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This design study proposes supersonic, 128 seat passenger aircraft sized for the North Atlantic 
market. The team developed, integrated and used a collection of legacy and newly authored 
tools to perform trade studies. These studies led to an optimized design that maximized specific 
range at a maximum required still air distance. The proposed design uses four current 
technology turbofan engines without afterburner equipped with normal shock inlets. While 
the proposed aircraft is slower than Concorde, it significantly lowers the fuel burn per seat 
mile compared to its supersonic passenger predecessors while offering a comfortable interior 
for daylight flights. The team engineered the aircraft to be compliant with current 14 CFR  §  
25 regulations and meets takeoff, landing, and runway requirements at commercial airports 
used to service Trans-Atlantic flights. 
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I. Introduction 

THE history of commercial aircraft is a long one, with dozens of iconic subsonic aircraft developed, however, the 

history of supersonic commercial aircraft is a difficult one. Because of the characteristics of supersonic flight, with 
the development of shocks along a wing, supersonic aircraft have to be designed differently than their subsonic 
counterparts. Due to how devastating a shock can be on performance, supersonic aircraft have swept and thin wings. 
While this design benefits supersonic flight performance it has negative effects on subsonic flight, as the swept and 
thinner wings have worse performance at subsonic flight speeds. It is impossible to have a perfect aircraft that performs 
best in both regimes, as every change will affect some other aspect of the aircraft. It is for these reasons that a choice 
has to be made as to what the aircraft should be built for. Only two commercial aircraft, the Concorde [1] and the 
Tupolev Tu-144 [1] have entered service; the Tu-144 having an extremely limited operational life. While the Concorde 
and Tupolev planned to change aviation forever, they were not destined to do so.  
 
The Concorde was developed by the British Aircraft Corporation 
and Aérospatiale, and was a joint effort between Great Britain and 
France. [1] The goal was to develop the first subsonic passenger 
commercial aircraft, to serve for Trans-Atlantic flight routes. [1] 
The first flight was made on September 26, 1976 and entered 
service in May of that year. [1] The Concorde itself had a 
maximum takeoff weight of 408,000 pounds, could carry 128 
passengers, had a maximum Mach number of 2.04, a maximum 
cruise altitude of 60,000 feet, and a range of 3,914 -NM  [1]. It was 
for these reasons, as well as the “high class” nature of the 
experience that made the Concorde a beacon of what was possible 
in aviation, not only in terms of technology but also in terms of 
experience. The journey of the Concorde was not perfect, as on 
July 25, 2000 a flight from Paris to New York City burst into 
flames due to debris causing an engine failure on takeoff, resulting 
in the deaths of all 109 people on board. [1] Three years later on 
October 24, 2003 the Concorde was retired due to the high costs of 
operation. [1] 
 
The only other supersonic transport aircraft was the Russian Tu-
144. While not as well known as the Concorde, the Tu-144 was 
developed to be in direct competition with the Concorde, as the 
Soviets wanted to develop their own supersonic transport. [2]  The 
Tu-144 had a maximum takeoff weight of 397,000 pounds, a 
maximum Mach number of 2.35, a range of 3,510 -NM, had a 
capacity of 140 passengers, and a maximum altitude of 59,700 feet. 
[2] The similarities between the Tu-144 and Concorde are not easy 
to miss, not only in terms of performance, but in appearance as 
well. The overall stability of the Tu-144 was put into question as it 
had two crashes, one at a Paris air show in 1973, and in 
Yegoryevsk, in 1978. [2]  In the same year, the Tu-144 was retired 
from passenger service, and would be retired entirely in 1999. [2] 
 
No supersonic airliners currently fly. Their retirement was due to their cost of operation, along with other factors. The 
cost of operation was the key determinant in the decision to retire the Concorde especially. [3]  In the end it was the 
Concorde that would become the most famous of the two, and synonymous with supersonic commercial travel.  
 
We propose and substantiate a Mach 1.5 cruise supersonic transport aircraft with a 128 business class seat interior. 
This aircraft is capable of flying from the east coast of the United States to European countries across the North 
Atlantic. Due to developments in airbreathing propulsion systems, this aircraft uses quieter more efficient engines 

 
FIGURE 1 – BaE CONCORDE 
 
 
 
 
 
 

 
FIGURE 2 – Tupolev Tu-144 
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than the Concorde, allowing it to be more economically efficient than the Concorde ever could be. While supersonic 
aircrafts have been left on the sidelines in the last two decades, with the Atlantic Shuttle supersonic travel is not only 
possible once again but more lucrative and viable than ever.  
 

II. Defining the Mission Requirements 
 

The launching point for this project was to define the market segment and derive the mission requirements for the 
aircraft.  Here, we survey the entire Trans-Atlantic premium market from 2019 and determine the most stressing sizing 
mission.  
 
The major carriers across the North Atlantic include British Airways [4] and Virgin Atlantic Airways [4] from the 
UK, AirFrance/KLM [4], based out of France and the Netherlands respectively, Lufthansa [4] from Germany, Air 
Canada from Canada, and the U.S. based big-three airlines United Airlines, American Airlines and Delta Airlines.  
 
With our customers found, we are able to start to determine possible flight paths that would be beneficial to each 
company involved.  
 

Table 1: Destination and Runways 
 

Airport CODE Primary 
Runway TORA 

Primary 
Runway LDA 

Elevation Carriers 

New York / JFK JFK 14,511-ft and 
12,079-ft 

12,468-ft and 
7,795 ft 

~12-ft  AF, AA (HUB), BA, 
DL (HUB), LH, VA 

Newark EWR 11,000-ft and 
10,000 ft 

8460-ft and 
8810 ft 

~10-ft UA (HUB), BA, LH 

Philadelphia PHL 12,000-ft 12,000ft ~20-ft AA (HUB), BA,  LH 
Washington/Dulles IAD 11,500-ft  and 

11,500-ft 
11,500-ft and 

11,500-ft 
~300-ft AA, KL, LH, UA 

(HUB), VA 
Atlanta/Hartsfield ATL 12,390-ft 11,730-ft ~1019-ft AF, BA, DL (HUB), 

KL, VA 
Toronto/Pearson YYZ 11,120-ft 10,985-ft ~569-ft AC (HUB), KL, LH 

Montreal/Trudeau YUL 11,000-ft 11,000-ft ~96-ft AC (HUB),AF, BA, 
KLM, LH 

London/Heathrow LHR 
(EGLL) 

12,798-ft 12,736-ft ~82-ft AA, AC, BA (HUB), 
DL, UA, VA (HUB) 

Amsterdam/Schipho
l 

AMS 
(EHAM) 

12,467-ft and 
11,482- 

12,467-ft and 
11,482-ft 

Sea-level AA, AC, DL, KLM 
(HUB), UA 

Paris/De Gaulle CDG 
(LPHG) 

13,589-ft and 
12,709-ft 

13,589-ft and 
11,811-ft 

~331-ft AA, AC, AF (HUB), 
DL, UA 

Frankfurt am Main FRA 
(EDDF) 

13,123-ft 13,123-ft ~360-ft AA, AC, DL, LH 
(HUB),UA 

 
In Table 1, we see a listing of all of the probable airports that comprise the major North Atlantic premium traveler 
market. The North American airports include JFK and Newark in the New York City area, Philadelphia, Washington, 
Atlanta, Toronto and Montreal. The European airports include London/Heathrow, Amsterdam/Schiphol, Paris/De 
Gaulle and Frankfurt.  A common pattern emerges; these major gateway airports often serve as a hub for one of the 
principal first-world airlines. These airports are all near sea-level; they all feature long primary runways. 
 
Being a supersonic commercial airliner for Trans-Atlantic flight, there are restrictions as to when supersonic flight 
can occur. The sonic boom that is generated when the aircraft goes supersonic, is not only very disruptive to anyone 
in the vicinity, but can potentially cause damage to nearby structures. Because of this, there are regulations that prohibit 
supersonic flight over mainland United States and Europe. This resulted in the flight path having to be adjusted. This 
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was done by taking the shortest path to the Atlantic Ocean upon takeoff. This would get the aircraft off of land, and 
therefore safe to proceed to supersonic flight.  
 
The team decided that the most stressing missions would be operated by Delta Airlines and KLM Airlines. The four 
defining sizing missions would be Atlanta to Amsterdam and return, Atlanta to Paris/CDG and return; see FIGURE 3 
(overleaf).  The high volume New York market would need to be operated with a minimal over-land route, thus a 
southerly routing from JFK or EWR to AMS and CDG define the economic mission; also see FIGURE 3 (overleaf). 
 
