compositions and properties of ligninbased jet fuel range hydrocarbons. Fuel 256 115947, https://doi.org/10.1016/j.fuel.2019.115947
Published conference proceedings
Heyne, J., Opacich, K., Peiffer, E., & Colket, M. (2019). The effect of chemical and physical fuel properties on the approval
and evaluation of alternative jet fuels. 11th U.S. National Combustion Meeting, Pasadena, CA
Opacich, K.C., Heyne, J.S., Peiffer, E., & Stouffer, S.D. (2019). Analyzing the relative impact of spray and volatile fuel
properties on gas turbine combustor ignition in multiple rig geometries. AIAA SciTech, AIAA 2019-1434, San
Diego, CA
Written reports
CAAFI R&D Committee. (2019). Prescreening of synthesized hydrocarbons intended for candidates as blending
components for aviation turbine fuels. Commercial Alternative Aviation Fuel Initiative (CAAFI), CAAFI R&D
Committee Publication

Outreach Efforts

Invited talks
Colket, M. & Heyne, J. (2018). Early evaluation of alternative jet fuels based on NJFCP results. Advanced Bioeconomy
Leadership Conference (ABLC), San Francisco, CA
Colket, M. & Heyne, J. (2019). Major results from the National Jet fuels and Combustion Program. ASME TurboExpo,
Phoenix, AZ
Colket, M., Heyne, J., & Lee, T. (2018). An overview of ASCENT research efforts to improve our understanding of how fuel
composition and characteristics determine performance. CAAFI Biennial General Meeting
Colket, M., Heyne, J., & Lee, T. (2018). NJFCP update: Properties and modeling to FOM predictions. JetScreen Meeting, Paris,
FR
Edwards, T. & Heyne, J. (2019). Towards the minimization of ASTM D4054 tier 3 & 4 AJF approvals. 2019 CRC Aviation
Committee Meetings, San Juan, PR
Heyne, J. (2019). Drop-in high-performance fuels: From molecule selection to mission benefits. NREL IBRF Lab, Golden, CO
Heyne, J. (2019). The approval and evaluation NJFCP learnings and high-performance fuels for operability and mission
benefits. Rolls-Royce, Indianapolis, IN
Conference presentations
Opacich, K., Heyne, J.S., Peiffer, E., & Stouffer, S.D. (2018). Analyzing the relative impact of spray and volatile fuel
properties on gas turbine combustor ignition. DESS2018-019, 14th Dayton Engineering Sciences Symposium,
Wright State University
Stachler, R., Heyne, J., Peiffer, E., Stouffer, S., & Miller, J. (2018). Assessment of lean blowoff in a toroidal jet stirred reactor.
Dess2018-055, 14th Dayton Engineering Sciences Symposium, Wright State University
Articles/press
Heyne, J., Wang, H., & Kalman, J. (2018). Safely improving jet, rocket fuels. Aerospace America, 2018 Year in Review,
Propellants and Combustion Technical, Committee Contribution
Funded program review presentations
Heyne, J. & Colket, M. (2019). AIAA Book and year 5 - next steps and action item review. NJFCP 2019 Review Meeting, OAI,
Cleveland, OH
Heyne, J. & Colket, M. (2019). Highlights of NJFCP achievements - overall impact of program tiers and HPF. NJFCP 2019
Review Meeting, OAI, Cleveland, OH

Heyne, J., Colket, M., Moder, J., & Shaw, C. (2018). NJFCP status update. FAA ASCENT, Alexandria, VA
Heyne, J., Emerson, B., Lieuwen, T., Stouffer, S., Blunck, D., Corporan, E., Mastorakas, N., & de Oliveira, P. (2019). LBO WG
update and 4 year summary. NJFCP 2019 Review Meeting, OAI, Cleveland, OH
Stouffer, S., Heyne, J., Boehm, R., Mayhew, E., Lee, T., & Canteenwalla, P. (2019). Ignition WG update and 4 year summary.
NJFCP 2019 Review Meeting. OAI, Cleveland, OH

Awards

Joshua Heyne:
•
University of Dayton Nominee, Blavatnik National Awards for Young Scientists, 2019.
•
Outstanding Service Award, ASME Dayton Section, 2018.
Shane Kosir:
•
Ohio Space Grant Consortium Master's Fellowship, 2019
•
Class of 1902 Award of Excellence for Outstanding Mechanical Engineering Achievement, 2019
Katherine Opacich:
•
Ohio Space Grant Consortium Master's Fellowship, 2019
•
The Martin C. Kuntz, 1912, Award of Excellence to the Outstanding Junior in Mechanical Engineering, 2018

Student Involvement

Erin Peiffer, graduate research assistant, June 2017 to December 2018. Erin is a master’s student linking experimental
results across ASCENT and non-ASCENT teams.
Zhibin Yang, graduate research assistant, August 2018 to present. Zhibin is a graduate student research assistant working
to develop physical surrogates.
Katherine Opacich, undergraduate research assistant, November 2017 to present. Katherine is an undergraduate research
assistant working to document NJFCP activities and analyze ignition data across NJFCP teams.
Shane Kosir, undergraduate research assistant, January 2018 to present. Shane is research assistant working to analyze
LBO data.
Jen Colborn, undergraduate research assistant, January 2017 to December 2018. Jen is an undergraduate research student
assistant aiding in the testing of fuels on the Referee Rig.

Plans for Next Period

Continue to perform all relevant coordination- and integration-related tasks.

Task 2 - Overall NJFCP Summary Coordination
University of Dayton

Objective
Research Approach
Introduction
Anthropogenic carbon emissions are increasingly being tied to deleterious environmental effects. To this end, various
regulatory bodies are focusing on methods to minimize emissions of carbon in the transportation sector. The International
Civil Aviation Organization (ICAO), for example, has established a Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA), which sets voluntary carbon reduction standards during Phase 1 (through 2026) and mandatory standards
during Phase 2 (2027 and beyond) (IATA, 2018). Sustainable aviation fuel (SAF) consumption will need to increase to >10%
of total jet fuel consumption by 2040 to meet ICAO commitments. On a global basis, this is more than the total volume of
jet fuel consumed currently.
The key to the success of these goals is minimizing the barriers that inhibit the commercialization of novel SAFs to market.
One of these critical barriers is the approval and evaluation process that SAFs must pass before commercialization. The
approval of an SAF is contingent upon many factors, including bulk and trace fuel properties (ASTM D4054, Tiers 1 and 2)
and the effect the fuel has on operability limits (ASTM D4054, Tiers 3 and 4). These later tests (Tiers 3 and 4) involve much
larger fuel volumes and focus on testing three so-called FOMs. These FOMs, in turn, correspond to the most critical safety
criteria required of fuel: the ability to stably hold a flame and to ignite under severe conditions.

