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ABSTRACT (TURKISH)

SAVAS UCAKLARININ ORANTISAL SEY iR YAPAN
GUDUMLU MERM iLERDEN SAKINMA MANEVRALARININ
DEGERLENDIRILMESI

Anahtar Kelimeler: Orantisal seyir, sakinma manevralari, aerodikami

kuvvetler

Bu tezde, orantisal seyir adi verilen gudum sisgEmierleyen guadumla
mermilere kag1 ucaklar tarafindan icra edilen sakinma manewuralaretkinligi
Olcilmis, farkh gudimlid mermilerden kagiicin en uygun manevralar
tanimlanmgtir. Ucus aerodinamikleri, matematiksel modele bir temektitmak
amaciyla sunulmgiur. Bir hava sawanda gudimli mermilerden sakinmak igin
ucaklar tarafindan icra edilen belli shamanevralarin matematiksel modelleri
ctkarthp uygulaniimy, gorsel similasyonu gercekieilmis ve bu manevralarin
degisik baslangic dgerlerine gore bgarim cozimlemeleri yapilgtir. Gadiamlu
mermi-ucak kagilasma senaryolarinda gudimld merminin terminal gidim
asamasi ele alinngtir. Gergekgi ¢oziimleme sonuglari elde edebilmelaapta
ucws aerodinamiklerinin gbz ©nidne alinmasiyla elde exdilydnlendirme
kinematiklerini iceren gesglietilmis nokta kutleli ucak modeli kullanilrgtir.
Calsmamizda yap#imiz ¢bzimleme sonucunda, gk karsilasma
senaryolarinda, hangi manevranin gudimli mermiddra @étkin olarak sakinma

sgilayacal konusunda fikir verilmektedir.

Ucak modellerinde kullanilan parametreler ytiksekabpiliyetine sahip

savg ucaklarinin ozelliklerine yakin genelgizlerdir.



ABSTRACT (ENGLISH)

EVALUATION OF FIGHTER EVASIVE MANEUVERS
AGAINST PROPORTIONAL NAVIGATION MISSILES

Keywords Proportional Navigation, Evasive maneuvers, @dgmamic

forces.

In thesis, evasive maneuvers of a fighter againstissile employing
proportional navigation are measured. Flight kingcsaand flight dynamics are
represented in order to constitute a basis forfitftder model. Notable evasive
maneuvers performed by a fighter aircraft againgpprtional navigation missiles
in an air combat are extracted, implemented vigugthulated and performance
analyses of these maneuvers are made with respddtdrent initial parameters.
The terminal phase of the encounter is taken imtasicleration. An extended
point-mass aircraft model including orientation damatics is used to obtain
realistic results. After gathering performance gsial results for various missile-
aircraft encounter scenarios, we put forward am ideout which maneuver will

provide for an effective evasion from the guidedsiies.

The parameters used for the fighter models reptegeneric fighter

aircraft with high-g capability.
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l. INTRODUCTION

Since the end of World War IlI, many different methofor missile
guidance have been developed to successfully eqeie stationary, predictable,
or even highly maneuvering target [1]. As an expeaiesult of tactical homing
missiles’ revealing in 1944, it became an obligatio develop target evasive
maneuvering tactics against pursuers. This thesisiders the evasive maneuvers

of highly maneuvering targets, so called the fighte

This work is part of a joint project. The joint jeot is in view of an air
combat, particularly, the last seconds of an amlzat when an air-to-air missile is
launched. The attitudes of the fighter during thissite-fighter encounter are

considered in this thesis.
A. FIGHTER EVASIVE MANEUVERS

The performance of guidance systems can generalgubntified in terms
of the miss distance between the missile and thgetaMiss distance is the
difference between the target and missile latesglaicements with respect to the
reference line of sight (LOS). From a target’s pahview, an optimal maneuver
means techniques that provide the target with iotgrcept time and large miss
distance.

In the evasion problem, there are two objects tdrast: a fighter and a
missile maneuvering in a three-dimensional worltle Taim of the pilot is to
control the turning rate of the plane to avoid it by the approaching missile.
The missile tracks the motion of the plane and rstdeward the plane’s
anticipated position [3]. The initial speed of tinéssile is greater than that of the
plane, but the missile loses speed as it maneulfetie missile speed drops
below some threshold, it loses maneuverability draps out of the sky. The
more the fighter aircraft maneuvers effectively thore miss distance and longer

intercept time is provided.



Since the proportional navigation —in which the giés turning rate is
made proportional to the line of sight rate- is thest broadly used guidance
method due to its effectiveness, target evasiveemnaaTs against proportionally
navigating guided missiles are investigated in #gtigly. The implementation of
proportional navigation guidance system proposedlbyan [2] and Moran and

Altilar [4] is used as the pursuing missile’s guida system.

So far, many methods have been studied on optinadenvers of an
aircraft evading from a proportional navigation dpd missile. Some of
numerically obtained optimal maneuvers are baok] split-s, and horizontal-s

maneuvers.

Although aforesaid maneuvers are numerically aeckphere are many
avoidance methods that are performed by fightestpiunder missile threats.
Since practicing evasion tactics are quite expenaind time consuming tasks,
creating mathematical models and evaluating théopeance of other evasive
methods are inevitable. Motivated by this fact,usnber of notable maneuvers,
such as break turn, barrel roll, Immelmann, splita®rizontal-s and their

combinations are studied.
B. AERODYNAMICS AND KINEMATICS

The terminal phase of a missile-aircraft encoutd&es 5-10 seconds. In
this short period of time the pilot must choose tlmavenient maneuver by
considering the characteristics of the aircraft pasisibly the missile, and perform
it. So, in an endgame maneuvering, the rotatiothefaircraft plays a significant
role. Neglecting the aerodynamic forces and thentation kinematics while
modeling the most crucial phase of a missile-aitcemcounter scenario will
contradicts the reality. Consequently, if realigi@luation of the effectiveness of
the performed maneuvers is desired, aerodynamigegomust be taken into

account.



Based on the above considerations, conventionaitjpoass model is
extended to include bank angle and angle of attahlks inclusion yields finite
angular velocity around the pitch and the roll axidse limited forces and torques

provided by the aerodynamic actuators cause tite frelocities.
C. SIMULATION ENVIRONMENT

To evaluate the motions of a fighter aircraft aheé fighter evasive
maneuvers against proportional navigation, newwsoi that is called Visual
End-Game Simulation (VEGAS) has been developedth@Ifactors required for
gathering realistic results, i.e. aircraft speeifions, aerodynamics, kinematics,
and notable evasive maneuvers of fighters, araidied in this software. On the
other hand, the required factors relevant to thesilei employing proportional
navigation are included in VEGAS. Also the moddaucture of the software has
made it completely apt to further developments,hsas, adding electronic
counter-measures (ECM), radar limitations for btbhté missile and the aircraft,

new evasive maneuvers.

By using this new software, extensive simulatiorsutes that are
supported by comprehensible visual projections H@een obtained. Visual C++
and Open GL are used in simulations. OpenGL's rparmpose is to render two
and three-dimensional objects into a frame buffk].[ A 3D visualization is
performed in order to provide the user for a corhensive understanding about

the terminal phase of the encounter.
C. CONTRIBUTION OF THIS THESIS

In this thesis, the evasive maneuvers performed fighter aircraft against
proportional navigation missiles are evaluatedavisoftware program developed
in the Naval Science and Engineering Institute.hWiitis software, supplying it
with the required aircraft-specific data and witle tnitial conditions, it is possible

to analyze simply the attitudes of that aircraftewhit performs different



maneuvers, or analyze the performance of its egasmaneuvers against a

proportional navigation.
So, the result of this study;
- may be used by pilot training associations faiming purposes,
- may be used as a tool to analysis the performahary kind of aircraft,

- in the future, may be attached to a joint combaulation which

includes air, navy, army combat.
D. STRUCTURE OF THIS THESIS

After giving a brief introduction about this thesis Chapter |, we
reviewed the literature considering evasive maneuvagainst proportional
navigation missiles, and surveyed investigate thekground information about
the basic fighter maneuvers, the aerodynamics arelriatics in Chapter Il. This
background information constitutes the basis o thesis, i.e. what we consider
for performance analyses, and how we take thossiderations into account.

In Chapter Ill, the definition of the Visual End-@a Simulation
(VEGAS) software -which we've developed in the Nav cience and

Engineering Institute-, is given.

Performance evaluations for sample missile-figlgecounter scenarios

are made in Chapter IV.

Finally, we conclude the thesis in Chapter V.



Il. RELATED WORK AND BACKGROUND

In this chapter, the related work about the aitcsahulation and the
evasive maneuvers of the fighter aircraft is byiesurveyed. Afterwards, the
theme known as the Basic Fighter Maneuvers (BFMichvientirely deals with
the maneuvers of fighter aircraft in an air comisagiven in details, and the
evasive maneuvers that are modeled in this thesiglefined. Finally, the topics
of kinematics and aerodynamics which consideraribgons of a fighter aircraft

are exclusively focused on.
A. REVIEW OF RELATED WORK

Many methods on fighter evasive maneuvers agaimnssiles have been
studied over the last six decades. Most of thasdiest related to finding optimal

maneuvers and trajectories of aircraft evading froissiles.

Choi et al. (2001) considered three-dimensionajetaioptimal evasion
problem against a proportionally guided missile [Bhey formulate the optimal
evasion problem of an n aircraft as a constraingiiinization problem whose

payoff is the intercept time and constraint is¢hpture condition.

Optimal evasive control maximizing the miss dis&rfor very simple
two-dimensional missile and constant speed target @onsidered by Ben-Asher
and CIiff (1989) [6].

Imado and Miwa (1986) represented the optimalitythed horizontal-S

maneuver when the final time and miss distancéaden as the cost function [7].

Imado and Uehara (1996) discussed the performdnite digh-g barrel
roll (HGB) maneuver from optimal control of view][8he mathematical model
for three-dimensional pursuit-evasion problem @& #ircraft against proportional
navigation missile was considered; some featurabefaircraft optimal evasive
maneuvers, and high-g barrel roll maneuvers wepaged. Finally, the exact

numerical solution for the three-dimensional purswiasion problem was



illustrated and the non-optimality of the HGB wdswn. The relation between

the optimal maneuver and the HGB was also discussed

Minimum time trajectories to a fixed or moving tatgvere produced
with an MS compatible software called Visual Int#hee Aircraft Trajectory
Optimization (VIATO) by Virtanen et al. (1999) [9In this study, the authors
introduced a new approach for the automated solutd optimal flight
trajectories. The structure of the aircraft moaeld the objectives of the problems
were specified, and different aircraft types wdoged in their model library. The
approach was implemented in the VIATO which comssist an optimization

server, a model server, and an intuitive, menuedrjgraphical user interface.

Realistic target models including the variationtlmfust and aerodynamic
forces according to the Mach number were used hy &l Pierson (1996) [10].
Their work is considering optimal evasive maneuveagginst proportional

missiles.

