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Prediction of the Nonlinear Aerodynamic Characteristics
of Maneuvering Missiles

Michael R. Mendenhall,* Stanley C. Perkins Jr.,t and Daniel J. Lesieutref
Nielsen Engineering & Research, Inc., Mountain View, California

An analytical method to predict the nonlinear aerodynamic forces and moments on a missile undergoing
steady and unsteady maneuvers is described. The major physical flow phenomena over the missile are simulated,
including the leeside separation vorticity. The mutual interaction between the vehicle and the time-dependent
flowfield is considered in the prediction of the unsteady aerodynamic characteristics at any specified instant in
time. The aerodynamic prediction method is coupled with a solver of the six-degree-of-freedom equations of
motion to predict missile trajectories or it is used for models undergoing forced trajectories or oscillating mo-
tions. The prediction method is verified by comparison with experimental data where possible. Flowfields near a
mis;ile in oscillating motion are compared with flow visualization photographs.

Nomenclature

c, =normal force coefficient per unit length
C, = pressure coefficient '
C, = pitching moment coefficient
Cy =normal force coefficient
d = diameter
¥ =pitching frequency
ij.k =unit vectors in x,y,z system

=moment of inertia
k =reduced frequency, ©fd/V,,
¢ =missile length
m =mass
M’ =pitching moment
P =rolling rate and local static pressure
Do = static pressure )
q = pitching rate
Go = freestream dynamic pressure, pV% /2
q’ = nondimensional pitching rate, gi/V,
r =yawing rate
ry =missile radius
R =radial distance
Re =Reynolds number
t =time
u, = crossflow velocity at boundary-layer edge, Eq. (1)
Vo = freestream velocity
u,v,w, =perturbation velocities
w =weight
W(o) =complex velocity potential )
X,),2 =missile coordinate system, origin at center of

gravity

X;, Y%, =inertial coordinate system

X,Y,Z =missile coordinate system, origin at nose

zZ' =normal force

o =angle of attack

a’ =local angle of attack

o, =angle between freestream velocity vector and body

axis
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=angle of yaw

=local angle of yaw
=vortex strength

=time increment
=axial length increment
=polar angle, Fig. 2

= freestream density

= complex coordinate
=roll angle and velocity potential
=velocity potential
=stream function
=rotation rate
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Subscripts

() = conjugate of complex quantity
AM = apparent mass

B =body

P =point P on missile

s =steady

u =unsteady

Introduction

PERATIONAL requirements of modern flight vehicles,
both aircraft and missiles, can involve dynamic
maneuvers that result in very high angles of incidence and
large angular rates. Under such flow conditions, the vehicle
experiences important nonlinear aerodynamic forces and
moments due to flow separation and roll up of the leeside vor-
tices (Fig. 1). In unsteady flow, the strength and position of
these vortices and their induced effects are dependent on the
history of the motion of the vehicle and, conversely, the mo-
tion of the vehicle is dependent on the vortex-induced
aerodynamic effects. Prediction of the vehicle motion when
the aerodynamic characteristics are dominated by high-angle
nonlinear effects requires a different approach from tradi-
tional linear prediction methods which are applicable to low-
angle unseparated flow conditions. Unsteady nonlinear
techniques are required for predicting and understanding the
complex flow phenomena involved in high-angle maneuvers.
An engineering prediction method to simulate the major
physical features of the flow around a body of revolution
undergoing steady or unsteady motions in incompressible flow
is described in this paper. The aerodynamic prediction method
is coupled to a solver of the six-degree-of-freedom equations
of motion for direct calculation of missile trajectories without
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the need for the complete set of stability derivatives or large
quantities of empirical information.

The genesis of the aerodynamic method described herein is
the discrete vortex cloud model of the leeside vorticity shed
from bodies at high angles of attack.!-? This nonlinear flow
model for prediction of static aerodynamic characteristics was
extended to handle configurations undergoing steady flow
with constant incidence angles and constant angular rotation
rates in Ref. 4. Such a flow condition is achieved when a body
is moving along a circular-arc path while inclined at a constant
angle to the path. The steady flow model was further extended
to include unsteady motion in Ref. 5.

