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Control of Cavity Flow by Upstream Mass-Injection

Ahmad D. Vakili* and Christian Gauthiert
University of Tennessee Space Institute, Tullahoma, Tennessee 37388

The purpose of this study was to use mass-injection upstream of a cavity to control the shear flow across the
cavity for reducing or eliminating cavity flow oscillations. Results of an experimental effort performed at a
nominal Mach number of 1.8 and at unit Reynolds number of 17 x 106 per foot for a cavity with length-to-
depth (LID) ratio of 2.54 are presented. Baseline measurements were performed for various mass-injection rates
for two rectangular injection distributions. Significant attenuation of cavity oscillations was observed with
upstream mass-injection. This was attributed to the thickening of the cavity shear layer, which altered its
instability characteristics, such that its preferred vortex roll-up frequency was shifted outside of the natural
frequencies of the cavity. As a result of the experimental investigation, it was concluded that mass-injection is
effective in significantly reducing or eliminating cavity oscillations. Cavity's peak oscillation amplitude was
reduced from about 174 dB (1.5 psi) without mass-injection to 147 dB (0.07 psi) at the blowing coefficient rate
of 0.04.

I. Introduction

F LOW over cavities is encountered in a wide range of
aerodynamic vehicle applications, including weapon bays,

wheel wells, control slots, and optical window openings. Under
certain conditions, large flow and pressure oscillations occur
within these cavities. In weapon bay cavities, these oscillations
are of great concern when carrying and separating stores. The
oscillations also result in undesirable increases in the vehicle's
aerodynamic noise and drag, as well as structural vibration
and fatigue. Because of these issues, the subject of cavity flow
has been extensively studied. In general, cavity flow can be
divided into the following three categories based on the cavity
length-to-depth (LID) ratio1: 1) closed cavity flow—for LID
> 13, flow attaches to the bottom of the cavity; 2) open cavity
flow—for LID < 8, flow spans the cavity without attaching
to the bottom; and transitional cavity flow—for 8 < LID <
13, flow may behave as in either a closed or an open cavity
flow; or in fact, it may be unstable and alternate between the
two modes. Among these, the category of open cavity flow
can additionally exhibit either lengthwise (longitudinal) or
depthwise (normal) modes of oscillations based, generally,
upon the longest cavity dimension. In open cavity flows, lon-
gitudinal modes of oscillations usually dominate for shallow
cavities, i.e., with a LID ratio greater than one, while normal
modes dominate in deep cavities.

Open cavity flow in shallow cavities is typically encountered
in weapon bay applications. In this flow, the longitudinal
pressure and flow oscillations have been associated to the
shear layer interactions with the cavity. As explained by a
self-exciting feedback mechanism, perturbations are pro-
duced when the shear layer interacts with the cavity trailing
edge. These perturbations travel upstream within the cavity
and eventually excite the shear layer at the cavity leading
edge. As a result of these excitations, the shear layer devel-
opment along the cavity is altered, and consequently, the
subsequent interactions at the trailing edge are also affected.
The whole feedback process is, therefore, continuously al-
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tered. Whenever proper timing exists between these events,
the feedback process can lead to resonance and result in a
large amplification of the cavity oscillations at certain fre-
quencies.

This feedback model permits a fairly accurate determina-
tion of all the possible longitudinal modes of cavity oscillations
for open cavity flow in shallow cavities. However, models of
cavity oscillations are limited because of the incomplete
understanding of the shear layer feedback mechanisms. Tarn
and Block2 have pointed to the lack of a complete under-
standing as to how the pressure waves are created at the cavity
trailing edge.

