VOL. 16, NO. 4, APRIL 1978

AIAA JOURNAL 363

Viscous Interaction or Support Interference—
The Dynamicist’s Dilemma

Lars E. Ericsson* and J. Peter Redingt
Lockheed Missiles & Space Company, Inc., Sunnyvale, Calif.

In hypersonic low-density fiows, slender vehicle dynamics are affected by various viscous flow phenomena.
The true viscid-inviscid interaction is often difficult to extract from the background of support interference in
wind tunnel tests and noniinear six-degree-of-ireedom motion effects in ballistic range tests, as was demon-
strated by Weish, Winchenbach, and Madagan several years ago. The range data and wind tunnel results for a
18-deg cone were shown to give completely different M, trends for the pitch damping derivative. The aim of the
present paper is to resolve this ambiguity and to help the vehicle designer decide how to obtain the best possible
‘information about the full-scale vehicle dynamics using subscale dynamic test data.

Nomenclature

¢ =reference length (maximum body diameter)

CG =1-Ax/¢, %

d = body diameter

14 =sharp cone length (Fig. 10)

g =sting length (Fig. 3)

M = Mach number

M, =pitching moment, coefficient C, =
M,/0% Ui /2)Sc

p = static pressure

q =pitch rate

Re =Reynolds number, Re,=xU,/v,; Rex,
=0, U, /v

S =reference area, S=7c’/4

t - =time -

U = axial velocity (along wind axis)

AX = axial body coordinate (see Fig. 10)

o =angle of attack

oy =trim angle of attack

& = angle-of-attack envelope, &= la, + 61,

Og = sting deflection angle (Fig. 5}

A =increment and amplitude

¢ = perturbation in pitch

Ab = pitch amplitude

6. = cone half-angle (Fig. 10}

7 = viscosity

1 = kinematic viscosity, v=ypu/p

o = density

w,@ = circular frequency, @ =wc/ U,

Subscripts

B =hase

d = discontinuity

h = hysteresis

N =10se

S =sting

oo = freestream conditions

Superscript

=induced, e.g., due to wake and sting in-
eractions

-~
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Derivarive Symbols

§ =96/5t
Cra =93C,, /3

cf
Co* Cra =Cra=3C, 0( =)
Crig» Crig =integrated mean coefficients for nonlinear
characteristics

Introduction

T is well known that viscous interaction effects are im-

portant in hypersonic low-density flows. The problem is
for the dynamicist to determine from his theoretical and
experimental information what the true full-scale flight
dynamics will be. Figure 1 iliustrates his dilemma. It shows
the experimental results compiled by Welsh et al.! for a 10-
deg sharp cone, as well as some more recent test data.? Also
shown are the inviscid flow results from Brong’s theory.? The
large influence of Mach number is to be expected, as the
viscous interaction effects increase strongly with increasing
Mach number. In Fig. 1, conventional wind tunnel test
results, as well as ballistic range data, indicate that the viscous
effect is slightly destabilizing statically. The dynamic stability
data from the bailistic range show a strong damping increase
with increasing Mach number relative to Brong’s inviscid
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Fig. I Unsteady aerodynamic characteristics of 10-deg cones.
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Table 1 Test conditions for data in Fig. 1

AIAA JOURNAL

Symbol Facility Reference  Rey, x10° dy/dg CG, % @ a, deg
° Ballistic range 1 0.4 .03-.07 63 004 25<a
a<12
o] Ballistic range 1 0.4 .03-.07 63 004 a<2.s
4 Wind tunnel 7 0.8 0 64 010 a>2
L Wind tunnel 2 9.0 .07 67 .008 2
A4 Wind tunnel 2 0.5 07 67 .006 2
L] Wind tunnel 2 0.5 017 67 .006 2
® Wind tunnel 4 0.6 0 60 005 a<2
v Wind tunnel s 0.25 017 59 005 1.5
v Wind tunnel 5 0.25 017 59 025 1.5
[ Wind tunnel 5 0.25 017 55 .046 2
® Wind tunnel 5 1.2 617 55 062 2
& Wind tunnel 5 0.56 017 55 023 1.75
a Wind tunnel 5 0.17 017 55 023 1.75
L 2 Wind tunnel 6 0.28 017 59 004 1.5
“ Wind tunnel 6 0.28 017 59 021 1.5
2 Wind tunnel 6 0.14 017 59 004 1.5
> Wind tunnel 6 0.14 017 59 021 1.5
theory; however, the wind tunnel results show the opposite increasing Reynolds number (and associated dynamic

trend, i.e., a strong reduction of the damping leading to
dynamic instability for high Mach numbers. The pertinent
information in regard to test conditions, center of gravity,
etc., for the test datab>*7 in Fig. l isgiven in Table 1.

