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Design for Air Combat

W. B. Hei-bst* and B. Krogullt
Messerschmitt-Bolkow-Blohm GmbH, Munich, Germany

A combination of air combat simulation and aircraft synthesis techniques is used to analyze prob-
lems such as missile vs aircraft maneuverability, offensive vs defensive capability and the cost ef-
fectiveness of increasing energy maneuverability, e.g., quality vs quantity in air-to-air combat. Air-
craft design parameter combinations ranging from 0.5 to 1.7 thrust/eight ratios, 40-90 lb/ft2 wing
loading and 1.2 to 2.4 maximum Mach number for fixed and rubberized engines are evaluated in
combat environments. The results substantiate earlier findings such as the importance of turn per-
formance at subsonic speeds. New insight is gained into the problems of detection and low level in-
terception and into the behavior of a fleet of air superiority fighters.

I. Introduction

THE ability of a fighter aircraft to engage and kill anoth-
er fighter aircraft in the air depends upon its maneuver-
ability relative to the maneuverability of the opponent,
e.g., on its ability to turn, to accelerate and to climb. The
initiation of such an engagement depends on the ability to
detect and to identify an air target and the capability to
perform an intercept maneuver against an evasive or not
reacting opponent. For proper balance of the design pa-
rameters which dictate the performance in the individual
elements of air combat a common denominator is re-
quired. This denominator can be derived by air combat
simulations which measure the capability of an aircraft
design against a particular threat in terms of kills, surviv-
al or other relevant quantities. But even with this back-
ground the question remains to be answered how much
maneuverability should be designed into a new fighter in
view of cost penalties for increased performance. The an-
swer to this question obviously depends upon the threat in
terms of number and combat capability of hostile fighter
aircraft.

In the work leading to this paper an attempt has been
made to develop a generally applicable rationale for fight-
er aircraft requirements, primarily with respect to two im-
portant and cost driving parameters, thrust/eight and
wing loading, in an iterative three step approach: 1) Para-
metric assessment of weight, size, production and operat-
ing cost of fighter aircraft as a function of maneuver per-
formance by variation of T/W and W/S at constant range
performance and given military equipment. This variation
has been conducted by means of computerized aircraft
synthesis (Ref. 1). 2) Parametric assessment of air combat
capability in terms of a) probability to detect an air target,
under various environmental conditions, b) probability to
perform a successful intercept from various positions, and
c) probability to kill the opponent in a close-in combat.
This assessment was made using computer simulation
techniques for each of the above mission elements. 3)
parametric assessment of the fighter fleet effectiveness
against a fleet of enemy fighters in terms of the ratio of
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aircraft loss rates during a military conflict. This fleet de-
terioration has been calculated by application of suitable
Lancaster equations2 and a computerized war game.

Points 2 and 3 are, in this paper, completely covered
only for the battlefield air superiority role, in particular
the combat air patrol mission. Section 2 of this paper de-
scribes some weight-cost performance relationships de-
rived from the systematic variation of important design
parameters, such as wing loading, wing shape and thrust
to weight ratio. Computations were based on state of the
art rubberized engines. Design parameter values range
from 0.5 to 1.7 thrust to weight ratio, 40-90 lb/ft2 wing
loading and 1.2-2.4 max Mach number.

A large group of consistent parametric fighter designs
has been evaluated in a sequence of detection, intercept
and close-in combat. Some of the relevant system param-
eter combinations and their impact on these three phases
of air-to-air combat are discussed in Sec. 3.

Fighter designs with parameter combinations which
achieve maximum individual combat results at a giveri
level of system cost are discussed in Sec. 4. The effective-
ness of these fighter designs has been analyzed in a fleet
environment under constant budget cost. It is shown that
an optimum combination of thrust/weight and wing loading
can be found for a defined scenario. The concluding sec-
tion tries to answer some of the questions which are vital
in the design for air combat: 1) Can missile maneuver-
ability compensate for lack of air vehicle maneuverabili-
ty? 2) Are requirements for offensive and defensive com-
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Fig. 1 Weight penalty of thrust to weight ratio and asymp-
totic performance limits.
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Fig. 2 Cost penalties of thrust to weight ratio.

bat capability different? 3) Is the SEP concept the key to
superior combat performance? 4) How does the trend and
the escalation to higher thrust-weight ratios look from a
cost-effectiveness point of view?