The optimal avoidance of a missile employing préipoal navigation was
dealt with in [11]. An extended point mass vehioledel including orientation
kinematics was used to obtain realistic result® diag, thrust and constraint data
of vehicles represented a generic fighter aircaafl a medium range air-to-air

missile.

Moore and Garcia [12] described the implementataina genetic
programming system that evolved optimized solutidosthe extended two
dimensional pursuer/evader problems that did ngede upon knowledge of

pursuer’s current state.

A great number of pursuit-evasion simulations wareducted by giving
both aircraft and missile the strategies for corabons of parameter spaces and
initial conditions in [13]. Final miss distance wasosen as the performance index
of the games; the missile tried to minimize it, whhe aircraft tried to maximize

it. According to this method, the basic idea laidgiving players a priori optimal



or suboptimal feedback strategies, conducting measgimulations in the
parameter space of the initial geometries and gueldaw parameters, and
analyzing the results. In a later work [14], diffet approaches to pursuit-evasion

were considered including the method in [13]. Theggeroaches were:

- give both players some suboptimal feedback gjregeand conduct a

great number of Monte Carlo simulations,

- give one player a suboptimal feedback strateglytha other player an

exact one-sided nonlinear optimal control,

- give both players suboptimal feedback strategiependent on
parameters.

National Aeronautics and Space Administration (NASFeveloped a
simulation that is capable of quickly and efficignsupporting flight research
requirements and conceptual vehicle studies [1B¢ $imulations in this work
operate on UNIX-based platforms and were coded asilfBORTRAN shell and C
support routines. This simulation software is st8ked at NASA, within industry,
and at several universities, and applicable toocadbrange of fixed-wing aircraft

including fighters.

Another versatile aircraft simulation study made tire NASA [16]
emphasized that realistic aircraft motion was @aggst importance, and accurate
roll and pitch dynamics were very significant invdbping evasive maneuvers

against missiles.
B. BASIC FIGHTER MANEUVERS (BFM)

As the missiles and fighter aircraft become morevaaded, and
technology improves, the need for new air combatids, both offensive and
defensive, becomes more crucial. While all the toes are trying to developing
new tactics, they are training their pilots to ntain their combat readiness and

improve their skills to successfully apply air fast Main goal of training is



clearly declared in an official air force documewt§l7]: “FLY, FIGHT and
WIN!” For a single pilot of a fighter aircraft, germing Basic Fighter Maneuvers
(BFM) is the basis for achieving air combat duti€s®nsequently, for a fighter

pilot, it's crucial to understand the fundament#i8asic Fighter Maneuvers.
1. Fundamentals of BFM

Angle off, range, and aspect angle terms are useorder to describe

relative positions in BFM (see Fig. 1).

B
B |'h _ /{Angle Off
Y74

Aspect Angli

Figure 1.Angle off, Range, and Aspect Angle
a. Angle Off
Angle-off is the difference, measured in degreetwben the heading of

the aircraft ‘A’ and ‘B’. If the angle-off is O dege, the fuselage of ‘A’ is parallel

with the fuselage of ‘B’. ‘A’ is perpendicular t&* if angle off is 90 degrees.
b. Range

Range is simply the distance between the aircdfahd the aircraft ‘B’,
and can be represented in miles or feet. Most nmodetfitary aircraft HUD

systems (Heads up Display) read in nautical miled genths of miles if the



aircraft is more than a mile from the opponenterafess than 1 mile is met, the

display will read in feet.
c. Aspect Angle

Aspect angle is degrees from the tail of ‘B’ to ‘AThis indicates the
relative position. Aspect angle is not dependertiezding of the aircraft. So, the
aspect angle won’t change with angle off. The aspegle is zero when ‘A’ is on
the tail of ‘B’. The nose of ‘B’ is 180 degrees.'A is on the right of ‘B’, that is
right aspect, vice versa. Tactical advantage isezio air combat can be measured
as the difference between the aspect angle of 8’ @aspect angle of ‘A’, since
the most desirable condition for the attacker ipdot directly at the target while

the target is directly away from the attacker.[18]
2. Offensive BFM

Offensive BFM is the maneuvers to beat the opporidré main objective
of offensive BFM is to take the initiative of thenawunter and obtaining

appropriate position for the killing shot.

The best position to meet the main objectives &énsfive BFM is being
just behind the opponent (at six o’clock). In ordermanage this, a pilot must
keep control of the aforesaid values, angle-offigega and aspect angle. When
both angle-off and aspect angle are 0, the air@at six o’clock of the opponent.
Also, the pilot will need smooth turns to maintdins situation. That's to say,
sudden jerks, immediate directional changes wilisealoss of energy, speed and
attitude.

a. Energy

Energy is an important issue in BFM. Any aerial marer costs energy.
An aircraft has two types of energy: potential dmaetic. Potential energy is
proportional to the altitude, and kinetic energyakted to the speed. The higher a



fighter flies, the more energy is available for .ugepilot can trade potential

energy for kinetic energy (speed), vice versa.
b. Turn Radius

Turn radius is the distance from the center ofttilna to the turn circle of
the aircraft. It is simply a measure of how tighe @aircraft is turning. The simple

equation for turn radius is

r=92/n )
wherer is the turn radiusy is airspeed and is load factor, the ratio of the lift to

the weight. As stated by the equation, higher aggpcauses higher turn radius.

Load factor, n, is the lift-to-weight ratio and can be defined the

magnitude of lift force relative to the gravitatanforce and oriented by the
rotation of the velocity vector. In normal, 1-g ddwium flight, lift equals
weight. The aircraft produces lift that is doubleits weight in a 2-g turn. Also,

this is an aircraft-specific quantity and definles structural limit of an aircraft.
c. Turn Rate

Turn rate is the magnitude that specifies how tastaircraft can move on

the turn circle. The simple equation for the tuateris

w=n/vV (2)
wherew, n, v is the turn rate, load factor and airspeed, rdsmdg. Turn rate is

measured in degrees and is dependent on the lotat fnd airspeed. So, high

load factor and low airspeed increases maneuvéyabil
d. Maneuvering Speed

Maneuvering speedy,, is the maximum speed at which an aircraft in

symmetrical flight at the specified flight and cmpufration will stall before

exceeding limit load and sustaining possible stmat damage. Aircraft are
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aerodynamically g-limited by the lift line up to meuvering speed, and
structurally g-limited by the load factor line al@ovt. Figure 2 indicates the

relationship between airspeed, maneuvering capahiiid the structural limit.

Max Lift Line at Max A
£

Takeoff Weight v\\
s

X4

!

Positive Limit Load l

Maneuvering Speed

or Load factor (n)

e S ——— ’ _____4_ _____________________ Aarspeed

Q.

1-g Stall Speed

Negative Limit Load

Figure 2.V-n Diagram

Maximum lift line indicates how thrust can be apglito change the
flight path of the aircraft without stalling the mgs or doing damage through
excessive loads. As seen from Fig. 2, if the spdetthe aircraft with 1-g load
becomes less than the stall speed, the lift pratibgethe wings passes down the
weight and its nose goes down. This is why an a@irds aerodynamically g-
limited by the lift line. In a turning maneuver, #ee pitch rate is increased at a
given airspeed, load factor increases until theimarn lift line is reached. At
that point, airflow starts to separate from the ggirand the fuselage starts to
belabor the tails, and finally, structural damageuss. This is why an aircraft is
g-limited by the lift line.

Consequently, the definition of maneuvering spegdhie maximum

speed, at a given weight and configuration, at tvlaicyone flight control surface
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can be abruptly and fully deflected —not to includpid control surface reversals-

without causing aircraft damage. [19]
e. Corner Speed

Maneuvering speed is also known as the corner speeédcan be briefly
defined as the optimum speed at which the turnisateaximized [20]. Practical

values of corner speed of fighter aircraft rangd0d0-500 knots.

Turn radius goes to minimum at corner speed astdihe radius is
proportional tov? / n. Therefore radius is minimized by high g and ldveeed.

Corner speed is the lowest speed for the highesttatal load factor.

Turn rate is proportional ta / V. Then, turn rate increases until corner
speed is reached. Combinations of high g and lawspeed favor turn rate.
Maneuvering at maximum structural g at any airspkigger than the corner

velocity causes lower turn rate.

To achieve the best turn rate and radius, airspeest be controlled.

There are four ways to control airspeed in a fighte
- Throttle
- Drag devices
- Angle of Attack
- g Forces

Throttle position controls how much fuel is burn&tag devices refer
primarily to speed brakes. Nose position in refatio the horizon also affects
airspeed. Finally, g force causes airspeed to dffedNo modern fighter can stay
at corner velocity while pulling max g's at mediaftitude because of the energy

trade-off discussed before. As pulling g's, aircrafll slow down. Starting

12



maneuvering close to corner velocity is important €ontrolling the energy

consumption.
3. Defensive BFM

Defensive basic fighter maneuvers are performed nwhe fighter
encounters an attacking fighter or a missile thrémtan encounter called a
dogfight, the one on the defensive must perfornenigi/e BFM to keep the

opponent out of the “Kill Zone”.

The most basic defensive BFM method is to put tligsite on the 3/9
line (see Fig. 3). As missiles employing proporéibnavigation guidance system
flies to the prospective position of the evadeorder to achieve maximum range,
putting the missile on the 3/9 line causes it tkenhard turns. After performing
this maneuver, dropping chaff will confuse the nhesgs it tries to solve the
guidance problem, and also it causes it to loseggn@his provides the pilot for
some more time to take other evasive maneuveisislftoo late for taking these
measures, the method for evading is jinking whilaicombination of random
evasive maneuvers including high g turns and ra@ls.the concepts, such as
structural limits, for fighter maneuvers statedpirevious sections must also be

considered in defensive BFM.

Also it must be considered that the missiles agied to explode if
they overshoot the target. So, trying to keep tl&sie on the 3/9 line too long
will reduce the range to the missile. When it gidtse enough to explode, even if
it's going to overshoot, its fuse will be activatadd it will explode. Some time
before the missile gets that close, evasive mamsueebreak away the missile

must be performed.
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Figure 3.The 3/9 Line of a Fighter

In the next section, fighter evasive maneuvers #rat studied in this
thesis are defined.

a. Roll

This is the most basic maneuver to achieve allrdilm® maneuvers in
BFM (see Fig. 4). A roll is performed by rotatinget aircraft around the
longitudinal axis by the use of stick to apply bamgle which is discussed in the

next chapter. Longitudinal axis extends along tisefage from tail to nose.

Figure 4.Roll Maneuver [22]
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b. Break Turn

The break turn results in a tight turn with highi emgle (see Fig. 5). Itis
a defensive maneuver used to avoid a missile ol mogfight, to deny the
opponent weapon employment opportunity when the@oept is behind the target
(on the six). The point is to create as much aaglgjou can on the bandit. The
break turn is a high energy consuming maneuver. [B2fhis maneuver is
performed repeatedly, then it becomes a horizantakneuver and, is commonly

performed against missiles.