Heller et al.3 improved upon Rossiter's semiempirical for-
mula. The resulting modified Rossiter's formula presented
below agrees well with supersonic test data as indicated by
Fig. 1

(1)

where j is the specific heat ratio, S is the Strouhal number
based on the cavity length L, the frequency /, and the free-
stream velocity £/0; M is the freestream Mach number; m is
an integer mode number (which accounts for the number of
waves involved); Kv and n are empirical constants represent-
ing the vortices convective velocity (as a ratio to the free-
stream velocity) and a rear corner interaction time delay,
respectively. The modified Rossiter's formula only predicts
possible frequencies of oscillation. It remains practically im-
possible to predict which mode or what amplitude of oscil-
lations will occur in a cavity; in fact, it is not even possible
to determine if there will be any oscillations.

As a result of this incomplete understanding, nearly all
techniques investigated for the suppression of cavity oscilla-
tions have only been partially effective. They generally consist
of passive disturbances which only reduced the cavity oscil-
lations at specific "design" conditions.4-5 Some techniques
altered the characteristics of the oncoming shear layer by using
devices such as vortex generators and sawtooth spoilers. Other
techniques attempted to stabilize the shear layer impinging
point at the cavity trailing edge by using geometric ramps and
trailing edge cowls.4-5

Various mechanisms have been investigated including mass-
injection from the cavity base (ceiling). Sarohia and Massier6
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Fig. 1 Strouhal number variations (5 = JL/U) with Mach number
for different modes of open cavity flows. Symbols are experimental
data,3 lines are Eq. (1).

found that mass-injection from the base resulted in a reason-
able reduction (8-10 dB) of the peaks, with blowing param-
eter Be of approximately 0.05-0.15, where the blowing pa-
rameter is defined by the ratio of the injected mass flux to
the freestream mass flux Be = pwUw/peUe. Franke and Sarno7

used mass-injection through a slit from the leading edge of
the cavity at different angles. Franke and Sarno obtained
approximately a 10-dB sound pressure level reduction by
blowing at 45 deg at the leading edge of the cavity, at a mass
flow rate of 1.5 Ibm/ft/s. This approach is equivalent to the
spoiler concept with the spoiler being replaced by a jet sheet.
In addition, this concept can be implemented as an active or
even an adaptive control technique. Wilcox8'9 used passive
venting, by moving high-pressure air to the low-pressure re-
gion of the cavity, through a porous cavity floor to reduce
the cavity flow interactions with the weapons during sepa-

.ration. Stallings and Forrest10 used vent pipes to do the same
with limited success. Recent computations of a similar ap-
proach, by Chokani and Kirn,11 found reduced amplitudes in
the cavity.

Active shear layer flow control such as upstream mass-
injection has been considered as a means to actively modify
the characteristics of the shear layer just ahead of the cavity.
This concept was investigated in a qualitative water table study
by Vakili et al.12 and Taylor.13 Steady mass-injection produced
significant attenuation of the cavity oscillations. Out-of-phase
pulsed mass-injection nearly eliminated the oscillations ini-
tially, while after a shift in the frequency response of the cavity
the oscillations were excited to a higher amplitude. With their
experiment the potential use of upstream mass-injection for
the attenuation of cavity oscillations was qualitatively dem-
onstrated.

The present study was carried out in two steps. In the first
step, "baseline" characteristics of the tunnel flow and the
cavity flow are established for the empty tunnel and for no
upstream mass-injection, respectively, by measuring the flow
properties, frequencies, and amplitudes of the cavity oscil-
lations. In the second step, similar measurements were con-
ducted for various mass-injections for two perforation distri-
butions. The effects of upstream injection on cavity oscillations
are determined through comparison of the flow properties
with and without mass-injection.

II. Mass-Injection: A Brief Review
The influence of mass-injection on the external flow de-

pends upon the relative momentum of the injected mass to
the freestream and varies from localized boundary-layer in-

teractions to global interactions. As such, mass-injection may
be categorized14 in the following three categories:

A. Weak Mass-Injection
The effects of weak mass-injection are constrained to the

boundary layer, affecting mostly the sublayer by shifting the
logarithmic portion of the law of the wall (in turbulent flow).
When the injected flow momentum is small, the boundary-
layer thickness increases slowly over a relatively long distance,
and the external flowfield is not substantially altered. This
type of injection has been studied mostly for its effect upon
skin friction or heat transfer when applied toward drag re-
duction and transpiration cooling, respectively.