II. Weight and Cost of Fighter Performance

The most powerful design parameters which affect the
air combat capability for a given avionics and air-to-air
weapon equipment are wing loading and thrust to weight
ratio at combat conditions. Weight and cost increments
for varying levels of T/W knd W/S are shown. The specif-
ic excess power levels achievable through variation of
these parameters are disciissed and optimum T/W and
W/S combinations for max SEP performance at given
weight levels are derived. The weight penalties of increas-
ing supersonic SEP performance and maximum Mach
number at constant T/W and W/S conclude this section.

Weight and Cost for Various T/ W and W/S Level

Figure 1 shows T.O. weight as a result of increasing
T/W for various T.O. wing loadings. A T/W of 1.0 has
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Fig. 4 Subsonic dash performance vs subsonic turn perfor-
mance tradeoff.

been chosen as a point of reference to normalize the
weight axis. The most important message of this analysis
is that for a given engine technology, range and fixed
equipment the T.O. weight approaches asymptotic limits
of T/W for any given W/S. For example, the design of a
fighter with a T/W = 1.6 and a W/S = 50 lb/ft2 is cur-
rently beyond the state of the art. The design iteration
process diverges at a T/W = 1.5 for the given set of re-
quirements. The analysis is based on an air superiority
mission radius of 150 naut miles. The weights which are
not subject to aircraft growth such as military equipment,
pilot, etc., amount to 23% of the reference aircraft T.O.
weight. (See Ref. 3 for the rationale of such asymptotic
performance limits.)

The weight and size characteristics of that field of para-
metric fighter aircraft are translated into procurement
cost and operational cost in Fig. 2.
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Fig, 3 Average speeds and loadfactor in simulated air combat.
Fig. 5 Supersonic dash performance vs subsonic perfor-

mance tradeoff.
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Fig. 6 Max SEP allocation vs TOGW.
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Fig. 8 Penalty of supersonic dash capability at constant
close combat capability.

Specific Excess Power

Specific excess power has been used as one design crite-
rion at various combinations of speed and load factors.
From flight experience and computer combat simulations
high subsonic speeds and moderate load factors are gener-
ally accepted to be typical for air combat maneuvers. Fig-
ure 3 shows the average v/n combinations over a series of
combat simulations for various fighter layouts against a
MIG 21 type aircraft. M = 0.7/4 g seems to be a represen-
tative combination relatively independant of the particu-
lar design.

Figure 4 represents SEP-performance at 0, 7 air combat
Maeh number and trades dash performance (1 g) vs turn
performance (5 g) at 8000 ft. There is little penalty to 1
g-performance as W/S decreases at constant T[ W m order
to achieve better 5 g turn performance. This relation is
important to know in order to understand the trends in
the combat capability plots presented later in this section.
However, supersonic dash capability suffers with increas-
ing subsonic turn performance at constant T/W as shown
in Fig. 5.

Figure 6 represents an allocation of T/W and W/S for
maximum SEP at M = 0.7, 5 g at any given"T.O. weight.
The line of optimum SEP values is the envelope of the
SEP values for all possible T/W and W/S combinations
plotted over their corresponding T. 0. weight. The figure
is a cross plot of Figs. I and 4. The corresponding opti-
mum values of T/W and W/S are plotted in Fig. 7. This
fundamental relationship will be compared later with the
resulting optimum T/ W and W/S combinations of the air
combat evaluation, which are derived in the following sec-
tion.

Weight Penalties for Supersonic Design

In the design synthesis supersonic performance has been
treated as a fallout of the optimization for sub/transonic
combat performance. Improved supersonic performance at
constant sub/transonic performance requires a different
wing and inlet design resulting in a T.O. weight penalty.
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Fig. 9 Penalty of Mmax at constant close combat capability.

This is shown in Figs. 8 and 9 at constant T/W and W/S.
In the following evaluation such an improvement in su-
personic performance shows up as a cost penalty only,
without significant enhancement of air combat capability,
when the fighter aircraft operates in a combat air patrol
mode. However, increased supersonic performance can be
desirable for point intercept maneuvers with ground con-
trol and guidance, as well as fighter escort missions. Both
are not considered in this paper.

III. Elements of Air Combat Capability

The major elements of an air combat mission and the
system parameters which drive the capability in these ele-
ments are discussed. The quantitative relations in the
three considered mission parts, detection, intercept, and
combat maneuver/weapon release shown here were de-
rived for a Barrier Combat Air Patrol (BARCAP) over the
battle area in a mid 1980's European scenario. Prime ob-
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Fig. 7 Optimum combination of design parameters.
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Fig. 10 Combat air patrol detection of low level intruders.
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Fig. 11 Impact of tail warning range on rear hemisphere at-
taeks.

jective is to deal with low flying hostile fighter bombers
which are protected by fighter escorts.