The final component of our mission requirements was to determine if a supersonic airliner was economically viable.  
This was done by observing flights from our arrival and destinations to see how many seats in business and first class 
were used. We specifically looked at these seats because of how expensive a supersonic flight would cost. From this 
we found that on average nearly 98% of the seats offered on our flights were booked. This indicated that there was a 
market for the aircraft. By looking at how many average passengers were on these flights per day, we concluded that 
a flight of 128 business class interior seats would be sufficient in order to be cost effective.  
 

 
FIGURE 3: Flight Paths for critical sizing / marketing missions 

 
Our design speed needs to be fast enough to allow for convenient connecting flights allowing for the time change 
between Europe and the United States. The mission should begin in the early morning at a European gateway airport 
and fly to North America, ensuring that the plane would arrive at a reasonable time for passengers to catch a connecting 
flight. Similarly, the North American departure should be late morning (allowing for a domestic US connection) while 
arriving into Europe before airport curfews, so that passengers could clear customs and check into a nearby hotel. 
 
According to our research, both Charles de Gaulle and Schiphol Airport have restrictive measures for nighttime 
runway use. For Schiphol, night operations are restricted to a single take-off runway and a single landing runway 
between 23:00 and 06:00[5]. Charles de Gaulle has a limit on the number of take-offs and landings between 00:30 and 
05:29 in order to reduce noise pollution [6].  
 
An accurate estimation of arrival and departure times can be made by calculating flight time using KTAS and ESAD. 
The ground track distance used for our ESAD numbers was calculated using Google Maps, by drawing out the 
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intended flight paths between city pairs and measuring that distance (shown in FIGURE 3). Table 2 shows that the 
departure and arrival times fall outside of the allocated curfew. 
 

Table 2: Example Flight Times  
City Pairs Dep Time Arr Time (incl. 1 hr 

ground time) 
 

Ground Dist ESAD w/ 
Winds 

Flight Time @ 690 
KTAS 

JFK to CDG 8:30am EDT 8:03pm CEST 3756-NM 3491-NM 5 Hrs : 3Mins 
JFK to AMS 10:26am EDT 10:00pm CEST 3393-NM 3154-NM 4 Hrs : 34 Mins 
ATL to AMS 7:30am EDT 7:56 pm CEST 4028-NM 3745-NM 5 Hrs :26 Mins 
ATL to CDG 9:40am EDT 10:00pm CEST 3966-NM 3687-NM 5 Hrs : 20 Mins 
AMS to ATL 8:20pm CEST 10:00pm EDT 4028-NM 4596-NM 6 Hrs : 40 Mins 
CDG to ATL 7:30am CEST 9:04 am EDT 3966-NM 4525-NM 6 Hrs : 34Mins 
CDG to JFK 8:48pm CEST 10:00pm EDT 3756-NM 4286-NM 6 Hrs : 12 Mins 
AMS to JFK 8:30am CEST 9:07 am EDT 3393-NM 3872-NM 5 Hrs : 37Mins 

 
To better explain how we computed our ESAD, the team decided to use real data to estimate the true wind patterns 
along our flight path. By visiting the University of Wyoming’s Department of Atmospheric Science, we were able to 
find the actual weather patterns along a flight path similar to our own. Taking data points from Atlanta, Bermuda, 
Camborne, and Norderney using a year of data we were able to find out the true seasonal averages of wind speed, as 
well as maximum wind speeds. This allowed us to conclude that the maximum wind speed was 85.3 knots headwind 
for flights from Europe to North America and 50 knot tailwinds in the opposite direction. 

 

 
FIGURE 4: University of Wyoming atmosphere data 
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FIGURE 5: Wind Speeds Along Flight Path Calculations 
 

 
FIGURE 6: Example ESAD Calculation 

 
Between TABLE 2 and FIGURE  6, we see still-air-distances for our various flight plans. As it can be seen, the longest 
flight, in terms of Nautical Miles flown will be from Atlanta to Amsterdam with nearly 4028 -NM flown on that flight 
path. It is also important to note that the distances of subsonic and supersonic portions of the flight have been 
calculated, and the flight will average about 80% supersonic flight time, and 20% subsonic.  
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East to West  West to East 
 

 
FIGURE 7: Longest ESAD for East to West and West to East Flights 

 
Using all the data collected the flight ESAD could be found for the longest east to west flight, as well as the longest 
west to east flight, with a total of ~4640-NM and ~3738-NM respectively. This makes sense, as flying from the United 
States to Europe has a tailwind, which essentially is pushing the aircraft forward, allowing for a shorter ESAD than a 
European to North America flight, where you are flying into the wind. With the ESAD found for a tailwind and 
headwind, we made further optimizations to the mission, by creating a flight plan unique to the aircraft.  

III. Certification Requirements - Code of Federal Regulations 
 
In order for the aircraft to be certified to fly it has to be in compliance with Federal Aviation Administrations (FAA), 
which is done by following the Code of Federal Regulations (CFR), specifically under Title 14 regulations, [7] [8] [9]   
as well as following European Union Regulations (EUROPA). [10] For these reasons, the aircraft designed follows 
federal regulations so that it is certified to fly internationally. Below is a list, with descriptions of the key CFR’s the 
aircraft needed to meet.  
 
14 CFR § 25.105 - Takeoff explains the requirements of runway length and check if that distance is sufficient enough 

for takeoff. This regulation is correlated with 14 CFR § 25.107, 14 CFR § 25.109, 14 CFR § 25.111, 14 CFR § 
25.113, and 14 CFR § 25.115. 

 
14 CFR § 25.107 - Takeoff Speeds describes the takeoff decision speed, where the pilots determine whether they reject 

or continue takeoff due to engine failure. If an aircraft continues takeoff, it has to reach the takeoff safety speed, 
V2, at 35 ft above the runway. 

 
14 CFR § 25.119 - Landing Climb: All Engines Operating explains the minimum climb capability in the landing 

configuration and shows that steady climb gradient must be greater than 3.2 % for 4-engine aircraft. 
 
14 CFR § 25.121 - Climb. One-Engine-Inoperative states the minimum climb gradient capability for 1st segment 

climb, 2nd segment climb, and final takeoff. For 4-engine aircraft, steady climb gradient may not be less than 
1.7 % for the final takeoff phase. 

 
14 CFR § 25.125 - Landing states that VREF must be greater than either 1.23 times stall speed in the landing 

configuration and not less than VMCL. 
 
14 CFR § 25.149 - Minimum Control Speed defines the minimum airspeed where aerodynamic trim can balance 

against an engine failure. Three speeds fall out of this regulation: minimum control speed on the ground (VMCG), 
in the air with takeoff (VMCA) or landing (VMCL) flaps deployed. 

 
14 CFR § 25.237 - Wind Velocities describes that an aircraft must have sufficient control to demonstrate to be safe in 

the crosswind at least 20 knots or 0.2 times stall speed for both takeoff and landing configurations. 
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14 CFR § 25.303 - Factor of Safety requires to use the factor of safety of 1.5 to the limit unless it is specified to hold 

the safety margin of structures. If the limit load is established in terms of ultimate load, safety factor does not 
have to be applied. 

 
14 CFR § 25.305 - Strength and Deformation states that the aircraft structure must be able to support any loads up to 

limit load without detrimental deformation and also withstand the ultimate loads for three seconds. However, if 
the evidence of strength of structure is shown by the simulation of dynamic tests, this limit of ultimate load does 
not apply. The analytical proof can also be used, as long as it can show that the deformation does not have a 
significant effect and deformations are fully accounted for in the analysis with sufficient assumptions. 

 
14 CFR § 25.333 and 337 - Flight Maneuvering envelope describes that the strength requirements of the structure 

must be satisfied for all combinations of load factor and equivalent airspeed shown on V-n diagram. The Limit 
Maneuvering Load Factors for a large airplane, like this, specifies limit load factors of +2.5-gee and -1.0-gee. 

 
14 CFR § 25.365 - Pressurized Compartment Loads states that the aircraft structure must be able to withstand the 

loads due to the pressure differential due to the engine disintegration. Pressure distribution and stress 
concentration should be taken into account.  

