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ABSTRACT 

CONCEPTUAL DESIGN FOR A SUPERSONIC ADVANCED MILITARY TRAINER 

by Royd A. Johansen 

 
The conceptual aircraft design project is based off the T-X program requirements for an 

advanced military trainer (AMT). The design process focused on a top-level design aspect, 

that followed the classic aircraft design process developed by J. Roskamôs Airplane 

Design. The design process covered: configuration selection, weight sizing, performance 

sizing, fuselage design, wing design, empennage design, landing-gear design, Class I 

weight and balance, static longitudinal and directional stability, subsonic drag polars, 

supersonic area rule applied to supersonic drag polars, V-n diagrams, Class II weight and 

balance, moments and products of inertia, and cost estimation. Throughout the process 

other materials and references are consulted to verify or develop a better understanding of 

the concepts in the Airplane Design series. 
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fus Fuselage 

guess Guessed value 

h Horizontal stabilizer 

CL 
h 

 

CL 

Horizontal stabilizer lift slope, µCL/µa 

 
Wing lift slope, µCL/µa 

H Maximum level flight speed/Mach 

L Lift  

La Landing 

LE Leading-edge 

LG Landing-Gear 

LO Lift off  

Ltr Loiter 

m Main gear 

max Maximum 
ME Manufacturerôs empty 

n Nose gear 

OE Operating empty 

plf Planform 

PL Payload 

res Reserve fuel 

req Required 

r Root 

R Range 

RC Rate of climb 

sub Subsonic 

sup Supersonic 

ss Supersonic 

ST Stall 

t Tip 

tent Tentative 

tfo Trapped fuel/oil 

TE Trailing-edge 

TO Takeoff 

used Used (fuel) 

v Vertical stabilizer 

w Wing 

wet Wetted 

wrt With respect to 

wf Wing + fuselage 

 

Multiple subscripts 

ЎÃlreq 
Required change in sectional lift 

coefficient 

 

ЎÃldes 
Design sectional lift coefficient 

incremental increase 
 

clɻ Airfoil/section lift -curve slope, µcl/µa 

ɻw 

 

Cnɼ Variation in yawing moment due to 

sideslip µCn/µb 

 

cl 
f 

Airfoil/section change in lift coefficient 

with respect to flap deflection, µcl/µdf 

ɻ 

ɿ 
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1. Introduction  
 

The purpose of this project is to explore the aircraft design process to develop a design for an advanced 

military trainer (AMT). There are two classes of trainers, basic and advanced. Basic trainers are for the 

introduction of flying at low subsonic speeds. Advanced trainers are for pilots that will progress to faster 

aircraft, such as fighters or bombers. Advanced trainers are similar to the fighter class of aircraft in that 

they are smaller and more maneuverable than other military aircraft. 
 

Aircraft design is a complex engineering process that requires knowledge and skills from multiple 

disciplines, and an artistic mind to blend the different aspects together. The process requires an analysis of 

the design space while considering mission requirements. Through the design process, compromises are 

made in favor of critical requirements to achieve a design that meets the mission specifications and looks 

appealing. If an aircraft cannot perform as expected by the customer or ñlookò good, then no consumer 

would buy the aircraft. 
 

The motivation for this type of design comes from fighter planes. Fighters are fast, maneuverable, and 

help develop new technologies to meet engineering challenges. An advanced trainer was chosen for the 

design because it is a smaller-scale version of a fighter plane. Many of the advanced trainers in the military 

are based on 30-plus-year-old technology, with many modifications to keep up with training program 

demands, and will soon be meeting the end of their life-cycle. The United States Air Force (USAF) is in 

the process of replacing their aging trainer, the T-38 Talon, with a program called the T-X trainer. In 2017, 

the USAF requested proposals for the program from various manufacturers, such as Boeing, Lockheed 

Martin, etc. Through this project, the proposed design can be measured up against the well-known aircraft 

manufactures, which will  help reveal the differences of aircraft design from the aerospace industry and the 

theoretical teachings. 
 

1.1 Mission Requirements 

The following mission specifications are based on the requirements set by the USAF for the T-X trainer 

proposals and military specification documents [1], [2], [3], and [4]. 
 

¶ Crew: Two, pilot and instructor 

¶ Range: 500 nautical miles (926 km) 

¶ Cruise speed: 510 knots (260m/s) at an altitude of 15,000ft (4.57km) 

¶ Mach number: Capable of Mach 1.5 above 15,000ft 

¶ Cruise altitude: 15,000ft (4.57km) 

¶ TO and Landing field requirements: 8,000ft (2,400m) runway at an altitude of 7,400ft 

(2,250m) with a tail wind of 10 knots (5.1m/s) 

¶ Load-factor: 6.5 at 80% max weight, altitude of +15,000ft 

¶ Maneuvering: Turn rate of 12.5o/s with less than a 4,500ft (1,370m) turn radius at an altitude of 

more than 15,000ft 

¶ Climb gradient TO : 200ft/nautical mile (32.9m/km) 

¶ Rate of climb: Subsonic 500ft/min (2.54m/s), Supersonic 1,000ft/min (5.08m/s) 

¶ Engine efficiency: Without AB 0.864lbm/(lbf-hr) {0.0881kg/(N-hr)}, With AB 1.98lbm/(lbf-hr) 

{0.202 kg/(N-hr)} 
 

1.2 Mission Profile 

There are twelve flight profiles given in the T-X Trainer guidelines document [2]. The USAF, in the 

list of requirements, have declared most maneuvers and training will occur between 10,000 and 18,000ft 

(3-5.5km). This would include aircraft maneuvering, high g-pulls, air-to-air, air-to-ground, and other 
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training exercises. The general profile of the twelve flights would consist of TO, 90 nautical miles cruise 

climb, flight exercise, decent, and landing. Each profile would be adjusted to fit  the necessary requirements 

of the training missions. Three general flight profiles are shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Flight profiles of AMT 

 

1.3 Market  Analysis 

The market for such an aircraft is very good. The USAF is asking for 350 T-X trainers, worth a contract 

price of up to $16 billon, to replace approximately 400 T-38 Talons in the AF service [5]. The success of 

such an aircraft could lead to additional procurements from the USAF and add the interest of the other 

military branches in replacing their aging advanced trainers. This could also lead to other countries wanting 

to procure the new modern trainer. 
 

Modern aircraft are outfitted with many computers and advanced technologies. Todayôs military pilot 

demands are much more sophisticated than the simple stick, throttle, and rudder pedals of WWII. A new 

advanced trainer can be properly designed with all the modern features that are required. This will be able 

to prepare pilots better for the modern aircraft such as the B-2, F-22, F-35, etc. Based on the state of current 

aging trainers and modern aircraft demands, the market for a modern advanced military trainer is, that it is 

needed and wanted. 
 

1.4 Technical and Economic Feasibility 

An AMT is a very feasible design to achieve technically and economically. An AMT does not need all 

the advanced systems and weapons that a modern fighter or bomber aircraft requires, such as stealth, range, 

etc. The purpose of the trainer is to prepare pilots for the future aircraft they will be assigned for service. 

This includes advanced flight maneuvers, formation flying, supersonic flight, and mission exercises. 
 

The technology required for an AMT has been well established through the development of modern 

aircraft. Composite design and technology have been proven in various aircraft across the design spectrum 

and offer potential weight reduction to the overall design. Circuit systems and computers have greatly 

improved since when the T-38 Talon was designed. This offers more capabilities in the cockpit and will 

better prepare pilots for their future services. Modern computers also improve the design process to make 

a more efficient design through utilization of software like computational fluid dynamics (CFD), finite 

element analysis (FEA), and computer aided design (CAD). 
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A complete ground-up design costs more than modification of an already-produced plane, which is 

some of the manufacturers plans to bid for the T-X contract. The benefit of a new design is that it offers the 

capability to have a purpose-built design, which meet mission requirements and include design features to 

better accommodate future technologies. 
 

