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Abstract o' local angle of attack
. o angle between free stream velocity
A rational flow model to predict the non- ° vector and body axis
linear aerodynamic forces and moments on a flight 8 angle of yaw
vehicle undergoing steady and unsteady maneuvers 8! local angle of yaw
at subsonic speeds is described. The major phys- T vortex strength
ical flow phenomena over the missile are simu- At time increment
lated, including the lee-side separation vorti- Ax axial length increment
city. The mutual interaction between the vehicle 6 polar angle, Fig. 2
and the time-dependent flow field is considered in p free stream density
the prediction of the unsteady aerodynamic charac- ¢ roll angle and velocity potential
teristics at any specified instant in time. The @ velocity potential
aerodynamic prediction method is coupled with a ¥ stream function
six-degree-of -freedom equation-of-motion solver to w rotation rate
predict missile trajectories, or it is used for
models undergoing forced trajectories or oscilla- Subscripts
ting motions. The prediction method is verified —
by comparison with experimental data where pos- ) conjugate of complex quantity
sible. ( )AM apparent mass
(g body
Nomenclature {)p point P on body
( )s steady
<, normal-force coefficient per wunit € )y unsteady
length, N/aD
¢, pressure coefficient Introduction
Cm pitching-moment coefficient
Cx normal-force coefficient Operational requirements of modern flight
4,D diameter vehicles, both aircraft and missiles, can involve
f; N pitching frequency dynamic maneuvers which result in very high angles
i,3,k unit vectors in x,y,z-system of incidence and large angular rates. Under such
I moment of inertia flow conditions, the vehicle experiences important
K reduced frequency, nfD/V nonlinear aerodynamic forces and moments due to
2 missile length b flow separation and roll up of the lee-side vor-
m mass tices (Fig. 1) and induced effects of trailing
M’ pitching moment vorticity from 1lifting surfaces. In unsteady
P rolling rate, and local static pres- flow, the strength and position of these vortices
sure and their induced effects are dependent on the
q pitching rate history of the motion of the vehicle, and con-
9, free stream dynamic pressure, lpvz versely, the motion of the vehicle is dependent on
a’ nondimensional pitching rate 213 tl.xe vortex-induc?d aerodi‘mamic effects. Predic':-
v yawing rate g + ar/ . tion of 1':he_ vehicle mot‘:lon when tl:xe aerodynamic
r missile radius clzlaracterlstlcs are domlnat.ed by high-angle non-
RO radial distance llnerf\r.effects reguires .a\ d‘lfferent approa'ch from
Re Reynolds number trad:'Lt:Lonal linear prediction methods which al.:e
£ time a?pllcable to 1ow—anf_;1e unsepalfated flow cor'xdl-
v free stream velocit tions. Unsi.:eady nonlinear tec.hm.ques are required
U:OV,W perturbation VelociZies for predicting and understanding the complex flow
. phenomena involved in high-angle maneuvers.
\d weight
Zf;"Zz ;S:gii: ;’Zi:s;:ztfoze:z;:l oriai ¢ co .A rational flow model to simulate the major
Xe s s 1 2s inertial coordinatge y te' igin a phy51caZ.L features of the flow around a body of
leé i mis-sil oy system L revolution undergoing steady or unsteady motions
' € coordinate system, origin at in incompressible flow is described in this
7 :gj;al force paper. .The predicti.on method is di‘rected at the
o angle of attack calculation of nonlinear aerodynamlc.forces and
moments without resort to empirical information;
therefore, the method is applicable to general
configurations for which experimental data are not
available.
* Vice President and Principal Engineer The genesis of the aerodynamic method de-
** Senior Research Engineer scribed herein is the discrete vortex cloud model
+ Research Engineer of the lee-side vorticity shed from bodies at high
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angles of attack.1’2’3 This nonlinear flow model
for prediction of static aerodynamic characteris-
tics was extended to handle configurations under-
going 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. Experimentally,
this condition is represented by testing a model
on a rotating-arm apparatus.

The steady flow model was further extended to
include unsteady motion in Ref. 5. The aero-
dynamic prediction method is coupled to a six-
degree-of-freedom equation-of-motion solver for
direct calculation of missile trajectories without
the need for the complete set of stability deriva-
tives or large quantities of empirical informa-

tion. The aerodynamic prediction method can also
be used if the motion of the vehicle is pre-
scribed, such as a specified turn or a fixed,

time-dependent oscillation.

