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Project Overview

Georgia Institute of Technology (Georgia Tech) and Purdue have partnered to investigate the future demand for supersonic
air travel and the environmental impact of supersonic transports (SSTs). In the context of this research, environmental
impacts include direct CO2 emissions and fuel consumption. The research is conducted as a collaborative effort to leverage
capabilities and knowledge available from the multiple entities that make up the ASCENT university partners and advisory
committee. The primary objective of this research project is to support the Federal Aviation Administration (FAA) in modeling
and assessing the potential future evolution of the next-generation supersonic aircraft fleet. Research under this project
consists of five integrated focus areas: (a) establishing fleet assumptions and performing demand assessment; (b) performing
preliminary SST environmental impact prediction; (c) testing the ability of the current Aviation Environmental Design Tool
(AEDT) to analyze existing supersonic models; (d) performing vehicle and fleet assessments of potential future supersonic
aircraft; and (e) modeling SSTs by using a modeling and simulation environment named Framework for Advanced Supersonic
Transport (FASST).
In order to better understand the potential demand for supersonic air travel, the team developed a parametric airline
operating cost model in order to be able to explore the sensitivities of key vehicle, operational, and cost parameters on the
required yield an airline would have to target for ticket prices on such a potential new supersonic aircraft. The current model,
however, assumes fixed parameters for key vehicle metrics—which can be changed—but do not include sensitivities to key
vehicle design choices such as vehicle size, design cruise Mach number, and maximum range. This task will examine the
implications of the physical and technical dependencies on the airline operational cost. Through the vehicle performance
sensitivities such as passenger capacity and design cruise Mach number, it will be possible to determine the combined “sweet
spot” that would be the most profitable vehicle to operate for an airline. In order to accomplish this, the existing vehicle
models created in the prior year will be utilized and supplemented by additional vehicles proposed in Task 4. These vehicles

together will serve as the foundation to create credible sensitivities with regards to parameters such as vehicle size and
design cruise Mach number. These sensitivities will then be embedded into the airline operating cost estimation model and
utilized to explore the combined vehicle and airline operational space in order to identify the most economically feasible
type of supersonic vehicle.
In an independent but complementary approach to consider demand and routes for supersonic aircraft, the Purdue team
developed a ticket pricing model for possible future supersonic aircraft that relies upon current as-offered fares for business
class and above, for routes that could have passenger demand for supersonic aircraft. Via an approach considering the size
of the potential demand at fares business class and above on a city-pair route, the distance of that city-pair route, an
adjustment to allow for the shortest trip time by increasing the overwater distance of the route, and the range capability of
a simplistically modeled medium SST (55-passenger capacity) to fly that route, the Purdue team identified 205 potential
routes that could see supersonic aircraft service in a network of routes with at least one end in the United States. Of these
205 potential routes, 193 are direct routes, and 12 are routes that would require fuel stops but would still save travel time
over a subsonic nonstop flight on the same route. By providing these potential routes to the Fleet-Level Environmental
Evaluation Tool (FLEET) simulation, the allocation problem in FLEET then determines how many supersonic aircraft would
operate on these routes, giving a prediction of which routes would see supersonic aircraft use and the number of supersonic
flights operated on those routes at dates in the future.
One of the accomplishments of the project during the performance period is the development of two FASST models. Two
supersonic vehicles, a medium and large SST, have been modeled in FASST. The large SST is designed to carry 100 passengers
for 5,000 nmi cruising at Mach 1.8. The medium SST is designed to carry 55 passengers for 4,500 nmi cruising at Mach 2.2.
The propulsion system for both the medium and large SST models are of a clean sheet design.
Georgia Tech and Purdue exercised their respective fleet analysis tools—the Global and Regional Environmental Analysis
Tool (GREAT) and FLEET—and produced estimates of the fleet-level impact of a potential fleet of supersonic aircraft operating
in the future. The SSTs required for these fleet-level analyses are provided by the vehicle modeling tasks with FASST, a
derivative framework from Environmental Design Space (EDS). The outcome of this study provides a glimpse into the future
potential state of supersonic air travel by using physics-based models of supersonic vehicle performance. Future work should
build on current estimates to conduct more detailed analyses of vehicle and fleet performance.
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Project Introduction

Georgia Tech and Purdue partnered to investigate the effects of supersonic aircraft on future environmental impacts of
aviation. Impacts assessed at the fleet level include direct CO2 emissions and fuel consumption. The research is conducted
as a collaborative effort to leverage capabilities and knowledge available from the multiple entities that make up the ASCENT
university partners and advisory committee.
The primary objective of this research project is to support the FAA in modeling and assessing the potential future evolution
of the next-generation supersonic aircraft fleet. Research under this project Task 1 focuses on development of fleet demand
drivers for supersonic transport. This Task will explore and estimate the potential demand for supersonic travel. In Task 3,
Georgia Tech will continue to support the development of supersonic aircraft analysis capabilities into AEDT and identify
modeling issues and work with the AEDT development team to identify required modifications. Task 2 will perform a fleet
impact assessment using the scenarios and vehicle performance metrics developed in Tasks 1. Task 4 will develop detailed
supersonic aircraft model for 100-passenger class and support Committee on Aviation Environmental Protection (CAEP)
supersonic exploratory study, and Task 5 is will develop capability to generate Base of Aircraft Data 4 (BADA4) coefficients
in order to provide additional BADA4 vehicles for AEDT.
Because of extensive experience in assessing the FAA Continuous Lower Energy, Emissions, and Noise project (CLEEN I),
Georgia Tech is selected as the lead for all four objectives described above. Purdue supported the objectives shown in Table
1, which lists the high-level division of responsibilities.
Table 1. University Contributions for Year 3.
Objectives

Georgia Tech

Purdue

Fleet
Assumptions and
Demand
Assessment

Expand airline cost model: Capture vehicle
performance sensitivities (passenger capacity,
cruise Mach number); Evaluate which size vehicle
the most likely to be able to close the business
case.

Airline fleet composition and network; Passenger choice
for supersonic/subsonic demand; Effect of supersonic
aircraft on subsonic aircraft operations and pricing.

2

Fleet Analysis

Develop assumptions for supersonic scenarios
relative to 12 previously developed subsonic
focused fleet scenarios; Perform fleet analysis with
the gradual introduction of SST vehicles into the
fleet.

Develop assumptions for supersonic scenarios relative to
12 previously developed subsonic focused fleet
scenarios; Perform fleet-level assessments, including
additional SST vehicle types; Develop FLEET-like tool for
supersonic business jet operations; Simple SST sizing to
support FLEET development and studies.

3

AEDT Vehicle
Definition

Develop methods to model supersonic flights in
AEDT.

n/a

4

Support CAEP
Efforts

FASST vehicle modeling: Develop additional SST
class for 100 passengers; Develop AEDT coefficient
generation algorithm for BADA3 supersonic
coefficient (redirected to BADA4); Perform trade
studies to support CAEP Exploratory Study.

Provide representative supersonic demand scenarios;
Develop and assess airport noise model to account for
supersonic aircraft.

5

BADA4
Coefficient
Generation

Develop, implement, and test BADA4 coefficient
generation algorithms; Identify gaps and needs for
BADA4 coefficient generation for SST.

n/a

Coordination

Coordinate with entities involved in CAEP
Supersonic Exploratory Study; Coordinate with
clean-sheet supersonic engine design project.

Coordinate with entities involved in CAEP MDG/FESG,
particularly the SST demand task group; Maintain ability
to incorporate SST vehicle models that use the engine
design from ASCENT Project 47 and/or NASA-developed
SST models.

1

6

Georgia Tech led the process of developing a supersonic routing tool that was used to create the basic information about
potential time savings and the additional cost. This information was then used to develop a demand forecast for commercial
supersonic travel. This work is performed under Objective 1, and the outcome was used to support Objective 2. Under
Objective 2, Georgia Tech also produced results for multiple scenarios to assess the fleet-level impacts of supersonic vehicles.
Purdue applied their FLEET tool under Objective 2, using a subset of the fleet assumptions defined in Objective 1 and
preliminary vehicle impact estimates from Objective 4. This activity demonstrated the capabilities of FLEET for assessment
of fleet-level environmental impacts as a result of new aircraft technologies and distinct operational scenarios.
Georgia Tech developed additional aircraft concepts in FASST under Objective 4. This was done in consideration of supporting
a trade study that will help potentially support the CAEP Exploratory Study. For Objectives 3 and 5, Georgia Tech explored
the requirements for modeling supersonic vehicles in AEDT, and under Objective 5 developed an approach to generate
BADA4 coefficients. After discussion with the sponsor, it was decided that rather than attempting to model supersonic
aircraft in BADA3 under Objective 3 to instead utilize the capabilities developed under Objective 5.
Under Objective 6, Georgia Tech supported coordination and meetings with the member entities of CAEP Modeling and
Databases Group (MDG)/ Forecasting and Economic Analysis Support Group (FESG) as well as NASA and ASCENT Project 47.
This involved a series of weekly meetings, ad-hoc groups, and in-person meetings, as well as virtual versions of those
meetings that could no longer be held in person.

Milestones

Georgia Tech had four milestones for this year of performance:
1. Fleet assumptions and demand analysis.
2. Fleet analysis and demand results.
3. FASST SST descriptions and characteristics in PowerPoint format.
For Purdue, the proposal covering this year of performance listed three milestones:
1. Complete modeling of the chosen contractor’s technologies.
2. Update fleet assessment.
3. Support CAEP efforts.
The Purdue team is using its in-house simplistic “back of the envelope” representation of the ASCENT Project 10 (A10)
notional medium SST aircraft to characterize the potential supersonic routes based on a number of filters. The team identified
258 potential “supersonic-eligible” routes, including 241 nonstop routes and 17 routes with fuel stops.
The Purdue team has also incorporated the detailed A10 notional medium SST aircraft flown on the detailed supersonic
routing path (both provided by Georgia Tech) in FLEET and performed fleet-level assessments for the single Current Trends
Best Guess (CTBG) scenario. The FLEET allocation results indicate routes where supersonic aircraft might be used and the
number of operations, along with changes in the utilization of the subsonic aircraft in the fleet.

Major Accomplishments

The following are the major tasks completed under A10 during the period of performance:
Fleet-Level Assumptions and Demand Assessment (Task 1)
Georgia Tech team has developed a parametric airline operating cost model in order to be able to explore the sensitivities
of key vehicle, operational, and cost parameters on the required yield an airline would have to target for ticket prices for a
potential new supersonic aircraft. As a starting point, the team established a baseline airline cost structure representative of
subsonic operations using A4A airline operating costs.
The Purdue team updated FLEET’s passenger demand and route network using historical Bureau of Transportation Statistics
(BTS) data for years from 2005 through 2018, and model-based predictions for years 2019 and beyond. The team used the
previously developed “back of the envelope” representation of the A10 notional medium SST aircraft to identify “supersoniceligible” routes, including both nonstop routes and routes with one fuel stop. The team also incorporated the detailed A10
notional medium SST aircraft from Georgia Tech into FLEET along with the detailed supersonic routing path (also from
Georgia Tech).

Fleet Analysis (Task 2)
One of the major accomplishments during the period of performance for this Task is the capability to identify routes that
are suitable for SST operations. This demand route algorithm also evaluates the penalties associated with the restriction of
supersonic overland flight, and it becomes a crucial enabler for commercial supersonic demand assessment.
Purdue conducted fleet-level assessments for the updated route network in FLEET using the detailed A10 notional medium
SST aircraft (flown on detailed supersonic routing path). The outputs included number of operations and number of
passengers served by supersonic aircraft on routes profitable supersonic-eligible routes, and similar details about subsonic
aircraft on both supersonic and subsonic routes.
AEDT Supersonic Modeling (Task 3)
The original intent of Task 3 is to develop methods for AEDT to model supersonic transports. At the writing of the proposal,
AEDT utilizes BADA3 for vehicle modeling; therefore, the proposal has been focused on BADA3 approaches. Since then and
at the writing of this report, AEDT is transitioning to BADA4 for new vehicle representation in AEDT; therefore, rendering the
proposed tasks obsolete. Based on conversation with FAA technical monitors at the Spring 2019 ASCENT Advisory Board
meeting, Georgia Tech is directed to focus on BADA4 coefficient generation for supersonic transport, which is described in
Task 5.
Support of CAEP Supersonic Exploratory Study (Task 4)
Although EDS is developed for subsonic vehicles, its structure is still relevant and useful to adapt for the design of supersonic
vehicles. One of the major accomplishments during the previous period of performance is the development of the supersonic
version of EDS called FASST. Several major accomplishments are completed during the period of performance using FASST.
The first accomplishment is the development of a closed vehicle for the Georgia Tech (GT) Medium SST (designated as version
11.4) which carries 55 passengers with a range of 4,500 nmi cruising at Mach 2.2. The second accomplishment is the
development of a preliminary model of a large SST carrying 100 passengers with a range of 5,000 nmi cruising at Mach 1.8.
The final accomplishment is the generation of preliminary results of the design Mach trade study for three classes of SSTs.
The Purdue team provided fleet-level assessments in the form of a data packet and a report for the broader CAEP studies of
future supersonic aircraft operations, which included the resulting “pseudo-schedule” for where the FLEET aggregate airline
operates supersonic aircraft.
AEDT BADA4 Coefficient Generator (Task 5)
The Georgia Tech team developed an approach on conducting regression analysis for the BADA4 formulation and
implemented the approach for both subsonic and supersonic aircraft. With the current functional form of BADA4, the
accuracy of the regression models is deemed insufficient. As a result, the team has proposed possible alternative functional
forms, which are more representative of the underlying physics. The implementation of the proposed approach is a
continuing discussion with the FAA.
Coordination with Other ASCENT Projects (Task 6)
The Georgia Tech team attended in-person or, once travel became restricted, eleven CAEP-related meetings of Working Group
1 (Noise), Working Group 3 (Emissions), and the MDG/FESG meetings. This included up to six telecons per week depending
on schedule and needs. The Georgia Tech team authored and presented eight papers to these meetings and contributed
additional presentations and technical data in support of the CAEP supersonic exploratory study and related progress reports.
The Georgia Tech modeling team has been in communications with Massachusetts Institute of Technology (MIT) researchers
working on ASCENT Project 47 in regard to results of a medium-sized SST.
The Purdue team has maintained its ability to incorporate any “type” of supersonic aircraft in the FLEET tool without many
modifications to the tool itself.

Task 1 – Fleet-Level Assumption Setting and Demand Assessment
Georgia Institute of Technology and Purdue University

Objectives

In order to better understand the potential demand for supersonic air travel, the Georgia Tech team developed a parametric
airline operating cost model in order to be able to explore the sensitivities of key vehicle, operational, and cost parameters

on the required yield an airline would have to target for ticket prices on such a potential new supersonic aircraft. The current
model, however, assumes fixed parameters for key vehicle metrics—which can be changed—but do not include sensitivities
to key vehicle design choices such as vehicle size, design cruise Mach number, and maximum range. This Task will examine
the implications of the physical and technical dependencies on the airline operational cost. Through the vehicle performance
sensitivities such as passenger capacity and design cruise Mach number, it will be possible to determine the combined “sweet
spot” that would be the most profitable vehicle to operate for an airline. In order to accomplish this, the existing vehicle
models created in the prior year will be utilized and supplemented by additional vehicles proposed in Task 4. These vehicles
together will serve as the foundation to create credible sensitivities with regards to parameters such as vehicle size and
design cruise Mach number. These sensitivities will then be embedded into the airline operating cost estimation model and
utilized to explore the combined vehicle and airline operational space in order to identify the most economically feasible
type of supersonic vehicle.

Research Approach (Georgia Tech)

Potential Airline Market for Supersonic Travel
After analyzing the potential demand from a passenger perspective, the Georgia Tech team has investigated the market for
supersonic travel from an airline perspective. A4A data for airline operating costs are used to establish a baseline airline cost
structure representative of subsonic operations. Specifically, Passenger Airline Cost Index (PACI) data for the fourth quarter
of 2016 are used to establish the structure shown in Figure 1. As can be seen, “labor” and “fuel” costs account for
approximately 50% of all airline operating costs. Other major contributors include “aircraft rents and ownership” and
“professional services.” This baseline structure is assumed to be representative for a currently operational reference subsonic
aircraft with certain specifications. To estimate a similar cost structure representative of operating costs for a concept
supersonic aircraft, the specifications of the latter needed to be estimated relative to those of the reference aircraft.
Engineering judgement is used, along with some feedback input based on the results of Task 2, to define the specifications
of the concept supersonic vehicle. With these specifications, and by normalizing the cost structure by flight hour, the baseline
airline structure could be adjusted to reflect the differences in various component costs (e.g., fuel and maintenance).
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Figure 1. Commercial Airline Cost Index.
An important parameter that is estimated with this procedure is the required yield per seat mile (i.e., the average fare per
seat mile). If airline profit margins are assumed to remain the same as those for subsonic operations, yield directly correlates
with operating costs. The operating cost is estimated for different utilization and fuel consumption scaling values. The

complete analysis for the various size and speed combinations has been delayed pending finalization of the vehicle trades
in Task 4.

Demand Assessment
Another objective of this Task is to develop an all-encompassing framework to assess demand for commercial supersonic
air travel, while simultaneously accounting for flight routing that abides by current regulations. There is presently no
established method to adequately predict SST demand. Often such demand is accounted for by assuming a fixed proportion
of premium passengers (i.e., business and first-class travelers) would switch from subsonic to supersonic flights across all
routes. This approach, however, does not account for the effects of time savings and fare changes that are route specific. A
more accurate approach would therefore quantify demand on a route-by-route basis according to the time saved during the
supersonic flight translated to an extra amount of fare paid.
Demand forecasting for commercial supersonic flight is achieved by considering current forecasts for commercial subsonic
flight. The approach relies on calculating a "switching percentage" of premium passengers who would switch to supersonic
flights if enough value, in terms of time savings, would be provided. Induced demand could also exist, which is defined as
the additional demand that could occur purely due to the availability of supersonic service that would otherwise not exist.
However, induced demand is difficult to quantify and it is unclear if this would constitute a significant amount of additional
demand. As a result, the impact of induced demand is neglected. Figure 2 summarizes the overall approach implemented.

Figure 2. Overall Approach for Demand Forecasting.
Potential Supersonic Routes
To assess the future market of supersonic transport, current subsonic routes with potential for supersonic operations need
to be identified first. Such routes have to exceed a certain minimum distance to guarantee value in time savings. They also
need to be of high demand to guarantee a high switching percentage of premium passengers. Generally, any long-distance
route with high demand would be considered a potential supersonic route.
This study relied on the FAA Global Inventory of 2015 to establish information regarding commercial service routes around
the world, including the total number of operations and total number of seats (FAA, 2015). This inventory is combined with
another one retrieved from the AEDT, which contains data for over 35,000 airports around the world, including location (in
terms of latitude and longitude) and runway length (FAA, 2020). Together, both inventories provide the necessary
information to filter routes based on distance and seating capacity (or demand).
While distances between airports remain fixed, seating capacity could grow or shrink based on future passenger demand
growth. For instance, a route with low demand in 2015 could still be considered a potential supersonic route if growth rates
for that route are such that it exceeds a certain seating capacity for a future year. Therefore, the identification of potential
supersonic routes could not only rely on current and/or historical operations but also had to account for future growth. To
that effect, aviation traffic forecasts are utilized to estimate demand growth rates in different regions of the world.
The inventories along with the aviation traffic forecasts provide a complete picture of future aviation growth. Applying a
conservative assumption for the number of premium passengers per flight provides an initial estimate for supersonic demand
in terms of premium Passengers Daily Each Way (PDEW). Finally, by enforcing the minimum requirements for distance and
capacity on each route, the Georgia Tech researchers have identified an initial set of potential supersonic routes.

Supersonic Fare
Once the potential supersonic routes are identified, they need to be analyzed in order to determine the switching percentage
of premium passengers. To do so, it is necessary to compare the extra cost to passengers from flying supersonic with the
value gained from time savings. While the latter is a direct outcome of the routing algorithm (discussed later), the former
needed to be determined. For each route, the subsonic fare is estimated using economic assumptions for yield and cost
index of current commercial airlines. The extra costs of flying supersonic (ΔFare) are then computed by scaling the airline
yield and costs to account for changes in fuel consumption and aircraft utilization. This process is detailed as follows.
Reference subsonic fuel burn per passenger (FBREF/PAXREF) values for every route are first computed using the great circle
distance between the departure and arrival airports and a fuel efficiency metric. The latter is a user input that averages gateto-gate (i.e., accounts for all phases of flight: taxi, takeoff, climb, cruise, descent, and landing) fuel burn for a subsonic
aircraft. An appropriate estimate for such value could be found in the literature based on historical performance specific to
certain aircraft types or averaged for an overall fleet. The metric is usually defined in terms of passenger distance per fuel
quantity (e.g., (pax⋅nmi)/ton). Accordingly, FBREF/PAXREF is calculated as:
FB89:
= distanceG+ /eff89:
PAX89:

(1)

where the subscript GC denotes great circle distance, and effREF is the reference fuel efficiency metric. Alternatively,
supersonic fuel burn for every route is calculated based on the results of the routing algorithm. Outputs of the algorithm
include the cruise distances covered in subsonic and supersonic regimes, the number of accelerations 𝑛$ , and the number
of fuel stops 𝑛K (if any). This information is used along with the aircraft characteristics to establish supersonic fuel burn:
FBLLM =

distance234 distance235QR
+
+ 𝑛$ ∙ FBT + U𝑛K + 1W ∙ (FBM&+ + FB"&Z )
SAR 234
SAR 235QR

(2)

where [FBA; FBT&C; FBD&L] are the fuel penalties to accelerate, takeoff and climb to cruising altitude, and descend from cruising
altitude and land, respectively.
Another important parameter affected by supersonic operations is aircraft utilization, which is typically measured in terms
of block hours per day or per year. Higher aircraft utilization allows for fixed airline costs to be spread over more block
hours, effectively decreasing those costs on a per mile or per passenger basis. For supersonic aircraft, it is expected that
utilization would be less than that of subsonic aircraft, thus increasing costs to airlines.
The impacts of both fuel burn and utilization on airline costs are captured through the definition of a multiplier 𝛽:
𝛽 = [1 − C`3Qa − C`b/Qc ] +

FBLLM PAX89:
U89:
∙C
+
∙C
FB89: PAXLLM `3Qa ULLM `b/Qc

(3)

where [Cfuel; Cfixed] are the fuel and fixed proportions of airline operating costs, PAXSST is the number of passengers of the
supersonic aircraft, and [UREF; USST] are the utilization values for the subsonic and supersonic aircraft. Moreover, within the
fixed cost proportion of airline operating costs are ownership costs, which are directly affected by the cost of acquisition of
a supersonic aircraft. To account for that, Cfixed is further broken down into an ownership cost proportion and an "all-other"
one:
C`b/Qc = 𝛾 ∙ ChijQR2kb5 + C.aalhmkQR

(4)

where 𝛾 is an acquisition multiplier used to scale the proportion of ownership costs. Finally, ΔFare is calculated using an
average yield per unit distance for a commercial subsonic airline (𝛾airline):
ΔFare = (𝛽 − 1) ∙ distanceG+ ∙ γ.bRabjQ

(5)

Switching Percentage
Once ΔFare is computed for every potential supersonic route, the switching percentage is determined by comparing the
ΔFare per unit time saved to the Value of Travel Time Savings (VTTS) of the passengers. Essentially, if the cost per hour saved

is lower than a passenger’s hourly income, it is assumed that such a passenger would find value in switching to a supersonic
flight. Time savings along a given route are calculated using results from the routing algorithm (see Task 2 section):

𝑡wwx

time savings = 𝑡tuv − 𝑡wwx
𝑡tuv = 𝑡t&y + 𝑡z&{ + distanceG+ /speed89:
= 𝑡t&y + 𝑡z&{ + distance234 /speed234 + distance235QR /speed235QR + 𝑛K ∙ 𝑡})lK~)•

(6)
(7)
(8)

where [tREF; tSST] are the flight times for the reference subsonic and SST vehicles, [tT&C; tD&L] are the takeoff and landing times,
and tre-fuel is the 90-minute delay assumed for fuel stops. The switching percentage (SP) along a given route is thus defined as
follows:
SP = 100 ×

no. passengers with VTTS > ΔFare per hour saved no. of passengers
no. of passengers

(9)

Evaluating the equation above requires information regarding the income distribution among passengers of every potential
supersonic route. This information is impossible to determine precisely. However, it could be approximated based on the
income distribution of a certain country or region (e.g., the income distribution of the departure country, or the arrival
country, or the region in which both airports lie, etc.). Such data is available in the literature. Accordingly, the switching
percentage is approximated as:
SP ≈ 100 ×

no. of individuals in a population with VTTS > ΔFare per hour saved
no. of individuals in a population who could afford to travel at least once

(10)

While the numerator of the equation above correctly accounts for individuals who would find value in flying supersonic, it
does not account for the frequency of their trips along the route. This is important because the number of
weekly/monthly/yearly trips made by an individual tends to increase with income. Such relationship between trips per capita
and income per capita is also readily available in the literature. By accounting for this effect, the final form of switching
percentage utilized in this study is as follows:
SP ≈ 100 ×

no. of trips made by individuals in a population with VTTS > ΔFare per hour saved
no. of individuals in a population who could afford to travel at least once

(11)

Using data available for the income distributions of passengers and their trip frequencies, the equation above is evaluated
for every potential supersonic route to compute demand. However, a distinction has to be made between passengers
traveling for leisure versus business when applying these distributions since they may differ based on the nature of travel.
Once SP is evaluated for a given route, supersonic demand in terms of PDEW is calculated as:
PDEW = SP ∙

daily available seats
load factor

(12)

where the daily available seats on a specific route are those determined using the aviation traffic forecasts and the load
factor is a user input. The number of daily flights along the route is derived based on PDEW:
daily flights =

PDEW
PAXLLM

(13)

Finally, the number of aircraft required to satisfy the yearly demand is computed using yearly aircraft utilization:
no. of aircraft =

daily flights ∙ 𝑡wwx
ULLM /365

(14)

Aviation Traffic Growth Rates
In order to identify the initial set of potential supersonic routes, an air traffic forecast is needed to estimate growth rates in
different regions of the world. In this study, those growth rates are derived from the 2019 Boeing Commercial Market Outlook

(CMO) (Boeing, 2019). The Boeing CMO divides the world into 12 different regions and includes the forecasted traffic growth
between them, as shown in Table 2. Those different growth rates are applied to the baseline network of operations derived
from the FAA inventories in order to project the operational network for a given future year. Each airport in the baseline
network is mapped to one of the Boeing regions, and growth along the different network routes is determined depending
on the regions in which the origin and destination airports lay.
Table 2. 2019 Boeing Commercial Market Outlook and Forecasted Traffic Growth.

Once traffic growth is applied, potential supersonic routes for a given future year are identified through filtration based on
distance and seating capacity. An example of such a filtration process is shown in Figure 3. Essentially, routes with PDEW
less than the SST vehicle seating capacity are considered to be of low demand and are disregarded. Long distance (>1,500
nmi) routes above that limit are considered to be potential supersonic routes. Those routes are identified for the years 2025,
2035, 2045, and 2050. Even though the Boeing CMO only extends to 2038, growth rates are extrapolated to 2050 to gauge
the full potential of the commercial supersonic market. Supersonic vehicles are currently not in production; if they are to be
introduced within the next decade (i.e., by 2030–2035), the introduction will be slow at first. Full market saturation will
probably occur within 10–15 years after entry into service following historical trends for subsonic aircraft. The year 2050 is
assumed to be an appropriate reference point for a comprehensive assessment of demand for supersonic air travel.
Extrapolation beyond 2050 would increase uncertainty and diminish the reliability of results.
Aircraft and Airline Characteristics
Parameters required for demand forecasting and flight routing are listed in Table 3. Those parameters can be divided into
three primary groups. The first group describes the commercial SST vehicle and includes: seating capacity, load factor,
Machsub, Machsuper, SARsub, SARsuper, FBA, FBT&C, and FBD&L. The second group describes the reference subsonic vehicle and includes
MachREF and effREF. The final group describes the airline economics and includes UREF, USST, Cfuel, Cownership, Call-other, g, and gairline.

Figure 3. Filtration Process to Identify Potential Supersonic Routes.
Table 3. Parameters Required for Demand Forecasting and Flight Routing.