If the target is equipped with radar warning systém missile’s lock-on
to the target causes alarm which is typically tinst fevidence of an incoming
threat. The target pilot may try to overcome thasihé attack by making a hard
break turn and diving [23, 24].

—X

Figure 5.Break Turn

c. Barrel Roll

Similar to a roll, the pilot applies back pressarethe stick, i.e., changes
the angle of attack) while he is rolling to thetlef right. This makes the aircraft
plane fly in a corkscrew pattern and is used toerthle missile deal with one of
the most difficult guidance problems because oftitse dimensional nature. This
maneuver can be performed both offensively andndefely. Defensive barrel
roll maneuver is used to make the missile deal wite hardest guidance
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problems. Because of its three dimensional natare,maneuver produces high

miss distances. Figure 6 shows the flight path digater in a barrel roll

maneuver.
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Figure 6.Barrel Roll Maneuver [22]

Although barrel roll is considered to be a sucadssfaneuver to avoid
missiles, its non-optimality is shown by Imado dgehara [8]. They discuss the
performance of the high-g barrel roll (HGB) agaimsbportional navigation
missiles from the perspective of optimal contrah their study, the exact
numerical solution for the three-dimensional purswiasion problem is illustrated

and the non-optimality of the HGB is shown.
d. Immelmann Turn

The Immelmann Maneuver is named after Max Immelmaniworld

War | German ace who reportedly invented the masmeuvhe Immelmann is
essentially a maneuver for repositioning. As thenetmann is a very effective
tool for setting up for an engagement used by l¢taaircrafts, it also can be
applied, rarely, in defensive situations. In thiedis, performance of Immelmann
turn is studied because its opposition to the -spihaneuver. Basically, the
Immelmann is a quick way to change direction whilereasing altitude (see Fig.
7).
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Figure 7.Immelmann Turn [22]

Back in 1916 the original Immelmann turn was mdki do the vertical
reverse than its present-day counterpart. The modasion of the Immelmann is
a vertical climb or half loop, possibly aileron4turg during the climb, then
rolling out into level flight at the top. Its maimlue lies in using the vertical plane
to change the direction of flight in the smallesisgible horizontal space.
Horizontal turns at normal fighting speeds takeaulpt of room laterally. Using
the vertical plane enables the fighter to turn sguzorners in relation to its
position above the ground. This maneuver makessigpoing for meeting a
threat, much easier than would be the case usirigdmbal maneuver only [25].
Note that kinetic energy of the aircraft is tradedthe potential energy by

performing this maneuver.
e. Split-s

The Split-s is the Immelmann in reverse, and ctsisié a half-roll
followed by a partial loop under. One importantrprpiisite of this maneuver is a
fairly high altitude. The turn begins with rollir@0 degrees; once upside down,
pulling back on the stick to execute a vertical utht By performing this

maneuver, a pilot can reverse directions and giohaf speed. (See Fig. 8)
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Figure 8.Split-s Maneuver

C. FLIGHT KINEMATICS AND AERODYNAMICS
1. Aerodynamic Forces on an Aircraft

There are four forces acting on an aircraft. THesees are represented
for a climbing flight in the vertical plane in Figu9. These are thrust, lift, drag
and weight. The first two forces favor the motidnaa aircraft. On the contrary,

drag and weight are against the first two and lths®ipative effects on motion.

Relative

Y Wind

Horizon

Figure 9.Forces on an Aircraft [26]
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The flight path angley, is the angle between the horizon and the
aircraft’'s velocity vector (opposite the relativend.) The angle of attacky, is

defined between the velocity vector and an airaefttrence line. The choice of
the aircraft reference line is arbitrary. The dasr is free to choose whatever
reference is most convenient, provided care isntd&eclearly specify this choice
to all users of the aircraft performance data. tirast angle, ar, is the angle
between the thrust vector and the velocity veciidnis will not, in general, be the

same asx, since the thrust vector will not generally begaéd with the aircraft

reference line [26].

An important parameter which affects the lift, dragd thrust of an
aircraft flying at relatively high velocities iséniVlach number. Hence, the Mach
number is defined, first.

a. Mach Number

At high speeds, considerable changes in the aisitfehappen because
the airflow around the airfoil of the wing suffdrem the pressure changes. The
changes in the air density then increases theteftd@cpressure that produce lift
and pressure drag. The changes in the magnitudig ilift and drag are called
compressibility effects. Understanding compresigybiéffects is possible with
Mach number. Mach number is the ratio of the flogloeity to the speed of
sound. Free stream Mach number is the ratio ofsgfeed of the aircraft to the

speed of sound. Mach number is represented bytlosving equation:

3)

where #/, 7, anda are the Mach number, velocity, and the speed of

sound, respectively. The speed of sound at a spedititude is derived by an

equation provided in [27]
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The Mach numbers are divided into five groups,echflight regimes in

which the characteristics and effects of airflofedi [26]:

0.0<wm <0.3 » Incompressible subsonic
0.3<wm<0.8 » Compressible subsonic
0.8<m<1.2 »  Transonic

1.2<mM<5.0 » Supersonic

5.0 <wm » Hypersonic

Lower limit of the transonic regime, 0.8, is alsaled the critical Mach
number. Because of the shape of the wing, theowirfiver the upper surface of
the airfoil is faster than the airflow. At Mach Qi8e local Mach number on this
surface of the airfoil may reach 1.0. So, this pascalled the critical Mach

number and all analyses beyond this point mustidenthe shock wave effects.
b. Thrust

Thrust is the force that drives the aircraft to mon the air. This force
can be produced by turbo propellants, turbofanfojats, ramjets and rockets.
Among the variety of alternatives, the most sugéainhe for the particular needs is
chosen. Power of an aircraft engine is statedthmuast to weight ratio. The engine
power increases by the thrust it produces. Higharst provides the aircraft for
higher velocity and lift. Most combat aircraft ha@&-0.9 thrust to weight ratio.
The F-15 and F-16 models have thrust to weigtid more than 1.0; so, they

can climb vertically [20].

The fighter aircraft which fly at subsonic, trangoand supersonic flight
regimes are considered in this thesis. Propulsmntliese flight regimes is
provided by either turbofan or turbojet enginesd aarbofan engines are

discussed in this study.
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(1) Turbofan Engines

This engine, as mentioned, is applied at subsotremsonic and
supersonic speeds. It drives both the compressbradian. The fan compresses
both the main stream of air which is channeled ughothe engine and the
supplementary stream which is ducted around thenerand discharged into the
atmosphere. The main characteristic of the turbadatihat the thrust is greater
than that of a turbojet with the same primary awfl capacity, and its fuel
consumption is lower [23]. Once the gases haveedadsough the turbine, it is
possible to mix more fuel with them and burn itriorease the exhaust velocity.
The engine component which does this is called fearbairner [26]. Figure 10

illustrates a turbofan engine with afterburner.

Low-Pressure Compressor
Bypass Duct
Burner Low-Pressure Turbine

Nozzle

Fan

|l|l!|!|llvﬂwl||'

High-Pressure High-Pressure
Compressor Turbine Afterburner

Figure 10.Turbofan with Afterburner [26]

The rate at which mass is flowing through a plaaspendicular to a one-

dimensional flow is given by:
nr= pAvV 4)

wherenr is the mass flow ratey is the air density at any altitude, is the cross-
sectional area of the stream tube, awdis the velocity. Consequently, the

maximum available thrust force depends on two patars in a specific aircraft.
These are the altitude and the Mach number. Algloacan change the throttle

setting, u, to adjust the desired thrust. The maximum avhlahrust force

produced by a turbofan engine is approximated By [2
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Tax= Ts. [p—iJ( 1+0.7M) (5)

where subscript SL denotes the sea level. Air dgnsilues at various altitudes
are calculated with a function [27] with respecthe International Civil Aviation

Organization (ICAO) standard atmosphere.

In the light of these facts, the thrust force ofa@craft at a specific time

can be represented by the following relationship:
T=uTpar (b, M) (6)

c. Lift

Lift is generated by air moving across the surfaicéhe wing. Due to the
shape of the wing, movement of the air across thgeu side of the wing is
unbalanced to the bottom of the wing. As the cumeabf the top of the wing is
greater than the curvature of the bottom of thegviire air moves faster across the
top of the wing. According to the principal discos® by Bernoulli, the faster gas
travels, the lower its pressure. Consequently, i af the higher pressure on the
bottom of the wing, the lift force that pushes b wing is generated. The air

flow on an airfoil is represented in Figure 11.

Airfoil

Relative Low

~— ——————__ FUETS

1
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1

1

v Pressure
Free stream

Figure 11.Air flow on an Airfolil.
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The lift force of an aircraft is defined as

L=C.qS (7)

wherec, is a dimensionless coefficient which is called &ieafnt of lift, s is the
reference area of the wing, agds the free stream dynamic pressure which is

represented by the equation

7=05p7V? (8)

Lift coefficient, ¢, , is the most important parameter to derive the li
This coefficient defines the efficiency of the wingdsually, lift of an airfoil is
measured in wind tunnel tests. One of these tefitswast numbers of simulation
results is conducted by NASA [29]

(1) Approximating the Lift Coefficient

Although the EqQ. (7) seems simple and to give sgirolues on the
changes of the lift, there is always a problemppraximate the lift coefficient of
the surfaces that produces lift. There are somelsirand accurate theories to
approximate the lift coefficient such as the thirfiodl theory and the lifting line

theory.

There is one important point in this case is thglawf attack. Crucial
changes on the lift coefficient occur while the langf attack changes. Thus,
before giving the details of the theories to apprate the lift coefficient, effects

of angle of attack on the lift coefficient mustdmnsidered.
(a) Angle of Attack

Angle of attack of an aircraft is the angle betw#envelocity vector and
the aircraft reference line, and affects the awflaround the airfoil. So, the lift
coefficient has significant dependencies of andlattack. Every surface of an
aircraft has its own lift — angle of attack relaship. The total lift coefficient is

the sum of all, and the overall lift coefficientangle of attack will have similar
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shape to that of a single airfoil. Figure 12 repras the typical lift — angle of

attack curve.

crandC, y
Cr

Figure 12.Lift vs. Angle of Attack Curve

Note that, for smaller angles of attack, the lifiefficient increases
linearly. The rate of change of lift coefficienttivangle of attack on this part of
the curve is called the lift curve slope:

L{C[ C{CL
CLO(= (9)
d o d o

Cro =

The first term in the Eq. (9) is the two dimensioaafoil lift curve

slope, and the second is the three dimensionaé fiming lift curve slope.

