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Fig. 3 Another comparison of the second-order damping moment
with experimental values.’
(3) was found to be

OR= —2Kzyd, + MPoboy + MENZG b0, @)
Now we can consider the solution ¢, as the sum of the par-
ticular solution Eq. (7) and the complementary solution ¢§
that satisfies Eq. (2) and subjects to the boundary condition

37.(62,0)=¢,,(x,»,0) — ¢, (x,»,0) ®)

The damping in roll coefficient C/, can be written as

Cl, = (2C*/Sb?)

’ wing
area

Y3AC, /K dxdy ©)

Calculations and Discussion

We have calculated the roll damping moments of two
rocket models using the linearized and second-order theories.
The effects of wingbody interference are estimated by the
linearized theory.®

Figure 2 is a study of the effect of freestream Mach
number on the damping moment of the basic finner in roll.
The cross section of its fins is an 8% thick wedge. It presents
the values of the C/, estimated in this manner as compared
to the experimental values presented in Ref. 8. Figure 2 in-
dicates that the agreement between theory and experiment
has been improved considerably.

Figure 3 shows the roll damping moment of a rocket
model. The calculated results of the linearized and second-
order theories were compared with the experimental values
presented in Ref. 9. Because of the small thickness of the
wings (only about 3%), the use of the second-order theory
did not result in much improvement.

Conclusions

Because an exact particular solution Eg. (7) has been
found in this Note, a real three-dimensional second-order
theory may be used to study the problem of stability of a
rolling wing of an arbitrary planform and cross-sectional
shape in a supersonic stream. The results show that the
second-order theory can give a slight improvement in the roll
damping of a wingbody rocket based on the results of the
linearized theory.
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Dynamic Stability Tests on Finned
Bodies at Hypersonic Mach Number

G. R. Hutt* and R. A. Eastt
University of Southampton, Hants, England

Nomenclature

=pitching moment coefficient=M,..,/ 20V 28d

= pitching aerodynamic stiffness derivative=
aC,,/da

=pitching moment derivative due to rate of change
of angle of attack=4C,,/3(ad/2V)

=pitching moment derivative due to rate of pitch-
ing=9C,,/d(qd/2V)

=model centerbody diameter

=total model length, nose to cylinder base

=freestream Mach number

=aerodynamic moment

=pitch rate of oscillating model

= Reynolds number based on cylinder body
diameter

= cylinder area = (wd?/4)

= flow speed

=axial distance from the nose tip to the oscillation
axis

=angle of attack, deg

=rate of change of o w.r.t. time

=flow density
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Fig. 1 Model configuration.

Introduction

TIMULATED by ballistic vehicle research, studies have

been made of the high Mach number stability charac-
teristics of axisymmetric projectiles such as cones, ogives, and
a hyperballistic series of shapes. However, there is a dearth of
experimental data on slender finned vehicles in hypersonic
flow. Given the trend of increasing flight Mach number for
this type of vehicle, in combination with strong viscous effects
on stability observed on finless shapes, it is essential that ex-
perimental data on fin and Reynolds number effects on
aerodynamic stability be obtained. This paper presents the
results of an experimental study to deduce the pitch stability of
cone-cylinder bodies with 3, 4, and 6 fins.

Models and Test Conditions

The experimental data presented here were obtained in an
isentropic light piston tunnel at the University of Southamp-
ton. This is an intermittent facility providing a 0.21-m-diam
open jet flow of M =6.85 for duration of typically 0.5 s. Fur-
ther details of the wind tunnel are given by East and Qasrawi.!
As shown in Fig. 1, the common part of the test vehicle is a
pointed cone nose and a cylindrical afterbody with an overall
length-to-diameter ratio of 6:1. Data were obtained for 3, 4,
and 6 fin configurations and for oscillation axis stations, given
by X, /L, of 0.5, 0.625, and 0.75. The fins are symmetric in
cross section with a 15 deg angle chamfer relative to the fin
plate and normal to its leading edge. The chosen fixed roll
angle corresponds to one fin aligned in the pitch plane.

