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Dynamic Support Interference

J. PETER REDING* AND LARS E. ERICSSONT
Lockheed Missiles Space Company, Sunnyvale, Calif.

Available experimental results are reviewed and organized to provide a Jogical explanation of aerodynamic
support interference for dynamic wind-tunnel testing. Configurations involving bulbous bases, mass addition,
boundary-layer transition near the base, and hypersonic low-density flows are shown to be particularly sensitive
to sting interference effects. Transverse rod support interference occurs at all Mach numbers depending on
oscillation amplitude and/or trim angle of attack. The postulated flow model predicts that cylindrical and flared
stings can have opposite interference effects in agreement with experimental observations. An analytical
method of correcting the wind-tunnel results for dynamic support interference is proposed.

Nomenclature

== reference length (maximum diameter)
= sting diameter
= sting length
= Mach number
= pitching moment coefficient C,, = m/(p., V?/2)Sc
= normal force coefficient Cy = Nf(p U ?/2)S
= pitch rate
= radius
= base radius
= reference area (S = mc?/4)
= time
= velocity
= upwash velocity
z = horizontal and vertical coordinates (c¢ and c{, respectively)
= mean angle of attack
o = amplitude of pitch oscillation
= sting deflection
= difference
= pitch attitude
w = pitch frequency
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Subscripts

= downstream communication through boundary layer
= total interference

= transverse rod interference

= separation location

= boundary-layer upstream communication

= wake neck or wake upstream communication

= within wake separation

= upstream of wake separation

M= R Uy~R

Superscripts

i = induced, e.g., A!Cy = separation induced normal force
coefficient

Differential Symbols

o« = dujot

Cing = 8Cpnf8cx

Cpy = 0C,/8(ac/U)
Crmg = 8C,/cq/U)
Cony = 0C,/ G/ U?)
Cs = 8C,,/38

z = dz/ot
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Introduction

UPPORT interference has always been of great concern in

wind-tunnel testing. Dynamic test results are particularly
sensitive to the support system configuration since both
elastic and aerodynamic coupling with the model-balance
system can occur. Much of the evidence regarding aero-
dynamic support interference is confusing and sometimes
appears contradictory. For instance, the slender, bulbous
based body in Fig. 1* definitely experiences support inter-
ference; also Wehrend’s results show that the sting can cause
interference on bulbous based bodies.? Likewise, at higher
amplitudes the transverse rod can affect the forebody damping.
At precisely what amplitude the transverse rod begins to affect
the damping and how this is modified by the bulbous base is
unknown. Furthermore, Wehrend has also shown that
cylindrical and flared stings can have similar interference
effects (compare Figs. 2 and 3). Walchner and Clay have
observed the opposite effect of a sting-flare at hypersonic
speeds for a flat based cone.® Transverse rod interference is
also present at hypersonic speeds (compare Figs. 12 and 13 in
the text),** which is no surprise; but why should a flat based
cone at hypersonic speeds experience sting interference effects
similar to those of a bulbous based cone at transonic speeds ?
The flow model proposed herein attempts to answer these and
other questions concerning dynamic support interference and
proposes a means of correcting the experimental results for
these unwanted effects.
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Fig. 1 Dynamic support interference on a hemispherical based
slender cone.
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Fig.2 Effect of sting size on the damping of a bulbous based body,

M = 0.65.
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Fig. 3 Effect of sting flare on the damping of a bulbous based body,
M = 0.65.

Flow Models

It has been shown that the interaction between the near
wake and a bulbous base causes dynamic instability.> Cer-
tainly, then, the presence of a sting must affect the dynamic
stability. In fact, this is what Wehrend was investigating
when he obtained his telling sting interference data of Figs. 2
and 3.2 Just how much of these unusual bulbous base effects
are due to sting interference, is difficult to ascertain. How-
ever, free-flight results have amply demonstrated that the
bulbous base causes a nonlinear undamping effect (Fig. 4).°
This undamping effect is the result of unequal windward and
leeward side wake neck pressures that are convected upstream
through the wake recirculation to perturb the wake separation
point. The unequal wake mneck pressures (higher on the
windward side) are the result of the transverse pressure gra-
dient imposed by the freestream in turning the inclined wake
parallel to the freestream. These wake effects are opposed
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Fig. 4 Free-flight damping of a bulbous based cone.

by the tendency of the leeward boundary layer, thickened by
forebody crossflow effects, to cause the leeward separation
point to move forward. That the near wake effects tend to
dominate may be seen in Fig. 5.1

Of course, the dominance of the wake effect depends upon
the strength of the pressure rise at the separation point relative
to the wake neck. When a terminal normal shock occurs at
the wake separation point the pressure rise there is much
larger than at the wake neck, and the near wake effects vanish
(Fig. 4). A sting, of course, alters the wake geometry and
enhances the wake neck pressure differential, since the sting
can support a greater pressure gradient than can a free wake.