Values for the first group of parameters are either based on advertised values for the Boom Overture concept (e.g., seating
capacity and Machsuper) or are estimated using historical performance data of the Concorde while accounting for technological
improvements. Passenger load factor is set to 0.80 based on projected trends for subsonic international operations (FAA,
2018), while Machsub is set to 0.95, similar to the Concorde. Specific air range (SAR) values are a function of the instantaneous
weight of the aircraft and its cruising altitude. According to the technical manual of the Concorde, ranges for SARsub and
SARsuper in nautical miles per ton of fuel are found to be approximately 33–48 and 47–68, respectively (Air France, 2003).
Averaged SAR values for the SST vehicle are derived from those of the Concorde by accounting for performance improvements
in both the subsonic and supersonic regimes. Fuel penalty [FBA; FBT&C; FBD&L] values are based on conservative estimates for
fuel burn during the respective flight phases. An SST conceptual design tool developed by the Georgia Tech researchers and
calibrated using Concorde data is utilized to derive those estimates (Hassan, Pfaender and Mavris, 2020).
Moreover, values for the second group of parameters are based on typical subsonic operations. Cruising Mach number, MREF,
is set to 0.80. Gate-to-gate fuel efficiency effREF is based on two recent studies by the International Council on Clean
Transportation (ICCT). One study analyzed the fuel efficiency of 20 major airlines along transatlantic routes in 2017 and
found the industry average to be 34 pax-km/L (Graver and Rutherford, 2018). The other study analyzed the fuel efficiency
of 10 major airlines along the U.S. to/from South America routes in 2018 and found the industry average to be 37 pax-km/L
(Zheng and Rutherford, 2019). The latter value is the one used to derive the value shown in Table 3 assuming jet-A fuel
density to be 0.802 kg/L.
Finally, values for the third group of parameters are either based on assumptions regarding future supersonic operations
(e.g., USST and 𝛾), or derived from historical cost data for airlines. An appropriate estimate of utilization for a current subsonic

aircraft would be 4,500 hours per year. Given the smaller market size of supersonic air travel, utilization for the SST vehicle
is assumed to be 1,000 hours per year. The acquisition cost of an SST vehicle is also assumed to be three times that of a
subsonic vehicle of similar size (e.g., Boeing 737-800). As for the airline cost proportions [Cfuel, Cownership, Call-other], they are
determined based on data retrieved from Airlines for America Passenger Airline Cost Index (A4A PACI) derived from airline
data submissions to the U.S. Department of Transportation (Airlines for America, 2017). Last, the average yield value for a
commercial subsonic airline is derived from yield values for international operations reported in the FAA aerospace forecast
(FAA, 2018).
Trips per Capita and Income Distributions
In order to compute switching percentage (SP), trips per capita and income distribution data are needed. First, the
relationship between trips per capita and income per capita is established using socioeconomic data from the International
Air Transport Association (IATA). IATA relates the average frequency of air travel in terms of trips per capita to the living
standards measured in GDP per capita (IATA, 2019). To convert from GDP per capita to income per capita, a factor of 0.9 is
applied. The resulting relationship is plotted in Figure 4. Since the IATA data only extends to an hourly income of $40,
extrapolation is required to account for premium passengers with much higher incomes. Extrapolation is linear based on
the last two data points (rather than all data points) to avoid over estimation. Moreover, the maximum number of trips per
year is capped at 20 assuming that passengers with a higher trip frequency would shift to the business jet market. The final
relationship between trips per capita and income per capita is as follows:
0.0959 ∙ 𝑉𝑇𝑇𝑆 − 0.0603
𝑦𝑒𝑎𝑟𝑙𝑦 𝑡𝑟𝑖𝑝𝑠 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = œ0.0330 ∙ 𝑉𝑇𝑇𝑆 + 2.4324
20

𝑖𝑓 𝑉𝑇𝑇𝑆 ≤ $40/ℎ
𝑖𝑓 $40/ℎ < 𝑉𝑇𝑇𝑆 ≤ $530/ℎ
𝑖𝑓 𝑉𝑇𝑇𝑆 ≥ $530/ℎ

(15)

where value of travel time savings (VTTS) is assumed equivalent to the hourly income per capita and $530/h is the value at
which the extrapolated line crosses 20 trips per year.

Figure 4. Relationship between Average Frequency of Air Travel to Value of Travel Time Savings.
After establishing the relationship between trips per capita and VTTS, income distributions need to be defined. Ideally, a
separate income distribution would be utilized for each supersonic route depending on the origin/destination countries or
regions. However, this is very difficult to implement due to the lack of complete and/or high-quality income data for many
countries around the world. This study relies on income data from the World Inequality Database (WID), which not only
includes the data, but also rates its quality (WID, 2019). Even though data for countries like the U.S. are available and their
quality is rated very highly, data for many other countries in the WID are either incomplete or unreliable.
Income distributions for countries with complete data are examined. It is observed that the distributions across different
countries have a similar shape, as shown in Figure 5. Furthermore, when only accounting for the "traveling" adults of the

population (i.e., adults whose income allowed for at least one trip per year— quantified using Figure 5), the high-end fraction
of the distributions almost overlapped. Effectively, for higher income values, most income distributions exhibit similar
behavior. This is an important observation since the high-end fraction of the distribution is the one of concern for SP
calculations. VTTS values of premium passengers who would switch to supersonic travel will be towards the high-end of the
income distribution.

Figure 5. Income Distributions for Countries with Complete Data.
Based on this observation and due to the lack of complete income data for many countries, the Georgia Tech researchers
have decided to utilize only one representative distribution for all SP calculations. The U.S. income distribution of 2014 is
selected due to its completeness and high-quality rating. Additionally, differentiation between leisure and business travel is
achieved by considering the type of income and the share of travel. For leisure travel, post-tax income data is used, and a
0.596 share is assumed according to historical trends from the U.S. Bureau of Transportation Statistics (BTS) (BTS, 1995).
Alternatively, for business travel, pre-tax income is used, and a 0.404 share is assumed. The resulting cumulative number
of U.S. adults as a function of hourly income is shown in Figure 6. Finally, the numerator of Eq. (11), and hence SP, is
evaluated by combining the cumulative number of adults with the corresponding number of yearly trips based on income
(Figure 6).

Figure 6. Cumulative Number of U.S. Adults as a Function of Hourly Income.
Results
The initial set of potential supersonic routes derived from combining the FAA inventories with the Boeing CMO nominal
growth rates consists of 2,045 one-way origin-destination pairs. The flight routing algorithm is utilized to determine the
time savings across these routes. To that effect, the Partnership for an Advanced Computing Environment (PACE) at Georgia
Tech is leveraged to access a cluster of Intel Xeon Gold 6226 processor nodes. One core is utilized per route. The resulting

cumulative distribution function of computational run time is shown in Figure 7. As illustrated in the figure, half of the routes
took less than 10 minutes to run (each), while 90% took no more than three hours. Outcomes of the routing algorithm are
then used to calculate SP, the cumulative distribution function of which is shown in Figure 8. A third of the routes had SP
values greater than 7%, while nearly 60% had SP values of at least 5%. Figure 7 and Figure 8 provide an overview of the
computational efficiency of the routing algorithm and the sizable market capture of supersonic air travel along many
candidate routes.

Figure 7. Cumulative Distribution Function of Computational Run Time.

Figure 8. Cumulative Distribution Function of Computed Switching Percentage.
After routing the initial set of one-way origin-destination pairs, outcomes are collected and processed in order to calculate
SP and assess future demand. Based on the flight routing outcomes and the SP calculations, this initial set is then filtered so
that only viable routes are used for demand forecasting. For a route to be deemed viable, it has to meet the following criteria:
1.
2.
3.
4.
5.
6.

time savings relative to the reference subsonic aircraft are more than 20%.
time savings relative to the reference subsonic aircraft are more than two hours.
number of accelerations are less than four if no fuel stop is needed.
number of accelerations are less than six if fuel stops are needed.
number of flights per day in 2050 are at least one.
ΔFare per hour saved is less than $1,000.

Out of the initial set of 2,045 routes, 1,084 (53%) met the above-mentioned criteria. This filtered set of routes is used to
forecast demand for commercial supersonic air travel. The top 10 two-way origin-destination routes in 2050, ranked by PDEW,
are summarized in Table 4. Besides the very top Dubai–Hong Kong route, which is hugely driven by the Middle East–China
annual traffic growth rate of 9.4% (Table 2), routes on the top 10 list are generally characterized by a balanced combination
of high time savings, low distance penalties, high SP, and high traffic growth rates between the origin and destination regions.
Moreover, it is not surprising that the majority of the cities on the list are coastal cities. Those coast-to-coast city pairs give
the routing algorithm direct access to open water and an opportunity to fly the SST vehicle at its supersonic speed for the
majority of the flight in order to maximize time savings.

Table 4. Top 10 Two-way Origin-Destination Routes in 2050 Ranked by PDEW.

A more holistic view of demand in 2050 is provided in Figure 9 and Figure 10. These figures illustrate the connectivity of the
different regions of the world in terms of daily passengers (Figure 9) and distances flown (Figure 10). Southeast Asia is the
region with the highest number of daily passengers due to its access to both the Indian and Pacific Oceans (i.e., over water
connections with the Middle East (Indian), South Asia (Indian), China (Pacific), and Northeast Asia (Pacific)). Alternatively, the
biggest connectivity between two regions in terms of passengers and flown distances is the one between North America and
Europe over the Atlantic Ocean.

Figure 9. Holistic View of 2050 Demand for Supersonic Travel in Terms of Daily Passengers.

Figure 10. Holistic View of 2050 Demand for Supersonic Travel in Terms of Daily Flown Distances.
Consequently, both regions rank first and second, respectively, in terms of daily flown distances. The connectivity between
North America and China is similarly high but only in terms of flown distances because of cross-Pacific routes. Furthermore,
the Middle East ranks third in terms of both passengers and distances flown due to its central location that helps it connect
different regions of the world over the Mediterranean Sea and the Indian Ocean.
To satisfy passenger demand in 2050 using SST vehicles with a seating capacity of 55, passenger load factor of 0.8, and
utilization USST of 1,000 hours per year, the number of SST vehicles required is 8,081, as calculated using Eq. (14). To put
this number in context, it is compared to the Boeing CMO projection for the worldwide subsonic fleet. The CMO reports that
the 2018 fleet count, not including freighter aircraft, is 23,860 and projects it to grow at an annual rate of 3.4%. Thus, the
subsonic fleet count by 2050 is expected to be 69,555. At 8,081 vehicles in 2050, the SST fleet size would be 11.6% of that
of the subsonic fleet (or 10.4% of that of the overall fleet).

Research Approach (Purdue)

FLEET’s Passenger Demand and Route Network
FLEET predictions for routes and passenger demand build upon reported data from the BTS (Airline Origin and Destination
Survey—DB1B). The FLEET simulations presented in this paper use 2005 as the starting year for all simulations, because
most stated aviation emissions goals use 2005 as the reference year. FLEET uses historical BTS data for years from 2005
through 2018, then uses model-based predictions for years 2019 and beyond. This causes FLEET to have a dynamic route
network that follows how U.S. flag carrier airlines updated their route networks as reported in the BTS data until 2018,
followed by a static route network from 2018 and beyond. In 2018 (and all the subsequent years), there are 1,974 routes in
the FLEET network that connect a subset of Worldwide Logistics Management Institute Network Queuing Model (WWLMINET)
257 airports1. All these routes are either U.S.-domestic routes or international routes with direct flights originating or ending
at a U.S. airport.
Extracting and Processing Data from BTS Datasets
The BTS demand data employed in this work is the T-100 Segment Data (all carriers). The T-100 segment demand data comes
in either monthly or yearly entries, with all data from both domestic and international carriers, passengers, and cargo services
(scheduled and unscheduled), all types of carriers (regional, major, small certified, etc.), and all types of aircraft
configuration. This raw data contains information irrelevant to FLEET and therefore needs to be filtered before using it to
generate the route network in FLEET. For this work, the authors use yearly data for years from 2005 to 2018, but the filtering
approach is applicable to monthly data also.

The “World-Wide LMI Network (WWLMINET) 257” airports as reported by Logistics Management Institute are those
“worldwide” airports that have the most operations.
1

Filtering the Data
The authors use the filters numbered 0 to 11 in Table 5 to trim the raw data from BTS to relevant data that can be used as
an input for further processing in FLEET. After these filters are applied to the raw data in the order listed in Table 5, the final
demand data contains information about the number of passengers per year on directional routes by all domestic carriers
combined. For instance, after filtering, the demand data for the JFK–LHR route has a single entry that represents the yearly
number of passengers carried by all U.S.-flag carrier airlines combined.
Processing the Data
The filtered data is input into FLEET and additional filters for aircraft performance and airport characteristics are applied to
the data. The yearly data is then transformed to daily demand (dividing the yearly demand by 365 and then ceiling the result
for integer number of passengers) applicable to both directions of a route (bi-directional routes) by choosing the larger
demand of the two directions to represent the demand for each direction. For instance, if JFK–LHR has a daily demand of
10,000 passengers and LHR–JFK has a daily demand of 10,500 passengers, then the daily demand in FLEET for the JFK–LHR
route will be 10,500 passengers. Routes with daily demand greater than or equal to 10 passengers constitute the route
network in FLEET for that year. This step is included in Table 5 as filter number 12.
Table 5. List of Filters for Extracting and Processing BTS T-100 Segment Data (All Carriers) Using Year 2005 as an Example.
ID

Step

Purpose

Data
Monthly records on directional routes by both
different international and domestic carriers; More
than one record/month possible

0

Initial BTS data for 2005
T-100 Segment (all carriers)

1

All origin- and destinationairports are in the WWLMINET
257 airport network

2

Filter out cargo carrier group

3

Filter out freight configuration
and seaplane configuration
aircraft

4

Filter out all cargo scheduled
service, unscheduled passenger
service

5

Filter out all routes by
international carriers

Keep entries for flights by U.S.-flag carrier
airlines only

Monthly records on directional routes by different
domestic carriers; More than one record/month
possible

6

Filter for non-zero passengers
and seats

Keep entries with non-zero demand only

Same as above

7

Filter for non-zero distance

Keep entries for “real” flights

Same as above

8

Aggregate to get monthly
performance

9

Group by directional routes to
combine demand of all airlines
on each route together

Example: American Airlines (AA) has two entries for
JFK–LAX route in Jan, one entry in Feb, four entries
in Mar, etc.
Keep entries for routes with origin or destination
in the U.S. only

Same as above
Same as above

Keep entries for scheduled passengers service
(this can include flights by regional, commuter,
small certified carriers)

Same as above

Same as above

Monthly records on directional routes by different
domestic carriers; Only one record/month
Example: AA has one entry for JFK–LAX route in Jan,
Feb, Mar, etc.
Monthly records on directional routes by one large
“aggregate” airline representing all domestic carriers
Assume one large “aggregate” U.S.-based airline,
no competition considered

Example: JFK–LAX route has 12 entries, one for each
month, and the demand shown is sum of all airlines’
demand

10

Aggregate to get yearly
performance

Aggregate monthly data into yearly data

Yearly records on directional routes by one large
“aggregate” airline representing all domestic carriers
Example: One entry for JFK–LAX route for year 2005

Keep only entries for routes with regular
operations (at least 1 flight/week or 52
flights/year performed on directional routes)

11

Filter for routes with regular
departures performed

12

Turn each subset into a
257x257 matrix

Prepare for input to FLEET

Same as above, in matrix form

13

Process in FLEET

Filter for minimum passengers per day,
minimum runway length, etc.
Turn yearly demand to daily demand

Daily demand on bi-directional routes by one large
“aggregate” airline representing all domestic carriers

Example: JFK–LAX has 105 flights performed in
2005 à kept
JFK–IND has 50 flights performed in 2005 à out

Same as above

Updated Route Network
FLEET's route network updates every year from 2005 to 2018 using the corresponding year's BTS T-100 Segment data (yearly).
This causes FLEET's route network to have 1,965 routes in the year 2005 and 1,974 routes in the year 2018. FLEET's route
network stays static beyond 2018, hence, there are 1,974 routes in FLEET from years 2018 to 2050. Earlier, FLEET had a
static route network with 1,940 routes from years 2005 to 2050. The updated route network allows FLEET to include some
current “popular” trans-Pacific and trans-Atlantic routes, like SJC–HND, that were missing from FLEET's previous route
network, and to remove some outdated routes, like ATL–LGW, from its route network.
Characterizing Supersonic Passenger Demand
To estimate the supersonic passenger demand, the Purdue team began using the discussion on Boom Supersonic's website
about passengers paying same fares for supersonic flights as today’s business class (Boom Supersonic). Using this concept
is not intended to endorse this position; instead, it provides a convenient and publicly presented starting point for
characterizing potential supersonic aircraft passenger demand. The work presented in this report assumes that the potential
supersonic passengers are the current passengers who pay “business class or above” fares. In FLEET, the travel demand is
split such that supersonic (business class or above) demand is a fixed percentage (5%) of the total travel demand on each
route and the remaining demand is passengers only willing to pay subsonic fares. As a starting point to estimate the number
of potential paying passengers in business class or above, the Purdue team considered typical aircraft currently flying
transoceanic routes. Those aircraft have enough seats in business and above cabins that are roughly 10% of the total seat
capacity, albeit with fairly significant variation. From this, the team assumes that 50% of the daily business class or above
passengers in the historical data (or 5% of the total demand) are willing to pay the supersonic fare, and this 5% of total
passenger demand on a route becomes the supersonic passenger demand on that route. This is a coarse approximation that
half of the passengers flying in the business class or above cabin are paying the higher fare, while the other half are using
upgrades or similar promotions rather than paying the full fare. A direct comparison with BTS database is not possible for
our 5% supersonic demand assumption, because the DB1B Coupon database (Airline Origin and Destination Survey—DB1B)
sample consists of ticket prices paid only for domestic routes. However, an indirect comparison indicates that for all domestic
routes in the DB1B for 2016, 4.82% of the reported tickets were business class or above; focusing on U.S. domestic flights
between 2350 nmi and 4500 nmi, 6.89% of the reported tickets were business class or above. This supports that the 5%
assumption is not unrealistic. This approach will be replaced by a passenger-choice model to estimate the supersonic
passenger demand in the future.
Identifying Potential Supersonic Routes
This report considers potential airport pairs that are connected with both nonstop (direct) flights and flights with a fuel stop
(indirect) as potential supersonic routes. The Purdue team identified potential supersonic routes from FLEET's latest route
network of 1974 routes using a set of route filters based on the performance characteristics of a “placeholder” supersonic
aircraft. Details about the placeholder supersonic aircraft are provided in the following sub-section. The potential supersonic
routes are filtered based on the placeholder supersonic aircraft's maximum design range (differentiating between routes
that require a fuel stop and those that do not require one), the aircraft's maximum range capability for different percentages
of supersonic and subsonic flight segments, and the block time savings incurred when flying supersonic aircraft compared
to subsonic aircraft. To calculate the minimum time flight path for a supersonic route, the team employs a very simple

supersonic route path adjustment strategy that gives the block time, percentage of flight path over water, updated departure
heading for the route, and minimum time route distance as outputs.
“Placeholder” supersonic aircraft model
To identify potential supersonic routes, this work used a placeholder 55-seat supersonic aircraft with a maximum design
range of 4,500 nmi using a relatively simplistic approach to identify the potential supersonic routes from the overall route
network in FLEET. The supersonic aircraft modeled here makes no attempt at sonic boom reduction, so that it flies over water
at a supersonic cruising speed of Mach 2.2 and flies overland at a subsonic cruising speed of Mach 0.95. The simplistic
sizing and performance analysis for this placeholder aircraft model uses the Breguet range equation to calculate the fuel
burn and block time for routes of different lengths and different values of percentage of overwater flight. The simplistic
supersonic aircraft modeling uses the following abstractions:
•
The overland segment is assumed to be equally split at each end of the overwater segment. For example, for a
mission of 3000 nmi with 75% of flight over water, the overland portion of the flight is split into 375 nmi
segments at the beginning and at the end of the 2250 nmi overwater segment, so that the total over-land flight
segment for the mission is 750 nmi. In reality, the overland segment is airport pair- and route-dependent (e.g.,
for one airport pair, the origin might be close to the ocean, and the destination further inland; the return flight
on this pair would have the opposite), so a higher resolution representation of the routes will lead to different
fuel burn characteristics for each direction on each route.
•
There is no range credit for the climb and acceleration segments from 35,000 ft @ Mach = 0.95 to 55,000 ft @
Mach = 2.2 for the supersonic aircraft. There is a simple estimate for fuel burn for these accelerations.
•
There is no range credit for the descent and deceleration from supersonic to subsonic speeds. Also, no fuel burn
is considered for this descent segment.
Using the team's engineering judgement, the lift-to-drag ratio (L/D ratio) for sizing the placeholder supersonic aircraft
changes for supersonic (Mach = 2.2) and subsonic (Mach = 0.95) flight regime, varying from a value of 8.0 @ Mach = 2.2 to
a value of 13.0 @ Mach = 0.95. These are meant to be a bit better than the Concorde to reflect improved aerodynamic
design. The fuel burn estimates also vary for the two flight regimes. Again, guided by information about the Concorde, the
specific fuel consumption (SFC) value of the notional 55-passenger supersonic aircraft is 1.0338 (1/hr) @ Mach = 2.2. The
subsonic flight regime's fuel burn is estimated using a product of the supersonic flight regime's SFC value and Concorde's
subsonic flight to supersonic flight SFC ratio, leading to an SFC value of 1.2025 (1/hr) @ Mach = 0.95.
The simple sizing and performance assessment allow estimation of supersonic aircraft maximum range as a function of
route overwater percentage. Figure 11 shows the supersonic aircraft maximum range capability as a function of the
percentage of flight over water. The supersonic aircraft has an all-supersonic (100% overwater flight) range capability of
4,500 nmi. The range capability reduces with an increase in percentage of overwater flight because the supersonic aircraft
has to fly further at subsonic speeds, which is less efficient in the placeholder model of the supersonic aircraft, leading to
an increased fuel burn and a reduced aircraft range. The supersonic aircraft modeled here shows a maximum range of
2790.5 nmi when flying completely over land.

Figure 11. Supersonic Aircraft Maximum Range Capability as a Function of the Percentage of Overwater Flight.

Simplistic supersonic route path adjustment
The percentage of overwater flight calculations form the second component used in determining the route-specific range
capability of supersonic aircraft (shown in Figure 11). The method presented here identifies route adjustments that lead to
minimum flight time for a particular route (using supersonic speeds over water and subsonic speeds over land). Because the
current work considers that the supersonic aircraft can operate over Mach 1.0 only while flying over water, the desire to
minimize flight time through route adjustments corresponds to finding route path deviations from its great circle path to
allow the aircraft to operate at supersonic speeds for the longest overwater route segment possible. The percentage of flight
over water calculations with re-routing technique have the following characteristics:
•
•
•

•

These calculations consider the longest route portion over water without any land portions. The great circle distance
is based on the longitudes and latitudes of airports on a spherical Earth model.
In case small islands lie under the flight path (in the great circle path or during path re-routing), the algorithm checks
if the sum of path length before and after the island is greater than 40% of the total flight path. If yes, then the small
island is ignored, because of the assumption that an aircraft can avoid the island by flying around it.
The re-routing technique finds 14 alternate flight path deviations above and below the great circle path. For
generating the alternate flight path, the coordinates of the mid-point of the great circle path are determined, followed
by incrementing (or decrementing) the mid-point latitude by 1º for each alternate flight path, ultimately changing
the departure heading of the aircraft. The 14 alternate routes generated in this study correspond to incremental
deviations in departure heading to a maximum of +7º and –7º from the great circle path. This is very simplistic for
computational efficiency but does recognize that the supersonic aircraft might fly a longer distance so that the
overwater portion of the flight minimizes block time. Higher resolution flight paths would likely be adopted in actual
operations, but the optimal path determination problem was deemed too computationally expensive for the route
characterization part of the study.
Among the great circle path and all the alternate flight paths generated for a route, the minimum time flight path is
selected for supersonic aircraft operation. The flight time is determined using different flight speeds for overwater
and overland flight operation. The minimum time flight path from the 15 options is selected. The flight time for
every route is calculated using a supersonic flight speed of Mach 2.2 (at 55,000 ft) for the longest segment over
water and subsonic flight speed of Mach 0.95 (at 35,000 ft) for remaining segments. These simplistic calculations
are performed using the following equation:
𝑡K•©ª«¬ =

𝑃®¯)}°$¬)}
100 − 𝑃®¯)}°$¬)}
+
100 ∗ 𝑣𝑒𝑙³~´
100 ∗ 𝑣𝑒𝑙³~&

(16)

Here, 𝑡K•©ª«¬ denotes flight time, 𝑃®¯)}°$¬)} is the percentage of flight over water, 𝑣𝑒𝑙³~´ is the aircraft's supersonic speed (Mach
2.2 at 55,000 ft), and 𝑣𝑒𝑙³~& is the aircraft's subsonic speed (Mach 0.95 at 35,000 ft).
For example, considering the JFK–LHR route shown in Figure 12, the overwater calculation technique finds a minimum time
flight path (denoted by red dotted line) with a deviation from the great circle flight path (denoted by solid red line). In this
case, the minimum flight time path also has the longest segment over water amongst all the route path deviations generated
by the technique. This simplistic routing provides the inputs for the filters used to identify potential airport pairs for
supersonic aircraft service. The FLEET allocation problem to predict the routes on which supersonic aircraft will operate (and
how many flights on those routes) uses the higher resolution flight path approach developed by our colleagues at Georgia
Tech.
Nonstop Supersonic-Eligible Routes
The following route filters are employed to identify the nonstop potential supersonic routes:
•
Routes with minimum time route distance less than or equal to 4,500 nmi.
•
Routes satisfying placeholder supersonic aircraft’s range capability as a function of overwater flight percentage.
•
Routes with block time savings of one hour or more when flying the placeholder supersonic aircraft on the simplistic
supersonic routing. The authors believe that only routes that show potential time savings of more than 60 minutes
will be to attract passengers given the cost difference; airlines would want to operate their supersonic aircraft on
these routes only for maximizing their profit. A more rigorous passenger choice model might provide a better
approach to this filter.

Figure 12. Supersonic Flight Path Re-routing Example for JFK–LHR Route to Find the Minimum Flight Time Route Path.
These filters lead to the identification of 241 nonstop potential supersonic routes in the FLEET network. Out of these 241
routes, using our fairly simple route path adjustment, 191 routes have greater than or equal to 75% of overwater flight
segment, 35 routes have overwater flight segments between 50% and 75%, and the remaining 32 routes have overwater
flight segments lesser than 50%.
Supersonic-eligible Routes with Fuel Stops
There are some intercontinental routes with sufficiently high passenger demand to suggest the potential for profitable
supersonic operations that have ranges that exceed the un-refueled range of the supersonic aircraft. Even with the increase
in distance flown and with the time required to land, refuel, and takeoff again, the total trip time savings suggests that a
potential supersonic passenger demand would exist on routes with an intermediate fuel stop between the origin airport and
the destination airport. For this work, only airports currently in the FLEET network are considered for potential fuel stops;
there are two trans-Pacific potential fuel stop airports—Honolulu, Hawaii (HNL) and Anchorage, Alaska (ANC); and five transAtlantic potential fuel stop airports—Shannon, Ireland (SNN); Keflavik, Iceland (KEF); Oslo, Norway (OSL); Dublin, Ireland
(DUB); and San Juan, Puerto Rico (SJU). The team recognizes that there exists a number of other potential fuel stop airports
in the Pacific and the Atlantic; however, these airports do not have enough U.S. flag carrier service to appear in the BTS
database and are not in the FLEET network. For routes with fuel stops, this work assumes that the fuel stops are just technical
stops, hence, there is no boarding of any new passenger from the fuel stop airport into the flight or debarkation of any
existing passenger from the flight. The fuel stop adds 60 minutes to the block time of the supersonic aircraft flying on the
with-fuel-stop route (includes time for descent, landing, taxi, refueling, taxi, takeoff, and climb). The supersonic route path
adjustment method for with-fuel stop routes optimizes the heading deviation for each "hop" of the flight, i.e., from origin to
fuel stop (first hop) and then from fuel stop to destination (second hop), while also selecting the optimum fuel stop airport
that minimizes the overall block time. Figure 13 shows the route adjustment approach for routes with fuel stops using the
DFW–HNL–NRT route as an example. The following route filters are employed to identify the with-fuel stop potential
supersonic routes:
•
Routes with minimum time route distance less than or equal to 9,000 nmi. This work does not consider more than
one fuel stop on a route.
•
Routes satisfying placeholder supersonic aircraft’s range capability as a function of overwater flight percentage. This
step is implemented for each hop of the flight. The route heading deviation is also adjusted for each hop.
•
Routes with block time savings of 1 hour or more when flying the placeholder supersonic aircraft on simplistic
supersonic routing. This block time savings includes additional 60 minutes gained in block time due to the technical
stop.
These filters lead to identification of 17 additional potential supersonic routes with a fuel stop in the FLEET network. All of
the 17 potential routes with fuel stops indicate a block time savings of more than two hours over the nonstop subsonic
flight.

Figure 13. Supersonic Flight Path Re-routing Example for Routes with Fuel Stop using DFW–NRT Route with
Fuel Stop at HNL.
Supersonic-eligible Route Network in FLEET
The supersonic-eligible route network in FLEET consists of a total of 258 potential supersonic routes, out of which 241 are
nonstop routes and 17 are with-fuel stop routes. Figure 14 depicts the whole potential supersonic route network for FLEET
on a world map. The route path for the 258 potential routes plotted in this figure are selected using the approach described
in the preceding paragraphs. The routes without fuel stops are shown in gray and the routes with fuel stops are shown in
red.

Figure 14. Supersonic-Eligible Route Network in FLEET (Airport Minimum Time Connections Shown Here; Not the Exact
Route Path Flown).
The current allocation problem setup in FLEET uses the 258 potential supersonic routes as an input. FLEET chooses which
routes to allocate to supersonic aircraft according to the route profitability, which is specific for each year of the simulation.
As with all routes in FLEET, the aircraft will travel a roundtrip on the route, so the Amsterdam Schiphol (AMS)–JFK route also
covers JFK–AMS flights. Table 6 provides information about a few of the routes for potential supersonic service.

Table 6. Details about Selected Potential Supersonic Routes in FLEET (Based on Simplistic Routing).

