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Viscous Effects on Missile Aerodynamics at Low Angles of Attack
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Analytic results obtained through a recently developed preliminary design code are compared with ex-
perimental results. It is found that, especially at transonic speeds, viscous flow effects can severely distort the
inviscid unsteady aerodynamic characteristics of typical tactical missile geometries. The different sources for
these "anomalous" viscous effects are described, and the potential danger of using subscale experimental data
as the basis for a design code is illustrated by a few well-documented examples.

Nomenclature
c = reference length, usually c = dN
d = diameter of cylindric aft body
dN = base diameter of nosetip
/ = total body length
M = Mach number
Mp — pitching moment, coefficient Cm = Mp / (p «, U2

W /2)S
p = static pressure, coefficient

Cp = (p-p00)/(PooU2
00/2)

q = body pitch rate
Re = Reynolds number, Rel = U^l/v^
S = reference area, S = c2 /4
t = time
U = axial velocity
x = axial distance from nosetip
a = angle of attack
Aa = pitch amplitude
A = increment
0C = cone half-angle
v = kinematic viscosity of air
p = density of air
Subscripts
c = cone
CG = center of gravity
N =nose
TR = transition
oo = freestream conditions
Derivative symbols

dcm
m*m

Introduction

THE dominating viscous flow effects on missile
aerodynamics at high angles of attack are well known.M

Less well known is the fact that they, in many cases, can be
equally dominating at low angles of attack. The flow
separation induced by a blunt nose at transonic speeds often
causes dynamic instability of cylinder-flare bodies at low
angles of attack and amplitudes.6'7 Adding a bulbous, dome-
shaped base to a slender vehicle can also result in a complete
loss of pitch damping at transonic speeds.7'8 Somewhat more
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subtle than these effects of separated flow is the observed
large effect of boundary layer transition on the low-a vehicle
aerodynamics of a slender cone. 9'!l

The present paper illustrates how viscous flow phenomena,
such as the ones mentioned above, can influence the low-a
aerodynamic characteristics of typical missile geometries. As
the viscous effects are largest in regards to the unsteady
aerodynamics, only the dynamic stability characteristics will
be discussed. The potential danger posed by these viscous
flow phenomena when using subscale experimental data for
missile design is illustrated by a few well-documented
examples.

Discussion
Figures la and Ib demonstrate that a recently developed

preliminary design code12'13 can predict the pitch damping
derivative measured experimentally!4'15 on ogive-cylinder
bodies of varying slenderness. The predicted damping by the
inviscid design code12'13 is the same for both the regular and
the boattailed l/d = 3 ogive-cylinder shown in Fig. 2. The
figure shows that the effect of Reynolds number is small for
the regular ogive but very large for the boattailed body. This
adverse effect of a boattail or a bulbous base on dynamic
stability has been described in detail.7-8 When the Reynolds
number is increased so that the boundary layer becomes
turbulent before the base, the adverse boattail effect is
minimized. This explains why a compilation of experimental
data for an l/d = 5 ogive-cylinder15 does not show any
distinctive boattail effects (Fig. 3). What can be the reason,
then, for the poor prediction by inviscid theory12'13 of the
experimental results in Fig. 3? Figure 4 gives the answer. The
experimental results16 show that boundary layer transition
effects could have caused the increased damping.

It is shown in Ref. 9 that transition aft of the center of
gravity (CG) on a slender cone will increase the dynamic
stability substantially and decrease the static stability slightly.
It is also shown that the transition effect for the cone is in-
versely proportional to the cone angle. Thus, one would
expect the transition effect to become large for such a slender
body as the ogive-cylinder in Fig. 4 (and Fig. 3). That it really
is a case of low-a viscous effects is confirmed by the good
agreement between inviscid prediction and the measured
damping levels before transition in Fig. 4 (denoted by X in
Fig. 3).

