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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 thepFogram requirements for an

advancednilitary trainer(AMT). Thedesignprocesgocusedon atop-level designaspect,

t hat foll owed the <classic aircr afMirglanedesi gn pr c
Design The design process covered: configuration selection, weight sizing, performance

sizing, fuklage design, wing design, empennage design, laigdiag design, Class |

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

supersonic area rule applied to supersonic drag polamsiiggrams, Class Il 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 th&irplane Desigrseries.
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1. Introduction

Thepurposeof this projectis to exploretheaircraftdesignprocesgo developa designfor anadvanced
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 imbers. Advanced trainers are similar to the fighter class of aircraft in that
they are smaller and more maneuverable than other méitamaft.

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 sigtethat meets the mission specifications and looks
appealing. I f an aircraft cannot perform as expec
would buy the aircraft.

The motivation for this type of design comes from fighter planes. Fighefast, maneuverable, and
help develop new technologies to meet engineering challenges. An advanced trainer was chosen for the
designbecausét is asmallerscaleversionof afighter plane.Many of theadvancedrainersin the military
are based on 3flusyearold technology, with many modifications to keep up with training program
demands, and will soon be meeting the end of theiclitde. The United States Air Force (USAF) is in
the procesf replacingtheir agingtrainer, the T-38 Talon,with a programcalledthe T-X trainer.ln 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 againstkhewvetircraft
manufacturesyhich will helprevealthedifferencef aircraft desigrirom the aerospacéendustryandthe
theoreticateachings.

1.1 Mission Requirements

Thefollowing missionspecificationarebasedntherequirementsetby the USAFfor theT-X trainer
proposals and military specification documents [1], [2], [3], [@hd

Crew: Two, pilot andnstructor

Range 500 nautical miles (92dm)

Cruise speed 510 knots (260m/s) at an altitude of 15,0Q0f67km)

Mach number: Capable of Mach 1.&bovel5,000ft

Cruise altitude: 15,000ft(4.57km)

TO and Landing field requirements: 8,000ft (2,400m) runway at an altitude/p400ft
(2,250m) with a tail wind of 10 kno{5.1m/s)

Load-factor: 6.5 at 80% max weight, altitude ©15,000ft

Maneuvering: Turn rate of 12.%s with less than a 4,500ft (1,370m) turn radius at an altitude of
more tharl5,000ft

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

Rate of climb: Subsonic 500ft/min (2.54m/s), Supersonic 1,000ft/&iA8m/s)

Engine efficiency Without AB 0.864lbm/(Ibfhr) {0.0881kg/(Nhr)}, With AB 1.98lbm/(Ibfhr)
{0.202 kg/(N-hr)}

= = = =4 =4 -8 -8 -9

= =4 =9

1.2 Mission Profile

There are twelve flight profiles given in theXT Trainer guidelines document [2]. The USAF, in the
list of requirements, have declared most maneuaedstraining will occur between 10,000 and 18,000ft
(3-5.5km). This would include aircraft maneuvering, higpulis, airto-air, airto-ground, and other



training exercises. The general profile of the twelve flights would consist of TO, 90 nautical miles cruise
climb, flight exercisedecentandlanding.Eachprofile would be adjustedo fit thenecessaryequirements
of the training missions. Three general flight profiles are showigiurel.

Air-to-Air/General
6 Training
5 © =\ Air-to-Ground
/ \ Training
€4 / \ | = = Airto-Air Additiond
o= / \ Training
() 3 L o —
E \
=2 \
\
1
\
0 S | W
0 1 2 3 4 5 6 7 8 9
Flight Phas:

Figure 1. Flight profiles of AMT

1.3 Market Analysis

Themarketfor suchanaircraftis verygood.The USAFis askingfor 350T-X trainersworth acontract
price of up to $16 billon, to replace approximately 4088TTalons in the AF service [5]. The succeks
such an aircraft could lead to additional procurements from the USAF and add the interest of the other
military branchesn replacingtheir agingadvancedrainers.This couldalsoleadto othercountriesvanting
to procure the new modetrainer.

Modern aircraft are outfitted with many comput el
demands are much msophisticated 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 preparepilots betterfor themodernaircraftsuchastheB-2, F-22, F-35, etc. Basedon the stateof current
aging trainers and modern aircraft demands, the market for a modern advanced military trainer is, that it is
needed andanted.

1.4 Technical and Economid~easibility

An AMT is averyfeasibledesignto achievetechnicallyandeconomically An AMT doesnot needall
theadvanceaystemsandweaponghatamodernfighteror bomberaircraftrequires suchasstealthrange,
etc. The purpose of the trainer is to prepare pilots for the future aircraft they willippeegistor service.
This includes advanced flight maneuvers, formation flying, supersonic flight, and n@seiaises.

The technology required for an AMT has been well established through the development of modern
aircraft. Compositedesignandtechnolog havebeenprovenin variousaircraftacrosshe designspectrum
and offer potential weight reduction to the overall design. Circuit systems and computers have greatly
improved since when the-38 Talon was designed. This offers more capabilities in the cockpit and will
better prepare pilots for their futurergees. 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).



A complete groud-up design costs more than modification of an alrqgadguced plane, which is
someof themanufacturerplansto bid for theT-X contract.Thebenefitof anewdesignis thatit offersthe
capability to have a purpodmiilt design, which meet mission rgements and include design features to
better accommodate fututechnologies.

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 performance38healbn and T
45 Goshawk are current trainers for the USAF and USN, respectfully. The scorpion was initially a design
by Textronto bid onthe T-X contract butfor unspecifiedeasonshe companywithdrewits proposalThe
M-346is adesignby Aermacchianltaliancompany TheT-50 GoldenEagleis analreadyproducedlane
by Lockheed Martin and Korean Aerospace Industries. The companies have made modificakiens to t
previous F50 to better meet the requirements given by the USAF. The YakoviedXalks a Russian
design that is categorized as a light attack aircraft. The NorthEgBRssault Mirage Ill, and Douglas A
4 are light attack aircraft. Finally, the Aet -39 was developed for advanced pilot training and later
modified for light attack mission3.able loutlines the aircraft configurations arapabilities.