The purpose of this paper is to describe both the extension
of the vortex cloud method to unsteady flows and the vehicle
trajectory analysis. The following sections include a discus-
sion of the approach to the problem and a description of the
analysis and flow models required to carry out the calcula-
tions. Where possible, the prediction method is evaluated
through comparison of measured and predicted results for a
variety of flow conditions.

General Approach

The engineering prediction method described herein is ap-
plicable to flight vehicles maneuvering at high angles of in-
cidence in a flow regime in which the aerodynamic
characteristics are dominated by nonlinear effects. The
prediction method represents the complex physical
phenomena in the flowfield adjacent to the vehicle, including
both steady and unsteady hull separation vorticity and lifting
surface trailing vorticity. Vehicles can have a wide range of
configurations and component arrangements, but for pur-
poses of this discussion, the flow model is directed at ax-
isymmetric bodies with fore and/or aft lifting surfaces.

The major nonlinear effect on a missile at high angles of
incidence in both steady and unsteady flow conditions is the
separation vortex wake on the leeside of the body. The vor-
ticity is formed by boundary-layer fluid leaving the body sur-
face from separation points on both sides of the missile. The
vorticity rolls up into a symmetrical vortex pair (Fig. 1).
These vortices induce nonlinear effects that can dominate the
aerodynamic forces and moments and thus can have a major
influence on the missile trajectory. A successful approach to
modeling the leeside vorticity under static flow conditions is
the representation of the vortex wake by a cloud of discrete
vortices. As described by the present authors!-? and other in-
vestigators,%® the vortex cloud model is a reasonable means
to predict the induced effect of a very complex flow
phenomenon. The selected approach to the more complex
problem of maneuvering missiles will begin with the basic
vortex cloud model and extend it to the more complicated
unsteady flows.

Details of the flow models and the calculation procedures
are described in the following sections.

Methods of Analysis

Much of the analysis for the prediction method developed
in this investigation is available in referenced sources, but
parts of the unsteady analysis are not readily available. The
following sections will discuss only briefly the previously
published information; the unpublished analyses will be
presented in more detail as space permits.

Geometry

A three-dimensional singularity distribution is required for
calculating velocities at any point in the flowfield outside the
body surface and for calculating the surface pressure
distribution on the surface. The fuselage is defined as a body
of revolution without appendages and the volume effects are
represented by a series of point sources and sinks distributed
on the axis. This type of three-dimensional representation is
described in Refs. 3 and 9 for missile shapes. Briefly, the
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sources and sinks are distributed on the body axis with an
optimum spacing determined by the radius distribution of
the body. The strengths of the individual singularities are
determined from the solution of specific boundary condi-
tions (including the body radius and slope at a number of
stations along the body), a stagnation point on the nose, and
the requirement of a closed body.

Although not presented in this discussion, the flow model
also includes two regions on the body containing multiple
lifting surfaces. Each fin or lifting surface is represented by a
lattice of horseshoe vortices, the strengths of which are ob-
tained by satisfying the flow tangency condition on the fin.
This provides a trailing vortex field, which is included with
the vortex field associated with separation from the body.

Discrete Vortex Model

The derivation of the discrete vortex model of the leeside
wake on a missile at high angles of incidence is discussed in
detail in Refs. 1-3. A brief outline of the method follows.

At a specified angle of attack, the pressure distribution
near the nose is calculated in a crossflow plane normal to the
missile axis. The pressure distribution is examined for
separation using the Stratford laminar!® or turbulent!!
separation criteria, the choice depending on the Reynolds
number. If separation is indicated, a discrete two-
dimensional vortex is shed into the flow from the separation
point. The strength of the vortex is

I w2 AX
V., 2V cosa,

@

where § is an empirical vortex reduction factor.’® Equation
(1) is obtained by integration across the boundary layer,
assuming no slip at the wall. The initial position of the shed
vortex is determined such that the surface velocity in the
crossflow plane at the separation point is exactly canceled by
the shed vortex and its image. From this moment, the vortex
becomes free and is permitted to move with the local
flowfield under the effects of the freestream, the missile, and
other vortices.

The equations of motion of each vortex in the field are in-
tegrated over the distance between the crossflow plane in
which they were shed and the next crossflow plane on the
missile (AX). At the next crossflow plane, the pressure
distribution is predicted, this time including the influence of
the vortices in the flowfield. As before, the predicted
pressure distribution is tested for separation and, if in-
dicated, additional vortices are shed into the field adding to
the wake. The marching procedure continues to the base of
the missile. Since the pressure distribution on the missile is
known, the forces and moments are obtained by integration
over the missile surface.