At higher angles of attack, the air moving acrdssupper surface of the
wing starts to separate from the wing and dissgpdbe lift. Gradually, the
increase of the lift coefficient with angle of atkaslows down and eventually
reaches a maximum. More pressure drag is produgéae separation of airflow.
This causes the drag coefficient to increase muate mapidly at higher angles of
attack. After maximum lift coefficient is reachetjditional increases in angle of
attack causes less lift and the wings fail to caéing/wings. This called stall, and
the angle of attack for maximum lift coefficientaalled the stall angle of attack,

Or K stall
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(b) Thin Airfoil Theory

Thin Airfoil Theory is useful for approximating tHét coefficient and
having an opinion about aerodynamic relationshigse equation for the Thin

Airfoil Theory is
CL = 2 .7[ (X (10)

Though, it is not so useful, especially for engmsedecause it pays no
attention to the effects of the air flow over a guifarticularly, this theory is ideal

for approximating how the angle of attack affetis lift coefficient. Thus, it is an

ideal approximation of the slope of the lift cury®, .

The lift coefficient curve is similar to the strhigline algebraically, and

can be represented by

Co =Cratl+ Cro (12)

whereC.» &, C., are the slope of the lift curve, angle of attack #me zero-lift

coefficient, respectively. According to the Thinr#il Theory, the slope of the

lift curve, C. « IS equal to2or, and the zero-lift coefficient’,,, is equal to zero.

Consequently, substituting these values in the(ED). yields the form of the Thin
Airfoil Theory which was stated in Eq. (10).

The problems with the Thin Airfoil Theory are [30]

- This theory assumes that the wing extends taiigfi In other words,
the lifting surface has no wingtips. Wingtips irduwe a form of drag called
induced drag. The stronger the induced drag is,/dher the slope of the lift

curve becomes.

- Thin Airfoil Theory doesn't account for the fabat the lift coefficient

eventually reaches a maximum and then starts dg@ogeaAccording to Thin
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Airfoil Theory, the lift coefficient increases at@nstant rate, as the angle of

attack increases, the lift coefficient increases.
(c) Lifting Line Theory

Lifting Line is another basic theory does provide reasonable
approximation for the lift coefficient and drag fo®ent. This technique is called
Prandtl's Lifting Line Theory [31]. Opposite to thehin Airfoil Theory, the
Lifting Line Theory applies to a finite wing withorsweep and a reasonably large
aspect ratio. In simple terms, the wing is modeled fixed vortex with a series
of trailing vortices extending behind it. Theselling vortices have the effect of
reducing the lift produced by the wing and creatnigrm of drag called induced
drag [31].

The lift coefficient according to the Lifting LinEheory is

AR

C.=¢Cy |/
L la AR + 2

(12)

whereC,, is 2D airfoil coefficient slopea® is the aspect ratio which is equal to
wingspan,s, squared, divided by the wing arga,and« is the angle of attack. If

the actual lift curve slope for the airfoil of tlaécraft, ¢y, is known, it can be

used for that value. Otherwise, the approximatae/&br ¢, is 2.

(d) Thin Airfoil Theory vs. Lifting Line Theory

In a test represented in [3X]7 is used for the slope of the lift curve, and

the lift coefficients for two aircraft, Cessna 1&ad Lightning, measured in wind
tunnel are compared to both Thin Airfoil Theory dufting Line Theory. Figure
13 shows the results of the comparisons for Ce$gAawith a high aspect ratio,
7.37.
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Lift Coefficient vs. Angle of Attack
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Figure 13.Lift Coefficient-Angle of Attack (Cesdiv@®) [31]

As it can be seen from Fig. 13 that, prediction endg Lifting Line
Theory is slightly better than the one that madehayThin Airfoil Theory when
compared to the Cessna 172 wind tunnel data. Adfhdbe slope of the Lifting
Line Theory matches the actual data better, nettheitheory nor the Thin Airfoll
Theory can predict stall angle of attack, and hwthvides a good estimate of the

lift up to the stall angle.

The aircraft Lightning has an aspect ratio of 2&2] has a swept wing.
The Lifting Line Theory predicts the lift curve gl much better than the Thin
Airfoil Theory does in the Lightning tests. Figuid represents the results for

these tests.
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Figure 14.Lift Coefficient-Angle of Attack (Lighmigi) [31]
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It must be noted that, even though the Lifting LiAeeory assumes a
wing with no sweep, it can produce nearly accuegiproximation for the lift

curve slope of the Lightning.

In both tests, the Lifting Line Theory has madedyepredictions for the
slope of the lift curve than the Thin Airfoil Thgobecause of the consideration of
the aspect ratio. By using this parameter, it bexopossible to estimate the

effects of trailing vortices on the wing.
(e) Mach Number Effects on the Lift Coefficient

The features of the lift curves of fighter aircraftll vary with Mach
number. The most important effect of Mach numbehéschanges in the slope of

the lift coefficient curves(C . Hence, some corrections must be applied to these
curves to account for the compressibility affed®sactical correction method

applied to the lift curve slopes in the subsonigime is the Prandtl-Glauert

correction:

CloqM=0)
Clo = (13)
1-—-m?

In the subsonic regime, the relation between tbpesbf two dimensional

airfoil lift curve, ¢, and that of the three dimensional wing lift cyrv&

doesn’t change so much. So, the same correctiorbmaypplied ta”, 4.

Cro (=0
Cra = (14)
1—wm?

Equations (13), (14) are valid and useful in subsoegime only. In the

wake of compressibility, it's not necessary to me&gections wheres < 0.3.
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At supersonic speeds, the lift curve slope is

CLo(: (15)
M2 -1

d. Drag

Drag is basically the resistance of the air agaarstaircraft, and acts
against the thrust of the aircraft. To maintain therent velocity, for a steady
level flight, the thrust which is at least equivdl®f the drag must be provided.
Every surface of an aircraft causes drag. The dvdrag is separated into
components whose significance is associated wilieiethe physical nature of the

flow field or the geometry of the body [28].

The most common decomposition of drag consistswdidg the overall
drag into the zero-lift drag and the induced drBEige induced drag contains any
kind of drag produced by the lift. So, the ovedalhg can be defined in coefficient

form as
Cp = Cpo + CDi (16)

where Cpg is zero-lift drag coefficient, andp; is the induced drag coefficient.
The zero lift drag includes both friction drag atite pressure drag which is
caused by vortices, flow separation (as mentiomethé preceding section), or

formation of shock wave in the supersonic regime.
(1) Lift-to-Drag Ratio

Lift-to-drag ratio is an important parameter forarcraft. Another name

of this parameter is aerodynamic efficiency

L CL
E = = (a7)
D Cb
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and depends on the Mach number and the angleaukatRepresentative values

of ..., are 10-25 for subsonic aircraft, and 5-10 for ssieic aircraft [28].

(2) Parabolic Drag Polar

Drag polar is the variation of an aircraft’'s dragefficient with its lift
coefficient [26]. This in an important value, s@athmaximum speed, rate and of
climb, range, and endurance depends on the drag. galy kinds of drag can be

approximated by the Eq. (16) where

Coi= KiC?c + K2Cr (18)
Then, the total drag coefficient becomes

Cp = Coo + KiC?L + K2Cs. (19)
In Egs. (18) and (19k; denotes an aircraft-specific constant characteriahd

can be expressed by

1

Ki= Zroax (20)

for subsonic speeds(; can be approximated by the following equation for

supersonic speeds:
9 AR (M? - 1)
C(4akNMZ-1)-2

cosA g (21)

where A g is the sweep angle on the leading edge of the Wihg.symbola R
denotes the aspect ratio which is equal to wingspasquared, divided by the

wing area,S. It's obvious from Egs. (19), (20) and (21) thatuced drag is

inversely proportional to the aspect ratio. Thiplies that a wing with low aspect
ratio causes high induced drag. The other variableq. (20) is the Oswald’s
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efficiency factor,e,, which accounts for the non-ellipticity of the Idistribution

over the wing, the increase in the skin frictiomgliof the wing angle of attack,
and the increase in the fuselage drag with anglettd#ck [28]. Generally,
Oswald’'s efficiency factor is between 0.6-0.9. st study, this factor is
calculated by the equation obtained with a curteofiwind tunnel data for a
variety of wing and wing-body combinations. [26]

e, = 4.61 (1-0.0452 % °®9) (cosA g) °*> 3.1 (22)

The effects of K, in subsonic and supersonic flight regimes are

negligible, but at speeds exceeding critical maamiver, this value must be taken

into account.

The zero-lift drag of a subsonic aircraft is comgmbef friction drag and
pressure drag. Flow separation causes the predsage The relative importance
of the pressure drag with respect to the frictivbagddepends on the thickness
ratio, the ratio of the maximum thickness to th@rdhfor a wing. Since the
thickness ratio for a wing unusually exceeds Or2sgure drag can be neglected
[28]. Also, the parasitic effects are generally Bnma the subsonic region, a
method called the wetted area can be used to estitie zero-lift drag
coefficient. According to this method, a uniformrskriction coefficient can be
assumed for the different surfaces of the aircratius, the zero-lift drag

coefficient becomes

Suwet
Cpo= Cf ——— (23)
S

wheresS,.; is the wetted area, that is, all the surface area which air flows,

ands is the reference wing surface. Finalfy;is the skin friction coefficient, and

typically 0.035 is used for a fighter aircraft [26]
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For the supersonic flight regime, wave drag, whglassumed constant
in this thesis, is added to the zero lift-drag viahis used as a tabular data in this

work. Thus the zero lift drag becomes

Swet
C@a = Cf - + Cl)wave (24)
S

Consequently, total drag is calculated by the ity equation:

where,q is dynamic pressure as defined in Eq.(8), simglthe reference area.

e. Weight

Weight is the force opposite to lift. It is the edf of gravitational

acceleration on the aircraft, and is defined as

W=mg (26)
wherem is the total mass of the aircraft, anes the acceleration of gravity which
is equal to 9.81 m/séc

2. Equations of Motion over a Flat Earth

As this study is concerned with scenarios that patshort ranges, the
earth is regarded as flat and non-rotating. Theeggrsimplified equation for

flight can be represented by [28]

dv

(27)

T+A+mg=ma=m

dt

whereT is the thrust,2z the aerodynamic force; the massy is the acceleration

of gravity, a the acceleration of the aircraft with respecti® Earth.

32



The velocity of the aircraft with respect to therthas denoted by the

equation

dEO

(28)
dt

where£ 0 is the vector that connects a point on the Earth the aircraft.

a. Coordinate Systems of Interest

The coordinate systems for flight over a flat eanti

the ground axes system,

the local horizon system,

the wind axes system,

the body axes system.

These axes systems are defined with the assumibiairaircraft has a
plane of symmetry. Plane of symmetry is the flangl that splits the aircraft into
right and left halves.

Note that, the coordinate systems described betewak right handed

and orthogonal.
(1) The Ground Axes System

- This coordinate system has its origin, point &ed to an arbitrary
point on the surface of the Earth (Fig.15),

- The z-axis is vertical, points downward and pesitlownward,

- The x-axis and the y-axis are contained in azontial plane,
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< ___p Horizontal Plane

Figure 15.The Ground Axes System
(2) The Local Horizon System
- This coordinate system has its origin on an eabjt point that may

move relative to the Earth (see Fig.16). For examible origin may be fixed to

the center of gravity (CG) of an aircraft and mewith the CG [28].