Explicitly, the ability of a fuel to hold a flame stably is called the LBO limit of a fuel and it represents the lower operability
limit of the stability loop. The other two key FOM behaviors are determined by the ease with which a fuel can ignite under
cold atmospheric conditions (cold start) and cold-altitude conditions (altitude relight).
Over the last four years, the NJFCP has pursued advancements in understanding that could streamline the process of
approving new alternative jet fuels for use in the aviation industry. Specifically, the program is focused on critical
combustion-related safety aspects associated with the utilization of new fuels. The NJFCP is a joint effort among government,
universities, engine manufacturers, and international partners. The program objectives have been described in detail (Colket
et al., 2017), summaries of progress have been presented annually (Heyne et al., 2017; Heyne et al., 2018), and selective
individual accomplishments have recently been presented or published (Bokhart et al., 2017; Hasti et al., 2018; Ma et al.,
2019; Panchal et al., 2018; Rock et al., 2019; Wang et al., 2019). Major results have been in the areas of understanding the
dependence of fuel properties on limits of LBO and of cold start and altitude relight. To explore these phenomena, new
facilities and test procedures have been created, and science/technology related to fuel dependence (vaporized and spray)
on chemical kinetics, spray phenomena, CFD simulations, ignition, and LBO have been tested both in controlled laboratory
rigs and in engine-like hardware under realistic flow conditions.
One major and new conclusion of the program thus far is that LBO can depend both on the chemical nature and the physical
properties of the fuel, based on hardware design and flow conditions of the rig and the fuel nozzle/swirler. The dependence
on physical properties of the fuel has been known for decades (Lefebvre, 1983; Lefebvre & Ballal, 2010). However, the
demonstration that LBO can be dependent on the derived cetane number (DCN), especially for combustors of modern design
with new fuel injectors and intense fuel/air mixing is a relatively new observation and has been strongly validated under
this program (Chtev et al., 2017; Stachler et al., 2017). A second major conclusion is the confirmation that ignition and
altitude relight are most strongly correlated with fuel physical properties, in particular, density, volatility, viscosity, and
surface tension. The relative dependency on each of these parameters and how they change with operating conditions and
hardware is still under investigation.
Here, we report on the most recent cross-area analysis for two key FOM evaluation criteria as part of the approval and
evaluation process for alternative jet fuel. Moreover, these cross-area analyses are articulated as a means to test a fuel
formally as part of the ASTM D4054 approval process, informally as a prescreening process for potential jet fuel candidates,
and for the prediction of deleterious operability. Combined, these tests and tools could facilitate the reduction of expensive
and volume-intensive approval tests, enabling additional fuels to meet CORSIA requirements and faster approval and lower
investment costs.
Methods/experiments
The NJFCP comprises multiple working groups each tasked with addressing specific problems. Combined, these working
groups complement other aspects of the program by providing a greater level of experimental resolution on specific physics
or adding a modeling accompaniment. The working groups include Kinetics, Sprays, LBO, Ignition, CFD, and Common Format
Routine. This report focuses on combining and analyzing data from several teams within the LBO and Ignition working
groups that have focused on quantifying fundamental FOM behavior under conditions identified by the NJFCP engine
company advisory committee. The detailed methods used in these cross-area analyses have been documented previously
(Heyne et al., 2018). Here, we report only the combined results from these works as well as the implications for ASTM
approval and prescreening, while documenting fuels tested as well as recognizing key institutions and facilities.
Fuels
The fuels tested under the NJFCP have been documented extensively in previous publications (Edwards, 2017; Heyne et al.,
2018). These fuels span properties associated with the range of conventional (Category A) fuels, and a wide breadth of
alternative and ”test” fuels that stress the drop-in requirements; for example, Category C fuels. The operability sensitivity to
conventional fuels is defined by the variance in the three Category A, or petroleum, fuels. The sensitivity to fuel effects from
alternative fuels, then, is loosely bounded by the variance from the Category C fuels. Although the Category C fuel variance
does not represent all possible alternative fuel property effects, the variance still captures many of the possible major
contributions for fuel operability effects. Additional Category C fuels (C-7, C-8, and C-9) have been added to the NJFCP as
new needs have developed. Table 1 and Figure 1 describe and illuminate the associated fuel property and compositional
variance for the 12 NJFCP fuels.

Table 1. NJFCP Category A and C fuels. The Category A fuels represent the range of petroleum-derived fuels currently in
use today; Category C fuels represent alternative jet fuels that have “extreme” properties that could affect figure of merit
(FOM) operability limits.
Fuel

POSF Number

Composition, % volume

Description

A-1

10264

Petroleum JP-8 (w/high flash point and
low viscosity and aromatics)