Steady Motion

The static analysis was extended to a simple case of steady
motion defined as the missile moving with constant «, 8, p,

Separation line

Feeding sheet

Fig. 1 Leeside vortex formation.
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b) Crossflow plane nomenclature.

Fig. 2 Missile coordinate system for steady flow.

g, and r motions. An example of this type of motion is a
missile moving in a steady turn at constant angles and rates
and it is represented experimentally by moving the missile on
a circular-arc path with a constant inclination angle to the
path. Practically, this is accomplished by attaching the
missile to a rotating arm apparatus at a fixed angle of in-
cidence (Fig. 2). Even though a typical experiment may in-
volve motion in one plane (that is, motion with constant «
and g or constant 8 and r), the analysis considers arbitrary
motion with constant angles and rotation rates.

The calculation of the aerodynamic characteristics is car-
ried out with a marching procedure in the same manner as
the static approach. The basic discrete vortex shedding
model is unchanged; however, the surface pressure calcula-
tion and the vortex tracking procedures reflect the fact that
the missile is in steady flow that is changing along the body.
The strength and position of the vortex wake and its induced
effect on the missile become a function of the motion of the
missile.

Pressure Coefficient
The relationship for the pressure on a moving body is!?

p 1 , 3 1 Do
—t— Pt ——— V== 2
PR R i ra ; )

with respect to the moving reference frame fixed in the body
(Fig. 2). In Eq. (2), g, is the fluid velocity at a point P fixed
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relative to the body-fixed or moving axis system and V the
speed of point P in the inertial axis system.

The components of the fluid velocity at point P in the
X,¥,Z system are:

Due to body motion,
—V, cosai—V,, sinBj—V, sinak 3)
due to body rotation,
wXR,= (ry—qz)i— (pz—rx)j+ (gx—py)k ()]
and due to perturbation velocities,
V' =ui+vj+ wk (5)
The angles of attack and yaw are
sing =sine, cos¢
sin@ =sina, sing ©)

where o, and ¢ are angles specified in steady flow and
calculated in unsteady flow.

The perturbation velocities in Eq. (5) consist of induced
velocity components due to body-volume effects, shed vor-
tices, and fins on the body if present. From Egs. (3-5), the
fluid velocity at point P is

4=V +V.+(wXR,) @)

and the velocity of point P with respect to the inertial
reference frame is

V=V, + (w5 XR)) ®

where V__ is equal in magnitude and opposite in direction to
V., from ?Eq. 3).

Since a steady-flow condition is assumed for this analysis,
the unsteady term in Eq. (2) disappears because this pressure
relation is for the complete missile and ® is the full three-
dimensional velocity potential. When the details of
calculating the pressure distribution are considered and both
two- and three-dimensional singularities are involved, a
similar term reappears in the pressure equation. This term,
involving d®/dx, is described in Refs. 1 and 2 and is dis-
cussed later in this section.

Defining the pressure coefficient as

P—Po

Co=Tri ©)

Eq. (2) becomes

&= [ () 25 om0 52 )

-]

(o) -2 (5 )sme-2(50) (5=-)
+<—;v—m—)2—2(—l%)sina—2<7—)( = )](10)

where u, v, and w are perturbation velocities associated with
body-volume effects and shed vorticity.

Certain aspects of the calculation procedure involving the
two-dimensional singularities make it advantageous to
transform to the X, Y,Z coordinate system with its origin at
the nose of the missile (Fig. 2). The above analysis is easily
changed to the new system and, in the remainder of this
paper, the equations are referred to this body-fixed system.
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Based on the use of both two- and three-dimensional
singularities, the pressure relation is

I 2 _2cosac do
s 1hpV2 Vo, dx

an

where ¢ is the two-dimensional velocity potential in
crossflow planes of the missile. This term, in effect,
represents the u-perturbation velocities associated with the
two-dimensional singularities used in the flow model. For ex-
ample, the doublet terms and the discrete vortices in each
crossflow plane contribute to this term, which is unsteady in
the axial coordinate X but steady in time. Finally, the
pressure coefficient on a missile undergoing steady transla-
tional and rotational motion is

&~ () 2 (1 Jeosne2(5) (42T
() 25 sm ()[4
e R e o) e

2cosa,  do
vV, dx

+_r_ (Xco— X)]

o

(12)

The derivation of the last term is described in the next
section.