- The axes orientations are identical with the axethe ground axes

system.

—— Ground

Figure 16.The Local Horizon System

(3) The Wind Axes System
- The atmosphere is assumed to be at rest witecespthe Earth,

- The x-axis is tangent to the flight path and pesiforward,
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- The z-axis is perpendicular to the x-axis, pesitiownward and in the

plane of symmetry,
- The y-axis is to the right of the plane of symmet

The wind axes system is represented in Figure 17.

Flight Path

¥

A

z Plane of Symmetry

Figure 17.The Wind Axes System

(4) The Body Axes System
- The x-axis is contained in the plane of symmatrgl positive forward,

- The z-axis is perpendicular to the x-axis in ph@ne of symmetry and

positive downward,

- The y-axis is perpendicular to the plane of syrimméSee Fig. 18)

'_.____

-- 3]

—_—

Figure 18.The Body Axes System
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b. Angular Relationship between Wind Axes — Local ldrizon

The position of the aircraft relative to the Eaxhn be found by
representing the velocity in the local horizon.dmso, the needed orientation of
the wind axes with respect to the local horizordéscribed in terms of three
angular parameters. Conventionally, the transfaonat are based on three

rotations of the heading angle or velocity yaW,flight path angle or velocity
pitch, 2, and the bank angle or velocity rofl, The transformations can be

represented by the matrix equations. First, thallborizon is rotated by around

the z-axis.
i cos X sin X 0 i
J1 = |-sin X cos X 0 Jh (29)
K 0 0 1 K5

The obtained system is rotated ®yaround the new y-axis

15 cos Y 0 -sin Y 1;
2 = 0 1 0 J1 (30)
K sin Y 0 cos V| |k,

Lastly, the wind axes system is obtained from tystesn represented in Eq. (30)

by means of a rotatioparound the x-axis.

i 1 0 0 i
Ju| = 0 cosp sinp| | je (32)
K 0 -sin )b cos | (Ko

Consequently, the relationship between the winds aaed the local horizon is

obtained by performing a matrix multiplication &es below.

CY

CY
iy ﬂos Ycos X cos YVsin X - sin (Y\ i

Juw sin psin Yeos X sin psin ¥Vsin X sin peos ¥ | | js
= | -cospsin X + cos peos X (32)

K cos Ji sin Yecos X cos M sin Y sin X cos Jcos Y K

usin ;tsinX -sin;tcosX /
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c. Derivation of Kinematic Equations

The velocity of an aircraft is parallel with the,-&xis. Since, the

velocity, 7, in Eq. (28) can be represented by [28]
V =Viw=V [cos Veos Xiz + cos Vsin Xj; - sin VK] (33)

The vector that connects the point on the Earttn whie aircraft,£0, can be

written in the form,
'EOZXiﬁ+Yjﬁ+Zkﬁ (34)
and its time derivative is

dEO

:Xiﬁ+Yjﬁ'/;kﬁ (35)
dt

In Eg. (35), the altitude above sea level satighesfollowing
hi=-2Z + const (36)

As a consequence, the kinematic equations of matierobtained by combining

the Egs. (28), (33), and (35):

X =V cos Yeos X (37)
Y =V cos Vsin X (38)
=V sin (39)

d. Equations of Motion for Specific Flight Paths

The three dimensional point mass model includingdgamic forces

are used for the aircraft. Figure 19 representssimbolic definitions for this
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model. The control variables in the model are thglex of attack for rotations
around the y-axis, the bank angle for rotationsiagdothe x-axis, and the throttle

setting that is the proportion of the availableugitrused.

The detailed information about the equations of iomtand turn

performance of an aircraft can be found in [23,285,33].

Figure 19. 3D Aircraft Model [5]

(1) Equations of Motion in the Vertical Plane

In this section, kinematic relationships in thetial plane are discussed.
Flight in the vertical plane implies that therens positional change in the y-axis,
and it leads the heading angké,to be zero. In this condition, the control vakéb
I.e. bank angley, needed to change the heading angle is also Zeus, the plane
of symmetry is vertical plane, and motion of a faghis represented by the

following equations:

X =V cosY (40)
ﬁ. =V sinY (41)
o= L+uTsinak g cosY (42)
mo v
. u T cosx— D —mgsinry (43)
m
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T State 3

@)

State 2

Flight Path &
State 1

Figure 20.Forces for a Turn in a Vertical Plane

Note that, in Figure 20, the angle of attagkis zero and exaggerated for

the sake of generalization.

A vertical maneuver in which 360 degrees of turpasormed is called a
loop. The state 1 in Figure 20 represents theaingonditions of the loop. The
action performed at this state is called a “pull. upt state 2, is vertical to the
ground. At the top of the loop, the fighter perferen“pull-down”. The conditions
at this state are represented by sta# gull-down may also be the initial state of
the loop if a fighter in a straight and level fligherforms a 180-degree roll by

changing the bank anglg, If a vertical turn maneuver is performed by rudli

180 first, and then pulling down until the flight pathinverted, this is the special

maneuver known as the split-s.

As discussed in the previous chapter, the parameftegreat importance
for fighter performance are the turn radius andttine rate. These parameters are
calculated by summing the forces perpendiculah&welocity vector (the flight
path).
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For the state 1 in Figure 20 (pull up):

2 2
F=ma=m— J%Y =L-W (44)
2
Y = ;/ “1=n-1 (45)
-V
ICICE “o
n-1
w=g§2) (47)

For the state 2 (vertical velocity vector):

F=L (48)
= gn (49)
w = gvn (50)

For the state 3 (pull down), the parameters are

F=L+W (51)
__V?
"Tgn+1) 2
1

(2) Equations of Motion in the Horizontal Plane

This section considers the kinematic and dynamlatiomships in the
horizontal plane. Flight in the horizontal planepiias that there is no positional
change in the z-axis, and it leads the flight @atble,Y, to be zero (see Fig. 21).
Consequently, equations of motion of a fighter e thorizontal plane is

represented by
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X =V cos X (54)

Y = Vsin X (53)
a (L+ u T sin) sin i (56)
muv
_ _uTcosx—D (57)
m

In a horizontal turn, the fighter maintains itstatie, thus, the directions
of the velocity vector of the aircraft changes btands in the vertical plane. It
means that the vertical opponent of the lift forgeequal to the weight. So, the

load factor, n, the g’s that the fighter is pullilgcomes

L cosp=W (58)
n=1/couu=L/W (59)

and the important parameters for fighter perforneatice turn radius and the turn

rate, are

;= ———— (60)
gVn?—1

gVn—1
= — 61)

Turn Radius

a. Back View
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Turn Radius

b. Top View

Figure 21.Forces for a Turn in a Horizontal Plane

One more point for a flight in a horizontal plasethhe magnitude of the
velocity vector. The magnitude of the velocity \@cis calculated by summing

the forces parallel to the fighter’s velocity vacto

W dv
F\,:ma:TW =T-D (62)

For a free maneuvering flight, a fighter may parisustained turns. In
these types of turns, the fighter maintains theesamn rate and the turn radius for
a long time. So, for sustained turns in the hotiabplane, the magnitude of the

velocity vector doesn’t change. This yields that

T=D (63)
but, under missile threat, instantaneous turns rbasperformed. This requires
instantaneous changes in the velocity vector. Gpresgly, the thrust is usually

not equal to the drag in instantaneous turns.
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(3) General Equations of Motion

The flight paths discussed above are only two @filakile to a fighter
pilot. In the vertical plane, the control variable. bank angle, to make a fighter
roll is assumed to be zero. In the horizontal plareeassumed that the flight path
angle of the fighter is zero which implies thatrthés no change in the altitude.
But, in the real life, a fighter pilot performs inite number of maneuvers
including directional changes in both the vertiaad the horizontal planes. All
other maneuver planes are called “oblique turn§].[Zhe equations of motion
for oblique turns can be derived by combining tlggiagions of motion in the
vertical plane and the horizontal frame. Consedyetite general equations of

motion are as follows:

X =V cos ¥eos X 69

Y =V cos ¥Vsin X (65)

fi=V sin¥ (50)

oo (Lt uTsing)cosp g cos¥ (67)
m v v

(L+ u T sine)sin U

X= (68)

mo

p= 4 Tcosck— D —mgsin Y (69)

m

X,Y ,r,%,X ,andv areX andY the range, the altitude, the flight
path angle, the heading angle, and the velocigpeetively.g is the acceleration
of gravity, m is the mass of the aircraft, £, » denote the maximum available

thrust of the aircraft, the lift and the parabaliag polar respectively. The control
variables are the angle of attagkthe throttle setting, and the bank angje.
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3. Missile Model

The missile’s guidance system is the Proportionaavifjation.
Theoretically, this law issues acceleration commangerpendicular to the
instantaneous missile-aircraft line-of-sight, whiete proportional to the line-of-
sight rate and closing velocity [1]. The guidana® kcan be stated as

ne=AN"V. X (70)

where n, is the acceleration commang;’ a unitless gain (usually in

range of 3-5) known as the effective navigatiomrandA the line-of-sight rate.

The equations of motion of a missile are In thisdgt the proposed
implementation of proportional navigation guidatee in [2], and [4] is used as

the pursuing missile’s guidance system.
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[ll. VISUAL END-GAME SIMULATION (VEGAS)

The VEGAS software that is developed to analyzepgréormance of the
aircraft and the missile is implemented with Vis@al+ (R) 6.0. OpenGL library
functions are used for visualization. Simulations aun on an IBM laptop with
Pentium (R) CPU 2.60 GHz processor and 512 Mbs AMRThe operating

system on the computer is Microsoft Windows XP.
A. INTRODUCTION

The terminal phase of a missile-aircraft encourgalso called an end-
game. The avoidance problem of a fighter can beledvinto two parts [11]; the
missile outrunning and the end-game. The missilieuoning is caused by the
finite burn time of a missile rocket and subsequaptd energy dissipation by the
aerodynamic drag. With suitable maneuvers, thetivelaselocity between the
missile and the fighter (i.e., closing velocity) yniae reduced to zero before the
interception. If this is not achieved, the end gdregins.

One of the aims of this study is to explore théuates of the fighter in
the latest phase of the encounter. Hence, firg, figjhter evasive maneuvers
against missiles are investigated. It is realizbdt,t there are some basic
maneuvers that constitute the evasive maneuveas i@r combat. Besides, It is
also noticed that the corner speed, turn rate, tadius must be taken into
account. These facts have leaded us to examineadhmdynamic forces and
orientation kinematics which directly affects thetran of the aircraft and this
topics have been studied in detail.

Simultaneously, Moran [2] has searched the guidammghods of
missiles, especially the proportional navigationiclhis the most widely used

guidance method for the guided missiles with adtieming capability.