Table 1. Comparable aircraft configurations and capiali

Name Image Configuration Capabilities
1 Mid/high-wing 1  Fly-by-wire
9 Conventionatail 1 Night visiondisplay
M-346 (2004) 1 2-engines 1  Autopilot recoverysystem
9 2 crew 1 9 armaments points
1  High-wing 1  Groundsupport
Twin vertical 1 Maritime patrol
Scorpion (2013) 1 2engines 1  Airspacecontrol
T 2crew 6 armaments
1 Night vision capable
= 1 Low-wing T No armament
T-38 Talon 1  Conventionatail 1  Safety chasplane
(1961) 1 2engines 1 Aerial photography
T 2crew
1 Low-wing 1 Carriercapable
1 Conventionatail 1 External payload capable
T-45 Goshawk 1 1engine (practice armamentfyel
T 2crew
1 Mid-wing 1 Easy transition to modern
f  Conventionatail fighters
T-50 Golden f  1engine 1 Air-to-air and airto-ground
Eagle (2002) capable
T 2crew
1 Light attack andnulti-role
1 Mid-wing 1 9 external armameimints
vak-130 (1996) Conventionatail 1 Light attack
1 2engines 1 Air-to-air and aisto-ground
1 2crew capable
1 Low-wing 1 7 external armament points
F-5 Tiger 1  Conventionatail 1 Light-fighter
1 2engines
T 2lcrew
1 Low-deltawing 1 Early deltawing development
Mirage Il 1 Tailless 1 Interceptor
1 1engine 1  Poor lowspeederformance
T 1crew 1 5 external armameimints
1 Low-wing 1 Carriercapable
1 Conventionatail 1 Light attackaircraft
A-4 Skyhawk 1 1engine 1 Various armamertypes
1 1crew
1 Low-wing 1 2 external armamemiints
1  Conventionatail 1 Light attackcapable
L-39 Albatros 1 1engine 1 Designed for advanced pilot
1 2crew training




1.5.2 Comparison of Important DesignParameters

The ten aircraft selected were investigated for their flight parameters and specificatibles.2
presents the performance parameters and specifications for the aircraft. The wing and thrust loading of the
aircraft were apmximated 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 Gc;l:s-r?aswk T-Sgaf;?;den
Wro kN 93.2 97.9 53.9 62.7 120
WEe kN 45.2 56.5 321 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

m? 235 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
WIS N/m?2 2,795 4,737 3,325 3,001 3,884
TIW 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 Il A-4 Skyhawk L-39
Wro kN 101 110 134 109 44.7
WEe 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

m? 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
WIS N/m? 2,711 4,410 3,795 3,378 2,452
TIW 0.70 0.58 0.45 0.51 0.37
Load limits -3/+9 -3/+7 -3/+9 -3/+8 N/A
Ceiling km 125 16 17.0 12.9 11.0

1.5.3 Discussion andConclusion

The aircraft have similar configurations with the exception of the Mirage lll, 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 taecraft 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 andgihemitisions.

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



a takeoff weight of 46 to3b kN. The maximum speed, rate of climb, and service ceiling of each of the
aircraft are a result of the designdés wing and th

A low-wing loading equates to a larger wing, which produces more lift and drag. More lift is good for
low speedperformancerateof climb, andpotentialserviceceiling, butalargerwing carriesa greaterdrag
penalty. Coupled with inadequate available thrust or inefficient engines, this results in lower max speeds
and serviceeiling.

The planes vary inwingareahw ch can be attri buted to designer
Thechoicescouldhavebeenin favor of reducingdrag(smallerwing) for increasespeedoerformanceor 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 thrusteimht 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
thedesignpointfoundin the matchinggraph,a designercandeterminesizingparametersuchaswing area
wing span, power or thrust required, aspect rato,

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 mubemarinbum
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
designparametersvill bemaneuveability andspeedThedifficulty with maneuverabilityill beto ensure
thestructureof theaircraftcansustainhe g-loadsin high-g maneuversSpeeds anissue becausenostof
the training flights are subsonic. Demanding supersonic capabilities from an aircraft that mostly flies
subsonic leads to difficult design choicesdagineers.



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 theairplanesvary considerablyandprovidea spectrunof valuesthatshouldcontainthe designspaceof
the proposed aircraft for this project. dtakeoff and empty weights of the aircraft in Table 2 are used in
the following weight sizinghapter.

Similarities and differences in configuration choices are noticeable from a visual inspection of the
aircraft. All the aircraft have a conventionaktrtle landinggear, aft buried engine(s), and conventional
horizontalstabilizer . Tricycle landinggearoffersthemostgroundstability for thefewestnumberof wheels
and struts. More than three wheels wild.l i ncrease
supportgo maintainalevel planeduringgroundroll andparking.Enginesareplacedinsidethefuselageo
reduce additional drag as compateaxternally mountedngines.

The main configuration differences of the aircraft are the wing location, number of engines, crew, and
vertical stabilizers. The comparable aircraft have-Jawid-, and highwing placements. Lowings are
selectedor moremaneuverabilityLow-wingsalsoallow for shorterandlower weightlandinggeardueto
reduced ground clearance. Midngs are selected for neutral stability and more ground clearance for
underwing mounts over the lewing. High-wings offer the most stability and ground clearance. Though
stability is good, increased stability reducesabntrollability of theaircraft.

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 fanstructing. 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 senalértical 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 determineyo wei ghi ng the pros and cons. There a
configurationthoughcertaindesignchoicesarebetterfor specificmissionsHencethisis why manyplanes
look similar when they are designed for the same or simiksions.

2.1.1 Wing Configuration

Both advanced trainer and fighter aircraft require maneuverability. From the three possible wing
locationsamid or low-wing arethebestoptions.A high-wing is notidealbecausé is favoredfor stability.
Since stability and control are interdependent, a more inherently stable aircraft tends to have lower
controllability. A lowwing is ideal for increased controllability. A lewing also offers potential storage
volume for landinegear. The desigrequires supersonic flight, which generally equates to thinner wing
profiles. This eliminates the option of storing the lanelijegr in thaving.

The ideal choice for this design is a Athg. A mid-wing offers neutral stability and control. The
main regative effect of a miving 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 EmpennageConfiguration

Theempennageonfigurationwill beaconventionatlesignfor anadvancedrainertypeaircraft. There
will beahorizontalandtwo verticalstabilizers A rearhorizontalis favoredoveracanardor pilot visibility
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overall height of the aircraft. Having two vertical fins also help to reduce coupled pitch and yaw modes.
This is accomplished by the shorter momemn,awhen 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 integratedthe aft fuselage section. Having an internal engine will
reduce aerodynamic drag over externally mounted engines. Placing the engine in the back of the aircraft
alsopresentproblems Oneof theproblemss theneedfor anintakeduct,which canhaveefficiencylosses
when compared to an externally mounted engine. The other problem is a reduction in ease of maintenance
tstnueturee n gi ne

for the engine, due to

2.1.4 Landing-Gear

The landinggear will be a conventional tricycle configuration. For supersonic capabilities, the wing

encl

osed

by

will bethinnerwith lessstoragecapacity Also, amid-wing will requirelongerlandinggearwhencompared
with a lowwing or fuselage integrated landiggar. Therefore, landirgear integrated with the wing will
notbeagoodchoice.Therewill beasinglenosewheelwith steeringcapabilitiesfor taxiing purposesTwo
rear wheels will be specifically placed aft of the aircraft cg to ensure proper stability during igrdbund

2.1.5 ProposedConfiguration

The above configuration design choices are presentéigume 2.The wing will be swepfor 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 mileheight of the aircraft. A single internal fuselage engine is selected for

reduced drag. The design will incorporate a conventional tricycle laiggiagconfiguration.

Figure 2. Initial AMT design sketches

t he



3. Weight Sizing

3.1 Mission Weight Estimates
3.1.1 Database for Takeoff and Empty Weights from SimilarAirplanes

The previous ten comparable aircraft are used as a database for takeoff and empty weights. The weight
values presented ifable 3are from [6] through16].