Figure 5 shows the inviscid theory12'13 to agree with ex-
periment for a cone-cylinder,17 at least at transonic speeds
where the viscous flow effects are minimized. At the large
amplitudes used in the test,17 3 deg < Aa < 6 deg, large viscous
cross flow effects, which will increase in magnitude with
increasing slenderness and decreasing Mach number,13 are
expected. This is exactly the trend for the deviation between
experiment and inviscid theory in Fig. 5. In contrast to the
good agreement between predicted and measured damping at
transonic speed in Fig. 5, one finds the experimental data for
the same geometry18 shown in Fig. 6 to disagree with the
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Fig< 4 Effect of Reynolds number on an l/d= 5 ogive-cylinder body
(Ref.16).
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Fig. 1 Comparison between theoretical and experimenal pitch
damping results for ogive-cylinder bodies.
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Fig. 2 Measured effect of Reynolds number on l/d = 3 ogive-cylinder
bodies at A/=1.0(Ref. 15).
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Fig. 5 Comparison between theoretical and experimental damping
for cone-cylinder bodies.
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Fig. 3 Comparison between theoretical and experimental damping
for an lid = 5 ogive-cylinder.

inviscid prediction.l2"13 There are two low-a viscous flow
phenomena that can cause the loss of damping exhibited by
the experimental data in Fig. 6. One is the transition effect
just discussed, in this case occurring forward of CG, when the
effect is reversed11 (Fig. 7)t and the damping will be
decreased rather than increased. Another flow mechanism is
nose-induced flow separation, which has been shown to cause
greatly reduced damping at high subsonic speed, often leading
to dynamic instability, as is exemplified by the data for a
hemisphere-cylinder19'20 (Fig. 8). For a slender conic nose the
separated flow effect is less drastic,21 but could still lead to

tNote that xTR/l>\ in the figure means that transition moves to
the leeside of the body at a > 0.
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Fig. 6 Comparison between inviscid theory and experiment for an
lid = 10 cone-cylinder.

Fig. 7 Effect of transition location at a = 0 on the transition-induced
moment amplitude on a slender blunted cone at large flow inclination,
a/0c=0.33(Ref. 11).

Fig. 8 Damping characteristics of a hemisphere-cylinder body.

Fig. 9 Comparison between inviscid theory and experiment for a
finned body.

the measured total loss of damping considering the leverage
given to the undamping forebody loads21 by the CG location
far aft of the nose (Fig. 6).

Figure 9 shows that the inviscid prediction12 of the pitch
damping for a finned body agrees well with experimental
results22 at subsonic speeds but grossly underpredicts the
damping measured at transonic speeds. The likely reason for
this disagreement at transonic speeds is flow separation
caused on the boattail by the fin shocks. In low-density flow
such interaction can cause separation even on a cylindrical aft
body. Only when the Mach number becomes so large that the
fin shocks intersect each other aft of the base does this in-
teraction effect disappear.23 The flow separation decreases
the tail lift, causing decreased static stability. Because of the
time lag associated with the finite convection velocity in the
fuselage boundary layer, the effect on the dynamic stability is
of the opposite sign.21 Consequently, the flow separation will
increase the measured pitch damping in agreement with the
experimental data trend in Fig. 9.

Scaling Problems
Following good engineering practice, the experimental data

base existing at one time for ogive-cylinder bodies was used to
formulate computational means by which the aerodynamics
of future missile designs could be predicted.24 This so-called
Spinner code gives predictions that are in better agreement
with the existing experimental results for the five-caliber
ogive-cylinder shown in Fig. 3 than the predictions by the
inviscid theory12'13 (see Fig. lOa). The likely reason for this is
that the data base used for the Spinner code was for long
ogive-cylinder bodies where boundary layer transition is likely
to occur on the cylindrical aft body. This is confirmed by the
poor prediction through the Spinner code for the l/d = 3
ogive-cylinder, where the short aft body probably never
experienced any boundary layer transition effects (Fig. lOb).