FLEET Supersonic Simulation Requirements
Higher-resolution Supersonic Aircraft Model and Routing
As mentioned before, the Purdue team employed the placeholder supersonic aircraft model to only identify the supersoniceligible route network in FLEET. The team used the 55-seat A10 notional medium supersonic aircraft model to run FLEET and
conduct all the fleet-level analyses. The computational model of the 55-seat A10 notional medium SST aircraft implemented
in this work was developed by our colleagues at Georgia Tech. This model provides mission performance characteristics—
including fuel consumption and block time—for the supersonic aircraft to operate on routes in the FLEET network. Because
the supersonic aircraft can only operate supersonically over water, the ground path of the flight to optimize a combination
of fuel consumption and block time can deviate significantly from typical subsonic aircraft routes. For consistency in the
project, this work uses flight path ground tracks also generated by the team at Georgia Tech.
The Purdue team considers two generations of supersonic aircraft with entry into service (EIS) dates of 2025 (generation 1)
and 2038 (generation 2). The generation 2 supersonic aircraft show a 10% improvement in the fuel burn with no change in
the aircraft noise or sonic boom characteristics.
The detailed supersonic routing developed by Georgia Tech works to identify the optimum supersonic route path by solving
an optimization problem to minimize a weighted sum “cost to the goal” objective function. The goal here is to minimize a
combination of the block time and the block fuel values for flying supersonic aircraft on a supersonic route. This approach
essentially finds a supersonic route path that is a trade-off between the time optimal-only route and fuel optimal-only
supersonic route path. A simplistic representation of this approach is shown in the equation below:
𝐵𝑙𝑜𝑐𝑘𝐹𝑢𝑒𝑙
𝐵𝑙𝑜𝑐𝑘𝑇𝑖𝑚𝑒
𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑𝑠𝑢𝑚®&º)»¬©¯) = 𝛼 ∗ ½
Ã + (1 − 𝛼) ∗ ½
Ã
𝐵𝑙𝑜𝑐𝑘𝐹𝑢𝑒𝑙%©Â
𝐵𝑙𝑜𝑐𝑘𝑇𝑖𝑚𝑒%©Â
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Here, 𝐵𝑙𝑜𝑐𝑘𝐹𝑢𝑒𝑙%©Â and 𝐵𝑙𝑜𝑐𝑘𝑇𝑖𝑚𝑒%©Â is the minimum block fuel and block time value possible for a route, respectively. This
work uses 𝛼 = 0.4 as the recommended value for the weighted sum supersonic routing (based on various supersonic routing
tests conducted by our partners at Georgia Tech).
The Purdue team uses NASA's Flight Optimization System (FLOPS) to “fly” the detailed notional 55-seat supersonic aircraft on
the weighted sum routes (with an 𝛼 value of 0.4), conducting separate FLOPS runs for each direction of a supersonic route.
The team observed different block fuel values (and in some cases, block time) when flying the detailed notional supersonic
aircraft in different directions on a supersonic route.
Supersonic aircraft cost model
With no commercial supersonic aircraft currently in production/service, the Purdue team used some rational assumptions to
model aspects of the supersonic aircraft cost. The assumptions used for supersonic aircraft cost modeling in FLEET are as
follows:

•
•
•
•
•

•

The 55-seat supersonic aircraft acquisition cost equals that of a very large commercial subsonic aircraft (a “class 6”
aircraft in FLEET with 400+ seats) (Mavris et al., 2017).
100% of the supersonic aircraft acquisition cost is amortized over a 15-year period. This is reflected in the total
operating cost of the supersonic aircraft.
Fuel costs per gallon are the same for supersonic and subsonic aircraft.
Crew costs for the 55-seat supersonic aircraft have a higher hourly rate, like those for a large subsonic aircraft,
reflecting the “premier” status that the supersonic aircraft crews might have. The operating cost per flight also
reflects the faster speed (shorter block hour flights) of the supersonic aircraft.
Yearly maintenance costs used to inform aircraft retirement decisions follows the same Boeing maturity curve as the
subsonic aircraft. This curve predicts maintenance cost as aircraft ages up to 40 years from EIS. Using this may be
problematic given the operating conditions of the supersonic aircraft —particularly the in-flight heating and
subsequent cooling and the cruise operating throttle settings of the engines—differ from subsonic aircraft.
Aircraft age-based fuel economy follows Airbus trends that are also used for subsonic aircraft. This means an
increased fuel consumption each year of service to reach 10% increase over original fuel consumption after 40 years
from EIS.

Table 7 summarizes the multipliers used for developing the cost model for the simplistic A10 notional medium SST aircraft
in FLEET.
Table 7. Cost Parameters used for Developing the Simplistic “Back-of-the-Envelope” Supersonic Aircraft Model in FLEET.
Cost Parameters of Simplistic Supersonic Aircraft

Multipliers/Modeling Characteristics

Crew Cost
Maintenance Hours
Insurance
Indirect Operating Cost
Acquisition Cost

Block time calculations and subsonic class 5 aircraft
1.5 times that of subsonic class 5 aircraft
Subsonic class 5 aircraft Insurance
Subsonic class 5 aircraft
Subsonic class 6 aircraft

Supersonic ticket price model
One of the first steps in determining ticket prices for supersonic flights is identifying the potential routes where the
supersonic aircraft might operate and then use available pricing information about those routes. Considering that the Boom
Overture concept (Boom Overture) is a possible first supersonic passenger-carrying entrant that does not make an attempt
at low boom flight, the initial supersonic aircraft are most likely to operate on over-ocean routes, where they can fly
supersonically over the water. This means that mostly international routes will be “supersonic eligible.” Following the
discussion from Boom’s website that indicates their aircraft could operate with a ticket price similar to current business class
tickets (Boom Supersonic), the Purdue team assumes that the supersonic ticket price would be similar to the current business
class ticket prices. With data about historical ticket prices paid for international routes difficult to obtain, the team is
dependent on the most recent (2018) offered business class or above ticket pricing data to model supersonic ticket prices
for FLEET simulations. The business class or above offered ticket price data is procured through matrix.itasoftware.com
(Matrix Airfare Search) as round-trip data for a subset of 26 supersonic-eligible trans-Atlantic origin-destination pairs (and
destination-origin pairs) for February 9, 2018 and the median of the ticket price data for every route is selected as the current
offered business class or above ticket fare.
Using the offered ticket fares for business class or above, this work builds a range-dependent delta-yield model, wherein
delta-yield is the markup or profit per passenger-nautical mile ($/pax-nmi). The model builds a simplistic linear fit for ticket
delta-yield with respect to the range elasticity. This simplistic model attempts to account for the passenger's willingness to
pay more for increased time savings when flying longer distances in a supersonic aircraft. The supersonic ticket fare is hence
equal to the sum of the supersonic aircraft operating cost per passenger and a margin term, expressed as the following
equation:
𝐶𝑜𝑠𝑡𝑜𝑓𝑆𝑆𝑇}®~¬) ©
𝐹𝑎𝑟𝑒wwx, }®~¬) © = UΔ𝑦𝑖𝑒𝑙𝑑´)} Â%© ∗ 𝑟𝑎𝑛𝑔𝑒}®~¬) © W +
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The operating cost of the aircraft (represented by the term CostofSST) includes the non-fuel direct operating cost (maintenance
cost, crew cost, servicing cost, indirect operating cost, insurance cost, and amortized acquisition cost) and the fuel cost for
operating the supersonic aircraft on a specific route.

Supersonic Aircraft Production and Aircraft Available in FLEET
The Purdue team assumes that the supersonic aircraft production follows the trend of Boeing 787 deliveries over the last
decade. The available Boeing 787 annual aircraft delivery data from first delivery until 2018 provides the absolute supersonic
aircraft production numbers for eight years (2011–2018), followed by extrapolation of the lower-slope production rates for
years beyond the eighth year of production. There are two reasons for selecting the Boeing 787 production curve as a
baseline for the simplistic supersonic aircraft. First, the Boeing 787 is a recent high-technology introduction aircraft and
given that the commercial supersonic aircraft are also expected to be high-technology (owing to the addition of supersonic
cruising abilities in the commercial sector), this assumption does not seem unfair. Second, because the deliveries of the
Boeing 787 began in 2011, this assumption provides a historical basis for predicting supersonic aircraft deliveries from their
initial delivery. Then, to use this as a guide for supersonic aircraft availability in the FLEET simulations, the total production
must be scaled to reflect the number of aircraft available to the airline model that reflects U.S. flag carrier airlines on a U.S.touching route network. On the basis of the Boeing Market Outlook, the share of future aircraft deliveries to North America
is approximately 40% of the total aircraft production. In Figure 15, the red dotted line depicts the Boeing 787
production/delivery curve (which provides a model of the total number of supersonic aircraft delivered worldwide), and the
black solid line depicts the number of supersonic aircraft delivered to FLEET's airline each year.

Figure 15. Supersonic Aircraft Production Curve in FLEET.

Task 2 – Fleet Analysis

Georgia Institute of Technology and Purdue University

Objective

Georgia Tech used the GREAT fleet prediction tool to perform an assessment of the impact of subsonic aircraft, and then
with the help of FLOPS-based performance models, the team developed similar capability for supersonic aircraft using the
scenarios from prior ASCENT Project 10 work and the key environmental indicators (KEIs) from vehicle models developed in
Tasks 4 and 5. Georgia Tech has been working to define supersonic demand scenarios to estimate the fleet level impact of
supersonic travel. Similarly, the Purdue team has been utilizing their FLEET tool to analyze this impact.

Research Approach (Georgia Tech)

Retired SST vehicles struggle with environmental and economic challenges primarily due to the generation of sonic booms
during flight. Sonic booms are generated when traveling at speeds greater than the speed of sound. These booms cause
significantly higher disturbance and annoyance when reaching the ground relative to subsonic aircraft. This fact has resulted
in the prohibition of overland supersonic operations for SST vehicles, which has severely reduced the number of permissible

routes and the overall utilization of these vehicles (Liebhardt, Gollnick and Lütjens, 2011; Liebhardt, 2019). Moreover, SST
vehicles consume much more fuel compared to their subsonic counterparts along the same missions. The lower utilization
coupled with the higher fuel consumption for SST vehicles increases operating costs for airlines significantly, which leads to
very high-ticket prices that further shrinks the market for supersonic air travel (Henne, 2005; Liebhardt, Lütjens, Tracy and
Haas, 2017).
New SST vehicles are expected to face the same environmental and economic challenges that previous SST vehicles faced.
Whether technological advancements would sufficiently lower fuel consumption and whether smart flight routing would
enable more routes to be flown remain unanswered questions. If those vehicles do make supersonic flight more affordable,
the projected demand for such service also remains unknown.
Previous research has investigated different aspects of these questions. Liebhardt et al. (2011) assessed the global market
for SST vehicles based on premium airline ticket sales and found that insufficient demand exists to support the production
of large SST vehicles, but smaller vehicles, with a seating capacity of approximately 20, could represent a more realistic
opportunity. However, limited focus was given to the impact of SST routing on the aircraft mission and on overall SST
operations. The impact of prohibited overland operations on flight routes and mission performance was separately analyzed
by Liebhardt, Linke, and Dahlmann (2014). It was shown that only small trade-offs, manifested by detours and subsonic
overland segments, are required for high demand routes, emphasizing the opportunity for SST. Yet, routing was based on
maximizing time savings without regards to fuel consumption. When exploring SST-specific routing, a need to evaluate timeversus fuel-optimal routes arose in order to examine the resulting implications on demand for those routes. Finally, the
effect of the sonic boom carpet on SST routing was studied by Liebhardt (2019) to evaluate a pool of permissible supersonic
routes. Correlations to demand were not investigated, however.
As a result, identifying routes that are suitable for SST operations and evaluating the penalties associated with the restriction
of supersonic overland flight both become crucial enablers for assessing the demand for commercial supersonic.

General SST Flight Rules

For an algorithm to route an aircraft over water/land, it has to know the location of water/land at any location on the globe,
which can be done using a set of polygon-based data or gridded data. The toolset described here exclusively uses Natural
Earth Data, which is a continuously updated public domain, free vector and raster map data set available online.
Since current regulations state that sonic booms shall not reach land, the analysis needs to consider where and how a sonic
boom could reach land. In general, a sonic boom depends on multiple factors, some of which are specific to the aircraft (e.g.,
cruise Mach number and weight), atmospheric conditions (e.g., temperature gradients, wind speed/direction), and
operational characteristics (e.g., cruising altitude, maneuvering effects from turning, or acceleration/deceleration). Until such
time that detailed, aircraft-specific sonic boom characteristics become available from other tasks of the project, the current
algorithm focuses on sensible generic rules that can be widely applied.
Using the Concorde as a reference, the Cross-track Projection Distance (CPD) is computed to be 20 nmi. The CPD is the side
distance covered by the primary boom carpet on the ground. However, this value changes with turning (Air France, 2003).
Currently, how CPD values would change for an aircraft with different characteristics is unknown. For this analysis, a generic
value of 27 nmi is assumed, corresponding to a maximum routing angle of 45 deg and based on the specifics of the algorithm
to be described later. This value is used to define a “buffer” distance around land masses by using the ocean polygon dataset
and shrinking it by a fixed Cartesian distance of 27 nmi converted into geospatial angles.
Besides buffer distances, there are additional areas to be avoided for flight routing. These areas can include entire countries
where overflight is not permissible due to a variety of reasons, as well as closed airspace areas that aircraft are not allowed
to enter. These additional areas can be included as long as the areas are known and agreed upon, such as through country
border vector data or Notice-To-Airmen (NOTAM) polygon shapes. In this analysis, no-fly-zones or restricted airspaces are
not considered since it is deemed premature when trying to understand the routing options for supersonic aircraft.
Furthermore, weather variability is also not considered in this analysis and instead, the International Standard Atmosphere
(ISA) model with still air is utilized.

Routing Algorithm

During the development of the routing algorithm, the Georgia Tech team quickly recognized that even for routes that the
Concorde flew regularly, the great circle track falls over land in many places. It is possible, however, to slightly shift the

ground track away from land and the buffer zone and arrive at a track with a significantly higher fraction over water so that
the aircraft can make use of its speed for a much larger portion of the flight. For example, two coastal cities on the same
continent, where the great circle track falls entirely over land, can become an almost entirely over water flight by simply
moving the ground track out to sea and then following the coastline with the buffer distance to the destination.
Raster-based algorithms can be utilized to determine such tracks for any given route. These algorithms make use of a
discretized representation of a physical space by dividing it into small/equal boxes (i.e., a grid) in order to search for an
optimum path. The simplest of these pathfinding algorithms is the Breadth First Search (BFS), which explores the grid equally
in all directions to discover paths. Alternatively, Dijkstra’s algorithm associates movements between grid nodes with costs
and as a result, seeks and prioritizes paths of lower costs.
Computational complexity for raster-based algorithms scales strongly with the size of the grid or grid resolution. BFS and
Dijkstra’s algorithm can quickly become computationally prohibitive for a large grid or one with fine resolution. To tackle
this issue, other raster-based algorithms have employed heuristics or heuristic cost functions to add search directionality
(rather than exploring equally in all directions) and increase computational speed, while preserving accuracy. Examples
include the A* and Theta* algorithms. The latter is the basis for the routing algorithm utilized in this research.
Definitions
As previously mentioned, raster-based algorithms operate on a discretized representation of the physical space. This
technique leads to the definition of grid nodes, which lie in the middle of the boxes representing the search space. For
algorithms to establish a grid path from any node to another in the search space, it is necessary to explore the neighboring
nodes of the start node, and then the neighboring nodes of those neighboring nodes, and so on until the goal node is
reached. If a ‘shortest’ path is to be established, a cost function is defined in order to inform the algorithm as to which paths
are considered "shorter" and need to be prioritized. Algorithms, such as Dijkstra’s or A*, typically follow a series of steps
below to seek those shortest paths:
1.
2.
3.
4.

Identify neighboring nodes of the current node.
Evaluate cost function for all the neighboring nodes.
Select the neighboring node(s) with the lowest cost to explore next.
Repeat until the goal node is reached.

The performance of these algorithms is therefore directly affected by the definitions of neighboring nodes and the cost
function. As shown in Figure 16, the simplest definition of neighbor nodes only allows for lateral and longitudinal movements
in a two-dimensional space, essentially presenting the algorithm with four options to explore for every node. While this
ensures that the step size is preserved in every iteration, it often results in non-smooth paths. This can be remedied by
allowing diagonal (45 deg) movements, which doubles the number of options. For the routing algorithm utilized in this
research, diagonal movements could ensure smooth paths between origins and destinations. Furthermore, the algorithm is
set up to account for the two cruising regimes of supersonic aircraft (i.e., subsonic and supersonic) and therefore, 16 total
options are available for every node (Figure 16).
As for the cost function 𝑓(𝑛) evaluated for every neighbor node 𝑛, it is typically of the following form:
𝑓(𝑛) = 𝑔(𝑛) + ℎ(𝑛)

(19)

where 𝑔(𝑛) is the exact cost from the start node to the neighbor node, and ℎ(𝑛) is the heuristic estimated cost from the
neighbor node to the goal node, as illustrated in Figure 16. For Dijkstra’s algorithm, ℎ(𝑛) = 0 such that 𝑓(𝑛) only relies on
exact costs, which guarantees accuracy but compromises speed. Alternatively, other raster-based algorithms, such as the
Greedy Best-First-Search, solely rely on heuristics such that 𝑔(𝑛) = 0, which significantly increases speed but does not
guarantee accuracy. A* and Theta* algorithms provide a good compromise between accuracy and speed by accounting for
both exact costs and heuristics.

Figure 16. Definition of Neighboring Nodes and Search Options.
Cost Functions
To determine the optimum paths between origins and destinations, two primary metrics are considered: time and fuel. To
minimize time, the most obvious choice would be to fly the aircraft at its supersonic speed along the great circle track.
However, for many routes, this path would feature an excessive number of fuel-expensive accelerations since the aircraft
would need to decelerate every time it flies over land. Alternatively, fuel-optimum paths might avoid accelerations altogether
and fly the aircraft at its subsonic speed, which is not ideal since it would result in minimal time savings. Therefore, the cost
functions need to account for both time and fuel simultaneously and not just a single metric. Actual airline operations utilize
a cost index that captures the trade-off between time-based operating costs and fuel use. At this point, there is not enough
information available to construct this type of trade-off for supersonic vehicles.
To that effect, the definitions of 𝑔(𝑛) and ℎ(𝑛) included an artificial scaling parameter 𝛼 to trade between time and fuel.
Values of alpha range from 0 to 1 such that a value of 0 represents a time-optimal choice, and a value of 1 represents a fueloptimal choice, and any value in between represents a scaled blend:
𝑔(𝑛) = 𝛼 ∙ 𝑔K (𝑛) + (1 − 𝛼) ∙ 𝑔¬ (𝑛)
ℎ(𝑛) = 𝛼 ∙ ℎK (𝑛) + (1 − 𝛼) ∙ ℎ¬ (𝑛)

(20)
(21)

where subscripts 𝑡 and 𝑓 denote time and fuel evaluations, respectively. Furthermore, the time and fuel absolute values need
to be normalized by appropriate reference values in order to scale them to non-dimensional values close to unity in
magnitude. The reference values represent idealized time 𝑓¬,Åy and fuel 𝑓K,Åy to fly the great circle distance from origin to
destination at supersonic speed such that the cost functions are of the following final form:
𝑔(𝑛) = 𝛼 ∙ [𝑔K (𝑛)/𝑓K,Åy ] + (1 − 𝛼) ∙ [𝑔¬ (𝑛)/𝑓¬,Åy ]
𝒉(𝑛) = 𝛼 ∙ [ℎK (𝑛)/𝑓K,Åy ] + (1 − 𝛼) ∙ [ℎ¬ (𝑛)/𝑓¬,Åy ]

(22)
(23)

Time and fuel are calculated based on distance traveled and aircraft characteristics such as speed and specific air range
(SAR). Time spent from one node to the other is simply the distance between the nodes divided by the speed of the aircraft.
To calculate fuel, the distance is divided by SAR instead. The value of SAR is not a constant; however, it is a function of the
instantaneous weight of the aircraft and its cruising altitude. For simplification, average SAR values are assumed for both
the subsonic and supersonic regimes.

Figure 17. Possible Movements within the Search Grid.
The cost functions are formulated for all possible movements within the search grid. As shown in Figure 17, only nine
possibilities are valid for any given movement from a current node to a neighboring one. Every possibility falls into one of
four categories, where the aircraft will either accelerate, decelerate, or continue to cruise at either subsonic speed or
supersonic speed. Thus, the cost functions 𝑔(𝑛) and ℎ(𝑛) are formulated as follows:
𝑔K (𝑛) = 𝑔K (𝐶𝑢𝑟𝑟𝑒𝑛𝑡) + 𝑔ÇK
𝑓𝑢𝑒𝑙 𝑝𝑒𝑛𝑎𝑙𝑡𝑦
⎧ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒/𝑆𝐴𝑅
³~&
𝑔ÇK =
⎨ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒/𝑆𝐴𝑅³~&
⎩𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒/𝑆𝐴𝑅³~´)}

(25)

ℎK (𝑛) = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑔𝑜𝑎𝑙/𝑆𝐴𝑅³~´)}

(26)

𝑔¬ (𝑛) = 𝑔¬ (𝐶𝑢𝑟𝑟𝑒𝑛𝑡) + 𝑔Ç¬

(27)

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒/𝑠𝑝𝑒𝑒𝑑³~´)}
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒/𝑠𝑝𝑒𝑒𝑑³~&
𝑔Ç¬ =
⎨ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒/𝑠𝑝𝑒𝑒𝑑³~&
⎩𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒/𝑠𝑝𝑒𝑒𝑑³~´)}
⎧

𝑖𝑓 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒,
𝑖𝑓 𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒,
𝑖𝑓 𝑠𝑢𝑏𝑠𝑜𝑛𝑖𝑐 𝑐𝑟𝑢𝑖𝑠𝑒,
𝑖𝑓 𝑠𝑢𝑝𝑒𝑟𝑠𝑜𝑛𝑖𝑐 𝑐𝑟𝑢𝑖𝑠𝑒.

(24)

𝑖𝑓 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒,
𝑖𝑓 𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒,
𝑖𝑓 𝑠𝑢𝑏𝑠𝑜𝑛𝑖𝑐 𝑐𝑟𝑢𝑖𝑠𝑒,
𝑖𝑓 𝑠𝑢𝑝𝑒𝑟𝑠𝑜𝑛𝑖𝑐 𝑐𝑟𝑢𝑖𝑠𝑒.

ℎ¬ (𝑛) = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑔𝑜𝑎𝑙/𝑠𝑝𝑒𝑒𝑑³~´)}

(28)

(29)

where ℎ(𝑛) is always evaluated based on the great circle distance from the neighbor node to the goal node, assuming a 100%
supersonic flight. The latter ensures that ℎ(𝑛) is optimistic and monotonically decreasing (i.e., the estimated cost to the goal
node is always equal or less than the best possible solution). It is worth noting that 𝑓K,Åy and 𝑓¬,Åy of Eqns. (22) and (23) are
equivalent to ℎK (𝑛) and ℎ¬ (𝑛) evaluated for the start node.
Path Optimality
As previously mentioned, the Theta* algorithm (Daniel, Nash, Koeing and Felner, 2010) is the basis for the routing algorithm
utilized in this research. While closely related to the A* algorithm, Theta* differs in that it performs a "line of sight" check
after every iteration. This check determines whether a clear path from the parent node of the current node to the chosen
neighbor node exists. If so, the current node is eliminated and the shortest path is adjusted. This procedure is illustrated in
Figure 18.
Within the search grid, the Bresenham line of sight algorithm (Bresenham, 1965) is employed to identify grid nodes that
intersect the line of sight. These intersection nodes are then checked for any constraint violation (e.g., the presence of
obstacles). If no violations are present, the algorithm proceeds with eliminating the current node and constructing a new
path that directly links the neighbor node with the parent node. This allows for smoother paths to be established, as shown
in Figure 18. In this implementation, an obstacle is defined as the presence of land in a supersonic cruise segment. This
means that if a purely supersonic parent-current-neighbor path is established and land is present along the parent-neighbor

path, the latter constitutes an obstacle and does not pass the line-of-sight check. In such a case, the current node would not
be eliminated.

Figure 18. Search Algorithm.
Although the Theta* algorithm resulted in paths smoother than the paths produced by the A* algorithm, a few further
refinements are still required to derive optimal paths. These refinements tackle two primary issues: first, situations where
the algorithm would be presented with neighbor nodes of equal or numerically very close 𝑓(𝑛) evaluations, and second, the
fact that not all neighboring nodes are of equal step size since both lateral/longitudinal and diagonal nodes are considered.
If the cost function for all neighbors is equal or numerically very close, the algorithm is essentially presented with a tie.
Typically, search functions for lowest value in a list will simply return the first encountered of all the tied values. The algorithm
will therefore repeatedly return the same direction neighbor every time it is presented with a tie. Usually in a discretized
space this is not an issue because the resulting path is still optimal; however, the solution mapped back to the physical space
will be decidedly non-optimal. This issue is tackled by randomizing the list of tied neighbors each iteration. This approach
guarantees that the algorithm returned different directions in the case of repeated ties.
The second issue stems from the fact that diagonal steps are significantly longer than the lateral/longitudinal steps, which
leads the algorithm to prefer (or in some cases not to prefer) to take these steps since they get closer to the goal relatively
faster. This issue is addressed by adding a cross-product term to the heuristic function, essentially adding a penalty for
solutions that are away from the straight line connecting the start and goal nodes. This cross-product term therefore forces
the routing algorithm to favor paths that are closer to the great circle track connecting the origin and destination, rather
than those that follow the diagonal nodes.
Coordinate Systems
Proper functioning of the routing algorithm depends heavily on distance computations in a geospatial context. The most
commonly used geospatial coordinate system is World Geodetic System (WGS) 84 (or European Petroleum Survey Group
(EPSG) 4326), which defines latitude and longitude in degrees for a slightly elliptical spheroid with zero coordinates for
Greenwich and the equator. This is originally developed for the GPS system and is widely used for many datasets. However,
this coordinate system is not Cartesian and has extreme variations in unit coordinate sizes, especially between the poles and
the equator, as well as discontinuities at the poles and the dateline.
It is therefore advisable to project this spherical coordinate system into a flat, near-2D Cartesian space. While many ways
exist to accomplish this, some basic properties are desired: 1) the coordinates need to be continuous, 2) a straight line
should approximate the shortest distance, and 3) a discretization should result in a mostly evenly sized grid.
Unfortunately, the most common and well-known projections such as Mercator or Web-Mercator (used in Google Maps, for
example) do not provide these properties since they are cylindrical projections, as shown in Figure 19. Straight lines in these

projections represent constant heading but not shortest distance and there still is extreme distortion near the poles. Both of
these issues are highlighted in FIGURE 20 for the New York (JFK) to Paris (CDG) route.

Figure 19. Typical Methods for Projecting Spherical Coordinate System into a Flat, Near-2D Cartesian Space.
However, there are projections that do fit the stated criteria. A commonly used aeronautical chart map projection is the
Lambert Conformal Conic (LCC) projection (Figure 19), which has the advantage of preserving distances and at the same
time has straight lines close to great circle routes (Figure 20). The disadvantages are that the areas are not preserved and
that such a projection has to be customized to a specific area or region of the globe. These two disadvantages can be
overcome by careful selection of the region at hand while avoiding or splitting antipodal routes into pieces. This process can
be successfully automated.
The process of projection is shown in Figure 21. The implementation of customizing this for every route or origin-destination
pair is accomplished as follows. Based on the locations of both airports, a buffer is added to define a box in which the route
is likely to fall. From this box, three latitudes are defined: the maximum (lat1), the minimum (lat2), and a mid-point (lat0).
These three values are then used to define the route specific LCC projection. It should be noted that libraries developed by
the Open-Source Geospatial Foundation (OSGeo) are utilized to accomplish this. The PROJ library in particular is used to
provide coordinate transformation and projection capabilities, whereas the GDAL/OGR library is used to provide translation
capabilities for raster and vector geospatial data formats.

Figure 20. New York (JFK) to Paris (CDG) route.
It should also be noted that the actual grid size used can be dynamically adjusted up or down. The trade-off between
computational speed and accuracy for a large sample of routes is investigated. In most cases, the resulting grid cells are just
below 10 nmi in size but varied slightly depending on where on the globe the routes are, as well as the specific size of the
area selected for the LCC projection. Automation of the projection procedure is the final element required for the routing
algorithm (Algorithm 1) to be fully functional.
Fuel Stops
For routes exceeding the maximum supersonic range, it becomes necessary to select appropriate refuel stops. The fuel stops
are selected based on the aircraft runway length requirement, and/or potential current commercial service, and the exclusion
of conflict zone country airports. This selection is done while minimizing the great circle deviation for the refuel stop from
the full great circle track of the entire route. The resulting pieces are routed separately and then added together while
assuming a 90-minute delay for the time to descend, land, refuel, takeoff, climb, and resume cruise.

Figure 21. Pseudo-code for Automation of the Projection Procedure.
Calculating 𝛼 Value for Cost Functions
The artificial scaling parameter 𝛼 is introduced to trade between time-optimum and fuel-optimum paths for a given origindestination route. Ideally, the appropriate 𝛼 value would be determined on a route-by-route basis by running the algorithm
for a sweep of values ranging from 0 to 1, and then selecting the value that resulted in a path that maximized time savings
at minimum fuel costs. However, running such a sweep for every potential supersonic route would increase computational
run time significantly (e.g., if 𝛼 values of 0, 1, and all 0.1 increments in between would be examined, 10 additional runs
would be required for every single route).
Instead, a subset of the potential supersonic routes is examined to determine a fixed 𝛼 value that could be used universally.
One of the routes examined is the Hong Kong to Sydney route shown in Figure 22. For that route, 𝛼 = 0 produces a timeoptimal path with four accelerations, and 𝛼 = 1 produces a fuel-optimal path along the great circle path with zero
accelerations, and 𝛼 = 0.5 produces a path that preserved the savings of the time-optimal path to a great extent but reduced
the number of accelerations by two. For most routes examined, an 𝛼 value of 0.4 provides the best trade between time and
fuel. This value is therefore used for all subsequent evaluations.

Figure 22. Hong Kong to Sydney Route.
Flight Routing Results
Flight routing results for all origin-destination pairs are shown in Figure 23. Because the scaling parameter 𝛼 is set to 0.4,
the performance of the algorithm for certain routes is predictable beforehand. For example, for routes whose great circle
paths fall entirely over water (e.g., Honolulu, Hawaii to San Francisco, California), the algorithm did fly the SST vehicle at its
supersonic speed for the entire route, as expected. For other routes whose great circle paths fall entirely over land and away
from open water (e.g., Los Angeles, California to New York City, New York), the algorithm did fly the SST vehicle at its
subsonic speed for the entire route, as expected. To gauge the performance of the routing algorithm, routes that are neither
entirely over water nor entirely over land and away from open water need to be investigated. Two such examples are
presented here.