Table 3. Empty and takeoff weights of comparable aircraft

Airplane Type (\IiY\IE) W(Lc;\’lr;ax
Supersonic Trainer/
M-346 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 Supersonic Trainer 635 120
Eagle
Supersonic Trainer/
Yak-130 Light Fighter 45.1 101
F-5 Tiger Light Fighter 42.7 110
Mirage Il 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 ané&

Historic data has demonstrated there exists a linear base 10 logarithmic relationship between aircraft
TO and empty weight, shown by equat{@1)[17].

log10 Wro ! 1wWeD 11 C (3.1)

Where, A and B are the regression coefficients of the logarithmic equation. Using the Thtieif} the
base 10 logarithm is taken for the TO and empty weights of the aircraft. The data is plotkegiiise8
Using Excel tread line, a linear equation is fitted to the plotted daie #re equation the coefficients A
and B are determined.

5.2

5.1 4;“‘"."'
\-64.9
> |y = 1.2547x o.9151|
248 -

4.7 .

.
4.6
445 450 455 460 4.65 470 475 480 4.85 4.90
log,o(We)

Figure 3. Determining A and B coefficients



FromFigure3, theregressiorcoefficientsarefoundto be: A = -0.9151andB = 1.254.Fromtable2.15
in [17], theregressiortoefficientsfor amilitary jet trainerare,A = 0.6632andB = 0.8640.Theregression
coefficientsfor ajet fighterare:A = 0.1362andB = 0.9505.Comparingtheresultsobtainedrom Figure3

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 improsegdctural materials have made planes
better. For this project, the results obtained fiégure 3will provide more accuratgpproximations.

3.1.3 Determination of MissionWeights
3.1.3.1 Manual Calculation of Mission Weights

A method for approximating W We, and Wo is the fuel fraction method [17]. The method uses the
following steps and equations:

1. Determine the mission payload weigitp..
9 Passengers afhggage
1 Cargo
1 Military: guns and munitions
1 Specialequipment
2. Make an educated guess Wfo.
3. Determine the mission fuel weighte.

We=WE ceqt W= (P i) Wro+ W, (3.2)
-
Wy T Wiy (3.3)
Mf—f =—b .
Wo . W

Where the subscript i indicates the flight profile phase.
4. Calculate a tentative value fdfoe.

WoEe = WTOuess H PL (3.4)

5. Calculate a tentative value fdve.

WEtent = WOEem t?O JEW (35)

The value for W, can be up to 0.5% of W or this variable can be neglected at this point in the
sizing process.
6. Calculate W using Wro guess and the regression coefficients ARBnd

l0g10(Wo !
B

(3.6)

WE = inv. logyg (

7. CompareNe andWre tentative jf thedifferenceis greatetthan0.5%,repeattep<2 through6 until
convergence.

Since the aircraft being designed is for training, weapons are not required. Considering any munitions
in thedesignwould leadto anoversizedblaneto supportsucha payload A planedesignedvith 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 skisi mary
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throughtrainingandflight exercisesandbe purposebuilt for themission.If weaponsareconsideredn 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 asaaner.

To determinghemissionphasduel fractions,tableg[17] areprovidesfor variousaircraftflight phases
and flight parametersigure 4shows a typical flight profile for a military trainer. Table 2.1 in [17], lists
fuel fractions for all flight phases except cruise riter.

6.0
'g' 5.0
= 4.0
3 30 /
£ 20
<10
0.0
i = kL w oE g 5
‘\'-? ’ \-'?‘ xsll.": J = QI-\ L \'\} \-"‘K '\\_\"-\ I ..' : \'.‘:\ \-’\.‘:st:"
Flight Phase =

Figure 4. Basic flight profile

To determine the fuel fraction for cruise and loitering, equai®17§ and(3.8) are used, respectfully.

i G 1
Ao — 2— 3.7
Wisq Qr&/)cr B C)r] (3.7)
Miep w4 )
Wi+1 Itr  j,ltr L/D i '

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 Wro 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:

q Wro =44.9kN
T We =27.4kN
1 We  =15.4kN

3.1.3.2 Mission Weights Using the AAAProgram

The AAA program is based on the aircraft design methods [17], [19]. The fuel fractions of the flight
profile phases are presentedHigure 5 The regression coefficients A and B are determined from the
aircraftpreentedin Table3. Theweightof theaircraftandthe coefficientsA andB arepresentedh Figure

6.The |1 ogl og pl otoand Y\ ate Bhewnarfrigure 7 Ridgure 8seowdthe output of the
aircraftés weipmdrams from t he AAA
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Figure 8. AAAT 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 emptytsmveigthree
different methods: weight regression, fuel fraction, and computer program.

3.2 Takeoff Weight Sensitivities

3.2.1 Manual Calculation of Takeoff Weight Sensitivities

Thetakeoffweightsensitivitiescanbederivedfrom equation(3.1). Theemptyweightcanbeexpressed
by equation(3.9).All the following equations are taken frddi/].

Wg # 103 D7 (3.9)
Where,
# (P+Med(p 1) - o (3.10)
D =Wpi + Werew (3.11)
Substituting equatio(B.9)into (3.1) results in equatio(B.12)
logioWro ! 10 #0719l TE (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 equatiof8.13).Where y, represents a parameter of irgere

11+

" © iRV AN it
ho Woo U TO "R U

RU Ap BWro D

(3.13)

If y = Wp(, )C/UWpL = 0 anduD/pWe. = 1. Equation(3.13)reduces to equatidi3.14).
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Fi7o_ " Wao
7. $  (p #B)Wio (3.14)

The sensitivity of the takeoff weight to empty weight can be directly derived from ed@atipn
resulting in equatiofi3.15)

7 log (W | P
©=BowN_{inv.log [ 910(Wro) I
e TO 10 B (3.15)

Equation(3.13)reduces to equatiqi3.16)for the following parameters: range, endurance, L/D, and
specific fuel consumption.

2 o
'F17T9_ 0 hU (3.16)
hU dp BWio D
The derivative of equatiof8.10)is the following:
h# -4
Ry (3 Med () (3.17)
WhereuMg/py is:
P Wi, b /W)
——= M_ff ) S
hU (Wi+{ RU ) (3.18)
The weight ratios can be expressed in terms of
in equationg3.19)and(3.20).
2F | (‘W 2. ol A& i 6
n ) —
Wi+1 J D (3.19)
_ W, N R
E= In(Wi+l i( 2 A (3.20)

The combination of equatioif8.16),(3.17),(3.18),and(3.19)or (3.20)results in equation&.21)and
(3.22).

AN
L
hU hU (3.21)
hro ii=y
- & .0
hU hU (3.22)
Where F is represented by equat{8r23).
& 20 09(B7 ) 11+ Mreg) My (3.29
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The sensitivity of takeoff weight to range can be expressed using equ@tib®sand(3.21)to form
equation(3.24).

h 7o P

L
= &V A (3.24)

The sensitivity of takeoff weight to endurance can be expressed using eq(@@snd(3.22)to
form equation(3.25).

o & L:) i A
=% i@ (3.25)

The sensitivity of takeoff weight to L/D can be expressed using equd8d®) and(3.21)to form
equation(3.26).