A-2

10325

Petroleum Jet A

Nominal jet fuel

A-3

10289

Petroleum JP-5

High flash, viscosity, and aromatics

C-1

11498, 12368,
12384

Gevo ATJ, Highly branched C12 and
C16 alkanes

C-2

11813, 12223

16% tri-methylbenzene + 84% C14 isoalkanes

Chemically asymmetric boiling range

C-3

12341, 12363

64% A-3 + 36% farnesane

High viscosity fuel, at viscosity limit
for jet fuel at −20°C

C-4

12344, 12489

60% C9-12 iso-alkanes, 40% C-1

Low DCN, conventional, wide boiling
range

C-5

12345, 12713,
12789, 12816

73% C10 iso-alkanes, 17%
trimethylbenzene

Flat boiling range

High cyclo-alkane content

High cyclo-alkanes

C-6

Low flash, viscosity, and aromatics

Low DCN, unusual boiling range

C-7

12925

75% RP-2, 23% A-3, 2% decalin

High cyclo-alkanes

C-8

12923

Jet A + Exxon aromatic blend

High (maximum allowable)
aromatics

C-9

12933

80% R-8 HEFA, 20% n-C12

High DCN

Figure 1. Category A and C range of fuel properties. Red regions represent established limits and purple areas represent
proposed limits or areas to explore further. Category A fuels set the bounds of what is currently being used compared with
the alternative jet fuel property ranges represented by the Category C fuels.
Institutions and experimental facilities
The NJFCP is composed of several working groups, each of which focuses on a given technical area relevant to the testing,
evaluation, and modeling of an SAF. The focus of this paper is to highlight several key experimental facilities and their
results as they directly relate to the SAF approval and evaluation process (ASTM D4054). The two most critical working
groups evaluating operability limit sensitivity due to SAFs are the Ignition and LBO working groups. These groups have the
most direct testing outcomes toward reducing the cost and time intensity of SAF approvals, because these are the two tests
targeted in the high-volume Tier 3 and 4 tests. These working groups are composed of approximately 5 to 7 smaller research
groups each. The details of many of these individual research groups can be found in dedicated papers, so we focus here
on the most developed analyses and impactful results.
The major results from the LBO working group can be summarized via the variance observed in the data from an auxiliary
power unit (APU) operated by Honeywell, a Tay combustor rig at the University of Sheffield, and the Referee Rig and toroidal
jet-stirred reactor (TJSR), both at the Air Force Research Laboratory (AFRL)/University of Dayton Research Institute (UDRI).
Combined, these groups span extremes in combustor geometries and test conditions, in terms of mixedness, atomization,
and swirl stabilization. The Honeywell APU engine is characterized as being dominated by fuel physical properties for fuel
operability limits and is one extreme of spray-atomization break-up dominance (Culbertson & Williams, 2017). The TJSR,
being prevaporized and premixed, is at the other end of the spray-atomization break-up spectrum (Stachler et al., 2018). It
has no spray character and, as a result, is dominated entirely by fuel chemical effects. The remaining rigs, the Referee Rig
and the Tay combustor, could be dominated by either spray or chemical effects depending on thermodynamic and
aerodynamic conditions (Khandelwal & Ahmed, 2017; Stouffer et al., 2017); both rigs utilize a pressure atomizer with an
external co-axial swirler. The Ignition working group’s major results will be highlighted only through results from one rig,
the Honeywell APU (Culbertson & Williams, 2017). This rig is the only one with fully public results on ignition, although all
other rigs show similar qualitative behavior.
Results and discussion
LBO
The LBO of a rig is contingent upon the competition of chemical, distillate, and physical properties in the determination of
the limit. Under advantageous spray conditions, chemical properties will dominate the limit, whereas at lower temperatures

or with poorer atomization or spray character, the spray properties will dominate. The path to LBO is illustrated in Figure 2,
in which various physical processes proceed to eventual LBO.

Figure 2. Generic physical phenomena controlling lean burnout (LBO) limits. Right-ward objects are dependent upon leftward objects. Thus, spray properties can hinder later chemical reactions on the right side of the diagram. Purple objects
correspond to fuel properties that can lead to engine operability sensitivity. The three bulk operability timescales
identified are droplet, mixing, and chemical timescales. DCN, derived cetane number.
Figure 2 illustrates the dependency of cascading processes on the eventual global flame extinction at LBO. Moreover, any
one of the three bulk properties associated with fuels can become the eventual bottleneck.
Figure 3 illustrates the relative sensitivity of these three bulk properties on LBO for previously reported NJFCP fuels.
Sensitivities reported in Figure 3 were determined by random selection of orthogonal variables that could lead to LBO or
represent the three fuel physical processes leading to LBO. For example, the 10%, 20%, or 50% distilled temperatures could
all be representative of a fuel’s distillate character. These temperatures are varied many times across the data regressions
in parallel with other properties that could be important to other key processes, such as viscosity, surface tension, and
density in the case of droplet break-up.
Results corroborate the physical and intuitive understanding of how each rig works. Physical and distillate properties
dominate in the rig that has the least aggressive spray break-up mechanisms; see Figure 3a). Conversely, chemical properties
dominate in the TJSR rig, as this rig is entirely premixed and prevaporized. The two rigs with swirlers exhibit some
dependency on multiple properties. The Referee Rig, as before, is most directly influenced by the autoignition propensity of
a fuel; that is, the DCN (Stouffer et al., 2017).
Combined, this analysis is carried out over hundreds of experimental observations, four rigs, and more than 11 fuels. The
R2 value was, at worst, 0.88 for one combination of properties in one rig, for which preferential vaporization has been
discussed extensively (Bell et al., 2018). The implication, then, is that with this reduced-order regression, potential
deleterious effects that might be discovered during Tier 3 and 4 testing can be mitigated by bounding properties similar to
specification sheets. Fortunately, the properties used in this analysis are measured at earlier stages of fuel production scaling
and Tier 1 and 2.

a)

b)

R2 > 0.95

c)

d)

R2 > 0.88

Figure 3. Box and whisker plots summarizing the analysis for the major contributions considered to lead to lean burnout
(LBO) in four rigs of diverse architecture and conditions. Physical and distillate properties dominate the fuel effects in the
Honeywell auxiliary power unit (APU; a) and the Sheffield rig (b). Chemical properties (autoignition and extinction) are
strongly correlated with combustion phenomena in the Referee Rig (c) and the toroidal jet-stirred reactor (TJSR; d).
Ignition
Similar to the LBO flow path, the progression to ignition is illustrated in Figure 4. The critical fuel properties affecting
successful ignition probability are shown in light purple; other ovals represent important categorical processes that are not
directly tied to fuel effects. Thus far in the NJFCP, the effect of chemical properties is minimal for practical ignition
probabilities. Sparse chemical effects have been reported in prevaporized, partially premixed combustion experiments.