Figure 23. Flight Routing Results for All Origin-Destination Pairs.
The first route to examine is the Dubai to Singapore route shown in Figure 24. Although a big portion of the great circle
path for this route lies over water, it cuts through the Indian peninsula. To fly the great circle path at its supersonic speed,
the SST vehicle would have to slow down to its subsonic speed before it crosses the peninsula, and then re-accelerate to its
supersonic speed once it clears it (i.e., two accelerations). In order to maximize time savings while minimizing fuel
consumption, the algorithm instead routes the flight around the peninsula and flies the vehicle almost the entire time at its
supersonic speed (i.e., only one acceleration). Such routing results in 52%-time savings at a minimal distance penalty of 7%,

while avoiding the fuel consumption penalty associated with a second acceleration. The algorithm efficiently weaves the
flight around the coastlines and islands of India, Sri Lanka, and Indonesia to stay as close as possible to the great circle path.

Figure 24. Dubai to Singapore Route.
Another route that highlights the efficiency of the algorithm is the London to Dubai route shown in Figure 25. The great
circle path for this route lies almost entirely over land (with the exception of a small portion over the Black Sea); hence, flying
supersonically for the non-over land portion would yield minimal time savings. However, big bodies of water exist around
the great circle path. The algorithm makes use of those bodies to route the flight along a two-acceleration path that enabled
the SST vehicle to fly at its supersonic speed over the Adriatic Sea, the Mediterranean Sea, and the Persian Gulf. This flight
route results in 33%-time savings at a distance penalty of just 9%. Once again, the algorithm efficiently threads the flight
track around many coastlines and islands, especially over the Mediterranean, to stay as close as possible to the great circle
path.

Figure 25. London to Dubai Route.

Discussion: Demand Forecast and SST Flight Routes
The above-mentioned results show a promising market capture for future commercial supersonic air travel. However, it is
important to realize that these results are derived based on a set of modeling inputs and assumptions, which if varied, could
influence the results in different ways. The sensitivity of both flight routing and demand forecasting to various inputs and/or
assumptions is discussed in this section.
Flight routing results derived in this study are influenced by a number of factors including: 1) the definition of a 27 nmi
buffer distance around land masses, 2) the lack of consideration for weather patterns around the world, and 3) the SST
aircraft characteristics embedded in the cost functions.
While the buffer distance value is set based on Concorde data, there is no guarantee that future supersonic flight rules would
not consider a different value. If a much greater value is to be respected, a number of routes in this study would no longer
be viable. For example, a much larger buffer zone for the London to Dubai route shown in Figure 25 could eliminate the
possibility of supersonic flight over both the Adriatic Sea and the Persian Gulf, severely reducing the time savings for that
route. The buffer distance value is therefore an important driver for routing results, especially for routes that utilize narrow
bodies of water such as seas and gulfs.
Another factor that would impact flight routing is the consideration of weather patterns. It is assumed throughout this study
that the great circle path between any city pair would be the choice for the subsonic reference vehicle and that the SST
vehicle should adhere to it as much as possible to maximize time savings. In reality, weather plays a huge role in determining
routes flown on a daily basis. Decisions are often made to deviate from great circle paths to avoid areas with intense head
winds or make use of other areas with favorable tail winds. Wind patterns around the globe throughout the year have not
been considered in this study, but they could influence routing results if they are included.
Moreover, SST aircraft characteristics that drive the cost functions have a strong and direct impact on the results of the
routing algorithm. As previously discussed, SAR is a function of the instantaneous weight of the aircraft and its cruising
altitude. All evaluations within the routing algorithm use averaged estimates for SAR in the subsonic and supersonic regimes.
Similarly, the supersonic cruise speed of the aircraft is set to that of the Boom Overture concept. If this value would change,
the cost evaluations and time savings along many routes would change as a result. Demand forecasting results in this study
are driven by an alternative set of factors including: 1) the Boeing CMO air traffic growth rates, 2) the aircraft and airline
characteristics, and 3) the implicit assumption that everyone who could afford to switch to supersonic travel would switch.
Air traffic growth rates are based on the 2019–2038 Boeing CMO. These rates were projected and published before the
COVID-19 pandemic caused an abrupt and significant decline in air travel during 2020. It is assumed in this study that air
travel would fully recover to pre-COVID levels and resume growth as projected. If growth rates would deviate from those of
the CMO, the initial and filtered sets of potential routes—and consequently the overall demand for supersonic air travel—
would be altered.
Similarly, aircraft and airline characteristics directly influence the ΔFare calculations for demand forecasting. The effREF value
of 37 pax-km/L is based on an industry average reported in 2019. If instead a value corresponding to the state-of-the-art
single aisle aircraft is utilized, the projected demand for supersonic travel would decrease, since the SST vehicle would be
compared to a much more efficient reference in terms of fuel performance. Values of airline cost proportions and the
assumed utilization for both the reference and SST vehicles would likewise impact demand calculations.
The switching percentage of premium passengers to supersonic air travel along the different routes is determined based on
the implicit assumption that any passenger with a VTTS higher than the ΔFare per hour saved would switch. In reality, that
may well not be the case for a variety of reasons. For example, passengers may choose not to switch to supersonic air travel
even if they could afford it in order to avoid inconvenient departure and arrival times due to time zone variations. Effectively,
demand forecasting results are based on an optimistic estimate of switching percentage, everything else being held the
same.

Research Approach (Purdue)

Incorporating Supersonic Aircraft in the FLEET Allocation Problem
For the work presented here, the allocation of the airline's supersonic aircraft occurs before the allocation of the airline's
subsonic aircraft. This approach allows for the characterization of a subset of total passenger demand as the passengers
who would be willing to pay for the supersonic fare, and it currently assumes that the supersonic fare will be similar to the

as-offered fares for business class or above available in 2018. Because these passengers would be willing to pay more for
the higher-speed and shorter-time trips, this subset of demand is identified on all of the potential supersonic routes, and an
allocation problem determines how many supersonic aircraft roundtrips operate on which of the potential routes to maximize
the profit from the supersonic aircraft in the airline's fleet. Then, for any routes that have potential supersonic demand but
do not receive supersonic aircraft service, and for any routes that have supersonic aircraft service but do not have enough
roundtrips to serve all the supersonic passenger demand, the unserved supersonic passenger demand is recombined with
the subsonic passenger demand. The subsonic allocation problem then determines the number of roundtrips operated by
each subsonic aircraft type on all of the routes in the network to serve the recombined passenger demand. Figure 26 depicts
the subsonic and supersonic aircraft sequential allocation approach in a flowchart.
In the future, the team plans to implement a simultaneous allocation approach in which the airline would allocate the
supersonic and subsonic aircraft at the same time (to satisfy both supersonic and subsonic flight demands). Such an approach
could provide insights about passengers' travelling preferences via supersonic and subsonic aircraft while allowing for the
enforcement of noise and/or airport capacity constraints in FLEET, if those are desired in the simulation. The simultaneous
approach will require some restructuring of the allocation problem (because of which the team chose to use the sequential
allocation approach for the current work).

Figure 26. Sequential aircraft Allocation Approach in FLEET.
In each simulation year, FLEET predicts the inherent growth in airline passenger demand due to the economic growth
described in the scenario and then includes the effects of price-demand elasticity to account for the influence of airline ticket
price changes from the previous year on passenger demand. For instance, if a new aircraft is introduced that is far more fuel
efficient than its predecessors, some of the cost savings associated with that fuel reduction leads to a lower ticket price.
That would drive the passenger demand up, separately from the inherent economic demand driver. After the sequential
allocation problems are complete, the model can make assessments on the need for more aircraft to meet future demand
and the future profitability of retiring a currently operating aircraft in favor of a newer model in the following year.
Preliminary FLEET Simulation Results
The FLEET simulation is run from years 2005 to 2050 with the supersonic aircraft introduced in 2025 (generation 1) and

2038 (generation 2). In FLEET simulations, the aircraft are available to the airline to use one year after the EIS date (i.e., the
aircraft was first available during the EIS year, but the representative day when that aircraft was part of regular service is the
year following the EIS). Hence, the first-generation supersonic aircraft becomes available for allocation by the airline for a
representative day in 2026. Similarly, the second-generation supersonic aircraft becomes available for allocation in 2039.
The second-generation supersonic aircraft has the same block time on routes but consumes less fuel for the mission
assuming incremental improvements in empty weight, aerodynamics, and propulsive efficiency.
The simulation results presented here are based on the higher-resolution A10 notional medium SST aircraft, detailed
supersonic route path data, and the sequential aircraft allocation approach; i.e., supersonic aircraft allocation is performed
before the subsonic aircraft allocation and, consequently, FLEET is accommodating the premium passengers first. The FLEET
run presented here has no constraints on the number of airport operations. The current set of results demonstrate the ability
of FLEET to indicate the routes where supersonic aircraft might be used and the number of daily operations on those
supersonic routes. Further, the results demonstrate the possible changes in the subsonic fleet allocations due to the
introduction of supersonic aircraft on select routes. This work considers only the previously developed CTBG scenario,
utilizing the previously obtained subsonic-only CTBG results for comparing and analyzing the supersonic FLEET CTBG
allocation and fleet fuel burn results.
The FLEET setup for the CTBG scenario is defined as follows:
•
The network consists of 169 airports including U.S. domestic routes and international routes that have either their
origin or destination in the U. S.
•
The annual gross domestic product (GDP) grows at a constant value of 4.3% in Asia, 4.2% in Latin America, 2.4% in
Europe, and 2.8% for airports in the U. S.
•
The annual population growth rate is a constant value of 1.1% in Asia, 1.26% in Latin America, 0% in Europe, and
0.58% in the U. S.
•
Jet fuel prices grow according to the Energy Information Administration (EIA) reference fuel price (Annual Energy
Outlook 2011, 2011) case and are adjusted to meet the ASCENT survey fuel price, $77.08/bbl, by 2050.
•
Carbon emission prices grow linearly from $0/MT in 2020 to $21/MT by 2050.
The set of subsonic aircraft utilized in the CTBG scenario for the current work is listed in Table 8. The aircraft denoted “GT
Gen1 DD” are the Generation 1 aircraft modeled by Georgia Tech with a “direct drive” engine. The Generation 2 aircraft are
labeled “GT Gen2 DD.” These include aircraft belonging to the following classes: regional jet (RJ), single aisle (SA), small twin
aisle (STA), large twin aisle (LTA), and very large aircraft (VLA). According to the amount and speed of technology incorporated
into aircraft, in each of the scenarios, the new-in-class and best-in-class aircraft models will vary. Given the observation that
new orders for 50-seat regional jet aircraft have diminished to zero, there are no small regional jet (SRJ) aircraft in the newand future-in-class technology ages.
Table 8. Subsonic Aircraft Types used in Simulation.

Class
Class
Class
Class
Class
Class

1
2
3
4
5
6

(SRJ)
(RJ)
(SA)
(STA)
(LTA)
(VLA)

Representative in Class
Canadair RJ200/RJ440
Canadair RJ700
Boeing 737-300
Boeing 757-200
Boeing 767-300ER
Boeing 747-400

Subsonic Aircraft Types in Study
Best in Class
New in Class
Embraer ERJ145
Canadair RJ900
GT Gen1 DD RJ (2020)
Boeing 737-700
GT Gen1 DD SA (2017)
Boeing 737-800
GT Gen1 DD STA (2025)
Airbus A330-200
GT Gen1 DD LTA (2020)
Boeing 777-200LR
GT Gen1 DD VLA (2025)

Future in Class
GT
GT
GT
GT
GT

Gen2
Gen2
Gen2
Gen2
Gen2

DD
DD
DD
DD
DD

RJ (2030)
SA (2035)
STA (2040)
LTA (2030)
VLA (2040)

Because FLEET models the behavior of a profit-seeking airline, the FLEET allocation problem decides which routes to operate
the supersonic aircraft on while maximizing its profit over the whole network. This essentially allows FLEET to choose the
routes for supersonic aircraft operation from the 258 supersonic-eligible routes presented in the previous section. If the 5%
passenger demand on a route is too low for profitable supersonic operations, the result has no trips allocated to that routes.
This ensures that FLEET airline does not forcefully operate supersonic aircraft on a set of user-defined routes. Rather, it has
the freedom to operate supersonic aircraft on profitable routes only, mimicking the behavior of an actual profit-seeking
airline.

With the current modeling, the 2050 fleet fuel burn with supersonic aircraft is 6.48% higher than the subsonic-only fuel burn.
Figure 27 shows the normalized fuel burn for both supersonic and subsonic-only cases. The supersonic run refers to the
case in which both supersonic and subsonic aircraft are available for allocation in an airline fleet, whereas the subsonic-only
run refers to the case in which only subsonic aircraft are available for allocation in an airline fleet (no supersonic aircraft are
introduced in this case). Figure 28 shows the normalized total daily passenger demand served for both supersonic and
subsonic-only cases, which appears to be similar for most years. For year 2050, the demand served for the case with
supersonic aircraft is actually greater than the subsonic aircraft-only case by 14,696 passengers per day. Figure 28 does not
help the reader to identify this demand difference, but it still informs the reader about the total daily passenger demand
trend for the two cases.
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Figure 27. Normalized Fuel Burn from FLEET Simulation.

Figure 28. Normalized Total Daily Passenger Demand from FLEET Simulation.
The Purdue team noted that the introduction and allocation of the supersonic aircraft changes the use, retirement, and
acquisition of the subsonic aircraft. That is, the airline modifies its subsonic fleet allocation to accommodate the new class
of aircraft, i.e., supersonic aircraft, to maximize its overall profit. The change in the usage of the subsonic fleet can be seen
by comparing the two charts in Figure 29 and Figure 30. In the first figure, the first six layers from the bottom in both charts

indicate the fuel burn from the six classes of subsonic aircraft in FLEET, and the topmost layer in the upper chart indicates
fuel burn from the supersonic aircraft in FLEET. Analysis of the two charts reveals that the pattern of the six common color
layers in the two charts changes after 2025, indicating a change in the fuel burn (and the allocation) of the subsonic fleet
after the introduction of the supersonic aircraft.

Figure 29. Class-Wise Fuel Burn Plots for Supersonic Case with A10 Notional Medium SST Aircraft.

Figure 30. Class-Wise Fuel Burn Plots for Subsonic-Only Case.
The simulation results include details about the daily round-trip supersonic and subsonic aircraft allocations and the number
of daily round-trip passengers carried on every route by each aircraft type each year. This data is used to generate different
sets of output tables that provide yearly information about which routes the airline chose to operate their supersonic aircraft
on and how did the airline change its subsonic aircraft allocation on those routes (and even on the non-supersonic-eligible
routes in the FLEET network).

Table 9 depicts a partial output of FLEET aircraft allocations on supersonic-eligible and supersonic-ineligible routes for the
year 2038. Here, we selected year 2038 as a year of interest because the second generation of supersonic aircraft becomes
available to the airline next year in the simulation (i.e., only one “type” of supersonic aircraft available to simulation in 2038).
The table contains aircraft allocation information for selected routes, including the distance flown (different for supersonic
and subsonic aircraft), fuel stops (for supersonic routes with route length greater than 4,500 nmi), and the number of
roundtrips conducted by each type (size) and class (generation) of aircraft in FLEET for a representative day. Considering
Table 9, the daily aircraft allocation (roundtrips) columns for supersonic-eligible routes (JFK–LHR, LAX–HNL, and DFW–NRT)
show that the introduction of supersonic aircraft influences the subsonic aircraft allocation. The rows labeled "supersonic"
show the number of roundtrips operated on the route by each type of subsonic or supersonic aircraft. For all three routes in
the table, there are small, but noticeable changes in the type and number of subsonic aircraft used when comparing the
allocation when supersonic aircraft become available to the allocation when only subsonic aircraft are available. With the
FLEET model introducing supersonic aircraft in 2025, there are 13 predicted years of demand evolution with supersonic
aircraft present, so the passenger demand on each route varies between the supersonic and the subsonic-only scenarios.
Additionally, when supersonic aircraft are available, they take some of the business class and above passenger demand away
from the subsonic aircraft. A combination of these two factors shows that on some routes, the subsonic aircraft capacity has
actually increased when supersonic aircraft are also available (JFK–LHR and LAX–HNL indicate this). The DFW–NRT route
indicates a decrease in the number of subsonic seat capacity on the route decreases when supersonic aircraft are available.
Table 9. FLEET Aircraft Allocations on Selected Supersonic Routes in 2038.
Route Information

FLEET Allocation Information
Number of Daily Roundtrips for different A/C Size and Generation
Distance
Allocation
Fuel
Future-in- Best-in- New-in- New-in- Future-in- Best-in-Class
Airport A Airport B
Flown
Model
Stop
Class 3
Class 4
Class 4
Class 5
Class 5 Supersonic
(nmi)
Supersonic
3150.63
0
0
8
2
0
2
JFK
LHR
Subsonic-only
2991.45
0
1
9
1
0
Supersonic
2225.47
1
0
22
0
0
4
LAX
HNL
Subsonic-only
2217.99
0
1
22
1
0
Supersonic
HNL 6619.53
0
0
6
0
0
1
DFW
NRT
Subsonic-only
5573.40
0
0
5
0
1

Considering Table 10, this specific example shows the subsonic aircraft allocation on a non-supersonic eligible route, EWR–
LAS, for with supersonic and subsonic-only cases. As visible from this allocation chart, even though supersonic aircraft
service is not available on this route, the subsonic aircraft allocation is different in the two cases.
Table 10. FLEET Aircraft Allocations on Selected Supersonic-Ineligible Route in 2038.

This output shows that, given FLEET’s current modeling techniques, the introduction of supersonic aircraft influences the
subsonic aircraft allocation on both supersonic and non-supersonic routes. Hence, the Purdue team noted that the
introduction and allocation of the supersonic aircraft changes the use, retirement, and acquisition of the subsonic aircraft.
In other words, the airline modifies its subsonic fleet allocation to accommodate the new class of aircraft, i.e., supersonic
aircraft, to maximize its profit over the whole route network. The FLEET airline serves a total of 57 routes with supersonic
aircraft in the year 2038 and a total of 87 routes with supersonic aircraft in the year 2050; Figure 31 plots the number of
routes served by supersonic aircraft in FLEET every year. Figure 32 shows the routes with supersonic service in the year 2038.

Figure 31. Number of Routes in FLEET that See Supersonic Aircraft Allocation from 2026 to 2050.

Figure 32. Routes with Supersonic Service in 2038 in FLEET.
Support CAEP Efforts
This task is for Purdue to support CAEP supersonic studies by providing potential future supersonic aircraft demand
scenarios, including the resulting “pseudo-schedule” for where the FLEET aggregate airline operates supersonic aircraft.
Fleet-level Assessments
The Purdue team provided fleet-level assessments in the form of a data packet and a report to the MDG/FESG for the broader
CAEP studies of future supersonic aircraft operations. The Purdue team documented our process for identifying potential
supersonic routes and FLEET’s approach to predict both supersonic and subsonic passenger demand, while also providing
the resulting pseudo-schedule for where the FLEET aggregate airline operates supersonic aircraft. For a given year, the
pseudo-schedule provides information about nonstop routes and routes with fuel stops that see supersonic aircraft allocation

due to profitability in operation, number of daily allocated roundtrips for supersonic aircraft on these routes, and number
of daily allocated roundtrips for subsonic aircraft on these routes. The pseudo-schedule also provides similar data for the
number of daily roundtrip supersonic and subsonic passengers.
Because FLEET’s model-based predictions rely upon historically based information about U.S.-touching airline routes and
passenger demand carried by U.S. flag-carrier airlines from BTS, the resulting pseudo-schedule only indicates the supersonic
aircraft operations by U.S. flag carriers. To estimate the overall supersonic operations on a route with supersonic aircraft
allocation for a given year in FLEET, the Purdue team implemented a multiplier-based approach to project the supersonic “all
carriers” daily allocation numbers. The multipliers were generated using three different approaches: (1) number of
passengers carried by U.S. domestic and international carriers on each route, (2) number of U.S. domestic and international
carriers on each route, and (3) number of flights operated by U.S. domestic and international carriers on each route. These
projections were based on 2013 BTS T-100 Segment data because year 2013 was the latest year that we used historical
demand in FLEET (this was before FLEET’s route network was updated, as described under Task 1). The multipliers for each
route were set as the ratio of number of passengers/carriers/flights by both U.S. domestic and international carriers and
number of passengers/carriers/flights by U.S. domestic carriers only. The projected supersonic all carriers daily allocated
roundtrip numbers using all three approaches were then included in the data packet along with the numbers from FLEET.
Table 11 shows supersonic aircraft daily roundtrips along with the projected all carrier roundtrips for selected routes in
2038.
Table 11. FLEET Aircraft Allocations on Selected Supersonic Routes in 2038 with “All Carriers” Projections for Supersonic
Aircraft Allocation (Based on Runs before FLEET’s Route Network was Updated, as Described under Task 1).
Airport A

Future in
Class 3

Best in
Class 4

-

GT's Weighted Sum
Route Distance
(alpha = 0.4)
[nmi]
3150.63

0

0

Number of Daily Allocated Roundtrips for different A/C Size and Generation
Supersonic - Supersonic - projected total number – all carriers
New in
Future in
New in
FLEET US Flag Based on pax
Based on # of Based on # of
Class 5
Class 5
Class 6
Carriers only
carried
carriers
flights
12
0
0
1
2
7
6
6

HNL

2225.47
6619.53

1
0

0
0

27
1

Airport B

Fuel Stop

JFK

LHR

LAX
DFW

HNL
NRT

New in
Class 4

0
3

1
0

0
1

5
1

5
1

5
1

5
1

For a given year, other important information provided by the data packet includes daily roundtrip fuel burn for routes that
see supersonic aircraft allocation, average supersonic aircraft utilization (in terms of daily supersonic flight hours), fleet
composition (i.e., number of supersonic and subsonic aircraft used), and total roundtrip demand on all potential supersonic
routes (with split-up values for supersonic and subsonic demand).
The data packet also included the sensitivity of the fleet-level assessments to the fidelity of supersonic aircraft model and
the supersonic routing scheme. The Purdue team ran multiple FLEET simulations using Purdue’s low-fidelity 55-seat
placeholder supersonic aircraft (along with our simplistic supersonic route path adjustment strategy) and using Georgia
Tech’s higher-fidelity 55-seat A10 notional medium SST aircraft (flown on detailed weighted sum supersonic route paths).
The comparative assessments for these cases comprised a major portion of the data packet. For a given year, the comparison
parameters included the number of routes (and city-pairs) that see supersonic aircraft allocations, number of daily supersonic
roundtrips, number of supersonic passengers carried, airline fleet composition (both supersonic and subsonic aircraft),
supersonic aircraft utilization, changes in subsonic aircraft allocation, and fleet-level fuel burn. The team noted that when
the airline's supersonic aircraft are allocated before the airline's subsonic aircraft, the difference in fidelity of the supersonic
aircraft does not impact the number of routes (and city-pairs) that see supersonic aircraft allocations, i.e., the city-pairs that
see profitable supersonic aircraft operation remain the same for both the cases. However, the other parameters do change
with changes in the supersonic aircraft model. Table 12 and Table 13 show the FLEET allocation results using Purdue’s lowfidelity models and Georgia Tech’s higher-fidelity models, respectively.

Table 12. FLEET Allocation Results using Purdue’s Low Fidelity “Placeholder” SST Aircraft Model and Simplistic Supersonic
Route Path (Based on Runs Before FLEET’s Route Network was Updated, as Described under Task 1).
Route Information
Airport A Airport B
JFK

LHR

LAX

HNL

DFW

NRT

FLEET Allocation Information
Allocation
Model
Supersonic
Subsonic-only
Supersonic
Subsonic-only
Supersonic
Subsonic-only

Fuel Stop

HNL

Distance
Flown (nmi)
3150.63
2991.45
2225.47
2217.99
6619.53
5573.40

Number of Daily Roundtrips for different A/C Size and Generation using higher-fidelity models
New-in- Future-in- Best-inClass 3
Class 3
Class 4
0
0
0
0
0
0

0
0
1
0
0
0

0
0
0
0
0
0

New-inClass 4
12
12
27
28
1
0

New-in- Future-inClass 5
Class 5
0
0
0
2
4
1

0
0
1
0
0
6

New-inClass 6

Best-in-Class
Supersonic

1
1
0
0
3
0

2
5
2

Table 13. FLEET Allocation Results using GT's Higher-Fidelity A10 Notional Medium SST Aircraft Model and Detailed
Weighted Sum Supersonic Route Path (Based on Runs before FLEET’s Route Network was Updated, as
Described under Task 1).
Route Information
Airport A Airport B
JFK

LHR

LAX

HNL

DFW

NRT

FLEET Allocation Information
Allocation
Model
Supersonic
Subsonic-only
Supersonic
Subsonic-only
Supersonic
Subsonic-only

Distance
Fuel Stop
Flown (nmi)

HNL

3093.34
2991.45
2227.44
2217.99
6619.53
5573.40

Number of Daily Roundtrips for different A/C Size and Generation using lower-fidelity models
New-in- Future-in- Best-inClass 3
Class 3
Class 4
0
0
0
0
0
0

0
0
0
0
0
0

0
0
1
0
0
0

New-inClass 4
12
12
26
28
6
0

New-in- Future-inClass 5
Class 5
0
0
2
2
0
1

0
0
0
0
0
6

New-inClass 6

Best-in-Class
Supersonic

1
1
0
0
0
0

2
5
1

The fleet-level data packet also provided insights on the changes in the usage, retirement, and acquisition of subsonic aircraft
when supersonic aircraft are made available to the airline. This included details about subsonic aircraft allocation (and
passengers carried) for all routes that see supersonic aircraft allocation (and some routes that are supersonic ineligible in
FLEET’s network).
Impact of COVID-19 on Passenger Demand and Fleet-level Assessments
The CAEP meetings included some discussions about studying the impact of the COVID-19 pandemic on aviation travel
demand and the related fleet level assessments. Because Purdue had the capability to perform such studies, the team used
FLEET to assess the impact of the pandemic on future passenger demand and its fleet-level implications in a preliminary
study.
We considered two different recovery scenarios: “2022 recovery” and “2022 recovery + GPD slowdown to 75% until 2030.” In
the former scenario, we assume that passenger demand returns to 2019 levels (pre-COVID-19) by the year 2022 and
continues its growth based on the inherent demand and GDP growth. In the latter, we assume that demand returns to 2019
levels in the year 2022 but demand grows at 75% of the inherent demand and GDP growth assumptions. For both scenarios,
we also assume that there is a 50% reduction in passenger demand in 2020 and the recovery follows a V-shape. By using
these demand projection scenarios as inputs to FLEET, we are able to estimate the impact that the changes in future demand
can have on airline operations and emissions. Figure 33 presents these projected demand scenarios in terms of passengers
(left) and trips (right) and makes clear the possible ~16% reduction in passenger demand and ~23% reduction in trips flown
by 2050 for the worst of the two scenarios.
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Figure 33. Passenger Demand Projection and Trips Flown for COVID-19 Recovery Scenarios.
This expected reduction in demand (both in terms of passengers and trips) has the obvious implication of reducing the
number of aircraft in the fleet that are needed to satisfy all demand. In fact, when comparing the fleet size and fleet mix
projections of the pre-COVID (Figure 34 left) and the two post-COVID scenarios (Figure 34 center and right), one can see the
drop in fleet size of ~13% in the “2022 Recovery” and ~23% in the “2022 Recovery + GPD slowdown to 75% until 2030”
scenarios.
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Figure 34. Fleet Mix Projections by Aircraft “Technology Age”.
Of note in these predicted fleet mixes is the reduction in the best-in-class and future-in-class fleet size. The former implies
early retirement of these type of aircraft and the latter implies a delay in the acquisition and introduction of the new aircraft
to the fleet. If such scenarios were to materialize, the delay and smaller fleet size of the more environmental-friendly futurein-class aircraft does not seem to negatively impact the projected emissions. As Figure 35 (right) shows, CO2 emissions, for
example, are still expected to see a decline due to the reduction in passenger demand and overall less flying activity.
This confirms results of prior analyses and explorations that show that changes in demand have the largest impact on
emissions. While new aircraft technologies that improve fuel consumption and emissions do contribute to the reduction of
overall emissions, the combined effect of an increasing air travel demand and the gradual phasing out of older generation
aircraft and slow introduction of newer-technology aircraft results in a relatively slow reduction in overall emissions. The two
scenarios considered here may not reflect the exact demand that the airline industry is likely to see in the future, but the
trends make it clear that, as long as demand continues to increase, so will emissions, until the future generation of aircraft
start to become a large proportion of the operational fleet.
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Figure 35. Passenger Demand Projection and Projected CO2 Emissions.

Task 3 – AEDT Supersonic Modeling
Georgia Institute of Technology

The original intent of Task 3 is to develop methods for AEDT to model supersonic transports. At the writing of the proposal,
AEDT utilizes BADA3 for vehicle modeling; therefore, the proposal has been focused on BADA3 approaches. Since then and
at the writing of this report, AEDT is transitioning to BADA4 for new vehicle representation in AEDT; therefore, rendering the
proposed tasks obsolete. Based on conversation with FAA technical monitors at the Spring 2019 ASCENT Advisory Board
meeting, Georgia Tech is directed to focus on BADA4 coefficient generation for supersonic transport, which is described in
Task 5.

Task 4 – Support CAEP Supersonic Exploratory Study
Georgia Institute of Technology

Objective

The top-level objective of this Task is to model the supersonic vehicles needed to support FAA technology trade studies.
Concurrently, the modeling team also support OEMs participating in the CAEP SST Exploratory study. During the period of
performance, Georgia Tech emphasized the design for both medium SST (55 passengers) and large SST (100 passenger)
classes and the design Mach study.

