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Dynamic Simulation through Analytic Extrapolation
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Lockheed Missiles & Space Company, Inc., Sunny vale, Calif.

In spite of the rapid progress of computational fluid dynamics (CFD) the existing capability to predict full-
scale missile dynamics is very limited. The main reason for this is the existing strong coupling between boundary-
layer transition and vehicle motion, which cannot be simulated by present CFD methods and can be obtained
experimentally only in tests at the full-scale Reynolds number. The present paper describes the interactive use of
theoretical and experimental techniques to provide the means to "extrapolate analytically" to full-scale flight
conditions. This capability is especially needed in regard to elastic vehicle dynamics because of the difficulties
inherent in performing dynamic simulation of an elastic vehicle in the high Reynolds number ground testing
facilities presently becoming available.
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Nomenclature
= reference length, maximum chordwise extent

for two-dimensional flow and maximum body
diameter for three-dimensional flow

= body diameter
= oscillation frequency
= two-dimensional lift coefficient,
cl = l/(p(XU2

x/2)c
- total body length
= two-dimensional pitching moment coefficient,
cm=mp/(p00U2

00/2)c2

= Mach number
= three-dimensional pitching moment coefficient,
Cm=Mp/(Po.Ul/2)(ir/4)c3

= three-dimensional normal force coefficient,

= static pressure coefficient,
Cp=(p-p00)/(p00U2

x/2)
-- pitch rate
= Reynolds number, ReL = LU00/v(X
-time
- axial velocity
= axial distance from leading edge in two-
dimensional flow and from nose tip in three-
dimensional flow

= angle of attack
= pitch perturbation, 6 = Aflsinutf
= cone half-angle
= kinematic viscosity of air
= air density
= angular oscillation frequency, co = 2?r/

= base
= center of gravity
= maximum
= boundary-layer transition
= wall
= freestream value

Presented as Paper 81-0399 at the AIAA 19th Aerospace Sciences
Meeting, St. Louis, Mo., Jan. 12-15, 1981; submitted March 6, 1981;
revision received Sept. 17, 1981. Copyright © American Institute of
Aeronautics and Astronautics, Inc., 1981. All rights reserved.

*Senior Consulting Engineer. Associate Fellow AIAA.
tStaff Engineer. Associate Fellow AIAA.

Derivatives

ĉmacNa

= dCm/d(cq/U00)
= dCm/d(ca/Ux)
= dCN/da
= dCna/dx
= da/dt

Introduction

IN subscale tests of wings it was customary to place a
boundary-layer trip near the leading edge, thereby assuring

turbulent flow over 90% or more of the downstream wing
area. At high subsonic Mach numbers this old rule of thumb
no longer works, as is demonstrated by experimental results1

(Fig. 1). Using the trip to fix transition at the full-scale
location results in too thick a boundary layer at the location
of the shock that terminates the local supersonic flow region.
As a consequence the flow separation occurs upstream of the
full-scale location, causing large deviations in the
aerodynamic characteristics. There is a similar problem on
axisymmetric bodies2 (Fig. 2).

It is in some cases possible to trip the boundary layer
downstream of the full-scale transition location, thereby
producing the correct boundary-layer thickness at the shock
location.3 Although this will give the correct static pressure
distribution at o: = 0, it cannot give the correct aerodynamic
derivatives as the transition is not allowed to respond to
changes in the vehicle environment, e.g., through angle of
attack (a?) and angular rate (q + a). That this transition degree
of freedom is important is well documented by experimental
results, both in two- and three-dimensional flows.

The coupling between boundary-layer transition and model
motion has especially large effects on the dynamic stability,
resulting in the very restrictive requirement that dynamic tests
have to be performed at full-scale Reynolds numbers in order
to give a correct simulation of full-scale dynamics.2'4
Although ground testing facilities are now becoming available
which can achieve full-scale test Reynolds number,5 they will
all be very busy. Even if time were made available, it is not
certain that elastic vehicle dynamic simulation will be
possible.6

In spite of all the progress being made in computational
fluid dynamics (CFD),7 no one is presently ready to forecast
when CFD simulation of the coupling between boundary-
layer transition and vehicle motion will be possible. Thus, the
vehicle dynamics present a special problem in preliminary
design because in most cases the needed dynamic stability
characteristics cannot be obtained by either theory or test
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Fig. 1 Effect of boundary-layer tripping on shock-induced flow
separation on an airfoil.1

Fig. 2 Effect of boundary-layer tripping on flare-iaduced flow
separation.

alone. The obvious solution to this dilemma is to use
theoretical and experimental means in combination to provide
dynamic simulation through analytic extrapolation, as will be
described in the present paper.