B. Massive Mass-Injection
Massive mass-injection is sufficient to result in large exter-

nal flow deflections. When the injectant momentum is much
larger than the skin friction (but still much smaller than the
external flow momentum), the external flow and original
boundary layer are lifted above the injectant fluid, and a
mixing layer is formed between the two fluids. This type of
mass-injection has been used in attempts to simulate the mass
addition resulting from ablative materials on re-entry vehicles.

C. Blowoff Mass-Injection
The injectant fluid momentum is comparable to the external

flow momentum and the injectant is "blown-off" the wall as
in a cross-jet. This type of interaction is mostly used for fuel
injections applications and will not be considered in this study.

Two-dimensional models are based on the assumption that
under moderate amounts of massive mass-injection the in-
jected flow deflects the supersonic external flow uniformly to
form a two-dimensional deflection wedge. It is also assumed
that most viscous mixing effects are constrained to the mixing
layer between the external and injected flows and, in turn, it
is assumed that this layer is relatively small enough to be
approximated by a so-called "dividing streamline."

Based on these assumptions, Bott15 used a simple control
volume approach to obtain an empirical relation between the
injected wedge angle and the mass-injection rate. Fernandez
and Zukoski14 used a rigid theoretical approach to represent
the injected flow region. They used the boundary-layer mo-
mentum equation, reduced in the form of the momentum
thickness over a flat plate, to analyze this flow region:

(2)

On a flat plate with mass-injection another term is added
to account for the injected flow relative momentum. If we
define Be as the ratio of the injected mass flow to the external
or freestream mass flow, then Be = pwVJpeVe and Eq. (2)
becomes

dO
+

2Be
(3)

Under massive injection, however, it is assumed that the in-
jection term is much larger than the friction term (Be » Cf),
thus

dO
= B, (4)

The correlation between Fernandez's experimental results
and the above equations is reasonable for most mass flows
used. However, for larger mass flows, which result in an in-
jection wedge angle above about 15 deg, Fernandez observed
that the external flow curvature encountered usually only at
the rear edge of the injection wedge occurred further and
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further upstream. In this situation, the flow does not have
self-similar velocity profiles and forms a curved wedge. Also,
for these large wedge angles, Fernandez observed a separation
region ahead of the injection zone because of the viscous and
shock interactions.

From the momentum thickness growth calculations, Eq.
(4), a boundary-layer-thickness-to-momentum-thickness ratio
d/6 had to be assumed to convert the results into an injected
wedge growth, and subsequently, into an injected wedge an-
gle. According to Fernandez, the 8/0 ratio decreases from 13
at low injection rates, to about 10 at higher injection rates.
Results for various 8/6, various initial momentum thickness
00 and various injection lengths Linj are included in Fig. 2.

As shown in Fig. 2a, the length of injection has the greatest
effect upon the induced wedge angles. However, mass-injec-
tion results are usually made independent of the length of
injection by using the nondimensional Be defined earlier. In
these calculations, various injection lengths were used to study
that effect directly, primarily to indicate that there are many

f«H
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Fig. 2 Injected wedge angle variations vs injected mass flow m cal-
culated using Fernandez's model. The horizontal line at 0 = 15 deg
represents the limit of Fernandez's theory: a) effect of mass-injection
length, b) effect of initial momentum thickness, and c) effect of bound-
ary layer to momentum thickness ratio.

ways to obtain either the same injected wedge angles or the
same shear layer momentum thickness.

As in Fernandez's experiment, the mass-injection for this
study is provided through a side wall already subjected to
substantial viscous effects. Calculations using Fernandez's model
resulted in predictions much greater than Bott's for a given
injected mass flow.16 The difference between the predictions
obtained from both models could be due to the lack of ex-
perimental similarity described previously, or to the Mach
number and viscous effects, which are not easily quantified.