To evaluate the motions of a fighter aircraft aheé fighter evasive

maneuvers against proportional navigation, a ndtwaece program called Visual
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End-Game Simulation (VEGAS) has been developedthélfactors mentioned
above are included in this software. Extensive &tmn results that are

supported by comprehensible visual projections e gathered.

Visual C++ and Open GL are used in simulations. es main
purpose is to render two and three-dimensionalotdjato a frame buffer [34]. A
3D visualization is performed in order to provide tuser for a comprehensive

understanding about the terminal phase of the emieou
The structure of the software is detailed in thet isection.
B. STRUCTURE OF VEGAS
Five modules constitute the VEGAS. These are
- Main,
- Evader,
- Pursuer,
- Radar,
- Aero
modules. Figure 22 represents the structure oVEBAS.

The main module of the VEGAS serves as the manaighe simulation
which initializes the simulation, calls the pursumeodule and the evader module

and handles visual projections.
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Initialize

Relative

Distance < Yes - .
Preset o Hit
Value

No
Evader < >
Radar
\ 4
Pursuer - Aero
A\ 4
Draw
A\ 4

) 4

Target out Yes ( . >
of Cone Miss

Figure 22.Structure of Visual End-Game SimulatigEGAS)

The “pursuer’” module is the program of missile’slsss model and
maneuvers. A missile pursuing an aircraft with mmipnal navigation guidance
Is taken into consideration. The missile seekerlemgntation is detailed in [2]
and [4].
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The current coordinates of the missile and theetaig) provided for the

pursuer and evader modules by the “radar” module.

The required values for aerodynamic calculations,dir density and the
Mach numbers equivalent to the vehicle velocities @mputed in the “aero”

module.

The “evader” module is the main subject of thisstheln this part of the
simulation program, a generic aircraft with higlegpability and its maneuvers

are modeled.
A detailed explanation of each module is giverhia following sections.
1. Main Module

Main module is the manager of the simulation, &ndd above, which
initializes the simulation, calls the functionsmfrsuer's and evader's maneuvers

and handles visual projections.

At the beginning of the program, the visual seti@ge initiated by the
OpenGL functions. The position of the camera aredghint where the camera
will be oriented are adjusted. These settings agarozed so that any viewport
alternatives can be chosen according to the upegference. That is to say, the
camera can be either moving or fixed. Some of thenara position and

orientation alternatives are

from a fixed point to the position of either thgtfter or the missile,
- from a fixed point so that the user can view bathigles,
- from the position of the missile to that of thehfigr, vice versa,

- from a point which is close to one of the vehidegshe position of
that vehicle, thus, the user can view and visuatiglyze the motions

of that vehicle.
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In the main module, the initial values of the messighter encounter
state are provided for the simulation. The usethef VEGAS can enter these
values manually, so he has the initiative to chab&e desired maneuver. The

initial states of the encounter for both vehicles a
- X, Y, Z positions relative to the origin,
- velocities of the vehicles,
- reference areas (i.e. wing, fuselage),
- maximum thrust force,

- the flight path angle,

the heading angle.

Also, the user of VEGAS can choose the evasive mamewhich he

wants the fighter to perform via a menu.

The simulation is divided into fixed time steps. édch time step, the
maneuvers of the vehicles are performed, and tirestagte variables are stored in

a predefined variable for the subsequent time step.

After the initialization, the evader and the pursoedules are called
respectively. In each module, the recent statekeofehicles are stored in arrays.
When the pursuer returns, the changed data of \mdiltles stored in the arrays

are evaluated, and the vehicles are drawn on teersc

Before running the next step, the relative distabe®veen the missile
and the fighter is compared with the terminal ctindi i.e. the predefined relative
distance between the vehicles. The next step isimless the terminal condition is
reached. When the terminal condition is reached, simulation ends. At this
point, the trajectory histories for both of the wdds can be viewed in three-

dimensions at any camera position. The positiothefcamera is changed by the
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keyboard commands. This feature helps the usde&olg observe the attitudes of

the missile and the fighter throughout the encaustenario.
2. Pursuer Module

As mentioned before, the guidance system of thesilmisis the
proportional navigation. According to the propom@b navigation, the missile
estimates the respective motion and the positiotheffighter and is oriented
towards that point. The attitudes of the missileintercept the fighter aircraft
according to this guidance system including reaalisherodynamics are

implemented in this module. This module is desigmgdloran, 1. [2]
3. Radar Module

The radar module supplies the vehicles with thestathree-dimensional
coordinates of the adversary. This module is cdletoth of the vehicles. Figure

23 represents the flow chart of the radar module.

id = missile . »
id number » Store missile position

A 4
id = fighter send fighter position

store fighter position

\ 4
send missile position

Figure 23. Flow Chart of the Radar Module.
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When the evader finishes it recent motion, it pa$tseid number and its
latest X, y, and z coordinates to the radar modlfleen the radar module receives
this data, it decides whose data is received v@sipect of the id number. As this
data in our example is of the evader, the radarubecgtores the coordinates of the
evader in a structural variable, and sends thedooates of the missile to the

evader module.

Consequently, in this case, this module acts asaiti@r of the fighter. In
the other hand, when the pursuer module callsiiudule, it acts as the seeker

radar of the missile.

The limitations, such as radar range, observatarecof both vehicles
can be added to the radar module because of itsilarostructure. So, it is apt to

any kind of realistic development, and this isrargj advantage of the VEGAS.
4. Aero Module

In the aero module, two values needed by the wethifdr aerodynamic

calculations are computed. These are
- The air density at the altitude of the calling \adimodule,

- The Mach number in respect of the altitude andviglecity of the

calling venhicle.

The air density at a specific altitude, and theespef sound, which is
needed for deriving the equivalent Mach number esltegarding the velocities

of the vehicles are computed by the equations geavin [27].
5. Evader Module

The evader module is the part of VEGAS where tresiee maneuvers
of the fighter are implemented. The fighter airtrabdeled herein is an extended
point mass model including orientation kinematiosl aerodynamics. According

to this model
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- The Earth is assumed to be flat,
- The side-slip angle is assumed to be zero.
and, the fighter
- moves in a three-dimensional scenario space,
- performs bank-to-turn maneuvers in order to chatgetion,
- is dependent of aerodynamic forces,

- changes its flight path angle by applying angle atfack, «,

commands,

- changes its heading angle by applying bank angleommands, and

- applies desired thrust force by adjusting throgiédting, «, where

O<u<1.

When the evader module is called by the evermaiduteoat the first
time step, the initial states are assigned intallstate variables. Then, the

selected evasive maneuver is performed startitigeae initial states.

In order to compute the motion of aircraft at eiale step, an array of
aerodynamic calculations is made. These aerodynaaiculations include

deriving the followings:
- Mach number by calling the aero module,
- lift curve slope regarding the Mach number,
- lift coefficient and lift force,
- zero-lift drag coefficient, total drag coefficieand total drag force,
- pitch rate, which has an aircraft-specific maximualue,
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- change in the flight path angle, and the nevhtligath angle,
- change in the heading angle, and the new headhiglg,

- acceleration and the new velocity,

- load factor,

- the turn radius an the turn rate values for anafythe performance of
the fighter.

After the aerodynamic calculations are made, thectsd maneuver is
performed, the latest state and control variablesaaitten into an output file, the
radar module is called in order to send the latestdinates and to receive the

coordinates of the missile.

In order to the fighter maneuvers to be realisgimmne aircraft-specific
limitations, such as the load factor, pitch ratel] rate, max.-min. operation
altitudes, are considered. The maneuvers are ingrited so that the aircraft
always performs its maneuvers without exceedingsfiexified limitations. Also
every basic fighter maneuvers are designed asaepsub-functions. This makes
it possible to analyze different maneuver combaoregj also, makes the simulation

apt to further maneuver attachments.
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IV. PERFORMANCE EVALUATION

The performance evaluation of the fighter aircrafid its evasive

maneuvers are made by using the Visual End-Gameul&ion (VEGAS)

software developed in the Naval Science and Engmgénstitute.

A. NUMERICAL ANAYSIS
1. Aircraft Characteristics

The aircraft data used in the simulations represangeneric supersonic

fighter with high-g capability. The parameters loé¢ fighter modeled in this study

are tabulated in Table 1.

Table 1.Aircraft Characteristics [26, 35, 36]

Mass,m 13607.7711 kg
Thrust at Sea Levet;, 77.84 kN
Wetted Areas.,.. 138.89 M
Wing Area,s 27.870912 rh
Aspect Ratioa® 4.08
Wing Sweep AngleA g 40°
Maximum Speed¥,,,, 603 m/sec
Maximum Load Factory,,,, 99
Skin Friction Coefficientc, 0.0035
Wave Drag Coefficient 0.0261
Lift Curve Slope at M=0¢xar-0) 5.73/°
Min. /Max. Usable Angle of Attacky -2° [ +2%

54




2. Aerodynamic Calculations
a. Maximum Available Thrust

In this section, the aerodynamic calculations foe tfighter whose
characteristics are tabulated in Table 1 are exaghiRirstly, the available thrust
force variation according to the Mach number isvainoAs it was mentioned in
the chapter 2, the thrust force is a function ef dkttitude and the Mach number at
which an aircraft is flying. As the Mach numberneases, the available thrust that
an engine produces decreases. The thrust variatithe fighter model according
to the Mach number is approximated by the Eq. (@) ia represented in Figure
24,

40000

20000

140000 -
g 120000 -
§ 100000 - Sea Lewel
S o000 —e—3000 m
E — = 6000 m
= 60000 - .--%--- 9000 m
S 40000 # ye--oX00T
©
T
>
<

0,0 0,4 0,8 1,2

Mach Number

Figure 24.Maximum Available Thrust vs. Mach number
Note that, the available thrust values are obtaimkéen the pilot applies
full throttle setting, i.ex = 1 and the afterburner is on. So, the maximumsthru

will be less than that of represented when lesstttbrsetting is applied. It can be
seen from Figure 24 that flying at high altitudesl wause to gain less thrust

force, so, this must be considered when perforraragsive maneuvers.
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b. Lift and Drag Forces

The lift force parameters of the fighter are apprated according to the
Egs. (12), (13), and (15). Note that the two dinmama lift curve slope at Mach=0
is an aircraft specific quantity and assumed tbl8 /°. The variation of lift
coefficient curve slope by Mach number is showiable 2.

Table 2.The Variation of

Mach Number Lift Coefficient Curve
Slope, ¢/ (per degree)
0 5.73
0.2 5.84
0.4 6.25
0.7 8.02
1.2 6.03
14 4.08
1.8 2.67

By deriving the lift coefficient curve slope, thit Icoefficient can be
calculated at any Mach number for various angleatbhck values. The lift

coefficient variation is shown in Figure 25.

——aoa =2 deg.
—e—aoa=5deg
—A—aoa = 10 deg.
—X¥—aoa =20 deg

Lift Coefficient

0,0 0,5 1,0 15 2,0

Mach Number

Figure 25¢, vs. Mach Number for Different Angle of Attack Value
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A fighter performing evasive maneuvers will probhallly at its corner
speed which is 0.7 Mach in this case. Consequeitity]ift coefficient curve of

the fighter will be as shown in Figure 26. The tfiefficient forac = 0, ¢, , iS

assumed to be zero.

