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Prediction of Roll Moments on
Finned Bodies in Supersonic Flow

WILLIAM L. OBERKAMPF*
The University of Texas at Austin, Austin, Texas

A method is presented for predicting roll moments produced by fins on missile bodies at high angle of attack
in supersonic flow. The missile configurations are assumed to have pointed noses and circular cylindrical bodies.
The effect of the body induced flow on the roll moments produced by fins is studied. Particular attention is
given to the body vortices and separated flow on the lee side of the missile. A cruciform fin configuration with
fins having rectangular planform is analyzed. A previously developed flow model is used to calculate the flowfield
produced by the body. The body flowfield experienced by the fins is used with a quasi-linear kifting theory to
predict the roll moments. Results are presented for the fin cant, induced roll, and roll damping moments. The
roll moment predictions are compared with experimental data and generally good agreement is obtained. The
physical causes of the observed nonlinear roll phenomena are discussed.

Nomenclature
a = body radius
by = fin semi-span
¢ = fin chord
C, = roll moment coefficient (/g Sy d)
C, =roll damping moment coefficient derivative (0C,/0p)
C, = fin cant moment coefficient derivative (5C/08);-0
= body diameter
1 = roll moment
M = Mach number of freestream
N = normial force
N, = total number of vortices in flow model
p = dimensionless rolling speed, (¢bo/U )
p».p: = local pressure on bottom and top surface of fin, respectively
Po,Pr = local pressure coefficient on bottom and top surface of fin,
respectively
q = dynamic pressure of freestream
¥e = radius of vortex core
rsp = radial coordinate of tip Mdch cone
S, = frontal area of the missile body (na?)
ty = thickness of the fin

u, v, w = velocities in the x, y, z directions, respectively (Fig. 1)
U, = freestream speed

U. = cross-flow freestream speed, U, sina,
A% velocity (ui+ vj+ wk)

=
R
[t

x coordinate of fin leading and trailing edge, respectively
Xs x coordinate of boundary-layer separation point
X,y,z = coordinate system (Fig. 1)

b = angle of attack of the body

o = local angle of attack of fin

ﬂ = ( MZ — 1)1 /2

y = ratio of specific heats of freestream

0.0, =local flow turn angle on bottom and top surface of fin,
respectively

0, = half-angle of fin wedge

o = fin cant angle

¢ = roll angle measured from y axis

¢  =rollrate

Subscripts

c = cross-flow

2D = two-dimensional flow

3D = three-dimensional flow
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Introduction

HE importance of roll moments on the flight dynamic

characteristics of finned bodies is well recognized. As missiles
are required to operate at higher angles of attack, nonlinear
roll moment phenomena need to be more clearly understood
and accurately predicted. The theoretical prediction of roll
moments produced by finned bodies at high angle of attack in
supersonic flow has been relatively unsuccessful up to the present
time. As a result, the missile designer has been ineffective in
this area and the roll moment characteristics of missile con-
figurations have been determined by extensive wind tunnel
testing. This has proven to be a time-consuming and costly
task for new or modified configurations.

The flowfield of a circular cylindrical body at high angle of
attack is dominated by the presence of body vortices and
separated flow on the lee side. These vortices increase in strength
as the angle-of-attack or body length increases. A -theoretical
model for the body flowfield has been previously developed-by
Mello and Sivier.!*? This model was later extended and improved
in Refs. 3 and 4. Mello and Sivier, using their flow model and
three different lifting theories, attempted to predict the induced
roll moment of a finned body. Although their method did not
prove to be generally successful, they did point out several of the
important parameters affecting the induced roll moment.

The approach taken by Mello and Sivier, and also the present
approach, assumes that the body vortices are not affected by
the fin induced flowfield. This implies that the present approach
is not appropriate for very low aspect ratio fins. For the very
low aspect ratio case, the body vortex paths are substantially
affected by the presence of the fins as they travel down the
body. The slender body approach, similar to that developed by
Spahr,® is the most appropriate for very low aspect ratio fins.