The purpose of this paper is to describe both
the extension of the vortex cloud method to un-
steady flows and the vehicle trajectory analy-
sis. The following sections include a discussion
of the approach to the problem and a description
of the analysis and flow models required to carry
out the calculations. Where possible, the predic-
tion method is evaluated through comparison of
measured and predicted results for a variety of
flow conditions. When data are not available for
comparisons, predicted results are presented for
typical configurations for a range of flow condi-
tions.

General Approach

The rational flow model is an engineering
prediction method for flight vehicles maneuvering
at high angles of incidence in a flow regime in
which the aerodynamic characteristics are domi-
nated by nonlinear effects. The prediction method
represents the complex physical phenomena in the
flow field adjacent to the vehicle, including both
steady and unsteady hull separation vorticity and
l1ifting surface trailing vorticity. Vehicles can
have a wide range of confiqurations and component
arrangements, but for purposes of this discussion,
the rational flow model is directed at axisym-
metric bodies with fore and/or aft lifting sur-
faces.

The major nonlinear effect on a missile at
high angles of incidence in both steady and un-
steady flow conditions is the separation vortex
wake on the lee side of the body. The vorticity
is formed by boundary-layer fluid leaving the body
surface from separation lines on both sides of the

missile. At moderate angles of attack, the vor~
ticity rolls up into a symmetrical vortex pair
(Fig. 1). These vortices induce nonlinear effects

which can dominate the aerodynamic forces and
moments and thus can have a major influence on the
missile trajectory. A successful approach to
modeling the lee-side vorticity under static flow
conditions 1is the representation of the vortex

wake by a cloud of discrete vortices. As de-
scribed Db this author'’?2r and other investi-
gator56’7' the vortex cloud model is a reasonable

means to predict a very complex flow phenomenon.
The selected approach to the more complex problem
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of maneuvering missiles will begin with the basic
vortex cloud model and extend it to the more com-
plicated unsteady flows.

The calculation of the aerodynamic character-
istics of a missile configuration under steady
translation and rotation (Fig. 2) is carried out
with a marching procedure in the same manner as
the static approach.z' The basic discrete vortex
shedding model is unchanged: however, the surface
pressure calculation and the vortex tracking pro-
cedures reflect the fact that the vehicle is in
steady flow which is changing along the body. The
strength and position of the vortex wake and its
induced effect on the body becomes a function of
the motion of the vehicle.

is more complex in unsteady
The initial conditions, which
must be steady, are computed as described above
for user-specified velocities, angles, and
rates, The 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 con-
stant in the interval. The trajectory calculation
produces new flow conditions and time rates of
change of flow variables at the end of the inter-
val. The vortex wake is allowed to move down-
stream under the influence of the changing local
flow conditions during the interval At, where it
influences the pressure distribution and subse-
quent 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 flow
field which relates to the aft portion of the
vehicle what happened at an earlier time on the
nose. ‘The early positions of the wave are eventu-
ally swept downstream past the base of the body
and their effect on the induced loads is lost
forever.

The situation
flow conditions.

Details of the flow models and the calcula-

tion procedure are described in the following
sections.
Methods of Analysis
Geometry
The rational flow model contained in the

prediction method is comprised of basic geometry
models representing a body and lifting surfaces.
A propulsion system is not included in the current
analysis. The flow models required to represent
the configuration are described in this section.

Body. 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. A
three~dimensional singularity distribution pro-
vides a potential flow model for calculating velo-
cities at any point in the flow field outside the
body surface and for calculating the surface pres-
sure distribution on the surface. This type of
three-dimensional representation is described in
Refs. 3 and 9 for missile shapes.

Lifting Surfaces. The prediction method
described herein permits two regions of lifting
surfaces, each region containing multiple 1lifting




surfaces or fins. A fin may be attached to the
body or to another fin as for an end-plate. Each
surface is modeled using the vortex-lattice lift-
ing surface method described in Refs. 9 and 10.
Horseshoe vortices are distributed on the lifting
surface and are imaged inside the constant-radius
hull section (Ref. 11). The strengths of the
horseshoe vortices are obtained by satisfying the
flow tangency condition at control points distri-
buted over the 1lifting surface. This boundary
condition includes induced effects from shed vor-
ticity in the field, the presence of the hull, the
impressed flow conditions (including angular rota-
tion}, and the image vortex system inside the
hull. In addition, the boundary condition in-
cludes mutual interference from all lifting sur-
faces in the region under consideration.

Flow Phenomena

The nonlinear, aerodynamic forces and moments
acting on a flight vehicle undergoing maneuvers
are associated with many different types of flow
phenomena. These phenomena are both the result of
and responsible for the nonlinear behavior of the
vehicle. The individual components of the flow
phenomena of importance are the body nose and
afterbody vorticity and the lifting surface trail-
ing vorticity.