Detection

Probability of airborne target detection is primarily an
equipment problem. However, the number of available
CAP aircraft has an impact on detection capability, as
shown in Fig. 10 (under a constant budget constraint that
number will be lower for higher performance aircraft).
Figure 10 is a result of simulations and shows detection
probabilities of Puls Doppler Radar and Moving Target
Indication Radar as well as visual capabilities for varying
numbers of CAP aircraft. The simulation includes the
weighted effects of various aircraft positions and headings
in a combat air patrol environment. Obviously, an inter-
cepting fighter can fully utilize a better acceleration capa-
bility only with a matching performance of his searching
device. For the purposes of this paper, however, it is as-
sumed that there is no detection problem in order to avoid
radar equipment cost and performance considerations.
Therefore detection probability is set to the value of one.

Just to pursue the problem of detection a little further,
the capability of an intruder to realize (by means of a
rearward warning device) that he is attacked from the
rear is considered in Fig. 11. Computer simulations show
that the opportunity of the attacking aircraft to get into a
firing position with an A-A missile becomes rare as the
rearward detection range qf the attacked aircraft is im-
proved, and it can take appropriate action in time. Rear-
ward warning seems to be an effective tactic for defense.

Intercept

The intercept of an aircraft penetrating a CAP screen
starts at various conditions of initial range and lead or lag

PROBABILITY OF INTERCEPT
1. i—

Fig. 12 Intercept
of evading oppo-
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Fig. 13 Air combat vs standard A/C, W/S = 70, T/W= 0.7.

angle to the target. These conditions have been simulated
in a CAP intercept model. The success/failure of the in-
tercept maneuvers from the weighted starting positions
are shown vs target escape speed, { fighter acceleration
and dash speed capability in Fig. 12. Fighter thrust to
weight ratio proved to be the driving design parameter
since wing parameters do not have a significant impact on
the 1 g acceleration capability in the subsonic region as
has been demonstrated in Fig. 4.

Close-In-Combat

After a successful intercept maneuver both aircraft try
to achieve a firing position or to neutralize an initial posi-
tion advantage of the opponent. The task of achieving or
avoiding a firing position is considerably influenced by en-
larged weapon envelopes of IR missiles. The question of
supplementing or replacing air vehicle maneuverability
with weapon maneuverability will be discussed after the
analysis of aircraft maneuverability with equal and fixed
weapon capabilities.

Air Vehicle Maneuverability

Figures 13 and 14 pertain to the last phase of the com-
bat maneuver in which both opponents are trying to get
into a tail end firing position or to escape from such a po-
sition, respectively, by means of performing optimum ma-
neuvers of subsequently accelerating, decelerating, climb-
ing, descending and turning. The ability to perform these
maneuvers is constrained by the energy maneuverability

Jit is assumed in these simulations that the target tries to con-
tinue on its heading at max speed until the attacker is so close
that the target has to abort its mission and start defensive ma-
neuvers. This constitutes a successful intercept.

PROBABILITY OF SURVIVING FIGHT
1.0

Fig. 14 Air com-
bat vs standard
A/C, W/S' = 70,

'
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Fig. 15 Correlation of
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and instanteneous load factor capability of the air vehicle,
by its structural strength and by the physical limitations
of the pilot.

Plotted are the chances of kill and survival which an
aircraft with thrust/weight ratio and wing loading combi-
nations can achieve against a fixed opponent. The oppo-
nent is a member of the parametric family of fighter de-
signs described in Sec. 2. It has a T/W ratio of 0.7 and a
wing loading of 70 lb/ft2. Results are averages of a large
series of dogfights with starting positions for each pair of
opponents. The weapon envelope is that of a current state
of the art short range missile. Figures 13 and 14 distin-
guish between the probability to kill and the probability
to survive. Kill success depends much more on T/W than
the chance to survive. Both criteria are more sensitive to
W/S than to T/W. From Figure 7 the optimum SEP-cor-
relation has been transfered into Figs. 13 and 14. This
shows a design for maximum SEP even at the most rele-
vant fight conditions does not neccessarily coincide with a
choice of T/W and W/S which yields maximum combat
capability. This statement will be further substantiated
later.