In the present paper a method for predicting roll moments
produced by finned bodies at high angle of attack in supersonic
flow is presented. A cruciform fin configuration with fins having
rectangular planform is analyzed; however, a three fin con-
figuration can be studied by a simple modification of the present
method. The model of the body flowfield presented in Refs. 3 and
4 is used in the present investigation. Included in this flow
model are the concentrated body vortices, vortex sheets, and
core regions of the concentrated body vortices. The flow model
is used in conjunction with a here-in developed quasi-linear
lifting theory to predict roll moments. The lifting theory is a
combination of a series expansion method and linear conical
flow theory. The roll moment predictions of the present method
are compared with experimental data.
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Aerodynamic Analysis

The foundation of the present aerodynamic analysis is the
assumption that the body flowfield is not affected by the flow-
field induced by the fin. That is, it is assumed that the flowfield
generated by the body affects the flowfield experienced by the
fins but that the fin induced flow does not, in turn, alter the
body flowfield. Following from this assumption the aerodynamic
analysis of roll moments produced by the fins can be divided
into two parts: first, the flowfield generated by the body, and
second, the lifting theory and roll moment prediction for the
fins. The model of the body flowfield will be discussed only
briefly because this has been given previously in Refs. 3 and 4.
The lifting theory will then be presented in some detail.

Body Flowfield

The dominant flowfield characteristic of a body of revolution
at high angle of attack is the presence of body vortices which
form on the lee side (Fig. 1). The strength of these vortices
increases both with angle of attack and length down the body.
To model this complex separated flowfield it is assumed that
the flow can be divided into cross flow and axial flow. For the
present case of supersonic freestream flow, it is also assumed
that the cross-flow can be considered as incompressible. This is
a good assumption as long as Msino, < 1. The three-
dimensional body flowfield is formed by vectorially adding the
flow velocities in the cross-flow plane to the axial component
of velocity so that _

V=U,cosopit+ov.j+wk
where v, and w, are given in Ref. 3.

The body vortices are regions of concentrated vorticity on
the lee side of the body. Outside of the core region these
vortices are modeled by potential flow vortices. In the core
region an exponential decay of the vortex tangential velocity
is used to model the physical flow. Vortex sheets feed vorticity
from the boundary layer on the body into the concentrated
body vortices. The vortex sheets are modeled by a large number
(40) of low strength potential flow vortices in the cross-flow
plane (Fig. 2). It can be seen from Fig. 2 that the vortex sheets
will strongly increase the tendency of flow separation on the lee
side of the body.

The strength and position of the body vortices, and the relative
strength of the vortex sheets are taken from experimental data of
Mello? for M = 2. The interpolation of the experimental data for
various angles of attack and body lengths is given in Ref. 4.
The radius of the vortex core r, is taken to be

re/a = 0.06a,'2x/a
This equation is based on the experimental data of Mello?
and Jorgensen and Perkins.® Although there is considerable

scatter in the data with respect to angle of attack, this equation
correlates the data fairly well.

Lifting Theory

Consider a fin with straight leading and trailing edges per-
pendicular to the axis of the missile and the tip chord parallel
to the axis of the missile. The differential normal force dN on
a differential element dx by dr is written as

Fig. 1 Body vortex wake and coordinate system.
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Fig. 2 Cross-flow plane of flow model (from Ref. 3).

dN = (py—p,)drdx

This equation can be written in terms of the pressure co-
efficient p as

dN = (p,— pqdrdx 1
With this arrangement it is assumed that the flow properties
after the shock wave generated by the nose are approximately
the same as the freestream conditions.

Now consider the pressure field generated by the fin. The
flow about a fin can be divided into a two-dimensional (2-D)
and a three-dimensional (3-D) region. The division line between
the regions is the Mach cone emanating from the leading
edge of the fin tip. The calculation of pressure on the upper
and lower surfaces of the fin in the 2-D region could be calculated
by shock-expansion theory. This theory is rather cumbersome
and the accuracy afforded is not necessary in light of the
previously made simplifying assumptions. Instead, the surface
pressure is calculated in the 2-D region by means of a three term
series expansion in terms of flow turn angle 6. These equations
given in terms of the pressure coefficient p are’

b=Ci0+Co02+Cs0°  6<0 (2a)
p=C10+C0*+(C:—D)6? 0>0 (2b)
where
C1=2/B
Cy = [(M*—2)* +yM*]/(25*)
M*[y+1/ o 5+77—2y%\?
CFW[ 6 (M BT )
—49*+ 287>+ 11928y -3 3(M2=-%)?
24+ 1) ] ap"

D = (y+ DM*[(5—3y)M* — (12— 4y)M?*+8]/(4887)
Equation (2a) is used for expansive flow and Eq. (2b) for com-
pressive flow. The three-term series expansion enables one to
calculate simply and accurately the pressure coefficient for large
angles of attack. ‘

The pressure coefficient in the 3-D region is calculated by a
combination of conical flow theory and the previously given
series expansion method. Conical flow theoryis used to determine
the functional variation of the pressure coefficient over the 3-D
region. The level, or magnitude, of the function is determined
by matching it to the pressure coefficient in the 2-D region
along the tip Mach cone. In this way the value of the pressure
coeflicient in the 3-D region will be somewhat more accurate
than linear theory alone because of matching to the series
expansion method.