First, consider the flow field of the body
alone in steady flow. At very low angles of
attack, the flow is almost entirely attached to
the body with the possible exception of a small
separated region near the tail of a body with a
boattail. This particular separation region does
not form a large wake; thus it does not have a
large effect on the induced flow field near the
lifting surfaces. As the angle of attack in-
creases, the axial-type separation region at the
tail becomes a crossflow-type separation and moves
forward on the body. At ancles of attack bhetween
10 and 15 degrees, a strong symmetric vortex field
occurs on the lee-side of the body as illustrated
in Figure 1. This vortex field causes inter-
ference on the foremounted and aftmounted lifting
surfaces and the body.

When the motion is unsteady, the vortex shed-
ding described above is unsteady, and the vortex
wake changes with time. It is necessary to main-
tain the history of the vortex wake by tracking
the location of the vorticity as a function of
time.

A major feature of the rational flow model is
the discrete vortex wake on the lee-side of the
body which is developed in the following manner.
The three-dimensional steady flow problem is re-
duced to a two-dimensional, unsteady, separated
flow problem for solution. The two-dimensional
solution is carried out in the crossflow plane
where the flow about a body in the presence of
discrete vortices is obtained. At succeeding
intervals of length on the body, the body cross
section is changing, and a new vortex pair is shed
into the flow field from the separation points.
The discrete vortices forming the wake are allowed
to move in the flow field under the influences of
the free stream flow, the body, and other vor-
tices.

The calculation procedure starts at a cross-
flow plane near the nose where the potential pres-
sure distribution is computed using the full
Bernoulli equation. The boundary 1layer in the
crossflow plane is examined for separation using
the modified version of Stratford's laminar or
turbulent separation criteria. At the predicted
separation points, the strength of the separation
vortex is determined by the vorticity flux con-
tained in the boundary layer. The vorticity flux
is summed into a single point vortex whose
strength is a function of the vorticity, the axial
integration interval, and the free-stream flow
conditions. The shed vortices are placed in the
outer field at such a position that the vortex and
its image inside the body exactly cancel the
crossflow plane surface velocity at the separation
point.

Lifting surfaces on the vehicle contribute to
the flow phenomena in the vicinity of the vehicle
via the trailing vortex wake associated with their
loading. This wake is made up of trailing vorti-
city representing the span load distribution, a
trailing vortex associated with side-edge separa-
tion at the tip, a trailing vortex due to a lead-
ing-edge separation, and shed vorticity associated
with the change in loading with time. These vor-
tices must be included with the body vortex field
to properly model the complete wake. Interaction
between the body vortices and the vortices from
the forward fins will change the entire wake con-
figuration, and this will, in turn, have an effect
on the wake-induced interference on the afterbody
and modify its loading and subseguent shed vorti-
city.

The vortex field from the nose, foremounted
fins, and afterbody moves aft with the flow to
approach the tail fins. The relative position of
the vortex field and these fins depends on the
motion of the configuration during the time re-
quired for the vortices to reach these lifting
surfaces. The unsteady loading on the tail fins
produces an associated trailing vortex wake simi-
lar to that described for the forward fins, in-
cluding the shed vorticity due to the changing
loading. This additional vorticity is included
with the existing vortex field and tracked down-
stream beyond the end of the vehicle.

Aerodynamic Characteristics

The singularity models described in the pre-
vious sections provide a means to calculate
induced velocities due to the flow field com-
ponents at field points on and near the vehicle.
These velocities, in conjunction with contribu-
tions from the free-stream and the angular rota-
tions of the body, are used to calculate pressure
distributions on the hull surface and loads on the
1ifting surfaces. Determination of the component
and overall loads on the configuration is dis-
cussed in this section.

pressure Distribution. The pressure coeffi-
cient at a point on a body undergoing unsteady
motion is

2 3
— T (1)
ENE



where Cp is the instantaneous
s
coefficient. This result is obtained by a trans-
formation of the Bernoulli equation from an iner-
tial system to the body-fixed coordinate system
(Fig. 3), where the last term in Eg. (1) is the
unsteady term in the inertial system caused by the
motion of the wvehicle and the associated changes

in the flow field.

steady pressure

The instantaneous steady pressure coefficient
is
2 cos o
c d¢

dax

= (2)

-]

where V 1is the speed in the inertial coordinate
system of a point P fixed in the moving body sys-
tem and g is the fluid velocity of the same point
relative to the body-fixed system.

