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Analytic Difficulties in Predicting Dynamic
Effects of Separated Flow

LARS E. ERICSSON,* J. PETER REDING,! AND ROLF A. GUENTHERJ
Lockheed Missiles & Space Company, Sunnyvale, Calif.

The purpose of the paper is to demonstrate how a simple analytic theory that uses static ex-
perimental data as an input, can predict the observed large adverse effects of separated flow on
the vehicle dynamics of heat-sink type re-entry bodies and elastic launch vehicles. The
theory is based on quasi-steady-flow concepts in which the time history effects are lumped to
one discrete past time event. The analytic difficulties consist largely of insufficient capability
in predicting the composition of static loads in regions of separated flow, even when static ex-
perimental data are available. If more basic knowledge were available about nonsymmetric
stationary separated flow, very substantial improvement in existing capability to predict dy-
namic effects of separated flow would result.

Nomenclature

A = axial force, kg, coefficient CA = A/(PU2/2)S
c = reference length, m (usually c = d)
d = body caliber, m
N = normal force, kg, coefficient CN = N/(pU2/2)S
L = longitudinal wake source distance, m
M = Mach number
Mp = pitching moment, kg-m, coefficient Cm = Mp/(pUz/2)Sc
p = static pressure, kg/m2

CP = pressure coefficient Cp = (p — p00)/(pC72/2)
$ = reference area, m2, $ = 7rc2/4
t, A£ = time, and time lag, respectively, sec
U = freestream velocity, m/sec
U = mean convection velocity, m/sec
x,z — horizontal and vertical coordinates, respectively, m
£ = dimensionless x coordinate, £ = x/c
a = angle of attack, rad or deg
fxo = trim angle of attack, rad or deg
/3 = equivalent spike deflection angle, rad or deg
A = difference
dp = flare rotation angle, rad or deg
p = air density, kg-sec2/m4

o> = pitching or bending frequency, rad/sec
co = reduced frequency, co = <ac/U
0 = body attitude, rad or deg

Subscripts
= attached flow
= cylinder

a
C
N =
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QS = quasi-steady
s = separated flow
oo = undisturbed flow

Super scrip ts
i = induced, e.g., A*Cjv = separation induced normal force
' = induced by upstream communication, e.g., CWa'«
^ = generalized or effective value, e.g., a.

Differential symbols
0(t) =

Introduction

BOTH ascent and re-entry vehicles exhibit large regions of
separated flow, especially in the transonic Mach number

range. Heat-sink type re-entry bodies and the Saturn-
Apollo launch vehicles exemplify cases where the aerodynamic
loading is generated by "separated flow with embedded re-
gions of attached flow." It is a well-known fact that simula-
tion of boundary-layer separation and wake formation in a
wind tunnel is very difficult for stationary flow, and is prac-
tically impossible in many cases for unsteady separated flow.
As neither theory nor experiments alone can provide a solu-
tion, using both in combination is the only realistic approach .

Analysis

Quasi-steady forces are essentially static forces modified to
account for slow perturbations from the static condition.
The required slowness, co2 « 1, to make quasi-steady treat-
ment applicable is fulfilled for rigid body oscillations of
ascent and re-entry vehicles, and for elastic vehicle oscilla-
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Fig. 1 Coordinate system for wake-induced loads.

tions in the three lowest bending modes (for the high
velocities of practical interest here, e.g., the transonic speed
region). The quasi-steady force coefficient in linearized form
can be expressed as the product of the static force derivative
obtained from static experimental data, and an effective
angle of attack suitably modified to account for slow pertur-
bations from the static value. That is

CNQS = CN =

In classical quasi-steady theory «0 + a
taneous crossflow angle

I ~ _ i f\ j / •

, ) '+CW aa (1)

is the local instan-

(2)

This formulation is valid for aerodynamic forces that are
dependent only upon local conditions. This is only a small
portion of the aerodynamic load on a body element sub-
merged in separated flow. The main portion of the load is
dependent upon conditions upstream at the separation source
(with the additional requirement that so-called upstream
communication effects are negligible; see later discussion of
near wake effects). One can express this separation-induced
loading in the following form:

The separation-induced load at time t, S*'CW(0, is dependent
upon the separation-inducing generalized angle of attack at
an earlier time, t — A£. That is