Using the functional variation of p in the 3-D region (see
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Fig. 3 Schematic of wave
pattern for fin chord.
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Ref. 8) and matching it to the 2-D pressure coefficient along
the tip Mach cone, one obtains

pap = 2sin™ {[Bbo—r)/(x—x)]"?} pap/n  where r2r3p
3)

For the radial coordinate of the Mach cone, r3p, it can easily
be shown that

rap = bo~(x—x))/f8 4

The expression for the pressure coefficient in the 3-D region,

Eq. (3), assumes that the Mach cone does not intersect the

body along the root chord. Therefore, it is required that

rap = a for all freestream Mach numbers. The equation for this
requirement is

Mz {[c/bo—a)]* +1}172 %)

Prediction of Roll Moments

The prediction of the roll moment due to fin cant for zero
angle of attack of the body and zero roll rate has been con-
sidered previously by Bolz and Nicolaides.® Bolz and Nicolaides
derived the fin cant moment coefficient derivative, C,,, using
the linear term in the series expansion for pressure coefficient.
The derivation of C;, using the three term series expansion is
given in Ref. 10 and will not be repeated here.

Consider the general case of nonzero o, ¢, and 5. Using
Eq. (1) and summing the differential roll moment contributed
by each fin, one has

4
dl=rg Z (P’ — p) dr dx
=1

where the superscript j refers to the jth fin. Integrating over
the surface of each fin and substituting in Eq. (3), one obtains

t

X frp 4 . x by 4
| = ql:j Zl (Ph,p,— Ply)r dr dx+(2/7r)J‘ J\ Z x
=

X Ja X Jrap j=1
(Pl — Phy) sin ™ Y[ Blbo— 1)/ (x— x)]"*} r dr de (6)

In the analysis thus far, boundary-layer separation on the
fin has not been considered. It was shown in Ref. 4 for subsonic
flow that flow separation on the fin was very important for
the accurate prediction of fin forces and moments at angles of
attack larger than 15°. A simplified model of flow separation
will be included in the present analysis by way of the pressure
coefficient on the fin surface.

A schematic of the wave pattern for a cross section of the
fin chord is shown in Fig. 3. Boundary-layer separation will
occur on the low pressure side of the fin because of the re-
compression shock wave near the trailing edge. The surface
pressure on the fin after the shock wave and separation will
be near the freestream static pressure. As the local angle of
attack increases, the shock wave strength increases and causes
the separation point to move forward. At very large angles of
attack the flow will separate at the leading edge and the entire
surface will be in a separated flow region. The separation point
will also depend on local Mach number, Reynolds number,
spanwise gradient of local angle of attack, and rate of change
of angle of attack if the missile is rolling. Because of lack of
experimental data on almost all of these parameters, the present
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model of the separation point will simply depend on local angle
of attack «;. It is also assumed that after the separation point
the surface pressure returns to the freestream static pressure so
that the pressure coefficient is zero.

The dependence of the separation point x, on the local angle
of attack is assumed to be

X5 = X —(X— x)[1 — (doy/m)*] 7
Two characteristics of the assumed dependence are noteworthy.
First, it is postulated that the rate of change of x, is small
for small angle of attack. The accuracy of this assumption will
be based in large measure on the thickness profile of the fin.
For single-wedge profiles this should be a good assumption.
For double-convex and double-wedge profiles, the experimental
data of Ferri'! indicate that this is not a good assumption.
Second, it is assumed that leading edge separation occurs at an
angle of attack of 45°. Very little experimental data is available
for thin wings with sharp leading edges at very large angles: of
attack. From data that is available for wings at low angle of
attack, however, 45° seems to be a maximum value Yor leading
edge separation.

