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ABSTRACT

Determination of the aerodynamic derivatives is considered as an essential procedure when
analyzing the flight path trajectory. This trajectory is determined by the acrodynamic forces
and moments; which are functions of these derivatives. So, as accurately these derivatives are
calculated as accurately the flight path trajectory will be determined. Thus, calculation of the
aerodynamic  derivatives is necessary for a six-degree-of-freedom missile trajectory
simulation. Aerodynamics is part of the missile’s airframe subsystem, the other major parts
being propulsion and structure. The aerodynamics is closely related to the autopilot and
controls that, in turn, form a part of the overall guidance loop. To evaluate the guidance,
control, and autopilot behavior, it is required to achieve the three-dimensional representation
of the aerodynamic forces and moments coefficients. The intent of the three dimensional
representation of aerodynamics is to be able to analyze the missile performance throughout its
potential operational regime and not just in the neighborhood of the trim points. The six-
degree-of-freedom trajectory simulation, using these three dimensional data, can be used to
predict missile performance against maneuvering targets and to troubleshoot flight problems
by reconstructing the flight trajectory from on-board measurements of missile parameters.
This paper presents an algorithm for calculating the aerodynamic derivatives of a supersonic
missile. This algorithm depends on many parameters such as missile aerodynamic
configuration shape and dimensions, atmospheric data, positions of center of gravity and
center of pressure, angle of attack, side slip angle, control surfaces deflections, and a set of the
aerodynamic based data and NASA curves. The atmospheric data are the air density, pressure
of the air, the air viscosity and speed of sound. A mathematical model is provided. Software
package in the MATLAB environment is developed to calculate the acrodynamic coefficients.
The intent from determination of these coefficients is to calculate the aerodynamic forces and
moments that affect on the missile during its flight in order to determine the missile trajectory
and evaluate the missile control and guidance systems. The effect of the aerodynamic
derivatives on the flight path trajectory is analyzed. This effect is discussed in two cases: the
simplified case and the complete case. In the simplified case these derivatives are calculated
in the supersonic speeds and estimated in the subsonic and transonic ranges. In the complete
case these derivatives are calculated in the subsonic, transonic and supersonic speeds. The
results show that the complete case is the better case from the viewpoint of the flight
parameters (smallest miss distance and smallest normal acceleration).
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1-INTRODUCTION

Determination of the aerodynamic derivatives is considered as an essential procedure when
analyzing the flight path trajectory. This trajectory is determined by the aerodynamic forces
and moments; which are functions of these derivatives. So, as accurately these derivatives are
calculated as accurately the flight path trajectory is determined. Thus, calculation of the
aerodynamic ~ derivatives is necessary for a six-degree-of-freedom missile trajectory
simulation. Aerodynamics is part of the missile’s airframe subsystem, the other major parts
being propulsion and structure. The aerodynamics is closely related to the autopilot and
controls that, in turn, form a part of the overall guidance loop. The evaluation or enhancement
of the guidance, control, and autopilot behavior necessitates a three-dimensional
representation of the aerodynamic forces and moments coefficients. The intent of this
representation is to be able to analyze the missile performance throughout its potential
operational regime and not just in the neighborhood of the trim points. The six-degree-of-
freedom trajectory simulation, using these three dimensional data, can be used to predict
missile performance against maneuvering targets and to troubleshoot flight problems by
reconstructing the flight trajectory from on-board measurements of missile parameters [1].
The forces and moments acting on the missile depend on a set of the aerodynamic

coefficients. The coefficients of the aerodynamic forces are €, €y, and C, while the

coefficients of the aerodynamic moments ar¢ m., my,and m_ . The wind tunnel tests are

considered as the accurate estimation of these coefficients. However for the theoretical
estimation, the aerodynamic coefficients are obtained by an interpolation of an aerodynamic
database that is provided by the aerodynamic and NASA reports [2]. The aerodynamic
derivatives are calculated for the body and each of the aerodynamic surfaces, together with
estimates for the interference effects of the various components on each other and for
different mach numbers. The aerodynamic coefficients do not depend only on mach number,
but also on the missile incidence and deflection angles for the control surfaces [3].