Velocity Field

Velocity components are required for prediction of the
missile surface pressure distribution and for vortex trajectory
calculations. These components originate from both two-
and three-dimensional flow models. Since the two-
dimensional velocity potential is needed for the unsteady
term in the pressure equations, it will be considered in detail.

Referring to Fig. 2, each crossflow plane on the missile
has associated with it a complex two-dimensional potential,

W(o)=d+iy (13)
where the complex coordinate is
o=Y+iZ (14)

Components of the complex potential are as follows.
Crossflow due to uniform o and 8 is

W,(0) = —ioV, sina (15)
W,o(o) = —0aV,, sin (16)

where sine and sinf are defined in Eq. (6). Note that terms
associated with the rotation of the missile are not included in
Eqgs. (15) and (16). These are not strictly two-dimensional
terms and they are included with the three-dimensional
velocity components.

The doublet terms representing a cylinder in o’ and 8’
flow are

W, (o) =i(r}/o) V,, sina’ amn
W, (o) =~ (r3/a)V,, sinB’ (18)
where the equivalent local angles of incidence including ef-
fects of rotation-induced velocities are
Ve, sina+w,

sing' =—2——— 4 19
o 7 (19)

(Xcg—X) *——Vi]}
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. Ve sinf+v,
sinB’ =_V—,B—‘ (20)

The rotation-induced velocities are included in the doublet
terms because they have a direct effect on the strength of
these two-dimensional singularities.

The total freestream velocity as defined in the crossflow
plane is

(V)2 =(V, cosa,)*+(V,, sinB+v,)2 +(V,, sine+w,)?(21)

where
W, =— (X6 —X)g (22

v, = (Xcg = X)r (23)

The velocity potentials due to the discrete vortices and
their images are
N
Ws(o) = —

24

2
Wﬁ(a)=i2%zﬂ<a- 0 ) 25)

n=1 Op

The ‘‘unsteady’’ two-dimensional term in the pressure
equation (12) is evaluated on the missile surface as

d¢ —Re 1dW(o)

X X (26)

r=ry
where the required complex potential is

W(o)=¢+iy
5 . .
=— V., (—sinB’ +isina’)
g

o [intomap sin(o-2) |
[ in(o 0,,)+18n<0 5 ) 27)

27 n

N

+ Y

n+1

Note that the uniform flow terms are not included since they
do not contribute to the unsteady pressure term.

The total two-dimensional complex potential is given by
the sum of Eqs. (15-18), (24), and (25). The two-dimensional
velocity components in the crossflow plane are obtained
from

dW (o)

P v—iw (28)

Details of the character of the individual velocity com-
ponents are presented in Ref. 3. To these components must
be added the u, v, and w velocity components from the rota-
tion of the missile and the three-dimensional source and sink
distribution representing the body-volume effects.

Unsteady Motion

The unsteady aerodynamic analysis of a missile undergo-
ing time-dependent maneuvers involving large incidence
angles and angular rates begins with the steady analysis in
the preceeding section. The initial conditions for an unsteady
maneuver are the steady-flow conditions used to develop in-
itial forces and moments and a leeside vortex wake.

Predicted forces and moments on the missile are used to
calculate the motion of the missile over a small time interval,
assuming the forces and moments and flow conditions are
constant over the interval. The trajectory calculation pro-
duces new flow conditions and time rates of change of flow
variables at the end of the interval. The vortex wake is al-
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lowed to move downstream under the influence of the chang-
ing local flow conditions during the interval Af where it in-
fluences the pressure distribution and subsequent separation.
New vortices are added to the field, new forces and moments
are computed, and the calculation procedure is repeated. The
vortex wake represents the historical lag in the flowfield,
which relates to the aft portion of the vehicle what happened
at an earlier time on the nose. The early portions of the wake
are eventually swept downstream past the base of the body
and their effect on the induced loads is lost forever.