1.5 Comparative Study of Similar Airplanes 

1.5.1 Mission Capabilities and Configuration Selection 

Ten aircraft were selected based on their similarities in size and performance. The T-38 Talon and T- 

45 Goshawk are current trainers for the USAF and USN, respectfully. The scorpion was initially a design 

by Textron to bid on the T-X contract, but for unspecified reasons the company withdrew its proposal. The 

M-346 is a design by Aermacchi, an Italian company. The T-50 Golden Eagle is an already-produced plane 

by Lockheed Martin and Korean Aerospace Industries. The companies have made modifications to the 

previous T-50 to better meet the requirements given by the USAF. The Yakovlev Yak-130 is a Russian 

design that is categorized as a light attack aircraft. The Northrop F-5, Dassault Mirage III, and Douglas A- 

4 are light attack aircraft. Finally, the Aero L-39 was developed for advanced pilot training and later 

modified for light attack missions. Table 1 outlines the aircraft configurations and capabilities. 
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Table 1. Comparable aircraft configurations and capabilities 

Name Image Configuration  Capabilities 

 

 
M-346 (2004) 

 

 

¶ Mid/high-wing 

¶ Conventional tail 

¶ 2-engines 

¶ 2 crew 

¶ Fly-by-wire 

¶ Night vision display 

¶ Autopilot recovery system 

¶ 9 armaments points 

 

 
Scorpion (2013) 

 

 

¶ High-wing 

¶ Twin vertical 

¶ 2 engines 

¶ 2 crew 

¶ Ground support 

¶ Maritime patrol 

¶ Airspace control 

¶ 6 armaments 

¶ Night vision capable 

 

T-38 Talon 

(1961) 

 

 

¶ Low-wing 

¶ Conventional tail 

¶ 2 engines 

¶ 2 crew 

¶ No armament 

¶ Safety chase plane 

¶ Aerial photography 

 
 

T-45 Goshawk 

(1991) 

 

 

¶ Low-wing 

¶ Conventional tail 

¶ 1 engine 

¶ 2 crew 

¶ Carrier-capable 

¶ External payload capable 

(practice armaments, fuel 

pods) 

 
 

T-50 Golden 

Eagle (2002) 

 

 

¶ Mid-wing 

¶ Conventional tail 

¶ 1 engine 

¶ 2 crew 

¶ Easy transition to modern 

fighters 

¶ Air -to-air and air-to-ground 

capable 

¶ Light attack and multi-role 

 
 

Yak-130 (1996) 

 

 

¶ Mid-wing 

¶ Conventional tail 

¶ 2 engines 

¶ 2 crew 

¶ 9 external armament points 

¶ Light attack 

¶ Air -to-air and air-to-ground 

capable 

 
 

F-5 Tiger 

 

 

¶ Low-wing 

¶ Conventional tail 

¶ 2 engines 

¶ 1 crew 

¶ 7 external armament points 

¶ Light-fighter 

 
 

Mirage III 

 

 

¶ Low-delta-wing 

¶ Tailless 

¶ 1 engine 

¶ 1 crew 

¶ Early delta-wing development 

¶ Interceptor 

¶ Poor low-speed performance 

¶ 5 external armament points 

 

 
A-4 Skyhawk 

 

 

¶ Low-wing 

¶ Conventional tail 

¶ 1 engine 

¶ 1 crew 

¶ Carrier-capable 

¶ Light attack aircraft 

¶ Various armament types 

 

 
L-39 Albatros 

 

 

¶ Low-wing 

¶ Conventional tail 

¶ 1 engine 

¶ 2 crew 

¶ 2 external armament points 

¶ Light attack capable 

¶ Designed for advanced pilot 

training 
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1.5.2 Comparison of Important Design Parameters 

The ten aircraft selected were investigated for their flight parameters and specifications. Table 2 

presents the performance parameters and specifications for the aircraft. The wing and thrust loading of the 

aircraft were approximated from the average of the empty and maximum weights for the aircraft that did 

not have reported values. The tabulated parameters were found in [6] through [17]. 
 

Table 2. Comparable aircraft parameters 

Parameter Units M-346 Scorpion T-38 Talon 
T-45 

Goshawk 

T-50 Golden 

Eagle 

WTO kN 93.2 97.9 53.9 62.7 120 

WE kN 45.2 56.5 32.1 43.7 63.5 

T kN 56 36 18.2 26 53 

VST km/hr 176 176 240 130 167 

Range km 1,980 2,960 1,835 1,290 1,850 

RC km/min 6.7 N/A 10.2 2.44 11.8 

S m2 23.5 16.3 15.8 17.7 23.7 

b m 9.72 10.4 7.6 9.39 9.45 

AR --- 4.0 6.6 3.6 5.0 3.8 

W/S N/m2
 2,795 4,737 3,325 3,001 3,884 

T/W --- 0.84 0.47 0.65 0.49 0.96 

Load limits g -3/+6 N/A -3/+7.3 -3/+7.3 -3/+8 

Ceiling km 13.7 13.7 15.2 13.0 14.6 

Parameter Units Yak-130 F-5 Tiger Mirage III  A-4 Skyhawk L-39 

WTO kN 101 110 134 109 44.7 

WE kN 45.1 42.7 69.1 46.5 34.9 

T kN 49.0 44.4 60.8 41.0 16.9 

VST km/hr 165  262 193 158 

Range km 2,100 1,405 3,335 3,220 1,100 

RC km/min 3.9 10.5 5.0 2.6 1.26 

S m2 23.52 17.3 34.85 24.15 18.8 

b m 9.84 8.13 8.22 8.38 9.46 

AR --- 4.1 3.82 1.9 2.9 4.8 

W/S N/m2
 2,711 4,410 3,795 3,378 2,452 

T/W --- 0.70 0.58 0.45 0.51 0.37 

Load limits --- -3/+9 -3/+7 -3/+9 -3/+8 N/A 

Ceiling km 12.5 16 17.0 12.9 11.0 

 

1.5.3 Discussion and Conclusion 

The aircraft have similar configurations with the exception of the Mirage III, a delta wing. Based on 

the selected aircraft, there is no preference in wing position given the aircraft feature low, mid, and high- 

wing configurations. The capabilities of the aircraft differ from one to another. Some can transition easily 

to a light attack aircraft with the addition of munitions for air or ground attacks. All aircraft are capable as 

ferry or escort planes. Others are capable of aerial surveillance and other light missions. 
 

When comparing flight perimeters and performance, all the planes vary from one degree to another. 

Most of the planes are between 34 and 70 kN empty weight, and depending on the design, each plane has 
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a takeoff weight of 46 to 135 kN. The maximum speed, rate of climb, and service ceiling of each of the 

aircraft are a result of the designôs wing and thrust loading. 
 

A low-wing loading equates to a larger wing, which produces more lift and drag. More lift is good for 

low speed performance, rate of climb, and potential service ceiling, but a larger wing carries a greater drag 

penalty. Coupled with inadequate available thrust or inefficient engines, this results in lower max speeds 

and service ceiling. 
 

The planes vary in wing area, which can be attributed to designerôs choice during the design process. 

The choices could have been in favor of reducing drag (smaller wing) for increase speed performance, or a 

larger wing for better lift characteristics for maneuvering. The other sizing parameters would have been 

determined from a performance matching graph method. A matching graph is used to plot important 

parameters as functions of wing loading and thrust to weight ratio. Using the plotted curves, the design 

space of an aircraft can be narrowed down to a smaller area that meets specific design constraints. Using 

the design point found in the matching graph, a designer can determine sizing parameters such as wing area 

wing span, power or thrust required, aspect ratio, etc. 
 