 
14 CFR § 25.613 - Material Strength Properties and Material Design Values states that engineers must choose the 

material design values such that it can minimize the probability of structural failure and use “99 % probability 
and 95 % confidence” ratings, also known as A-basis materials rating in MIL HDBK-5. [11]) 

 
14 CFR § 25.807 - Emergency Exit covers the possible emergency exit doors that can be mounted on an aircraft. Type 

A, B, C are floor-level doors yet with different sizing: 42 inches wide by 72 inches tall for Type A, 32 inches 
wide by 72 inches tall for Type B, and 30 inches wide by 48 inches tall for Type C. In addition to those, there 
are some other emergency doors from Type I to Type IV: at least 24 inches wide by 48 inches tall floor-level 
door for Type I, at least 20 inches wide by 44 inches tall door for Type II in which the gap needs to be less than 
10 inches for step-up inside aircraft or 17 inches step-down outside aircraft, at least 20 inches wide by 36 inches 
tall door for Type III in which the gap needs to be less than 20 inches for step-up inside aircraft or 27 inches 
step-down outside aircraft, and at least 19 inches wide by 26 inches tall door for Type IV in which the gap needs 
to be less than 29 inches for step-up inside aircraft or 36 inches step-down outside aircraft. Types and numbers 
of doors required to mount on an aircraft depend on the number of passengers. 

 
14 CFR § 25.815 - Aisle covers the width of the aisle necessary between seats for an aircraft depending on the number 

of passengers. For the aircraft with 20 or more passengers, the aisle width must be 20 inches or more. 
 
14 CFR § 25.841 - Pressurized Cabin describes the restriction of pressure altitude. It requires an aircraft to be equipped 

so that the pressure altitude should not exceed 8,000 ft under normal operation. For exceptions, if certification 
of aircraft above 25,000 ft is requested, then passengers in the aircraft should not be exposed to the pressure 
altitude of 15,000 ft after pressurization system failure. Also, the aircraft must be designed in a way that the 
pressure altitude after decompression must not be in excess of 25,000 ft for more than 2 minutes, or 40,000 ft 
for any duration. 

 
14 CFR § 91.167 -  Fuel Requirements for Flight in IFR Conditions governs an aircraft under IFR conditions and 

restrict the aircraft operation unless it carries enough fuel to fly to the first point of intended landing, to fly from 
that airport to the alternate airport, or to fly for 45 minutes after that at normal cruising speed. 

 
14 CFR § 91.533 - Flight Attendant Requirements states how many flight attendants need to be on board given the 

amount of passengers. With a passenger capacity of 128 and scheduled flight times less than 8 hours, there will 
be a total of three flight attendants on board. 

 
14 CFR § 91.817 - Civil Aircraft Sonic Boom: states that no person can operate a civil aircraft in the United States 

with a Mach number greater than 1.0.  
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14 CFR § 91.821 -  Civil Supersonic Airplane Noise Limits cites that except for the Concorde that has flight times 

after January 1, 1980, no person can operate a supersonic civil aircraft that is not in compliance with Stage 2 
noise limits, which went into effect on October 13, 1977.  

 
14 CFR § 121.189 - Airplanes: Turbine Engine Powered: Takeoff Limitations states that it restricts the flight of an 

aircraft with a weight greater than it is shown in the Airplane Flight Manual. Pilots must comply with those 
situations before attempting to takeoff. 

 
14 CFR § 121.195 - Airplanes: Turbine Engine Powered: Landing Limitations states that it restricts the flight of an 

aircraft, if the weight on arrival may exceed the landing weight that is set on the Airplane Flight Manual. Under 
this limitation, pilots are required to multiply the actual landing distance by 1.67 factor to compute the runway 
length. 

 

IV. Design Analysis and Synthesis Tools 

A. Weight Estimation 
 
Weight estimation is a complex and tedious task. The 
complexity arises from the fact that everything 
influences everything when it comes to weight. Our 
weight estimation tool was built using Professor 
Takahashi’s supplied weight spreadsheet, which 
utilizes equations derived from Professor Torenbeek’s 
Synthesis of Aircraft Design, [12] Niu’s Airframe 
Structural Design [13]  as well as Professor 
Takahashi’s Aircraft Performance and Sizing Volumes 
I & II. [14][15] The inputs for this tool include variables 
such as wingspan, max Mach number, and fuselage 
length among others. The outputs obtained from this 
include payload, MZFW, OEW, MLW and MTOW. 
These weights are essential to the sizing and synthesis 
of our aircraft. They affect various performance 
parameters, and ultimately affect the mission the 
aircraft is designed to do. In order to ensure the weight 
estimation tool functioned correctly, actual published 
values for the 737 and 747 (from marketing literature) 
[16] [17]  were used to validate the results. 
     
To estimate the design payload for this aircraft, we used the following regression from Takahashi [15] 

 
     𝑃𝐴𝑌𝐿𝑂𝐴𝐷 ≥ (185 ⋅  𝑁𝑃𝐴𝑆𝑆)  + (30 ⋅  1.5 ⋅ 𝑁𝑃𝐴𝑆𝑆)          (1) 

 
Which works out to a design payload of  ~30,000-lbm for a 128-seat aircraft with all seats occupied and an average 
of  1.5 30-lbm checked bags per passenger.  This is in-between the pro-forma weights for a domestic flight and the 
heavy checked bag expectations for economy class international customers. 
                                                               

B. Propulsion 
 
Propulsion performance data, also known as five-column data has propulsion performance expressed in tabular form 
with net thrust and thrust-specific-fuel consumption (TSFC) as functions of speed (Mach), altitude (pressure altitude) 
and power setting (power-lever angle). The propulsion performance data in the supersonic engine files were given by 

FIGURE 8 – Weight Estimation Spreadsheet 
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Professor Takahashi using NPSS [18] results have 
been post-processed to account for normal shock losses 
and “inlet buoyancy” as described by Takahashi & 
Cleary. [19] The basic performance was estimated 
using NASA’s NPSS (Numerical propulsion system 
simulation), with the following assumptions: no shaft 
horsepower extraction, minimal engine bleed off-take, 
fan design point efficiency ~90 % at 5000 rpm low-
pressure compressor (LPC)  shaft speed, LPC and 
high-pressure compressor (HPC) design point 
efficiency ~88 % at 5000 rpm and 10000 rpm low-
speed compressor (LSC) and high-speed compressor 
(HSC) shaft speeds, ~98 % adiabatic efficiency in the 
combustion chamber, low-pressure turbine (LPT) and 
high-pressure turbine (HPT) design point efficiency ~ 
92 %.   
 
The engines modeled represent a fundamental cycle 
evolved from, but otherwise not all that different from 
the old Pratt & Whitney JT8D-200 series turbofan 
found on an MD-80. [20] Engine models included a 
1.0, a 1.5 and a 2.0:1 reference bypass ratio. All cycles 
had a reference Fan Pressure Ratio of 1.8:1, a normal 
shock inlet, with inlet diffusion commensurate to take 
the inflow from the capture area to the fan face. 
Reference OPR was 40:1. And maximum continuous 
power is associated with a 2900oR turbine inlet 
temperature. The engines have a small ~2% 
contraction from highlight-to-throat (i.e. A1.5 = 98% 
A1), but has substantial implied diffusion (A2 >> A1); 
see FIGURE 10. 
 
Per ESDU [21], so long as the intake flow does not 
separate over the inlet lips, the additive drag balances 
the cowl lip suction; see FIGURE 10. So long as the 
inlet lips define the throat, we need not concern 
ourselves with the “buoyancy” effects of the implied 
contraction. Those forces are part of the cowl lip 
suction. At low speeds and high thrust settings, inlets 
are “under-sized” so that MFR>1; return to FIGURE  
10. 
 
Whereas at supersonic flight speeds, recall that the 
engine ingests air with a fan face Mach Number 
unlikely to exceed ~0.35. Therefore, a normal shock 
wave forms ahead of the cowl, trading velocity for 
pressure. Some post shock flow spills around the cowl; 
further diffusing and pressurizing. The remaining air 
flow, to enter the engine, will further increase in 
pressure as it diffuses within the inlet; see FIGURE 11. 
 
Turning to FIGURE 12, we can see that the diffuser 
substantially pressurizes the inlet duct. At MFR~75%,  
the inlet buoyancy offsets between 10% and 22% of the 

 
FIGURE 9 – Expanded Station Nomenclature Used 
Here 

 
 

FIGURE 10. Subsonic Operation at MFR>1; 
Reverse Flow around the Cowl Lip.  

 
FIGURE 11. Supersonic Operation at MFR<1; 
Swallowed flow experiences shock wave upstream of 
inlet cowl and further diffuses before reaching the 
cowl.  