Applying the Spinner code to the cone-cylinder geometry in
Fig. 5 gives the results shown in Fig. 11. The experimental
results were apparently not influenced significantly by
boundary layer transition effects. The large oscillation am-
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Fig. 10 Comparison between two theoretical predictions and ex-
periment for an l/d=5 ogive-cylinder body.

plitude, 3 deg < Aa< 6 deg, used in the test17 makes it difficult
for the transition to influence the measured pitch damping to
any large degree. The transition effects for these very slender
bodies are probably limited to the ex-region below 1 or 2
deg.25 Figure 12 shows that one cannot apply the Spinner
code24 to geometries outside the nose-cylinder category, such
as a slender cone. Whereas the experimental results26 agree
well with present13 and other27 inviscid theories, once the
effect of support interference has been accounted for,28 the
Spinner code overpredicts the measured damping by several
hundred percent at transonic and low supersonic speeds.

The examples just given illustrate the danger of applying
subscale experimental data to full-scale design. It is shown in
Refs. 29 and 30 that the strong coupling existing between
boundary layer transition and vehicle motion makes it im-
possible to simulate full-scale unsteady aerodynamics in a
subscale wind tunnel test. This would seem to make it
mandatory to perform all dynamic tests at full-scale Reynolds
numbers. However, this is not true in many cases, as is
illustrated by the comparison between experiment and inviscid
theory in Figs. 1,5, and 12. The results in Fig. 4 show that as
long as the boundary layer transition does not enter into the
picture the effect of Reynolds number is negligibly small,
barring near wake effects, as in the case of the boattailed body
in Fig. 2, and separated flow effects in general.6'8

However, when the experimental results are affected by
viscous effects one has to be aware of it, as is demonstrated by
the results in Figs. 3, 6, 8 and 9. In this case one needs
dynamic tests at full-scale Reynolds numbers or systematic
tests at subscale Reynolds numbers to support analytic ex-
trapolation to full scale, as is described in Ref. 31. That is,
static and dynamic tests are performed over a range of
subscale Reynolds numbers, and the results are used to
formulate analytic means by which the dynamic effects of
transition can be determined, as was done in Refs. 10 and 11
for slender cones. Static tests at full-scale Reynolds number
will then supply the input needed to determine the full-scale
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Fig. 11 Comparison between two theoretical predictions and ex-
periment for cone-cylinder bodies.

vehicle dynamics including transition effects. It should be
emphasized that it is not a simple matter to obtain the correct
subscale dynamic test data. These low-a viscous flow
phenomena are highly nonlinear, limited to a small a range
around a = 0, and are, therefore, usually very difficult to
measure. In the case of ballistic range and other free-flight
tests one faces the problems of data resolution and data
nonuniqueness. In the case of wind tunnel tests one is faced
with the problem of model support interference,32 which can
become especially bothersome in the presence of aft body
transition.28 In spite of these difficulties the technical
community is forced to use experimental data not only for
documentation purposes but also for preliminary design.{
The results presented here demonstrate that great caution has
to be exercised when using subscale experimental data to
predict full-scale aerodynamics, especially in the case of
dynamic characteristics.

JAt least until some time in the distant future when computational
fluid dynamics (CFD) may be able to include the coupling between
boundary layer transition and vehicle motion.
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Conclusions
A review of the existing experimental data base for slender

vehicle geometries, typical of tactical and ballistic weapons,
has revealed that viscous flow effects often dominate the
vehicle aerodynamics even at low angles of attack. Because of
viscous flow time lag the unsteady aerodynamics are affected
to a larger degree than the static characteristics. It is un-
doubtedly true that for some time to come the various viscous
effects on vehicle dynamics will have to be treated separately
for each case. That is, it is not possible at present to include
the viscous effects in a push-button type of preliminary design
code. Instead one will have to rely on "engineering know-
how," based upon past experience.
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