The comparison of previous aircraft gives a good baseline of what the proposed AMT configuration, 

capabilities, and flight performance parameters should be. The proposed aircraft must meet the minimum 

requirements of the USAF and have the capability to integrate future technologies. The AMT must be a 

better platform for student pilots transitioning from basic flight training to advanced training. The critical 

design parameters will  be maneuverability and speed. The difficulty with maneuverability will  be to ensure 

the structure of the aircraft can sustain the g-loads in high-g maneuvers. Speed is an issue, because most of 

the training flights are subsonic. Demanding supersonic capabilities from an aircraft that mostly flies 

subsonic leads to difficult design choices for engineers. 
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2. Configuration Design 
 

2.1 Comparative Study of Similar Airplanes 

The aircraft presented in Table 2, section 1.5.2, are the comparable aircraft to investigate. The weights 

of the airplanes vary considerably and provide a spectrum of values that should contain the design space of 

the proposed aircraft for this project. The takeoff and empty weights of the aircraft in Table 2 are used in 

the following weight sizing chapter. 
 

Similarities and differences in configuration choices are noticeable from a visual inspection of the 

aircraft. All the aircraft have a conventional tricycle landing-gear, aft buried engine(s), and conventional 

horizontal stabilizer. Tricycle landing-gear offers the most ground stability for the fewest number of wheels 

and struts. More than three wheels will increase the aircraftôs weight. Less than three will require wing 

supports to maintain a level plane during ground roll and parking. Engines are placed inside the fuselage to 

reduce additional drag as compared to externally mounted engines. 
 

The main configuration differences of the aircraft are the wing location, number of engines, crew, and 

vertical stabilizers. The comparable aircraft have low-, mid-, and high-wing placements. Low-wings are 

selected for more maneuverability. Low-wings also allow for shorter and lower weight landing-gear due to 

reduced ground clearance. Mid-wings are selected for neutral stability and more ground clearance for 

underwing mounts over the low-wing. High-wings offer the most stability and ground clearance. Though 

stability is good, increased stability reduces the controllability of the aircraft. 
 

The number of engines is determined based on available engines in the market to meet specific thrust 

requirements of a design. The number of crew on mission complexity. For training, an additional crew 

member is needed for instructing. The number of vertical stabilizers are determined based on height 

restrictions. Military hanger and door heights restrict the height of the aircraft. For this reason, designers 

would choose to split a single larger vertical fin into two smaller vertical fins. If con 
 

Though the comparable aircraft look similar, there are distinct differences. There is not a single 

configuration combination that makes the best airplane. There are tradeoffs between design choices that a 

designer will determine by weighing the pros and cons. There are many ways to select an aircraftôs 

configuration, though certain design choices are better for specific missions. Hence, this is why many planes 

look similar when they are designed for the same or similar missions. 
 

2.1.1 Wing Configuration 

Both advanced trainer and fighter aircraft require maneuverability. From the three possible wing 

locations a mid or low-wing are the best options. A high-wing is not ideal because it is favored for stability. 

Since stability and control are interdependent, a more inherently stable aircraft tends to have lower 

controllability. A low-wing is ideal for increased controllability. A low-wing also offers potential storage 

volume for landing-gear. The design requires supersonic flight, which generally equates to thinner wing 

profiles. This eliminates the option of storing the landing-gear in the wing. 
 

The ideal choice for this design is a mid-wing. A mid-wing offers neutral stability and control. The 

main negative effect of a mid-wing is the structural integration into the fuselage while considering engine 

inlets and structure. The compromise of complex structure integration is worth the downside to gain on 

neutral stability and control. 
 

2.1.2 Empennage Configuration 

The empennage configuration will  be a conventional design for an advanced trainer type aircraft. There 

will  be a horizontal and two vertical stabilizers. A rear horizontal is favored over a canard for pilot visibility  
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and over a T-tailôs tendency to have deep stall. Two vertical stabilizers are selected to help reduce the 

overall height of the aircraft. Having two vertical fins also help to reduce coupled pitch and yaw modes. 

This is accomplished by the shorter moment arm, when compared to a single larger vertical fin. The 

negative effect of two vertical stabilizers is a reduction in aerodynamic efficiency by having vertical 

stabilizers with lower aspect ratios. 
 

2.1.3 Propulsion System 

The propulsion system will be integrated in the aft fuselage section. Having an internal engine will 

reduce aerodynamic drag over externally mounted engines. Placing the engine in the back of the aircraft 

also presents problems. One of the problems is the need for an intake duct, which can have efficiency losses 

when compared to an externally mounted engine. The other problem is a reduction in ease of maintenance 

for the engine, due to the engine enclosed by the aircraftôs structure. 
 

2.1.4 Landing-Gear 

The landing-gear will be a conventional tricycle configuration. For supersonic capabilities, the wing 

will  be thinner with less storage capacity. Also, a mid-wing will  require longer landing-gear when compared 

with a low-wing or fuselage integrated landing-gear. Therefore, landing-gear integrated with the wing will 

not be a good choice. There will  be a single nose wheel with steering capabilities for taxiing purposes. Two 

rear wheels will be specifically placed aft of the aircraft cg to ensure proper stability during ground roll. 
 

2.1.5 Proposed Configuration 

The above configuration design choices are presented in Figure 2. The wing will be swept for reduced 

drag in the transonic and supersonic envelopes and tapered for reduced wing root bending moments. The 

aircraft will feature a conventional tail with a fully moving horizontal stabilizer. Two vertical stabilizers 

are selected to reduce the overall height of the aircraft. A single internal fuselage engine is selected for 

reduced drag. The design will incorporate a conventional tricycle landing-gear configuration. 
 

Figure 2. Initial AMT design sketches 
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3. Weight Sizing 
 

3.1 Mission Weight Estimates 

3.1.1 Database for Takeoff and Empty Weights from Similar Airplanes 

The previous ten comparable aircraft are used as a database for takeoff and empty weights. The weight 

values presented in Table 3 are from [6] through [16]. 
 

Table 3. Empty and takeoff weights of comparable aircraft 

Airplane  Type 
WE 

(kN) 

WTO,max 

(kN) 

M-346 
Supersonic Trainer/ 

Light Fighter 
45.2 93.2 

Scorpion Trainer/ Light Fighter 56.5 97.9 

T-38 Talon Supersonic Trainer 32.1 53.9 

T-45 Goshawk Trainer 43.7 62.7 

T-50 Golden 
Eagle 

Supersonic Trainer 63.5 120 

Yak-130 
Supersonic Trainer/ 

Light Fighter 
45.1 101 

F-5 Tiger Light Fighter 42.7 110 

Mirage III Light Fighter 69.1 134 

A-4 Skyhawk Light Fighter 46.5 109 

L-39 Albatros Light Fighter 34.9 44.7 

 

3.1.2 Determination of Weight Regression Coefficients A and B 

Historic data has demonstrated there exists a linear base 10 logarithmic relationship between aircraft 

TO and empty weight, shown by equation (3.1) [17]. 

 

log10 WTO  !  " Ͻ ÌÏÇ10(WE) (3.1) 

Where, A and B are the regression coefficients of the logarithmic equation. Using the data in Table 3, the 

base 10 logarithm is taken for the TO and empty weights of the aircraft. The data is plotted, see Figure 3. 

Using Excel tread line, a linear equation is fitted to the plotted data. From the equation the coefficients A 

and B are determined. 
 