 
 
FIGURE 12. Inlet Buoyancy (% of ram drag) as a 
Function of MFR for various flight conditions. Inlet 
diffusion ratio as found on an F-18A [19] 
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total ram drag. As the inlet MFR declines, the inlet pressurizes more strongly while the ram drag falls off. Hence, at 
the lowest computed MFR, the inlet buoyancy may actually exceed the ram drag of the swallowed flow. 
 
All of these corrections, customized for the engine / inlet pairings at hand, have been folded into the “installed five-
column-data” used for this design study. This study quickly settled on using engine data scaled to ~45,000-lbf sea-
level, static thrust. 

C.  Aerodynamics 
 
VORLAX is a vortex lattice CFD code that the team used to produce stability & control aerodynamic data. [22] We 
modelled the aircraft as a series of flat plates  - to calculate CL, CDi and the various stability derivatives. Control 
surfaces were included in the model and deflected in order to estimate control power from the ailerons, rudder and 
elevator.  
 
EDET is an Empirical Drag Estimation Technique (EDET) used to estimate zero-lift friction, zero-lift-wave drag and 
“trimmed” performance data. [23] It works by inputting the various dimensions of the aircraft from the fuselage length, 
fuselage area, wing span, wing wetted area, as well as the characteristics of the vertical and horizontal tail.  EDET 
uses a semi-empirical method to estimate total drag from the following build up: 

 

𝐶𝐷(𝐶𝐿, 𝑀, 𝐴𝐿𝑇) = 𝐶𝐷௦௞௜௡௙(𝑀, 𝐴𝐿𝑇) + 𝐶𝐷௕௔௦௘(𝑀, 𝐴𝐿𝑇) + 𝐶𝐷௖(𝑀, 𝐴𝐿𝑇) + 𝐶𝐷௖௥௨ௗ +
஼௅మ

஺ோ
+ 𝐶𝐷௣(𝐶𝐿, 𝑀)         (2) 

 
Where CDc is an estimate of zero-lift compressibility drag and CDp is an estimate of lift-dependent “non-parabolic” 
drag, that includes “wave-drag-due-to-lift.” 
 
Because of the nature of supersonic aircraft, it is beneficial to have thinner swept wings and a slender fuselage. This 
is because of the supersonic regime, and the pressure drag due to the shock waves that form as a result. For these 
reasons, to minimize the effects of shock waves, the wing had to be thin and swept.  
 
The EDET supersonic data tables are limited to wings with t/c< 6.5%. While this t/c ratio is beneficial for supersonic 
flight, however it can have negative effects on maximum lift coefficient, structural mass and fuel volume. 
 
The fuel requirements were integrated along the wing in the wing thickness tool, giving accurate data of the area 
required for fuel storage. In order to solve this problem of having a thin wing that would need fuel to be somewhere 
inside, the chord length was increased to allow for greater volume for fuel storage.  
 
D. Point Performance 
 
In order to estimate the aircraft performance over a large area of varying altitudes and Mach numbers, a “sky map” 
tool was developed. [14][24] Sky map contour plots of aircraft performance as a function of Mach and altitude for a 
given flight weight are based on two key inputs: the EDET output file and a 5-column propulsion data file.  
 
Skymap gave the team an estimate for how the aircraft would perform during flight operations.  
 
For initial data estimations, the weight was set to that of a Concorde, with 400,000 pounds and an engine factor of 30 
(~170,000-lbf total sea-level-static thrust). 
 
With this data, key characteristics of the aircraft could be found such as the coefficient of lift, as well as lift and drag.  
 

     𝐶௅ =
ௐ

௤∗ௌೝ೐೑
             (3) 

 
                

     𝐷 = 𝐶஽(𝑀, 𝐶𝐿, 𝐴𝐿𝑇) ∗ 𝑞 ∗ 𝑆௥௘௙               (4) 
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With the use of the propulsion input file, the cruise fuel flow (FF) could be found.  
 

     𝐹𝐹 = 𝑇𝑆𝐹𝐶 ∗ 𝐷              (5) 
 
For climb, we consider the specific excess thrust (SET), with the engines set to full power: 
 

      𝑆𝐸𝑇 = ೘்ೌೣି஽

ௐ
      (6) 

 
We can also estimate the flight speeds of knots true airspeed (KTAS) and knots indicated (equivalent) airspeed 
(KEAS) to finally predict the unaccelerated rate of climb (ROC): 
 

     𝐾𝑇𝐴𝑆 = 𝑀 ∗ 𝑎 ∗ 3600/6080     (7) 
 

     𝐾𝐸𝐴𝑆 = 660.8ට
௤

ଵସ଼ଵ௟௕௙/௙௧మ     (8) 

 
     𝑅𝑂𝐶𝑢 = 𝑆𝐸𝑇 ∗ 𝐾𝑇𝐴𝑆 ∗ 101.33     (9) 

 
In order to understand fuel efficiency, we need to compute Specific Range. The most efficient flight will occur at the 
altitude and speed with the highest SR: 
 

     𝑆𝑅 =
௄்஺ௌ

ிி
      (10) 

 
As it can be seen, SR is dependent on the KTAS of the aircraft and the fuel flow, which is an indirect function of 
speed, altitude and weight.  
 
The data collected from this skymap tool would be used in our mission file, as the sky map would provide data for the 
best cruise Mach (BCM) and best cruise altitudes (BCA) that we would be flying at. This is crucial as it would ensure 
that the mission the aircraft would take, from takeoff to landing would be based on what altitude and speed would 
result in the best performance.  

E. Mission Performance 
 
In order to predict the overall aircraft performance, we used a point-mass-simulation mission performance tool. [15]  
This tool only required three inputs in the form of an aerodynamics file taken from EDET, a 5 column engine file that 
contained data on the engine used, and a mission input file. This mission input file would describe a typical flight, 
from climb speed, distances flown, all the way from takeoff to landing. The aerodynamics and propulsion file are 
determined based on the specific range constraints from the sky maps tool. 
 
While the mission file can be modified to behave however we want the flight plan to be, there are two key regulations 
that have to be kept in mind. These were the speed limit of 250 KEAS under 10,000 feet which is described in 14 CFR 
§ 91.117 “Aircraft Speed”, but also 14 CFR § 91.817 “Civil Aircraft Sonic Boom”, which prohibits sonic boom over 
land, meaning that a Mach Number greater than 1, can only be achieved over the ocean. [8] These two regulations 
cannot be modified, and had to be incorporated into the mission plan. 
 
The first phase of flight is takeoff, which as described earlier has a speed limit under 10,000 feet.  
 
In order to determine the en-route climb speed, we analyzed the sky maps for the best performance. For the final 
design, we determined initial heavy weight subsonic cruise at M 0.86 around 20,000-ft. 
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For the major portion of the flight, over water, the aircraft will accelerate and climb to its supersonic cruise point. For 
the final design, we found best performance at a cruise altitude around 40,000-ft. The relatively low cruise altitude 
and speed, compared to Concorde, was a byproduct of the strong altitude and speed lapse of thrust from the normal 
shock inlet equipped turbofan engines needed to achieve reasonable cruise efficiency within modern take-off and 
landing noise constraints.  
 
Subsonic final cruise, descent and landing are all modelled with the point-mass simulation using speed profiles 
determined using the “sky maps” point performance code. 

F. Takeoff & Landing 
 
The team developed a takeoff and landing performance tool in order to see how long the runway has to be for a 
supersonic aircraft to safely depart from an airport. The analysis of runway length and takeoff speed were conducted 
several times to make sure that the designed aircraft can land within the limit of runway length of the major airport in 
the flight route.  
 
Initial predictions were made using Roskam’s empirical formula: [15][25] 
 

            𝐶𝐹𝐿 = 37.5 ∗
(ௐ/ௌೝ೐೑)

஼௅೘ೌೣ∗(்/ௐ)
            (11) 

 
CLmax will be the lift coefficient with flaps deployed at takeoff, and W is maximum takeoff weight.  
 
Along the way, we realized a number of issues stemming from this purely statistical approach. 
 
Our final performance estimates are produced using Takahashi’s time-step-integrating takeoff code; this is discussed 
in greater detail in his text [25] and in a companion paper published at the 2021 AIAA SciTech conference [26]. 
 
In addition, for the takeoff, the performance tool computes the takeoff safety speed, V2, based on the stall speed at 
takeoff : 
 

      𝑉𝑠 = ට
(ௐ/ௌೝ೐೑)

ଵସ଼ଵ஼௅௠௔௫
            (12) 

 
      𝑉2 = 𝑚𝑎𝑥(1.13𝑉𝑠, 1.1𝑉𝑀𝐶𝐴)                           (13) 

 
VMCA is computed using the stability & control tool populated by VORLAX aerodynamic data.  
 