Research Approach

To model the vehicles, the Georgia Tech researchers utilized a well-established modeling environment for subsonic vehicles,
the Environmental Design Space (EDS), as a starting point. The existing infrastructure of EDS is modified and developed into
a modeling and simulation (M&S) environment for Supersonic Transports (SSTs) called the Framework for Advanced
Supersonic Transports (FASST). The connectivity and flow of information between the various aspects of FASST are shown in
Figure 36. The overall approach starts with defining the requirements and design mission and then proceeding to
configuration exploration.
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Figure 36. FASST Overall Architecture.
The configuration exploration step is partially done off-line from FASST, in a brainstorming exercise in which candidate
configurations are developed with Engineering Sketch Pad (ESP) and OpenVSP (NASA’s open-source parametric geometry
tool). These geometries are run through CART3D (NASA’s inviscid computational fluid dynamics tool) and CART3D’s viscous
drag correction module to examine the wave and viscous drag characteristics. Based on these preliminary results, the
research team selects a configuration class, and proceed to perform aerodynamic shaping to maximize the cruise lift to drag
ratio (L/D). After the aerodynamic shaping is completed, a set of supersonic and subsonic drag polars is generated. The
supersonic drag polars are generated in CART3D (with viscous module enabled) by sweeping vehicle’s angle of attack for
multiple supersonic Mach numbers. The subsonic drag polars (i.e., Mach 0.3–0.8) are generated with the set of tools depicted
in Figure 37. The subsonic aerodynamic module uses two empirically based aerodynamic codes from NASA to calculate lift
and specific components of drag. OpenVSP’s Parasite Drag Tool, based on turbulent flat plate theory and form factor
corrections, is used to compute parasite drag. Then, AERO2S (NASA’s low-fidelity subsonic induced drag estimation tool) is
used to compute drag due to lift. AERO2S is based on linearized aerodynamics assumptions with empirical data corrections
to estimate lift and drag. This set of aerodynamic tools are integrated into a Python module called AFASST (Aerodynamics
for Framework for Advanced Supersonic Transports). AFASST computes the drag polar for a given Mach number, angle of
attack, and aircraft geometry. The last element of the aerodynamic module for FASST is the landing and takeoff (LTO) drag
polars which is also generated using AFASST. Once the vehicle geometry has been frozen, multi-element wing geometries
are developed for LTO conditions. Flaps are created on the existing wing planform for different trailing edge deflections. A
sensitive study of perturbing leading edge slats resulted in negligible effects on LTO aero; therefore, the combination of
leading slats and trailing edge flaps is not considered. If time and resources permit, a couple of CFD Reynolds-Average
Numerical Simulations (CFD-RANS) are performed to validate AFASST LTO results. The resulting LTO drag polars are input
into FLOPS’ detailed takeoff and landing module to compute balance takeoff field length and landing field length.
The propulsion module for FASST, like EDS, utilizes the object-oriented code Numerical Propulsion System Simulation (NPSS).
Cycle design is conducted using the Multi-Design Point (MDP) algorithm which allows requirements at both on-design and
off-design conditions to be met simultaneously. The thrust sizing points are initially estimated until the aero shaping is

complete. The propulsion system analysis also includes a flowpath analysis to estimate the propulsion system weight
including the inlet and nozzle. The flowpath and weight analysis is conducted using WATE++. The propulsion analysis is
described in more detail in below.
Once the aero and propulsion models are matured, then the thrust sizing points and inlet capture area can be converged
between aero and propulsion. Aero discipline provides vehicle coefficient of drag (CD) for the takeoff (deflected flap), top of
climb, and cruise conditions to the propulsion disciplines to compute thrust sizing points. However, the drag estimates are
based on assumed inlet capture area from the propulsion discipline. These parameters are iterated upon until they are
converged between aero and propulsion disciplines.
After the thrust sizing points, capture area, and drag characteristics are converged, the next step is to select the best engine
cycle for the vehicle. This step starts with generating an engine deck containing thrust and fuel flow at various Mach and
altitude combinations and passed over to the mission analysis, which is performed using FLOPS. FLOPS internal aircraft
component weight estimation (except for propulsion systems weight) is used for the mission sizing. A design of experiment
(DoE) is constructed, varying key engine design parameters. The FASST environment is executed in accordance to the DoE
and response (both metrics and constraints) are recorded to generate cycle selection surrogate models. With the help of JMP
statistical software, the best engine cycle is selected based on minimum mission fuel burn and subject to constraints, such
as bypass ratio and jet velocity for noise considerations. Future iterations of FASST will have noise metrics directly.

Figure 37. Subsonic Drag Polar Generation (Wave Drag Effects are Neglected in Subsonic Aerodynamics).
Another major difference between EDS and FASST is the iteration required between aerodynamic and propulsion modules
during the vehicle synthesis and sizing process. For subsonic vehicles, as the aircraft drag increases or decreases during this
process, the engine can be scaled by using mass flow, and the only drag impact is the engine profile and parasitic drag due
to the engine nacelle being sized up and down. For supersonic vehicles, engine and airframe integration effects are must
stronger and thus the size of the engine affects the entire vehicle drag and lift characteristics. In order to capture the change
in vehicle drag due to engine size being scaled up and down, a surrogate of delta vehicle drag as function of capture area
and flight condition is also generated after the propulsion and aero discipline has converged on the initial capture area. Note
that this initial capture area is converged without flying the mission.
After the aerodynamics, propulsion, and mission analysis (i.e., synthesis and sizing) modules converge, the resulting vehicle
and engine are then used to predict LTO noise, emissions, and boom levels. If any of the last three analysis results are
unacceptable, the aircraft and engine design will need to be changed, and the entire convergence loop is repeated until all
metrics are satisfied. Currently, FASST is not envisioned to incorporate an optimizer to find the optimal configuration. It is
envisioned as a framework to perform design space exploration via design of experiments to determine whether there is a
feasible space that satisfies fuel burn, emission, LTO noise, and potentially boom.

The subsequent section of the report describes the propulsion and airframe modeling performed during the period of
performance, for both the GT Medium SST and GT Large SST, in more detail.

GT Medium SST

The GT Medium SST vehicle is designed and sized to cruise at Mach 2.2, carrying 55 passengers at 4,500 nmi with no
subsonic cruise mission segments.
Propulsion System
Cycle Architecture Selection
Most modern subsonic aircraft use a high bypass ratio separate flow turbofan (SFTF). This type of engine allows for high
overall efficiency by moving a greater amount of air for high propulsive efficiency while being able to maintain a high overall
pressure ratio for high thermal efficiency. As a result of the higher mass flow rate, these engines have lower jet velocities
for the same thrust, which is desirable from a noise perspective. However, moving more air comes at a cost of larger engine
diameters and greater thrust lapse in altitude as density decreases. This is detrimental for supersonic aircraft, which have
much higher drag and fly at much higher altitudes. In addition, supersonic engines have very long inlets and nozzles relative
to subsonic engines and the lengths of these components are proportional to engine diameter and heavily influence the
weight of the engine. To address all these challenges, a low bypass ratio mixed flow turbofan (MFTF) is chosen for this study.
The MFTF is a simple modification of the SFTF accomplished by mixing the bypass and core flow before exiting through a
single exhaust nozzle. The mixing of the two streams offers some efficiency gains and higher specific thrust, which reduces
the thrust lapse problem (Hartmann, 1967; Pearson, 1962). Although more advanced architectures exist that may provide
even greater benefits, the MFTF is chosen because of its simplicity relative to an adaptive or variable cycle architecture (Welge
et al., 2010).
Cycle Modeling
A schematic is included in Figure 38, depicting the components in the engine model and their connectivity. This model
inherited much of its structure from previous supersonic work done by Georgia Tech (Welge et al., 2010) with some changes.
A different inlet map is used to parametrically model total pressure recovery as well as installation drag due to spillage,
bypass, and bleed flow. The map is obtained from a library of maps in the PIPSI method (Kowalski & Atkins Jr., 1979) and
models a 2D, four-ramp variable geometry inlet. Due to the age of the maps, a technology scalar is applied to the bleed flow.
The fan and high-pressure compressor (HPC) maps are generated with the NASA tool CMPGEN within the FASST environment
to avoid the need for map scaling. The turbine maps are notional maps that are scaled, because the FASST environment does
not currently include a routine to parametrically generate turbine maps.

Figure 38. Engine schematic of clean sheet design for medium SST.
To obtain the design performance, dimensions, and number of stages of the turbomachinery, a simple preliminary estimation
is conducted to determine such parameters as flow coefficient, work coefficient, RPM, tip-speed, efficiency, hub-tip ratio,
and number of stages. This is important in order to trade-off the efficiency, size and weight of these components. Turbine
cooling flows are determined from NASA developed CoolIt model, which computes the required cooling flow as a function

of metal temperature and the cooling effectiveness parameter 𝜙 = U𝑇ª$³ − 𝑇%)¬$• W/U𝑇ª$³ − 𝑇»®®• W. A mixer gain term is used (0%
for unmixed and 100% for perfectly mixed) to model how well the two streams mixed before expanding through the nozzle.
This mixer gain essentially accounts for the loss of thrust due to imperfect mixing. The nozzle chosen is an axisymmetric
plug nozzle and is modeled with a gross thrust coefficient curves as a function of the nozzle pressure ratio and expansion
ratio from the PIPSI library (Kowalski & Atkins Jr., 1979). For preliminary estimates, 100 HP is extracted from the high-speed
shaft and 1.5 lbm/s of air is extracted from the HPC for customer usage.
Cycle Design Methodology
Classical thermodynamic cycle analysis sizes the engine (i.e., determines the airflow requirement to meet a certain
requirement, such as thrust) for a single flight condition, such as takeoff. However, the engine must operate over a wide
range of conditions, and thus, the engine set at the design flight condition may not meet requirements under other flight
conditions. This classical method called “single design point” requires an iterative procedure whereby the design is updated
and then reevaluated under other flight conditions. MDP is a technique developed by the Aerospace Systems Design
Laboratory (ASDL) to size an engine to simultaneously ensure that requirements are met at multiple flight conditions (Schutte,
2009). This is enabled by the object-oriented structure of NPSS, which allows for copies of the design engine to be simulated
at the same time as the design case. A system of equations can then be set up such that the independent design variables
may be set by a numerical solver to meet specified targets for different flight conditions.
As mentioned above, MDP allows for requirements under multiple flight conditions to be met simultaneously. To that end,
several flight conditions of interest are determined, along with relevant requirements for each of them. The flight conditions
chosen are listed in Table 14. The Aerodynamic Design Point (ADP) is the sizing point of the engine and a reference point
for defining the turbomachinery component performance. It is selected in this study to be a transonic acceleration point at
which having enough thrust to get through without afterburners or the need to dive is critical. The top of climb (TOC) point
is typically a critical point at which adequate thrust for a required rate of climb must be ensured. Additionally, this point is
part of the supersonic cruise segment, and thus efficiency is of critical concern. The takeoff point ensures enough thrust at
aircraft rotation. The takeoff point is critical to ensure there is enough thrust at rotation and for one engine inoperative (OEI).
The sea level static (SLS) point is a typical point of interest for certification. The cooling flow sizing point sizes the turbine
cooling flows for the condition of max gas temperature and max cooling flow temperature.
The NPSS solver is then used to determine a set of independent parameters (fuel flow, airflow, bypass ratio (BPR), etc.) that
would meet specified target values of certain dependent parameters. Some of these dependent parameters are design targets
and others are to ensure conservation of mass, momentum, and energy. For example, the fuel flow is varied to produce a
target value for turbine rotor inlet temperature (T41). The target T41 is determined from a user input throttle ratio (ratio
between max T41 and T41 at SLS). The max T41 is set to 3300 °𝑅 to be a slight improvement of the technology level of the
High-Speed Civil Transport (HSCT) [Pratt & Whitney and General Electric, 2005]. The value of MDP is that it allows changing
an independent design variable at one condition to target a desired value of another metric at a different flight condition.
For example, the ADP BPR is set to target an extraction ratio at TOC. Extraction ratios are set near 1.0 to avoid excessive
mixing losses. The ADP airflow is set to meet a TOC thrust requirement subject to constraints on thrust requirements at
other points. The thrust requirements are scaled as the vehicle is run through mission analysis. The inlet capture area is
sized to ensure the inlet and engine are perfectly matched at TOC.
Table 14. Cycle design points for a medium SST engine.
Flight Condition
ADP
TOC
Cooling Flow Sizing
Takeoff
SLS

Mach
1.2
2.2
Set for max Tt3 or Mach 2.2
whichever is lower
0.25
0

Altitude
39,000
60,000

𝚫𝑻
0
0

55,000

0

0
0

27
0

Off-design Power Management
This section describes how the engine is operated in off-design through the entire flight envelope. Full power at any flight
condition is determined by running the fuel control to target a turbine rotor entrance temperature set as the product of max
turbine rotor entrance temperature and the ratio of the dimensionless temperature 𝜃¬Ñ = 𝑇¬Ñ /(518.67 °𝑅) and throttle ratio.

This is constrained, however, by SLS thrust as a maximum value and by maximum temperature limits on the compressor
discharge (𝑇¬Ô%$Õ = 1790 °𝑅) and turbine rotor entrance(𝑇¬Ö× = 3300 °𝑅). In addition, the nozzle throat is variable and set to
hold an R-line of 2.0. R-lines are arbitrary lines drawn through the map such that values of flow, pressure ratio, and efficiency
are tabulated at the points where speed lines and R lines intersect. This enables creating tabulated maps for use in numerical
simulations like NPSS. R-lines should be roughly parallel to the stall line or the nominal operating line. By convention, R-line
= 1 corresponds to the nominal stall line, and R-line = 2 corresponds to the nominal operating line (approximately), which is
typically just below the peak efficiency line. Therefore, holding an R-line = 2 approximates holding a desired stall margin or
operating line. The use of a plug nozzle allows for full expansion of the flow through the nozzle at any flight condition
without the use of variable geometry mechanisms. At part power, the fuel flow control is set based on a power code schedule
defining the percent of the thrust desired relative to the full power thrust at any flight condition. The nozzle controls at part
power are the same as the full power case.
Flowpath and Weight Model
The flowpath and weight model for the engine is developed with WATE++ and is inherited from previous supersonic study in
which Georgia Tech is involved (Welge et al., 2010). The model is modified for a 2D supersonic inlet, an axisymmetric plug
nozzle, and changes to some turbomachinery parameters based on a preliminary analysis method that is developed for this
study. The inlet model is modified to be based on the geometry determined from a preliminary inlet design code called IPAC
(Barnhart, 1997), and the inlet weight is modeled using the regressions from PIPSI (Kowalski & Atkins Jr., 1979). The nozzle
model is modified for an axisymmetric plug nozzle by extending the internal plug outside the nozzle with a 15-degree halfangle and setting the external convergent flap to match the plug half-angle. A custom module for calculating the weights of
variable geometry actuators is also developed. A preliminary analysis code based on constant-meanline assumptions is
developed to estimate the number of stages of turbomachinery required along with parameters such as hub-tip ratio, area,
radii, and blade speeds. This preliminary turbomachinery code is run in conjunction with cycle analysis to set the component
efficiency and the geometric parameters, and the results are then passed to the WATE++ input to ensure consistency in the
geometry used to compute both final component efficiency and component weight.
Propulsion Systems Modeling Results
The engine cycle presented is as of the writing of this report (i.e., August 2020). Table 15 shows the efficiencies, pressure
losses, bleeds, and modeling assumptions used in the model at each of the design points for the MDP analysis of the current
design. Table 16 shows the cycle parameters and performance metrics at each of the design points of the current design.
The choice of cycle is conducted in the context of the vehicle by minimizing vehicle fuel burn as opposed to Thrust specific
fuel consumption (TSFC), which is an engine-level metric. This approach considers the tradeoff of TSFC, weight, and drag
due to engine size. The minimization of mission fuel burn is constrained by limits on inlet capture area (max 3000 𝑖𝑛Ñ ) to
prevent excessive vehicle drag and a jet velocity below 1,650 ft/s at takeoff as a surrogate for noise. The details of the
mission fuel burn and vehicle gross weight are in the mission analysis section. A DoE is created to simulate different
combinations of cycle design variables, and FASST is executed accordingly and relevant responses (both metrics and
constraints) are recorded. The resulting responses are used to generate surrogate models for various metrics and constraints
of interest (e.g., fuel burn, inlet capture area, TSFC, jet velocity, weight, etc.). These surrogates are used to conduct the cycle
selection via the desirability function within the JMP software, which is essentially an optimization exercise utilizing the
surrogate models generated. Figure 39 shows an example of a profiler for the response of mission fuel burn as a function
of cycle design variables. The curves in each window are the partial derivative of the response with respect to the x-value of
that window and at the current values of all other x-values. The selected x-value settings represent the results of the surrogate
optimization exercise, and they are run through FASST a final time to verify the predictions of the surrogate models.

Figure 39. Example [not final results] of JMP Profiler for Fuel Burn as a function of cycle variables.
Table 15. Cycle modeling assumptions for a medium SST engine.
Component

ADP

TOC

TO

SLS (Uninstalled)

Inlet Recovery

99.26%

90.17%

96.0%

100.0%

Fan Adiabatic Efficiency

89.85%

91.26%

92.33%

92.75%

HPC Adiabatic Efficiency

88.61%

88.75%

89.17%

89.5%

HPT Adiabatic Efficiency

91.36%

91.47%

92.1%

92.15%

LPT Adiabatic Efficiency

91.06%

90.7%

91.45%

91.42%

98.8%

97.22%

98.8%

98.8%

Imperfect Mixing Coefficient

99.06%

99.06%

99.21%

99.29%

Nozzle Discharge Coefficient

96.4%

96.3%

96.1%

96.5%

Shaft Horsepower Extraction

100

100

100

0

Customer Bleed, lbm/s

1.5

1.5

1.5

0

Nozzle Gross Thrust Coefficient

IGV Duct Pressure Loss
Duct 6 Pressure Loss
OGV Duct

0.00% (currently no IGV)
2.50%
0.0% (bookkept in burner)

Fuel LHV, BTU/lbm

18,580

Fuel Temperature, R

518.67

Burner Efficiency

99.70%

o

Burner Pressure Drop

4.00%

Duct 11 Pressure Loss

2.00%

Duct 13 Pressure Loss

3.00%

Tailpipe Pressure Loss

2.00%

Bypass Duct Pressure Loss

4.00%

Table 16. Cycle variables and performance metrics.
ADP
1.2

TOC
2.2

0.25

SLS (Uninstalled)
0

Altitude [kft]

39

60

0

0

𝚫𝑻 + 𝑰𝑺𝑨 [R]

0

0

27

0

2.61

2.06

2.28

2.13

%Nc Fan

100.0%

90.5%

94.6%

91.7%

N1 [RPM]

6598

7372

6545

6146

Wc2 [lbm/s]

570

489

507

508

HPCPR

6.72

5.98

6.34

6.12

11220

12990

11360

10800

OPR

17.1

12.0

14.1

12.7

BPR

0.967

1.21

1.11

1.18

Extraction Ratio

0.99

1.05

1.03

1.05

Mach

FPR

N2 [RPM]

TO

Throttle Ratio

1.234

Turbine Cooling Flow [%𝑾𝟐𝟓 ]

27%

T4 [R]

2779

3523

2749

2468

T41 [R]

2590

3300

2565

2305

T3 [R]

1212

1615

1245

1134

NPR

5.83

17.88

2.10

1.93

Vjet [ft/s]

2395

3275

1646

1468

Installed Net thrust [lbf]

9323

8895

21696

23005

Installed TSFC [lbm/(hr × lbf)]

0.968

1.22

0.72

0.554

Figure 40 and Figure 41 show a notional flow path and weight breakdown for the current engine design, respectively.

Figure 40. Flowpath of Medium SST Engine.

Figure 41. Weight Summary of Medium SST Engine.
Emissions Modeling
Nitrogen Oxides
One of the important issues in the development of any aircraft is environmental acceptability (NASA CPC Vol2, 2005). This
is true even more so for SSTs which consume more fuel than their subsonic counterparts. This section discusses the various
methods found in the literature for modeling LTO and in-flight cruise emissions indices as represented by various combustor
configurations. Each method is evaluated in the context of the GT Medium SST engine cycle and with respect to the CAEP
limits.
To predict the Medium SST NOx emissions, NASA CFM56 P3T3, BFFMv2 (Dubois & Paynter, 2006), NASA HSCT P3T3
(Niedzwiecki, Richard W., 1992), and GE LPP MRA (lean pre-mixed/pre-vaporized multistage radial/axial) (S.Greenfield,
P.Heberling, G.Moertle, 2005) combustor correlations are explored. Each of the models are evaluated for LTO Dp/F00 for the
Medium SST engine cycle and compared with existing engines from the ICAO databank and plotted against overall pressure
ratio (OPR). Along with CAEP limits. For consistency with the existing engines, all of which are for subsonic aircraft, subsonic
rules for LTO Dp/F00 are used. A table is created to compare EI NOx at max power takeoff and max power top-of-climb
predicted by each of the methods. Finally, the emissions indices, predicted by each method, are evaluated throughout the
flight envelope as additional comparison.
The first method evaluated is a NASA CFM56 P3T3 correlation that is developed by NASA Glenn Research Center and based
on the CFM56 combustor. This correlation development is done using the combustor inlet total pressure (Pt3), inlet
temperature (Tt3), and the fuel-to-air ratio (FAR) at both the reference test condition and the operational condition being
modeled. This correlation is called the “updated P3T3” model since 87 data points, collected from GE/Peebles test facility,

are used to cross-correlate these emission indices with Pt3 and Tt3 from NASA CFM56-7B engine cycle model. The resulting
model assumed an Pt30.4 dependency and a polynomial fit in Tt3 to calculate EINOX = 𝑓(𝑃𝑡3, 𝑇𝑡3).
Another method to predict LTO NOx for supersonic engines is the Boeing Fuel Flow Method, version 2 (BFFMv2). This method
was introduced by Boeing Company and presented to the ICAO CAEP WG3 Certification Subgroup on March 6, 1995 (SAE AIR,
Procedure for the Calculation of Aircraft Emissions, 2009-07). An updated version of this method has been published as a
technical paper by Dubois in 2006. The basic approach of the BFFMv2 is to generate a correlation between EI and fuel flow
(FF). Dubois’s method also contained an update for supersonic engines to adjust the model for higher Mach numbers. The
process for the BFFMv2 is as follows:
1. Formulate correlation of log (FF) versus log (EINOX) from LTO EIs.
2. Compute 𝛿$%& , 𝜃$%& (used values from NPSS ambient element).
3. Compute the reference fuel flow at altitude using the cycle model (max power setting at a given Mach
number/altitude).
â
vv
4. Compute the reference fuel flow by using 𝐹𝐹})K = Þ 𝜃 Ô.ß 𝑒 à.Ñá .
5. Interpolate/extrapolate the correlation in item 1 using logU𝐹𝐹})K W to obtain 𝐸𝐼𝑁𝑂𝑥})K .
6. Humidity correction.
7.
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EINOx computed from the following equation 𝐸𝐼𝑁𝑂Õ = 𝐸𝐼𝑁𝑂Õçèé 𝑒 ê ( î.î )ï .
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Using the BFFMv2 at Mach numbers above 1.6 showed large error relative to the P3T3 method discussed above. In the original
â
BFFMv2, the term 𝑒 à.Ñá substituted in place of the term (1 + 0.2𝑀Ñ ), which is from the theory of compressible flow. Figure
42 shows a comparison of these two Mach number correction terms. It can be seen that at low Mach numbers they coincide,
but at high Mach numbers they diverge. At Mach 2.2, the fuel flow is being overestimated by 25% due to the use of the term
â
𝑒 à.Ñá instead of (1 + 0.2𝑀Ñ ). In addition to the Mach number correction, a fuel flow correction factor (𝑘), is added to the
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x
BFFMv2 equation
= 𝑘 (íî ). This correction factor acts as an additional free parameter to better fit the data. When
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implementing the correct Mach number correction and fuel flow correction factor, the error of the BFFMv2 relative to the
P3T3 method reduces from 25% to 8%.

Figure 42. Mach Number Correction Term versus Mach Number.
The P3T3 correlation developed from the CFM56 is deemed inappropriate for the GT Medium SST because the engine is a
clean-sheet design versus a refan using the core of the CFM56 engine. The BFFMv2, even after the corrections presented
above, still has a level of error higher than acceptable and is a general methodology that neglects the specifics of a given
combustor configuration. Given these shortcomings of both the CFM56 based P3T3 correlation and the BFFMv2, two
additional advanced combustor configurations that have been previously proposed for supersonics are examined. The two
combustor configurations are the Rich Burn, Quick Quench, Lean Burn (RQL) combustor and the LPP MRA combustor. For the
RQL configuration, shown in Figure 43, the initial section of this combustor is a rich-front to obtain and stabilize the flame
structure. Since the rich-front is low in oxygen, combustion is incomplete and only about 50% of the total energy release
occurs here. This incomplete combustion results in the formation of CO without any NOx. After the rich-front, air is rapidly
added into what is called the quench-section to enable the reactions to complete to CO2. After the quench-section is the leanzone where liner cooling air is added and the remaining energy release occurs. The excess air in lean combustion zone

results in a reduction of NOx emissions (NASA CPC Vol2, 2005). The initially evaluated correlation comes from the NASA
HSCT study (Niedzwiecki, Richard W., 1992) and is presented below:
(𝑇Ô − 1027.6)
𝑃Ô à.Ö
𝐸𝐼𝑁𝑂Õ = 23.8 (
) exp [
+ 0.014]
432.7
349.9

Figure 43. Rich/Quench/Lean HSCT Combustor (NASA CPC Vol2, 2005).
The LPP MRA combustor concept (S. Greenfield, P. Heberling, G. Moertle, 2005), shown inworks by rapidly atomizing and
uniformly mixing the fuel in the air prior to the combustion zone. This is done by injecting the fuel near a venturi throat,
where the high-swirl and high velocity air rapidly atomize the fuel. The lean fuel/air mixture, well-atomized and uniformly
mixed, will reduce the NOx levels (NASA CPC Vol2, 2005). The LPP MRA configuration is one of the lean combustion
architectures introduced that has a more mechanically durable dome structure (NASA CPC Vol2, 2005). To predict the NOx
emissions of this advanced configuration, GE Aviation developed the following correlations using 120 test data points:
1)
2)
3)
4)
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Figure 45 shows the LTO dP/F00, calculated by subsonic rules, for each of the correlations when applied to the GT Medium
SST engine cycle. For context, the CAEP limits and values for other engines from the CAEP database are also plotted on the
same graph. Table 17, Table 18, and Table 19 present the EINOx results for the GT Medium SST cycle using the NASA HSCT
P3T3 correlation.

Figure 44. LPP MRA 2D Section View (S. Greenfield, P. Heberling, G. Moertle, 2005).