In the situation depicted in Fig. 1, let us assume that the
body is rigid, describing oscillations around x. The elastic
body describing bending oscillations can be treated in an
analogous manner.1'2

The quasi-steady force Ns of the body component sub-
merged in separated flow can be expressed as follows in coef-
ficient form:

CN8

CW(0 = CNasas(t) (5)

- AO

EFFECT OF WINDSHIELD
Z • La \ ROTATION, CNs

-4° 8° 12° a A N D / 9

Fig. 3 Comparison of angle of attack and spike deflection
effects.

where

aN(t - AO = 6(t - AO - (xN - *)0(t - A0/I7

0(t - AO = [(XN - X)/(XN - xs)]6(t - AO -

[(*.-*)/(** -*.)]0(0

For slow oscillations of modest amplitudes

6(t - AO « 0(0 - A*0(0, 6(t - AO « 0(0 (6)
Thus, as(0, aN(t — A) and @(t — AO can be written in the
following form:

a.(t) = 6(t - AO, aN(t - AO = 0(t - A* - A^)
(7)

- AO = [(& - i)/({Ar - €.)0(< - AO -
-*.)] 0(0

where

At is the true time lag determined by the mean velocity,
U < U, with which the effects of crossflow changes at XN are
convected through the separated flow down to the submerged

CN

o EXPERIMENTAL DATA
rrrrrr. QUASI-STEADY ESTIMATE

1 2 3

WAKE SOU RCEDI STANCE (LT/C)

Fig. 2 Coordinate system for nose-induced separation.

Fig. 4 Comparison between estimated and measured time
lags as a function of downstream distance from a conical

wake source.
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I BALLISTIC RANGE DATA,Aa<3°

a FREE OSCILLATION WIND-TUNNEL DATA Aa<3°
— REFINED QUASI-STEADY THEORY, Aa - 0

SLENDER-BODY
LEVELS

0.8 1.41.0 1.2

MACH NUMBER

Fig. 5 Comparison between quasi-steady predictions and
experimental data for the Apollo escape system configura-

tion.

body element at x,. The quantities At, and AtN are gen-
eralized time lags corresponding to the effect of mechanical
or structural phasing. For the x value shown in Fig. 1, both
Ats and AtN are positive, representing lag effects. That is, the
negative crossflow angles, — (xg — x)/U and — (XN — x)/U,
induced by the pitch velocity, oppose the body attitude, 0, -
and the resultant generalized crossflow angles lag the body
attitude. When the oscillation center x is forward of xs or XN,
the pitch-velocity-induced crossflow amplifies the body atti-
tude causing the resultant generalized crossflow angle to lead
the body attitude (Ats and A for negative).

The wake sources can have very different wake-directing
effects.2 A disk or sharp-edged blunt wake source leaves a
wake aligned with the freestream, i.e., the effect of aN is zero,
A'CWa = 0, and the translatory derivative A»CVg is the only
wake-induced effect. A blunt ogive-cylinder wake source
produces separated flow ahead of its base thus producing an
initial upward movement of the wake, adding 5*CWa > 0 to
the pure translatory derivative A'C^. A slender wake source
directs the wake initially along its centerline and thus down-
ward from the freestream direction, producing a negative
derivative, A*CWa < 0.

If the cylindrical wake source support in Fig. 1 is made in-
creasingly larger in diameter, it starts directing the wake
more and more experiencing aerodynamic forces in the
process. Finally, when the support and nose diameters are
the same, the translatory wake derivative disappears A'GW fl

* SLENDER BODY VALUE

-QUASI-STEADY ESTIMATE

>OEXPERIMENTALDATA

Q2.5CPSOSC. FREQ.
4.6CPSOSC. FREQ.

A 7.0CPSOSC. FREQ.
07.0 CPS OSC. FREQ., BASE PLATE

REMOVED
FLAGGED SYMBOLS
INDICATE THAT A
STIFFENED STING
WAS USED

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
MACH NUMBER (M)

Fig. 7 Oscillatory
derivatives of a
blunt re-entry cap-

sule.

= 0. That is, the center of the wake no longer moves. The
wake boundaries move, however, and the flow geometry
sketched in Fig. 2 is realized.