Static (stiffness) and dynamic stability (damping)
derivatives, —C,,, and —(C,,, + C,,,), respectively, were ob-
tained using a sting support dynamic stability rig. The small
amplitude free oscillation test technique was employed and the
model motion time histories were recorded via an optical
model position detector.? The initial model oscillation
amplitude was approximately +1 deg on a flexure pivot of
about zero angle of attack. Throughout the test program the
Mach number was fixed at 6.85 and the flow Reynolds number
varied by altering the upstream stagnation pressure. The
Reynolds number range, based on cylinder body diameter,
was 0.27X10°<Re,<1.45x10°% and the flow stagnation
temperation was 600 K.
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Fig. 2 Stability derivatives vs Reynolds number for the four-fin
model, L/d=6, M=6.85, a=0.
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Fig. 3 Stability derivatives vs Reynolds number for the six-fin
model, L/d=6, M=6.85, a=0.
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Fig. 4 Stability derivatives vs CG position, L/d=6, M=6.85,
Rey=0.27x 105, o =0.

Results

The variation of the measured stability derivatives for a
range of Reynolds numbers for the 3, 4, and 6 fin configura-
tions are shown in Figs. 2, 3, and 4.

For the three-finned configuration data, the stiffness
derivatives are independent of the Reynolds number over the
range tested. The model with an oscillation axis X, /L =0.5is
statically stable, and, as expected, aft oscillation axis move-
ment promotes static instability. The damping derivative is of
the order —(C,,, + C,,,) =20~ 30, with the aft oscillation axis
yielding the larger values within this range. Similar to the
three-fin data, the four-fin stiffness derivative —C,,, shown
in Fig. 2 is independent of Reynolds number effects. However,
the damping derivative —(C,,, + C,,,) shows an increase with
increased Reynolds number. This increment occurs at lower
Reynolds number as the oscillation axis is moved rearward.
This phenomena is thought to be due to a viscous crossflow af-
fecting transitional flow. With the exception of the model with
an oscillation axis X, /L =0.75, the damping derivative is of
the order, —(C,,, + C,,,) =20~40. Although the data for the
models with an increase in fin number show an increase in
stiffness derivative, only the model with the oscillation axis at
X, /L =0.5 is statically stable. The six-fin model data, shown
in Fig. 3, indicate that the stiffness derivative is Reynolds
number independent. The damping derivative data show some
increase with Reynolds number, in the range — (C,,, + Cpe) =
25~35, which is also related to axis position. Experimental
data trends for L/d=6 model Re,=0.27x 10° are presented
as a function of oscillation axis location in Fig. 4. The ob-
served trends clearly show the decrease in static stability
- C,,, with rearward oscillation axis location in combination
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with increased static stability increased fin number. The
dynamic derivative, with —(C,,+Cy;), trends identify
characteristic minima which accompany the respective axial
center-of-pressure locations along the model axis where
— C,, =0. The lowest damping derivative is that of the four-
finned model.

Transitional boundary-layer effects on slender vehicle
stability at hypersonic Mach numbers have been widely
reported, for example, by Ericsson.>-* Experiments conducted
in the Southampton hypersonic wind tunnel® show that for
Reynolds numbers equivalent to Re,>1.16x 109, a pointed
10-deg cone is subject to transitional flow on the aft body. At
the lowest values of test Reynolds number, the flow over the
slender finned bodies tested here is most likely to be laminar.
Increasing Reynolds number promotes an increase in damping
derivative. The Reynolds number at which this occurs is
dependent on the fin number and oscillation axis position.
Usually, angle-of-attack-dependent changes in slender vehicle
stability derivatives invoke changes in both stiffness and
damping derivatives. In this case, however, it is only the
damping derivative that is affected. Noting the previously
reported®* sensitivity of slender vehicle stability to viscous ef-
fects, it is postulated that the phenomenon responsibile is an &
rate-dependent forebody-viscous crossflow, which subse-
quently determines the aft body fin effectiveness. It is only the
rate term & which can decouple the stiffness and damping
derivatives, since the — C,,, and C,,, terms are quasisteady in
nature.

Concluding Remarks

The reported experimental data quantify the magnitude of
fin number, Reynolds number, and oscillation axis effects on
the pitch static and dynamic stability for a finned pointed
cone-cylinder geometry in hypersonic flow, at zero mean angle
of attack. At low Reyolds numbers, conventional pitch stabil-
ity-oscillation axis relationships are observed. Also in this
regime, incremental effects on pitch static stability with in-
crease in fin number are found, but the consequent changes in
the measured dynamic stability are relatively small. A
Reynolds number axis position effect on the damping
derivative is observed, leading to a suggestion of angle-of-
attack rate dependent, &, viscous flowfield contributions.
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