The question the design engineer asks himself is, of course,
“What are the full-scale characteristics going to be?” 1t is
known that the wind tunnel data are subject to model support
interference and sting plunging effects, whereas the ballistic
range data may be difficult to interpret because of multi-
degree-of-freedom vehicle motion, nonlinear amplitude
effects, possible nose bluntening, and transient Mach number
phenomena due to high deceleration of very light models. The
aim of the present paper is to present information that will
help the designer decide how to solve his dilemma.

Discussion
The wind tunnel data®*” in Fig. 1 were obtained in the
usual manner using a sting-supported model. It is well known
that the interference from the sting support can be large,

pressure) until it has disappeared at Rey, =0.3x10%. This
might suggest that the data trend in Fig. 4 was caused by
mechanical support damping that was not adeguately ac-
counted for. However, the frequency trend goes the wrong
way. It can be shown'®'? that the tare damping would in-
crease with decreasing frequency, a trend opposite to that
displayed by the low-frequency data in Fig. 4.

Based upon the similarity shown in Fig. 2, the bulbous-base
results 2 will be used to explore the possible sting in-
terference effect in Fig. 4. Figure 5 shows the combined ef-
fects of sting deflection s and angle of attack o on the

‘pitching moment.'!"'? The ‘““wake flipping”’ causes a highly

nonlinear moment change that can be represented by a
discontinuity A'C,, for finite-amplitude oscillations. Note
that for one-degree-amplitude oscillation (Af=1 deg), at
a=0, 85 in Fig. 5 varies from §; = — 1 deg to 85 =1 deg. Thus
the sting-induced increment | A'C,, 1, 'which is several times as
large as the aerodynamic moment {C,,  Af!, will be included
in the measurements. The corresponding integrated effect

especially in regard to hypersonic dynamic stability data.®
Figure 2 shows the large undamping interference from an
asymmetric sting flare.® The near-zero damping derivatives in
Fig. 1 for M =20 belong to the set of data discussed by
Hobbs in Ref. 9, and are definitely subject to asymmetric
flared-sting interference®!® (see Fig. 2a). Comparing this
hypersonic, asymmetric flared-sting interference with that
documented for bulbous-based bodies at subsonic speeds !t/
(see Fig. 2b), one comes to the conclusion that, at hypersonic
speeds, even flat-based slender bodies can be subject to sting
interference, a fact that was first demonstrated by Walchner
et al. several years ago '3 (see Fig. 3). The asymmetric sting-
strut juncture causes divergent oscillation of a sharp (0.39%
nose bluntness) slender cone. Only when the distance between
model base and sting-strut juncture was increased from 1.2 to
4.2 base diameters were the expected damped oscillations
obtained. The highly nonlinear character of the damping
coefficient in the presence of sting interference shown in Fig.
2 is typical.?

Sting interference

Further study of the high-Mach-number data’ (M, =20)
reveals some peculiar trends (Fig. 4). The data obtained with
the stiff flexure show increasing damping with decreasing
Reynolds number, whereas the data obtained with a soft
flexure show decreased damping in agreement with what is
predicted by local dynamic viscid-inviscid interaction theory *
(Fig. 4a). According to theory'> there is no effect of
frequency for the range shown in Fig. 4a, i.e., for @’ <1,
Figure 4b shows how the frequency effect decreases with