The wake directing effect of aN still exists. However, the
directing effect is no longer accomplished by a translatory
displacement, as was the case for the free wake, but is pro-
duced instead through changes in the wake shear flow profiles,
compressing and steepening of windward side shear profile,
and opposite effects on the leeward side. That is, the nose
angle of attack aN induces a flare force that mathematically
abides by Eq. (5) with A*CV = 0.

Prediction of Dynamic Data

The tip of a thin flow separation spike is a good example of
a nondirecting wake source. Results obtained for a conical
heat shield3 shows that it is the wake translation across the
submerged body that produces the main force change (Fig. 3).
It is obvious that it takes a finite time before the effect of the
translation of the wake generator has been convected down-
stream to the submerged body.

Using forebody axial force deficit on the submerged body to
define an average convection velocity in an incompressible
wake

U = U(CAF)S^/(CAF}^
gives the time lag shown in Fig. 4. The agreement with
experiments4 is rather good. Using this time lag based on
the average wake velocity (U) in a quasi-steady analysis to-
gether with static experimental data4 gives the prediction of
the damping derivative of the Saturn-Apollo escape system
shown in Fig. 5. The agreement with dynamic measure-
ments5'6 is good. It is especially noteworthy that the
measured undamping for the nondirecting wake source, the
disk-on escape rocket, is predicted.

The blunt, flared re-entry body experiences similar large
flow separation effects at transonic speeds. Using down-
stream convective time lags and static experimental data in a
quasi-steady analysis2-7 gives good prediction of the dynamic
instability measured at subsonic speeds (Fig. 6). The OP-

FIRST BEND ING MODE

0 EXPERIMENTAL RESULTS - LANGLEY
FULLY ELASTIC MODEL (REF. 12)

—— QUASI STEADY PREDICTIONS

Fig. 6 Oscillatory derivatives of a blunt cylinder-flare
body for 1.0° amplitude oscillations around a = 0.

0.8 1.0 1.2 1.4 1.6 1.8 2.0

Fig. 8 Correlation of refined aerodynamic damping pre-
dictions and experimental data for an elastic Saturn I-

Apollo vehicle with flow-separation disk.
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position between the effects of flow separation on static and
dynamic stability is caused by the time lag associated with
finite convection velocities. The reattaching (at least par-
tially) flow on the flare of the re-entry body at high subsonic
speeds and the reattaching flow on the aft body of re-entry
capsules at hypersonic or high supersonic speeds show great
similarities, and the same statically stabilizing, dynamically
destabilizing effects are observed8"11 (Fig. 7).

Applying the same quasi-steady analysis technique to the
elastic Saturn-Apollo launch vehicle with its complicated
separated flowfield predicts dynamic measurements12 quite
well (Fig. 8). In fact, the accuracy has been judged to be
satisfactory for prediction of low frequency launch vehicle
buffet.13

Analytic Difficulties
The purpose of the preceding discussion has been to convince

the reader that it is not impossible to predict dynamic effects
of separated flow, and that it is, therefore, not meaningless
to discuss the analytic difficulties encountered in this quasi-
steady analysis. Only downstream convection and associated
time lag was considered in the described analysis. It was,
therefore, somewhat of a shock to measure the characteristics
shown in Fig. 9, which demonstrate with all desired clarity
that upstream communication from the submerged body to
the wake generator exists, and that the resulting changes in
the wake generates large loads on the submerged body. The
neglect of this upstream communication did not upset the
predictions of the Saturn-Apollo vehicle dynamics because
the submerged command module is "inside" the "wake neck"
for the short tower used to mount the escape-rocket on the
command module. However, when the submerged body is in
or near the "neck" of the free wake, large effects can be ex-
pected, resulting in decelerator instability14 and dynamic sting
interference problems.8-15

The flowfield existing with a body in the wake needs to be
investigated further, both theoretically and experimentally.
The unperturbed flowfield has received most of the attention
so far. More research is needed determining the effects of
crossflow and body deflections on static characteristics. With
a better understanding of the steady-state conditions, im-
proved prediction of the unsteady characteristics could be
accomplished using the quasi-steady approach described here.
It should be emphasized that the quasi-steady technique is
valid only for slow oscillations, such as rigid body oscillations
or elastic oscillations in the lower bending modes.