70 Lz * -

L J D 3.26
FYB) (3.26)

The sensitivity of takeoff weight to specific fuel consumption can be expressed using eq3ations
and(3.21)to form equatior{3.27).

h7o
nA

The calculated weight sensitivities are listed able 4

L
& &> 2 6 (3.27)

Table 4. Weight sensitivities

Parameter Units Eq. Calculated

i aWare)

S N/N : 6.10
7 (3.14)
K70

-0 N/N 1 2.06
h7e (3.15)

Bfre N/km 3.24 28.2
2 (3.24) '
Do N/hr (3.25) 22,805
oy ' ‘
NaWare

Fh N/(N/N) (3.26) -1,622

D cr

Do N/(N/N/h 27 16,220

=y (N/N/hr) (3.27) ,

3.2.2 Calculation of Takeoff Weight Sensitivities using the AAAProgram

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 preseirftigdine 9
Comparing the nmraual calculations results of section 3.1.3.1 to the AAA resulis, Wg, and W have a
differenceof lessthan1.0%.Theresultsshowagoodapproximatiorfor thethreeweights.Table5 presents
a summaryof the calculatedsensitivitiesto the sensitivityoutputof the AAA program.Theforth column
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showsthe percentdifferencebetweerthe calculationsandAAA. Overallthe sensitivitiescalculatednatch

well with the AAA program results. The AAA program does not specify the method for calculations. The
discrepanciewith thelastfour sensitivitiesn Table5 couldbeattributedto roundingerrorsin the manual
calculations.

Input Parameters
7] : ? ? ]
B 1.2546 AWy 0.0 N <AMy 0.500 % Wro 44883.2 N <
A A
7 7 7 7]
My 0.7118 Wrcres 17831 M M, 20,000 % W, 273548 N -3
A A A\
Output Parameters
& 2 5 = 2
Moy (612 Moo/ Wenw 612 | We  [2.08 1
A b\
Mission Seagitivity Table: Outpit
| Mission Prcile W EWy, R \'""'v;"’V'I-L. ) Wt W; EWpgic, Kor ’ |"\':":‘5n " ’(n‘,‘,:‘:LVD N ’ ('\'.',:v:'r N
1 Wiarmup
2 ‘ Taxi
3 | Takec!
4 | Climb 1810.4 2663.1 345143.8
[ Cruine 16697.2 29.0 -1669.6
3 | Lotar 26070.3 2599.2 23393.1
7 | Cruise 16697.2 29.0 -1669.6
'8 Descent
9 Land Tax
Figure 9. AAAT sendivity output
Table 5. Sensitivity comparison
Parameter Calculated AAA % Diff.
h 7o
6.10 6.12 0.3
h7eL
h 7o
2.06 2.06 0
h7e
h 7o
28.2 29.0 2.7
hz
K 7o
22,805 23,393 25
%o
h 7o
+ —|=) -1,622 -1669.6 2.8
Der
710 16,220 16,697.2 2.9
PR ’ o '

3.2.3 Trade Studies

Regardless of a military trainerés mission, t he
aircraft will startup, taxi, take off, climb, cruise to training exercise airspace, perform training exercise,
cruise back to airport, descend, land, taxid 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.
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Usingthefuel fractionsdeterminedn section3.1.3.1 theweightof theaircraftwasdeterminedor 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 presé&igedeiiOandFigure
11.

1700
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Figure 10. Range versus payload and fuel mass
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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. Hmevethe performance of the aircraft cannot be
determinedy theequationsincreasinghetakeoffweight,with additionalfuel, will requiregreatetakeoff
distances and lower climb performance. Since the aircraft is limited to a spegifi¢ tBe incease in the
requiredift mustbeproducedy increasinghedynamicpressureAdditionaltradestudiescouldhavebeen
performed but simple equation analysis of the Breguet ré$g@8) and enduranc€3.29) equations can
determine how parameters change in relatiasthers.

V L W

R= (E) @ In Gy (3.28)
1 LW

E= (E) @Mn (Wf) (3.29)

Consideringequation(3.28),rangeincreased specificfuel consumptiordecreasesrif L/D increases.
This follows that range increases with a more efficient fuel burn or a greaterdifag ratio. If the range
is heldconstantthenthetakeoffweightincreasesvith specificfuel consumptioror adecreasén L/D. This
makes sense because a pooretdHtirag ratio or less efficient fuel burn will require more fuel to fly the
samerange.

Considering equatior§3.29), endurance increasdak L/D increases or specific fuel consumption
decreases. Similar to range, the aircraft can fly longer with a bettrdifag ratio or more efficient fuel
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burn. If the endurance is held constant, then the takeoff weight increases wnasatt specific fuel
consumption or decreased L/D. Analogous to range, to fly the same amount of time more fuel must be
carried if the lifeto-drag ratio decreases or fuel consumption is less efficient.

3.3 Conclusion

Thecalculationsandanalysigperformedn theprevioussectionsshowareasonabléirst 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
refi nement o $igntBhsed oa the caleulatiorts ansl thelamalysis completed in this report, the
following weights will be used to further refine ttesign.

1 Wi = 44.9kN(10,090Ibs)
T We =27.4kN (6,160bs)
T We  =15.4kN (3,460bs)
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4. PerformanceSizing

Performawge sizing is the process of analyzing performance constraints to determine the relationship
of the thrustto-weight ratio and wing loading for an aircraft. The general performance constraints that are
considered: stall speed, takeoff distance, landingutigt, 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,
aerodynamicoefficients, 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 WI/S.

To determine the T/W and W/Srfahe different performance constraints, the requirements for
performancenustbedefined.Table6 liststheperformanceonstraintoundin [1] and[2]. Bothreferences
do not specify an exact value for stall or max speed. The max speed constrainbges tohgive the
aircraft supersonic capability. This was not a specific design requirement, but research indicated an
advancedrainerwith supersonicapabilityprovidesupcomingfighter pilots with additionalexperiencen
supersonic flight regime. The performance requirements that will be evaluated are presEaidebin

Table 6. Aircraft performance requirements

Parameter Requirement Conditions
Vst N/A NA
o
Sto (6,400 ft) -
1 50ft obstacle
1 Wetrunway
2,130 m
SLa ' 1 Alt=-~23km
7,000 ft
( ) 1 80%We
33 m/km
CGRro (200ft/nMile) T Alt=~2.3km
2.54 m/s .
RC (500 ft/min) E Subsonic
5.08 m/s .
RC (1,000 fy/min) 1 Supersonic
T 50%W-E, i
G-load 7 1 Alt=~4.6km
1T M¢O0.9
0,
w 12.8/sec T 50%We
1T M¢O0.9
R 1,372m T 50%WFr fuil
e (4,500 dt) 1 Mc¢09
M max 15 il Alt < 5,5km
c 0.088 kg/Nhr Crui
‘ (0.864 Ibm/(Ibfhr)) T Cruise
0.20 kg/Nh
G g 1 With AB

(1.98 lbm/(Ibthr))
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4.1 Manual Calculation of PerformanceConstraints
4.1.1 Stall Speed

The stall speed of an aircraft is only a function of wing loading, air density, and The stall speed
is derived from the lift equation: 1
2

L=;N}.b3|.b@ 3 O #

Assuming steadgtate level conditions and substituting weight for lift, the stall speed of an aircraft is
represented by equati¢h.1) [17].