AlC ¢ on the pitch damping derivative can be written

A'C i ={A'Crgyu+ (A Crgds

n
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Fig. 2 Sting interference effects.
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Fig. 4 Nonlinear sting interference. ¢

where
. 2AC, U.AN
ACru=— — L=
& T Al c @
and
) 2 A'C, I Awg
ACgp=— 22 m 1 0%
" x A8 & Af @

where &/ and A« are the lumped representations of the time
lag and hysteresis effects.'? Figure S shows that the moment
jump is stabilizing, A'C,, <0. Thus according to the ex-
pressions above, both sting-induced effects are undamping
A'C ;4 >0. The pure discontinuity effect, Eq. (2), is inversely
proportional to the amplitude A8, whereas the hysteresis
effect, Eq. (3), is inversely proportional to both amplitude
and reduced frequency &. Applying this formulation to the
data in Fig. 4, trying to find a curve for zero hysteresis from
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Fig. 6 Combined effects of aerodynamic discontinuity and hysteresis
on dynamic sting interference.

which the frequency effects given by Eq. (3) would fit the
data, gives the resuits shown in Fig. 6. That is, the frequency
trend could be explained with asymmetric flared-sting in-
terference of the type observed on bulbous-based bodies at
subsonic speeds. Looking at Hama’s flow pictures, * with the
lip shock extending almost horizontally from the flat base,
one can see a certain similarity between the base flow recir-
culation geometrics in the two cases, i.c., the flat base in
hypersonic flow and the bulbous base in subsonic flow.
Further credence to this postulated sting interference
mechanism is given by Walchner’s results. 34 Figure 7 shows
the observed discontinuity and hysteresis in the base pressure
variation with angle of attack. The divergent oscillation,
indicating negative aerodynamic damping obtained for
[¢/c=1.2, is shown in the top trace of Fig. 3. It should be
noted that only when the asymmetric flare-strut juncture-was
supplied with a splitter-plate fairing was the asymmetric sting
interference on the base pressure eliminated completely, even
for the long sting, /s/c=4.2 (Fig. 7b). This would indicate
that, in hypersonic tests with a bulbous-based body, one
would have to be particularly careful in regard to the support
design. Using a symmetric sting-strut geometry, as is done at
NAE, " is of course helpful in eliminating asymmetric sting-
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flare interference. However, careful design is still needed to
avoid symmetric sting( — flare) interference. ®

Other peculiar frequency effects have been observed that
cannot be explained by the hysteretic sting-flare interference
discussed above. Uselton and Uselton % show such tesults for
turbulent flow when a large symmetric sting flare, of the same
diameter as the model base, was placed close to the base
(Is/c=1). Similar odd frequency effects have been observed
by LaBerge and Orlik-Riickemann? in “‘two-dimensional”’
dynamic tests of sharp wedges. In both of these cases one
knows that large-scale vortices are present, generated by the
wedge-sideplate corner flow in the ‘‘two-dimensional”’
case,?* and by crossflow effects in the three-dimensional
case. There is a breakdown of axisymmetry for the base flow
on a slender cone at angle of attack, and one can expect that
large-scale vortices will develop in the body wake much earlier
than the so-called free body vortices.?® The case of a slender
cone followed by a large sting-flare is somewhat analogous to
the separated flow geometry existing on a blunt cylinder-flare
at transonic speeds?® (Fig., 8). Thus, one can expect a
dramatic change in separated flow pattern from the sym-
metric case at o =0 to the asymmetric case at o0, This
" explains the discontinuous nature of the asymmetric sting-
flare characteristics dicsussed earlier, as well as the possible
vortex interference with the sting-flare (see Fig. 8b).

It is clear from the results discussed so far that in order to
avoid, or at least minimize, aerodynamic sting interference
effects, a rather long separation distance between model base
and sting-flare has to be used (/¢7c>4). Furthermore, in order
to avoid cylindrical sting interference® the sting diameter has
to be rather small. Both these requirements bring in another
problem—that of sting plunging. This is, however, a less
formidable problem than that of aerodynamic sting in-
terference. The coupled pitch-plunge motion can be analyzed
relatively simply.?’

In ballistic range tests the six- degree of-freedom motion
causes great difficulties in regard to the data reduction,
especially when the vehicle. aerodynamics are¢ highly
nonlinear. Presently, when curve-fitting the vehcile motion
data, a certain type of nonlinearity is usually postulated based

upon computational expediency rather than on physical facts..