It can be seen from Eq. (7) that x, is assumed to be a con-
tinuous function of o, However, in the real flow x, (o) is
probably not continuous. It is well known that the separation
point is dependent on whether the boundary layer is laminar
or turbulent. For high Reynolds number and low w, the
separation should be turbulent. As g is increased the separation
point will move forward into the transitiqnal and laminar flow.
When this occurs, the separation point should jump forward
because the laminar boundary layer cannot withstand an adverse
pressure gradient comparable to a turbulent boundary layer.
This jump would cause a discontinuity in the separation point
as a function of o;.

Returning to the roll moment equation, we now modify the
pressure coefficient terms in Eq. (6) according to the foregoing
discussion so that

B = pofor x < xga)
10 for x> x(o) and pi<0

)]

By this altering of the pressure coefficient it should be noted
that because o, depends on the spanwise coordinate r, separation
is allowed to occur on both sides of a fin at the same time.
For example, consider a fin located at the same angular position
as vortex 1 and let the radial position of the vortex be less
than the span of the fin. A large positive o, would occur out-
board of the vortex and separation could occur on the top
surface of the fin. While at the same time, a large negative «
would occur inboard of the vortex and separation could occur
on the bottom surface of the fin.

Nondimensionalizing ! with respect to ¢S, d and writing Eq. (6)
in a shorter form, one finally has

X, b0 4 . .

C,=(4/nd3)j j > (Bhyy— Plo,)F(r, X)rdrdx 9)
xJa j=1

where

Flrx) = 1 for r<ry
" @y sin T TBBo— P/ —x)]"E for 7> 1

.oea%::- d = Diameter

- d
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Fig. 4 Basic finner missile.
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Fig. 5 C, vs M on the basic finner missile.

The pressure coefficients for the top and bottom surfaces of
the fin depend on the turn angle of the top and bottom surfaces,
6/ and 0y, respectively. Assuming a single wedge airfoil as the
basic finner missile (Fig. 4), one has

0/ = oi(r)~8, and 6, =ai(r)+0;
where
ad(r) = sin~ ! [[8U ,, cos oy — (v + ¢r sin ¢) sin ¢/ +
" (wd— @r cos ¢) cos ¢/ U .2 cos? o, + (v + Pr sin )2+
(wi— r cos ¢7)?]"/%}

All of the numerical calculations for the present theory were

performed on the University of Texas CDC 6600 digital com-

puter. The double integration indicated in Eq. (9) was carried
out by means of a 20-point Gauss-Legendre double quadrature.

A typical computer run time to calculate the flowfield at the °

leading edge of the fin and C, for a given missile configuration,
M, 8, a,, ¢, and a set of 19 values of ¢ (eg, ¢ =0° 5°
10°,...,90°) takes roughly 7 sec CP time.

Discussion of Results

The fin cant moment coefficient derivative C;, as a function
of freestream Mach number for o, = 0 on the basic finner missile
is shown in Fig. 5. It is seen that the linear theory of Boltz
and Nicolaides® slightly underpredicts C,, and the present theory
slightly overpredicts C,,. It should be expected that the present
theory slightly overpredicts C,, because the dynamic pressure
losses due to the body boundary layer and the shock wave
from the nose of the body have not been accounted for. The
reason for the difference between the two theories even though
& — 0 is the fin thickness. In the linear theory, the fin thickness
plays no part because 8p/08 = constant. In the present nonlinear
theory, 8p/0d is a function of the fin thickness even though
6-0.

The induced roll moment coefficient vs a, for ¢ = 15° is shown
in Fig. 6. Using the terminology given by Mello and Sivier,’
the missile configuration is referred to as BsW; (see also Ref. 10
for a description of the missile configurations). For o, up to
20°, very good agreement between theory and experiment is
obtained for M = 3.24; for M = 2.0, the theory is slightly less in
magnitude than the experiment for low angles of attack. At
oy = 20° for M = 2.0 it is noted that the data exhibits a marked

— PRESENT THEORY
I ‘=|5°

Fig. 6 Induced roll
moment coefficient vs
ay for configuration
BsW,.
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Fig.7 Induced roll moment
coefficient vs ¢ for con-
figuration BsW,.

change in slope from negative to positive. This same characteristic
has been measured in incompressible flow. Judging that the
theory as presented does not exhibit this character, a numerical
experiment was performed with the theory. The value of o; which
produces leading-edge separation in the theory was decreased
from 45° to 224°. The induced roll moment coefficient was then

" recalculated and it was found that no significant change occurred

in the prediction. Therefore, a simple change in the leading-
edge separation criterion does not account for the observed
phenomenon.