2(WIS)
M Onax (4.2)

A stall speed of 52.1m/s is selected. This value is a few units above the average stall speeds for the
comparisoraircraftusedn previoussectionsThedensityfor the calculationis at sealevel, 1.225kg/mi. A
rangeof C.maxis selectedasedn typical military advancedrainersandfighter aircraft,rangingfrom 1.2
to 1.6.Figurel12is thethrustto-weightversuswing loadingplotsobtained.The arrowsindicatethe sideof
the line that satisfies threquirement.

1
2 08 "‘H } Goma
€06 - 2
z | | —14
= os | |

0.2

1500 2000 2500 3000
WIS (N/n)

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 th® program requirements [2], the takeoff distance and flight
conditions are given in Table 6. The TO distancddasved from the forces acting on the aircraft. The
resulting equation i&4.2)[18].

2
_ p 8 TWTO 0]
C' I-g) NQ.maxD 4#$ r(Wﬁ'O )]a}

Thenegativeactingforces,dragandrolling friction, canbeassumedo bemuchlessthantheforcedue
to thrust [18]. This simplification reduces equat{dn2)to equatior{4.3).

Sto (4.2)

1.44(W1g/S)
gm O ¥ TJ ay 7 (4.3)

L,max

Sto =

For calculations, the following is assumed:

1 gravitational force is 9.807n%¥/s
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1 sealeveldensity
T 12<QGmax<l.6
1 WIS from500<W/S<3500N/rh

The resulting curves are shownHRigure 13

0.25
> 0.2 Cl_,ma>
g 0.15 —_12
s 01 —
~ 0.05

1.6
0
0 1000 2000 3000 4000
WIS (N/m?)

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 frictimoefficient 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 rugwas 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 coefficient2a@@ss than
the dry friction coefficient. For these calctits, mis chosen as 0.3. A range@f _ is chosen based on
the stall speed calculations. The landing weight can be approximated as 80% of the takeoff weight [17].
Figure 14shows the wing loading for the scenarios caltad.

LA
S,= T
-2 Q I-g) /V{imaui:D +# r(WLa I—)] (4'4)

1 —
’Z_‘ 08 c:L,ma)
2 —_14
— 0.4 1.6

0.2
2000 3000 4000 5000
W/S (N/n?)

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].

21



Co=Cp,* Cp *+ Cp,

At this point in the aircrafsizing process the skin friction drag can be approximated using statistical data
for similar aircraft. The lift induced drag is a function of the Oswald efficiency (e), and wing AR. To
calculate the lift induced drag a range aof v@lues are selectdaetween 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.&J@&round 0.025 to 0.05, and aspect ratio around 4 to 6.

Wave drag is function of airfoil nose radius, wing sweep, and wing ta@ethis 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 plaéeedrag isthat the angle of attack is small, less than
13*. Thewavedragis afunctionof angleof attackandMachnumber.The simplified approximatdorm for
the wave drag coefficient is equati@hb).

c=c +—% +_"*%

D b0 ADAR pmz 1 (4.5)
subsonic
supersonic

Figure 15is the drag polar for the takeoff configuration. Skin friction drag increases due to deployed
landinggearandhigh-lift devicesHLD). Figurel16is thedragpolarfor thecleanconfiguration.Figurel7
is the drag polar considering washeag.

2
AR = 7 =5 R=2
1.5 AR A
G 1
0.5
0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
G
Figure 15. Takeoff and landing drag polar
2 E
1.5
G 1
0.5
0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
G

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

4.1.5 Climb Constraints
4.1.5.1 Rate ofClimb

The rate of climb for an aircraft is determined from the excess power and weight by the following
equation [18].

excess power_ Py,

Peq _ 6 4 $
w w w

The above rate of climb equation can be rewritten in terms of the-tbrwgtight ratio and the dratg-
weight ratio.

T D
RC =Vgi(— )
W W

Assuming the lift generated by the aircraft is not significantly greater than the weight, theiwéhght
denominatoof thedragtermcanbereplacedwith lift, andV ¢ canbereplacedy the equatiorfor velocity.

T D
RC =Vi(— -)
W L

WIS) 2
WiR 2
G My
Substituting in the velocity equation and the aerodynamic coefficients, the rate of climb is a function of
wing loading, freestream densitg, for climb, and the lift to drag ratio. The rate of climb equation can

thenbe expressedvith equation(4.6)[18]. Fortakeoffclimb, C, i is the sameasthetakeoffconfiguration
and has a corresponding-ii-drag ratio as determined using the takeoff ¢halgr.

2WIS) T 1
m_-_

(— )
L W —L_(_L) (4.6)

cli

RC =
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4.1.5.2 Climb Gradient

Theclimb gradients theratio of verticaldistancdraveledpertime overthehorizontaldistancdraveled
per time. This relation can be expressed as the rate of climb over the horietouity.

RC
CGR ==
Vcr VCI’

The climb gradient can be expressed by equgdor) [18]. The design requirements specify the climb
gradientattakeoff.Equation(4.7) canbesolvedfor RC andsubstitutednto equation(4.6). Substitutinghe
correct variables for density, lift, and drag, the wing loading, and ttowseight ratio relation can be
determined.

RC
Ver (4.7)

Fromtherequirementéistedin Table6, therearethree:takeoff,subsonicruise, andsupersonicruise.
Figurel8showsheT/W andW/Sfor thethreerequirements-ortheclimb gradientcalculation parameters
are selected on the proposed altitude and the most efficietttdifag ratio as determined from clean and
supersonic dragolars.

CGR =

0.24

Z,
0.22 P
0.20 \
. < CGRo= 33m/km
§ 0.18 \\
— 0.16 E—
= 0.14 RGyp=5.1m/s
0.12

0.10
0.08 RG.u= 2.5m/s|

0 500 1000 1500 2000 2500 3000 3500 4000
WIS (N/r?)

Figure 18. Climb requirement performance sizing graph

4.1.6 SpeedConstraint

In the steadystate cruise condition the thrust equals the drag and weight is equal to lift. The following
relation can be expressed:

Substituting in the equation for the expanded drag coefficient:
T 1 c G
_=_( + L+ Tf)= 2+ @ + Ti
W G > AZRAR p.2 5, G A O Agp-2! 2,
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Substitutinghelift coefficientequationnto theaboveequatiorresultsin equation(4.8)[19]. Thisequation

is notfor calculatingthe speedf theaircraft. The speedf theaircraftis containedn thedynamicpressure
term. Equatior(4.8)is a thrusto-weight and wingoading relation dependent on the freestream velocity
masked in the drag coefficieatjuation.