Dynamic Sting Interference

Dynamic sting interference s quite different from the static
variety since in the usual dynamic test set-up the model
pitches relative to the sting (rather than the two pitching to-
gether). Thus, the dynamic interference load will be negative
or statically destabilizing. (Compare Figs. 6a and 6b.) When
the rotation center is forward of the base, base plunging
effects further aggravate the sting interference.
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Fig. 5 Near wake flow pattern of a slender cone with rounded base,
M=20,a=12°

1 The wake of the transverse rod on the back side of the model
serves to further enhance the boundary-layer effect by adding to
the viscous layer. Therefore, the separation would be even more
asymmetric in the free-flight case.
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Fig. 6 Steady and unsteady cylindrical sting induced base load.

In the unsteady case the interference load lags the vehicle
motion due to the finite convection speed downstream to the
wake neck and the following upstream convection through
the wake recirculation region. Thus, a residual interference
load occurs (as the body pitches downward through o = 0)
which opposes the motion (compare Figs. 6¢ and 6d). Thus,
the interference effect of a cylindrical sting is damping (but
statically destabilizing).

The wake recirculation region plays a similar role in flared
sting interference, except that the flare may cause an opposite
interference load. When a cone is pitched in the wake neck
it introduces an upwash in the wake recirculation region which
expands the leeward wake and, if the wake separation point is
free to move, the wake source base load will be affected (as
for the asymmetric flared sting in Fig. 7). A similar cross-
flow phenomenon is evident in the recirculation region for
nose-induced separation (Fig. 8),” and has been shown to be
responsible for dynamic instability of conic decelerators.®
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Fig. 7 Pressures on a hemispherical base with flared sting
interference.
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Fig. 8 Crossflow patterns in the recirculation region for
nose induced separation.

Results for wake submerged cones show that the sign of the
interference load reverses for very short separation distances.®
This occurs when the tendency of the higher windward side
recompression pressure to expand the windward wake
dominates the crossflow effect in the recirculation region.
Thus, moving the sting flare forward to the model base reduces
the undamping effect of the flared sting (Fig. 3). The asym-
metrically flared sting in Fig. 7 generates a statically stabilizing
interference load due to the effective sting deflection 8,. The
correlation between dynamic stability, static stability, and
sting deflection derivative measured by Adcock® shows con-
clusively that the flared sting produces an undamping (and
statically stabilizing) interference effect (Fig. 9).§

The interference load is not necessarily restricted to the
bulbous base. A rounded base shoulder seems to facilitate
the modification of the aft body loading. The loads directly
on the bulbous base itself cannot be responsible for the un-
damped free-flight results shown in Fig. 4. It has been shown
that when transition occurs near the base at transonic speeds,

Fig. 9 Correlation of static and dynamic flared sting
results for bulbous based bodies.

§ The support interference derivative reaches its maximum when
the sting flare is centered in the wake neck (8o = 0). In this case
the wake is unstable at 8, =0 resulting in discontinuous inter-
ference characteristics. Flowfield hysteresis precluded traversing
the discontinuity for the small oscillation amplitude used (Ao = 1°);
thus, the maximum interference effect was not realized.
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a flat based cone can also be affected by dynamic sting inter-
ference.'® The sensitivity of transition location to adverse
pressure gradient provides the mechanism whereby the wake
(perturbed by the sting) affects the loads forward of the base
and thereby the damping. Whenever there is a flow mechan-
ism through which the wake can affect the loads forward of
the base, sting interference results. The thick laminar
boundary layer existing in ground tests at hypersonic speeds
provides such a flow mechanism. The presence of the sting
affects the lip shock strength via the wake neck recompression
and the near wake recirculation regions. This pressure change
is propagated upstream of the base to an extent that is
roughly proportional to the boundary-layer thickness.!! At
high Mach numbers and very low Reynolds numbers the lip
and wake-neck shocks appear to merge!! allowing the sting
to affect the lip shock almost directly. This explains the
flared sting interference effects measured by Walchner and
Clay (Fig. 10).®> The nonlinear damping results of Hobbs
(Fig. 11),* which bear such a similarity to the bulbous base
results, also appear to be due to interference effects from an
asymmetric sting flare.*?