Pressure Coefficient

Starting with the relationship for the pressure on a moving
body [Eq. (2)], the unsteady pressure equation is developed
in a parallel manner to the previous analysis, except that the
total velocity potential ® is changing with time. The unsteady
pressure coefficient is

2 9%
c, -c, -2 % (29)
L I Y’

where C‘,S' is the instantaneous steady pressure coefficient
from Eq. (12).

Each two- and three-dimensional singularity of the flow
model is changing with time and contributes to the unsteady
pressure term as long as the velocity potential satisfies the
condition that it be equal to zero or constant at infinity in
the inertial reference frame. The major three-dimensional
singularity distribution is the source-sink model of the body.
Since the missile shape is not changing with time, the time-
dependent variables are the freestream velocity and the in-
cidence angle; therefore, this term is considered analytically.
The two-dimensional velocity potentials are described above.
The derivatives with time can be accomplished analytically
for all but the terms associated with the wake vorticity.
Because of the discrete vortex formulation of the wake and
the numerical integration procedure used in the wake trajec-
tory calculation, a simple differencing technique is applied to
evaluate the unsteady terms representing the vortex wake.

Flow Model

The basic flow model used for the unsteady analysis is vir-
tually identical to that developed for steady-flow conditions.
This obviously involves certain assumptions. For example, it
is assumed that a mix of two- and three-dimensional
singularities is appropriate for an engineering prediction
method in unsteady flow.

A more basic question, which cannot be resolved with em-
pirical information at this time, is the use of static, flat-
plate, separation criteria in a time-dependent flowfield. This
approximation may well be the weakest link in the prediction
method, even though it has proved successful in both static
and steady flows.

Development of the discrete vortex cloud in unsteady flow
requires a unique application of the vortex tracking pro-
cedures used in static and steady flow. As previously men-
tioned, the initial separation characteristics and shed vorticity
field are determined for a steady flow condition at #,=0.
A sketch of the resulting flowfield is shown in Fig. 3. For
purposes of this discussion, the missile is divided into axial
increments, each of length AX. The discrete vortex positions
are shown as dots at each X station and the individual paths
are denoted by dashed lines between X stations. Individual
vortices are identified as T, ,, where the first subscript
represents the axial station at which they are shed and the
second represents the time step.

The time interval for each step of a trajectory calculation
is specified by the axial spacing AX chosen for the vortex
wake calculation. That is,

At= (AX/V,, cosa,) (30)
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where V,, and «, are average values between time steps. The
above interval was chosen to provide sufficient time for the
changing vortex effects to influence the calculation before
being swept past the base of the missile. Typically, AX is ap-
proximately equal to the maximum radius of the missile.

Given new flow conditions at ¢, the vortex wake from
t,=0 is allowed to move downstream under the influence of
modified local flow conditions during the interval Af. The
average conditions at At/2 are considered appropriate for the
entire interval. A new vortex field is shown in Fig. 3b. Com-
parison of Figs. 3a and 3b illustrates how the individual vor-
tices making up the cloud move in the axial direction. The
entire vortex field shed at ¢, has been transported
downstream a distance AX. Now, under the influence of the
actual flow conditions at ¢, and the modified vortex field,
the body pressure distribution is predicted and a new separa-
tion calculation is made. The situation at ¢, is shown in Fig.
3c, where the new vortices at each station are shown added
to the total field. The calculation procedure is repeated at
f, =1, + At and so on.

The moving vortex wake relates to the base of the missile
what happened at an earlier time on the nose of the missile.
As the calculation progresses, the wake shed at an earlier
time is swept downstream past the base and the effect on the
missile is lost forever. For practical considerations, the
vortex wake is continued one or two diameters beyond the
base of a missile with tail fins.

Trajectory Analysis

A common approach to the prediciton of missile trajec-
tories involves the integration of the six-degree-of-freedom
equations of motion of the missile over the time frame of in-
terest. The standard equations of motion are written in a
form that requires the stability derivatives for the configura-
tion of interest for the range of flow conditions to be con-
sidered.!®> This creates difficulties when the stability
derivatives are unknown, either because the configuration is
unusual or of a preliminary nature, or because the flight
regime involves nonlinear aspects that make it impossible to
determine the derivatives experimentally. The following
analysis is an attempt to circumvent these problems.