Figure 4. General flow diagram of physical processes for a stabilized flame from the injection of a plasma spark. Two of
the five outlined processes involve potential fuel effects, and both of these fuel effects are common to the lean burnout
(LBO) process outlined in Figure 2.
Ignition experiments analyzed here based on the data reported by Culbertson and Williams at Honeywell (Culbertson &
Williams, 2017). This study (Culbertson & Williams, 2017) tested only 6 of the 11 NJFCP fuels. Previous analysis on these
data showed competitive importance of surface tension and viscosity, depending upon the condition of the fuels (Opacich
et al., 2019). Figures 5 and 6 report updated analyses for these data, with the updated analysis considering potential droplet
temperature variance for chilled and heated fuels. This droplet temperature variance is intended to account for the potential
droplet heat inductance due to spark kernel–droplet interactions. Thus, at higher levels of heat transfer to the droplet,
surface temperatures and, in turn, vapor pressures will be higher.
Figure 5 illustrates the random forest regression analysis (RFRA) for the fuel property variables outlined in Figure 4. The
RFRA is evaluated for fuel physical properties at the conditions reported (Culbertson & Williams, 2017). However, fuel vapor
pressure for the RFRA is evaluated at the temperatures reported on the x-axis. This analysis is then repeated 100 times
every 1°C. The apparent scatter in feature importance for each of the properties represents the randomness associated with
each RFRA evaluation. These RFRA evaluations involved randomness introduced at both the variable and data set level.
Figure 5 suggests that the ignition probability of a fuel is most directly related to the density and surface tension of a fuel.
Variance in the viscosity is also strongly correlated with ignition probability. At 50°C, the feature importance of vapor
pressure increases significantly, coincident with the inversion in the vapor pressure of A-1 and C-1 (Opacich et al., 2019).

Figure 5. Feature importance concerning varying the droplet temperature for warm fuel tests in a Honeywell auxiliary
power unit (APU). Vapor pressure has negligible importance for low temperatures but greater importance at high
temperatures. The step change in the importance of vapor pressure represents the temperature at which C-1 has a higher
vapor pressure than A-1. The noise in the plots represents the variance introduced by random selection of variables and
subsets of data.

Figure 6. Feature importance for several critical properties in the ignition of a fuel. The cold fuel data analyzed here have
more sensitivity to the viscosity of the fuel, which increases exponentially with decreasing temperature. Dependence of
surface tension and density are nearly indistinguishable because of their nominal collinearity. The dramatic increase in the
importance of the vapor pressure coincides with the inversion of the C-1 and A-1 vapor pressure curves.

Figure 6 shows a similar RFRA as that in Figure 5 for the cold fuel data of Culbertson and Williams. These analyses suggest
that ignition probabilities are first affected by the viscosity of a fuel and second by the surface tension and density of a fuel
at low droplet temperatures. However, as droplet temperature exceeds 50°C, the vapor pressure of the fuel eclipses the
feature importance of surface tension and density. Note that only at temperatures above 50°C are vapor pressures high
enough to support combustion.
The feature importance effects between the warm and cold fuel cases appear counterintuitive. The cold fuel data are more
sensitive to droplet temperature exceeding 50°C, and the probability of this occurring under the −37 to −19°C cold fuel
condition is low compared with that under warm ambient fuel conditions. Although this observation is not conclusive, it is
suggestive that additional analysis is needed.
Conclusions
LBO and ignition probability data from the four rigs were analyzed using orthogonal fuel properties and RFRA methods. LBO
data from hundreds of data points, 11 fuels, many operating conditions, and four very different rigs and fuel injection
approaches were analyzed. The results accounted for more than 89% of all variance. Fuel-dependent LBO effects depend on
the chemical, physical, and distillate properties of a fuel, thermodynamic conditions, and geometrical bias of an experiment.
DCN is an effective marker for autoignition reactivity of a fuel near LBO. Physical properties dominate cold ignition behavior
and LBO in configurations with less intensive mixing-swirl stabilization and aggressive atomization methods. Distillate
properties can affect evaporative timescales. Deleterious fuel effects are particularly apparent when chemical and distillate
property effects are coupled in the case of preferential vaporization.
Combined, our observations offer an opportunity to not only screen fuels early in the approval process, before Tier 3, but
also illuminate paths for prescreening of fuel properties. Prescreening fuel properties, as part of (or prior to) ASTM D4054
Tier 1 and 2 testing, would involve the evaluation or prediction of the properties listed above. Preliminary analysis suggests
that with as little as several liters, most properties critical to LBO and cold ignition/altitude relight could be evaluated. These
prescreening tests could also be done using predictive, low-volume fuel testing methods such as two-dimensional gas
chromatography (GCxGC), nuclear magnetic resonance, and Fourier transform infrared spectroscopy.

Milestone

NJFCP Year 4 Meeting 2019

Major Accomplishments
•
•
•

Book editing and coordination.
Developing and publishing a Civil Aviation Alternative Fuels Initiative (CAAFI) R&D prescreening document to aid
novel companies and producers in the refinement and development of fuels that can most easily eclipse the Tier 3
and 4 testing.
Experimental results from testing surrogate fuels can illustrate the maximum FOM sensitivity, aiding in the
prescreening and formal evaluation of novel SAFs

Publications

Peer-reviewed journal publications
Peiffer, E.E., Heyne, J.S., & Colket, M. (2019). Sustainable aviation fuels approval streamlining: Auxiliary power unit lean
blowout testing. AIAA Journal, pg. 1-9, https://doi.org/10.2514/1.J058348
Ruan, H., Qin, Y., Heyne, J., Gieleciak, R., Feng, M., & Yang, B. (2019). Chemical compositions and properties of ligninbased jet fuel range hydrocarbons. Fuel 256 115947, https://doi.org/10.1016/j.fuel.2019.115947
Published conference proceedings
Heyne, J., Opacich, K., Peiffer, E., & Colket, M. (2019). The effect of chemical and physical fuel properties on the approval
and evaluation of alternative jet fuels. 11th U.S. National Combustion Meeting, Pasadena, CA
Opacich, K.C., Heyne, J.S., Peiffer, E., & Stouffer, S.D. (2019). Analyzing the relative impact of spray and volatile fuel
properties on gas turbine combustor ignition in multiple rig geometries. AIAA SciTech, AIAA 2019-1434, San
Diego, CA

Written reports
CAAFI R&D Committee. (2019). Prescreening of synthesized hydrocarbons intended for candidates as blending
components for aviation turbine fuels. Commercial Alternative Aviation Fuel Initiative (CAAFI), CAAFI R&D
Committee Publication