The components of the fluid velocity at P in

the x,y,z system are:
due to body motion,
6 = ~ V _cosa I Vv _si 3 inok
o = a L - sinBj - V_sinok (3)
due to body rotation,
> > >
W X Rp = (ry - gz) i - (pz - rx){
>
+ (ax - py) k (4)
and due to perturbation velocities,
> >
V' = uz + V] + wﬁ (5)
The angles of attack and yaw are

sina

sinac cosé

sinB sinac sing

(6)

where o and ¢ are wvehicle incidence and roll
angles, respectively.
The perturbation velocities in Eg. (5) con-

sist of induced velocity components due to body
volume effects, shed vortices, and fins on the

body if present. From Egs. (3), (4), and (5) the
fluid velocity at P is
> > > > >
- *
qr_v +Vw+(wap) (7)

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

¥ = %)
P

>
v
®

N
+ (mB x
B

(8)

The last term in Eg. (2) represents the pres-
sure due to a change in two-dimensional velocity
potential from one crossflow plane to the next,
This term, in which ¢ is the two-dimensional velo-
city potential in crossflow planes, is required
because of the use of two-dimensional singulari-
ties in the crossflow planes associated with the
vortex wake shedding model. This term is 'un-
steady' in the axial ceordinate X, but steady in
time. This concept is discussed in greater detail
in Ref. 1.
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Reformulating Eq. (1) using the components
defined in Egs. (7) and (8), the unsteady pressure
coefficient on a body in unsteady motion is

u 42 2u 2u (qz ry
% '<(v BT S Y v
u o oo © © ©
v s 2v X Pz
+ (V - sinf - (V v )
o« o« oo (-] -]
W N2 2w 2w (py _9x
+ (v v sina - 7 (V v )
-3 o0 (-] «©
(2% % Nas 2 2e (o)
v dx 2 3t
©
oo
where & is the full three-dimensional velocity

potential.

The singularities making up the rational flow
model consist of both two-dimensional and three-
dimensional distributions. Each singqularity is
changing with time and contributes to the unsteady
pressure term so long as the velocity potential
satisfies the condition at infinity that it is
equal to zero or to a constant in the inertial
reference frame.

The unsteady terms due to the three-
dimensional source/sink distribution and due to
the two-dimensional doublet term are obtained
analytically. Because of the discrete vortex

formulation of the wake and the numerical integra-
tion procedure used in wake trajectory calcula-
tion, a simple differencing technigue is applied
to evaluate the unsteady terms representing the
vortex wake.

Velocity Field. Velocity components are
required for prediction of the missile surface
pressure distribution and for vortex trajectory
calculations. The development of the individual
velocity components is presented in the body-fixed
X,¥,2Z-coordinate system (Fig. 2). The rational
flow model is a hybrid of both two- and three-
dimensional flow models; the two-dimensional
models are presented first.

Referring to Fig. 2, each crossflow plane on

the missile has associated with it a complex
potential.
W(o) = ¢+ 1y (10)

where the complex coordinate is

o=Y + iz an
Components of the complex potential are as

follows.

Ccrossflow due to uniform a and B:
W,{(0) = -igV_sina (12)
1 )
Wz(") = -0V _sing (13)

where sina and sinf are defined in Eg. (6).

The doublet terms
and B' flow are:

representing a cylinder
in o'
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W3(0) V!sina! (14)

2
r

- =2 vising’ (15)

w
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where the equivalent local angles of incidence are

V sing + w
o
(16)

i ¥
sinqg IYa)
o

V sinf + v
® r

sing' (17)

Vl
-]
The total free-stream velocity as defined in
the crossflow plane is

2 2 2
(V;) = (VaF°s“c) + (szins + vr)

+ (V sina + w )2 (18)
L q
where
Wq= - (XCG - X)g (19)
V.= (XCG - X)r (20)

The velocity potentials due to the discrete
vortices and their images are

N Tn
We(o) = -1 ] —= o - o) (21)
n=1
N Fn ri
WG(O') = i=z1‘é;£n G-:_;—) (22)
n

The total two-dimensional complex potential
is given by the sum of FEgs. (12), (13), (14},
(15), (21) and (22). The associated velocity
components are obtained from

—— =y - w (23)

Details of the character of these velocity
components are presented in Refs. 1 and 3.