In the current investigation, the equations of motion are
written without individual stability derivatives. Instead, the
equations are written in terms of the forces and moments
and the solution relies on the direct calculation of the missile
forces and moments at any instant in time. Only the normal
force and pitching moment equations are presented below;
however, the equations for the other planes are developed in

o — — = — i (U
e- 2 S ety Sl o
h-— - RL-

Fig. 3 Unsteady vortex tracking procedure.
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a similar manner, as
Normal force:

(m—Cs)w—Ceqg=m(ug—uvp) + (Z' —Zsy) + W cosb cos¢

(3D

Pitching moment:
(Ly = Ci)q —Lp— 1o f = Cyy W= Iy =~ I )rp+ (M = M)
(32)

The equations are based on a configuration with its origin
at the center of gravity and with the positive senses of forces
and moments, velocities, and angular rates indicated in Fig.
4, The angles ¢, 8, and ¢ in Egs. (31) and (32) are the Euler
angles relating the orientation of the body-fixed coordinate
system to the inertial system. The C; coefficients and the
subscript AM are added-mass terms. These terms have been
removed from the right-hand side of the above equations to
eliminate the numerical instability in the solution, as dis-
cussed in Ref. 14.

A trajectory calculation is carried out in the following
manner. Starting with initial flow conditions and the missile
orientation in the inertial coordinate system, a steady flow
solution is obtained to provide a vortex wake and the forces
and moments with which to begin the unsteady calculation.
The unsteady calculation begins with the prediction of the
missile motion from 7, =0 to t, = At, where At is given in Eq.
(30). It is assumed for this preliminary analysis that the flow
conditions and missile loads are constant over the At inter-
val. The six-degree-of-freedom equations of motion are
solved to determine new velocity components, angular rates,
coordinates of the missile center of gravity (c.g.), and orien-
tation of the missile at ¢,. ’

The vortex wake is permitted to move in the time interval
to its new position as described in a previous section. With

C
A, T~

!

K
22" % /°

T~

W

Fig. 4 Pitch plane coordinate system for unsteady motion.
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Fig. 5 Measured and predicted normal force distribution on an
oglive-cylinder missile, a =15 deg.
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the new wake position and the modified flow conditions at
t), the forces and moments on the missile are computed.
This process continues to the end of the specified trajectory
calculation.

Results

The ultimate evaluation of the applicability of the
engineering prediction method proposed in this' paper is
through comparisons of measured and predicted aero-
dynamic characteristics on a variety of missile configurations
under a wide range of flight conditions. Unfortunately, littie
experimental data other than static aerodynamic
characteristics are available. In this section, static results are
presented to verify the applicability of the discrete vortex ap-
proach further, some steady turning results are discussed to
illustrate effects of turn rate, and an unsteady maneuver is
shown to demonstrate the method.

Static Characteristics

The method was applied to a missile configuration con-
sisting of a 3-caliber ogive nose and a 7.7-caliber cylindrical
afterbody.!® For purposes of this discussion, all comparisons
shown are for o= 15 deg; however, the ‘entire angle-of-attack
range was investigated and these results are considered
typical. ' '

‘Measured and predicted axial distributions of normal
forces are compared in Fig. 5. The agreement is good over
most of the missile length; however, near the base, the
predicted results appear to agree better with measurements
for the high Reynolds number than those for the lower. The
predicted results for no separation, which correspond to
potential flow, are shown as a dashed curve.

Experiment
0.3 O Rep = 4.4x10°
o 3.0x10°
0.2+ Theory
w4 0 T potential flow model J
rational flow model

. T

0.0 2.0 4.0 6.0 8.0 100.0 120.0 140.0 160.0 160.0

©, DEGREES

Fig. 6 Measured and predicted pressure distribution on an ogive-
cylinder missile, X/D="1.5, «=15 deg.

2.4
Experiment
2.1 O Rey = 4.4x20°
w] 3.0x10° o
1.84 Theory
————— potential flow model
1.54 _ rational flow model °
Oy 1.2
L4
0.9 o
-] e T
0.84 P
o 2 -
0.34 a o= -
0.0 T T T T B
0.0 $.0 10.0 15.0 2.0 2.0
«, DEGREES

Fig. 7 Measured and predicted normal force coefficient on an
ogive-cylinder missile.