 

         

         

         

      y = 1.2547x - 0.9151  

         

         

 

 

 

Figure 3. Determining A and B coefficients 
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From Figure 3, the regression coefficients are found to be: A = -0.9151 and B = 1.254. From table 2.15 

in [17], the regression coefficients for a military jet trainer are, A = 0.6632 and B = 0.8640. The regression 

coefficients for a jet fighter are: A = 0.1362 and B = 0.9505. Comparing the results obtained from Figure 3 

to previous data, there is a large discrepancy between the numbers. This can be attributed to the data used 

in [17] is much older. A combination of technology and improved structural materials have made planes 

better. For this project, the results obtained from Figure 3 will provide more accurate approximations. 
 

3.1.3 Determination of Mission Weights 

3.1.3.1 Manual Calculation of Mission Weights 

A method for approximating WE, WF, and WTO is the fuel fraction method [17]. The method uses the 
following steps and equations: 

1. Determine the mission payload weight, WPL. 

¶ Passengers and baggage 

¶ Cargo 

¶ Military: guns and munitions 

¶ Special equipment 
2. Make an educated guess for WTO. 
3. Determine the mission fuel weight WF. 

 

WF = WFused + WFres 
= (ρ  -ff)WTO + WFres

 (3.2) 

 
i=7  

W1 Wi+1  

Mff =  
W 
Б 

W
 

TO i=1  i 

 

(3.3) 

Where the subscript i indicates the flight profile phase. 

4. Calculate a tentative value for WOE. 
 

WOEtent 
= WTOguess 

 7F  7PL (3.4) 

 

5. Calculate a tentative value for WE. 
 

WEtent 
= WOEtent 

 7tfo  7crew (3.5) 

 

The value for Wtfo can be up to 0.5% of WTO or this variable can be neglected at this point in the 
sizing process. 

6. Calculate WE using WTO guess and the regression coefficients A and B. 
 

log10(WTO   ! 
WE   = inv.  log10 (  

B 
) (3.6) 

7. Compare WE and WE tentative, if  the difference is greater than 0.5%, repeat steps 2 through 6 until 
convergence. 

 

Since the aircraft being designed is for training, weapons are not required. Considering any munitions 

in the design would lead to an oversized plane to support such a payload. A plane designed with munitions 

would ultimately increase the lifecycle cost of the plane because a larger plane not only has more parts to 

assemble but also burns more fuel. The primary goal of the AMT is to improve the pilotôs flight skills 
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Flight Phase 

through training and flight exercises, and be purpose built for the mission. If  weapons are considered in the 

design, the aircraft would be a blend of trainer and fighter. Thus, it would increase the capabilities of the 

aircraft but would reduce effectiveness as a trainer. 
 

To determine the mission phase fuel fractions, tables [17] are provides for various aircraft flight phases 

and flight parameters. Figure 4 shows a typical flight profile for a military trainer. Table 2.1 in [17], lists 

fuel fractions for all flight phases except cruise and loiter. 
 

 
 

 

Figure 4. Basic flight profile 

 

To determine the fuel fraction for cruise and loitering, equations (3.7) and (3.8) are used, respectfully. 
 

 
Wi cj 1 

 ÅØÐ 2cr (  )   (  ) ] 
Wi+1  V cr L/D  cr 

(3.7) 

Wi      
=  exp % Ͻ c ( 

1 
) ]  

Wi+1  
ltr  j,ltr  L/D  

ltr  

 
(3.8) 

 

An additional fuel fraction parameter is added to the calculations to account for fuel reserves. From the T- 

X program requirements, the aircraft must contain enough fuel reserves for 45 minutes of flight at cruise 

conditions. 

 
The initial WTO guess is 40.0kN. Iterations are done from steps two through six until the fuel fraction 

method and the regression method converged to 0.5% or less difference. This calculation results in: 
 

¶ WTO = 44.9kN 

¶ WE = 27.4kN 

¶ WF = 15.4kN 

3.1.3.2 Mission Weights Using the AAA Program 

The AAA program is based on the aircraft design methods [17], [19]. The fuel fractions of the flight 

profile phases are presented in Figure 5. The regression coefficients A and B are determined from the 

aircraft presented in Table 3. The weight of the aircraft and the coefficients A and B are presented in Figure 

6. The loglog plot of the aircraftôs WTO and WE are shown in Figure 7. Figure 8 shows the output of the 
aircraftôs weights from the AAA program. 
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Figure 5. AAA ï Flight profile weight fractions 

 

Figure 6. AAA ï Regression coefficients from comparable aircraft 
 

Figure 7. AAA ï LogLog plot of comparable aircraft for WE and WTO 
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Figure 8. AAA ï weight output 

 

Comparing the manual calculations to the results obtained from the AAA program, the difference in 

values are not significant. This confirms the values for the takeoff, fuel, and empty weights by three 

different methods: weight regression, fuel fraction, and computer program. 
 

3.2 Takeoff Weight Sensitivities 

3.2.1 Manual Calculation of Takeoff Weight Sensitivities 

The takeoff weight sensitivities can be derived from equation (3.1). The empty weight can be expressed 

by equation (3.9). All the following equations are taken from [17]. 
 

 

WE  # Ͻ 7TO + D (3.9) 
 

Where, 

#  ρ  (1 + Mres)(ρ  -ff)  -tfo (3.10) 

D = WPL + Wcrew (3.11) 

Substituting equation (3.9) into (3.1) results in equation (3.12) 

 

log10 WTO  !  " Ͻ ÌÏÇ10 # Ͻ 7TO  $ (3.12) 

The sensitivity of takeoff weight to any parameter of interest can be expressed as the derivative of 

equation (3.12), which is shown in equation (3.13). Where y, represents a parameter of interest. 

 

" Ͻ W2   Ͻ
 Ћ# 

 " Ͻ W Ͻ
 Ћ$

 
Ћ7TO TO    ЋÙ TO    ЋÙ 

=  
ЋÙ C(ρ  B)WTO  D 

 
(3.13) 

If y = WPL, µC/µWPL = 0 and µD/µWPL = 1. Equation (3.13) reduces to equation (3.14). 
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Ћ7TO  
=  

" Ͻ WTO 

Ћ7PL $  #(ρ  B)WTO 

 

(3.14) 
 

The sensitivity of the takeoff weight to empty weight can be directly derived from equation(3.1), 

resulting in equation (3.15) 

 
Ћ7 log    (W )  ! 

ρ
 TO  

= B Ͻ W {inv. log [ 
10 TO 

]}  
Ћ7E 

TO 10 B 
 

(3.15) 

 

Equation (3.13) reduces to equation (3.16) for the following parameters: range, endurance, L/D, and 

specific fuel consumption. 
 

" Ͻ 72   Ͻ
 Ћ#

 
Ћ7TO  

=  
TO    ЋÙ 

ЋÙ C(ρ  B)WTO  D 

 
(3.16) 

The derivative of equation (3.10) is the following: 

 
Ћ# Ћ-ff 

= (1 + Mres) (  )  
ЋÙ ЋÙ 

 

(3.17) 

 

Where µM ff/µy is: 
 

Ћ-ff 
= M_ff ( 

Wi 
) (
Ћ 7i+1 /W i)  

)  
ЋÙ Wi+1  ЋÙ 

 

(3.18) 

The weight ratios can be expressed in terms of the Breguetôs range and endurance equations, as shown 

in equations (3.19) and (3.20). 
 

W L 
ρ 

2Ӷ =  ln ( 
i 
  2 Ͻ Ã 6   

Wi+1  
j D 

 
(3.19) 

Wi L ρ 
ӶE  =  ln (   % Ͻ Ãj ( ) Wi+1  D 

 
(3.20) 

The combination of equations (3.16), (3.17), (3.18), and (3.19) or (3.20) results in equations (3.21) and 

(3.22). 
 

ЋWTO Ћ2Ӷ 
 & Ͻ 

ЋÙ ЋÙ 

 
(3.21) 

Ћ7TO ЋӶE 
 & Ͻ 

ЋÙ ЋÙ 

 
(3.22) 

 

Where F is represented by equation (3.23). 
 