The simulation also gives the % climb gradient of aircraft, assuming the small angles: 
 

      % 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =
்ି஼ವ௤ௌೝ೐೑

ௐ
∗ 100                                              (14) 

 
For the landing configuration, our tool estimates the final approach speed, VREF, where landing flaps are deployed 
and gears are extended, and landing distance required. 
 
In order to understand landing distances, VREF needs to be calculated first using Vs in landing configuration and 
minimum control landing speed, VMCL.  

 
                 𝑉௥௘௙ = 𝑚𝑎𝑥(1.23𝑉𝑠, 𝑉𝑀𝐶𝐿)                 (15) 

 
We initially used Roskam’s estimate cues for the basic landing distance (LDR) as a function of the VREF speed: 
[15][25] 
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           𝐿𝐷𝑅 = 0.3 ∗ 𝑉௥௘௙
ଶ            (16) 

 
When dispatch planners consider the legal landing distance required for an aircraft, they often refer to the landing 
distance factored by 1.67 for 14 CFR § 121.195 compliance. 
 

         𝐿𝐷𝐴 > 1.67 ∗  𝐿𝐷𝑅            (17) 
 

As with takeoff, we realized a number of issues stemming from this purely statistical approach. 
 
Our final performance estimates are produced using Takahashi’s time-step-integrating landing code; this is discussed 
in greater detail in his text [25] and in the companion paper published at the 2021 AIAA SciTech conference [26]. 

G. Stability and Control 
 
The team built a Stability & Control screening tool to understand the behavior of candidate airframes. This tool uses 
VORLAX to model the controls neutral airframe in pitch and yaw and models a zero-sideslip angle airframe in pitch 
with various control surfaces deflected. 
 
We design the aircraft to be statically stable, without the need for complex stability augmentation systems at any 
speed. Thus, across the entire envelope:  

  

          
ௗ஼௡

ௗఉ
(𝑀, 𝛼)  >  0          (18) 

 

     
ௗ஼௟

ௗఉ
(𝑀, 𝛼)  <  0                         (19) 

 

     
ௗ஼௠

ௗ௔
(𝑀, 𝛼)  <  0              (20) 

 
To set the static margin, we use MIL 8785C screening criteria. [27] This standard provides guidelines for stick-fixed 
short period frequencies as a function of pitch responsiveness.  We estimate short period frequency as: 

 

   𝜔௦௣ = ቀ
ଵ

ଶగ
ቁ ∗ ඨ

ିହ଻.ସ∗ቀ
೏಴೘

೏ഀ
ቁ∗௤∗ௌோாி∗௖

ூ೤೤
          (21) 

 
and the pitch responsiveness as: 

 

     
௡

ఈ
=  

ହ଻.ସ ∗ ௤ ∗ௌ௥௘௙∗
೏಴ಽ
೏ഀ

ௐ
           (22) 

 
We use the MIL STD 8785C guideline for “Category C” flight phases to set the static margin. Our aircraft is in the 
“Level 1” zone, which assures that flying qualities are entirely adequate for the flight regime. 

           
Cnβdynamic represents the yawing and rolling moments weighted by the ratio between the yawing mass moment of 
inertia (Izz) and the rolling mass moment of inertia (Ixx). [15] 
    

    𝐶௡𝛽 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 =  
ௗ஼௡ ஻௢ௗ௬

ௗఉ
∗ 𝑐𝑜𝑠 𝛼 −  

ௗ ஼௟ ௕௢ௗ௬

ௗఉ
∗

ூ೥೥

ூ௫௫
∗  𝑠𝑖𝑛 𝛼        (23) 

 
Where the Dutch Roll frequency can be estimated as: [15] 
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 𝜔ௗ௥ = ቀ
ଵ

ଶగ
ቁ ∗ ට

ିହ଻.ସ ∗ ஼௡ఉ ஽௬௡௔௠௜௖ ∗ ௤ ∗ ௌோாி ∗ ௖

ூ೥೥
    (24) 

 
 
Lateral control departure parameter measures the extent of coupling between the roll and yaw effects of the ailerons 
and the inherent lateral and directional stability of an airframe.  
 
 

     𝐿𝐶𝐷𝑃 =  
ௗ ஼௡ 

ௗ ఉ
−

ௗ஼௟

ௗఉ
∗

೏ ಴೙ 

೏ ೌ೔೗
೏ ಴೗

೏ ೌ೔೗

    (25) 

 
Once these values are computed, we can cross-plot these parameters on a Bihrle-Weissman Chart. Basically, we want 
to design the aircraft to have a stable Dutch Roll (Cnβdynamic > 0) and favorable aileron control (LCDP>0) to be 
departure and spin resistant. 
 

V. Trade Studies Supporting the Final Design and Optimization Strategies  
 
It is imperative that when designing an aircraft we consider how the 
independent design variables affect key performance parameters and 
vice versa. The tools mentioned above need to be combined in order to 
effectively iterate through designs and trade studies. This is where 
analysis tools like ModelCenter are useful; see FIGURE 13. This tool 
allows us to change specific design parameters (such as wing sweep) in 
order to get the best possible design that meets the requirements. 
 
A. Fuselage and Interior Layout 

 
For the fuselage design, what needs to be considered is that there needs to be enough room for both cabin and luggage. 
The fuselage diameter is set large enough so that each passenger can have one large (or two small) checked baggage.  
 
In order to determine the number of seats, the team researched the transatlantic premium seating market capacity in 
the fall of 2019. For example, looking at Delta Airlines flights between Atlanta and Amsterdam, which are major 
airports used for the designed flight routes, we realized that the market supports an average of 128 premium passengers 
per day. Therefore, we sized our aircraft to feature an interior with 32 rows of four abreast (2+2) “domestic daylight 
route” business class seats, each with a 20-inch width and 35-inch pitch; see FIGURE 14. 
 

 
FIGURE 14: Interior Layout 

 
 
 To comply with 14 CFR § 25.815 and 14 CFR § 25.803, the aisle width is 20 inches;  there are two type B doors in 
the front, two type III hatches in the middle, and two type C doors in the back of the interior. There is one lavatory 
and kitchen in the front of the aircraft and two lavatories and kitchens in the back. The lavatories and kitchens are 3 
feet by 4 feet and the cockpit size is similar to that of a Boeing 767 and 777 that typically fly the same Trans-Atlantic 
routes.  
 

FIGURE 13: ModelCenter tool 

D
ow

nl
oa

de
d 

by
 T

im
ot

hy
 T

ak
ah

as
hi

 o
n 

A
ug

us
t 9

, 2
02

1 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
1-

24
18

 



 
 

 
16 

 
© 2021 – Frost, Chia, Reuland, Namera, Moreno & TT Takahashi 

 

 

Since the fuselage tube is too narrow to support underfloor 
baggage, behind the aft bulkhead we grant 20 feet of 
additional fuselage length for passenger baggage. 
 
We tinkered with the idea of a 3-across layout but ultimately 
decided on 4-across. With a 3-across layout and 128 premium 
passenger seats, the fuselage would be much longer and 
narrower. There would not be enough storage space below the 
cabin for fuel and baggage. A 4-across layout shortened the 
fuselage without making the diameter that much wider. 
Additionally, a 4-across layout was symmetric and seemed 
less ‘awkward’.  

 
The nose is based on a conical form with a 12.5-deg semi-
vertex angle in order to not cause a detached shock at speeds 
greater than or equal to Mach 1. [28] 
 
Thus, our fuselage is 180 feet long, 123 inches in diameter 
and has 7 feet of interior passenger standing room; see 
FIGURE 15.  
 
B. Overall Vehicle Design 
 
As shown in FIGURE 13, we used ModelCenter to link the tools we built to conduct trade studies in order to optimize 
our design. The tools used for the trade studies include the wing thickness chooser, weights calculator and Skymaps 
generator.  
 
We made a script that calculated the wetted wing area using data from the wing thickness chooser. The EDET data is 
then generated using the QuickWrap feature in ModelCenter. Another script was made that calculates the Mission 
File, which then produces the Skymaps. We can then obtain the required fuel for the mission and compare it to the 
maximum fuel our plane can carry. 
 
The key parameter we needed to optimize was our specific range (SR); this parameter measures the efficiency of our 
plane. We started by approximating the geometry and weights and ran ModelCenter with each propulsion file. From 
that. we recorded the maximum SR at Mach 0.86 (Subsonic cruise), 1.2 and 1.4 (Supercruise) for each propulsion file. 
This tells us which engine produces the best SR. After choosing the best engine, we can vary other parameters (using 
the same process) such as sweep, SREF and t/c to optimize our wing design.  
 