Discussion
Various examples of transition effects on two-dimensional

unsteady aerodynamic characteristics will be discussed first
before going into the more complicated three-dimensional
unsteady flow.

Two-Dimensional Flow
Figure 3 shows the phase characteristics measured for a

7.3% thick airfoil oscillating around the 22.7% chord.8

When a trip wire was used to fix boundary-layer transition
near the leading edge the measured phase (and amplitude)
characteristics were in reasonably good agreement with in-

17 CPS f = 8.33 CPS

REDUCED FREQUENCY ~ wc/Uoc

Fig. 3 Effect of boundary-layer transition on phase characteristics of
an oscillating airfoil.8

viscid theoretical predictions. However, tests without a trip
wire, which allowed the transition to respond to the airfoil
motion, gave results that deviated greatly from the theoretical
prediction.

In the test the reduced frequency oic/U^ was changed by
changing the wind-tunnel speed Ux. Thus, the Reynolds
number increases with decreasing reduced frequency. How
the resulting forward movement of the transition can produce
the observed anomalous phase (and amplitude) characteristics
has been shown9 by applying the analytic methods developed
for dynamic trailing-edge stall.10 These results indicate that
the coupling between airfoil motion and boundary-layer
transition will have a large effect on dynamic trailing-edge
stall.9-11

A natural reaction by the design engineer to the results in
Fig. 3 would be to point out that in full-scale flight transition
does occur near the leading edge, questioning if not the
coupling between transition and airfoil motion is much less of
a problem in that case. The answer is "no.." The coupling
effects become even stronger, as is illustrated by the results in
Fig. 4. It can be shown12 that the large overshoot of static
c/max by tne experimental data13 is to a large extent (from
cl = 1 to 2) caused by the transition response to the airfoil
pitch-up motion. The solid symbol at c,«2 in Fig. 4 is the
overshoot predicted in Ref. 12 due to the moving-wall/wall-
jet effect14 (Fig. 5). The moving wall creates a wall-jet-like
effect on the boundary-layer development between stagnation
and flow separation points. It was postulated in Ref. 14 that
this eliminated the laminar leading-edge bubble present in
static stall, in the same manner as the blowing employed by
Wallis,15>16 thus explaining much of the large dynamic
overshoot of static c/max. Experimental results by McCroskey
et al.17 later confirmed this dynamic elimination of the
laminar leading-edge bubble. The last portion of the c,
overshoot in Fig. 4, c, >2, is the transient effect of a "spilled"
leading-edge vortex, which becomes important only for high-
frequency/large-amplitude oscillations.12

It was shown recently18 that similar moving-wall/wall-jet
effects on boundary-layer transition can account for the
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Fig. 4 Dynamic overshoot of static C/
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Fig. 5 Moving wall/wall jet analog for oscillating airfoil.

Fig. 6 Moving wall effect on the Magnus lift of a rotating circular
cylinder.19

experimentally observed19 reversal of the Magnus effect on a
rotating circular cylinder (Fig. 6), as well as for the pitch-rate-
induced change from supercritical to subcritical flow
separations on an ogive cylinder body at high angles of at-
tack20'21 (Fig. 7). The reversal of the vortex-induced loads on
coning axisymmetric bodies can also be shown to be caused by
moving wall effects on boundary-layer transition and flow
separation.20

Three-Dimensional Flow
On slender axisymmetric bodies the boundary-layer

transition is very sensitive to angle-of-attack variations
around a = 0, as is illustrated by the sharp-cone data22 in Fig.
8. Transition moves forward 50% of the body length on the
leeward side of a 10 deg cone, when the angle of attack is
increased from a = 0 to 2 deg (Fig. 8a). This is caused by
three-dimensional crossflow effects, which in the dynamic
case lag the vehicle motion, explaining how the transition has
opposite effects on static and dynamic stability23'24 (Fig. 8b).