Figure 45. Plot of LTO Dp/F00 Using NASA CFM56 P3T3, NASA HSCT 1992 and GE Based HSCT LPP MRA Correlations.
Table 17. GT Medium SST LTO EINOx (Subsonic Rules).
Mode
Takeoff
Climb Out
Approach
Idle

Time
0.7
2.2
4
26

Thrust %
(max)
100
85
30
7

Thrust
(lbf)
23005
19554
6902
1610

OPR
12.7
11.2
5.7
3.1

Pt3
(psi)
186.7
163.9
83.2
46.2

Tt3 (°𝑹)
1134
1091
896
762

Fuel Flow
(lbm/sec)
3.51
2.91
1.07
0.51

EINOx(g/kg)
6.34
5.31
2.32
1.25

Table 18. GT Medium SST LTO EINOx (Supersonic Rules).
Mode

Time

Takeoff
Climb Out
Approach
Descent
Idle

1.2
2.0
2.3
1.2
26

Thrust %
(max)
100
85
30
15
5.8

Thrust
(lbf)
23005
19554
6902
3451
1334

OPR

Pt3
(psi)
186.7
163.9
83.2
59.9
44.0

12.7
11.2
5.7
4.1
3.0

Tt3 (°𝑹)
1134
1091
896
818
753

Fuel Flow
(lbm/sec)
3.51
2.91
1.07
0.69
0.49

EINOx(g/kg)
6.34
5.31
2.32
1.63
1.20

Table 19. GT Medium SST LTO NOx Dp/Foo.
Rule
Subsonic
Supersonic

Dp/Foo Calculated,
[g/kN]
15.81
14.95

Corrected for
engine tested
17.39
16.44

Corrected for
dev. margin
20.16
19.06

Dp [g]

CAEP 8 Limit

463826
438447

25.76
25.76

Nonvolatile Particulate Matter (nvPM)
The cruise nvPM emissions for the NASA STCA are computed using the methodology described in CAEP11-WG3-PMTG09IP06, “nvPM Cruise Modeling Methodology.” Two modifications are made to the CAEP methodology. The first modification
takes the parameters P3, T3, and FAR directly from the NASA cycle model run at the required flight conditions, rather than
using the CAEP estimation procedure. The data is provided by NASA Glenn Research Center. The second modification is
based upon recommendations by members of CAEP WG3 to change the Döpelheuer-Lecht equation by replacing the
combustor primary zone equivalence ratio 𝜙 with the combustor FAR, resulting in the following equation:
Ñ.û

𝐹𝐴𝑅
𝐸𝐼 = 𝐸𝐼})K (
)
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where the flame temperature is calculated by:
𝑇K• [𝐾] = 2281[𝑃3à.ààúÔøû + 0.000178𝑃3à.àûû (𝑇3 − 298)]
with T3 in Kelvin and P3 in Pascals.
In addition, the sea level reference emissions data is taken from CAEP10-WG3-PMTG4-WP09, “GE0E1 nvPM Emissions Data
Description.” This document reports test results for a CFM56-7B26/3 engine. Data is presented both with and without liner
loss corrections, so the analysis is carried out for both cases. Finally, the sea level reference values of Pt3, Tt3, and FAR are
taken from Georgia Tech’s EDS model of the CFM56-7B27/3 engine, an up-rated version of the test engine. The EDS model
is run at the approximate test conditions of 1,400 ft elevation and ISA + 10C day. The results of the analysis are presented
in Table 20 below. At this point in time, the correct methodology of predicting nvPM emissions are still under discussion
with the CAEP community.
Table 20. nvPM mass EI, mg/kg fuel.
Condition
Start of cruise (43774 ft / 1.4)
End of cruise (50916 ft / 1.4)

With Line Loss Correction
25.90
15.52

Without Line Loss Correction
17.80
10.64

Sea level static, 100% thrust
Sea level static, 85% thrust
Sea level static, 30% thrust
Sea level static, 7% thrust

42.84
25.32
1.62
1.54

27.81
15.66
1.62
1.54

Airframe Modeling
This section details the process of modeling the airframe including using the viscous drag correction from CART3D, the area
ruling, and aero shaping of the vehicle.
Viscous Drag Prediction
The previous aerodynamic analysis of all aircraft developed in this project was done using inviscid CFD, which neglects
viscous drag but has lower analysis time compared to CFD (i.e., RANS) that considers all types of drag. At first, it is assumed
that the viscous portion of the drag could be neglected in the context of supersonic cruise, but a single point RANS solution
is obtained for the GT Medium SST, and it shows that the viscous portion of drag is 23.5% of total drag at Mach = 2.2 and
angle of attack (AoA) of 2 degrees. This result invalidates the assumption previously made and the need for a viscous drag
calculation is recognized. Predicting viscous drag using RANS-based CFD software is very computationally expensive. RANS
solutions may take days to be evaluated, and the Euler equations often used neglect that portion of drag. For this reason,
the viscous drag for the Medium SST is estimated using the CART3D viscous correction module. This software add-on uses
the Euler solution provided by CART3D’s inviscid solver with an interactive boundary-layer approach to estimate viscous drag
(Aftomis et al. 2006), greatly decreasing CFD evaluation time compared to RANS. This methodology uses loops around the
geometry to specify boundary layer stations (BLcuts) and boundary layer axis (BLaxis), which can be specified in any of the
x, y, z Cartesian directions.
An initial attempt uses the viscous correction in CART3D simply applying the BLcuts and BLaxis to the exiting geometry, but
there are many errors related to both the software use in the Georgia Tech computers and how the geometry is specified.
The CART3D viscous drag add-on is originally created to run on computers with different software and operating system
versions; therefore, additional assistance for the NASA developers (with much appreciation) is needed. The first geometry
files generated by the Georgia Tech team used the airframe as one body and used several BLcuts in all directions to cover
said body. This procedure generated many errors because BLcuts are not supposed to intersect each other. The developers
of CART3D at NASA suggested that the geometry had to be created by components with different IDs, which enables the
creation of BLcuts and BLaxis that do not interfere with each other and still cover the entire geometry. Therefore, in order to
properly obtain the viscous drag for the Medium SST, the geometry definition in ESP had to change significantly. Each
component of the vehicle (i.e., engines) is assigned a component ID to identify it, and an in-house code is developed to
transform the new ESP geometry file into the triangulated files used by CART3D. Other adjustments are also made to other
input files for CART3D. Once the new files are obtained and the viscous drag module from CART3D is executed, a comparison
between the viscous correction results and the RANS solution for the Medium SST at Mach = 2.2 and AoA of 2 degrees is
made. The results of both CART3D and RANS CFD are shown in Table 21. Table 22 shows the percent difference of the
results at the same Mach number and angle of attack. As it can be seen, the deviation of CD and CL is less than 10%, which
shows that the CART3D viscous module has an acceptable agreement to higher fidelity CFD.
Table 21. Comparison between Cart3D viscous drag correction and RANS for Mach = 2.2 and AoA = 2 deg.
CART3D Results

RANS CFD Results

Inviscid

Viscous

Total

Inviscid

Viscous

Total

CD

0.0187

0.006083

0.02479

0.0197

0.006061

0.02579

CL

0.1813

-0.000292

0.18103

0.1986

-0.000310

0.19833

Table 22. Percent difference in the results from Cart3D and RANS for the medium SST for Mach = 2.2 and AoA = 2 deg.
% Difference in results
Inviscid

Viscous

Total

CD

5.21

-0.37

3.90

CL

8.72

5.81

8.73

Another comparison is performed by trying to match CL between the CART3D simulation and the RANS CFD solution. The
CART3D simulation with viscous correction is executed at Mach = 2.2 and AoA of 2.375 degrees, and the RANS CFD solutions
are obtained at Mach = 2.2 and AoA of 2.0 degrees. The results for both simulations are shown in Table 23. Table 24 shows

the percent difference of the results at the same CL and Mach number. Using this comparison approach, CART3D predicts
5.1% more total drag than RANS CFD at the same CL conditions. Given the small change in results for both comparisons
made and a great reduction in computational expenses given by the viscous drag correction, the CART3D viscous module is
used to predict viscous drag at all other flight conditions and for all other aircraft analyzed in the project.
Table 23. Comparison between Cart3D Viscous Drag Correction and RANS CFD matching CL. Cart3D calculations obtained
at Mach = 2.2 and AoA = 2.375 deg. RANS solutions obtained at Mach = 2.2 and AoA = 2.0 deg.
CART3D Results
Inviscid

RANS

Viscous

Total

Inviscid

Viscous

Total

CD

0.02103

0.0060813

0.02711

0.01973

0.006061

0.025791

CL

0.1986

-0.00033156

0.19829

0.19864

-0.000310

0.198334

Table 24. Percent difference in the results from Cart3D and RANS for the medium SST. Cart3D calculations obtained at
Mach = 2.2 and AoA = 2.375 deg. RANS solutions obtained at Mach = 2.2 and AoA = 2.0 deg.
% Difference in results
Inviscid

Viscous

Total

CD

-6.57

-0.33

5.11

CL

0.01

-6.95

0.02

Implementation of CART3D viscous module into the drag polar generation process results in a lower overall L/D at cruising
and peak L/D occurs at a higher coefficient of lift. Figure 46 shows the comparison between a purely inviscid drag polar and
one which has CART3D viscous correction implemented for 60,000 ft. Viscosity introduces dependency of L/D to altitude.
Higher altitudes will have more prominent viscous effects and cruise Reynolds number will decrease due to decreasing
density, resulting in a decreased L/D. Table 25 expresses the relationship between altitude and peak cruise L/D. Currently,
the Medium SST is projected to cruise at 62,000 ft resulting in a peak cruise L/D of approximately 7.1 occurring at a CL of
0.169. For comparison, an aircraft operating in purely inviscid conditions would have a cruise L/D of approximately 9.7
occurring at a CL of 0.112. Therefore, there is a significant difference in the performance and ideal opperating conditions of
the airframe in inviscid flow compared to viscous flow and indicating that airframes designed in a inviscid enviorment may
not necessarily be ideal in a viscous environment. Moving forward studies on airframes will be conducted in a viscous
enviroment from the start.

Figure 46. Inviscid/Viscous Lift over Drag Performance Comparison.

Table 25. Peak Lift to Drag Dependence on Altitude.

Altitude
50000
55000
60000
65000
70000

Peak Operating
L/D @ Mach 2.2

7.23
7.18
7.12
7.06
7.00

Area Ruling
With a cruise Mach of 2.2, the Medium SST must minimize wave drag to increase efficiency. One way to decrease wave drag
is to area rule an aircraft. Area ruling involves reducing area jumps along the length of the fuselage of the aircraft. To
minimize these area jumps, the wing and engines are strategically placed along the length of the aircraft. The nose is very
sharp leading to the body, the wing is moved forward, and as the wing ends, the rear engine and vertical tail prevent the
area distribution from drastically changing. An area ruling plot corresponding to the configurations shown in Figure 50 is
shown in Figure 47. In this figure, the smooth blue line represents an ideal Sears–Haack body, a shape demonstrated to
minimize wave drag for supersonic flight, and the black line shows the total area distribution of the aircraft at the cruise
Mach number. The other colored lines represent the area contributions of the separate aircraft components, such as the
wing, fuselage, and engines. To minimize wave drag, the total area distribution should follow the Sears–Haack body curve
as closely as possible. The plot on the left shows the area ruling of the initial configuration and the plot on the right shows
the current area ruling. Two major configuration updates that adversely affected the area ruling are the expansion of the
underside of the fuselage to allow for landing gear storage (see Figure 48) and the integration of the nacelles into the wings.
These changes result in a configuration with worse area ruling compared to the initial configuration that did not address
these concerns. Future design processes will include nacelles in the initial planform selection process. This inclusion should
lead to the selection of a planform which better reduces the nacelles adverse area ruling impact.

Figure 47. Area Ruling Distribution Plot Before (left) and After (right) Landing Gear Storage and Nacelle Integration.

Figure 48. Configuration before (left) and after (right) landing gear storage considerations.
Aero Shaping
In the supersonic flight regime, small geometric aspects of a configuration can have major effects on cruise efficiency (i.e.,
L/D). By visualizing the pressure distribution across the body of the aircraft, the aero team identifies areas of very high or
low pressure, and these areas are smoothed or modified to prevent the pressure buildup. The major areas investigated are
the sweep of the outboard section of the wing, the area ruling of the aft region of the fuselage, and nacelle integration.
Figure 49 shows flow visualization of the initial aero shaping of the Medium SST. Flow visualization revealed a large highpressure region on the leading edge of the outboard section of the wing. This high-pressure region can be reduced by
increasing the sweep of the wings. Additionally, the addition of the nacelles to the aircraft negatively impacted the area
ruling of the aircraft, necessitating a reduction in fuselage area behind the passenger cabin in reducing the impact caused
by the integration of the nacelles. Finally, minimization of interactions between the nacelle and the rest of the configuration
will be discussed extensively in the next section. Figure 50 shows the flow visualization over the Medium SST after the aero
shaping has been improved, revealing that the flow distribution on the wings had been smoothed out and thus resulting in
improved aerodynamic performance.
Airframe–Engine Integration
A major modeling challenge is integrating the engine into the ESP model for aerodynamic analysis. Due to the fact that the
primary purpose of airframe shaping is to define the outer mold line of the aircraft and due to engine cycle constantly
evolving during this process, only unpowered flow-through nacelles are modeled in the aerodynamic analysis. Even with this
simplification, modeling the engine installation effects parametrically remained a difficult task. Initial attempts to integrate
the engines into the wings result in very adverse interactions between the engines and the leading edge of the wing. Manual
improvements to the engine placements result in a much cleaner engine integration and an improved L/D, as can be seen in
the reduction in leading edge pressure in Figure 51. Unfortunately, manually improving the placement of the engines is a
time-consuming process and not feasible in design space explorations, which is why engine location design relations are
developed to parametrically place the engines. This approach will be discussed in more detailed in the Large SST section
where it is first implemented.

Figure 49. Initial Medium SST Aero Shaping.

Figure 50. Improved Medium SST Aero shaping.

Figure 51. Comparisons between the initial engine integration and Improved engine integration.
Landing and Takeoff Drag Polar Prediction
This section describes the process to generate the low-fidelity LTO drag polar. The tools used for LTO polar generation are
AERO2S and OpenVSP parasite drag tool. Parasite drag module in OpenVSP is used to calculate the parasitic drag (which is
not included in AERO2S), while AERO2S is used for lift and drag due to lift generation. Figure 52 is the overview workflow of
this process. If not specifically mentioned, the flight conditions for LTO drag polar analysis are Mach 0.25, 0 ft altitude, and
with AoAs ranging from -2 degrees to 16 degrees.

Figure 52. workflow for lto drag polar generation.
For each OpenVSP geometry, multiple flap deflection settings are applied for LTO drag polar comparison. In this study, the
TE flap deflections ranges from 0 degree to 30 degree with a step size of 5 degree. Figure 53 shows the spanwise location
and length of the TE flaps in AERO2S. Note that the LE slats are not activated in this study due to the aforementioned leadingedge slat sensitivity study. Figure 54 shows the LTO drag polar for the GT Medium SST with multiple TE flap settings.
Mission Analysis
This section presents the preliminarily results of the GT Medium SST closed vehicle design, designated as version 11.4 or
v11.4 for short. The preliminary results shown in this section are the result of executing the processes/iterations described
in the previous sections.

Design point
For synthesis and sizing of an aircraft, both the thrust-to-weight ratio (T/W) and the wing loading (W/S) are major design
parameters that are generally determined by performing a constraint analysis. For the current supersonic study, the T/W and
W/S are chosen to meet balanced field length under 10,000 ft and an approach speed below 165 kts.

Figure 53. GT Medium SST TE Flap Locations.

Figure 54. LTO Drag Polar for GT Medium SST.
Mission Profile
The vehicle is sized for a mission with a total range (excluding reserve mission) of 4,500 nmi. The chosen mission profile is
as follows:
•
Takeoff: Mach = 0 – 0.30 at altitude of 0 ft.
•
Subsonic climb: M = 0.30 – 0.95; altitude changing from 0 ft to 25,000 ft.
•
Supersonic climb: M = 0.95 – 2.20; altitude changing from 25,000 ft to 58,000 ft.
•
Cruise climb: constant cruise M = 2.2; altitude changing from 58,000 ft to 66,000 ft.

•

Descent: deceleration from M = 2.2 – 0.30; altitude decreasing from 66,000 ft to 0 ft.

The reserve mission is defined as follows:
•
Reserve fuel available: equal to 10% of total fuel used in main mission.
•
Total hold time: 15 min.
•
Climb: from 0 to 35,000 ft, with Mach increasing up to 0.80.
•
Cruise: 35,000 ft at M = 0.80.
Climb Schedule

Cruise Schedule

Descent Schedule

M2.2
FL580 – FL660

M0.95 – M2.2
FL250 – FL580
M2.2 – M0.3
FL660 – FL0
M0.30 – M0.95
FL0 – FL250
M0 – M0.3

M0.3 – M0
Design Range = 4,500 nmi
Figure 55. Mission Profile for Medium SST.

Vehicle Sizing
The vehicle sizing loop is performed with NASA’s FLight Optimization System (FLOPS). The vehicle is defined by using the
aerodynamic and propulsion information defined in this report along with the mission profile discussed above. The
preliminary vehicle characteristics results are shown in Table 26 and Table 27. Again, these results are preliminary at the
writing of this annual report.
Table 26. Key metrics for medium SST (preliminary).
Key Metric
Takeoff Gross Weight, lbs
Design Cruise Mach

Value
367,000
2.2

Wing Reference Area (ft2)

3,863

Design Range (nmi)

4,500

Beginning of Cruise L/D

7.13

Table 27. Weight breakdown of medium SST (preliminary).

Wing

Weight
(lbs)
44,765

% Empty
Weight (lbs)
29.11

Control Surfaces

Weight
(lbs)
3,191

% Empty
Weight (lbs)
2.07

Horizontal Tail

0

0.00

Auxiliary Power

727

0.47

Vertical Tail

902

0.59

Instruments

1,030

0.67

Fuselage

24,411

15.87

Hydraulics

2,268

1.47

Landing Gear

11,100

7.22

Electricals

2,899

1.88

Nacelle (bookkept with engine)

0

0.00

Avionics

1,407

0.92

Air Conditions

3,794

2.47

260

0.17

Component

Structures Total

81,178

52.78

Component (Cont’d)

Engines

54,080

35.16

Anti-icing

Propulsion Miscellaneous

271

0.18

Systems and Equipment Total

Fuel System: Tanks and Plumbing

2,697

1.75

Weight Empty

Propulsion Total

57,048

15,576
153,801

10.13
100.00

37.09

GT Large SST

The GT Large SST is sized to cruise at Mach 1.8 carrying 100 passengers, at 4,500 nmi with no subsonic mission segments.
Propulsion System
Architecture Selection
A MFTF engine architecture is also chosen for this class of supersonic transport for the same reasons as aforementioned for
the GT Medium SST.
Cycle Modeling
The propulsion model used for this aircraft is the same as the GT Medium SST. The differences in engine design are being
driven by the different design Mach number and number of passengers. The inlet map used is again based on a configuration
from the library of maps in the PIPSI database (Kowalski & Atkins Jr., 1979). It models a 2D, 4-shock, variable ramp, external
compression inlet which is optimized for Mach 2.0. The different design Mach number (1.8 versus 2.0) will require a different
selection of cycle variable and the larger number of passengers will result in larger thrust requirements.
Cycle Design Methodology
The GT Large SST uses the same MDP points as the GT Medium SST except that the TOC Mach number is 1.8 and the altitude
is 55 kft, whereas the Medium SST is designed for a TOC at Mach 2.2 and an altitude of 60 kft. The cycle design points are
summarized in Table 28. Initial thrust estimates are made based on the current vehicle drag polar for the Large SST, assumed
vehicle weight, and specific excess power requirements. The vehicle maximum takeoff weight (MTOW) is assumed around
400,000 lbs, since this is about what the Concorde weighed. Another assumption made for determining the thrust required
at TOC is that 15% of fuel is consumed so the vehicle weight would be 85% of MTOW. From these assumptions and the wing
loading from the Concorde to estimate wing area, the required lift coefficient is computed. Using the drag coefficient at the
required lift coefficient and a required 300 fpm of specific excess power, the TOC thrust is estimated. The thrust at other
points of interest such as ADP, takeoff, and SLS are kept in the same proportions as the Medium SST. The computed thrust
requirements are implemented as a target within the cycle design environment and FPR, HPCPR, and Throttle Ratio (i.e.,
design T41) are varied to evaluate the performance of different engine designs. Using the MDP methodology, a design space
is studied and optimized to minimize TSFC.

Table 28. Cycle Design Points for Large SST Engine.
Flight Condition

Mach

ADP
TOC

1.2
1.8
Set for max Tt3 or Mach 1.8,
whichever is lower
0.25
0

Cooling Flow Sizing
Takeoff
SLS Uninstalled

Altitu
de
39,000
55,000

𝚫𝑻
0
0

55,000

0

0
0

27
0

Off-design Power Management
The off-design power management is the same for the GT Large SST as the GT Medium SST.
Flowpath and Weight Model
The flowpath model will be largely based on the one developed for the GT Medium SST. Appropriate modifications are being
made for the inlet, turbomachinery, and nozzle. At the writing of this report, the flowpath / engine weight model is still
under development.
Results
The engine cycle presented is as of August 2020. Table 29 shows the efficiencies, pressure losses, bleeds, and modeling
assumptions used in the model at each of the design points for the MDP analysis of the current design. Table 30 shows the
cycle parameters and performance metrics at each of the design points of the current design. At the time of the writing of
this annual report, these propulsion results are still preliminary and have not been completely matched to aircraft
performance.
Table 29. Cycle Modeling Assumptions for Large SST Engine.
Component
Inlet Recovery
Fan Adiabatic Efficiency
HPC Adiabatic Efficiency
HPT Adiabatic Efficiency
LPT Adiabatic Efficiency
Nozzle Gross Thrust Coefficient
Imperfect Mixing Coefficient
Nozzle Discharge Coefficient
Shaft Horsepower Extraction
Customer Bleed, lbm/s
IGV Duct Pressure Loss
Duct 6 Pressure Loss
OGV Duct
Fuel LHV, BTU/lbm
Fuel Temperature, oR
Burner Efficiency
Burner Pressure Drop
Duct 11 Pressure Loss
Duct 13 Pressure Loss
Tailpipe Pressure Loss
Bypass Duct Pressure Loss

ADP
TOC
TO
SLS
97.74% 92.72% 95.75% 100.0%
90.69% 89.94% 93.30% 92.21%
87.72% 87.35% 88.48% 88.30%
90.77% 90.71% 91.53% 91.63%
92.94% 92.77% 93.30% 93.52%
98.80% 97.91% 98.80% 98.80%
98.98% 98.87% 99.11% 99.06%
96.3%
96.3%
97.3%
96.1%
100
100
100
0
1.52
1.40
2.74
0
0.00% (currently no IGV)
2.50%
0.0% (bookkept in burner)
18,580
518.67
99.70%
5.00%
2.00%
3.00%
2.00%
4.00%

Table 30. Cycle Variables and Performance Metrics.
Mach
Altitude [kft]
𝚫𝑻 + 𝑰𝑺𝑨 [R]
FPR
%Nc Fan
N1 [RPM]
Wc2 [lbm/s]
HPCPR
N2 [RPM]
OPR
BPR
Extraction Ratio
Throttle Ratio
Turbine Cooling [%𝑾𝟐𝟓 ]
T4 [R]
T41 [R]
T3 [R]
NPR
Vjet [ft/s]
Installed Net thrust [lbf]
Installed TSFC [lbm/(hr × lbf)]

ADP
1.2
39
0
2.27
100.0%
4935
1018
7.93
8948
17.55
1.63
1.00

TOC
1.8
55
0
2.27
100.0%
5591
1012
7.91
10127
17.54
1.62
1.00

2783
2624
1224
4.96
2142
13124
0.916

3492
3300
1543
11.20
2862
14073
1.067

TO
0.3
0
27
1.96
93.4%
4850
946
7.31
9035
13.95
1.87
1.04
1.218
26%
2734
2581
1249
1.83
1392
30000
0.687

SLS
0
0
0
2.20
98.5%
4940
1012
7.81
9010
16.72
1.68
1.01

2736
2583
1236
2.04
1507
47151
0.549

Emissions Modeling
The emissions model for the GT Large SST is under development at the writing of this report.
Airframe Modeling
This section details the process of modeling the airframe for a 100-passenger SST that cruises at Mach 1.8. The development
of the cabin layout, area ruling, conceptual design process of the vehicle and initial configuration selection processes are
described.
Cabin Sizing
The passenger cabin is sized to conform to the FAA requirements of emergency exits and number of flight attendants for a
100-passenger vehicle. The seat width, seat pitch, and isle width are assumed to be equal to the ones from the Medium SST,
and its values are shown in Table 31. These values were defined during previous work in this project, and they are based on
the seat width/pitch of first-class seats in long domestic flights (e.g., JFK to LAX, approximately 6.5 h).
Table 31. Seat pitch and width for Medium SST and Large SST cabins.
Class
First Class
VIP

Seat Pitch (in)
32
45

Seat Width (in)
21
24

The arm rests are chosen to be 3 in for the single seat in first class and the non-shared arm rest of the double seats in first
class. The shared arm rest in first class and the arm rest in the VIP class are set to 3.5 in. The fuselage thickness is assumed
to be 6 in, and the cabin cross-section is a circle with a 12.3-ft diameter. Three exits in each side of the fuselage and two
steward’s seats are added to fulfill the FAA requirements listed in 14 CFR 25.807 and 14 CFR 121.391. One type I exit and
two type II exits are used. The type I exit has a width of 36 in in order to accommodate passenger boarding, and the type II
exits width is 20 in. The final cabin layout also contains two lavatories and two galleys. The final cabin length is 111.6 ft.
Figure 56, Figure 57 and Figure 58 show the first-class cross-section, the final cabin layout, and its dimensions, respectively.

Figure 56. Cross-section of the First-Class cabin for the Large SST. All dimensions are in inches.

Figure 57. Cabin layout for the large sst.

Figure 58. Cabin dimensions for the large sst.

Area Ruling
During the conceptual design, the minimization of wave drag governed the aerodynamic shaping of the aircraft. This drag
contribution can be calculated by using slender body theory and supersonic area rule (Whitcomb, 1966). Area rule means
that a smooth change in cross-sectional area of the vehicle going from the nose to the tail of the aircraft is desired. Some
cross-sectional area distributions have been shown to minimize wave drag. In order to design a vehicle that minimizes drag,
area rule is used to shape the fuselage of the vehicle along with the cabin size. For this reason, the fuselage of the Large SST
did not maintain a constant width as seen in Figure 58.
Parametric Design Relations
The design of the GT Large SST used the knowledge learned on the design of the Medium SST; however, the change in
passenger count and design Mach number are enough to require a new design for all parts of the vehicle. The fuselage is
designed to fit the cabin layout developed, to be area ruled, and to have a total length of 254.2 ft (3050.3 in). The vertical
tail, wing, and engine inlet capture areas are increased compared to the GT Medium SST. The vertical tail is assumed to
double in area of that of the GT Medium SST; this assumption will be re-evaluated once the aerodynamics and propulsion
designs iterate to ensure the vehicle can fly safely with one-engine-out condition. The wing area is increased compared to
the 55-passenger vehicle. The aircraft is assumed to have four engines, each one with 4490 sq. in inlet capture area and
length of 500 in. The baseline vehicle just described is shown in Figure 59, and it has an L/D of 6.76 at Mach 1.8, AoA = 2
degrees, and it has an L/D = 6.42 at Mach 1.8, AoA = 3 degrees.

Figure 59. Baseline vehicle created for the GT Large SST configuration.
Given that the fuselage, vertical tail, and engines will be sized to conform to the vehicle passenger, thrust, and safety
requirements, the only component that can be changed to improve L/D in the beginning of the conceptual design is the
wing. In order to obtain a wing planform with higher L/D compared to the baseline, a DoE is performed to find wing
geometries that perform better with respect to cruise L/D.
DoEs are a way of choosing variable combinations in the design space such that the points are within the ranges of variables
set by the designer, and there are sampling points spanning the entire range of variables. The first DoE performed did not
impose constraints on the points chosen. Engines are also not included in the initial set of experiments. The resulting
configurations that are obtained as the optimum are unreasonable, such as the design shown in Figure 60.
In order to avoid looking at designs that are obviously infeasible, the next DoEs added constraints to the design parameters.
Specifically, the following requirements are specified:
•
Flow through nacelles must be included in the geometry model to account for engine-wing interference effects.
•
Engine location must change as the planform design changes.
•
Infeasible or invalid design combinations need to be avoided.
•
Design space needs to be large enough to find sufficient improvement over the baseline.

Figure 60. Optimum Design Obtained from DoE without Parametric Design Relations.
To satisfy the above requirements, the following procedural steps are established:
1. Define a baseline geometry seed from which subsequent designs can be generated.
2. Define the design variables and ranges.
3. Define engine location design relations.
4. Formulate constraints on the design space.
Step 1 requires the definition of a realistic design that is also geometrically valid (i.e., engines are not sticking through the
wing). The baseline can be any design since the only purpose of this configuration is to provide reference values for use in
the engine location design relations and the design space constraints. As such, the geometry shown in Figure 59 is defined
as the baseline for step 1. Step 2 requires defining the design parameters that can be varied as part of the DoE. The vertical
tail and fuselage geometries are frozen for this exercise and only the wing is considered as part of the design space. Table
32 shows the design variables and their ranges considered. The upper and lower bounds are set somewhat arbitrarily large
to ensure a large enough design space, recognizing that the constraints developed in step 4 will help in filtering out
unrealistic design combinations.
Table 32. design variable ranges for DoE created to optimize GT Large SST.
VARIABLE
Root Chord (in)
Mid Chord (in)
Tip Chord (in)
Root Twist (deg)
Mid Twist (deg)
Tip Twist (deg)
Root Thickness to Chord Ratio
Mid Thickness to Chord Ratio
Tip Thickness to Chord Ratio
Sweep of LE of Inboard Section (deg)
Sweep of LE of Outboard Section (deg)
Inboard Span (in)
Outboard Span (in)
Inboard Dihedral (deg)
Outboard Dihedral (deg)

Lower Bound
1000
250
50
-6
-6
-6
1%
2.5%
2.5%
55
35
450
100
-6
-6

Upper Bound
1800
1000
250
6
6
6
2%
6.5%
10%
80
80
650
400
6
6

The purpose of step 3 is to define a set of relations that automatically allow for the through flow nacelle geometry to move
with the changes in the wing design. The idea is to prevent situations where the nacelles are not connected to the wing or
stick through the wing geometry and produce invalid designs. While these situations can be manually corrected, doing so
for hundreds of cases in a DoE is impractical. Lastly, step 4 aims to develop realistic constraints on the design space that

are a function of the chosen design variables. These constraints will filter out infeasible design combinations. Steps 3 and 4
are described in more detail below.
Engine Location Design Relations (Step 3)
To develop a set of robust and realistic relations, the following assumptions are made:
•
The engine will always be on the inboard wing section à for structural considerations (avoid mounting engine
on span location with thin airfoils) and directional stability purposes (engine out yawing moment).
•
The airfoils on the wings are biconvex à allows for linear variation of thickness between cross sections and
simplifies engine-wing z direction mate relationship.
•
No droop on any airfoil either at LE or TE à prevents engine from accidently sticking through the fore section
of the wing due to a change in camber.
o Note: Droop is added after the high-speed DoE study and parameters are varied manually to improve low
speed performance.
•
Engine length and cross section area are fixed (not part of design space). The relations made are tested for four
engines with 4490 sq. in inlet capture area and length of 500 in.
Figure 61 shows the dependency between the engine location and
wing design parameters. All these relations are accounted for as
algebraic equations when generating the geometry for a given set
of design parameters. The following relations are implemented:
•
Changes in the x location of the engine due to changes
in wing sweep and chord length to prevent the engine
from sticking out in front of the wing leading edge or
too far back behind the trailing edge.
•
Changes in the y location of the engine to keep it within
the inboard wing section as the wingspan changes.
•
Changes in the z location due to changes in all design
variables to keep the engine from sticking through the
wing or from having a large clearance between the wing
and nacelle upper surface.
•
Changes in the engine pitch angle due to changes in
wing twist or span.
•
Changes in the engine roll angle due to changes in span
or wing dihedral.
Design Space Constraints (Step 4)
The design space constraints are integrated as part of the DoE
generation script, thereby allowing for the creation of DoEs where
each sample satisfies the constraints and infeasible cases are
filtered out during the generation stage. These constraints also
leverage the algebraic equations developed as part of step 3 above.
These constraints are listed below:
•
Wing/engine cannot extend beyond fuselage TE.
•
Engine inlet must be at least 10 in behind the mid chord
Figure 61. Dependency of engine location, pitch and roll
LE to avoid engine sticking out ahead of the wing LE.
angles on the design variables
•
Outboard span must be smaller than inboard
(aeroelasticity constraint).
•
Wing TE should be monotonic. This constraint is later replaced by the stricter straight TE requirement to allow
for easier TE spar construction.
•
Engine pitch should be within +/- 3 degrees from horizontal à to minimize loss in thrust.
•
Wing root TE cannot travel more than 6 in in positive z direction and more than 2 in in the negative z direction
relative to the reference z location of its LE à to avoid wing sticking out from above/below the fuselage.
•
Outboard sweep must be smaller than inboard sweep à to avoid compromising low-speed performance.
•
Wing thickness at the root should be greater than thickness at the mid, which should be greater than the tip
thickness à structural constraint.

