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Asymmetric Unsteady Flow in Forward-Facing Cavities

LarsE. Ericsson*
Lockheed Missiles & Space Company, Inc., Sunny vale, Calif.

An analysis has been performed of the flow oscillation observed in the "empty" nozzles of the space shuttle
solid rocket motors (SRM's) after they have been jettisoned at burnout. The unsteady flow phenomenon is
similar in many respects to the flow oscillations observed on bodies with flow separation spikes. Hence, a
previously developed analytic method for prediction of the spiked-body oscillation frequency has been extended
to apply to forward-facing cavities. The predicted frequencies are in good agreement with experimental results.
Furthermore, a simple time history analysis produces time-average loads on the forward-facing SRM nozzles
that agree well with the observed discontinuous load changes caused by the flow oscillation. The analytic
methods have direct or indirect application to analysis of inlet dynamics, supersonic control buzz, and nosetip
aerodynamics of ablating re-entry vehicles.
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Nomenclature
axial force: coefficient C^
speed of sound
reference length (SRM diameter)
volumetric mean nozzle diameter (Fig. 9)
internal nozzle diameters (Fig. 10)
oscillation frequency
cavity depth (Fig . 9)
spike length for flat-faced bodies
Mach number, M= U/a
pitching moment :
coefficient Cm =Mp/(Poo U2

x/2)Sc
normal force:
coefficient CN = N/ (PooU2

00/2)S
static pressure:
coefficient Cp = (p-p* ) / (Poo U^/2)
blast wave pressure:
coefficient Cp0 = (p0 -p^ ) (Poo U^/2)
Strouhal numbers : SD =fD/ U^
SLS=fLs/U00,SLS=f(Ls + hc
oscillation period
time
time lag
axial velocity
velocity component normal
element
parameter defined in Eq. (1)
axial body- fixed coordinate (Fig. 10)
angle of attack
a-complement = TT - a.
ratio of specific heats = 1.4 in air
increment
shock standoff distance
slope of nozzle wall (Fig. 10)
air density
azimuth (Fig. 10)
<p value for Newtonian shadow, Eq. (5)

critical
downstream
external
internal

to surface
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/ = linear, tangential extension
max. = maximum
5 = spike
SRM = solid rocket motor
u = upstream
oo = freestream condition
Superscripts
( ~ ) = barred quantities denote integrated mean or

time-average values
= caret indicates value behind a normal shock
= inverted caret indicates embedded

Newtonian value

Introduction

ACCORDING to present plans, the solid rocket motors
(SRM's) of the space shuttle launch vehicle are'to be

jettisoned after burnout and recovered for renewed usage.1

Consequently, wind-tunnel tests have been made of the
SRM's in the complete angle-of-attack range 0 < a. < 180 deg.2

Recent tests3 showed that discontinuous changes of the
aerodynamic characteristics occur in the a range 140<«< 180
deg (Fig. 1). The discontinuous flow change is associated with
a-hysteresis (Fig. 1) and pulsating unsteady flow (Fig. 2), all
characteristics that have been observed on spiked bodies.
Consequently, earlier performed spiked-body analyses4"8

were extended to include methods .for prediction of the un-
steady aerodynamics of the pulsating flow phenomenon.

Flow Description
The flow pictures in Fig. 2 and those of a Polaris re-entry

body with hollow skirt9 (Fig. 3) describe the unsteady flow
configuration sketched in Fig. 4. When the flow inclination is
below a critical value, a '<a' c r i t , stable flow exists. The
sketch leaves out any of the recirculatory details in the cavity,
which in this case effectively works as a dead air region. When
the critical flow inclination is exceeded, a '>a ' c r i t , the
bowshock "pops" into the cavity and the sketched flow
geometry is generated momentarily. This flow geometry is
unstable, as the flow turned down from the stagnation region
has no way to escape without pushing the deformed bowshock
forward until it finally reaches the stable flow location. Then
the recirculated mass flow is spilled over the top edge of the
nozzle so that the bowshock can pop into the cavity again and
the cycle is repeated. Figure 5 shows the flow geometry
existing for a spiked cavity at zero angle of attack. Again, the
recirculated flow cannot be spilled until the "swallowed"
shock system has been pushed forward. In this case the
forward movement does not stop until the end of the spike is
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Fig. 1 Pitching moment of SRM at Mx = 3.48.

reached; then the recirculatory flow is spilled, the shock is
swallowed and the cycle starts all over again.