In this paper, the aerodynamic description of the missile configuration over full operating
range of altitude, mach number, Reynolds number, angles of attack and sideslip, and control
surfaces deflections in pitch, yaw, and roll is provided depending on the data presented in
NASA and aerodynamic reports. In addition, the center of gravity, center of pressure
positions, and the moments of inertia of the missile around its axes are determined [4]. The
aerodynamic performance of the missile is investigated during the whole time of flight. The
underlying missile is a command-guided system, which consists of a ground-based guidance
cadar that determines the coordinates of the engaged air target and the pursuing missile. The
guidance commands are proportional to the lateral displacement of the missile from the target
line of sight [5]. This missile is aerodynamically controlled via tail control fins and has two
planes of symmetry. So, it is enough to calculate the aerodynamic derivatives in the pitch
plane only. A mathematical model is developed to describe the system under consideration.
The characteristic dimensions for the underlying missile are shown in Fig. 1.

2-AN ALGORITHM FOR CALCULATING THE AERODYNAMIC
DERIVATIVES

The aerodynamic derivatives depend on many parameters such as missile aerodynamic
configuration shape, atmospheric data, flight parameters as mach number, incidence angles
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and control surfaces deflections. A flow chart for the determination of the aerodynamic
derivatives is shown in Fig. 2. According to the missile acrodynamic shape, the necessary
missile configuration data and the geometric characteristics are determined. Also, variations
of the atmospheric data (speed of sound, viscosity of air, air density) with the altitude are to
be determined within the missile altitude operating range. A set of the NASA aerodynamic
curves and data are used for the aerodynamic descriptions. Using all of these data, there are
two approaches for calculating the aerodynamic derivatives: either to concentrate on the flight
duration of guidance only or to consider the whole envelope of flight. The two approaches are
considered in the next subsections and evaluated through trajectories analysis later in this

paper.
m 1\/
3 IXT\ A

Fig. 1: The hypothetical missile configuration

L

2-1 Simplified Approach For Calculating The Aerodynamic Derivatives

This approach depends on a set of aerodynamic based data, atmospheric data, and missile
aerodynamic configuration shape and flight characteristics. These data are used to calculate
the aerodynamic derivatives for forces and moments acting on the missile during the guided
phase of its flight.

2.1.1 Lift force coefficients

The total lift force coefficient c,, is composed of two main components as follows [1]:
c, =c} a+c; 8 M

The total lift force derivative ¢y is given by the relation [6]:

a _ _.a a a a a a
i = T T s T Ty 0 T v

Where c; 7 is the derivative of a single body,

is the derivative of the wing in the presence of the body,

(2

€y uir)
c5 fin) is the derivative of the body in the presence of the wing,

Eyir)

is the derivative of the tail wing in the presence of the body,

& 0 is the derivative of the body and the tail wings,

cy, ) is the derivative of the interference between the tail wings and the wings,
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MISSILE CONFIGURATION DATA

Wings: Section shape-root depth, end depth, half span, span, distance to nose
Tail Wings:  Section shape-root depth, end depth, half span, span, distance to nose
Canards: Section shape-root depth, end depth, half span, span, distance to nose
Stabilizers: Section shape-root depth, end depth, half span, span, distance to nose
Body: Shape-length, front diameter, bottom diameter, nose length

y

Aerodynamic and NASA reports to calculate the aerodynamic derivatives
for forces and moments
Calculation of:

areas, aspect ratios, other geometric parameters for the different parts of
the missile (wings, tail wings, stabilizers, and frame).

;

Atmospheric data:
-air density

-speed of sound
-viscosity of the air

v

Determination of acrodynamic derivatives for forces
-lift force derivatives,

-lateral force derivatives,

-drag force coefficient,

;

Determination of center of gravity and center of pressure positions

Determination of aerodynamic derivatives for moments
-pitch moment derivatives,

-yaw moment derivatives,

-roll moment derivatives,

Fig. 2: Flow chart for determination of the aerodynamic derivatives
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The total lift force derivative 'cf , is given by the relation [6]:

5 _ 8 5 3
€y = C.V.t(j) te, ) 3)
Where ¢® | is the lift force derivative of the tail fins in the presence of the body,

Ye(f)
e} /(o 15 the lift force derivative of the body in the presence of the tail fins.

Variations of the lift force derivatives C;l and €, against mach number are shown in Fig. 3.
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Fig. 3: Lift force derivatives Cfl and €, versus mach number for the simplified apparoach

. . a )
It is clear that as mach number increases both the € Y1 and € vl decreases.