Transition effects are seen to increase the cone damping by
30% (Fig. 8b) and to have an equally large effect on the
damping of an ogive cylinder body25 (Fig. 9). It is shown in
Ref. 26 how such transition-induced effects increased the
inviscid transonic damping27 of a 5 caliber ogive cylinder
body by 50% (Fig. lOa). The empirical design code based
upon this and similar experimental data, the so-called Spinner
code, overpredicts by 100% the damping of a 3 caliber ogive
cylinder body, which is too short to experience any transition
effects (Fig. lOb). When the leeside transition front moves
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Fig. 7 Effect of pitch rate on the normal force of a slender ogive
cylinder.21

forward of the rotation axis the effects on stability charac-
teristics are reversed, exemplified by the static stability effects
on a 10 deg cone24 (Fig. 11). (The large amplitude,-A0 = 0c/3,
explains why xTR/L>\ for a = 0.) The decreased dynamic
stability of a cone-cylinder28 (Fig. 12) could be caused by
forebody transition effects, amplified by flow separation
effects at transonic speed.26 The results in Figs. 11 and 12
illustrate the problem of scaling subscale dynamic test data to
full-scale Reynolds number. The transition may occur on the
aft body in the test and could give a very unconservative value
of the dynamic stability, especially if flow separation is also
occurring on the body.

Analytic Extrapolation
When the aerodynamic loads are generated by attached

flow, there are time-proven theoretical methods29'30 by which
the aeroelastic response of aircraft, missiles, and space
vehicles can be determined. However, in many cases,
especially in regard to missiles and aerospace launch vehicles,
aerodynamic considerations rarely have any decisive impact
on the design. As a result those vehicles often have large
regions of separated flow, as is exemplified by the Saturn-
Apollo rocket (Fig. 13a), and the aerodynamic loads are
dominated by separated flow (Fig. 13b). In spite of the
progress that is constantly being made, no satisfactory
theoretical method is yet available whereby these separated
flow effects can be predicted. Thus, they have to be deter-
mined experimentally, as in the case shown in Fig. 13.

The experimental static load distribution can be used
directly in an aeroelastic analysis to determine the static
divergence characteristics of the structure. However, to
determine the dynamic structural response requires
knowledge of the unsteady aerodynamic loads. For an elastic
vehicle, such as the Saturn-Apollo launch vehicle, these loads
can be determined experimentally only through tests in which
the elastic vehicle dynamics are fully simulated.31 Because of

WINDWARD SIDE
TRANSITION

a) Effect of a, ReL = s x :

TRANSITION AT MODEL BASE

15 20 R e L x l O ~ 62 4 6 8 10

b) Effect of Reynolds Number, a = 0, Aa = 1.8°

Fig. 8 Boundary-layer transition characteristics for a 10 deg sharp
nnnct 22

the complexity of such a test the model design has to be
"frozen" six or more months before the test. During this time
period the full-scale vehicle design rarely remains "frozen."
In the case of the Saturn-Apollo booster, its structure,
geometry, and design trajectory had all changed significantly
when the dynamic test data31 finally became available.
Without an analytic extrapolation method in which the effects
of these changes could be accounted for, the test data could
not be used to determine the dynamic response of the full-
scale vehicle.

The key feature in the analytic extrapolation method
developed for the Saturn-Apollo32 was the use of static ex-
perimental data to obtain the unsteady aerodynamic loads.
This could be done only by understanding fully the static
separated flow effects and the dependence of the various
separation-induced loads on the flow conditions on the
forebody. The loads occurring in a separated flow region fall
into two categories: 1) loads which depend only upon the
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Fig. 9 Transition effects on the pitch damping of a 5 caliber ogive
cylinder body.25
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Fig. 10 Transition-induced distortion of predicted damping.26

instantaneous local flow conditions, and 2) the separation-
induced load which is dependent upon the effect of forebody
attitude and relative displacement on the flow separation. In
the latter case there is a time lag before the forebody per-
turbation has altered the flow separation and the associated
load on the submerged body element. The determination of
this time lag and the differentiation between local and
separation-induced loads are the critical elements in the
analytic extrapolation method. Various checks are needed
before one can be satisfied that the method can predict the
full-scale characteristics with the needed accuracy. The steps
taken to insure the accuracy of the Saturn-Apollo method32

will be described before outlining a more general method

Fig. 11 Reversal of transition-induced effects on sharp-cone stability
characteristics.24