For a spiked body without a cavity, the flow situation is the
one sketched in Fig. 6. When the face shoulder is steep, as for
the case sketched, no stable flow exists. The secondary shock
is a strong detached shock which causes the same unstable
recirculatory flow situation discussed earlier. This unsteady
spiked-body flow is analyzed in Ref. 8 where analytical means
are developed by which the frequency of the flow pulsations
can be predicted. The purpose of the present paper is to
describe how the analytic methods of Ref. 8 can be modified
to apply to the unsteady flow situation sketched in Figs. 4b
and 5.

Analytic Approach
The Strouhal number predicted by the analytic method of

Ref. 8 for the flow pulsations occurring on a flat-faced spiked
body (Fig. 6) is shown in Fig. 7. The dash-dot line in Fig. 7
denotes the limit for the similar flow profile assumption used
in Ref. 8. For longer spikes the flow impingement geometry
starts to change (see Ref. 8), causing first a change in the type
of flow unsteadiness and finally resulting in a stable, retarded
spike-induced separation of turbulent flow (Fig. 8). The
maximum spike length that will retain laminar flow
separation starting at the spike tip (Fig. 6) gives the maximum
Strouhal number (shown in Fig. 9 of Ref. 8). This Strouhal
number is the asymptotic limit for the predictions in Fig. 7 for
spikes longer than Ls = Ash +0.45 LSmax . However, when the
spiked body has a forward-facing, sharp-lipped cavity, as
sketched in Fig. 5, the maximum normal-shock-recovered
stagnation conditions in the recirculatory flow region are
maintained. Thus, the predictions for the Strouhal number of
oscillations in spiked cavities are obtained by a tangential
extension from the dash-dot line in Fig. 7. Modifying Eq. (19)
of Ref. 8 in this manner gives

130

Fig. 2 Shadowgraphs of unsteady flow at
nozzle E1A.

From Ref. 8 one also knows that

160

= 3.48 on SRM with

LsV (L6
D)^ (3.4 (M00>11.3) (2)

and that A5/Z/Z), according to Ref. 10, can be approximated as
A5/, _ 0.575
~D~~ (3)

where p/p^is the density ratio through a normal shock.
Figure 9 shows that the predictions through Eqs. (1-3) are in

good agreement with the experimental results obtained by
Hermach et.al.11 Also shown in Fig. 9 is one data point for
the empty SRM shell "flying backwards." In what follows it
will be explained how this data point was introduced into the
graph of Fig. 9.

In case of the spiked cavity, the most forward extent of the
pulsating flow is determined by the spike tip. For the forward-
facing pure cavity (Fig. 4), a first approximation for this
forward movement is the bowshock location for the steady
flow. This also appears to be in good agreement with the flow
pictures in Fig. 2. Thus, the SRM nozzle data point in Fig. 9
was obtained from the measured Strouhal number,
(SD)SRM = 0.18, based on the SRM diameter,3 by converting it
to an effective Strouhal number SLS through the following
relationship:

D" ^ (4)

0.32
(Ls/D)i

1-0.42X,
' Xf

(LS , hC A*
\D D D (D

where X, = 0.45 (Ls/D)r
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Fig. 3 Shadowgraphs of unsteady
flow over forward-facing cavity at 35
deg flow inclination.