&  " Ͻ 72 [# Ͻ 7TO(ρ  ")  $] ρ(1 + Mres)Mff TO (3.23) 
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The sensitivity of takeoff weight to range can be expressed using equations (3.19) and (3.21) to form 

equation (3.24). 

 

Ћ7TO L ρ
 

 & Ͻ Ãj (V ) 
Ћ2 D 

 

(3.24) 

The sensitivity of takeoff weight to endurance can be expressed using equations (3.20) and (3.22) to 

form equation (3.25). 
 

Ћ7TO L ρ
 

 & Ͻ Ãj ( )  
Ћ% D 

 

(3.25) 

The sensitivity of takeoff weight to L/D can be expressed using equations (3.19) and (3.21) to form 

equation (3.26). 

 

Ћ7 L 2 ρ
 TO 

 & Ͻ 2 Ͻ Ã 6   ) 

Ћ 
 L

)  
j D 

(D 

 
(3.26) 

The sensitivity of takeoff weight to specific fuel consumption can be expressed using equations (3.19) 

and (3.21) to form equation (3.27). 

 

Ћ7TO L ρ
 

 & Ͻ 2 6   
ЋÃj D 

 
(3.27) 

 

The calculated weight sensitivities are listed in Table 4. 
 

Table 4. Weight sensitivities 

Parameter Units Eq. Calculated 

 Ћ7TO 

Ћ7PL 
N/N (3.14) 6.10 

 Ћ7TO 

Ћ7E 
N/N (3.15) 2.06 

 Ћ7TO 

Ћ2cr 
N/km (3.24) 28.2 

 Ћ7TO 

Ћ%ὰὸὶ 
N/hr (3.25) 22,805 

Ћ7TO 
 

Ћ 
 L

) 
D cr 

 
N/(N/N) 

 
(3.26) 

 
-1,622 

 Ћ7TO 

ЋÃjὰὸὶ 

N/(N/N/hr) (3.27) 16,220 

 

3.2.2 Calculation of Takeoff Weight Sensitivities using the AAA Program 

The AAA program determines weight sensitivities very quickly. Under the weight sizing tab there is a 
tab for sensitivities. Clicking the sensitivities tab shows the weight sensitivities presented in Figure 9. 
Comparing the manual calculations results of section 3.1.3.1 to the AAA results, WTO, WE, and WF have a 
difference of less than 1.0%. The results show a good approximation for the three weights. Table 5 presents 
a summary of the calculated sensitivities to the sensitivity output of the AAA  program. The forth column 
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shows the percent difference between the calculations and AAA.  Overall the sensitivities calculated match 

well with the AAA program results. The AAA program does not specify the method for calculations. The 

discrepancies with the last four sensitivities in Table 5 could be attributed to rounding errors in the manual 

calculations. 
 

Figure 9. AAA ï sensitivity output 

Table 5. Sensitivity comparison 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

3.2.3 Trade Studies 

Regardless of a military trainerôs mission, the beginning and end of the flight will be the same. The 

aircraft will startup, taxi, take off, climb, cruise to training exercise airspace, perform training exercise, 

cruise back to airport, descend, land, taxi, and shutdown. The main parameter that will change between 

training missions will be flight time, which corresponds to fuel burned. Though fuel weight will affect all 

flight phases, the cruise and training mission execution will be affected the most. 

Parameter Calculated AAA  % Diff.  

 Ћ7TO 

Ћ7PL 
6.10 6.12 0.3 

 Ћ7TO 

Ћ7E 
2.06 2.06 0 

 Ћ7TO 

Ћ2cr 
28.2 29.0 2.7 

 Ћ7TO 

Ћ%ὰὸὶ 

22,805 23,393 2.5 

Ћ7TO 

Ћ 
 L

) 
D cr 

 
-1,622 

 
-1669.6 

 
2.8 

 Ћ7TO 

ЋÃjὰὸὶ 

16,220 16,697.2 2.9 
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Using the fuel fractions determined in section 3.1.3.1, the weight of the aircraft was determined for the 

end of climb and beginning of descent. The range and endurance of the aircraft, for cruise and training 

exercise, were determined for increased fuel weights. The tradeoffs are presented in Figure 10 and Figure 

11. 
 

 

      

      

      

 

 

 
Figure 10. Range versus payload and fuel mass 

 
 

      

      

      

 

 

 

Figure 11. Endurance versus payload and fuel mass. 

 

The Breguet range and endurance equations are simple to understand. Both the range and endurance 

are proportional to the difference between the initial and final weights. Increasing the amount of fuel 
extends the flight range and time of the aircraft. However, the performance of the aircraft cannot be 
determined by the equations. Increasing the takeoff weight, with additional fuel, will  require greater takeoff 
distances and lower climb performance. Since the aircraft is limited to a specific CL,max, the increase in the 
required lift  must be produced by increasing the dynamic pressure. Additional trade studies could have been 
performed but simple equation analysis of the Breguet range (3.28) and endurance (3.29) equations can 
determine how parameters change in relation to others. 

 

V L Wi 

R = (
c 

) (  ) ln (  )  
j D Wf 

 

(3.28) 

1 L Wi 

E = (
c 

) (  ) ln (  )  
j D Wf 

 
(3.29) 

 

Considering equation (3.28), range increases if  specific fuel consumption decreases or if  L/D increases. 

This follows that range increases with a more efficient fuel burn or a greater lift-to-drag ratio. If the range 

is held constant, then the takeoff weight increases with specific fuel consumption or a decrease in L/D. This 

makes sense because a poorer lift-to-drag ratio or less efficient fuel burn will require more fuel to fly the 

same range. 
 

Considering equation (3.29), endurance increases if L/D increases or specific fuel consumption 

decreases. Similar to range, the aircraft can fly longer with a better lift-to-drag ratio or more efficient fuel 
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burn. If the endurance is held constant, then the takeoff weight increases with increased specific fuel 

consumption or decreased L/D. Analogous to range, to fly the same amount of time more fuel must be 

carried if the lift-to-drag ratio decreases or fuel consumption is less efficient. 
 

3.3 Conclusion 

The calculations and analysis performed in the previous sections show a reasonable first approximation 

for the critical weight parameters of the aircraft. Most of the manual calculations agree with the AAA 

program results. In succeeding design phases, the weights determined in this report will be adjusted in the 

refinement of the aircraftôs design. Based on the calculations and the analysis completed in this report, the 

following weights will be used to further refine the design. 

¶ WTO = 44.9kN (10,090lbs) 

¶ WE = 27.4kN (6,160 lbs) 

¶ WF = 15.4kN (3,460 lbs) 
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4. Performance Sizing 
 

Performance sizing is the process of analyzing performance constraints to determine the relationship 

of the thrust-to-weight ratio and wing loading for an aircraft. The general performance constraints that are 

considered: stall speed, takeoff distance, landing distance, climb, speed, and maneuvering. Depending on 

the type of aircraft, other performance parameters may be added. Each of these constraints can be 

represented by equations involving various parameters, such as Oswald efficiency, aspect ratio, 

aerodynamic coefficients, etc. At this point in the design process the various parameters are unknown and 

will require engineering judgement to assume reasonable variables for the analysis. Not all the constraints 

depend on T/W or W/S. 
 

To determine the T/W and W/S for the different performance constraints, the requirements for 

performance must be defined. Table 6 lists the performance constraints found in [1] and [2]. Both references 

do not specify an exact value for stall or max speed. The max speed constraint was chosen to give the 

aircraft supersonic capability. This was not a specific design requirement, but research indicated an 

advanced trainer with supersonic capability provides upcoming fighter pilots with additional experience in 

supersonic flight regime. The performance requirements that will be evaluated are presented in Table 6. 
 