400 M.R. MENDENHALL, S.C. PERKINS JR., AND D.J. LESIEUTRE

J. SPACECRAFT

ﬁr' 1.0 T T T T
3 Experiment
O 6=0°
1.0 .8 -
k T T s 0 6 = 180°
Experiment Theory
R O ¢ = 0 ——e potential flow
' © o= 180" 7 ’

Fig. 8 Measured and predicted pressure
distribution on a 4:1 ellipsoid body in a
steady pitching maneuver. Cp

Theory

Rational flow model

Rational flow
model

a) a=10 deg, ¢’ = —-0.0717.

The predicted pressure distribution at X/d=7.5 is com-
pared with experiment in Fig. 6. The presence of the leeside
wake has a significant affect on the pressure distribution and
the prediction method successfully represents the vortex-
induced effects. The potential results are shown as a dashed
curve.

The total normal force coefficient is shown in Fig. 7. At
lower angles of attack, the predicted results are in good
agreement with the low Reynolds number experimental
measurements; but at higher angles, it appears that the
theory is in better agreement with the high Reynolds number
results. This phenomenon is associated with the changing
character of the separation on the missile in a transition
region. Transition effects are not considered in the current
investigation.

Steady Turning Maneuver

As discussed previously, a steady turning maneuver in-
volves the missile at constant angles and constant angular
rates and such a maneuver is represented experimentally on a
rotating-arm apparatus. Measured pressure distributions on
a 4:1 ellipsoid body of revolution in a steady turn are
available for comparison.!® Axial pressure distributions on
the windward and leeward meridians are shown in Fig. 8 for
g’ = —0.0717 and two angles of attack («=10 and 20 deg).
The flow is such that the body is at positive angle of attack
and is pitching nose downward such as to increase the local
angle of attack at the nose and decrease the local angle at the
base. In Fig. 8b, the effect of the separation vortex is shown
to be significant in its effect on the leeside pressure.

Unsteady Maneuver

Unsteady force and moment data are not available for
comparison purposes, but unsteady wake flow visualization
results on an ogive-cylinder missile are available in Ref. 17.

A 3-caliber ogive nose and 7-caliber cylinder afterbody
model was tested under forced pitching oscillation about its
midpoint between o=0 and 30 deg, according to the
schedule,

a(t) =15°+15° sinQ2aft+37/2) 33)

where 2xf=1. This results in a reduced frequency & of 0.2.
Photographs of the vortex wake illustrate the vortex shed-

X/8 X/t

b) «=20 deg, g’ = —0.0717.

£

25°

UPSTROKE

DOWNSTROKE

Fig. 9 Vortex wake at X/f=0.75 on an ogive cylinder undergoing
pitching motion, £=0.2.

ding characteristics of the model, and these unique ex-
perimental results provide heretofore unavailable detail con-
cerning the complex flow phenomena associated with a
pitching missile. The photographs are of a plane normal to
the freestream velocity vector.

The prediction method was applied to the ogive-cylinder
model and all of the results presented below were obtained
over 1.5 complete cycles of motion to achieve a periodic
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Fig. 10 Measured and predicted propagation of leeside separation
of the ogive-cylinder missile undergoing pitching motion, k=0.2.
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Fig. 11 Predicted normal force coefficient on an ogive-cylinder
missile undergoing pitching motion, £ =0.2.

result. Because of the low Reynolds number of the tests, all
vortex shedding is assumed to be laminar. The predicted
velocity fields described below are in a plane normal to the
missile axis.

Photographs of the wake at the X/¢=0.75 station during
one cycle are shown in Fig. 9, where it is assumed that =0
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Fig. 12 Predicted pitching moment coefficient on an ogive-cylinder
missile undergoing pitching motion, k¥ =0.2.

occurs at =0 deg on an upstroke. Therefore, the changing
wake (time increasing) moves down the left-hand column of
pictures to o =30 deg and then moves up the right-hand col-
umn of pictures on the downstroke to return to a=0 deg.
Predicted velocity vectors on the right side of the model are
shown at corresponding positions. Since the flow is sym-
metric, both sides of the model are not presented in the
predicted figures. In Fig. 9, an attempt was made to align
the vertical position of the model in the predictions with the
position in the photographs. The velocity field, including
vortex-induced effects, illustrates the extent of the wake bet-
ter than a sketch of the discrete vortices.