Outreach Efforts

Invited talks
Colket, M. & Heyne, J. (2018). Early evaluation of alternative jet fuels based on NJFCP results. Advanced Bioeconomy
Leadership Conference (ABLC), San Francisco, CA
Colket, M. & Heyne, J. (2019). Major results from the National Jet fuels and Combustion Program. ASME TurboExpo,
Phoenix, AZ
Colket, M., Heyne, J., & Lee, T. (2018). An overview of ASCENT research efforts to improve our understanding of how fuel
composition and characteristics determine performance. CAAFI Biennial General Meeting
Colket, M., Heyne, J., & Lee, T. (2018). NJFCP update: Properties and modeling to FOM predictions. JetScreen Meeting, Paris,
FR
Edwards, T. & Heyne, J. (2019). Towards the minimization of ASTM D4054 tier 3 & 4 AJF approvals. 2019 CRC Aviation
Committee Meetings, San Juan, PR
Heyne, J. (2019). Drop-in high-performance fuels: From molecule selection to mission benefits. NREL IBRF Lab, Golden, CO
Heyne, J. (2019). The approval and evaluation NJFCP learnings and high-performance fuels for operability and mission
benefits. Rolls-Royce, Indianapolis, IN
Conference presentations
Opacich, K., Heyne, J.S., Peiffer, E., & Stouffer, S.D. (2018). Analyzing the relative impact of spray and volatile fuel
properties on gas turbine combustor ignition. DESS2018-019, 14th Dayton Engineering Sciences Symposium,
Wright State University
Stachler, R., Heyne, J., Peiffer, E., Stouffer, S., & Miller, J. (2018). Assessment of lean blowoff in a toroidal jet stirred reactor.
Dess2018-055, 14th Dayton Engineering Sciences Symposium, Wright State University
Articles/press
Heyne, J., Wang, H., & Kalman, J. (2018). Safely improving jet, rocket fuels. Aerospace America, 2018 Year in Review,
Propellants and Combustion Technical, Committee Contribution
Funded program review presentations
Heyne, J. & Colket, M. (2019). AIAA Book and year 5 - next steps and action item review. NJFCP 2019 Review Meeting, OAI,
Cleveland, OH
Heyne, J. & Colket, M. (2019). Highlights of NJFCP achievements - overall impact of program tiers and HPF. NJFCP 2019
Review Meeting, OAI, Cleveland, OH
Heyne, J., Colket, M., Moder, J., & Shaw, C. (2018). NJFCP status update. FAA ASCENT, Alexandria, VA
Heyne, J., Emerson, B., Lieuwen, T., Stouffer, S., Blunck, D., Corporan, E., Mastorakas, N., & de Oliveira, P. (2019). LBO WG
update and 4 year summary. NJFCP 2019 Review Meeting, OAI, Cleveland, OH
Stouffer, S., Heyne, J., Boehm, R., Mayhew, E., Lee, T., & Canteenwalla, P. (2019). Ignition WG update and 4 year summary.
NJFCP 2019 Review Meeting. OAI, Cleveland, OH

Awards

Joshua Heyne:
•
University of Dayton Nominee, Blavatnik National Awards for Young Scientists, 2019.
•
Outstanding Service Award, ASME Dayton Section, 2018.
Shane Kosir:
•
Ohio Space Grant Consortium Master's Fellowship, 2019
•
Class of 1902 Award of Excellence for Outstanding Mechanical Engineering Achievement, 2019
Katherine Opacich:
•
Ohio Space Grant Consortium Master's Fellowship, 2019
•
The Martin C. Kuntz, 1912, Award of Excellence to the Outstanding Junior in Mechanical Engineering, 2018

Student Involvement

Erin Peiffer, graduate research assistant, June 2017 to December 2018. Erin is a master’s student linking experimental
results across ASCENT and non-ASCENT teams.
Zhibin Yang, graduate research assistant, August 2018 to present. Zhibin is a graduate student research assistant working
to develop physical surrogates.
Katherine Opacich, undergraduate research assistant, November 2017 to present. Katherine is an undergraduate research
assistant working to document NJFCP activities and analyze ignition data across NJFCP teams.
Shane Kosir, undergraduate research assistant, January 2018 to present. Shane is research assistant working to analyze
LBO data.
Jen Colborn, undergraduate research assistant, January 2017 to December 2018. Jen is an undergraduate research student
assistant aiding in the testing of fuels on the Referee Rig.
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Task 3 - Development of Operability Surrogate Fuels
University of Dayton

Objective

The objective was the development of surrogate fuels for operability testing.

Research Approach

Introduction
Increases in global ambient temperature and mean sea level have had negative effects on marine ecosystems, fish
productivity, agriculture, and the human population on coastal zones. These factors, paired with the increase in natural
disasters, have led to increased volatility of the environment indicative of climate change due to anthropogenic carbon
emissions (Neumann et al., 2015). The reduction of these carbon emissions has great potential in the transportation sector,
where aviation contributes approximately 9% of these emissions (Office of Transportation and Air Quality, 2019). Commercial
aviation must significantly reduce its greenhouse gas (GHG) impact to continue to support global mobility and commerce as
NASA is predicting a 2-fold increase in passenger flights in the next decade (NASA, 2018). Through the ICAO, the commercial
aviation industry has adopted and defined a method to reduce the global environmental impact of air travel through CORSIA,
which sets the voluntary standards to reduce carbon emissions during Phase 1 (through 2026) and mandatory standards
during Phase 2 (2027 and beyond) (IATA, 2018). By the year 2050, under a CORSIA-type domestic emission policy, the
demand for SAF will need to increase to more than 10% of total jet fuel consumption (Chao et al., 2019).
Any commercial deployment of SAF relies on the approval and evaluation of the fuel via ASTM D4054. This specification
ensures the safe usage, fungibility, performance, and compatibility of the SAF under standard usage and severe operability
conditions. Specifically, Tier 3 engine operability tests focus on fuel effects under the so-called FOM limit phenomena;
namely, LBO, high-altitude relight, and cold-start ignition (Lefebvre, 1983; Rock et al., 2019; Stachler et al., 2017). Because
of the broad range of potential physical and chemical properties of a new SAF, extensive combustor testing is typically
needed to eclipse uncertainty and ensure safety for FOM operability issues. Estimations for the direct testing for a candidate
SAF in cost and volume are said to be in the range of $5 million and 28,000 to 115,000 gallons (Ruzimen, 2018). This
estimate does not include overhead costs for all parties involved in the process or the cost of supplying large quantities of
potentially expensive test fuel (Colket et al., 2017). Because of the nature of this costly and volume-intensive testing process,
the NJFCP’s mission is to streamline the SAF approval process and, in turn, reduce the carbon intensity of aviation
transportation by ensuring a broad and diverse portfolio of SAF fuels, feedstock, and processing technologies (Colket et al.,
2017; Heyne et al., 2017; Heyne et al., 2018).
Recent work on LBO of SAFs in four combustor rigs showed that DCN is the most significant feature importance using RFRA
in both the Referee Rig and TJSR, and the second most significant feature importance in the Sheffield rig (Peiffer & Heyne,
n.d.; Peiffer et al., n.d.). These three rigs show dominance of chemical timescales near LBO, where chemical timescales are
a function of the fuel’s chemical properties and accompanying thermodynamic conditions. However, experiments using the
Honeywell APU show no sign of DCN affecting LBO (Peiffer et al., 2019). Lack of a swirler and presence of a small pressure
atomizer attribute to this difference and enhance the dominance of evaporative timescales near LBO, where evaporative
timescales are a function of fuel physical properties and distillate properties.
Recent efforts into gas turbine combustor ignition and the relative impact of spray and volatile fuel properties indicate that
the down-selected properties of viscosity, density, surface tension, vapor pressure, and specific heat capacity nearly capture
the variance in ignition probability (Opacich et al., 2019). Ignition probability, a metric to determine successful ignitions, is
used in gas turbine combustion where turbulence and stochasticity exist. Furthermore, viscosity, density, and surface tension
have a larger impact than vapor pressure and specific heat capacity on ignition behavior for both the Referee Rig and
Honeywell APU (Opacich et al., 2019). At higher fuel temperatures, surface tension is the most important property to predict
relative ignitability in the Honeywell APU. The current certification process for SAF via ASTM D4054 has no specification limit
for surface tension. However, surface tension is strongly and positively correlated with density, and there is a specification
limit for density in all Category A fuels (Heyne et al., 2017; Heyne et al., 2018).