C. Wing Design 
 
The overall wing size and configuration is driven by several factors: 1) supersonic cruise aerodynamic efficiency, 2) 
takeoff performance, 3) landing performance, 4) structural weight and 5) fuel capacity. For this aircraft, we found that 
the main factor driving wing design was fuel capacity. 
 
To estimate fuel capacity, we integrated the volume displaced by a viable torque-box region comprising 50% of the 
chord of the basic trapezoidal planform and 70% off the local thickness. As we changed design parameters, like Sref, 
span (b), taper ratio (TR), Yehudi size and the design Mach/Altitude/Weight, we ensured that our proposed design 
could provide the fuel capacity needed to fly the mission. 
 
The Korn equation [29] controls the interplay between design CL, design Mach, t/c ratio and sweep for shock 
formation related drag divergence. 
 

𝑀ௗௗ ≈ 𝑀௖௥ + 0.05 ≈ ቆ𝑘 + 0.1 𝐶𝐿ௗ௘௦௜௚௡ + ൬
𝑡

𝑐
൰ቇ  + 0.05  

FIGURE 15: Interior Cross Section 
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We implemented the swept wing Korn Equation  [15] across the wing-span as a thickness choosing tool (see FIGURE 
16): 
 
 

𝑡

𝑐
(𝑠𝑝𝑎𝑛) = 𝑘 cos(𝛬) − 0.1 𝐶𝑙(𝑠𝑝𝑎𝑛) − (𝑀ௗ௘௦ − 0.05) cosଶ(Λ) 

 
Where k ~ 0.82 . 
 

 

 
FIGURE 16: Wing Thickness Chooser 

 
Another factor of wing design was the thickness to chord 
ratio. Not only did we have to keep this low in order to 
reduce shock formation, but we also had to keep the average 
< 6.5% to utilize the EDET wave drag tables. 
 
We performed deep trade studies to determine the optimum 
wing configuration. For example, making TR low (highly 
tapered wingtips) allows us to hold a decent amount of fuel, 
but compromises stall characteristics. Increased sweep 
permits a thicker t/c, which allows more fuel, but we needed 
to keep it within reason to keep the mean t/c< 6.5%. And 
wing sweep and aspect ratio had an unexpected interplay; as 
we swept the wings more, we had to decrease span in order 
to avoid striking a wing tip on takeoff or landing. 
 
The trade studies conducted gave us a wing that fulfilled our 
fuel, SR and field performance requirements. We wanted to 
maximize our fuel capacity while minimizing our wing 
thickness. This is so that our plane would have the range 
capable of transatlantic flight while sustaining supersonic 
speeds. With our tools connected, it was only a matter of 
varying sweep, Sref and span; see FIGURE 17. 
 
Initially, we used two different sweep angles, three different 
Sref values and three different span values for our trade 

 

 
 
 
 
FIGURE 17: Example of trade study varying 
Sweep,Sref and Span  
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studies. Once we ran the numbers, we compared the t/c, SR and 
Fuel Capacity to determine the best combination. Our final wing 
features a span of 120 feet, a quarter chord sweep of 59 degrees, an 
AR of 4.114, a TR of 0.3 and a Sref of 3650 sq.-ft.  This wing has 
the lowest possible t/c with the highest possible fuel capacity and 
SR that meets the range requirements.   
 
Fuel is being stored in the wings and in the fuselage in the region 
of the wing / body junction. The fuel in the wing totals ~115,000-
lbm, while the undercarriage of the fuselage holds ~56,000-lbm. 
The fuel in the wing will be held inside the torque box. The 
approximation for this volume was calculated at 0.7 of the 
thickness and 0.5 of the chord at each location, and then integrated 
along the span. The fuel in the fuselage will be held inside 
portioned fuel bladders. The dimension of these fuel bladders are 
70 in by 66 in and a max height of 24-in. These dimensions are 
able to easily fit in the bottom of the fuselage. Each bladder will 
hold 500 gallons of fuel. The separation of fuel into smaller 
volumes will also help with fuel slosh, acting to minimize the 
distance the fuel can move and keeping the fuel distributed across 
the CG. The length of fuselage that will be holding fuel is 
approximately 100-ft.  
 
Matching our fuel, t/c, and payload requirements, we were able to 
get an ideal wing design; see FIGUREs 18 and 19. The fuel 
capacity, which was a major driving force in the wing design. The 
overall fuel capacity is ~171,000-lbm, which closely aligns with 
the fuel requirements defined by the sizing mission (see Section 
II).  The wing has a trapezoidal planform area that leads to 
Sref=3,650-sq.ft.; the inboard portion of the planform includes a 
large “yehudi” for flap and landing gear integration. The wingspan, 
tip-to-tip is 120-ft. The wing quarter chord sweep is 59-deg. The 
wing leading edge sweep is 61.5-deg. The wing thickness varies 
from ~5.5% at the side of body to ~4.0% outboard; this is 
consistent with other low-supersonic aircraft like the F-18 fighter. 
 
We can see that the Mach number of the flow normal to the leading edge is clearly subsonic:  M cos(ΛLE) = 1.5 
cos(61.5o) = 0.72 .  This substantiates the use of the Korn equation to select thin, but otherwise conventional (i.e. 
NACA 4-digit “teardrop”) forms for the defining airfoils. 
 
The wing “yehudi” is needed to integrate the main landing gear. The aircraft needs to rotate to a considerable angle 
of attack during takeoff and landing. It is a simple geometry problem to calculate the landing gear height needed so 
that tail strike would not be a possibility. In order to calculate the landing gear height, the distance from the rear gear 
to the end of the aircraft, as well as the takeoff angle of attack needed to be accounted for. Because these were measured 
values the process was straightforward, and the landing gear was found to be 11.39 feet tall.  
 
With the maximum takeoff weight of 399,000-lbm, the team decided to use a total of 12 tires (6 tires per bogey) for 
the main gear; see FIGURE 20 (overleaf). Based on our takeoff and landing analysis, the takeoff safety speed, V2, at 
MTOW is ~ 183 KEAS, which is equivalent to about 211 miles per hour. With those required rated load and speed, 
we specify a pair of 18x5.7-8 250-mph rated tires for the nose wheel, and 36x11.0-18 rated at 227 miles per hour for 
the main gear. The main wheel tires have a rated load of 35,880-lbf, which just exceeds the 1.07 load-rating factor-of-
safety specified in 14 CFR  § 25.735. 

 
FIGURE 18 - Wing Planform 
 

 
 
FIGURE 19 – t/c as a function of span 
plot 
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FIGURE 20 – Position and height of main landing gear 
 
 
We used VORLAX in conjunction with ModelCenter to 
optimize the twist of the wing. To run this trade study, 
we modelled the aircraft in terms of a fuselage and the 
wing planform with several midspan control points.  
ModelCenter could then vary both the angle-of-attack 
of the entire aircraft as well as the wash-in or wash-out 
of the wing at the side-of-body, mid-span and wingtip. 
We then varied all of these design variables to 
determine the twist distribution that gave us the lowest 
possible induced drag at the design lift coefficient. The 
study was run to maximize elliptical distribution by 
varying the tip, mid, and root incidences. The minimum 
induced drag at our cruise design CL (CL~0.36) was 
found with the fuselage at 4.5-deg angle-of-attack, the 
wing root incident at at +4-deg (wash in) and the mid 
and tip incidence at -2-deg (wash out); see FIGURE 21. 
 
FIGURE 22 shows our drag polar as well as zero-lift 
drag vs. Mach number. These plots were generated 
using our EDET tool. [23] The drag polar plot 
(FIGURE 22a) shows the aerodynamic efficiency at 
different speeds at which the aircraft is flying. The drag 
coefficient is highest at ~0.35 when the aircraft is 
cruising at Mach 1.5. 
 
FIGURE 22b shows the zero-lift drag as Mach number 
increases. There is a sudden increase in drag as Mach 
exceeds 0.95. This would be where the critical Mach 
number is for our aircraft. The critical Mach number 
occurs when the air moving over any point of the wing 
is equal to Mach 1.  

 
D. Engines 
 
In order to avoid ETOPS problems, and to allow for a 
smaller vertical tail for engine-out trim, the team 

FIGURE  21: Wing Twist Trade Study 

a  

b  
 

FIGURE  22: EDET drag polars. a) CL vs CD,         
b) CD0 vs MACH # 
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decided early on a four-engine layout with the normal-
shock inlet engines slung underneath the wing with the 
inlets positioned far in front of the leading edge. 
 