•1 I
J

Fig. 12 Viscosity-induced adverse damping effects on a cone cylinder
body.

which includes dynamic simulation of the coupling between
boundary-layer transition and vehicle motion.

Figure 14 shows the static load distribution and the
corresponding damping distribution for the second bending
mode of the Saturn-Apollo launch vehicle. Significant
negative damping is generated by the Apollo command
module, submerged in the wake from the escape rocket. Thus,
this part of the prediction needed to be checked especially
carefully. This was done in two ways. Rigid body damping of
the escape configuration was investigated, showing that the
experimentally observed negative damping33'34 could be
predicted (Fig. 15) by the same analytic method that gave the
results shown in Fig. 14. Also the elastic partial mode
simulation of the forward portion of the Saturn-Apollo
vehicle35 gave experimental results (Fig. 16) that were in good
agreement with the analytic prediction. Consequently, the
good agreement between analytic predictions32 and elastic
vehicle experimental results31 shown in Fig. 17 led to the
conclusion that the analytic extrapolation method32 was
accurate enough to be the sole tool used to predict the
aeroelastic characteristics for all the following Saturn-Apollo
configurations.36

In the case of the Saturn-Apollo launch vehicle the critical
flow separation, the escape rocket wake, was fixed by the
geometry and boundary-layer transition simulation was not
necessary for successful analytic extrapolation of subscale
experimental results. In the many cases where boundary-layer
transition plays a significant role, one has to go through the
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ACTUAL LOAD DISTRIBUTION

THEORETICAL LOAD DISTRIBUTION

STATION ~ mb)
Fig. 13 Effect of flow separation on Saturn-Apollo launch vehicle:
a) separated flow regions and b) load distribution.

Fig. 14 Static and dynamic load distribution at Af=l. l for the
second bending mode of the Saturn I-Apollo launch vehicle with disk-
on escape rocket.32
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Fig. 15 Comparison between predicted and measured pitch damping
of the Saturn-Apollo escape configuration.32

^ /
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N

Fig. 16 Forebody damping for the second bending mode of the
Saturn-Apollo launch vehicle.

following steps:
1) Establish analytic relationships between dynamic and

static aerodynamic characteristics for the same subscale
Reynolds number, and check the veracity of the analytic
predictions against dynamic test data.

2) Determine experimentally the effect of Reynolds number
on the static aerodynamic characteristics from the subscale
Reynolds numbers of the dynamic test up to full-scale
Reynolds number.

3) In many cases it may be possible to verify the analytic
extrapolation to full-scale Reynolds numbers by dynamic
rigid body tests, simulating a critical portion of the elastic
vehicle dynamics, as in the case of the escape configuration
(Fig. 15) for the Saturn-Apollo elastic vehicle dynamics (Figs.
14 and 17).
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Fig. 17 Comparison between predicted and measured aeroelastic
stability characteristics of the Saturn I-Apollo launch vehicle with
disk-on escape rocket.

Conclusions
A review of the scaling problem in dynamic tests has

revealed the following:
1) A key element in dynamic simulation, the strong

coupling between boundary-layer transition and vehicle
motion, cannot be simulated in experiments at subscale
Reynolds numbers nor can it be simulated by existing
theoretical methods.

2) It may often not be possible to simulate full-scale elastic
vehicle dynamics in dynamic tests performed at full-scale
Reynolds numbers.

3) A solution to this dilemma is to provide dynamic
simulation through analytic extrapolation using static ex-
perimental data obtained at subscale and full-scale Reynolds
numbers, together with selected rigid body dynamic data,
usually obtained only at subscale Reynolds numbers.
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