Historically, surrogates have been used for the manipulation or prescription of fuel properties to mimic the properties of
target fuels. Surrogates have been used to mimic autoignition, ignition delay, extinction strain rate, and emissions. The
usage of surrogate formulation to understand combustion phenomenon has been explored by Dooley et al. (2010) and Kim
et al. (2014; 2017). Dooley et al. outlined a method for fuel-specific surrogate formulation through empirical correlation.
The surrogates were designed to emulate chemical kinetic behavior of a target real fuel. Kim et al. developed two surrogates
with empirical correlations to emulate chemical and physical properties that affect spray and ignition within the diesel
combustion process. While these surrogate studies have transformed, confirmed, and in some cases transcended
fundamental understandings, combustion theory and SAF approvals could benefit from the manipulation, instead of
mimicking, of properties to illustrate complex physical competitions between properties at limit points; namely, LBO and
ignition.
This work combines the work of Bell et al. (2017) with recent surface tension and NJFCP reference fuels to report fuels with
orthogonal spray break-up properties to illuminate these spray break-up physics via scalable surrogates, which can stress
limit theory and competitions between density, surface tension, and viscosity. Here, we report a method and specific
orthogonal surrogate compositions on an N-dimensional Pareto front concerning the total property space. These
compositions and properties represent a near-maximum variance that can be associated with hydrocarbon molecules in the
jet fuel distillation range. No previous works have reported results of comparable fuel properties, number of fuels, and the
broader implication of their results at once. Moreover, we report the maximum variance in key properties relative to the
subset of fuels used here. This fuel property variance, in turn, facilitates both practical and theoretical efforts. Practically,
experimental results can illustrate the maximum FOM sensitivity, aiding in the prescreening and formal evaluation of novel
SAFs (Colket et al., 2017; Peiffer et al., 2019; Raun, 2019). Theoretically, tests of these fuels can be used to confirm or reject
hypotheses regarding the competition of spray break-up, fluid dynamics, chemistry, and heat-mass transfer, elevating both
theory and computational fluid dynamics validation test data.

Materials and methods

Materials
Thirteen fuels were used as the basis for maximizing fuel property variance. Three conventional, or Category A, fuels
representing a “best” (A-1, POSF 10264), “average” (A-2, POSF 10325), and “worst” (A-3, POSF 10289) were used. Ten fuels
composed of blends or neat alternative fuels were available with the relevant properties under the desired condition. The
fuels utilized here were the basis of the NJFCP to investigate a wide range of chemical and physical fuel characteristics.
Edwards (2013; Edwards et al., 2017) contains explanations of the specified reference fuels. Table S1 of the supplemental
information contains property information about the fuels. In Figure 7, a plot presents the fuels used in this work with
normalized key properties, revealing the variance of these properties among these neat blend components.
Blending rule
The blending rules used to predict the properties of the optimized SAF blends were molecular weight (MW), atomic hydrogento-carbon ratio (H/C), DCN, density (ρ) at −30°C, kinematic viscosity (µ) at −30°C, distillation curve (T10, T50, T90), and
surface tension (σ) at −30°C. Blending rules were incorporated from the efforts of Bell et al. (2017) from the general surrogate
calculator. Validation methods were additionally performed in the work of Bell et al. to ensure proper usage (Bell et al., 2017).
However, a surface tension blending rule was seldom considered and never included in the surrogate calculator. Therefore,
for this effort, a surface tension blending rule will be integrated into the surrogate calculator.
Surface tension
The surface tension of the fuel blends was calculated using the Macleod-Sugden correlation as indicated in Equation (1)
(Poling et al., 2000). In the equation, 𝜎" is the surface tension of the mixture, where 𝜌$" and 𝜌%" are the liquid and vapor
mixture density, respectively. [𝑃$" ] and [𝑃%" ] are the parachor of the liquid and vapor mixture. At low pressures, the term
𝑃%" involving vapor density could be neglected (Poling et al., 2000). For this study, all jet fuels were blended at ambient
conditions; thus, 𝑃%" is neglected. With this simplification to Equation (1), the equation can be rewritten as shown in Equation
(2). Equations (3) and (4) are used to calculate the parachor of the liquid. [𝑃)* ] is the parachor of the mixture, where [𝑃) ] and
+𝑃* , are the parachor of pure component i and j. 𝜆)* is the binary interaction coefficient determined from experimental data;
in the absence of experimental data, 𝜆)* could be set to be 1.
𝜎" = +[𝑃$" ]𝜌$" − [𝑃%" ]𝜌%" ,
0
𝜎" = +[𝑃$" ]𝜌$" ,