The "unsteady" two-dimensional term in the

pressure Eg. (11), is evaluated on the missile
surface as

a9 _ aw( o)
Real ax

ax (24)
r=r
where the required complex potential is
Wio) = ¢ + iy
2
Yo
=-G— V;(-sins' + 1 sing')
N T t2
+1 5% -im(o-0) +4info-=2) (p
n+1 n o
n

The other velocity components included are
the induced effects of the three-dimensional
source and sink distribution3 and thoge associated
with the steady rotation of the body.
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Separation Line. The separation lines on the
hull are required to specify the strength and
position of the discrete wake vortices forming the
feeding sheets. A turbulent boundary-layer sepa-
ration criteria proposed by Stratford (Ref. 14)
has been modified for three-dimensional effects in
Ref. 1. The modified turbulent criteria locates
separation at the point where the relationship

.5
dac
Cp < EE£> (10—6Reg)-0'1= 0.35 sinac (26)

is satisfied. Note that C_ is the pressure coef-
ficient referenced to ambient conditions at the
minimum pressure point, and £ is the boundary
layer run length measured from a virtual origin.

A laminar separation criterion proposed by
Stratford (Ref. 15) and modified for three-
dimensional effects' locates separation at the
point where

dac
1/2 Py _ ;
Cp <£ EE—> = 0,087 sina (27)

is satisfied. The constants on the right-hand
sides of Egs. (26) and (27) are nominal wvalues
selected from a range of values recommended in
Refs. 14 and 15.

Forces and Moments. At a given instant in
time, the total forces and moments on a vehicle
are given by the sum of the forces and moments on
the body and the lifting surfaces.

The instantaneous forces and moments on the
body are computed by integration of the pressure
distribution around and along the body. At a
specified station, the normal-force coefficient on
an increment of length of the body is

2n

f C_ r cosbde (28)
p. o

o u

=1
=X B

normal force per unit length
q,b

and the total normal-force coefficient is

normal force

9,5,

2
n (29)

D
CN =3 f c dX =
r [e]

The pitching-moment coefficient, positive when the
nose is moved vertically upward, is

b4 Xm - X
[ e, —T—)dx (30)
o

c =
m

(I)‘U

r r

The remaining force and moment coefficients in the
X, Y, Z~coordinate system are:

side~force coefficient,

(9]

n

i
mld

2 27
/ <f c r sin0d9>dx (31)
P (e}
r o o u



yawing-moment coefficient,
b3 27
C_r sinbds
P, ©

X -X

Cc
n

ax (32)

1
-5 f
r o \o r

axial-force coefficient, excluding skin friction,

>dx

The circular cross section body does not contri-
bute to the rolling moment.

dro
e 4ase

1
CA e (33)

fﬁ j2ﬂ
o) r
[} <o Py ©

r

As described in a previous section, horseshoe
vortices are distributed on all 1lifting surfaces
and imaged inside the hull. The loading acting on
each 1lifting surface 1is calculated using the
Kutta-Joukowski law for a force acting on a vortex

filament, As Sescribed in Ref. 16, the force per
unit length, F, acting on vortex vector, T, is
given by the vector product

> > >

F=0xopl (34)

where 6 is the total flow velocity vector and p is
the mass density of the fluid. The total velocity
acting on a bound or trailing leg of a horseshoe
vortex is made up of induced velocities due to the
free stream, the body, the vorticity in the field,
and all of the other horseshoe vortices and their
images.

Use of Egq. (34) results in forces both normal
to and in the plane of each lifting surface. The
normal force on a given lifting surface represents
the potential force for that surface. The inplane
force coefficients are used in conjunction with a
method to determine the additional nonlinear 1ift
associated with flow separation along swept lead-
ing and side edges. This method, which is an

extension of the Polhamus leading-edge suction
analogy (Ref. 17), was developed from experimental
data and is used to determine the fraction of

leading-~edge or side-edge suction converted to
normal force. This correlation method is de-
scribed in detail in Ref. 12.

The vortex lattice 1lifting surface method

described above is an attached flow model. Under
certain flow conditions, individual surfaces can
become very highly loaded due to large onset flows
or large vortex-induced velocities, and the pre-
dicted loading obtained using the attached flow
model may exceed the loading that could physically
be expected to occur on the surface. A means to
include stall or separation effects on the lifting
surface loadings, based in part on the method of
Ref, 18, is included in the prediction method.

Maneuver 2Analysis. A common approach to the
prediction of vehicle trajectories involves the
integration of the six-degree-of-freedom equations
of motion of the confiquration over the time frame
of interest. The standard equations of motion,
such as those presented in Ref. 19, are written in
a form which requires the stability derivatives
for the configuration for the range of flow condi-
tions to be considered. Such a formulation
creates difficulties when the stability deriva-
tives are unknown, as is the case for a prelimi-
nary design confiquration prior to testing, or
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when the flight regime involves nonlinear aspects
which make it impossible or difficult to determine
the derivatives experimentally.