^^W ; ' . _ ' • • • ; : --J'... , •.'.;/:•;':>:'

: : ^Ii::;W : : • ; ' • T : ' • ' • '' ' • • ' ' / • ' ' • ' .

Fig. 9 Aerodynamic characteristics of bodies in wakes.

Vortices in Separated Flow
When turbulent flow separation is caused by a shock gen-

erated by a flare or interstage frustum, the perturbations from
axisymmetry can cause very dramatic flow changes (Fig.
lOa). The flow deviates very substantially from the classic
picture.16-17 At a = 0 two pairs of circumferentially dis-
tributed vortices are observed (Fig. lOa). The vortex pat-
tern is extremely sensitive to angle of attack. At a = 4° a
single pair of leeward side vortices exist (Fig. lOb). These
strong leeward side vortices appear to be fed from the wind-
ward side reattachment zone and shed into the wake over the

FLOW STREAMLINE
SEPARATION SHOCK

SEPARATION LINE —

Fig. 10 China clay flow patterns, & = 2.0, M = 1.2.
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ALONG SURFACE

c) a * 4° , Sp » 0
(CHINA CLAY) (OIL FLOW)

Fig. 11 Flow patterns for nose-induced separation £c =
1.0, M = 0.9.

leeward side flare shoulder (see flow sketch inset in Fig. 10).
The orientation of the twin vortex pair at a = 0 was random.16

Coe has recently obtained similar results for flared bodies,18

and Ginoux,19'20 Roshko,21 and Uebelhack21-22 have shown
similar vortex structures in the separated flow regions gen-
erated by forward and backward facing steps.

Similar interesting results were obtained for nose-induced
separation at M = 0.9.17 Figure 11 shows that the flow at

VORTEX LIFTED
FROM SURFACE

Fig. 13 Flow model for nose-induced separation.

a. = 0 over a one-caliber cylinder is not strictly axisym-
metric, if one judges from the streamline curvature near the
cone shoulder and in the reattachment zone on the flare (Fig.
11 a). Pitching the flare causes an inclination of the stream-
lines in the recirculation region opposite to the flare attitude
(Fig. lib). Thus, the "nipping" of the wake postulated
earlier14'17 (Fig. 9) is verified, and a strong upstream com-
munication effect is indicated. Pitching the entire cone-
cylinder flare configuration gives a highly curved flow in the
recirculation region over the cylinder (Fig. lie). This flow
is reduced by an upward deflection of the flare (Fig. lld).§
For both the angle-of-attack and the flare deflection cases,
there is a tendency for the streamlines to converge at the bot-
tom of the cylinder at the cone-cylinder shoulder where the
suction peak occurs.1-2 Typical flow visualization photo-
graphs of the bottom of the model give no distinct indication
of shed vorticity in the plane of the surface (Fig. 12). How-
ever, the converging surface streamlines must be vented in
some manner (i.e., they indicate a sink). The flow model
shown in Fig. 13 is suggested. The separated region is vented
through a pair of counter rotating vortices. For longer
cylinders at M = 0.9, the vortices are not confined to the cone-
cylinder shoulder, and vorticity can again be observed on the
cylinder aft of the shoulder (Fig. 14).

When the cylinder length is increased further to £c = 4.5,
the flowfield at M = 0.9 changes considerably. The flow
over the cone shoulder is attached, but a local separation is
induced by the terminal normal shock (Fig. 15a). This is
similar to the shock-induced vortex patterns observed by
Chevalier. If24 At angle of attack, the leeward-side boundary

Fig. 14 Nose-induced separation windward vortex pair,
a = 4°, & = 2.0, M = 0.9.

Fig. 12 Bottom or windward side flow patterns, £c = 1»0,
M = 0.9.

§ Two flow visualization techniques are involved here. Figures
lla, lib, and lid involve an oil dot technique,23 whereas Fig.
lie utilizes a modified china-clay technique. Here the model was
sprayed with a mixture of china-clay and oil-of-wintergreen and
the resulting flow patterns were photographed. In the former
case, the streaking of a series of small oil dots illustrates the flow-
field.