2.1.2 Drag force coefficient

The total drag coefficient of the missile is given by [1]:

L =C, +C, @)
Where Cy, is the missile coefficient of drag at zero lift, it is given by [6]:
s &)
¢, = KS,‘,[«':x L te, ﬁ‘—'a+c, —'i'—]
‘ il ~ 8 ‘s

Ky is the correction factor and it is taken 1.3 [6], ¢, is the body zero lift drag coefficient

of the body, €y is the zero lift drag coefficient of the wings, ¢, is the zero lift drag
coefficient of the tail wings, s, is the area of body cross-section, A4, is the wing area, 4, is

the tail wing area, s is the reference area, generally it is taken as the body cross-section area.
For small o the coefficient of induced drag can be approximately evaluated as [6]:
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c,;, =c, sin () (©6)

X i
2.1.3 Aerodynamic moment coefficients

The total aerodynamic moment coefficients m,, is given by the equation [1]:

m, =mia+m S+m o, (7
To evaluate the position of neutral point of individual parts of the missile x . , we evaluate
derivative of moment with respect to the nose of the missile (mf,)m_ and this will be

recalculated to the derivative (mf,)c.g' related to the center of gravity. The total moment

coefficient (mf] )

nose

is given by the relation [6]:

(m2,). .. = M M) MG ) TS+ 0 T ) @8)

The zero lift drag force coefficient C,, and the moment derivative m:l against mach
number are shown in Fig . 4.

0.75

0.45
1

o H s a
Fig. 4: Zero lift force coefficient €., and moment derivative M., versus mach
number for the simplified approach

The figure shows that as the mach number increases the missile zero lift drag coefficient

decreases. Also, the figure shows that m; | is negative, so the missile is statically stable. It
decreases in the absolute value as the mach number increases.

5 3 : s :
When evaluating ., we are considering the point of application of the lift caused by a

deflection of the tail wings as identical to the point of application of the lift caused by an
angle of attack change, it is given by the relation [6]:
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The damping pitching moment mf‘l is given by the relation [6]:

)
mzl

5
=—”m“(f)+m

W, W, w, w, w, w, w, 10
M S ) T ) T () T ) T ) )

Variations of the moment derivative 72, | and the damping moment derivative m:’ ", against
mach number are shown in Fig. 5.
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Fig. 5: Moment derivative 77, and daming moment derivative m;: | versus
mach number for the simplified approach

5 . . .
The figure shows that M., is negative and decreases in the absolute value as the mach
number increases. Also, the figure shows that m:"l is negative and it decreases in the

absolute value as the mach number increases.

2-2 Complete Approach For Calculating The Aerodynamic Derivatives

Similarly this approach depends on a set of aerodynamic based data, atmospheric data, missile
aerodynamic configuration shape and flight characteristics. However, these data are used to
calculate the aerodynamic derivatives for forces and moments allover the envelope of missile

flight.
2.2.1 Lift force coefficients

The total lift force coefficient ¢, is composed of two main components as given by the

equation (1). The lift force derivative Cfl is determined by [7]:
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k=1

er = (ess), + 3 ensky ), an

Where (C; )b is the derivative of isolated body, (E),, = f”~ (E)k = f:—’L

f s
s, is the body cross section area, and s, is the reference area (cross section area),
s, is the area of surface number k, where k=1, I, III, IV as depicted in Fig. 1.

(C' t,: )k is the lift force derivative of surface number k,

(K,), is the air pressure ratio at the surface number k and at the missile nose.
&

The total lift force derivative ¢ , is given by [8]:

c; = (c; EkT )’aﬁ (12)

Where (c‘s )rail is the lift force derivative due to the rear control surfaces. Variations of the lift

N

§
. . a . . .
force derivatives € , and ¢, against mach number are shown in Fig. 6.

é .
Fig. 6: Lift force derivatives € ;. and € against mach number for the complete approach

The figure shows that € :l in the first stage of flight is higher than in the second stage of

flight due to the lift from the stabilizers. In the subsonic range the lift contribution of the body
and the mentioned surfaces increases as the mach number increases; this verifies that we need
more lift force for the missile in this stage, but in the supersonic range as the mach number

5
increases the lift contribution of the body and surfaces decreases. Also, as shown that € in

the first stage increases as the mach number increases. In the second stage it decreases as the
mach number increases. The lateral force derivatives are given by the following relations [7]:
B (13)

— A
Czl— cyl
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2.2.2 Drag force coefficient
The missile drag force coefficient €, is given by [1]:
C, =¢C,, +c, (15)