The approach to the development of a trajec-
tory prediction method based on the rational flow
model involves a simplification of the standard
stability derivative coefficient formulation using
a direct force and moment coefficient formula-
tion. 1In this approach, terms in the equations of
motion associated with stability derivatives are
replaced by the forces and moments obtained from
the rational flow code at an instant in time. The
modified equations of motion are shown below.
These equations are for a configuration with its
origin at the center of gravity, and the positive

senses of forces, moments, velocities, and rota-
tion rates are indicated in Fig. 4. The
angles ¢, 8, and y are the Euler angles which

relate to orientation of the body-fixed-coordinate

system to the inertial system. The C; coeffi-
cients and the subscript AM are added-mass
terms. The added-mass forces and moments have

been removed from the right-hand side of the egua-
tions of motion and the appropriate terms included
on the left-hand side to remove numerical in-
stability in the solution as discussed in Ref. 20.

Only the normal force and pitching moment equa-
tions are presented below; however, the equations
for the other planes are developed in a similar
manner.

Normal Force:

Z'AM)

(m - CS)W - C6q m{ug - vp) + (Z°

+ W cosH cosé (35)

Pitching moment:

_ s . e W=
(Iyy C1O)q IxyP Iyzr 11w
(IzZ

- Ixx)rp + (M~ M) (36)

AM

A trajectory calculation 1is carried out in
the following manner., Starting with initial flow
conditions, rotation rates, time rates of change
of these quantities, and the initial position and
orientation of the submersible configuration in
the inertial coordinate system, a steady flow
solution is obtained to provide a vortex wake and
aerodynamic forces and moments with which to begin
the unsteady calculation, The unsteady calcula-
tion begins with the prediction of the missile
motion from t=0 to t=At, where the time inter-
val At must satisfy the relation

AX

(v cos ac)t=0

At < (37)

This interval was chosen to provide sufficient
time for the changing vortex effects to influence
the calculation bLefore being swept past the base
of the wvehicle. For purposes of the trajectory
calculation, it is assumed that the flow condi-
tions and aerodynamic forces and -moments are con-
stant over the At interval. Solution of the 6-DOF
equations of motion results in new velocity com-
ponents and coordinates of the configuration CG,
angular rates, and orientation of the configura-
tion at ty.



The vortex wake is permitted to move in the
time interval to its new position. With the new
wake position and the new flow conditions at t1,
the forces and moments on the vehicles are com-
puted. This interactive process continues to the
end of the specified trajectory calculation. The
moving vortex wake forms the historical lag in the
flow field which relates to the tail what happened
at an earlier time at the nose. As the calcula-
tion progresses, the wake shed at an earlier time
is swept downstream, and the effect on the vehicle
is lost forever.

Calculation Procedure

The general steady and unsteady flow calcula-
tion procedure used in the rational flow method
for a typical configuration is outlined in this
section. The calculation procedures for both
steady and unsteady flow conditions are applicable
to general configurations with arbitrary arrange-
ments of lifting surfaces on an axisymmetric hull.

Steady Flow

The calculation of the aerodynamic character-
istics of a flight vehicle undergoing steady
translational and rotational motions is carried
out with a marching procedure starting at the nose
of the wvehicle. The basic method is the crossflow
plane discrete vortex shedding analysis described
in Ref. 1. The calculation begins with the pre-
diction of the shed vortex field and the 1loads
between the nose and the leading edge of the first
set of lifting surfaces, the foremounted fins in
most cases, The separation vortex field at this
axial station influences the loads on these fins,
and the 1lifting surfaces in turn influence the
loading on each other and on the body adjacent to
the surfaces. A trailing vortex system origi-
nating on the 1lifting surfaces is released into
the flow field at the trailing edge, and these
free vortices are included as part of the total
shed vortex system for the remainder of the cal-
culation.

The path of the entire vortex system is
tracked along the 1length of the hull from the
trailing edge of the forward fins to the leading
edge of the aft fins. The vortices influence the
pressure distribution on the body, which has an
effect on the separation points, the shed vorti-
city from the afterbody, and the body 1loads.
Separation vortices from the afterbody are added
to the vortex field between the forward and aft
fins.

The vortex field from the nose, foremounted
fins, and afterbody influences the loads on the
aftmounted fins. The loading on the individual
fins produces a trailing vortex system analogous
to that from the forward fins, and these vortices
are included as part of the shed vortex system
which form the wake of the wvehicle.

The total forces and moments on the complete
vehicle are the sum of the forces and moments on

the individual components. For a steady flow
condition, the calculation is complete at this
point.
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Unsteady Flow

The calculation procedure for the prescribed
initial flow conditions for an unsteady flow case
is essentially the same as that for the steady
flow case. Starting at t 0 with prescribed
initial flow conditions, angular rotation rates,
accelerations, position of CG and orientation of
the vehicle in the inertial coordinate system, and
control surface deflections, the loads and the
shed vortex field on the configuration are cal-
culated as described in the previous section.
This is the starting condition for the unsteady
calculation.