•
•

Minimum thickness at the mid chord is 18 in à to allow space for fuel pipes/cables to/from engine.
Maximum height of either the mid or tip LE z location cannot be more than +/- 18 in from the root LE z location
à stability/ground clearance/structural constraint.

After all the constraints mentioned above are implemented, a DoE with 250 cases is executed using CART3D with viscous
correction. The designs with highest L/D are shown in Figure 62; however, these designs have structural issues, namely the
wing box would not support the planforms created because there are drastic changes in the TE sweep between the inboard
and outboard sections of the wing. The ribs in the wing box are usually not created to conform to such changes in the wing
TE. The rightmost vehicle in Figure 62 is a good example of this issue.

Figure 62. Best Designs from Constrained DoE without Enforcing Straight TE
(Configurations with L/D Decreasing from Left to Right).
The odd planform shapes are avoided by imposing another constraint: a straight TE throughout the entire wingspan. This
constraint changes the geometric design space by substituting mid and tip chord with TE sweep in the independent variable
list. The addition of this design relation allows the generation of 250 valid and realistic geometries, but many resulting
designs with high L/D have oversized wings due to long wingspans and tip chords. Long tip chords are not desired for
structural considerations during supersonic cruise and large wing areas lead to high total drag, which would worsen the
overall performance of the vehicle. For these reasons, planforms with wing areas greater than 1.55 times the Concorde wing
area are filtered out. The configurations that resulted from this final DoE and that had reasonable wing areas are shown in
Figure 63.
The main considerations used to choose the final planform are L/D, outboard sweep, and planform area. The wing planform
chosen is the leftmost design in Figure 63. This planform has the highest L/D, which is important for vehicle performance;
the smallest outboard sweep, which indicates best low-speed performance; and the second smallest wing area, showing it
does not perform well simply for the having oversized wing and that the overall drag of the wing will be acceptable. It is
observed that the wing area from this design could be decreased by shortening the root chord and the wingspan by 3.5%,
improving the overall characteristics of the planform. The final design obtained after the scaling the wing parameters for the
GT Large SST is shown in Figure 64.
The wing characteristics for the GT Large SST are shown in Table 33. Figure 65 and Figure 66 show the L/D versus AoA curve
and the drag polar for this vehicle at Mach 1.8. The peak L/D is equal to 7.07, and it occurs at AoA of 3 degrees. The
reference wing area is 5183.2 ft Ñ . To improve the performance of this vehicle even further, an engine inlet capture area study
will be performed to understand the change in drag caused by the change in inlet capture area. Droop will be added to the
airfoil sections to improve L/D. An iteration between the high speed and low speed aerodynamics can affect the outboard
characteristics of the chosen wing planform. Geometry updates will also arise as the engine cycle, engine capture area, and

length change are updated. Changes to the vertical tail and engine span-wise location will occur for the one-engine-out
condition and landing gear sizing, which depends on the estimation of center of gravity obtained when the vehicle is sized
in FLOPS.

Figure 63. Best Designs from Constrained DoE Enforcing Straight TE and Wing Area
(Configurations with L/D Decreasing from Left to Right).

Figure 64. Final vehicle geometry with wing planform chosen for the GT Large SST.

Table 33. Wing Geometry Definition for GT Large SST.
VARIABLE
Root Chord (in)
Mid Chord (in)
Tip Chord (in)
Root Twist (deg)
Mid Twist (deg)
Tip Twist (deg)
Root Thickness to Chord Ratio
Mid Thickness to Chord Ratio
Tip Thickness to Chord Ratio
Sweep of LE of Inboard Section (deg)
Sweep of LE of Outboard Section (deg)
Inboard Span (in)
Outboard Span (in)
Inboard Dihedral (deg)
Outboard Dihedral (deg)

Baseline
1576.2
460.4
78.8
0.00
2.17
2.01
1.77%
4.50%
8.00%
70.0
57.0
450
300
0.892
-1.14

GT Large SST
1734.3
417.2
75.3
-0.0846
1.95
-3.36
1.07%
4.36%
7.05%
70.5
39.0
450.9
378.1
1.84
-2.15

Figure 65. L/D versus Angle of Attack for GT Large SST at Mach 1.8. Peak L/D of 7.07 at 3 Degrees AoA.

Figure 66. Drag Polar for GT Large SST at Mach 1.8.

Landing and Takeoff Drag Polar Prediction
The process for generating GT Large SST LTO drag polar is the same as that for the GT Medium SST. Same flight condition
and workflow are used for GT Large SST. Figure 67 shows the spanwise locations and length of the TE flaps. Figure 68 shows
the generated LTO drag polar of GT Large SST with different TE flap deflections.

Figure 67. GT Large SST TE Flap Locations.

Figure 68. LTO Drag polar for GT Large SST.
Design Mach Number Trade Study
At the request of the FAA AEE office, additional technology trade studies are added to the work scope to examine design
fuel burn, LTO NOx, and noise trends as a function of design Mach number for three classes of SST. As a result, six additional
vehicles are expected to be modeled. The Mach number in red fonts in Table 34 lists these extra vehicle models.

Table 34. Design Mach Number Trade Study for Different Vehicle.
Notional SST
NASA 55t STCA
GT Medium SST
GT Large SST

Baseline Design
Mach Number
1.4
2.2
1.8

Possible Design Mach
Number Range for Trades
1.4, 1.6, 1.8
1.8, 2.0, 2.2
1.6, 1.8, 2.0

Design Range
(nm)
4,000
4,500
4,240

Design Payload (Number
of Passengers)
8
55
100

Considering the large computational time spent using inviscid CFD aero shaping as mentioned in the Aerodynamic Shaping
section of the report, it is infeasible to apply the same workflow for the design of the six additional vehicles at different
design Mach numbers. Therefore, a low-fidelity approach is proposed, and Figure 69 demonstrates the general workflow for
the approach. For each baseline geometry (NASA 55t STCA, GT Medium SST, and GT Large SST), firstly, a set of uncalibrated
drag polars generated from low-fidelity aero model and drag polars from high-fidelity CART3D CFD are used to create
calibration functions to correct the low-fidelity drag polar to match the CFD data (details will be described later). Meanwhile,
a design space is created by sweeping each baseline geometry design parameter. The design parameters used for the Mach
number study are listed in Table 35. Design space sampling is done by using Latin Hypercube Sampling (LHS) to fill the
design space. Design space constraints described for the GT Large SST are adjusted and applied here to filter out infeasible
design and generate the design candidates for further study. Based on the design Mach number and its corresponding
optimization criterion, calibrated drag polars for each design candidate are generated. The design criterion used in this study
is a combination of both low-speed and high-speed performance. As shown below, the objective function for optimization is
a weighted sum of 80% high-speed drag polar and 20% low-speed drag polar.
𝐿
𝐿
𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 0.8 ∗ ½ Ã
+ 0.2 ∗ ½ Ã
𝐷 «©ª« ³´)).
𝐷 •®° ³´)).
The high-speed drag polar is calculated at design Mach number to represent its cruise performance while the low-speed drag
polar is calculated at Mach 0.25 to represent its low-speed performance. A weighted sum objective function can enforce the
final optimum design to have good performance at both cruise and low speed. The configuration maximizing the objective
function will be chosen as the optimum.

Figure 69. general workflow for low-fidelity design mach number trade study.
Table 35. Design parameters for optimization.
Design parameters
Inboard sweep
Outboard dihedral
Outboard sweep
Inboard span
Inboard twist
Outboard span
Outboard twist
Mid chord
Inboard dihedral

The baseline geometry is taken from vehicle design described in the former sections in this report. Figure 70 is a detailed
description of calibration function calculation. Low-fidelity tools including AERO2S, WINDES, and OpenVSP are used to
generate drag polars for all range of Mach numbers. Detailed function for each tool can be found in Figure 37. Calibration
functions are calculated by fitting a non-linear model. Calibration only covers drag polar from Mach 0.88 to Mach 2.4. Lowspeed drag polar and LTO drag polar have no calibration since there are no higher fidelity data to calibrate against.

Figure 70. Detailed workflow for calibration factor generation.
The design candidates are selected by combining an LHS design space sampling and design constraint sampling. The number
of survived design candidates vary from case to case as the design space is randomly filled. In this study, at least 100 cases
for each design dimension are considered. Sections below are calibration and optimization results for each vehicle for its
corresponding design Mach number.
NASA 55t STCA
The design Mach number study for the NASA 55t STCA is based on NASA-provided geometry definition and drag polar.
Although NASA’s drag polar for STCA used similar low-fidelity tools as those depicted in Figure 37, differences are still
observed which makes calibration a worthy exercise. Based on observations of the drag polar data and AFASST-generated
data, a single calibration function is sufficient for calibrating supersonic drag polar. Low-speed drag polar (i.e., Mach < 1,
excluding LTO drag polar) does not need calibration since their differences are negligible. Figure 71 depicts the calibration
result for Mach 1.4 at 20,000 ft altitude.

Figure 71. Calibration result for NASA 55t STCA.
As listed in Table 34, two additional business class configurations, one for Mach 1.6 and the other for Mach 1.8, are studied.
However, since the exact optimization methodology is unknown, the original NASA 55t STCA designed for Mach 1.4 is also
redesigned (using the same optimization philosophy) for consistency. Figure 72 shows the original NASA 55t STCA (subplot
a), redesigned Mach 1.4 STCA (subplot b), Mach 1.6 design (subplot c), and Mach 1.8 design (subplot d).

Table 36 shows the resulting detailed design parameters for each configuration. Note that for the original NASA 55t STCA,
the wing is divided into four sections; therefore, instead of having only two variables for inboard twist and outboard twist,
four twist and dihedral angles are chosen as design parameters. Since there is only one kink location, sweep angles are kept
as two design parameters—one inboard and one outboard. The optimization results show good consistency, meaning
maximum L/D decreases as design Mach number increases as expected.

Figure 72. Geometry configurations for different design Mach number.
Table 36. Design Parameters for different re-design configurations.
Design Parameter
Inboard sweep
Outboard sweep
Section 1 twist
Section 2 twist
Section 3 twist
Section 4 twist
Section 1 dihedral
Section 2 dihedral
Section 3 dihedral
Section 4 dihedral
Horizontal tail sweep
Maximum L/D

STCA@Mach 1.4
28
41
3
3
-3
-3
2
0
0
0
65
9.37

STCA@Mach 1.6
28
41
2
2
-2
-2
2
2
2
2
65
9.03

STCA@Mach 1.8
28
42
3
3
-3
-3
2
2
2
2
67
8.36

GT Medium SST
For GT Medium SST and GT Large SST, some of the assumptions used in the NASA 55t STCA optimization no longer hold.
During the calibration process, contrary to single calibration function for the whole supersonic Mach number regime,
calibration factors fitted for GT Medium SST and GT Large SST can only be used for one single Mach number. Moreover, for
NASA 55t STCA optimization, calibration is not required for Mach < 1; for GT Medium SST and GT Large SST, drag polar with
Mach number greater than 0.8 needs to be calibrated. One potential reason could be that for the NASA 55t STCA, the
calibration is performed using two low-fidelity tools that share the same physics and similar logic. For the GT Medium SST
and GT Large SST, calibration is based on high-fidelity CFD data (i.e., CART3D with viscous correction). The differences
between the theories used in low-fidelity and high-fidelity tools make it difficult to have one single calibration function to
cover the entire Mach range. Therefore, multiple sets of calibration factors have been developed and currently the model has

the capability to predict aerodynamic coefficients from Mach 0.88 to 2.4. Also, both GT Medium SST and GT Large SST have
only two wing sections, i.e., inboard and outboard; therefore, the number of design parameters are reduced.
Figure 73 shows one single example for the calibration factor developed for GT Medium SST. Good approximation has been
achieved through a linear calibration function. Note that poor calibration performance is observed at negative AoA, a region
the mission analysis will not be exploring.

Figure 73. Calibration Results for GT Medium SST.
Figure 74 shows the optimization result for the GT Medium SST. Similar to the optimization process for the NASA 55t STCA,
geometry optimization has been applied for both design point and the other two trade study design Mach numbers for
consistency consideration. Four subplots in Figure 74 represents the original configuration at design point Mach 2.2 (subplot
a), optimized configuration at design Mach number (subplot b), additional configurations for trade study design Mach
number Mach 1.8 (subplot c) and Mach 2.0 (subplot d). Table 37 lists the values for the optimized design parameters for
comparison. The optimization is done by manually sweeping design variables around the baseline value and seeking to
improve the maximum L/D.
Table 37. Design Parameters for Different Re-design Medium SST Configurations.
Design Parameter

GT Medium SST
Redesign@Mach 2.2

GT Medium SST
Redesign@Mach 2.0

GT Medium SST
Redesign@Mach 1.8

Inboard sweep

71

72

71

Outboard sweep

64

62

64

Inboard twist

3

4

4

Outboard twist

-3

-3

-3

Inboard dihedral

2

2

2

Outboard dihedral

-5

-5

-5

Maximum L/D

7.39

7.55

7.71

Figure 74. Geometry Configurations for Different Design Mach Numbers for Medium SST.
Meanwhile, LTO drag polar has been generated for the three redesign configurations. The process for generation is exactly
the same as formerly described in an earlier section. Figure 75 shows LTO drag polars of different TE flap settings for each
redesign configurations.

Figure 75. Comparison of LTO Drag Polar for Redesign Medium SST Configurations.
GT Large SST
Recalling that the calibration for the GT Large SST shares the same process as for the GT Medium SST, Figure 76 shows the
calibration results for GT Large SST at Mach 1.8 and 55,000 ft altitude. Good approximation has been achieved at positive
AoA.

Figure 76. Calibration result for GT Large SST (Preliminary Results).
Similar optimization procedures as for the GT Medium SST are applied to the GT Large SST for design Mach numbers 1.6 and
2.0. Figure 77 depicts the optimization results. Subplots from left to right corresponds to original configuration design for
Mach 1.8, optimized configuration for Mach 1.8, optimized configuration for Mach 1.6, and optimized configuration for
Mach 2.0. Table 38 lists the detailed optimized design parameter values for these configurations for comparison. Similarly,
LTO drag polars shown in Figure 78have been generated for these three redesign configurations. The process for generation
is exactly the same as described for the GT Medium SST. Note that these results are very preliminary since the baseline
design has not been frozen.

Figure 77. Preliminary Geometry Configurations for different Mach numbers (Preliminary Results).
Table 38. Design parameters for different preliminary re-design configurations (Preliminary Results).
Design Parameter
Inboard sweep
Outboard sweep
Inboard twist
Outboard twist
Inboard dihedral
Outboard dihedral
Maximum L/D

GT Large SST
Redesign@Mach 1.8
70
41
2
-3
-1
-1
8.03

GT Large SST
Redesign@Mach 1.6
69
41
2
-3
-1
-1
9.52

GT Large SST
Redesign@Mach 2.0
71
35
2
-3
1
0
7.95

Figure 78: Comparison of LTO Drag Polar for Redesign Large SST Configurations (Preliminary Results).

Task 5 – AEDT BADA4 Coefficient Generator
Objective

This Task's objective is to investigate the representation of SST aircraft generated using EDS in AEDT. Aerodynamics and
propulsion coefficients of the BADA4 method (which is adopted in AEDT for subsonic aircraft) are to be generated using data
fitting techniques for SST aircraft. Recommendations are to be provided on whether the BADA4 method is sufficient to
capture SST aircraft performance.

Research Approach

The Georgia Tech team makes a distinction between the aerodynamics and propulsion coefficients of the BADA4 method
due to the different BADA4 equation forms and the different underlying physics. These differences are assumed to
necessitate the need for different regression techniques. Within aerodynamics, drag coefficients for clean and non-clean
configurations are investigated. Alternatively, for propulsion, thrust and fuel flow coefficients for the idle and non-idle
settings are investigated.
Aerodynamic Coefficient Generation
The main BADA4 equations for aerodynamics are those for clean and non-clean drag coefficients as reported in the BADA4
user manual published by EUROCONTROL. For the clean configuration, the drag coefficient is represented in equations 3.23 to 3.2-6 of the manual, as shown in Figure 79.
For the non-clean configuration, the drag coefficient is represented in equation 3.2-8 of the manual, as shown in Figure 80.

Figure 79. BADA4 Equation for Clean Drag Coefficient.

Figure 80. BADA4 Equation for Non-clean Drag Coefficient.
Data fitting for aerodynamics followed a general procedure:
1. Utilize drag datasets for representative subsonic aircraft first to analyze if fitting issues exist. Two vehicle classes
are selected: the large single aisle (150pax) and the small twin aisle (210pax).
2. Experiment with a subset of aerodynamic data for the SST aircraft. If no generalized model results in a good fit
for the original form of the BADA4 equations, derive alternate forms for the BADA4 equations.
By examining the BADA4 equation for clean drag, the Georgia Tech researchers immediately recognized that the current
formulation is not suitable for the supersonic regime since the denominator values for multiple terms in the equation would
result in complex numbers for Mach numbers greater than one. Different alternate formulations listed below are tested:
1. Method 1. Using the same formulation but considering only the real portion of complex numbers when Mach >
1. This method results in one set of coefficients for all flight regimes and cruising altitudes.
2. Method 2. Using a slightly different formulation by implementing an “IF” statement: If Mach > 1, the
denominators of terms with a square root power would have their base changed to M2-1 instead of 1-M2 (this
applies to terms with coefficients d2, d4, d7, d9, d13, and d15). This method also results in one set of
coefficients for all flight regimes and cruising altitudes.
3. Method 3. Using a slightly different formulation by setting the coefficients of terms with denominators that
include a square root power to zero (i.e., d2=d4=d7=d9=d13=d15=0). This method also results in one set of
coefficients for all flight regimes and cruising altitudes.
4. Method 4. Using two different formulations for the two different flight regimes, subsonic and supersonic. For
the subsonic regime, use the BADA4 formulation as-is with no changes. For the supersonic regime, set the bases
of all terms with a denominator to M2-1 instead of 1-M2 (this applies to terms with coefficients d2, d3, d4, d5,
d7, d8, d9, d10, d12, d13, d14, and d15). This method results in two sets of coefficients for each flight regime.

For all these methods, the scalar term of the BADA4 formulation (in equation 3.2-3) is not included in any of the fits since it
is a constant term applied to all the coefficients. This decision is made in order to convert the optimization problem to a
linear regression problem with a closed form solution.
Results for Methods 1, 2, and 3 are shown in Figure 81. These methods clearly do not result in good fits. By generating two
sets of coefficients, however, Method 4 results in a much better fit, and these results are shown in Figure 82. Based on these
results, Method 4 is chosen for all subsequent data fitting efforts. (Note: for subsonic aircraft, Method 4 is just the original
BADA4 formulation.)
Given the results of Method 4, an attempt to reduce the number of coefficients utilized to achieve a good regression fit is
examined. As shown in Figure 83, this attempt resulted in poorer fits (i.e., higher residuals) and therefore, all coefficients
are considered in subsequent data fitting efforts.
Aerodynamic Data Fitting Results
Clean Drag Data Fitting for Subsonic Aircraft
Drag datasets generated using FLOPS for the two EDS models, 150pax and the 210pax vehicles, are used for fitting. Values
or drag coefficients are solved for using a regression model that minimized the root mean square error (RMSE) between the
predicted BADA4 values and the actual EDS values. Results are shown in Figure 84 and Figure 85. The results show that a
good generalized fit for all altitudes simultaneously could not be achieved.
Non-clean Drag Data Fitting for Subsonic Aircraft
Unlike clean drag, non-clean drag fits are of good accuracy, since a separate fit is required for each flap setting. As shown
in Figure 86 and Figure 87, good accuracy polynomial fits are achieved for the drag polar data for multiple flap settings.
(Note: for the 210pax vehicle, fitting is limited to the convex portion of the drag polar.)
Clean Drag Data Fitting for SST Aircraft
Drag datasets for the Georgia Tech 55pax Medium SST are used for fitting considering two flight regimes. Results are shown
in Figure 88. Similar to the subsonic aircraft, no good generalized fit for all altitudes and Mach regimes could be achieved
for the SST aircraft.
Non-clean Drag Data Fitting for SST Aircraft
Similar to the non-clean drag fits of the subsonic aircraft, good accuracy is achieved for the non-clean drag fits of the SST
aircraft. Results are shown in Figure 89.

Figure 81. Actual versus Predicted and Residual vs. Predicted Plots for Methods 1, 2, and 3.

Figure 82. Actual versus Predicted and Residual vs. Predicted Plots for Method 4.

Figure 83. Actual versus Predicted and Residual versus Predicted Plots for Method 4 with Reduced Number of Coefficients.

Figure 84. Clean Drag Data Fitting Results for the 150pax Vehicle.

Figure 85. Clean Drag Data Fitting Results for the 210pax Vehicle.
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Figure 86. Non-clean Drag Data Fitting Results for the 150pax Vehicle.
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Figure 87. Non-clean Drag Data Fitting Results for the 210pax Vehicle.
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Figure 88. Clean Drag Data Fitting Results for the SST Aircraft.
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Figure 89. Non-clean Drag Data Fitting Results for the SST Aircraft.
Aerodynamic Recommendations
Based on the aforementioned results, it is clear that the current BADA4 method and its alternate formulations fail to
accurately fit the clean drag data at the different flying regimes and cruising altitudes for both the subsonic and supersonic
aircraft. Alternatively, data fits for the non-clean drag data are very accurate since they follow the underlying physics of the
problem and are localized to specific control surface and gear settings. An attempt to locally fit clean drag data in a similar
manner is examined, and a second degree polynomial model seems to provide sufficiently accurate fits for specific altitude
and cruise Mach combinations. Sample results for the supersonic aircraft are shown in Figure 90. Hence, within AEDT, it is
recommended to have such fits for a representative set of combinations and to implement in an interpolation procedure for
all other combinations.

Propulsion
BADA4 Propulsion Objective
The main purpose of this study is to develop a regression approach to obtain coefficients idle, non-idle thrust, and fuel
consumption of the various engines with standard and non-standard day. The initial approach is to determine if the functional
form of BADA4 could represent the subsonic fleet and then apply a similar methodology to a supersonic aircraft if possible.
If BADA4 is not sufficient to model an SST, recommendations would be provided to the FAA on how to simulate the
performance within AEDT.
Summary of Proposed Methodology
To prepare a regression model, the original BADA4 equations are used as the starting point for modeling the Notional B737800 CFM56-7B and notional B767-300 GT-CF6-80C2B5F thrust and fuel consumption. Engine decks of these aircraft are
extracted from EDS (NPSS engine model). To solve for the relevant coefficients, Excel Solver GRG (Generalized Reduced
Gradient) Nonlinear Solving function is used. At best, the GRG Solving method alone can find a locally optimal solution to a
reasonably well-scaled, non-convex model. After extracting the engine decks, data is divided according to rating structure
such as MTKF (Max takeoff) < Mach 0.4 and MCMB (Max Climb) ≥ Mach 0.4. A solver tool is created by leveraging the Excel
Solver GRG Nonlinear Solving function to fit various BADA4 ratings for subsonic fuel flow and thrust. Then, error is compared
between fit and engine deck data.
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Figure 90. Polynomial Fits for Clean Drag Data for Individual Altitude and Cruise Mach Combinations.
Tool Introduction
To observe the model’s limitations, relative error and sum squares of the relative error are calculated, and Excel Solver
function is used to minimize the error between fit and engine data. Detailed methodologies for each regression are
summarized via flow chart diagrams, and an example is depicted in Figure 91.

Figure 91. Excel Tool Introduction.
Process Flow for the Regressions
Within this section, engine thrust and fuel consumption models are studied. Models can be itemized as following:
1) Idle thrust
2) Non-idle thrust
3) Idle fuel consumption
4) Non-idle fuel consumption
Initially, the BADA4 equations are used without modifications to predict notional B737 and B747 aircraft engine thrust and
fuel consumption. The BADA4 model provides three separate thrust models as part of the Propulsive Forces Model (PFM),
depending on the type of engine:
•
turbofan: TurboFan Model (TFM)
•
turboprop: TurboProp Model (TPM)
•
piston: Piston Engine Model (PEM)
Each model includes the contribution from all engines and provides the thrust as a function of airspeed, throttle setting, and
atmospheric conditions. The general formulation of the thrust force, Th [N], is:
Where:

𝑇ℎ = 𝛿. 𝑊})K 𝐶x 𝑓(𝑛) = 𝑔(𝑛) + ℎ(𝑛)

(30)

𝛿 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑟𝑎𝑡𝑖𝑜 [−]
𝑚})K 𝑖𝑠 𝑡ℎ𝑒 𝑟𝑒𝑓𝑟𝑒𝑛𝑐𝑒 𝑚𝑎𝑠𝑠[𝑘𝑔], 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑃𝐹𝑀
𝑊})K 𝑖𝑠 𝑡ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑜𝑟𝑐𝑒 𝑎𝑡 𝑚})K [𝑁]
𝐶x 𝑖𝑠 𝑡ℎ𝑒 𝑡ℎ𝑟𝑢𝑠𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [−]

Due to selected notional aircraft, the turbofan model will be leveraged for this study. A turbofan engine may be operated
either by direct control of the throttle or through the use of predefined settings called ratings. The following ratings are
modelled for turbofan engines: low idle thrust (LIDL), maximum climb thrust (MCMB), maximum cruise thrust (MCRZ) and
maximum takeoff thrust (MTKF). The MCMB, MCRZ, and MTKF ratings have their own respective set of coefficients but share
the same formulas, whereas the LIDL rating is modelled by different formulas, as detailed in the following subsections.

Idle Rating Thrust
The idle rating model for the turbofan engine model directly provides the thrust coefficient CT as a function of the Mach
number and the atmospheric conditions. Mach, Altitude, and Thrust data are extracted from engine deck, which is an output
of NPSS. Related data is selected by filtering the power code equal to 20 for idle rating. Weight assumption is made based
on the selected notional aircraft. Then, thrust is calculated by using NPSS data output with Eq. (31). Twelve random equations
are assigned to calculate CT:
𝐶x = 𝑡𝑖× 𝛿 l× + 𝑡𝑖Ñ + 𝑡𝑖Ô + 𝑡𝑖Ö 𝛿 Ñ + (𝑡𝑖û 𝛿 l× + 𝑡𝑖ù + 𝑡𝑖ø 𝛿 + 𝑡𝑖ß 𝛿 Ñ)𝑀 + (𝑡𝑖ú 𝛿 l× + 𝑡𝑖×à + 𝑡𝑖×× 𝛿 + 𝑡𝑖×Ñ 𝛿 Ñ )𝑀Ñ

(31)

CT also can be calculated by Eq. (27) since 𝛿 , weight, and thrust are known from the engine deck. Therefore, coefficients can
be generated by using Excel Solver since the thrust coefficient is known. Coefficients (ti) are iterated by the solver to minimize
the sum of squares of the relative error between calculated and predicted CT. This process is described in Figure 92.

Figure 92. Idle Thrust Prediction Flow Chart.
Results using the original BADA4 equations are shown in Figure 93. The areas highlighted with black circles show that BADA4
equations result in +/- 6% error. The highest error is observed near the border between the MCMB/MTKF ratings.
To reduce the initial error, the engine deck and fits are split into low versus high Mach number, as shown in Figure 94.
Splitting the fits at the Mach = 0.4 line does help the fits in that area. Furthermore, to reduce the error, total pressure is used
in the CT equation instead of static pressure. Results with total pressure are shown in Figure 95.
Using total pressure instead of static pressure does improve the high-altitude fits. A fourth order term is added to the BADA4
equations to obtain better results. Results are plotted for second order terms, fourth order terms, and total and static
properties in Figure 96.
Non-idle Thrust Ratings (MCMB, MCRZ, MTKF)
The generalized thrust form for the turbofan engine model provides CT as a function of the Mach number M and the throttle
parameter δT. CT is calculated as a fifth order polynomial of δT with coefficients that are fifth order polynomials of M:
𝛿x = (𝐶x,$»¬~$• − 𝑎× + 𝑎Ñ 𝑀 + 𝑎Ô 𝑀Ñ + 𝑎Ö 𝑀Ô + 𝑎û 𝑀Ö + 𝑎û 𝑀û )/(𝑎ø + 𝑎ß 𝑀 + 𝑎ú 𝑀Ñ + 𝑎×à 𝑀Ô + 𝑎×× 𝑀Ö + 𝑎×Ñ 𝑀û )

(32)

Figure 93. Results Using BADA4 Equations.

Figure 94. Splitting the Fits by Low versus High Mach.

Figure 95: Total Pressure versus Static Pressure Comparison for Notional B737-800.