X

Where C,, is total zero lift drag force coefficient (when there is no incidence or deflection
angles) and it is given by [7]:

=k [le.,3), +le.s) +lokr 25) 8
Where K is the correction factor and it is taken 1.05 [8],

( ) is the cross section area of the first stage body related to reference area,

b1
(ZE) is the total areas of the surfaces number k related to reference area,

( Cro ) is the drag force coefficient of the second stage body, it is given by [7]:

ol =ley +ey), an

Where (fo )b is the body skin friction coefficient, (C'xp )b is the body pressure drag

coefficient, (c,o )M is the drag force coefficient of the first stage body, (Cm )k is the drag
force coefficient of the surface k. It is given by [7]:

() =les, +es), (18)
Where (c X )k is the friction coefficient of the surface number k,

(C , )k is the wave drag coefficient of the surface number k,

2.2.3 Aerodynamic moment coefficients

The pitching moment derivative M, is the main pitching moment derivative and given by
the equation [7]:

o Ky =Xy (19)
0=
Where L is the reference length and it is taken as the missile length, X.g is the center of

gravity position, and X, is the center of pressure position.

The drag force coefficient C , and the pitching moment derivative m | against mach number
are shown in Fig. 7.
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Fig. 7: Drag force cofficent €, and pitching moment derivative mfz; against
mach number for the complete approach

The figure shows that the induced drag force coefficient decreases as the mach number
increases, the zero lift drag coefficient decreases as the mach number increases in the
subsonic and supersonic ranges but it increases as the mach number increases in the transonic
range for the underlying missile configuration. In the transonic range, as the nose drag
coefficient increases sharply, the total zero lift drag coefficient increases as the mach number

increases in spite of the decreases of the skin friction drag. Also, the figure shows that mj’l is

negative, so the missile is statically stable. In the first stage it is higher than in the second
stage due to the pitching moment derivative from the stabilizers surfaces. In the subsonic

: a . . . ;
range as the mach number increases M, increases in the absolute value, but in the supersonic
range it decreases by the increase of the mach number in the absolute value.

The total pitching moment derivative mfl is given by the equation [7]:

xq = 2z, )
k] _( J) _(6) 2 Fs Jiail
m_ =Wy ) = c“ wail L

(20)

The pitching moment derivative m.”, is called the damping pitching moment derivative, it
arises due to the pitching rate of the missile and given by the following relation [7]:

— L4 ——2 21
m:’|=(m;”ist)b+Z(m:’,st 1/k.,)k @1
k=1
Where (m:f )b is the pitching moment derivative of the body, (b Ak ),( is the aerodynamic
chord of the surface k, (m;“zl )k is the pitching moment derivative of the surface number k.

The pitching moment derivative m? and m.", are shown in Fig. 8.

630



Proceedings of the 2" ICEENG Conference, 23-25 Nov. 1999 R‘—ilj

0.2 /__/ -0.4
-0.4 Ped -0.5
-0.6 -0.61 )

, .
m, wl
i / m z ]
-0.8 : -0.7

-1.2 -0.9

|

1.4 -1
0 1 2 3 4 0 1 2 3 4
M M

Fig. 8: Pitching moment derivative mf, and mz‘ against mach number for complete approach

& 5 : . .
The figure shows that m;, is negative due to using rear control surfaces. In the subsonic
range it increases as the mach number increases. In the supersonic range it decreases as the

: o, . L .
mach number increases. Also, the figure shows that 77, is negative, its values in the first

stage are higher than in the second stage and it decreases as the mach number increases in the
absolute value. The lateral moment derivatives are given by [7]:

— (_L_] (22)
Y1 z1 Iw

e _m,,[LJ 23)
LR r

v
o =2{£}mm (24)
Y1 Iw z 1

Where /, is the wing tip to tip distance and it is considered as the reference length for the
lateral moments [8].

3-Flight Path Analysis

The missile moves in space under the effect of gravity, thrust, and aerodynamic forces. The
aerodynamic forces and moments that affect the missile may be expressed by the following
equations [9]:

Fx=-cxsq (25)
Fy=cysq (26)
Fz=—czsq 27)
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szmxsqlx (28)
= /

My m,sql, (29)

MZ =mzsqlz (30)

Where F,, F,, F,, M,, My and M are the aerodynamic forces and moments,

1.1 , and [, are the characteristic linear dimensions of the missile,

and ¢ is the dynamic pressure.