Although T/W and W/S are the most important design
parameters, the effect of other wing and engine character-
istics should not be neglected. The most sizing engine pa-
rameter is the bypass-ratio. It affects SFC and combat
T/W at a given takeoff T/W. SFC has just a scaling influ-
ence on weight and cost, and T/W is parametrically var-
ied anyway. In this paper, therefore, a variation of engine
characteristics is not discussed. However, some important
wing design parameters, aspect ratio AR, average wing
thickness t/c and leading edge sweep angle <p are consid-
ered. A large number of combinations of these wing pa-
rameters in conjunction with the variation of T/W and
W/S has been analyzed in terms of the resulting perfor-
mance (design synthesis model) and combat capability
(dog fight model) against a number of opponents. The re-
sults scatter somewhat and are therefore plotted as bands

COMBAT CAPABILITY
(RATIO OF FIRING

OPPORTUNITIES)

1:10 1:1 10:1
A/C MANOEUVRABILITY

RATIO OF FIRING OPPORTUNITIES VS MIG21X WITH EQUAL WEAPONS

Fig. 17 Missile vs air vehicle maneuverability tradeoff.

RELATIVE LIFE CYCLE COST (10YEARS;500A/C)
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Fig. 18 Cost penalty of increased combat capability.

in Fig. 15 in terms of the statistical chance to survive
against an opponent or to kill that opponent. The maneu-
verability of both opponents is expressed as a correlation
factor CF which is a function of the investigated design
parameters:

CF = 5(AR + 100 t/c + 10 coscp)172 + 10(T/W)1/2

-0.2 W/S + 1.5 AfD x AR (W/S in lb/ft1/2)

GUN

Fig. 16 Weapon en-
velopes.

/,000m

RELATIVE COST (500 A/C)

BASED ON

1.0

Fig. 19 Minimum cost penalty of combat capability.
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Fig. 20 Quantity vs combat capability (quality) tradeoff.

MD is a control symbol for maneuvering devices having
the value of either one or zero. The differences of the cor-
relation factors

- CF2 and ACF2 = CF2 -

show for each opponent its approximate chances of kill
and survival against each other.

An analysis of this correlation quantifies the importance
of wing loading as compared to other design parameters.
A similar investigation of maneuver devices indicated the
usefullness of such devices even if they are causing a
weight increase and a deterioration of SEP performance.
The overriding effectiveness of turn rate pertains to both
an aggressor aircraft as well as an aircraft which has just
the intention to survive. The simulations demonstrate
that running away is a more dangerous tactic even for an
aircraft which is designed for superior longitudinal accell-
eration. Turning proved to be the best defense, since the
place behind the opponents tail is (still) the safest.

Weapon Maneuverability

Thus far we have considered the air vehicle maneuver-
ability only. The simulations were based on short range
air-to-air missiles of equal maneuverability. An increase of
missile maneuverability would improve the aggressive ca-
pability of kill. However, would it allow to relax the ma-
neuverability of the air vehicle and thus allow to lower the
cost of the weapon system at constant weapon system ef-
fectiveness?

Relative weapon maneuverability was expressed as the
ratio of the areas behind the target in which the weapons
considered can be successfully launched. These envelope
areas are shown in Fig. 16 for a VIPER type missile as
compared to a gun and to an assumed advanced missile of
the 1980's. In Fig. 17 air vehicle maneuverability is ex-
pressed in terms of close combat exchange rates and plot-
ted against relative weapon maneuverability. The para-
metric lines describe the resultant combat capability of
the combined system air vehicle and weapon. The engage-
ment of equal opponents (aircraft maneuverability 1:1)
with equal weapons (relative weapon maneuverability =
1) results in a ratio of firing opportunities equal to one. A
weapon improvement by a factor of 10 increases the sys-
tem combat capability only by a factor of 5.

Improved weapon maneuverability pays off only to a
limited extent because a superior missile is of little use in
a defensive combat situation. Air vehicle maneuverability
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Fig. 21 Optimum design vs defined threat.

is still required to neutralize a position advantage of the
opponent.

IV. Optimum Fighters for Close-in Air Combat

The relation of design parameters and cost (Fig. 2) and
the translation of these design parameters into combat
capabilities has been developed in the previous section
(Figs. 12-14). Thus combat capabilities and the cost to
achieve this capability can be computed. It seems reason-
able to express the total combat capability as the product
of the probabilities of detection, interception and close-in
combat because they are subsequent maneuvers.