2,5

2,0 A

1,5 -

1,0 ~

Lift Coefficient

faWal
U, T T T T T 1

-5 0 5 10 15 20 25 30

Angle of Attack (deg.)

Figure 26.Lift coefficient — Angle of Attack Curfee M=0.7

As the lift coefficient increases linearly up tcetmaximum attainable
angle of attack, the lift coefficient values in &ig 26 are calculated up to the stall
angle of attack. The applied angle of attack vdeslare controlled at every time

step of the simulation not to exceed the maximuheza

The parameters for approximating the drag coefiiceg any altitude,

speed, angle of attack are derived according ménilge Eq. (16).

The zero-lift drag coefficientp, , is

Swe 138.89 m
Cpo= Cf —— =0.0035 = 0.0174 (71)
S 27.870912 M

Note that, the wave drag@y....., Which is assumed constant in this study, 0.0213,

Is added ta’», for Mach values exceeding Mach 1.
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Oswald'’s efficiency factore,, the value that is used to find the induced

drag,Cpi, is calculated with the Eq. (22)
e, = 4.61 (1-0.0452 R °°9) (cosAg) °*> 3.1 (72)
e, = 4.61 (1-0.045 (4.08)%9) (cos 46)°*> 3.1 = 0.810 (73)
For the subsonic regime, tlkg value is derived with the Eq. (20):
Ki=1/me, AR =1/ (3.14159 * 0.810 * 4.08) = 0.096 X74

And, the k; value for the supersonic regime varies with theciMaumber. For

instance, at Mach numbed/ = 1.2, thek; value can be calculated with the Eq.

(21):

K;=[[4.08 * ((1.25" -1D]/[(4*4.08 *\/(1.232 -1)-2]]*cos (46 (75)
K;=0.15582 (76)
After deriving necessary parameters, the drag oeft can be
calculated at any altitude and the Mach numbesstllyjrthe effect of the lift

coefficient on the drag polar is shown in Figure 27

0,35

0,30 +
0,25 -
0,20 -
0,15

Drag Polar (Cd)

0,10 -
0,05 -

0,00 ‘ ‘ T
0,00 0,50 1,00 1,50 2,00

Lift Coefficent (Cl)

Figure 27.Effect of the Lift Coefficient on the QrRolar
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It is noted from the Figure 27 that the drag coedfit will increase by

the square of the lift coefficient.

Table 3 represents the zero-lift drag coefficiéme, K ; factor, the induced

drag coefficient, and the total drag polar for gag Mach numbers when the
angle of attack is 3 and Figure 28 represents variation of the totagd
coefficient with the Mach number for different aaglf attack values.

Table 3.Variation of Drag Coefficient € 3°)

Mach Number Coo K1 Cpi=kiCc* | Cp= Copo+ Coi
0.2 0.0174 0.096 0.0018 0.0192
0.4 0.0174 0.096 0.002 0.0195
0.7 0.0174 0.096 0.0033 0.0208
1.2 0.0387 0.155 0.0031 0.0418
14 0.0387 0.214 0.0019 0.0407
1.8 0.0387 0.312 0.0012 0.0399

—aoa=2
—e—aoa=5
—A—aoa =10
—¥—aoa =20

Total Drag Coefficient

Mach Number

Figure 28.C» vs. Mach Number for Different Angle of Attack Value

By examining the figures 25 and 28, it can be gbahthere are sudden
changes in both the lift coefficient and the dragfticient at the transonic regime.

Transonic flow fields are too complex for accuratealysis by any but the most
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advanced methods, and the analysis often requings lof computing time on the
fastest supercomputers for a single flight condit[@6]. Because of that the

transonic regime was not studied in this thesis.
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B. MANEUVERING PERFORMANCE
1. Horizontal Turns

The most important metrics in aircraft performarmee the turn radius
and the turn rate. As mentioned in chapter 1, tueatperformance for a specific
aircraft is gained when it is at the corner spekdr fighters with high-g
capability, the corner speed varies between 400580dknots. After a number of
experiments are conducted, it has been seen tleatfighter model in the
simulation has a corner speed of 447 knots, i.8.@&ec, which nearly fits the
corner speed of the actual F-16 fighter (450 knots)

Figure 29 represents the x and y positions for fighter when it
performs a 360-degree turn in the horizontal twantisg at the corner speed. The
maximum applied angle of attack is adjusted at ¢iaoh step in order to keep the
load factor and the pitch rate in limits. The apglbank angle is 82.

2000 ~

1500 +

1000 +

y-position (meter)

500

500 1000 1500 2000 2500 3000

x-position (meter)

Figure 29.Trajectory in a Horizontal Turn (Upperew)

When the attitudes of the fighter in a horizontethtare investigated, it is
seen that the turn radius of the fighter is 630emsgtand the maximum load factor
is 8.
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Figure 30.Load Factor Variation during the HorizahfTurn

240 +

220 4

200 +

Velocity (m/sec)

180

0 5 10 15 20

Time (sec)

Figure 31.Velocity Variation during the Horizontaurn

The speed of the fighter decreases because ofrdge fdrce. As the
decrease in the velocity, the lift on the wingsrdases and this causes the load
factor to decrease. Figure 30 and 31 show theti@riaf the load factor and the

velocity during the horizontal turn, respectively.

Thus, we can conclude that, before performingra, tthe initial speed
must be adjusted correctly to keep the speed heacdrner velocity for gaining

higher turn performance.
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2. Vertical Turns

As in the horizontal turn maneuver, satisfying tesare obtained in a
vertical turn maneuver. In the vertical turn mareyuvthe fighter starts the
maneuver 2000 meters from the origin in the x-aarg] has an altitude of 1000
meters. The applied angle of attack is controlledind) the turn in order to
maintain the g values of the aircraft below theidural limit of 9-g. The initial
velocity of the aircraft is constant and 230 m/sBgure 32 represents the

trajectory of the fighter during the turn maneuwethe vertical plane.

2500 -
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1500 +
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Figure 32.Trajectory in a Vertical Turn

It's observed that the turn radius of the fightethe x-axis is 588 meters,
and the turn radius in the z-axis is 638 meterg difference in the radius values

arise from the instantaneous velocities and thé faetor values.
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Figure 33.Load Factor Variation during the Verticalirn
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Figure 34.Velocity Variation during the Vertical ffu

Figure 33 and 34 represents the load factor anatitglvariation during
the vertical turn, respectively. The presentediuatéis of the fighter make the

shape of the circle seem like an ellipse. This shagalled a “tactical egg” [23].

The derived value, from Eq. 49, for the turn radius 9-g turn is 599

meters, and is agreeable with the obtained vaara the simulation.
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C. ENGAGEMENT SCENARIOS

In this section, the effectiveness of the evasiemeuvers performed by
the fighter is measured. The performance metrah@sen as the flight time of the

engagement scenario.
1. Scenario 1

In this engagement scenario, the initial positiand the velocities of the

vehicles are fixed. The initial values for the smém 1 are as follows.
Xm=0m. Yo=0m. % = 1000 m. W, = 1000 m/sn
Xt= 9000 m. y=0m. z=5000 m. Y=300 m/sn

Both the missile and the target take level flighitially. The heading
angle of the missile varies from 4% +45 with the interval of 1% and the

heading angle of the fighter froni @ 18CF with the same interval.

Figures 35-39 show the resulting flight times faffetent evasive
maneuvers. The mark “*” denotes “failure” of thessile for that initial heading

angle X, . Note that, “failure” of the missile is the “s&ss” of the fighter.

16
i | | | | = 'S
]
Q A A m
S128 ¢ ¢ & N - R & Xm= -45 degs
.
g ¢ 'y : . ¢* | = Xm=-30 degs
= X L : :b A Xm= -15 degs
.2_—? 8 1 X X e Xm= 0 degs
[T X X
X X
4 T T T
0 45 90 135 180
Initial Heading of the Target (deg)

Figure 35.a.Flight Time (Horizontal-s)
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Figure 35.b.Flight Time (Horizontal-s)

In horizontal s maneuver, the fighter maneuverthaoit draws a virtual
“S” in the sky and then continues level flight. doesn’t keep on turning
horizontally after it finishes that virtual “S”, bause it loses speed significantly

while turning. So, it has to gain speed after tbedontal s maneuver.
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Figure 37.a.Flight Time (Immelmann)
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When the Figures 35-39 are examined,;

In cases when “failure” occurs, it's observed thia missile’s seeker
look angle exceeds 90 degrees, so the missile @aname follow the fighter. In
most cases, the missile fails to capture the figiMeen its initial heading is -45
and +48,

In a few cases, the fighter can succeed in evasithrer than the initial
headings of the missile, -35and +48- when it performs the Immelmann
maneuver. This is the expected result, becauskeoinitial displacements of the
vehicles in the vertical plane. The fighter stamtaneuvering 4000 m. above the
missile, and in the Immelmann maneuver, the fightforms a vertical climb.
After 10 seconds from the beginning of the scendhie missile runs out of fuel
and thrust. Consequently, the missile starts te ltssspeed rapidly as it goes on
climbing to chase the fighter, and at last, itdad capture the target.

The other exceptional evasion tactic for thesedainitonditions is the
linear acceleration. The fighter doesn’t perforny amasive turn; it just keeps on
level flight. If the initial heading of the fightes so that it goes far away from the
missile, it may manage to evade from the missigcdise, in such cases, it keeps
its altitude at 5000 meters, and goes far fromrtigsile. Thus, the fuel of the
missile completely burns before it captures théntBg and its speed starts to

decrease. Finally, it fails to capture the target.

For the cases where the fighter is captured, tlesiee maneuvers in
regard of the average flight times are compared,the results are represented in
Table 4.

Table 4.Average Flight Times for Scenario 1

Time (sec)
Horizontal s 11.80
Split s 10.33
Immelmann 12.55
Barrel Roll 10.77
Linear Acceleratior 11.43
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It is seen from Table 4 that the Immelmann manepveves more time,
in average, to escape from the missile than thersttAlso, long average flight

time is obtained when the evasive maneuver is dhigdntal-s maneuver.

In general, it's noted that, if the initial altitadbf the fighter is higher
than that of the missile, maneuvers which makesfitilfger go higher and far
away from the missile provide more chance to evlden the missile, and

increases the flight time of the engagement.
2. Scenario 2

In this scenario, the initial positions of the v&#bs are fixed. But, this
time the altitude of the missile is some hundredensehigher than the fighter’s.