Although only qualitative comparisons are possible, it ap-
pears that the predicted wake has many characteristics in
common with the observed wake. For example, at «=0 deg
on the upstroke, the wake is concentrated near the side of
the model. Note that a portion of this wake was actually
shed from the nose on the downstroke of the previous cycle.
As the model pitches upward, this station moves downward
and the wake moves to the upper side of the missile. The
strength of the wake at this station is also changing during
the same period. As the model moves through the
downstroke toward a =0 deg on the right side of Fig. 9 the
wake moves down to the side of the model; however, it ap-
pears in both the photographs and the predictions that the
wake is more concentrated or tightly rolled up in this portion
of the cycle. According to the predicted results, the strength
of the vortex wake is stronger between o =10 and 30 deg on
the downstroke than it is at corresponding positions on the
upstroke. The strongest vortices at this axial station occur at
a=0 deg.

An excellent discussion of the propagation of separation on
a pitching missile is presented in Ref. 17. Based on flow
visualization photographs, the observed propagation of
separation is shown as the dashed curve (reproduced from
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Ref. 17) in Fig. 10 for one complete pitching cycle. The
predicted separation locations are shown as the solid curve.
Arrows are used to denote the pitching direction. The
predicted separation locations are defined as the axial sta-
tions at which separation first occurs. The predicted loca-
tions are always ahead of the measured locations because it
is possible to detect much weaker vortices from the theory
than are visible in the photographs. For example, on the
downstroke, separation occurs at the nose of the missile for
the entire stroke; however, these vortices often remain near
the body surface until some distance downstream and they
do not appear in the side-view photographs used to define
the dashed curve. '

Although force and moment data are not available for the
pitching missile, predicted resuits are presented to illustrate
the effect of vortex shedding on the nonlinear aerodynamic
characteristics of the model. The predicted normal force
coefficients on the missile are shown in Fig. 11 for both
static and pitching conditions. The linear results with no
vortex separation effects included are shown in Fig. 12a. The
static condition is the result of the normal slender-body-
theory. The dashed curve is the predicted total force on the
missile, including both aerodynamic and apparent mass
forces. The solid curve represents only the aerodynamic
force.

The nonlinear effects of vortex shedding are shown in Fig.
12b, where the static results are similar to those shown in
Fig. 7. For the pitching missile, the vortex-induced forces
have a dominant effect on the total normal force coefficient.
The first cycle, shown as a dashed curve, begins very
smoothly on the upstroke and, because the vortex field has
not had an opportunity to build up strength, the results up
to a=10 deg are nearly identical to those shown on the
upstroke without separation. The predicted normal force is
slightly larger than the result without separation but on the
downstroke where the strong vortex field developed on the
upstroke is moving along the missile, the total normal force
coefficient is very different from the unseparated results.
The irregularities in the downstroke results in the first cycle
are due to numerical difficulties in the vortex tracking. These
difficulties carry over to the initial portion of the second cy-
cle; however, they tend to smooth out and a periodic solu-
tion develops. '

Predicted pitching moment coefficients are presented in
Fig. 12 for the same flow conditions. The results are similar
to those described above for normal force; however, the in-
tensity of the vortex-induced effects are less because they are
distributed over the entire missile.

The unsteady calculation described above required approx-
imately 2.5 min per time step on a VAX 11/750 computer.

Conclusions

An engineering rational flow model to predict the aero-
dynamic characteristics and motion of a missile in unsteady
maneuvers has been investigated. Comparison of measured
and predicted static aerodynamic characteristics of a typical
missile configuration verify that the principal features of the
flow phenomena are well represented at moderate angles of
attack above the linear aerodynamic range. The flow models
were extended to include steady turning maneuvers and com-
parisons with experiment illustrated the capability of the
method to predict the detailed aerodynamic characteristics
under the influence of the leeside vortex field. Finally, the
method was extended to consider unsteady flows in a time-
dependent calculation of the aerodynamic characteristics of a

J. SPACECRAFT

missile in oscillating motion. Qualitative results indicate the
flowfield prediction capability of the method.

The unsteady prediction method described in this paper il-
lustrates an approach in which the nonlinear forces and
moments are predicted for use in a direct calculation of the
motion of a missile configuration. The method has applica-
tion in the calculation of missile trajectories for configura-
tions and flow conditions for which stability derivatives are
unknown.
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