Figure 96. Notional B767 Idle Thrust Error (%).
As shown in Figure 97, PC = 50 represents the maximum thrust. To apply the rating appropriately, two sets of coefficient
fits are used for Mach < 0.4 (MKTF) and Mach ≥ 0.4 (MCMB). To extract Mach, Altitude, Thrust, and temperature data, the
NPSS output engine deck is leveraged. This model takes up to 12 ai coefficients to calculate CT. The above equation shows
the complete case containing all ai coefficients. However, the number of coefficients is not fixed and depends on the quantity
and quality of the reference data with which the coefficients are identified, together with the modeler preferences. According
to the BADA4 manual, for many occasions this results in simpler expressions where some ai coefficients are deactivated.
A rating model is provided to determine the throttle position and this rating model is made available for several different
ratings, namely:
•
maximum cruise (MCRZ)
•
maximum climb (MCMB)
•
maximum takeoff (MTKF)

Turbofan engines behave differently whether they are operated at a temperature deviation below or above a threshold
temperature deviation called the kink point, which defines two operation areas:
•
The flat-rated area
•
The temperature-rated area
When the atmospheric conditions result in a temperature deviation inferior to the kink point, the turbofan operates in the
flat-rated area, in which the engine behavior is limited by the internal pressure. When the temperature deviation exceeds the
kink point, the amount of fuel being injected into the combustion chamber must be reduced to control the turbine entry
temperature; the turbofan then operates in the temperature-rated area.
The two areas are thus inherently different and as such are modeled by two independent functions, each with its respective
coefficients:

Where:

𝛿x,K•$¬ 𝑤ℎ𝑒𝑛 ∆𝑇 ≤ ∆𝑇1©Â1
𝛿x = 0
𝛿x,¬)%´ 𝑤ℎ𝑒𝑛 ∆𝑇 > ∆𝑇1©Â1

(33)

δT is the throttle parameter [-]
δT, flat is the throttle parameter in the flat-rated area
δT, temp is the throttle parameter in the temperature-rated area [-]
ΔTkink is the kink point [K], from the turbofan model

Flat-rated Area
The rating model for the turbofan engine in the flat-rated area provides the throttle parameter δT,flat as a function of the Mach
number and the atmospheric conditions:

Where:

𝛿xK•$¬ = 𝑏× + 𝑏Ñ 𝑀 + 𝑏Ô 𝑀Ñ + 𝑏Ö 𝑀Ô + 𝑏û 𝑀Ö + 𝑏ù 𝑀û + (𝑏ø + 𝑏ß + 𝑏ú 𝑀Ñ + 𝑏×à 𝑀Ô + 𝑏×× 𝑀Ö + 𝑏×Ñ 𝑀û )𝛿
+ (𝑏×Ô + 𝑏×Ö 𝑀 + 𝑏×û 𝑀Ñ + 𝑏×ù 𝑀Ô + 𝑏×ø 𝑀Ö + 𝑏×ß 𝑀û )𝛿 Ñ
+ (𝑏×ú + 𝑏Ñà 𝑀 + 𝑏Ñ× 𝑀Ñ + 𝑏ÑÑ 𝑀Ô + 𝑏ÑÔ 𝑀Ö + 𝑏ÑÖ 𝑀û )𝛿 Ô
+ (𝑏Ñû + 𝑏Ñù 𝑀 + 𝑏Ñø 𝑀Ñ + 𝑏Ñß 𝑀Ô + 𝑏Ôà 𝑀Ö + 𝑏Ô× 𝑀û )𝛿 Ö 𝑓(𝑛) = 𝑔(𝑛) + ℎ(𝑛)

(34)

δ is the pressure ratio [-]
M is the Mach number [-]
b1 to b31 are flat-rated area throttle coefficients [-], from the TFM

Temperature -rated area:
The rating model for the turbofan engine in the temperature-rated area provides the throttle parameter δT,temp as a function
of the Mach number and the atmospheric conditions:
𝛿x¬)%´ = 𝑐× + 𝑐Ñ 𝑀 + 𝑐Ô 𝑀Ñ + 𝑐Ö 𝑀Ô + 𝑐û 𝑀Ö + (𝑐ø + 𝑐ß + 𝑐ú 𝑀Ñ + 𝑐×à 𝑀Ô + 𝑐×× 𝑀Ö )𝜃
+ (𝑐×Ô + 𝑐×Ö 𝑀 + 𝑐×û 𝑀Ñ + 𝑐×ù 𝑀Ô + 𝑐×ø 𝑀Ö )𝜃 Ñ + (𝑐×ú + 𝑐Ñà 𝑀 + 𝑐Ñ× 𝑀Ñ + 𝑐ÑÑ 𝑀Ô + 𝑐ÑÔ 𝑀Ö )𝜃 Ô
+ (𝑐Ñû + 𝑐Ñù 𝑀 + 𝑐Ñø 𝑀Ñ + 𝑐Ñß 𝑀Ô + 𝑐Ôà 𝑀Ö )𝜃 Ö
Where:

(35)

M is the Mach number [-]
c1 to c30 are temperature-rated area throttle coefficients [-], from the TFM
q is the total temperature ratio
Coefficients (ai ,bi ,ci) are iterated by solver to minimize the sum of squares of the relative error between calculated
and predicted CT and δ T

Figure 97. Non-Idle Thrust Flow Chart.
Basic BADA4 equations work relatively well (+/- 5%) except at a few outlier points. MTKF has lower error than MCMB, which
can be observed from Figure 98.

Figure 98. Non-Idle Thrust for Notional B737-800.
Similar results were replicated for the notional B767 engine deck as shown in Figure 99.

Figure 99. Non-Idle Thrust Results for Notional B767.
The approach described here only uses the first 12 terms of the regression model for the thrust as shown below:
𝐶𝑇 = −𝑎1 + 𝑎2 𝑀 + 𝑎3 𝑀2 + 𝑎4 𝑀3 + 𝑎5 𝑀4 + 𝑎5 𝑀5 +
(𝑎ø + 𝑎ß 𝑀 + 𝑎ú 𝑀Ñ + 𝑎×à 𝑀Ô + 𝑎×× 𝑀Ö + 𝑎×Ñ 𝑀û )𝛿x +
(𝑎13 + 𝑎14 𝑀 + 𝑎15 𝑀2 + 𝑎16 𝑀3 + 𝑎17 𝑀4 + 𝑎18 𝑀5 )𝛿2𝑇 +
(𝑎×ú + 𝑎Ñà 𝑀 + 𝑎Ñ× 𝑀Ñ + 𝑎ÑÑ 𝑀Ô + 𝑎ÑÔ 𝑀Ö + 𝑎ÑÖ 𝑀û )𝛿xÔ +
….
This may improve fits by a few percent, but Georgia Tech could not figure out an appropriate numerical scheme for
performing the fits with higher order terms. We recommend attempting to use at least the quadratic term in the rating
parameter in this equation to improve error if needed
Fuel Consumption
The purpose of this section is to explain turbofan fuel consumption model for both idle and non-idle ratings. Each model
includes the contribution from all engines and provides the fuel consumption as a function of airspeed, throttle parameter,
and atmospheric conditions. The general formulation of the fuel consumption, F [kg/s], is:

Where:

𝑇𝐹𝐴. 60l× 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡𝑎𝑥𝑖 (𝑖𝑓 𝑇𝐹𝐴 𝑖𝑠 𝑑𝑒𝑓𝑖𝑛𝑒𝑑)
𝐹= 3
𝛿. 𝜃 à.û . 𝑊})K . 𝑎à . 𝐿l×
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
«¯ . 𝐶v

(36)

TFA is the taxi fuel allowance [kg/min], from the PFM
δ is the pressure ratio [-]
q is the temperature ratio [-]
mref is the reference mass [kg], from the PFM
Wref is the weight force at mref [N],
a0 is the speed of sound at MSL in standard atmosphere [m/s],
LHV is the fuel lower heating value [m2/s2], from the PFM
CF is the fuel coefficient [-].

This section provides the formulas to compute the fuel coefficient used, depending on the engine rating. The fuel coefficient
CF is determined by:

Where:

𝐶v,©.•) 𝑤ℎ𝑒𝑛 𝑖𝑑𝑙𝑒 𝑟𝑎𝑡𝑖𝑛𝑔 𝑖𝑠 𝑢𝑠𝑒𝑑
𝐹= 3
maxU𝐶v,ª)Â , 𝐶v,©.•) W
𝑤ℎ𝑒𝑛 𝑎 𝑛𝑜𝑛 − 𝑖𝑑𝑙𝑒 𝑟𝑎𝑡𝑖𝑛𝑔 𝑜𝑟 𝑛𝑜 𝑟𝑎𝑡𝑖𝑛𝑔 𝑖𝑠 𝑢𝑠𝑒𝑑

(37)

CF,idle is the idle fuel coefficient [-],
CF,gen is the general fuel coefficient [-]

Idle Rating
The idle rating model for the turbofan engine model directly provides the idle fuel coefficient CF,idle as a function of the Mach
number and the atmospheric conditions:
𝐶v,©.•) = 𝑓𝑖× + 𝑓𝑖Ñ 𝛿 + 𝑓𝑖Ô 𝛿 Ñ + (𝑓𝑖Ö + 𝑓𝑖û 𝛿 + 𝑓𝑖ù 𝛿 Ñ ) + (𝑓𝑖×à + 𝑓𝑖×× 𝛿 + 𝑓𝑖×Ñ 𝛿 Ñ )𝑀Ô + (𝑓𝑖×Ô + 𝑓𝑖×Ö 𝛿 + 𝑓𝑖×û 𝛿 Ñ )𝑀Ö

(38)

Figure 100. Idle Rating Fuel Consumption Model Generation Process Chart.
Figure 100 shows the process by which the coefficients are iterated by the solver to minimize the sum square of relative
error between calculated and predicted CF. Before recommending any new equation forms, BADA4 equations are used to
observe error %, which is shown in Figure 101.

Figure 101. Idle Rating Fuel Consumption Error for Notional B737-800.
Basic BADA4 equations do work well except at very low Mach. Therefore, the Georgia Tech team decided to split the engine
deck by rating for M = 0.4 to see if this would help, shown in Figure 102.

Figure 102. Idle Rating Fuel Consumption Error for Notional B737-800 with Divided Engine Deck.
Splitting the data by Mach does not help to reduce the idle rating fuel consumption error for the notional B737-800.

Figure 103. Fuel Flow versus Mach Trend Observation.
The following new idle fuel flow equation is recommended:

(39)

Figure 104. Error % with Recommended Equation for Notional B737-800.

Fourth order Mach fit helps at low speed because the data is a bit more non-linear in that regime, which can be seen in Figure
103 and Figure 104. The notional B767 exhibits the same trend as shown in Figure 105 and Figure 106.

Figure 105. Fuel Flow Trend for Notional B767.

Figure 106. Results Comparison with fourth Order and BADA AS IS Equations for Notional B767.
Non-idle Fuel Consumption
The generalized fuel form for the turbofan engine model provides the general fuel coefficient CF,gen as a function of the Mach
number M and the thrust coefficient CT. CF,gen is calculated as a fourth order polynomial of M with coefficients that are fourth
order polynomials of CT. The team started to use the BADA4 equation as follows:
𝑓× + 𝑓Ñ 𝐶x + 𝑓Ô 𝐶xÑ + 𝑓Ö 𝐶xÔ + 𝑓û 𝐶xÖ +(𝑓ù + 𝑓ø 𝐶x + 𝑓ß 𝐶xÑ + 𝑓ú 𝐶xÔ + 𝑓×à 𝐶xÖ )𝑀+(𝑓×× + 𝑓×Ñ 𝐶x + 𝑓×Ô 𝐶xÑ + 𝑓×Ö 𝐶xÔ
+ 𝑓×û 𝐶xÖ )𝑀Ñ +(𝑓×ù + 𝑓×ø 𝐶x + 𝑓×ß 𝐶xÑ + 𝑓×ú 𝐶xÔ + 𝑓Ñà 𝐶xÖ )𝑀Ô +(𝑓Ñ× + 𝑓ÑÑ 𝐶x + 𝑓ÑÔ 𝐶xÑ + 𝑓ÑÖ 𝐶xÔ + 𝑓Ñû 𝐶xÖ )𝑀Ö

(40)

To predict non-idle rating fuel consumption, the following process shown in Figure 107 is applied.

Figure 107. Non-idle Rating Fuel Consumption Model Generation Process Chart.
A new model is introduced with total properties to reduce the relative error % and coefficients iterated by the solver to
minimize the sum of the squares of relative error between calculated and predicted CF. Using total properties enhanced the
current BADA4 model. However, the MCMB error rate % is still high (±6 %).
The following steps are applied to enhance the BADA4 original equation:
1) Started with original BADA4 equation.
2) Split the engine deck MCMB and MTKF (@Mach 0.4 per engine rating).
3) Total and static properties are compared with original BADA4 equation, which is shown in Figure 108.
4) Regarding the initial results of BADA4 model as is, the team decided to check the engine deck’s source data.
5) Only to check the data and instead of using the BADA4 model, another model (artificial neural net) is randomly
selected (see Figure 109).
The data does not necessarily preclude a good model, but the team observed issues with functional forms in BADA4. Given
these initial results of the BADA4 model, the Georgia Tech team decided to try a new model as shown in Figure 110. Higher
order terms with ambient conditions were added to enhance the current BADA4 model. The new fit works a good bit better,
with the error range within ±1% as shown in Figure 111. Figure 112 shows that the maximum climb rated fuel flow
consumption of the notional B767 also has better results with the new model.

Figure 108: Non-Idle Fuel Consumption for Notional B737.

Figure 109. Engine Deck (Data Source) Evaluation with Artificial Neural Network Analysis.

Figure 110: Recommended Equation and BADA4 As Is Comparison.

Figure 111. Notional B737 Results comparison for Three Different Equations.

Figure 112. Notional B767 Results comparison for Three Different Equations.
Summary of the Propulsion Coefficient Generation Results:
Error comparison charts are created to determine the difference between BADA4 as is equations and recommended models
to reduce the errors. In general, the functional form did not represent the actual behavior of thrust nor fuel flow for the two
subsonic aircraft of interest. As a result, a set of modifications to each of the propulsion equations are recommended and
provided in Table 39. For SST regressions, even larger errors are observed. As a result, new functional forms of the thrust
and fuel flow equations will be developed in subsequent research.
Table 39. BADA4 Propulsion Regression Models’ Results & Recommendations.

Task 6 – Coordination

Georgia Institute of Technology and Purdue University

Objective

This Task's objective is to maintain awareness and to coordinate among the different telecons in supporting the various
elements supporting the CAEP supersonic exploratory study. It is envisioned that there could be a minimum of six different
telecons occurring from week to week.
This Task will also coordinate with ASCENT Project 47 led by MIT on the clean-sheet supersonic engine design. The Georgia
Tech/ASDL team will serve as the airframer providing requirements to the engine manufacturer. In this case, the MIT team
will serve as the engine manufacturing. Georgia Tech/ASDL will generate requirements in terms of thrust and thrust specific
fuel consumption (TSFC) at critical points in the mission. Since the application is a supersonic aircraft, engine maximum
diameter and weight are also potential constraint requirements. In addition to providing design requirements and
constraints, Georgia Ttech/ASDL will also evaluate the performance of the engine on the aircraft and provide feedback to the
MIT team.
This Task's objective is also to ensure that the Purdue team maintains the ability to incorporate other SST vehicle models in
FLEET.

Research Approach (Georgia Tech)

The team attended in person or, once travel became restricted, eleven CAEP related meetings of Working Group 1 (Noise),
Working Group 3 (Emissions), and MDG/FESG meetings. This included up to six telecons per week depending on schedule
and needs. The team authored and presented eight papers to these meetings and contributed additional presentations and
technical data in support of the CAEP supersonic exploratory study and related progress reports.
The Georgia Tech modeling team has been in communications with the ASCENT Project 47 MIT researchers in regard to
results of the Medium SST. At the time of this report, the ASCENT Project 47 researchers have provided an extensive list of
requested information shown below, and the Georgia Tech modeling team is currently compiling the information for
transmission using the GT Medium v11.4 closed vehicle.
•
General aircraft properties
o Number of engines
o Wing Area
o Wing inclination angle with the horizontal
o Thrust inclination angle with the horizontal
o Maximum take-off weight (MTOW)
•
Overall mission analysis
o Design mission design
o Total fuel wing capacity
o Drag polar for clean configuration
o Detailed mission segment performance
•
Airframe constraint on engine size
•
Takeoff and landing trajectories
o Low speed (M < 0.35) aerodynamic properties of the full aircraft
•
Noise footprint analysis
o Airframe flap area
o Horizontal tail area
o Vertical tail area
o Wing area
o Flap span
o Horizontal tail span
o Vertical tail span
o Wingspan
o Tire diameter main landing gear
o Tire diameter nose landing gear
o Main landing gear strut length

o
o
o
o
o
o
o
o

Nose landing gear strut length
Number of wheels per main landing gear
Number of wheels on nose landing gear
Number of main landing gear
Number of nose landing gear
Number of slots for trailing edge flaps
Flap setting [degrees deflected]
Coordinates of the wing planform relative to the engine (i.e., top view of the aircraft)

Research Approach (Purdue)

Coordinate with CAEP MDG/FESG
The Purdue team provided relevant data to the entities involved in CAEP MDG/FESG (particularly the demand task group) as
outlined in the Purdue efforts under Task 4.
Incorporating Supersonic Aircraft from Other Partners in FLEET
The Purdue team used FLOPS to generate relevant aircraft coefficients for the 55-seat A10 notional medium supersonic
aircraft developed by our colleagues at Georgia Tech in FLEET. The supersonic aircraft were essentially “flown” on the
supersonic flight path ground tracks (also generated by the team at Georgia Tech) using FLOPS. To do so, the team wrote a
wrapper code to “force” FLOPS to fly the supersonic aircraft on the supersonic flight path ground tracks. The wrapper code
employed an optimizer with an objective function of minimizing the sum of the squares of the differences in the supersonic
and subsonic distance flown by the supersonic aircraft on a given route in FLOPS and the flight path ground tracks data
provided by Georgia Tech. There were some routes for which the supersonic aircraft ground tracks flown in FLOPS could not
exactly match the required supersonic flight path ground tracks, but the difference in ground tracks were still not significant
enough to project any major discrepancies in terms of the block fuel and the block time for those handful routes. This
optimization-based approach to generate the aircraft performance coefficients required for implementation in FLEET enables
the Purdue team to incorporate any “type” of supersonic aircraft in FLEET from any of our partners (provided that the
supersonic aircraft models are provided to us in FLOPS).

Publications

Jain, S., Ogunsina, K. E., Chao, H., Crossley, W. A., and DeLaurentis, D. A., Predicting Routes for, Number of Operations of,
and Fleet-level Impacts of Future Commercial Supersonic Aircraft on Routes Touching the United States, 2020.
https://doi.org/10.2514/6.2020-2878, URL https://arc.aiaa.org/doi/abs/10.2514/6.2020-2878.
Mohammed Hassan, Holger Pfaender and Dimitri Mavris, “Design Tools for Conceptual Analysis of Future Commercial
Supersonic Aircraft”, AIAA Aviation 2020 Forum, AIAA 2020-2620, June 2020
Submitted conference proceedings
Jain, S., Mane, M., Crossley, W. A., & DeLaurentis, D. A. Investigating How Commercial Supersonic Aircraft Operations Might
Impact Subsonic Operations and Total CO2 Emissions. Abstract submitted to AIAA Aviation Forum for presentation
in June 2021
Mane M., Jain, S., Crossley, W. A. Estimating Market Size for Supersonic Passenger Transport Aircraft. Abstract submitted to
AIAA Aviation Forum for presentation in June 2021

Outreach Efforts

Multiple interactions with government, industry, and academia have occurred during the course of the project.
ASCENT 10: Aircraft Technology Modeling and Assessment, poster presentation to ASCENT Spring Advisory Committee
Meeting, Georgia Tech, Virtual, March 2020.
ASCENT 10: Aircraft Technology Modeling and Assessment, oral presentation to ASCENT Fall Advisory Committee Meeting,
Georgia Tech, Virtual, September 2020.

Awards
None

Student Involvement

The Georgia Tech student team consists of seven graduate research assistants (GRA). At the beginning of the project, all
seven GRAs engaged in determining supersonic configurations for both the business jet and medium SST, and then the team

was divided into geometry, aerodynamics, propulsion, weights, noise, mission analysis, and fleet assessment, with each
student taking on multiple topics. GRA leads are identified for each topic. Ms. Barbara Sampaio and Mr. Brennan Stewart are
the student leads for aerodynamics; Mr. Edan Baltman is the student lead for propulsion; Mr. Brennan Stewart is the student
lead for geometry; Mr. Joao De Azevedo is the student lead for noise; Mr. Colby Weit is the student lead for mission analysis;
and Mr. Nadir Ougazzaden is the student lead for fleet assessment.
The Purdue team included four graduate students over the one-year period, all of whom have been conducting tasks in
support of the effort. Samarth Jain is a continuing PhD student at Purdue and worked on the effort for the entire period.
Kolawole Ogunsina and Hsun Chao are PhD students; both of these students moved to other research projects during the
period covered by this report; Mr. Chao still supports the ASCENT 10 effort in an advisory capability. Suzanne Swaine, a PhD
student, joined the Purdue team in August of 2020.

Plans for Next Period

Georgia Tech
The Georgia Tech team investigated routes that would be capable of carrying enough demand to fill a 50- to 60-seat
supersonic aircraft with significant time advantages. It was also demonstrated that an estimate of vehicle demand can be
converted to equivalent passenger traffic in GREAT.
The next phase in fleet level analysis will focus on identifying and predicting significant drivers of commercial supersonic
travel demand. Using scenarios from prior ASCENT Project 10 work, Georgia Tech will build on the prior work of identifying
the key drivers of supersonic demand. Georgia Tech will work with Purdue to coordinate the final scenario assumptions. This
information together with the vehicle performance and characteristics will be used to estimate the fleet level impact of
supersonic travel.
In order to better understand the potential demand for supersonic air travel, the team developed a parametric airline
operating cost model in order to be able to explore the sensitivities of key vehicle, operational, and cost parameters on the
required yield an airline would have to target for ticket prices on such a potential new supersonic aircraft. This development
was followed by an SST routing tool that allows the computation of actually possible potential time savings for any potential
SST based on key performance characteristics. These combined models are then fed into a potential SST demand model that
is based on passenger income distributions.
The team envisions improvements to all three models in various ways. The operating cost model will be improved by using
improved vehicle characteristics and performance as they become available. The routing tool will be improved by including
significant air space exclusions, as well as improving the selection of fuel stop airports for routes that exceed the vehicle
range. Additional improvements include accommodating potential for Mach cutoff operations as well as including vehicle
kinematics and secondary boom avoidance. The potential SST demand model will be improved by including a larger variety
of and improved income distributions compared to the current simplified data being used.
Georgia Tech will then use the GREAT fleet prediction tool to perform an assessment of the impact of supersonic aircraft
using the scenarios from prior ASCENT 10 work and use the supersonic demand scenarios to estimate the fleet level impact
of supersonic travel. This includes emissions, such as water vapor and NOx, at cruise altitude and emissions around the
airports. The results for each scenario will then be formatted to be compatible with the APMT input format. This will be
coordinated with the APMT users and developers. Additionally, any updated vehicle models, new vehicle models, or new
information that should become available will be used to re-examine the fleet level impacts of supersonic aircraft.
Purdue
The Purdue team successfully demonstrated FLEET’s capabilities for modeling and analyzing the introduction of commercial
supersonic aircraft to an existing all-subsonic airline fleet model. This demonstration has shown that FLEET is capable of
predicting the potential routes for profitable supersonic service, along with predicting the number of supersonic and
subsonic aircraft operations, number of roundtrips, and the number of passengers carried on such routes. The Purdue team
also successfully updated its route network to use a dynamic route network until 2018 that follows how U.S. flag carrier
airlines updated their route networks as reported in the BTS data, followed by a static network from year 2019 and onwards.
The preliminary results from FLEET by using the placeholder supersonic aircraft model indicate an increase in the fleet-level
total fuel burn for the subsonic-only fleet mix compared with a mix including supersonic aircraft along with subsonic aircraft.
In the fleet-mix scheme in which supersonic aircraft become available, the future total fuel burn exceeds that predicted for

the subsonic-only fleet by an amount larger than would be expected for the number of supersonic aircraft operated by the
airline. When the allocation approach first satisfies passenger demand for business class and above with supersonic aircraft
and subsequently satisfies remaining demand with the subsonic fleet, the results indicate a different use, retirement, and
acquisition of the subsonic fleet from that predicted in the subsonic-only fleet mix scheme. These changes lead to the
increased fleet-level fuel burn trend observed in the preliminary results. These results are based on the detailed A10 notional
medium SST aircraft.
Future work (elucidated in detail in the fourth-year proposal for the current supersonic effort) will include extending FLEET’s
airline network to a global network (moving away from the U.S.-flag-carrier-airlines-only route network currently implemented
in FLEET). The team will also study the impact of increasing the load factor for subsonic aircraft in FLEET that operate on
routes where supersonic aircraft also operate (to compensate for the shifting of subsonic business class and above
passengers to supersonic aircraft based on supersonic demand).
The Purdue team plans to develop a passenger choice model that can replace the supersonic passenger demand assumption
of 5% of the total passenger demand. The current idea for this model will combine both the value of travel time to help
monetize time savings, which will be a major contributor, and a relationship between trip duration and volume per passenger
to help address considerations of comfort, which will be a minor contributor.
The preliminary results presented in this report are based on the allocation approach, which satisfies travel demand first by
using supersonic aircraft and next by using subsonic aircraft. In the near term, the Purdue team intends to replace this
“supersonic-first” allocation approach with a “simultaneous” allocation approach wherein the supersonic and subsonic aircraft
are allocated together on the basis of supersonic and subsonic passenger demand.
Future work will also include developing a FLEET-like tool for supersonic business jet operations and assessing the fleet-level
advantage of having different types and sizes of supersonic aircraft, defined by certain operational specifications (e.g., Mach
cutoff over land) and passenger capacity (e.g., 100-seat supersonic aircraft), available to the FLEET airline.
Table 40 shows the expected objectives and contributions developed among Georgia Tech, Purdue, and FAA. It shows the
expected contributions by task and university. This table highlights the plans for the next research period for Georgia Tech.
Full details on these plans can be found in the third-year proposal submitted earlier in the summer.
Table 41 shows the anticipated list of Milestones for the Georgia Tech portion.
Table 42 highlights the plans for the next research period for Purdue. Full details on these plans can be found in the secondyear proposal submitted earlier in the summer.

Table 40. University Contributions for Year 4.
Objectives

Georgia Tech

Improve airline cost model
Improve SST routing tool
Improve SST demand estimation
1

Fleet Analysis

Develop assumptions for supersonic scenarios
relative to 12 previously developed subsonic
focused fleet scenarios
Perform fleet analysis with the gradual
introduction of SST vehicles into the fleet
including additional SST vehicle types

2

AEDT Vehicle
Definition

Develop methods to model supersonic flights
in AEDT
FASST vehicle modeling:
develop additional SST class for 100
passengers

3

Support CAEP
Efforts

Develop AEDT coefficient generation algorithm
for BADA3 supersonic coefficient
Perform trade studies to support CAEP
Exploratory Study

5

6

Develop, implement, and test BADA4
coefficient generation algorithms

BADA4
Coefficient
Generation

Identify gaps and needs for BADA4 coefficient
generation for SST

Coordination

Coordinate with entities involved in CAEP
Supersonic Exploratory Study
Coordinate with clean-sheet supersonic engine
design project

Purdue
Extend FLEET airline network to global
network, introduce passenger choice for
supersonic / subsonic demand, and
implement simultaneous allocation model
Perform fleet-level assessments for supersonic
scenarios relative to 12 previously developed
subsonic focused fleet scenarios
Perform fleet-level including additional SST
vehicle types, simple sizing of “placeholder”
SST aircraft to support FLEET studies, integrate
detailed SST aircraft models from Georgia
Tech in FLEET
Develop FLEET-like tool for supersonic
business jet operations
N/A
Provide representative supersonic demand
scenarios
Examine change in routes where supersonic
aircraft might operate based upon different
aircraft types and sizes
Model impact of supersonic aircraft noise at
airports and other emission metrics as
requested
N/A

Coordinate with entities involved in CAEP
MDG/FESG, particularly the SST demand task
group
Maintain ability to incorporate SST vehicle
models that use the engine design from
ASCENT Project 47 and/or NASA-developed
SST models

Table 41. List of anticipated milestones for the next research period (Georgia Tech).
Milestone
Fleet Assumptions and Demand Analysis Results
Fleet Analysis Results
Initial AEDT BADA4 SST Model Recommendations
Refined AEDT BADA SST Model Recommendations
75-Passenger SST Vehicle Definition (Data Pack)
25-Passenger SST Vehicle Definition (Data Pack)
Trade Study Results

Planned Due Date
31 July 2021
31 July 2021
31 December 2020
31 July 2021
28 February 2021
31 July 2021
31 July 2021

Table 42. List of anticipated milestones for the next research period (Purdue).
Milestone
•
•

Planned Due Date

Extend the FLEET route network to include global routes
Develop and test passenger choice model based on the “effective cost”
metric
Develop type 2 and type 3 “textbook” models for 55-seat, 10-seat, and 100seat supersonic aircraft

01/2021

Provide updated supersonic demand scenario information based upon
updated baseline year and network topology
Integrate type 1, type 2, and type 3 supersonic aircraft models for different
seat capacities in FLEET
Employ aircraft representations from Georgia Tech teammates into FLEET
and provide FLEET results with these models

04/2021

•
•

Implement simultaneous allocation model
Identify airport / certification noise metrics for all aircraft—including
supersonic—and implement airport noise area constraint approach in FLEET

06/2021

•

Develop a separate FLEET-like tool to assess business jet operations and
their subsequent impacts on fleet allocation

07/2021

•

Coordinate with colleagues at Georgia Tech to provide a project report
summarizing this fourth phase of work studying the introduction of
supersonic aircraft

08/2021

•
•
•
•
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