Table 6. Aircraft performance requirements 

Parameter Requirement Conditions 

VST N/A NA 

 
sTO 

 

1,950 m 

(6,400 ft) 

¶ Wet runway 

¶ Alt = ~2.3 km 

¶ 50ft obstacle 

 
sLa 

 

2,130 m 

(7,000 ft) 

¶ Wet runway 

¶ Alt = ~2.3 km 

¶ 80% WF 

CGRTO 
33 m/km 

(200ft/nMile) 
¶ Alt = ~2.3 km 

 
RC 

2.54 m/s 

(500 ft/min) 
¶ Subsonic 

¶ 

RC 
5.08 m/s 

(1,000 ft/min) 
¶ Supersonic 

 
G-load 

 
7 

¶ 50% WF,full 

¶ Alt = ~4.6 km 

¶ M ¢ 0.9 

w 12.5o/sec 
¶ 50% WF,full 

¶ M ¢ 0.9 

Rbank 
1,372m 

(4,500 dt) 

¶ 50% WF,full 

¶ M ¢ 0.9 

Mmax 1.5 ¶ Alt < 5,5 km 

Cj 
0.088 kg/N-hr 

(0.864 lbm/(lbf-hr)) 
¶ Cruise 

Cj 
0.20 kg/N-hr 

(1.98 lbm/(lbf-hr)) 
¶ With AB 
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4.1 Manual Calculation of Performance Constraints 

4.1.1 Stall Speed 

The stall speed of an aircraft is only a function of wing loading, air density, and CL,max. The stall speed 
is derived from the lift equation: 

1 2 

L = 
2 
ʍЊ  Ͻ 6Њ  Ͻ 3 Ͻ #L 

Assuming steady-state level conditions and substituting weight for lift, the stall speed of an aircraft is 

represented by equation (4.1) [17]. 

 

2(W/S)  
Vst  Ѝ 

ʍ Ͻ #L,max 

 
(4.1) 

 
A stall speed of 52.1m/s is selected. This value is a few units above the average stall speeds for the 

comparison aircraft used in previous sections. The density for the calculation is at sea-level, 1.225kg/m3. A 
range of CL,max is selected based on typical military advanced trainers and fighter aircraft, ranging from 1.2 
to 1.6. Figure 12 is the thrust-to-weight versus wing loading plots obtained. The arrows indicate the side of 
the line that satisfies the requirement. 

 
 

               

               

               

               

 

 

 
Figure 12. Stall speed performance sizing graph 

 

4.1.2 Takeoff Distance 

The takeoff distance for military aircraft is composed of the rolling TO distance plus the ground 

distance to clear a 50 ft obstacle. For the T-X program requirements [2], the takeoff distance and flight 

conditions are given in Table 6. The TO distance is derived from the forces acting on the aircraft. The 

resulting equation is (4.2) [18]. 

 

  ρȢττ Ͻ W2 
sTO =  TO  

Ç Ͻ ʍЊ Ͻ 3 Ͻ #L,max 4  [$  ʈr(WTO  ,)] } 
(4.2) 

 

The negative acting forces, drag and rolling friction, can be assumed to be much less than the force due 

to thrust [18]. This simplification reduces equation (4.2) to equation (4.3). 
 

1.44(WTO/S)  sTO  =  
g Ͻ ʍ Ͻ # Ͻ 4Ⱦ7 ) 

Њ L,max TO 
(4.3) 

For calculations, the following is assumed: 

¶ gravitational force is 9.807m/s2
 

T
/W

 (
N

/N
) 
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¶ sea-level density 

¶ 1.2 < CL,max <1.6 

¶ W/S from 500<W/S<3500N/m2 

The resulting curves are shown in Figure 13. 

 

 

 

 

 

 

 

 

 

 
Figure 13. Takeoff distance performance sizing graph 

 

4.1.3 Landing Distance 

The derivation for landing distance is the same as takeoff distance. The only differences are no thrust 

force, unless the aircraft will have thrust reversers, and the rolling friction coefficient. If the aircraft will 

have brakes, then the rolling friction coefficient must account for the braking friction coefficient. At this 

stage in the design, there will be no thrust reverser and the aircraft will have brakes. 
 

Equation (4.4) is used for landing distance [18]. A paved runway has a rolling friction coefficient of 
0.02 [18]. If an airplane is equipped with breaks, the value is 0.4 or 20 times. A wet runway must be 
considered [2]. Engineering textbooks list the wet asphalt/rubber friction coefficient as 20-25% less than 

the dry friction coefficient. For these calculations, mr is chosen as 0.3. A range of CLmax 
is chosen based on 

the stall speed calculations. The landing weight can be approximated as 80% of the takeoff weight [17]. 
Figure 14 shows the wing loading for the scenarios calculated. 

 

  ρȢφω Ͻ W2 
s =  La  

La Ç Ͻ ʍЊ Ͻ 3 Ͻ #L,max[D + ʈr(WLa  L)]  

 
(4.4) 

 
 

               

               

               

               

 

 

Figure 14. Landing distance performance sizing graph 

 

4.1.4 Drag Polar Estimation 

The drag polar shows the relationship between the lift and drag coefficients. The drag coefficient is 

composed of three terms: skin friction drag, induced drag due to lift, and wave drag [18]. 
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CD = CDo 
+ CDi 

+ CDw
 

At this point in the aircraft sizing process the skin friction drag can be approximated using statistical data 
for similar aircraft. The lift induced drag is a function of the CL, Oswald efficiency (e), and wing AR. To 
calculate the lift induced drag a range of CL values are selected between 0.0 and 1.6, and the Oswald 
efficiency and AR can be approximated using similar class of aircraft. For trainers and fighter aircraft [17] 
lists Oswald efficiencies around 0.8, CDo around 0.025 to 0.05, and aspect ratio around 4 to 6. 

Wave drag is a function of airfoil nose radius, wing sweep, and wing taper. At this point there is no 

design for a wing therefore, [18] recommends approximating the wave drag for a flat plate for initial 

performance sizing. An assumption of the flat plate wave drag is that the angle of attack is small, less than 

13o. The wave drag is a function of angle of attack and Mach number. The simplified approximate form for 

the wave drag coefficient is equation (4.5). 
 

 

  C2 τɻ2 
C   =  C +  L +     

D D o ʌ Ͻ                                                                                                                  e Ͻ A           R ЍM2  1 
  s  u bs   o  n ic   Њ    

supersonic 

 
(4.5) 

 

Figure 15 is the drag polar for the takeoff configuration. Skin friction drag increases due to deployed 

landing-gear and high-lift  devices (HLD). Figure 16 is the drag polar for the clean configuration. Figure 17 

is the drag polar considering wave drag. 
 

Figure 15. Takeoff and landing drag polar 
 

Figure 16.  Clean drag polar 
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Figure 17. Supersonic drag polar 

 

4.1.5 Climb Constraints 

4.1.5.1 Rate of Climb 

The rate of climb for an aircraft is determined from the excess power and weight by the following 

equation [18]. 
 

 

RC = 
excess power 

=  
W 

Pav  Preq 

W 

6 4  $ 
=  

W 

The above rate of climb equation can be rewritten in terms of the thrust-to-weight ratio and the drag-to- 

weight ratio. 
 

T D 
RC = Vcli (  )  

W W 
 

Assuming the lift generated by the aircraft is not significantly greater than the weight, the weight in the 

denominator of the drag term can be replaced with lift,  and Vcli can be replaced by the equation for velocity. 
 

T D 
RC = Vcli (    ) 

W L 
 

(W/S)  2 
6  Ѝ 

CL ʍЊ 

 

Substituting in the velocity equation and the aerodynamic coefficients, the rate of climb is a function of 
wing loading, freestream density, CL for climb, and the lift to drag ratio. The rate of climb equation can 
then be expressed with equation (4.6) [18]. For takeoff climb, CL,cli is the same as the takeoff configuration 
and has a corresponding lift-to-drag ratio as determined using the takeoff drag polar. 