Thus, it is difficult to obtain completely unbiased information
about the nonlinear aerodynamics from free flight tests. Even
in the simple case of planar motion, as observed in free flight
or prescribed in free oscillation wind tunnel tests, it is difficult
to-obtain a true appreciation for the degree of nonlinearity.
This is especially true for the dynamic characteristics. Figure 9
illustrates this for the case of nose-bluntness-induced
nonlinear aerodynamics.?® -The finite-amplitude damping
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coefficient C;;=f (Af) for oscillations around a=0 is
weighted by the square of the pitch rate, which is maximum at
&=0 and zero at & =A#. This explains the slow response of
the large-amplitude damping coefficient C,;;=7(A8) to the
highly nonlinear infinitesimal amplitude derivative C, ;=1
(a). Another purpose for introducing Fig. 9 here is to
illustrate that & has to extend far into the nonlinear region
before the large-amplitude damping coefficient C ;4 will show
any effects. The figure also illustrates the fact that detailed
information about nonlinear unsteady aerodynamics can only
be obtained under the controlled conditions provided by
small-amplitude oscillation tests in wind tunnels covering the
angle-of-attack range of interest.

Another problem in ballistic range tests is that of nose
bluntening. It is noted in Ref. 1 that the 10-deg cones might
increase their bluntness from the initial value of 3.2% to 7%
towards the end of the run. Figure 10 and Ref. 28 show that
this bluntening would cause a 10% decrease in. the dynamic
stability derivative C,4, i.e., a trend opposite to the damping
increase over inviscid theory shown in Fig. 1. It is shown in
Ref. 29 that the effect of angle of attack can, in a first ap-
proximation, be accounted for by including o in the windward
side effective tangent cone angle (8, +8a/37). For the 7%
blunt 10-deg cone, Fig. 10 shows that increasing the angle of
attack from a=0 deg to a =10 deg would cause a damping
increase of 10%. That is, for the ballistic range data in Fig. |
with @>2.5 deg, it appears that bluntening and attitude-
amplitude effects would cancel each other, indicating that the
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increased damping with increasing Mach number probably is
a viscous flow effect.

Viscid-Inviscid Interaction
The observant reader has probably already noticed a
distinguishing . characteristic of the high-Mach-number
ballistic range data obtained by Welsh et al.!; i.e., it was
obtained at high flow inclination, @ > 2.5 deg, whereas the rest
of the data in Fig. 1 is for & <2.5 deg. It is therefore indicated
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Fig. 10 Universal scaling of spherical nose bluntness effects.

Fig. 11 Laminar crossflow at /0, >0.25,
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that the increased damping may be caused by the dynamic
effects of large viscous crossflow. This can be shown to be the
case. For the data in Fig. 1 with CG in the neighborhood of
60% and &> 2.5 deg the dominant viscous-induced forces are
caused by the leeside boundary-layer ‘‘hump”’ sketched in
Fig. 11. The regular boundary-layer shear layer is lifted by a
low-velocity inner layer generated by upstream crossflow
effects. Because of the low velocity the convective time lag for
the crossflow effects is large. Thus, the viscous-induced effect
is to decrease static stability slightly and to increase dynamic
stability greatly, similar to the effects of boundary-layer
transition. ®3 Using the aerodynamic static data obtained at
M, =7.95 by Tracy,? the prediction shown in Fig. 12 was
obtained. The computed viscous effect was applied in two
ways to Brong’s theoretical inviscid results—either added
algebraically or applied as a correction factor—resulting in
the data spread indicated by the crosshatched region. The
agreement between prediction and experiment is very
satisfactory. These large viscous crossflow effects will have
important impact on pitch-yaw-roll coupling of slender re-
entry vehicles, especially in presence of ablation, and may
figure prominently in any explanation of the observed
pretransition behavior at Earth re-entry.

Conclusions

A thorough review of available theoretical and ex-
perimental information about the effects of viscous in-
teraction and support interference on the hypersonic unsteady
aerodynamics of slender cones has revealed the following.

1) The large increase of damping with increasing Mach
number measured in a ballistic range by Welsh et al.! is a true
viscous interaction effect caused by large laminar crossflow.

2) Support interference is a problem that is aggravated at
increasing Mach numbers and by asymmetric sting-strut
arrangements. It is often difficult to eliminate aerodynamic
sting intérference completely. However, it can be minimized
through careful design until it is of little practical significance,
as has been demonstrated by Waichner.
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