T:qH,CI?DQ+ WIS +(qu) T

W WS qu03PAR  WSN-Z 1 (4.8)

S ubs onic
supersonic

The dynamic pressure is determined from the conditions at altitude and Mach number indicated. The
angle of attack is determined from the édrresponding to the wing loading, dynamic pressure, and the
change in € with respect to angle of attie. Figure 19shows the T/W and W/S relation for the Mach
number of 1.25 and 1.5.

<
a 2:5 > M=1.5
- Z\

S EEEANN
F 1.0 \§

05 | M=1.25 —
0.0
0 500 1000 1500 2000 2500 3000 3500 4000
WIS (N/n?)

Figure 19. Speed requirement performance sizing graph

4.1.7 Maneuvering Constraint

The turn rate is expressed by equa(@®®) [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@auirg

(n).

. GNP (4.9)
Vip
R= % (4.10)
QoM |

To determine the thrusb-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 thiwgd. This results in equatiof#t.11)[17].

T (O]TS :I:Do (W/S)n2
_= 0y (4.11)
W WS g0 AARD A D
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Theturnrateandturn radiusrequirementgalculateflight speedsvell belowthemaximumspeedrom
the previous section and are therefore satisfied. The T/W and W/S relation for tierhagteuver is the
critical maneuver requirement to analy®gure 20shows the T/W and WI/S relation for the high
maneuver at vaigg AR.

1.4
1.2
= 1.0

pa AR =F
\E/ 0.8 \_// AR =7
= 06 B
= 0.4 VIE
0.2 n=
0.0

0 500 1000 1500 2000 2500 3000 3500 4000
WIS (N/r?)

Figure 20. Maneuvering performance sizing graph

4.2 Calculation of Performance Constraints with theAAA Program

The AAA programis usedto verify thecalculationsaandtheresultsobtainedrom sectiord.1. Theinput
parameter$or eachperformanceonstraint aréakenfrom the manualcalculationsTheresultsfrom 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 performargairements.

4.2.1 Stall Speed

Mgut Pasmmey
[ 1. 3 | 1|
Ihs o 4, P {19168 AWy Wy 1.000 | 1.400 |
ﬂ 1 A EN
1 1), 7
al 0.0 deg C v (19100 = - —oa 1.400 |
Al Al > A
Output Pasmmetes
[ { 1)
N j2ash s 2a36.05
A N
10 Y T T T
T'wW ce
on -
o7y -
o8
05 —
04 - -
03
02 -
1
00 — re e D - - — e W —d — e il ——
0 1000 2000 1000 4000 5000
"
(WiSkheo t'.—l

Figure 21. AAAI Stall T/W versus W/S

26



4.2.2 Takeoff Distance

Input Parameters
c
(5 [2500 m 1 [1.a00 e [0.0320 ﬁ
- 4
Fro [1.000 PlotaC,  [ozoo [on150
ATy o0 aec Sro0 10w [ooo 2
A
10
TWy 09
08
0.7
06
05
04
4"/__/
03 G = 160 =
e ]
a2 =120 .-v""",_,...-——'b £¥0: e
0.1 ey e |
S — l
0 1000 2000 4000 5000

"
(WS, H

Figure 22. AAAI Takeoff distance T/W versus W/S

4.2.3 Landing Distance

Input Parameters
2
h [2500 m W, MWy 800 Pl At [o.200
S
AT, 0.0 009G [“hm [1.400 [z133 m
Output Parameter

(WrS), [3589.76 :",

10 I
TW4o 09 160 —

c‘.ll‘ Iy “
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07 =140
“'L
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00
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"
Wiy [

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

Input Parameters

* c.
Wro [4a8B32 " n =1 [2.3979 d [0.5423 por [0.0000
il 2
S, 18.00 i b [1.0000 erg [o.7000 ctmw [1.8000
7 .\(‘.D 2
AR, |s 00 c In.ssss o0 gus  10-0100
= A
Output Parameters
z 2
L 99.05 = °°,,am [0.0220 Aos oun 00000
a - A
= i
f 0.40 ,“2 ey gy 100920 Bot o g [00903
20 — o —r—— ————r——
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15 |-
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I
L
00 b=
0.00
I
00
L.
00

Figure 24. AAAT Takeoff drag polar
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Input Parameters
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Figure 25. AAAI Clean drag polar

29




425 Climb Constraints

Input Parameters
l -
hspexpwr 2500 m ct..lm [r-400 j P [0.0796 E: NP 0.0420 g
hels 5000 m ct...A [1.600 A E°°m_\.. [0.0320 §‘E°.A [0.0050 o
2 id
Lo m Wey Wrg [0.980 9:»,0_ > [0.0909 ACGR“, [0.005
= 4
RC 1.7670 2 W, Wy [0.800 S [0.0320 =CCRm,, [0.025 4
? ? ? ?
t [ mn ﬂFm [0.a0 B e 00908 :JﬁCGRL [0.025 =
? ?
U deg .épsm T ﬁED.L_“ [0.0320 %
? ? ?
Ve §10.00 = EO,M 5 0.0220 %Bﬁﬁ_w [0.0009 %
Output Parameter
Mey 0.681 =
10 T T T T
TW)3o 09 =
08 —
07 - |
06 -
05 — -
04 - B
03 =
02 3
01 | =
0.0 N 1 n | " 1 " | "
0 1000 2000 3000 4000 5000
(W/Shq

Figure 26. AAAi Takeoff climb T/W versus W/S
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4.2.6 SpeedConstraint

4.2.7
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Figure 27. AAAI Speed T/W versus W/S

Maneuvering Constraint
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Figure 28. AAAI 7g maneuver T/W versus W/S
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4.3 Summary of PerformanceConstraints

The combined performance sizing graphs from AAA are presentédune 29and the manual
calculations combined performance sizing graph is presentédurne 30

3.5 I I ————— Stall Speed Clean
TV | Stall Speed
0 32 L ' - Take-c1 Lanc Baze
7 I G, =140 ATo=08igC
28 k- : | oyl = -« =« = Mxamum Cruse Sgeed
| [ Sustsined g 1 Tom Rate
\ ] — Landeg Lanc Boze
25 |- -1 4T, =0deg C
‘ | e T Climb: TO Gear Up
21 [ Wyg = 440832 N
| —
15 |
‘ HES 140
14 A -
1 -4
o7
| - =y =140
04 Cl" . 140 C-.'"w =140 B Rteeivs o2 - PRI \‘.
0.0 . - L | :
0 1000 2000 3000 4000 5000
s [
o |
Figure 29. AAAI Performance sizing graph
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Figure 30. Hand calculation performance sizing graph

From the design point iRigure 30indicated by the red star, the wit@pding is determined to be
2,436N/n?and the thrusto-weight ratio is determined to be 0.659N/N. The design point is selected at the
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intersection of maximum speed, highmaneuver, and stall speed. At this point, all other performance
sizing requirements are met as indicated by the arrowgure 30

Using the design point, the performance is calcdlfde each of the performance categories using the
equations presented in section A able 7lists the indicated performance correlating to the design point.
Thetakeoffandlanddistanceandtakeoffclimb areevaluatedit 2.5kmbecaussomeUSAF basesathigher
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 sizamglysis.