 
 

2(W/S)  T 1 
RC = Ѝ (   C )  

ʍЊ Ͻ CLcli 
W (C

L ) 
D cli 

 
(4.6) 
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4.1.5.2 Climb Gradient 

The climb gradient is the ratio of vertical distance traveled per time over the horizontal distance traveled 

per time. This relation can be expressed as the rate of climb over the horizontal velocity. 
 

 
CGR = 

 

Vcr 

RC 
=  

Vcr 

The climb gradient can be expressed by equation (4.7) [18]. The design requirements specify the climb 

gradient at takeoff. Equation (4.7) can be solved for RC and substituted into equation (4.6). Substituting the 

correct variables for density, lift, and drag, the wing loading, and thrust-to-weight ratio relation can be 

determined. 

 
RC 

CGR = 
Vcr 

 

(4.7) 

From the requirements listed in Table 6, there are three: takeoff, subsonic cruise, and supersonic cruise. 

Figure 18 shows the T/W and W/S for the three requirements. For the climb gradient calculation, parameters 

are selected on the proposed altitude and the most efficient lift-to-drag ratio as determined from clean and 

supersonic drag polars. 
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Figure 18. Climb requirement performance sizing graph 

 

4.1.6 Speed Constraint 

In the steady-state cruise condition the thrust equals the drag and weight is equal to lift. The following 

relation can be expressed: 
 

T  
= 

D 
= 

CD 

W L CL 
 

Substituting in the equation for the expanded drag coefficient: 
 

T 1 C2 τɻ2 CD CL τɻ2 
=  (C 

  

+   L +   ) =   o  +  +     
   

W CL 
Do ʌ Ͻ e Ͻ AR Ѝ-2  ρ CL ʌ Ͻ Å Ͻ !2 CLЍ-2  ρ 

T
/W

 (
N

/N
) 
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Substituting the lift  coefficient equation into the above equation results in equation (4.8) [19]. This equation 

is not for calculating the speed of the aircraft. The speed of the aircraft is contained in the dynamic pressure 

term. Equation (4.8) is a thrust-to-weight and wing-loading relation dependent on the freestream velocity 

masked in the drag coefficient equation. 
 

 
T q Њ Ͻ CD W/S qЊ τɻ2 

=  o +  +  ( )       
W  W / S q Њ Ͻ ʌ Ͻ e   Ͻ A                               R W/S Ѝ-2  1 

                s    u bs  o ni c                    
supersonic 

 
(4.8) 

 

The dynamic pressure is determined from the conditions at altitude and Mach number indicated. The 
angle of attack is determined from the CL corresponding to the wing loading, dynamic pressure, and the 
change in CL with respect to angle of attack. Figure 19 shows the T/W and W/S relation for the Mach 
number of 1.25 and 1.5. 
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Figure 19. Speed requirement performance sizing graph 

 

4.1.7 Maneuvering Constraint 

The turn rate is expressed by equation (4.9) [18]. The radius of the turn can be expressed by equation 

(4.10) [18]. These two equations are only functions of the gravitational force, flight speed, and g-loading 

(n). 

 
goЍÎ2  ρ 

ʖ  
VЊ 

(4.9) 

V2 

R =  
Њ

 

goЍÎ2  ρ 

 
(4.10) 

To determine the thrust-to-weight ratio and wing loading for a maneuver, the same derivation is used 

as for the speed requirement in section 4.1.6. To perform the maneuver there must be sufficient thrust to 

overcome the drag of the aircraft at the g-load. This results in equation (4.11) [17]. 
 

 
T q Њ Ͻ CD (W/S)n2 

=  o +  
W W/S qЊ Ͻ ʌ Ͻ Å Ͻ AR 

(4.11) 

T
/W

 (
N

/N
) 
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The turn rate and turn radius requirements calculate flight speeds well below the maximum speed from 

the previous section and are therefore satisfied. The T/W and W/S relation for the high-g maneuver is the 

critical maneuver requirement to analyze. Figure 20 shows the T/W and W/S relation for the high-g 

maneuver at varying AR. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 20. Maneuvering performance sizing graph 

 

4.2 Calculation of Performance Constraints with the AAA  Program 

The AAA  program is used to verify the calculations and the results obtained from section 4.1. The input 

parameters for each performance constraint are taken from the manual calculations. The results from AAA 

are shown in the following sections. The input screen dumps are in the top of the figures and the bottom is 

the performance sizing graphs for the performance requirements. 
 

4.2.1 Stall Speed 

Figure 21. AAA ï Stall T/W versus W/S 
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4.2.2 Takeoff Distance 

Figure 22. AAA ï Takeoff distance T/W versus W/S 
 

4.2.3 Landing Distance 

Figure 23. AAA ï Landing distance T/W versus W/S 
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4.2.4 Drag Polar Estimation 

Figure 24. AAA ï Takeoff drag polar 
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Figure 25. AAA ï Clean drag polar 
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4.2.5 Climb Constraints 

Figure 26. AAA ï Takeoff climb T/W versus W/S 
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4.2.6 Speed Constraint  

Figure 27. AAA ï Speed T/W versus W/S 

 

4.2.7 Maneuvering Constraint 

Figure 28. AAA ï 7g maneuver T/W versus W/S 
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4.3 Summary of Performance Constraints 

The combined performance sizing graphs from AAA are presented in Figure 29 and the manual 

calculations combined performance sizing graph is presented in Figure 30. 
 

Figure 29. AAA ï Performance sizing graph 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 30. Hand calculation performance sizing graph 

 

From the design point in Figure 30,indicated by the red star, the wing-loading is determined to be 
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intersection of maximum speed, high-g maneuver, and stall speed. At this point, all other performance 

sizing requirements are met as indicated by the arrows in Figure 30. 
 

Using the design point, the performance is calculated for each of the performance categories using the 

equations presented in section 4.1. Table 7 lists the indicated performance correlating to the design point. 

The takeoff and land distance, and takeoff climb are evaluated at 2.5km because some USAF bases at higher 

altitudes ranging from 7,500 to 8,000 ft (~2.5 km). The other parameters are evaluated at the same 

conditions used for the performance sizing analysis. 
 

Table 7. Performance at design point 

Parameter Value Units Condition  

WTO 
44,920 

10,100 

N 

lb 
Takeoff 

T/W 0.659 N/N 
Takeoff 

Sea-level 

T 
29,600 

6,655 

N 

lb 
Sea-level 

W/S 
2,436 

50.9 

N/m2 

Lbs/ft2 

Takeoff 

Sea-level 

S 
18.4 

198 

m2 

ft2
 

--- 

VST 
53.3 

175 

m/s 

ft/s 

Sea-level 

CL,max = 1.4 

STOG 
405 

1,330 

m 

ft 

Alt = 2,500m (8,200ft) 

CL,max = 1.4 

SLaG 
716 

2,350 

m 

ft 

Alt = 2,500m (8,200 ft) 

CL,max = 1.4 

CGRTO 
540 

2,850 

m/km 

ft/nMile 
Alt = 2,500m, CL,max = 1.4 

RCsub 
65.2 

12,835 

m/s 

ft/min 
Alt = 4,570m (15,000ft) 

RCsup 
69.8 

13,740 

m/s 

ft/min 
Alt = 5,486m (18,000ft) 

Vmax 
478 

1,570 

m/s 

ft/s 
Alt = 5,486m (18,000ft) 

Mmax 1.5 --- Alt = 5,486m (18,000ft) 

n 7.1 --- Alt = 5,486m (18,000ft) 

 

4.4 Propulsion System Selection 

4.4.1 Propulsion System Type 

The type of propulsion system can be determined from an altitude versus Mach number plot as depicted 

by Figure 31, which shows the types of propulsion systems used based on Mach number envelopes 

correlating to the maximum velocity at altitude. 
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Figure 31.  Mach altitude plot  [19]To create an altitude versus Mach or velocity graph, equation (4.12) [18] 
is used. The relationship is derived from the thrust = drag equation, but neglecting wave drag. Using the 

density at various altitudes the maximum velocity can be determined based on the design point 

determined from the previous section. The speed of sound at altitude is calculated by equation (4.13). The 

maximum Mach at altitude is calculated by the Vmax at altitude divided by the speed of sound at altitude. 
 