Separation vortex fields corresponding to the
initial conditions at t 0 are shown schemati-
cally in Fig. 5(a) where only a body is considered
for this discussion. The discrete separation
vortex positions are shown as dots at each X-

station, and their paths are denoted by dashed
lines. The individual vortices are identified
as T where the first subscript represents the

m,t
X-station at which they are shed and the second
subscript represents the appropriate time step.

An unsteady calculation begins with the cal-
culation of the submarine motion from t t, Q
to t, = t, + At,where At is a specified value that
must satisfy Bg. (41). The vehicle trajectory is
calculated by making the approximation that the
flow conditions and loads at t 0 are constant
over the time interval At. The trajectory
calculation produces new flow conditions and time
rates of change of flow variables for t, t
+ At. The existing vortex wake is allowed to move
downstream a distance AX' under the influence of
new local flow conditions during the interval At.
The value of AX' is determined from the average
conditions at At/2, such that

AX' = M (V_cos a) (38)
o c

where Vw and o are average values between time

steps. For tﬁe wake trajectory calculation, the
average flow conditions at At/2 are considered
appropriate for the total interval. A new vortex
field resulting from a calculation for which
AX' = AX 1is shown in Fig. 5(b). Comparison of
parts (a) and (b) of this figure illustrate how

individual vortices are moved. In essence, the
entire vortex field existing at t, has been trans-
ported downstream a distance AX. Under the
influence of “the actual flow conditions at t, and
the modified vortex field, the hull pressure dis-
tribution is predicted and a new separation cal-
culation is carried out. The current situation at
t, is shown in Fig. 5(c) where the new vortices
are shown as an addition to the previous field,
This process continues to the end of the specified
trajectory calculation or to the end of the pre-
scribed maneuver.

Results

The ultimate evaluation of the rational flow
model described in this paper must be made by
comparisons of measured and predicted aerodynamic
characteristics on a variety of flow conditions.
Comparisons of both steady and unsteady results



are desirable to verify the methodology; however,
other than static characteristics, only a small
quantity of steady data exists and almost no un-
steady data are available for these comparisons.
For these reasons, the following results consider
only a body alone with no fins. Predicted results
for an unsteady maneuver for a body with fins are
described in Ref. 21.

Static Characteristics

The method was applied to a missile configu-
ration consisting of a 3-caliber o%ive nose and a
7.7-caliber cylindrical afterbody.2 For purposes
of this discussion, all comparisons shown are
for o = 15 degrees; however, the entire angle of
attack range was investigated, and these results
are considered typical.

Measured and predicted axial distributions of
normal force are compared in Fig. 6, The agree-
ment is good over most of the missile length;
however, near the base, the predicted results
appear to aqgree better with the high Reynolds
number measurements than those for the lower
Reynolds number, The predicted results for no
separation, which correspond to potential flow,
are shown as a dashed curve.

The predicted pressure distribution at
X/d=7.5 is compared with experiment in Fig. 7.
The presence of the lee-side wake has a signifi-
cant effect on the pressure distribution, and the
rational flow model successfully represents the
vortex-induced effects. The potential results are
shown as a dashed curve,

The total normal-force coefficient is shown
in Fig. 8. At lower angles of attack, the pre-
dicted 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.

Steady Turning Maneuver

As discussed previously, a steady turning
maneuver involves the missile at constant angles
and constant angular rates, and such a maneuver is
represented experimentally on a rotating-arm appa-
ratus. Measured pressure distributions on a 4:1
ellipsoid body of revolution in a steady turn are
available for comparison. Axial pressure dis-
tributions on the windward and leeward meridians
are shown in Fig. 9 for g' -.0717 and two angles
of attack (a = 10° and 20°). The flow is  such
that the body is at positive angle of attack and
it is pitching nose downward in such a way as to
increase the local angle at the base. In Fig.
9(b), the effect of the separation vortex is shown
to be significant in its effect on the lee-side
pressure.

Since similar data on a typical missile con-
figuration are not available, the ogive-cylinder
body considered above was selected for a parame-~
tric series of calculations. These results are
presented in Ref. 24 and will not be repeated
herein.
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Unsteady Motion

Unsteady force and moment data are not avail-
able for comparison purposes, but unsteady results
are presented for an ogive-cylinder missile con-
side/ed in Ref. 25 where flow visualization of the
vortex wake is described.