Figure 18 shows the life cycle cost for a fleet of 500 air-
craft operating over 10 years peace time for the various
combinations of T/W and W/S against that capability
product, the probability of detection assumed to be equal
to 1. Because of the asymptotic characteristics of T/W for
particular wing loadings it happens that the parameter
field can not exceed an asymptotic envelope, which is
plotted in Fig. 19. This envelope represents aircraft
layouts with combinations of T/W and W/S which yield a
maximum combat capability at a given cost or a mini-
mum cost at a given combat capability respectively. This
is the line of optimum designs for air combat. These opti-
mum combinations of T/W and W/S are plotted into Fig.
7 for comparison with the optimum SEP concept combi-
nations. The two criteria result in different aircraft
layouts. In particular, the level of wing loading is consid-
erably different. At equal thrust/weight ratios the SEP
concept with its higher wing loading yields lighter and
consequently cheaper aircraft at the penalty of decreased
close in combat performance.

Quantity vs Quality

Each combination of T/W and W/S on the envelope in
Fig. 19 or on the lower line in Fig. 7 represents a relative
optimum for a particular budget in terms of total life
cycle cost an air force is willing to spend for a fleet of 500
fighter aircraft. That air force may, however, procure and
operate a smaller number of more capable aircraft or a
larger number of less capable aircraft for the same cost.
Under such alternative policies each individual aircraft
may still be an optimum fighter for its price as long as its
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combination of T/W and W/S corresponds to the opti-
mum line in Fig. 7. In Fig. 20 total life cycle cost of 500
reference aircraft is conversed into numbers of less capa-
ble and more capable optimum aircraft. This calculation
considers the specific cost reductions of a larger quantity
production and operation and the specific cost penalties of
a smaller quantity respectively. Of course, the same
thought can be applied to a series of aircraft designs
which are optimized for maximum SEP according to the
upper line in Fig. 7. The resulting quantity-quality line is
also plotted into Fig. 20 for comparison. Obviously, the
choice of a particular design on this quantity-quality trade
curve is a matter of the total fleet effectiveness and
subject to the number, individual capability and the
mode of operation of the enemy aircraft, e.g., it is a mat-
ter of what can be called fleet effectiveness.

A number of alternative fleet concepts have been inves-
tigated by means of a computerized war game. This
"Fleet mix model" simulates the interaction of two oppos-
ing fleets with variable numbers and capabilities of air-
craft for all combat functions considered in the defined
scenario. Fleet deterioration and impact on the land bat-
tle are computed. The results show the importance of air-
craft numbers for an optimum fleet allocation. In a sim-
plified manner this fact is explained by the Lancaster
theory (Ref. 2). Our example involves only the interaction
of a fleet of attackers and defenders. The trends of the re-
sulting fleet deterioration on which Fig. 21 is based have
been verified by the use of the appropriate Lancaster
equations.

The figure shows the effectiveness of different blue
fleets against two different red threats. Effectiveness is
the percentage of surviving blue aircraft after all red air-
craft are attrited (or vice versa). The horizontal axis rep-
resents blue aircraft quality in terms of T/W. Each curve
in this figure is computed for equal blue cost. Conse-
quently the blue fleet size decreases as T/W increases ac-
cording to Fig. 20. The solid lines represent fleets of air-
craft designed to an optimum combat capability wing
loading. The dashed lines relate to the optimum SEP con-
cept. The lower and upper solid and dashed lines are com-
puted for two multiples of red to blue fleet cost and thus
for different ratios of fleet sizes.

The assumed red aircraft capability is about that of
current fighter aircraft. It seems to be cost effective to op-
erate superior and even more expensive blue aircraft up to
T/W values of about 1.0 against such red opponents. Air-
craft designed for optimum SEP require higher T/W
values to achieve their optimum fleet effectiveness, how-
ever, the level of fleet effectiveness suffers from the lesser
combat capability. Values of T/W beyond the optimum
result in a deterioration of fleet effectiveness due to the
progressively rising cost of individual aircraft.

A more advanced red aircraft would shift the point of
optimum fleet effectiveness to even higher values of blue
aircraft performance. However, there is a point where fur-
ther increase of red performance makes it cheaper to
achieve superiority through numbers rather than quality.

Summary

Increasing thrust/weight and decreasing wing loading
has a progressive effect on weight and cost. This leads to
combinations of T/W and W/S which can not be realized
with the present state of technology. Design for optimum
combat capability disagrees with the SEP concept. Opti-
mum combat capability yields lower wing loading, parti-
culary at moderate T/W ratios. Better missile maneuver-
ability allows to relax air vehicle maneuverability only to
a limited extent, if decreased aircraft survivability is ac-
ceptable. Defensive capability—as opposed to offensive
capability—calls for lower wing loading rather than higher
thrust to weight ratio. Current threat aircraft performance
justifies the development of significantly superior fighter
aircraft.
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