Two possible mechanisms for the abrupt change in C; at
roughly oy = 20° are suggested. First, boundary-layer separation
on the fin surface may become so widespread that the flow
becomes highly three dimensional. This would negate the
approach of the present theory. Second, the leading edge shock
may become detached. For example, the turn angle at which a
plane 2-D oblique shock wave detaches at M = 2.0 is 23°. It is
suggested that because local angles of attack can be substantially
larger than o, shock detachment can occur when o, is less than
the 2-D shock detachment angle. When this happens, portions
of the flow will become subsonic and, therefore, greatly change
the pressure distribution on the fin surface.

Figure 7 shows the induced roll moment coefficient vs roll
angle for o, = 20° on configuration BsW,. It is seen that good
agreement is obtained between theory and measurement at
¢ = 15°. At ¢ = 30° the theory is substantially less than the
two data points. More data would be very helpful in evaluating
the theory for this case.

The primary reason for the rapid decrease in the magnitude
of the predicted induced roll moment (Fig. 7) for ¢ > 20° is the
vortex core region. For ¢ in this range, the positive roll
moment produced by fin 1 (the fins are counted counter-
clockwise, starting with the fin in the range 0° < ¢ < 90°) is
closely balanced by the negative moment produced by fin 3.
The negative moment produced by fin 2 is larger in magnitude
than the positive moment of fin 4 because of the clockwise
velocity induced by the left body vortex. As fin 2 rotates into the
vortex core, however, the induced velocity of the vortex decreases.
This results in the theoretical prediction decreasing in magnitude.

The induced roll moment coefficient vs exposed -semi-span
(bo—a)/a for M =2 and ¢ = 15° is shown in Fig. 8. Excellent
agreement between theory and experiment is obtained for
op = 16° and fair agreement is obtained for o, = 20°. The present
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Fig.9 C,, vs M on the basic finner missile.

theory correctly predicts the change in sign of the induced roll
moment for varying span fins. As was pointed out by Mello and
Sivier,' the spanwise location of the body vortices is of primary
importance with regard to the sign and magnitude of the induced
roll moment. For fin spans shorter than the radial location of
the body vortices, a positive induced roll moment will be
produced because of the clockwise induced velocity of the left
vortex on fin 2. For a fin of somewhat larger span, the induced
roll moment will be zero because the negative moment on fin 2
produced by the outboard portion will balance the positive
moment of the inboard portion. As the span is made larger,
the outboard portion will dominate and a large negative
moment will result.

The theory is plotted in Fig. 8 down to an exposed semi-span
of 1.5. Using Eq. (5) it can be calculated that this is roughly
when the tip Mach cone intersects the root chord. Figure 9
shows the roll damping moment coefficient derivative C;, vs M
for 4, = 0° on the basic finner missile. As occurred on C;,, the
present theory slightly overpredicts C, and the linear theory
slightly underpredicts C;. The difference again between the
linear theory and the present theory is the nonlinear effect of
fin thickness. Roll rate, it was found, had very little effect on the
roll damping moment.

Figure 10 gives C;, vs o, for M = 4.1 and p = 0.12 for the
basic finner missile. The theory predicts reasonably well the
measured increase (negatively) in C; as angle of attack increases.
This follows the same trend as has been measured in in-
compressible flow.* Using the present theory it was found that the
increase in C,, with a, occurs for all supersonic Mach numbers.
It was also determined from the theory that for a given &, C,,

PRESENT THEORY

Fig. 10 Ci, vs «, on the -6}k
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was almost constant with roll angle. This relationship is
important if one is analyzing the dynamic roll motion of a
missile in roll lock-in.

Summary and Conclusions

A method is presented for predicting roll moments produced
by finned bodies at high angle of attack in supersonic fiow.
Results are presented for fin cant, induced roll, and roll damping
moment. The results are compared with experimental data and
generally good agreement is obtained up to an angle of attack of
20°. Tt is shown that the theory correctly predicts the change
in sign of the induced roll moment with fin span, and also the
increase in roll damping moment with angle of attack.

Use of the present theory should aid the missile aero-
dynamicist in determining the optimum fin configuration for
his requirement. Also, it should enable missile dynamicists to
determine the most appropriate functional dependence of the
nonlinear roll moments on angle of attack, roll angle, and roll
rate.
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