0

(1)
(2)

[𝑃$" ] = 6 6 𝑥) 𝑥* +𝑃)* ,
)

[𝑃)* ] = 𝜆)*

(3)

*

[𝑃) ] + +𝑃* ,
2

(4)

When n in Equation (2) is set to 4, the equation can be reduced to the Weinaug-Katz equation (Weinaug & Katz, 1943). In
this study, 𝜆)* in Equation (4) is given a value of one with supporting experimental material provided in the Figure 8.
Although previous application of this blending rule were used for pure component mixing, here it was used for complex jet
fuels mixtures with supporting material provided in Figure 8.
Jet fuel blend optimizer
The Bell et al. general surrogate calculator (Bell et al., 2017) is shown to be effective with the current blending methods,
where it only minimizes overall error rather than reducing the error of each property relative to their targets individually.
The jet fuel blend optimizer (JudO) can optimize user-defined properties at an N-dimensional scale. The goal of this
optimization is to keep other user-specified properties constant and stress certain properties to create orthogonal surrogate
fuels. Blending rules are integrated into objective functions to achieve desired property values.
Figure 9 presents a schematic of the optimization approach, which is based on the framework of JudO (Kosir et al., 2019;
Flora et al., 2018). JudO uses mole fractions of the fuel set as inputs to the optimization. All initial guesses are randomly
generated, where each fuel has a chance to be assigned a value for mole fractions between 0 and 1. This strategy aids in the
optimization technique to investigate a wide range of potential compositions with accompanying potential local minima,
rendering a ”unbiased” optimization final solution.
Once the initial guess is determined, a Mixed Integer Distributed Ant Colony Optimization (MIDACO) solver (Schlueter et al.,
2013) will start to optimize the mole fractions based on the given random initial guess with supplied objective and constraint
functions. The objective functions were evaluated on the l2 norm and normalized to A-2 values. MIDACO is a commercially
available numerical high-performance solver that uses ant colony optimization with multiple objective functions to obtain a
near-global optimum solution. An advantage to using this solver is the derivative-free, evolutionary hybrid algorithm that
treats the objective and constraint functions as a “black-box which may contain critical function properties like non-linearity,
non-convexity, discontinuities or even stochastic noise” solver (Schlueter et al., 2013).
When the optimization is complete with the supplied compositions, functions, and thus, fuel mixture properties, JudO will
output possible best mole fractions, enabling a Pareto solution. Those possible best solutions are then compiled to form the
cumulative Pareto front, which is a combination of all the solutions obtained from the initial guesses; 10,000 initial guesses
were used for each run in this study. Orthogonal surrogate fuels are then determined via down selection from the compiled
solutions presented in the cumulative Pareto front. Orthogonality in this study was focused only on the three properties of
interest (surface tension, density, viscosity). Additionally, other objective functions were added to increase the variance in
values of the three interesting properties during down selection to obtain the largest variance in results during the combustor
FOM testing.

Results and discussion

Fuel blending optimization is performed over four scenarios involving three variables (surface tension, viscosity, density)
and two levels for each variable (larger than A-2 value, smaller than A-2 value). Orthogonal array testing is then generated
for the four scenarios in Table 2, according to the appropriate variable and level. Orthogonal array testing was then used to
maximize variance across several critical properties for combustor testing and minimize the number of tests (Tsui, 1992).
With each scenario, 10,000 random initial compositional guesses to unbiased solutions and the corresponding Pareto
solutions were used to generate the cumulative Pareto front. Figures 10, 11, 12, and 13 consists of scatterplots and
histograms of Pareto front solutions, illustrating converged probability densities and relative opportunities for property
variance. Each scatterplot consists of calculated properties. Each dot on a scatterplot represents one of the possible best
solutions found by JudO. The purple dashed line represents the properties of A-2. Using orthogonal array testing, a surrogate
was selected and represented by the orange star. The surrogates were selected to minimize or maximize the properties of
density, viscosity, and surface tension, relative to A-2, according to the four scenarios. Other properties were intended to be
as close to the A-2 values as possible using the other objective functions in this optimization. The properties considered
here were MW, H/C, DCN, σ, µ, and ρ. Although the selected surrogate might not have the absolute minimum values of the

solution space, the multi-dimensionality concerning all properties suggests the largest variance happens at that point. Downselected surrogate fuels and their respective properties for each of the scenarios are presented in Table 3, and Figures 10,
11, 12, and 13 identify the mole fractions and volume fractions of each surrogate. Four surrogate fuels were then blended
and measured at −30°C for viscosity and density. There was no error between measured and calculated density at −30°C for
the four surrogate fuels. Viscosity measurements also showed good results with reasonable error. This could be due to
viscosity having an exponential relationship with temperature, whereas density has a linear relationship with temperature.
Figure 10 displays the total of 3,047,039 results of scenario 1, where the intention of surrogate 1 was to have the lowest
surface tension, viscosity, and density; surrogate 1 consists primarily of 68% A-1 and 28% C-4, where A-1 is the “best” jet
fuel, with all three properties lower than that of A-2, and C-4 has the second-lowest surface tension and relatively low viscosity
and density. C-1 has the lowest surface tension; however, with relatively high viscosity, it was not considered in the solution
of surrogate 1. Figure 12 illustrates scenario 2, which minimizes surface tension and maximizes viscosity and density. Each
of the 3,336,938 possible best solutions is shown on the scatterplots. The orange star represents surrogate 2, which was
the best solution for this scenario. This mixture consists of 29% A-1 and 68% C-3, where C-3 has the highest viscosity and
relatively high density. Figure 13 shows 2,201,505 solutions for scenario 3, and, like the previous figures, indicates the best
solution for surrogate 3 by the orange star. The goal of surrogate 3 was to minimize viscosity and maximize surface tension
and density. Surrogate 3 consists of 53% A-1 and 46% A-2, where A-2 is the target fuel of this study. Figure 14 reports
3,937,813 solutions for scenario 4, and the objective for surrogate 4 was to minimize density and maximize surface tension
and viscosity. The selected surrogate consisted of a six-component mixture, much different from the other solutions: 3% A2, 2% C-4, 59% C-7, 5% C-9, 5% Syntroleum S-8, and 21% Camelina HEFA. Minimizing density while maximizing surface tension
was difficult with the fuels selected for this work. Because the majority of the fuels selected here had positive correlations
between surface tension and density, it was challenging to minimize density while maximizing surface tension. If larger
variance needs to be achieved, then more novel fuels, solvents, and neat molecules need to be integrated into JudO. This is
also a limitation of JudO; the surrogate properties can only be as high or low as the highest or lowest fuel used in JudO. After
generation of these four surrogates, ignition probability can be further characterized on a fuel basis by the three variables
in the orthogonal array testing (Opacich et al., 2019).