If It is possible that that oil dot size (the oil dot technique was
used) may affect the scale of the vorticity; however, it does not
affect the basic phenomenon (i.e., the vortices would still be
there without oil).
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a) a = 0°, : -4°

-4°

Fig. 15 Effect of angle of attack on retarded separation
flow patterns, £c = 4.5, M = 0.9.

layer is weakened and the separation jumps to the shoulder,
producing the usual nose-induced separated flowfield with its
large scale vorticity (Fig. 15b). The influence of the flare is
restricted to the region just upstream of the flare and does not
interact with the nose-induced separated flow region. Thus,
upstream communication effects should not be significant at
subsonic speeds for long cylinder-flare bodies such as this.

As one would expect, the effect of upstream communication
does not vanish for long cylinder-flare bodies when the separa-
tion is induced by the flare shock (Fig. 16). The most strik-
ing feature of the effect of flare deflection (upwards) on shock-
induced separation at a = 0° is illustrated by the correlation
between the shadowgraph and the china-clay flow photograph
(superimposed in Fig. 16). The flow near the lateral meridian
is turned downward by the slightly skewed flare shock, but

TOP

PROFILE

BOTTOM

Fig. 16 Shock-induced separation upstream communica-
tion flow patterns, £c = 4.5, M = 1.2, a = 0°, dF = —4°.

DETACHED SHOCK

VORTEX
LIFTED FROM
SURFACE AND
SHED INTO
WAKE

Fig. 17 Shock-induced separation upstream communica-
tion flow model, a = 0, dp ^ 0.

does not separate.** The flow along the bottom of the
cylinder penetrates the shock without separating until just
forward of the flare. At the leeward meridian, the flow
separates in a nearly two-dimensional manner. This re-
circulating flow along the top surface is pulled down by the
unseparated flow along the lateral portions of the cylinder
and converges on the bottom cylinder-flare juncture. The
flow model shown in Fig. 17 is, therefore, suggested. It essen-
tially describes the flowfield seen in the photographs, but pro-
poses a pair of shed vortices (similar to the model for nose-
induced separation on a short cylinder) that vents the flow
converging at the bottom cylinder-flare juncture, tt

Forebod}^ crossflow dominates the shock-induced separation
to an even greater extent than it does nose-induced separation
(Fig. 18). Crossflow thickens and weakens the leeward-side
boundary layer by sweeping low-energy fluid to the leeward
side, and a corresponding strengthening of the windward
boundary-layer results. Thus, separation is promoted on the
leeward side, resulting in a forward movement and a weaken-
ing of the leeward-side detached flare shock. The flow
photographs (Fig. 18) indicate a large leeward-side separation
while on the windward side the flow is attached aft of the
shock. (The vorticity may play a part in energizing and re-
attaching the windward boundary layer immediately aft of
the shock. The windward-side flow is then swept to the lee-
ward side (by the transverse pressure gradient resulting from
the unequal windward and leeward-side shock strength), after
stagnating at the cylinder-flare juncture. This flow and the
recirculating separated flow near the leeward meridian com-
bine to feed large lateral vortices generating essentially the
flow pattern sketched in'Fig. 10.

Close examination of Fig. 18 reveals that the flare, via up-
stream communication, has a small effect on the flow patterns.
That is, the existence of some minor upstream communication
effect is indicated.

Fig. 18 Effect of up-
stream communication
on shock-induced separa-
tion flow patterns at a =

4°, M = 1.2, fc = 4.5.

-40

** The shock location may be traced around the body by con-
necting the locus of points where the streamlines begin to turn.

f t The existence of these vortices is indicated by the thick tur-
bulent shear layer visible on the shadowgraph which correlates
with the proposed origin of the vorticity.
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Conclusions

The presented results show that 1) dynamic effects of
separated flow can be predicted, and 2) basic research of cross-
flow effects on stationary separated flow is needed to corro-
borate and extend existing knowledge of unsteady separated
flow. In particular, the effects of experimentally observed
large-scale vortices in "axisymmetric" or "two-dimensional"
separated flow need to be understood better. Since the dy-
namic effects of separated flow usually are much larger than
the static effects, and in addition, often adverse, it is im-
portant to improve our predicting capability.
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