Any attempt to simulate ablation, either by using low-tem-
perature ablators or gas injection, increases the probability of
dynamic sting interference. Not only is the extent of any
upstream effect of base influence enhanced by the thicker
boundary layer, but the coalescence of lip and wake neck
shocks is promoted. When gas injection or blowing is used
to simulate ablation, the sting is usually large to accommodate
the necessary plumbing, further increasing the potential for
dynamic sting interference.

Transverse Rod Interference

One obvious way to avoid the problem of dynamic sting
interference is to use a transverse rod support. However, it
has been amply demonstrated that a transverse rod,'® or a
wire support located near the wake separation point,** can
have a profound effect on the wake geometry. Obviously
this will invalidate the damping measurements of bulbous
based bodies since the unperturbed wake effect adds an
important contribution to the damping. However, it may
not be too serious for flat based configurations.

Of course, rod positions forward of the base are of greater
practical interest since few (if any) flight vehicles have a center
of gravity at the base. At transonic speeds it appears that
even this rod interference is not a serious problem for low
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Fig.10 Effect of sting flare on the dynamics of a slender cone, M = 14.
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Fig. 11 Comparison of hypersonic and transonic flared sting
interference.

amplitudes and/or trim angles (Fig. 12).Y However, at hyper-
sonic speeds appreciable rod interference is realized even
for low-amplitude oscillations about zero angle of attack
(Fig. 13). In both cases the interference effect is un-
damping. As in the case of sting interference, the
static and dynamic effects of rod interference are opposite
(Fig. 12), indicating the presence of a flowfield time lag. The
increased static stability is due to reduced leeward side
dynamic pressure as the rod wake sweeps over the aft body

CONFIGURATIONS Ac=2°

o STING MOUNTED
FREE OSCILLATION
aa = 10°

&— == ROD MOUNTED
FREE OSCILLATION

Aa = 10°

¥

Fig. 12 Transverse rod interference.

€[ Because rod and sting results agree at low amplitude (Ao = 2°)
one may assume interference effects are absent. Likewise, since -
the sting mounted results at Ax = 10° agree with the Aec = 2° results,
one may further assume sting interference effects are also absent for
the flat based, slender cone with its linear aerodynamics.

, —— = STING AND ROD-MOUNTED -
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Fig. 13 Transverse rod interference, M = 10.

at angle of attack. The rod wake does not trail directly
behind the rod, but is swept upward as the result of the
increased crossflow at the lateral meridians. Inviscidly the
crossflow at the lateral meridians is approximately double the
freestream angle of attack. The viscous streamlines tend to
turn even more, so that local crossflow angles at the body-rod
juncture of three to four times the freestream angle of attack
are not unusual.'®

In the unsteady case, the additional wake angle tan™*
Aw/U ., (Fig. 14) lags the body motion due to the finite con-
vection speed in the rod wake; thus, the induced force AiCy
will lag the body motion, and the statically stabilizing tail load
is dynamically destabilizing or undamping. At small values
of Aw/U,, the wake will be restricted to the lateral meridians,
thus having negligible effect on longitudinal characteristics.
When the ratio Aw/U., increases, as with the increased viscous
effects at hypersonic speed, rod interference becomes appreci-
able already at low angles of attack (compare Figs. 12 and 13).

ROD WAKE
CENTERLINE

Aw ‘ Aw

VELOCITY AT
LATERAL MERIDIANS

Fig. 14 Rod wake interference at large angles of attack.
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Elimination of Support Interference

The proposed flow models explain the observed interference
effects; however, they do not define quantitatively at what
flow conditions and for what configurations one might expect
support interference. Free-flight techniques obviously avoid
sting interference. However, it is often desirable to be able
to achieve the more controlled conditions of a wind tunnel
test. Thus, it would be useful to have some means of cor-
recting wind-tunnel data for interference effects.