SHOCKS

DIVIDING STREAMLINE

a) a1 < a'crit. STEADY FLOW

SHOCK POSITION
FOR STABLE FLOW

b) a' > a'crit. UNSTEADY FLOW

Fig. 4 Steady and unsteady cavity flows.

where Ash/D is given by Eq. (3). Df is the meant internal
nozzle diameter and DE is the maximum external body
diameter in the exit plane (i.e., including skirt). Figure 9
shows that Eqs. (3) and (4) provide good prediction of the
measured frequency of the flow pulsations in the rocket
nozzle.3

Unsteady Aerodynamics
In order to get a first approximation of the loads induced

on the SRM's by the pulsations, the flow is idealized as
follows. It is assumed that the internal nozzle loads upstream
of the swallowed bowshock can be determined with

Fig. 5 Unsteady spike-cavity flow.

satisfactory accuracy by embedded Newtonian theory,12'13

and that the pressure behind the swallowed shock (during the
upstroke phase) is given by normal shock relations. Assuming
a two-dimensional type behavior for the internal flow, one
can, according to Ref. 14, set pU2 =p(X£/i. Cp0 is a function
of x only, and with V± /£/defined as in Ref. 13 with 0F = 0R,
one obtains for the nozzle geometry in Fig. 10 the following
result:

—-- = sina'cos0/?sin</>-coso:'sin0/?

OR \£- )
a ' /tana '

a =TT —a

tVolumewise, that is. It is the diameter marked D in Fig. 9.

<W~'-* (5)

When the strong shock has passed upstream over the area
element, the pressure is given by normal shock relations.15 In
the case of steady hypersonic flow, the shock strength is

(6)
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SHOCKS

Fig. 6 Unsteady spiked-body flow.
Fig. 8 Retarded spike-induced flow separation.

Fig. 7 Predicted Strouhal number for spike-induced oscillatory flow.

In the nonsteady case the shock strength can be written

4
CPNS y + 1 (7)

where AMNS > 0 for the pumping phase when the shock moves
upstream and AMNS<0 for the expansion phase when the
shock moves downstream. Thus, the pressure on the internal
nozzle wall will vary with time, as is illustrated in Fig. 11. In
the steady case, the pressure is C^0 throughout the nozzle,
where C^0<C^U. The pressure change in the unsteady case
from the steady-state level is ACp = Cp — C^0f where Cp is
given by either Eq. (5) or (7). For deeper cavities, the results
obtained by Vrebavolich16 indicate the following values of

0<Cpd<0.2Cp0

.25

.10

.05

D .24 0°
rf .40 o°
Cf .18 0°

EXPERIMENTS l

1.02 35°

.5 1.0 1.5

Ls/D+hc/D-Ash/D

2.0

Fig. 9 Predicted and measured frequency of pulsating flow in
forward-facing cavities at M^ =3.5.
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The strip loading is (see Fig. 10)
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Integrating Eqs. (9) and (10) utilizing Eqs. (5-8) gives

dAC, 2irr
dr

) / (t2<t<t3)

dACV

( t 0 < t < t ] )

( — + 0' - — sin2</>' j — sin2a/sin2^/?+cos</)/ c 4- sin2a'cos20fl (l- — cos2<£'j

(12)

From Fig. 11, one can define the time duration during one cycle for the different pressure levels. Assuming that A 77 T is
negligibly small, one obtains

t,-tn hc—x
(13)

If the nozzle walls are thin or the nozzle lips are relatively sharp, one can neglect Cp0 (Refs. 13 and 14). Another simplification is
obtained by assuming that Ud = U00. Equations (11-13) then give the following integrated result:

AC, = 12S (hc- T +*')('«'«•*••.
^ (14)

hf

" 6S (h

[ ( \\\cos2a'sin2BK + s in2a. 'cos26R l l — Yicos2</>') i

The corresponding change of the pitching moment is

(15)

W=ACN ( X - X C G ) / C

2 Df
(16)

The discontinuous changes of the aerodynamic characteristics
caused by the flow pulsations are shown in Fig. 12, com-
plementing the Cm results already shown in Fig. 2. The
magnitude of the CN discontinuity is not measurable;
however, the CA and Cm discontinuities are. Figure 13 shows
the measured discontinuities for three different nozzle
geometries.2'3 Also shown are the time-average values
predicted from the present analysis.t The agreement between
predicted and measured discontinuities is very satsifactory,
and lends credibility to the very simple unsteady flow model
suggested for the pulsating flow process. Thus, it should be
possible to use the present model in an analysis to determine
whether or not the pulsating flow phenomenon will endanger
the structural integrity of the rocket nozzle on the jettisoned,
empty SRM shells. The time-average effects are also im-
portant in their own right as the associated discontinuous
effects on the static or low-frequency characteristics have a
decisive impact not only on rigid-body static stability and
control but also on the dynamic response of rigid-body and