  

 T  W  W T  2 4CD 

Ѝ(W) ( S ) + (  S ) Ѝ(W)  ʌ Ͻ e Ͻ 
o

 
max max AR 

Vmax  =  
ʍ Ͻ # 
Њ Do 

 
(4.12) 

aalt = Ѝɾair Ͻ דair Ͻ 4alt (4.13) 

 

The Mmax versus altitude for the design point is shown in Figure 32. Comparing Figure 32 to Figure 31, 

for the design point of the aircraft a turbofan or turbojet must be considered for the propulsion system to 

achieve the required thrust of the design point. 
 
 

      

      

      

      

      

      

 

 

Figure 32.  Mach versus altitude 

 

4.4.2 Number of Engines 

The number of engines required depends on the available thrust an engine can produce or designing a 

new engine to satisfy the requirement. Since the lead times for new engines are long and expensive, a list 

of currently produced engines for military applications is compiled, see Table 8. The design point resulted 

in having a thrust requirement of about 29.6 kN. 
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The Pratt and Whitney (P&W) F135 is currently used in the F-35 program. The F135 meets all the 

requirements but is simply oversized for the application. The P&W F100 has a significant amount of thrust 

and meets the specific fuel consumption requirements but is oversized for the application. The GE F404 

has been used in various Boeing aircraft and the F-117. The F404 is a viable option but has a greater mass 

than other options, so it will not be considered. 
 

The Eurojet EJ200 is used in the Typhoon fighter. The EJ200 is selected because it has the lowest mass 

compared to the other engines and it meets the specific fuel consumption and thrust requirements. Further 

analysis and design refinement will determine if a larger engine must be considered if the required thrust 

increases over the available thrust of the EJ200 
 

Table 8.  Possible engines 

Engine TAB (kN) T (kN) Mass (kg) Cj (kg/(N*hr))  
Cj AB 

(kg/(N*hr))  

# of Engines 

Required 

P&W F135 190 125 1,700 0.089 N/A 1 

P&W F100 130 79 1,737 0.077 0.20 1 

GE F404 79 49 1,036 0.083 0.18 1 

EJ200 90 60 1,000 0.082 0.17 1 

 

4.5 Summary of Performance Sizing 

The critical design parameters have been determined from the weight and performance sizing. These 

values are listed in Table 9. The propulsion system analysis determined the engine of choice would be the 

EJ200. If thrust required increases over the available thrust of the EJ200, then the F100 engine will be 

considered. 
 

Table 9. Summary of critical parameters 

Parameter Value Units 

WTO 44.9(10.0) kN(klbs) 

WF 15.4(3.46) kN(klbs) 

WE 27.5(6.18) kN(klbs) 

Treq 29.6(6.65) kN(klbs) 

Sreq 18.4(198) m2(ft2) 
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5. Fuselage Design 
 

The purpose of this section is to develop a general understanding of the cockpit layout and approximate 

fuselage shape. The main components are the crewmen, engine, and adequate space for subsystems. The 

design methodology has been developed from historical and adapted industry standards [20]. Military 

standards were also considered as additional references [1], [3], [4]. 
 

5.1 Layout Design of the Cockpit 

5.1.1 Dimensions and Weights for Crew Members 

The design requires the cockpit to fit two crew members, one pilot and one instructor. The average 

military crewman weighs 180lbs (801N) plus about 20lbs (89N) for gear [20]. Therefore, the total weight 

of a crewman and gear is 200lbs (890N). An average standing male crewman is shown in Figure 33, and 

Table 10 lists the dimensions corresponding to Figure 33. The average body width of a male across the 

shoulders is 533mm, at the elbows 561mm, and at the hips 457mm [20]. 
 

Figure 33. Standing crewman dimension relations [20] 
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Table 10. Dimensions for male crew members (mm) [20] 

Dimension 1 2 3 

A 1600 1750 1900 

B 870 920 990 

C 230 255 280 

D 300 335 370 

E 620 685 750 

F 350 390 430 

G 435 475 515 

H 850 950 1050 

I 140 150 160 

K 760 805 875 

L 300 330 360 

M 300 325 350 

N 50 60 70 

O 200 220 240 

P 190 200 210 

Q 260 270 280 

R 80 90 100 

S 25 300 30 

T 20 30 30 

U 20 20 20 

 

Figure 34 shows a sitting crewman, and Table 11 lists the corresponding dimensions. The columns in 

Table 10 and Table 11 represent the dimensions of an average person. If  female pilots are being considered, 

then all male crewman dimensions and weights should be adjusted by a factor varying from 0.80 to 0.85 

[20]. 
 

Figure 34. Sitting crewman dimension relations [20] 
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Table 11. Sitting dimensions for male crew members (mm) [20] 

Dimension 1 2 3 4 

A 940 991 1041 1092 

B 768 781 800 806 

C 127 127 127 127 

D (deg) 21 19 16 16 

E (deg) 101 101 101 101 

F 756 768 787 794 

G 254 248 248 254 

H 368 349 343 330 

I 483 483 483 483 

J 152 152 152 152 

k 229 229 229 229 

L 292 349 394 445 

M 914 889 876 876 

N 127 127 127 127 

O 235 235 235 235 

P 381 381 381 381 

Q 178 178 178 178 

R 635 635 635 635 

 

Using the dimensions in the third column (column heading, 2), a three-dimensional footprint of a sitting 

crewman is modeled using Solidworks. The model is shown in Figure 35. 
 

Figure 35. Crewman space sitting position 

 

5.1.2 Layout of Cockpit Seating and Cockpit Controls 

The layout of the cockpit depends on the dimensions of the pilot and visibility. The recommended seat 

arrangement for military trainers and fighters is shown in Figure 36. For the class of aircraft in the design, 
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ejection seats must be considered. Figure 37 and Figure 38 show the ejection seat requirements. Figure 39 

shows the typical military trainer and fighter cockpit layout. 
 

Figure 36.  Recommended seat arrangement for military [20] 
 

Figure 37.  Recommended clearances for ejection seats [20] 
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Figure 38.  Typical ejection seat dimensions [20] 

 

Figure 39.  Fighter/attack cockpit arrangement [3] 
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5.1.3 Determination of Visibility from the  Cockpit 

The following method [20] is used for determining cockpit visibility. Cockpit cutaways of the proposed 

cockpit can be found in the following section, 5.1.4. 
 

1. Locate point C on the horizontal vision axis as shown in Figure 40. 

2. Make sure that the distance labelled Lc in Figure 41b is within the indicated range. 

3. Draw the angle Y = 8.75o. 

4. Locate point S with the help of the distance óCô as defined in Figure 42 and in Table 10. The 

maximum allowable value for C is 80 cm. 

5. Orient the pilot seat in accordance with the dimensions of Figure 42. 

6. Draw in the areas required for cockpit control and for seat motions and adjustments. 

7. Check the minimum required visibility with the visibility rules of Figure 40 and Figure 41. 
 

Figure 40. Port and starboard visibility requirements [20] 



42 
 

 
Figure 41.  Definition of radial eye vectors [20] 

 

Figure 42.  Recommended seat arrangement [20] 
























































































































































