Quasi-Steady Technique

Wake flow theories are not sufficiently advanced to produce
a means for correcting wind tunnel measurements for support
interference. However, it appears possible to achieve such
ends by combining static experimental data with quasi-steady
analytical techniques. This approach has had considerable
success in the past.’¢!7

In classical quasi-steady theory the force is defined as

CNqs - CNOCO + CNz& (1)
where
a=04+zU

This formulation is valid for aerodynamic forces that depend
only on the instantaneous local angle of attack. However,
the support interference load is primarily a function of flow
conditions elsewhere, e.g., at the wake neck. The inter-
ference loads can be expressed as follows:

AlCnas(1) = A'Cx(oto) + ATCroa(t — At) 2)

That is, the induced interference load at time ¢ is determined
by the generalized angle of attack at the earlier time, # — At.
In the case of the sting support it is assumed that the sting
deflection loads will be available from special static results
similar to those obtained by Adcock (Fig. 9).° Consider the
model with a cylindrical sting (Fig. 15).** The interference
load may be represented by two lumped loads, one upstream
and one downstream of the wake separation point,

AiCN& = AiCN&l + Aicwz (3)
The quasi-steady cylindrical sting load is

AiCNc(t) = A'"Cyi(ao) + Aiczvz(ao) +
AfCys18:(t — Aty) + AfCrsada(t — At) )

x = c§

Alc

Né2

i
ACxs1

Fig. 15 Sting interference.

** The angles ao, 0, and 8 are small (they are exaggerated in
Fig. 15).
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where

Gy =0+ £:00/U, & =0+ £200/U s,
Aty = (Uoo/Ud 4+ Un/Uy) (€w— £)clUs
Aty = Aty + (Uo/U) (65— &2 ¢/ U,
U, = downstream wake communication velocity
U, = upstream wake communication velocity
U, = upstream communication velocity in the boundary layer

For slow oscillations, (we/U«)? < 1,& (t — At) can be approxi-
mated as follows:

&t — At) = 0(t) — Atd(t) + £ct)|U 5)

Substituting Eq. (5) into Eq. (4) and taking 8/ (c/U.) gives
the unsteady interference load, where & = &.

A Crs[A0c|U) = —
(A'Crs1 + A'Crs2) (Ua/Us+ Uo[Uy) (£ — ) +
AICNM gx - AiCN:SZ[(Uw/Uu) (fs e fz) - fz] (6)

The moment derivative is simply obtained by A‘C,; = —
£A'Cys.  The unsteady interference moment derivative can be
subtracted from the measured damping derivative (Cpni)m t0
give the corrected damping derivative Cs.

Crio = (Cri)m — OA'Crnse/ B/ U ) @)

A similar procedure may be followed to obtain the flared
sting interference effect.

Actually, the bulk of the interference load is the result of
base plunging; thus, the measured interference load is

AlCys = AA'Cy)[28 + [8(A'CN)[2L](28/28) ®

Furthermore, if the interference load is obtained from static
force measurements, one does not usually know both up-
stream and downstream components separately, but only the
total interference load A'Cys; = A'Cusy + A'Cys2.  Thus, the
unsteady interference load is

N Cys/ (0| U.) = —
AicNat[(Uoo/Ud‘l’* Uoo/UW)(gw"— fl)_£I] (9)

&1 is substituted for £; and &, where &, = £, is the assumed
center of pressure for the total interference load.

The rod interference effect can be derived in a similar
manner. The sweeping of the wake to the leeward side
depends on the crossflow at the rod location which in turn
can be related to the angle of attack. Thus, from Fig. 16

Ca(t) = [0Lr/0a] [Oar/Bar) Gt — At) (10)

where & = o0 +6 (2 =0 at the rotation center) and Atz =
(er/UR) (fxC/er).

The induced load due to the reduction of the leeward side
dynamic pressure within the rod wake is

A'Crar = (83/g=) C5 (8Sr/0Lr) (9Lr/0x) an

Fig. 16 Rod interference.
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where AG is the average reduction in the wake dynamic
pressure; C; is the average attached flow pressure coefficient
in the area covered by the rod wake, and Sk is the normal
projection of the area within the rod wake.

If static measurements are used, A‘Cy,g is measured directly.
Following the same steps as for the sting interference load
yields

BA'Cyr/&(0c/U) = —AiCrar(Unw/Ur)ér (12)

which may be muitiplied by —£&x and the result subtracted
from (C,s)m to give the corrected damping.

The alteration of the basic wake geometry by the presence
of the sting has been neglected. Certainly, a sting will change
the location of the wake separation point even at « = 0 which
will affect the loads and therefore the damping. Similarly,
the rod wake will interact with the body wake and affect the
loads.