The initial conditions are as follows:
Xm=0m. Ya=0m. % = 3300 m.
Vmn=950m/sn X, =0
X¢= 8000 m. y=0m. z=3000 m.
V= 240..300 m/snX, = (*..18C

Both vehicles take level flight initially. The haad angle of the missile
is fixed. The velocity of the fighter varies frord@ m/sn to 300 m/sn with the
interval of 20 m/sn. For each initial velocity tiettarget, its heading angle varies

from O° to 180 with the interval of & By given vehicle coordinates

The results of this scenario are represented inregy(40-43).
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It's noted from the figures that the initial heagliof the fighter makes
significant changes on the flight time for the agdich the missile achieves to

hit the fighter. For instance, when the fighterfpens horizontal-s maneuver,
initial heading angles which makes fighter go fani the missile, i.e.®X;<9C,
favor flight time for the fighter. On the other ltgrihe resulting flight time values

decrease as the fighter is oriented towards thsiles

It's also noted that, in general, higher initialo@ties causes the flight
time to increase only when the initial headinglod fighter is between 0 and 90
degrees. For initial heading angle values excee@@gdegrees, lower initial

velocities seem to obtain better flight time restttr the fighter.

The most noteworthy point for this scenario is thght time values
when the initial heading angles are near 90 degileethis case, almost every
maneuver, except the split-s, causes very hightfligne values, and proves
avoidance from the missile. The best performanabiained by the horizontal-s
maneuver. Although the Immelmann maneuver alsoesaleng flight times, it
rarely makes the fighter manage to avoid from thissile compared to the
horizontal-s. It's also seen that higher initial logities favors evasion

performance in these situations.

The barrel roll maneuver is seemed noteworthy dudtst efficiency
between 45 and 90 degrees. By performing this maarglong flight times are
obtained for any of the initial velocities. It hbsen seen that this maneuver may
be performed at any initial speed to gain time whiea initial headings are

between 45 and 90 degrees.

Note that the initial heading of the missile i$ i@ all cases of the
scenario 2. It means that its heading is alwaystda/the fighter regardless of its
heading at the beginning of the engagement scen&azording to the
proportional navigation guidance system, the mnassdteers towards the
anticipated position of its target. Hence, theiahiheading of the missiles is set to
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+5° and the flight time values are observed. Figureeptesents the results under

these conditions when the initial velocity of thghter is 280 /sn.

As seen in Figure 44, if the initial heading angfethe missile is truly
oriented towards the possible further positionghef fighter at the beginning of
the terminal phase, survival chance of the figlttecreases to zero. Then, the

flight time of the encounter becomes importanttfar fighter.
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Figure 44.Flight Time (Initia)ty, = 5°)

It's noted from Figure 44 that the fighter gives thardest guidance

problem to the missile when it performs a horizbstmaneuver.

The split-s and the Immelmann seem identical, dval ftight times

obtained with these two maneuvers vary between &8%.47 seconds.

By performing the barrel roll maneuver, better tessuthan the
Immelmann and the split-s are obtained for theiahiheading angles not
exceeding +55 It's observed that the initial heading angles drely +55

decreases evasion performance of the fighter.

Consequently, under given conditions, it can beckamted that the
horizontal-s maneuver is the most convenient eeasimaneuver against

proportional navigation when we take the flighteias the performance metric.
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All the figures that are represented for the sdendr show another
important fact. If the headings of the vehicles towards each other initially,
none of the evasive maneuvers that the fighteopad can change the flight time

significantly. So, a fighter pilot must try notfall in such a positional geometry.
3. Scenario 3

In this section, the methods for improving the @éincy of some of the
evasive maneuvers are studied. The initial postiointhe vehicles are 0, 0, 3000
for the missile and 9000, 0, 7000 for the fightEine initial velocities are 950
m/sec for the missile and 240 m/sec for the fightée initial heading angles of
the missile and the fighter ar€ And 96, respectively. The fighter performs a
horizontal-s maneuver with 8 g. The trajectoryto$ tengagement in all planes is

shown in Figures 45-47.
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Figure 45.Vehicle Trajectories in the x-y Plane 8wenario 3
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Figure 47.Vehicle Trajectories in the y-z Plane $menario 3

When the fighter performs a horizontal-s maneuvigh Wward turns, the
fighter loses its velocity considerably. Thus, tigiater will be in danger although
it manages to evade the missile because of poskiltleer threats. If such a
situation is not desired, the g’s that the figlgeling, i.e. the load factor;, must
be decreased. Figure 48 represents the velocitpri®f the fighter when it

performs horizontal-s maneuver with different |dactors.
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Figure 48.Velocity History of the Fighter for Hooiztal-s Maneuver

It's noted from Figure 48 that the velocity of tlighter decreases
significantly as it performs harder turns. When éleeodynamic forces during the
maneuver are observed, it is seen that the drag foas the greatest effect on this
velocity dissipation. The fighter applies more a&ngf attack to make a harder
turn; this causes the lift coefficient to rise atnggers the induced drag
coefficient. Finally, total drag polar increasesdatme velocity of the fighter

decreases.
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Figure 49.Effect of Load Factor on the Flight Tigkorizontal-s)

At this point, a trade-off between the velocity ahd flight time occurs.

Lower load factors in horizontal-s maneuver ocaasithe flight time to be
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shorter. Namely, if it is desired to maintain thatial velocity during the
maneuver, lower load factors -which will shorter flight time- must be applied.
According to the tactical situation, the pilot musiake a critical decision
considering this fact. In Figure 49, the effecthad load factor on the flight time is
shown.

When the barrel roll maneuver is observed, it'ssddhat this maneuver
is more effective than the horizontal-s maneuveemwkhe maintenance of the
velocity is desired. Figure 50 shows the velocitynparison of these two

maneuvers in a 10-second engagement.
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Figure 50.Velocity Comparison of Barrel Roll andrizontal-s

When we think of an air combat as a whole, keeghegvelocity near the
corner velocity will favor further evasive maneuwewhich require consequent
turns. Then, the barrel roll maneuver is an effectnaneuver when this fact is
considered. Also, it's observed that performing&lamll when the altitude of the
fighter is higher than the missile will be conveniefor better evasion

performance.

The performance of the barrel roll maneuver canniy@oved by some
corrections on the applied bank angle and anglattack values. In barrel roll
maneuver whose velocity variation is shown in F&gb0, the maximum applied
angle of attack is 15 degrees, and the bank amdgeis 45 degrees/sec. These

values cause the fighter to draw a virtual “barmgith low radius. It can be seen
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from Figure 50 that the velocity of the fighter degses from 240 m/sec to 214
m/sec. The difference is 26 m/sec and equal tor8fhéur (state 1). To prevent
this velocity dissipation, the maximum applied &ngf attack is reduced to 10
degrees, and the bank angle rate is reduced te@@elsec (state 2). In Figure

51, the velocity comparison of these two barrdlapplications is shown.
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Figure 51.Velocity Comparison of Two Barrel Roll Maiver Application

For a detailed study on barrel roll maneuver whdohsiders it from an

optimal view, see [37].

By altering the applied commands on the barrel ma@heuver, it is also
seen that the evasion performance of the fightesid decrease significantly.
Moreover, it proves longer flight times for the Higr in some cases. With the
initial conditions of scenario 3, we examine thight times when performing a
barrel roll maneuver. Figure 52 represents théfltgme values for initial heading
angles between’@nd 180 with the interval of 1%
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Figure 52.Flight Time Comparison for Two Barrel Ridlaneuver Application

D. PARAMETER RECORDS OF AN EVASIVE MANEUVER

In this section, we intend to show that the fightesdel in this study is
agreeable with the aircraft-specific limitations.gh-g horizontal-s maneuver

that coerces the limits is chosen.
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Figure 53.Bank Angle and Angle of Attack HistonyHorizontal-s Maneuver

In the simulations, the bank angle is applied s the roll rate of the
fighter never exceeds 180 degree/second. This yatuwith the roll rate values
of the contemporary fighters. The excepted valuesb&tween 10Dand 200
[11]. The angle of attack rate is also controllé@ach time step in order to hold
the pitch rate under the excepted value, i.e. 2Ped¥second for a modern fighter
[11]. The pitch rate value is derived by the follog equation:
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P=a+ (Y *cos @) + (X *cos () * sin (1)) (77)

Figure 53 represents the bank angle and angletatkahistory, and
Figure 54 represents the pitch rate history dutiegmaneuver.
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Figure54.Pitch Rate History for Horizontal-s Maneuv

Another important limitation for the fighter is thh@ad factor. During the
maneuver, the load factor must not exceed theadirspecific quantity. A load
factor limit of 9-g is chosen for the fighter tratmodeled in this study. The

history of this value is shown in Figure 55.
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Figure55.Load Factor History for Horizontal-s Manezar
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As it is mentioned in chapter 2, lift-to-drag ratie an important
parameter for an aircraft. Maximum value for thiggmeter is 10-25 for a fighter
at subsonic speeds. The calculated lift-to-drag realues for the horizontal-s

maneuver are shown in Figure 56.
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Figure56.Lift-to-Drag Ratio Values during Horizot®Maneuver
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V.CONCLUSION

In an air combat, the maneuvers performed by tijetdrs are of crucial
importance. Understanding the current tacticalasitun, choosing the convenient
maneuver, applying correct commands are vital msatfer a fighter pilot.
Especially, when an incoming missile is detectefil@ has very few seconds to
think and to make a move. So, he must know theaciernistics, the limitations
and the abilities of his fighter. This is only pids with training. As practicing
the maneuvers with real fighters are very expenangtime consuming task, it is
inevitable to model realistic fighters and to siatel their maneuvers with
computers. Namely, a pilot must know what may happbere and when he
performs an evasive maneuver before he takes offafonission. It will be
invaluable for an air force whose pilots are illmatied with this knowledge.

In this thesis, a realistic 3D model of a fightedahe evasive maneuvers
performed against missiles which employ one of Widesed guidance systems,
proportional navigation, are evaluated via softwaféth this software that is
developed by us, supplying it with the requiredft-specific data and with the
initial conditions, it is possible to analyze thiitades of that aircraft when it
performs different maneuvers, or analyze the perémce of its evasive

maneuvers against a proportional navigation.

By the simulation runs that have been conducteds ihoted that the
performance of a particular evasive maneuver may ®aacording to the initial
positional geometry. The performance can be imptdsemaking some changes
to applied commands which will change the turnuadihe load factor, and the
velocity, etc. of the fighter. It is also noted tthihere are significant effects of

aerodynamic forces on the attitudes of the fighter.

The modular structure of the software makes it éasynderstand, and apt
to further improvements. It is thought that, thisrlvmay be used by pilot training

associations for training purposes, may be used asedium to analysis the
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performance of any kind of aircraft, and in theufet may be attached to a joint
combat simulation which includes air, navy, armynbat.

The followings can be stated as the future work:
- Addition of more fighters to the simulation,

- Development of novel algorithms for optimizing thevasion
trajectory of a fighter,

- Implementation of an autopilot which will take tleentrol of the

fighter when a incoming missile is detected.

Finally, it was anticipated that; participating the knowledge-sharing
community in aeronautics domain as Turkish engmewill contribute our

country to keep up with the latest developmentstaoknologies.
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