Since the forces acting upon the missile are not in the same directions, so different coordinate
systems are adopted. Ground coordinate system, velocity coordinate system, and body
coordinate system are mostly used. Usually, the aecrodynamic forces and missile velocity are
analyzed in the velocity coordinate system, the thrust force is analyzed in the body coordinate
system, and the gravity force is analyzed in the ground coordinate system. For correct study
and analysis of the guided missile motion, suitable transformations should be achieved
between the coordinate systems constituting part of systems simulation. Simulation is a
process through which, the effect of various parameters on the guided missile system behavior
can be estimated. Toward this simulation a 6-degrees of freedom model is adopted including
different modules, airframe, autopilot, guidance, kinematics, and missile-target geometry.
Each module represents a physically existing system as shown in Fig. 9.

. control forces,
1 S‘:;::E . surface moments
Guidance |©° : deflection :
" »  Autopilot Airframe

rates, angles, accelerations

Kinematics

guidance parameter Missile-Target missile parameters
Geometry

(accelerations, velocity, position )

I target parameters

Fig. 9: Missile trajectory simulation block diagram

According to this block diagram, the relative coordinates between target and missile are
determined for which guidance parameters are calculated and applied to the module of
command guidance generation. This module produces the guidance commands used to steer
the missile in space. These commands are proportional to the demanded acceleration and are
applied through the autopilot to the airframe module. This module is responsible of fin
deflections and consequently the forces and moments acting on the missile. Due to these
forces and moments, the flight parameters change and consequently the kinematics module
provides measured values for acceleration, velocity, position, angles, rates, and angular
accelerations. This scenario of missile flight simulation is described in algorithmic form as
shown in Fig. 10.
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Initial Data

”

> Missile-Target Geometry — Target

missile & tgt mg-im positions A

Guidance

guidance commids Ki,Ka

Transformations

commands of pitch and yaw control surfaces deflections

Autopilot

commands of contmlﬁurraces deflections

Actuator

control surfaceq deflections

A.D. Coefficients
&
Moments of Inertia

Airframe
Fx, Fy, Fz,tix. My, Mz

Kinematics

.

Numerical Integrations

missile-tgt positions, velocities, accelerations, rates, ...

Miss distance < A

Fig. 10: 6 DOF missile-target simulation model
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Consider a target flying in the space with the initial conditions: x=10 km, y~=9 km, =5 km,
vt,=300 m/sec. Then, The flight path trajectories for the simplified and complete approaches
are as shown in Figures 11, and 12 respectively [10] and [11].
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Fig. 11: Missile-target engagement for the simplified approach

ek

10000- ..... --»-"-
8000 ..--- ¢

6000)..----" "

4000 ..~ L eene o
Y-Axis P esend ]

2000 .- ERRES

0) -‘---..,v'.‘-
5000
4000

3000 15

2000 S~ ...-- -t
1000

Z-Axis X-Axis
Fig. 12: Missile-target engagement for the complete approach

It is clear that when carefuly analyzing the aerodynamic performance for the first stage of the
missile the final missile-target miss distance decreases considerabily. Table 1 shows the final
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miss distance, normal acceleration, and time of flight for the simplified and complete
approaches.

Table 1: Final Flight characteristics for the simplified and complete approaches

Target Parameters
miss distance | normal acceleration time of flight
(m) (m/sec.”2) (sec)
Simplified approach 442.47 36.72 29.93
Complete approach 12.59 8.28 30.27

The results show that the final miss distance and normal acceleration decrease considerably
when accurately analyzing the aerodynamic performance of the first stage of the missile.

4-CONCLUSIONS

The aerodynamic performance of a missile depends on many parameters such as its
configuration, dimensions, atmosphere, mach number and Reynolds numbers values, angle of
attack, sideslip angle, control surfaces deflections and other flight parameters. The behavior of
the aerodynamic characteristics of the missile varies considerably from the subsonic to the
transonic to the supersonic ranges.

The complete approach for calculating the aerodynamic derivatives (over the whole range of
mach number during the missile flight envelope) is a more realistic procedure and provides
better flight results (small miss distance and small normal acceleration) than calculating these
derivatives only in the super-sonic range depending on the simplified approach.

The mission of the control system (autopilot) is more active when using the complete
approach than using the simplified approach (i.e. The correction of the displacement between
the ideal and actual trajectories of the underlying missile is more active depending on the
complete approach).
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