We used the point-performance “Skymap” code to 
explore which engine configuration (bypass ratio and 
inlet size) would provide the best performance at our 
Mach numbers and altitudes of interest. Because our 
defining variable was specific range, it was easy to 
filter out the maximum specific range that each engine 
provided and compare them.  
 
FIGURE 23 shows a trade-study matrix where we 
examined seven candidate engine cycles to pick an 
optimum for our mission. We considered BPR 1.0, 1.5 
and 2.0 engines with small inlets, a BPR 1.5 engine 
with a medium sized inlet and BPR 1.0, 1.5 and 2.0 
engines with larger inlets. For a Mach 1.5 cruise 
mission aircraft, we found the minimum fuel burn to be 
associated with the BPR 1.5 engine with the smallest 
proposed inlet – this configuration balances the thrust 
lapse with increasing speed and altitude from the higher 
bypass ratio against the “inlet buoyancy” effects from 
the inlet diffusion that mitigates against ram drag. [19] 
 

E. Mission Optimization 
 
In order to properly size this aircraft, it is important to define the sizing mission not only in terms of its equivalent still 
air range (ESAD), but in terms of the relative proportions of subsonic and supersonic flight; refer to Section II for a 
deeper discussion of the market drivers (ATL to AMS and return) for the “design mission.”  Using all the data 
collected, the flight ESAD could be found for the longest east to west flight (Europe to North American).  Thus, we 
ended up with the following virtual “flight plan.” (refer back to FIGURE 3 in Section II). 
 
The aircraft departs Amsterdam and climbs to 10,000-ft under the regulated 250 KEAS. From there it speeds up to 
Mach 0.7 and climbs to FL200 (20,000 ft). It flies the first, subsonic leg at M 0.86 for approximately 400-NM until it 
clears the UK. From there, it climbs up and accelerates to its heavy weight optimum supersonic cruise point at Mach 
1.5 at FL450 (45,000-ft). As the aircraft burns off fuel, it step-climbs to FL500 (50,000-ft).  As the aircraft nears 
Atlanta, off the Carolina coast it decelerates and descents to M 0.86 and FL220 (22,000-ft) to fly the last 400-NM 
over land. As it nears Atlanta, it further slows and descends for arrival; see FIGURE 24. 
 
The sizing mission also includes a balked landing, subsonic climb back up to 10,000 ft, flies the necessary 150-NM 
diversion to an alternate (i.e. Charlotte, NC) and finally descends for landing.  
 

 
FIGURE 24 – Sizing Mission Flyout 
 

 

 

 
FIGURE  23: Engine BPR / Inlet Sizing Trade Study 
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Using this worst-case ESAD data, we sized the aircraft for 
~4,730-NM “credit distance” still-air flights; with 6 hours 
and 50 minutes aloft; see FIGURE 25. This sets a design 
maximum takeoff weight of 399,000-lbm and an OEW ~ 
202,000-lbm for an aircraft with a predicted fuel burn of 
~161,500-lbm holding ~5,500-lbm fuel in reserve with an 
economic payload of ~29,750-lbm. Since the wing can 
hold ~114,696-lbm of fuel within the torque box, we see 
how we drove the wing size by the fuel capacity needed to 
fly the mission 
 
The payload range chart was made with the help of our 
mission code; see FIGURE 26. We ran 3 cases, 1) Max 
payload at MTOW, 2) Max fuel at MTOW and 3) Max fuel 
with no payload, landing at OEW. With our aircraft fully 
loaded and fueled, it can achieve a range of 4,730-NM 
“credit distance”. The second case, with a tradeable value 
in payload for maximum fuel achieved a range of 4930-
NM. The third case, with no payload and landing at OEW 
achieved a range of 5294-NM. At cruise speed and 
altitude, we achieve a specific range of 0.031-NM/lbm, 
which is like the Concorde’s (0.0326-NM/lbm). Compared 
to the all business class A318 which has a fuel burn per 
seat of 0.0769 lbm/NM/seat, the Atlantic Shuttle is 
reasonably efficient at 0.268 lbm/NM/seat. For a routine 
trip from AMS to ATL (4596-NM) the Atlantic Shuttle 
would cost roughly $541.96 in jet fuel per seat.  
 
The team decided upon the Mach 1.5 cruise point as a 
result of extensive trade studies, several which will be 
showcased here.  Turn to FIGURE 27 to see the result of a 
coupled trade study performed using the full ModelCenter 
integrated model. We varied the design Mach number and 
design flight weight for supersonic cruise (together they 
directly define the wing thickness – and indirectly drag and 
fuel capacity) to find the most economical design. We see 
in FIGURE 27 that the minimum fuel burn occurs with a 
wing designed for and supersonic flight operated at Mach 
1.5. 
 
Turn next to FIGURE 28, where you can see how we 
optimized our flight profile for the lowest fuel burn 
numbers, while keeping the constraint for payload at 
range. Here in FIGURE 28a, we plot the fuel burn as a 
function of initial subsonic cruise altitude (Sub1 varied 
from FL200 to FL350) and initial supersonic cruise 
altitude (Super1 varied from FL350 to FL500). Moving to 
FIGURE 28b, we plot the fuel burn as a function of 
supersonic cruise-climb altitude (Super2 varied from 
FL350 to FL500) and final subsonic cruise (Sub2 varied 
from FL200 to FL350).  Together they define the 
surprisingly low altitudes for subsonic flight (FL200 to 
FL220) and large step-climb (5,000-ft) featured in the final 

 
FIGURE 25 - Mission Code Output 

 
FIGURE 26: PAYLOAD / RANGE CHART 

 
FIGURE 27: Mdes vs Payload Trade 

a  

b  
FIGURE 28: Fuel Burn vs Cruise 
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sizing mission. The large step change between the first supersonic and the second supersonic is due to a decrease in 
weight as fuel is burned off, allowing the plane to increase in altitude to get a more ideal SR. Even more fuel could be 
saved if air traffic control were to permit continuous cruise-climbs instead of step-climbs as they did with Concorde 
[31]. 
 
F. Stability and Control 
 
Stability & Control governs the final aerodynamic 
configuration. The team varied wing dihedral, tail size, 
control surface size and deflection, and center of gravity 
location to get desirable static and dynamic stabilities, 
engine-out trim capability, crosswind trim capability as 
well as obtaining favorable Bihrle-Weissman spin 
resistance. [15][30] The highly swept wing inherently 
develops a very strong dihedral effect, which rises with 
increasing angle-of-attack; while dihedral-effect is 
desired, too much of a good thing is detrimental to other 
stability & control issues. 
 
We found that the geometric wing dihedral is a major 
contributor to dCl/dβ; varying it allowed us to trade 
crosswind trim capabilities against dynamic stability.  
 
The vertical tail size contributes to weathercock 
stability; its size also contributes to getting the design 
into the “A” region of the Bihrle-Weissman chart. [30] 
 
The control surface sizing is used to establish necessary 
trim in pitch, roll and yaw. The aircraft needs a lot of 
elevator control power; an all flying horizontal tail.  
 
The center of gravity manipulation allowed us to adjust 
the static margin which controls both the short-period-
frequency and has an effect on elevator trim as well; see 
FIGURE 29.   We began our design with a nominal CG 
placed 45% of the way along the fuselage; we refined the 
CG location to balance the static margin (hence, short 
period), the distance from the landing gear to the CG 
(and hence the Yehudi size), and in turn the trim of the 
plane; see FIGURE 30. It was particularly important to 
manipulate where our main landing gear is in relation to 
the center of gravity and the aerodynamic center to help 
in takeoff and landing.  
 
The mass moments of inertia used to estimate the short-
period and Dutch-Roll frequencies are computed using 
Roskam’s empirical equations [15][31]; see FIGURE 
31. 
 
While we looked at the effects of dihedral and anhedral, 
in the end we chose a wing with zero geometric dihedral 
as a compromise between dynamic stability, crosswind 
capability and wingtip strike. As a result, our ailerons are 

 
FIGURE 29 - Wing / CG placement on fuselage 
 

 
FIGURE 30 - CG placement tool 
 

 
FIGURE 31 - Estimated Mass Moments of Inertia 
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quite large; the span the entire wing outboard of the Yehudi. They have a chord length of 60-in and span approximately 
48-ft.  
 