In Ref. 25, a 3-caliber ogive nose and 7-
caliber cylinder afterbody model was tested under
forced pitching oscillation about its mid point
between o 0 and 30 degrees according to the
schedule

alt) = 15° + 15° sin(2nft + 3w/2) (39)

where 27f 1. This results in a reduced fre-
quency, K, of 0.2. Photographs of the vortex wake
illustrate the vortex shedding characteristics of
the model, and these unique experimental results
provide heretofore unavailable detail concerning
the complex flow phenomena associated with a
pitching missile. The photographs are of a plane
normal to the free stream velocity vector.

The prediction method was applied to the
ogive-cylinder model, and all results presented
below were obtained over 1.5 complete cycles of
motion to achieve a periodic result, Because of
the low Reynolds number of tests, all vortex shed-
ding 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. 10
where it is assumed that t = 0 occurs at o = 0° on

an upstroke. Therefore, the changing wake (time

increasing) moves down the 1left hand column of
pictures to a = 30° and then moves up the right
hand column of pictures on the downstroke to

return to o 0°, Predicted velocity vectors on
the right side of the model are shown at corres-
ponding positions. Since the flow is symmetric,
both sides of the model are not presented in the
predicted figures. In this figure, an attempt was
made to align the vertical position of the model
in the predictions with the position in the photo-
graphs. The velocity field, including vortex in-
duced effects, illustrates the extent of the wake
better than a sketch of the discrete vortices.

Though only qualitative comparisons are pos-
sible, it appears that the predicted wake has many
characteristics in common with the observed
wake. For example, at a 0° 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° on the right side of the figure, the
wake moves down to the side of the model; however,
it appears in both the photographs and the predic-
tions that the wake 1is 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 a 10 and
30 degrees on the downstroke than it is at corres-



ponding positions on the upstroke. The strongest
vortices at this axial station occur at o = 0°.

An excellent discussion of the propagation of
separation on a pitching missile is presented in
Ref. 25. Based on flow visualization photographs,
the observed propagation of separation is shown as
the dashed curve (reproduced from Ref. 25) in Fig.
11 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 stations at which separation
first occurs. The predicted locations 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
would not appear in the side-view photographs
which were used to define the dashed curve.

Though force and moment data are not avail-
able for the pitching missile, predicted results
are presented to illustrate the effect of vortex
shedding on the nonlinear aerodynamic characteris-
tics of the model. The predicted normal-force
coefficients on the missile are shown in Fig. 12
for both static and pitching conditions. The
linear results with no vortex separation effects
included are shown in Fig. 12(a). The static
condition is the normal slender body theory re-
sult. The dashed curve is the predicted total
force on the missile including both aerodynamic
and apparent mass forces. The solid curve repre-
sents only the aerodynamic force.

The nonlinear effects of vortex shedding are
shown in Fig. 12(b) where the static results are
similar to those shown in Pig., 8. For the pitch-
ing missile, the vortex-induced forces have a
dominant effect on the total normal-force coeffi-
cient. 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 in strength, the results up to a 10° are
nearly identical to those shown on the upstroke.
The predicted normal force is slightly larger than
the linear result, 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 linear
results. The irreqularities in the downstroke
results in the first cycle are due to numerical
difficulties in the vortex tracking. These dif-
ficulties carry over to the initial portion of the
second cycle; however, they tend to smooth out and
a periodic solution develops.

pPredicted pitching-moment coefficients are
presented in Fig. 13 for the same flow condi~
tions. The results are similar to those described
above for normal force; however, the intensity of
the vortex-induced effects are less because they

are distributed over the entire missile.
Conclusions
Bn engineering rational flow model to predict

the aerodynamic characteristics and motion of a
missile in unsteady maneuvers has been investi-
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gated. Comparison of measured and predicted
static aerodynamic characteristics of a typical
missile configuration verify that the principal
features of the flow phenomena are well repre-
sented at moderate angles of attack above the
linear aerodynamic range. The flow models were
extended to include steady turning maneuvers, and
a series of calculations on a body of revolution
illustrate the capability of the method to predict
the detailed aerodynamic and flow field character-
istics. Finally, the method was extended to con-
sider unsteady flows in a time-dependent calcula-
tion of the aerodynamic characteristics of a mis-
sile undergoing pitching motion. Comparison of
obgserved and predicted flow field characteristics
illustrate the ability of the prediction method to
represent the flow phenomena. Predicted forces
and moments indicate large vortex-induced effects
on the aerodynamic characteristies.

The unsteady prediction method described in
this paper has demonstrated the feasibility of 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 application in the calculation of missile
trajectories for configurations and flow condi-
tions for which stability derivatives are unknown.
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