VIEW A-A

JThe values used, C^=0 and C^u = C^0, give a high estimate of
ACT,

sin a'

Fig. 10 Definition of nozzle geometry.
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Fig. 11 Idealized pressure time history.
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low-frequency elastic modes. The asymmetric oscillatory flow
experienced by the forward-facing empty nozzles at high angle
of attack2'3'9 (Figs. 2 and 3) has also been observed on a
spiked body17§ and could conceivably also occur on the
"proboscidean" nosetip of a re-entry vehicle,8?18>19 causing
discontinuous time-average effects similar to those shown in
Figs. 1, 2, 12, and 13. In some cases the pulsating flow
phenomenon with its strong normal shock (Figs. 2 and 3) may
not be realized, but rather the flow oscillation involving a
weaker conic shock. However, the convective flow processes
should still remain the same, as indicated by the experiment
performed by Kabelitz.19'20 Thus, the analytic methods
developed in Ref. 8 and extended in the present paper should
be applicable also to the flexing conical shock oscillation.

A phenomenon that involves the flexing shock oscillation is
hypersonic control buzz. Mair21 showed that the two-
dimensional equivalent to a spiked body, i.e., the forward-
facing step, also could experience the pulsating flow
phenomenon. In Mair's case the aspect .ratio of the flap or
forward-facing step was infinite. Even for finite aspect ratio,
however, where the separated flow region can be vented by
sideways bleed, shock oscillations have been observed.
Goldman and Obremsky22 observed shock oscillations of the
flexing type on a delta planform space vehicle. The
oscillations existed for a wide range of control deflections and
angles of attack. The spectrum of the oscillation pressure in
the separated flow region showed a pronounced harmonic
spike at a frequency that produces a Strouhal number based
on effective 2-D spike length that is of similar magnitude as
that for the spike-induced oscillations discussed earlier. Thus,
one can feel confident that the presented methodology could
be applied also to this control-buzz phenomenon. Of course,
the crossflow relief has to be accounted for. However, this
could be accomplished using static experimental data in a
manner similar to what is done in Ref. 8.

Large flexing shock oscillations have also been observed23

when, the hypersonic control consists of a lateral jet. The
frequency is according to the authors of a magnitude com-
parable to that for spiked-body oscillations. It will, of course,
be somewhat more difficult to extend the present methods to
cover this "fluid control buzz" phenomenon, mainly because
of the difficulty to obtain the needed "static" experimental
data.

10-

8

6-

O-1-

-3.6
130 140 150 160

§In this case the oscillation was, however not of harmonic nature.
Fig. 12 Normal force and axial force characteristics of SRM with
nozzle E1A at \f00 =3.48.
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PREDICTION EXPERIMENT
TEST #590 TEST #572
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Fig. 13 Comparison between predicted and measured aerodynamic
discontinuities for three different SRM nozzles.

Conclusions
The main results of a study of asymmetric unsteady

supersonic flow phenomena in forward-facing cavities are as
follows:

1) Unsteady flow exists in forward-facing cavities at
moderately high flow inclinations (at which the windward
branch of the bowshock moves into the cavity). The
phenomenon is very similar to that observed at zero flow
inclination in cavities with a flow separation spike present.

2) Simple analytic means have been developed by which the
experimentally observed oscillation frequency of the pulsating
flow can be predicted for forward-facing cavities with and
without flow separation spikes.

3) The postulated mathematical model for the pressure time
history of the pulsating flow gives time-average results that
are in good agreement with the measured discontinuities in the
aerodynamic characteristics of the space shuttle SRM's.

It appears that the developed analytic means could with
little difficulty be extended to deal with supersonic control
buzz and nosetip aerodynamics of ablating re-entry vehicles.
It may also be fruitful to take another look at inlet buzz in
light of these new results.
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