Table 7. Performance at design point

Parameter Value Units Condition
44,920 N
Wro 10,100 b Takeoff
W 0.659 N/N Takeoff
Sealevel
29,600 N
T 6.655 b Sealevel
WIS 2,436 N/m? Takeoff
50.9 Lbs/ft2 Sealevel
18.4 m2
S 198 ft2
Vv 53.3 m/s Sealevel
ST 175 ft/s CLmax= 1.4
S 405 m Alt = 2,500m (8,200ft)
Tos 1,330 fit CLmax= 1.4
s 716 m Alt = 2,500m (8,200 ft)
¢ 2,350 fit CLmax= 1.4
540 m/km
CGRro 2,850 fnMile Alt =2,500m, € max=1.4
65.2 m/s
RGCsub 12,835 f/min Alt = 4,570m (15,000ft)
69.8 m/s
RCsup 13.740 ft/min Alt = 5,486m (18,000ft)
478 m/s
Vmax L5670 t/s Alt = 5,486m (18,000ft)
M max 1.5 Alt = 5,486m (18,000ft)
n 7.1 Alt = 5,486m (18,000ft)

4.4 Propulsion SystemSelection
4.4.1 Propulsion SystemType

Thetypeof propulsionsystencanbedeterminedrom analtitudeversusMachnumberplot asdepicted
by Figure 31,which shows the types of propulsion systems used based on Mach number envelopes
correlating to the maximum velocity atitude.
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Figure 31. Mach altitude pldfl9]To create an altitude versus Mach or velocity graph, equgti@)[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 saualtitude is calculated by equati@hl13).The
maximum Mach at altitude is calculated by thgat altitude divided by the speed of sound at altitude.

T w W o IT:? 4G
MW o () F (W) L AR (4.12)
Vmax = IV\_b:) DO#
Aqt= Urair O air D a4 (4.13)

The Mmax versus altitude for the design point is showRigire 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.
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Figure 32. Mach versus altitude
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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 applions is compiled, s€kable 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 t#85program. The F135 meets all the
requirement®utis simply oversizedor theapplication.The P&W F100hasa significantamountof thrust
and meets the specific fuel consumption requiremerttsshaversized for the application. The GE F404
has been used in various Boeing aircraft and th&éF The F404 is a viable option but has a greater mass
than other options, so it will not lmensidered.

The Eurojet EJ200 is used in the Typhoon fightére 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 thesl ribqust
increases over the available thrust of the EJ200

Table 8. Possible engines

Engine | Tas (kN) T (kN) Mass (kg)  C; (kg/(N*hr)) (kgf(",@ﬁr» # 3;5&?;’;95
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 PerformanceSizing

The critical design parameters have been determined from the weight and performance sizing. These
values are listed ifiable 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
Wro 44.9(10.0) kN(klbs)
We 15.4(3.46) kN(klbs)
WEe 27.5(6.18) kN(klbs)
Treq 29.6(6.65) kN(klbs)
Seeq 18.4(198) m2(ft?)
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5. FuselageDesign

Thepurposeof this sectionis to developa generalinderstandingf thecockpitlayoutandapproximate
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 additi@ietences [1], [3]4].

5.1 Layout Design of theCockpit
5.1.1 Dimensions and Weights for CrewMembers

The design requires the cockpit to fit two crew members, one pilot and one instructor. The average
military crewman weighs 180lbs (801N) plus about 20Ibs (88Nyear [20]. Therefore, the total weight
of a crewman and gear is 200Ilbs (890N). An average standing male crewman is skauner83,and
Table 10lists the dimensions correspondingRigure 33.The average body width of a male across the
shoulders is 533mm, at the elbows 561mm, and at the hips 457mm [20].
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Figure 33. Standing crewman dimension relations [20]
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Table 10. Dimensions for male crew members (mm) [20]
Dimension 1 2 3
1600 1750 1900
870 920 990
230 255 280
300 335 370
620 685 750
350 390 430
435 475 515
850 950 1050
140 150 160
760 805 875
300 330 360
300 325 350
50 60 70
200 220 240
190 200 210
260 270 280
80 90 100
25 300 30
20 30 30
20 20 20

CHmnW VO UOZZIrX —IOmMMmMOoOm@>»

Figure 34shows a sitting crewman, afi@ble 11lists the corresponding dimensions. The columns in
TablelOandTablellrepresenthedimensionof anaveragepersonlf femalepilotsarebeingconsidered,
then all male crewman dimensions and weights should be adjusted by a factor varying from 0.80 to 0.85
[20].
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Figure 34. Sitting crewman dimension relati¢26]
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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
756 768 787 794
254 248 248 254
368 349 343 330
483 483 483 483
152 152 152 152
229 229 229 229
202 349 394 445
914 889 876 876
127 127 127 127
235 235 235 235
381 381 381 381
178 178 178 178
635 635 635 635

TO 10O ZZIrxa—IO0OT

Usingthedimensionsn thethird column(columnheading?), athreedimensionafootprintof asitting
crewman is modeled using Solidworks. The model is showdigure35.

Figure 35. Crewman space sitting position

5.1.2 Layout of Cockpit Seating and CockpitControls

The layout of the cockpit depends on the dimensions of the pilot and visibility. The recommended seat
arrangement for military trainers and fighters is showiigure 36 For the class of aircraft in the design,
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ejection seats must be considereigure 37andFigure 38show the ejection seat requiremeifigure 39
shows the typical military trainer arfighter cockpit layout.

COCPIT- BASIC DIMENSIONS, FIXED WiNG
6. THI PEDAL "BRAKE OFF~ ANGLE, WITH

TICK REFEREN 1 NT
RESPECT TO THE VERTICAL SHALL RE- = § [ _K-—tows ol seeol el it
MAIN CONSTANT THROUGHOUT THE | j—f
ENTIRE RUDDER PEDAL TRAVEL 2 o 7w

S 3INCHES OF RUDDER PEDAL ADJ IS AC- 750 MIN |~ | ARCRAFT
CEPTABLE WHEN SEATS PROVIDED WITH 10 %0 mg)\ j’k \

+ 2 500 MCHES OF VERTICAL AND 1500 : /\f\(‘—"“" CLEARANCE
INCMES OF FORE AND AFT ADJUSTMENTS T lswn PILOT EYE POSITION
ARE UTILIZED 6 MIN 1 m o

4 RUDDER PEDAL ADJUSTMENT SHALL BE IN L2 . HORIZONTAL VISION LINE
INCREMENTS OF 1INCH OR LESS J____

3. THE STICK AND THROTTLE REFERENCE THROTTLE == __/L B
POINT 1S DEFINED AS THE POINT AT WHICH HOST INECARD CONTROL OW'N”'D
THE PILOT™S SECOND FINGER IS I CONTACT VISION ANGLE

WITH THE FORWARD FACE OF THE CONTROL  11OST FORWARD POINT

o 5
REFERENCE SPEC MIL-B- 8564 FOR BRAKE  OF THROTILE AND i |

-~

STICK REFERENCE
PEDAL ANGLES AND DIMENSIONS !