Conclusion

Previous efforts from the NJFCP program have shown that certain fuel properties (σ, µ, and ρ) have the most on predicting
ignition probabilities (Heyne et al., 2019; Opacich et al., 2019; Peiffer et al., 2019). Current ASTM D4054 and D1655
specifications set bounds on viscosity and density; however, surface tension does not have a bound on any values at any
given temperature. Surface tension has been validated and incorporated into JudO, a fuel blending optimization tool. These
fuel properties, along with other pertinent properties important in combustion testing of novel fuels, were then integrated
into JudO as objective functions to create surrogate fuels to further understand the effect on key properties relative to
ignition probability. With these enhancements to JudO, more surrogates can be designed based on key properties of other
combustor FOMs and accompanying hypotheses on performance parameters. In this work, four orthogonal surrogate fuels
were created using JudO and orthogonal array testing to maximize variance in the specified fuel properties above. This work
and supporting experimental evidence could lower the barrier for SAF approval and facilitate the achievement of the carbon
reduction goals. In future research, more properties need to be added to JudO to cover more FOMs, and more novel fuels,
solvents, and neat molecules need to be considered for integration in this tool to achieve greater variance in properties than
currently estimated.

Table 2. Orthogonal array testing.

Table 3. Properties of orthogonal fuels for all scenarios.

Property

A-2
Reference

Surrogate 1
min(σ, µ, ρ)

Scenario
Surrogate 2
min(σ),max(µ, ρ)

Surrogate 3
min(µ),max(σ, ρ)

Surrogate 4
min(ρ),max(σ, µ)

MW, g/mol

159

156

172

156

169

σ (−30°C), mN/m
ρ (−30°C), kg/L
ν (−30°C), cSt

30.0
0.837
6.1

26.7
0.806
4.8

28.1
0.832
9.1

28.5
0.824
5.3

29.4
0.827
8.9

41
2.04
151
186
241
0.806
0%
4.5
-6%

48
1.98
175
231
254
0.832
0%
10.3
13%

48
1.95
154
201
254
0.824
0%
5.2
2%

48
2.05
173
218
262
0.826
0%
8.5
5%

DCN
48
H/C
1.91
T10, °C
160
T50, °C
209
T90, °C
260
ρ (−30°C),* kg/L
ρ % error
ν (−30°C),* cSt
ν % error
*Properties are measured at −30°C.

Figure 7. A plot of the 13 fuels and their respective normalized properties. Category A fuels are shown in the color
gradient on the map, where yellow is the ”best” case and purple is the ”worst” case for each property. The rest of the fuels
are plotted according to their normalized properties and respective to their marker.

Figure 8. Surface tension blending rule validation. Error bar represent 95% confidence interval.

Figure 9. Schematic of the jet fuel blending optimization tool JudO, a suite centered around a computational tool called
Mixed Integer Distributed Ant Colony Optimization (MIDACO) (Schlueter et al., 2013), which is implemented to optimize a
user-specified fuel set (conventional and alternative jet fuels) of varying properties with specific design parameters and
target properties (MW, H/C, DCN, density, kinematic viscosity, distillation curve, and surface tension) to illuminate Pareto
front compromises for the fuels considered here.

Figure 10. Cumulative Pareto solutions for scenario 1 with combinations of optimized properties on histograms and
scatterplots with other properties. Scatterplots consist of calculated properties with respect to each other. Each dot on a
scatterplot represents one of the possible best solutions found using the jet fuel blending optimization tool JudO. The
dashed line indicates the properties of A-2, and the orange star represents the properties of surrogate 1 with respect to
the cumulative Pareto solutions.

Figure 11. Cumulative Pareto solutions for scenario 2. Scatterplots consist of calculated properties with respect to each
other. Each dot on a scatterplot represents one of the possible best solutions found using the jet fuel blending
optimization tool JudO. The dashed line indicates the properties of A-2, and the orange star represents the properties of
surrogate 2 with respect to the cumulative Pareto solutions.

Figure 12. Cumulative Pareto solutions for scenario 3. Scatterplots consist of calculated properties with respect to each
other. Each dot on a scatterplot represents one of the possible best solutions found using the jet fuel blending
optimization tool JudO. The dashed line indicates the properties of A-2, and the orange star represents the properties of
surrogate 3 with respect to the cumulative Pareto solutions.

Figure 13. Cumulative Pareto solutions for scenario 4. Scatterplots consist of calculated properties with respect to each
other. Each dot on a scatterplot represents one of the possible best solutions found using the jet fuel blending
optimization tool JudO. The dashed line indicates the properties of A-2, and the orange star represents the properties of
surrogate 4 with respect to the cumulative Pareto solutions.

Milestone(s)
•
•
•

Surrogate fuels were formulated to exacerbate or ameliorate properties of a given fuel, rather than to mimic the
properties.
Orthogonal reference surrogate fuels were generated to identify the effect of specific properties on combustor
operability testing.
Surface tension blending was incorporated into a currently used fuel blending optimization tool, where this
property was not previously considered.

Major Accomplishments

Reporting operability surrogate fuels.
Fuel blending optimization tool updated with surface tension and incorporation of NJFCP fuels.
Experimental results from testing surrogate fuels can illustrate the maximum FOM sensitivity, aiding in the prescreening
and formal evaluation of novel SAFs.

Publications

Peer-reviewed publications
Orthogonal Reference Surrogate Fuels for Operability Testing (publication is in preparation).

Outreach Efforts

Presentation at 15th Dayton Engineering Sciences Symposium

Awards
None.

Student Involvement

Zhibin Yang, graduate research assistant. Zhibin is working to develop physical surrogates.
Robert Stachler, PhD student. Robert is helping with surrogate fuel formation.

Plans for Next Period

Plans for the next period include finalizing the publication in progress and Zhibin Yang finishing his master’s degree.
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