FIGURE 32 plots up  our VORLAX computed aerodynamic stability & control database. We ran the code from -5-deg 
to +12-deg angle-of-attack at Mach 0.3, 0.86 and 1.5.  We see that the vehicle has positive weathercock stability 
(dCn/dβ>0) at all speeds and attitudes; positive effective dihedral (dCl/dβ<0) at all speeds and attitudes, with dihedral 
effect strongly rising with angle-of-attack; and a rising trend with longitudinal stability (dCm/dα<0) at supersonic 
speeds. 
 
Turning to see FIGURE 33, we can see if we choose a CG position to have ~25% positive static margin at low speeds 
(justified in FIGURE 34 showing Level I open-loop frequencies at Mach 0.3 per MIL 8785C screening criteria [27]) 
the aircraft will develop ~55% positive static margin at supersonic cruise (justified in FIGURE 34 (overleaf) showing 
Level I open-loop frequencies at Mach 1.5 cruise). Since the aircraft does not fly at high angles of attack at supersonic 
speeds, the elevator deflection to trim is entirely reasonable at cruise (δelev <9-deg for α=3-deg at Mach 1.5). 
 
 

 
FIGURE 32 - Basic Controls Neutral Stability graphs 
 

 
FIGURE 33 – Longitudinal Trim 
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FIGURE 34 – Stability & Control Frequency Analysis 
 

 
FIGURE 35 – Control Power 

 

 
FIGURE 36 – Bihrle-Weissman Chart Build Up 

 
 
FIGURE 34 also demonstrates that the Dutch Roll frequencies fall within MIL 8785C Level I criteria. [26] 
 
Turning next to FIGURE 35 we see the VORLAX database for aileron and rudder effectiveness. We can post-process 
these results in FIGURE 36 to see that the basic Dutch Roll stability is sufficient to counteract any adverse yaw 
tendencies of the ailerons based upon the Bihrle-Weissman criteria. Both Cnβdynamic and LCDP are positive at all 
speeds and analyzed angles-of-attack placing the aircraft firmly in the “Highly Departure and Spin Resistant” Category 
“A” on the Weissman Chart. 
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Lateral directional trim control power is sufficient to 
support an estimated VMCA ~ 125 KEAS; VMCL ~ 129 
KEAS and VMCG ~ 135 KEAS. 
 
G. Takeoff and Landing 
 
A hidden problem in aircraft design arises when the 
aircraft has a low stall speed (from effective take-off flap 
design) compared to its minimum unstick speed 
(typically a result when ground angles of attack are 
limited by tail strike). Highly swept aircraft like the 
Atlantic Shuttle also inherently develop vortex lift, which 
makes for an indistinct stall – and due to high-sweep and 
modest aspect ratios, have shallow dCL/dα slopes; refer 
back to FIGURE 28.  
 
Hence, while CLmax is not particularly high (CLmax 
estimates for these designs range from 1.0 to 1.2 ), it 
occurs at a very high angle of attack. Thus, even with tall 
landing gear and 14-deg to 16-deg  tail strike angles we 
find CLmax in ground-effect limited by tail-strike to be 
lower than the free-air CLmax; see TABLE 3. 
 
Aircraft geometry impacts the effective CLmax for 
takeoff. Recall 14 CFR § 25.107(e) states that VR must be 
the speed that results in the aircraft reaching V2 at a height 
of 35-ft above the runway with the critical engine 
inoperative and a speed not less than the V1 speed, 105% 
VMCA and 110% VMU. With high thrust loadings, even 
with an inoperative engine, the aircraft will accelerate 
considerably past the rotation speed as it leaves the 
runway, we may find ourselves in a situation where the 
aircraft consistently overshoots its target climb speed, V2, 
based upon a 113% of the free-air stall speed when VR is 
governed by 110% VMU.  
 
For the Atlantic Shuttle, the free-air-stall-speed based V2 
speed is impossible to attain given a combination of tail-
strike limitations (which elevates VR, and the speed gain 
to 35-ft with a critical engine inoperative). Fowler Flaps 
needed to be deployed to increase CL0 simultaneously 
(and reduce VMU), CLmax needed to be restricted from 
+1.2. With the higher wing loading and additional sweep, 
we had to fully deploy the flaps at takeoff in order to 
reduce VMU to 187-KEAS at MTOW.   
 
We can see with FIGURE 37, the fundamental inaccuracy 
of Roskam’s empirical method; [25] while it reasonably 
predicts takeoff performance with a short-field schedule 
at the highest of analyzed weights it does not capture any 
of the problems arising from VMU, VMCA and VMCG 
restrictions. 
 

TABLE 3 – TAKEOFF & LANDING DETAILS 
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FIGURE 37 – Takeoff Distances – predicted using Roskam as well as Takahashi’s time-step-integrating code. 
 

a b  
FIGURE 38 – Takeoff Speeds   
 
We can turn next to FIGURE 38 to understand how far off a free-air-stall-speed based estimate of the take-off obstacle 
clearance speed, V2 is from the VMU restricted reality. We can see from FIGURE 34A that this aircraft diverges 
further in actual V2 speeds from the straightforward reading of the 14 CFR § 25.107 rule. Due to VMU constraints, 
the actual V2 speeds need to be elevated 37 knots above the nominal V2 at MTOW. Once again, the disconnect in 
climb speed taints all preliminary design climb performance and noise abatement estimates. 
 
We can see from FIGURE 38b that VR tracks 110% VMU across a wide range of takeoff weights. At MTOW, VR = 
110% VMU = 208-KEAS. With an aggressive 4-deg/sec pitch rate, even with one-engine inoperative VLOF=220-
KEAS to attain V2=222-KEAS.  
 
Return to FIGUREs 37 and 38b examine the short-field schedule distance –vs.-weight and V1 speed –vs.- weight 
trends. This aircraft is VMCG limited over a wide range of weights;  beneath 360,000-lbm, VMCG limits the decision 
speed. At MTOW the “Short Field” schedule allows operations from a 6,150-ft runway with V1=172-KEAS; once 
again the “short-field” scheduled takeoff critical field length at heavy weights is actually limited by the 115% all-
engines-operating “go” distance 
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FIGURE 39 – Landing Distances predicted using Roskam as well as Takahashi’s time-step integrating code. 
 
Nonetheless, we can see that the dry weather takeoff distances are reasonable with V1=VR; at maximum takeoff 
weight the CFL ~ 8,850-ft. Operationally, this aircraft need not consider a short-field schedule for operations from 
typical airports. 
 
We also came to realize that Roskam’s predicted equations for landing were equally questionable.   
 
The basic time-step integrating landing simulation 
described in Reference [26] was initially validated 
against A320 data for the CONF FULL flaps setting 
in Takahashi, Wood & Bays [32].  Here, we came to 
realize that Roskam’s predicted equations for 
landing were equally questionable.  Our A320 
calibration reveals that Roskam’s empirical method 
was based on historical aircraft lacking carbon-fibre 
brake pads, modern anti-skid systems and current 
technology tires. 
 
Under the revised simulation, we see in FIGURE 35 
that despite the long-derotation times arising from a 
high-angle-of-attack approach, our 14 CFR  §  121 
factored landing distances ensure that the Atlantic 
Shuttle is fully compatible with its intended airports.  
At a typical touchdown weight around 235,000-lbm 
the actual landing distance from 50-ft to stop is under 
5,000-ft without the use of reverse thrust; the 
factored landing distances are under 8,000-ft. At our 
planned maximum landing weight, MLW ~ 285,000-
lbm, the factored landing distances are under 9,000-
ft. Turning next to FIGURE 36, we can see that VREF speeds are always above VMCA. With flaps stowed it can fly 
an initial approach around 190 KEAS (at 235,000-lbm); with flaps deployed it flies VREF at ~150 KEAS. 
 
  

 

 
FIGURE 40 – LANDING SPEEDS 
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VI. Conclusions  
 
We can see here that the Atlantic Shuttle meets the customer and mission requirements for speed and operating 
efficiency. It can fly the North Atlantic in 2 to 3 hours less time than the standard subsonic aircraft even considering 
routings to avoid over-land sonic booms.  We met all stability & control requirements needed to certify for safe flight. 
Our takeoff and landing distances are compatible with existing airports. We optimized our control surfaces to meet all 
crosswind regulations and to minimize minimum stall speeds. In conclusion, the aircraft is in compliance with all 
necessary federal regulations and the fuel burn per seat value of 0.268-lbm/Nm/seat makes it an efficient and 
affordable alternative to its supersonic predecessors. 
 

 
FIGURE 41 – OVERVIEW OF THE ATLANTIC SHUTTLE 
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