By neglecting these effects we have assumed that the support
system is small. In addition to the interference loads the
communication speeds (U, U,, and Ug) must be known.
They can be determined by correlating unsteady pressure
measurements within the wake or by measuring wake velocity
profiles. Both involve difficult experimental techniques.
However, the use of free wake communication velocities is
consistent with the assumption of a small support system.
Adcock’s data® were corrected in this manner by assuming a
small support system (Fig. 17).

It is unfortunate that no interference free data are available
for comparing with these results. This points out the need
for more definitive experimental data. Not only is there a
scarcity of interference free results but, as far as the authors
know, there have been no systematic investigations of dynamic
sting interference that can define quantitatively where support
interference becomes a problem. Likewise, more theoretical
work aimed at defining the wake induced loads and their
associated time lags would not only make possible correction
of wind-tunnel result for support interference but would also
provide better estimation of the flight vehicle characteristics.

Other Approaches

It may be possible in many instances to use experimental
results to extrapolate to zero sting size. The difficulty with
this approach is getting a point sufficiently close to zero sting
size while maintaining the necessary sting stiffness. Using a
splitter plate or web to stiffen a minimum size sting may add
additional interference effects. The mixing of the wake with
the splitter plate boundary layer may alter the wake recom-
pression sufficiently to preclude simulation of the free wake.
This is also a problem with the half model technique.!®
Wehrend’s result indicate that the splitter plate certainly alters
the aerodynamic sting interference (Fig. 4).11> In any event,
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Fig. 17 Damping of a hemispherical based body corrected for sting
interference.

++ This is not a case of the splitter plate affecting the sting
response or ‘‘elastic interference” since there is no effect on the flat
based model.
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the validity of extrapolating to zero sting size will need to be
verified.}t Thus, any definitive study of support interference
must involve both wind tunnel and free-flight facilities.

It would be convenient if one could resort to free-flight
techniques completely. However, it is often desirable to
maintain the more controlled conditions of a wind-tunnel test.
In the ballistic range pitch amplitude variations may be modi-
fied by nonlinear Mach number effects. The free-flight tunnel
may circumvent this problem, but one is still constrained to
the use of statically stable models, and it is difficult to achieve
nonzero trim angles of attack.’®> Magnetic suspension com-
bines the best of free-flight techniques and wind-tunnel
testing, but it is still a long way from being a routine testing
tool.

Until such time as the ground rules for avoiding dynamic
support interference are better defined, it might be advisable,
for sensitive configurations, to test a few sting sizes, as
Wehrend did,? to determine if there is a problem. This must
be done dynamically since the dynamic stability may be sig-
nificantly affected while the effects on static stability are
negligible. In fact, this may always be a good approach, since
apparently unconnected configuration changes may alter the
support interference. For instance, Olmstead’s results2® indi-
cate that when boundary-layer transition occurs in the wake
of a model with a concave base an undamping, statically
stabilizing interference effect occurs. Likewise, the measured
dynamic effect of boundary-layer transition may be affected
by sting interference effects on the concave base.2*>22 A blunt
nose, in addition to eliminating the accelerated flow effect,??
may change the sting interference as well. Peterson and
Bogdonoff have shown that nose bluntness has an effect on
the hypersonic base pressure by changing conditions forward
of the corner.?® Thus, one wonders how much of the
measured effects of nose bluntness are in reaility due to sting
interference effects via this nose-near wake coupling.

Conclusion

Dynamic support interference is very much a fact. The
presented resuits show that upstream effects from the near
wake region are responsible for the dynamic sting interference.
Any configuration that allows base effects to be communicated
forward and effect the longitudinal loads will be subject to
dynamic sting interference. Transverse rod interference
occurs at all speeds at certain trim angles of attack and/or pitch
amplitudes. It appears that a quasi-steady analytical cor-
rection technique for dynamic sting interference is possible if
static support interference measurements and valid estimates
or measurements of the pertinent convection speeds are avail-
able. What is most needed now is a systematic experimental
attack on the problem combining data from wind tunnels and
free-flight facilities to define ground rules for minimizing or
avoiding sting interference. Such ground rules must con-
sider the fact that support interference is coupled with other
geometric parameters such as nose bluntness and base shape.
In the interim the experimentalist is cautioned to expect these
effects and to design his test in such a manner that their
presence can be detected.
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