1 ALL MEASUREMENTS (Aﬁl BASED UPON POINT MOVEMENT md"
THE SEAT REFERENCE POINT AT THE PARKING
CONTERLINE OF THE SEAT IN THE nt:n::x':(s!:v . wod
NEUTRAL POSITION REFERENCE POIN

BULKMLAD CLEARANCE—= ; 250 MIN UWD AD) _{

-
() FULL AFT RUCDCR IN SHORT ADJUSTMENT 250 HIN DWD ‘m. L
() NEUTRAL RUDDER IN MEAN ADJUSTMENT
1 MEEL REST LI {
(@ FULL FWD RUDOER M LONG ADJUSTHENT N I % _ o WECL REST LING
36 2% -

RUDDER PEOAL ADJUSTMENT MIN

— = RUDDER PIDAL TRAVEL

THESE DIMENSIONS REVISED 1 NOV 1978
Figure 36. Recommended seat arrangement for mi(i20}

COCKPIT-CLEARANCE DIMENSIONS, £JECTION SEAT

& THERE SHALL BE NO PROJECTIONS Sulw AS

THE THROTTLE, LANDING GEAR CONTROL,

INSTRUMENT PANEL, ETC INTO THE EJEC-

TION SEAT ENVELOPE THAT WOULD INTER-

FERE WITH SEAT CJECTION

ALL MEASUREMENTS ARE BASED UPON THE

SEAT REFERENCE POINT AT THE CENTERLINE -

OF THE SEAT IN THE NEUTRAL POSITION

2 THE 30 INCH MINIMUM EJECTION CLEARANCE
LINE (PARALLEL TO THE EJECTION PATH
AND MEASURED PERPENDICULARLY TO THL

PLANE OF THE SEAT BACK) SHALL BE PRO- | b 58 50 MIN-—= /‘\ ;oo'o\/\/
M

-

VIDED FROM THE SEAT REFERENCE TANDEM PLOT CLEARANCE Es

POINT, FOR AIRPLANES NOT RE-

QUIRING EJECTION SEATS THE HEAD CLEARANCE ¥ POS WITH

MINIMUM COCKPIT OPENING SEATIN FULL
UP POSITION

SHALL BE 24 INCHES BY QRIZONTAL_ VI

24 INCHES
1 THE SEAT SHALL BE DOWNWARD— FiLoT m
PROVIDED WITH VER- VISION POSITION
TICAL ADJUSTMENT , ANGLE o ooty o
AS SHOWN ’
/ MiN v\ INSTRUMENT 1000 |
4 %% [lEARAN([ = T/ - 0.00'REF
— w1 MINIMUM COCKPIT~— ,
7 OPENING FOR EJEC- 1 R
TION SEAT : 3
16 00 3% RK‘
BULKHEAD - 850
CLEARANCE 1 [

o—HEEL' RISY LINE

Figure 37. Recommended clearances for ejection E2@}s
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~—CONTACT SURFALE

?
g DIMENSIONS I INCHES
UNLESS OTHERWISE SPECIFED
=% TOLERANCES
DECIMALS £ 083
ANGLES £5°

LIse

7

5375

T
19 CONTACT
- 77_,( SURFACE
Hif
1
l ;'.I?A /
A J
\ l“',l‘ ,'
| v
COMPRESSED SEAT BACK TANGENT LINE 8 o B
\ {50 ra
COMPRESSED SEAT \ f gz
CUSMON TANGENT rLA? STRAF / I3
ATTACHMENT e S

Lu!ll REST LINE

3125 FOR BIGHTER

LSEM REFERENCE POINT

/5175 FOR BOMBER S TRANSPORT

( WITH SEATIN
CENTER OF
{ ADIUSTMENT RANGE

S

Figure 38. Typical ejection seat dimensi¢a8)]

STANDSY COMPASS
HEAD-UP [ESPLAY
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HOOK RELEAST I
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TICAL
tomunuou
cALL

lﬂUA N Y/AR
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msmmou CONTROL (SEE FIG, 4)

2 i S
TAETANDRY INSTAUMENTS

! AY

EMERGENCY LANCING GEAR EXTENSION HANDLE
CANOPY JETTISON
EMERGENCY PANEL
AUTD PILOT PANEL

FURL C mowwumnnu
ENGINE svummcmuo POWERRAT
ALT ANMAMENT PANEL
SIDEWALL CIACUIT BREAKERS
STAR/ SURFACE AUGMENTATION CONTROL
MAP STOWAGE 1

IS DT BT

CANOPY CONTAOLALDECX
CAUTION/ADVISORY ANNUNCIATOR

OXYOEN PANEL
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Figure 39. Fighter/attack cockpit arrangeni&jt
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5.1.3 Determination of Visibility from the Cockpit

Thefollowing method20] is usedfor determiningcockpt visibility. Cockpitcutawayof theproposed
cockpit can be found in the following secti@nl.4.

PONPE

No o

Locate point C on the horizontal vision axis as showgfigre40.
Make sure that the distance labelledri_Figure 4D is within the indicatetange.

Draw the anglé/ = 8.75.
Locate point S wi
maximum allowable value for C 8dcm.

t h

t

he

hFiglurep42amd in Ttallleel0. dHes t anc e

Orient the pilot seat in accordance with the dimensioisgufre42.
Draw in the areas required for cockpit control and for seat motiorsdjustments.
Check the minimum required visibility with the visibility ad ofFigure 40andFigure41.

VISIBILITY SECTOR
FOR S 8. PILOT
FROM 30° PORT TO 135°5 8

Eq= RIGHT EYE ~

PORT

VISIBILITY SECTOR \
FOR PORT SIDE PILOY
FROM 30° S 8 T0 135° PORT /\

~—

20°1) ~ |
AXIS OF VISION /1 X-AS C
i, |

15°1)

e
— 4
AFT LIMIT OF

s

CONTROL

1) ANGLES APPLY TO MIDDLE p
POSITION OF PILOT'S b
HEAD PER FAR 25

/

y‘l’““” ""NL

,J < 1\
LONGIT T

<

S

NOTE FOR PILOTIN PLANE OF SYMMETRY
VISIBILITY RANGES
FROM 135° S B TO 135° PORT

C = CENTER EYE vomr\ 3
Ey = LEFT EYE s _——
L \‘\/ - e

>/

NS IN MM
EXCEPT AS INDI-
CATED

s

PILOT'S
PLANE OF
SYMNETRY

—t—

Figure 40. Port and starboard visibility requiremd2(3]
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Figure 41. Definition of radial eye vectdi0]

Figure 42. Recommended seat arrangef20it
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