For Fernandez's model, Fig. 2b indicates that the initial
momentum thickness has a limited influence, which decreases
rapidly as the mass flow is increased. On the other hand, Fig.
2c indicates that the effects of increasing 8/0 increased with
mass flow.

It should be noted at this time that both models are limited
to two-dimensional flows and to injected wedge angles smaller
than about 15 deg. As noted by Fernandez for his model,
above these angles the dividing streamline becomes signifi-
cantly curved and separation starts occurring at the injection
leading edge.

III. Experimental Procedures
This experimental study was conducted using a blow-down

wind tunnel in the University of Tennessee Space Institute
Gas Dynamics Laboratory. A schematic diagram of the wind-
tunnel installations is given in Fig. 3. The wind-tunnel test
section consists of an 8- x 8-in.-square duct about 4 ft long.
The converging/diverging nozzle has been designed for a test
section operating Mach number of 1.8.

The cavity and mass-injection were integrated into the floor
plate near the exit of the nozzle as shown in Fig. 3. The cavity
was 3.8125 in. long by 1.5 in. wide and 1.5 in. deep. This
corresponded to a LID ratio of 2.54 which belonged to the
unattached open cavity flow. This LID ratio was chosen to
provide an open-type cavity flow. It was realized that such a
ratio is typically smaller than those found on actual 2.

The injected mass flow was provided through two perfo-
rated plates with 175 holes each. Two different hole distri-
butions were studied, each hole diameter was 0.0625 in. and
the two arrangements are shown in Fig. 4. The two distribu-

B.L. Upstream B.L. Downstream
Station Station

Perforated
Injection Plate

Injection Plenum

Boundary Layer
Traverse Probe

Fig. 3 Schematic of the experimental setup.

FLOW

a)

FLOW

b)
Fig. 4 Schematic of the distribution of holes for two mass-injection
systems: a) high-density injection and b) low-density injection.
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tions represent one high-density and one low-density porosity,
while the total area of injection holes remained constant. The
high-density injection area was 1 in. long by 1.75 in. wide,
and the low-density injection area was 2.0 in. long by 1.75
in. wide, both were positioned just upstream of the cavity.
The injected flow was supplied by a 1-in. pipe into a plenum,
just before the perforated plate to enhance the injected flow
uniformity. The plenum geometry was sufficiently large for
the two perforations and remained fixed.

The cavity flow oscillations were measured using a dynamic
pressure transducer installed near the rear of the cavity floor,
Fig. 3. The Endevco subminiature piezoresistive pressure
transducer model 8514 was connected to a Hewlett Packard
model HP3582A frequency spectrum analyzer to provide the
amplitudes and frequencies of the cavity oscillations. A spec-
trum was assembled from 16 samples collected in the fre-
quency range of 0.0-5.0 kHz, with the sampling band width
of 30 Hz.

The boundary layer was traversed at two stations, one up-
stream station, just at the end of injection region near the
backward facing step of the cavity, and one in downstream
station, just in front of the cavity's rear bulkhead. Velocity
profiles were measured using a computer-controlled travers-
ing total pressure probe with a 0.020-in.-thick flattened tip.
The reference static pressure for Mach number calculations
was on the tunnel floor. Under massive injection, a large
normal pressure gradient is believed to exist within the in-
jected flow.15 Under that condition, the static pressure cannot
be assumed to be constant and should be measured directly
along with the total pressure using a cone pitot-static probe
system. As a result, the velocity profiles obtained with mass-
injection were somewhat inaccurate. Nevertheless, to have
some qualitative value, the boundary-layer thickness was ob-
tained by neglecting the normal pressure gradient effect.

Numerous static pressures along the tunnel floor were
measured by either individual transducers or a 48-channel
SCANIVALVE®.

The injected mass flow was measured using an orifice in
the supply line. The injected flow total pressure was measured
inside the injection plenum to verify that the flow through
the perforated plate was choked.

A schlieren video system provided flow visualization of the
tunnel flow, the injected flow, the boundary layer, and the
shear layer above the cavity. It was not possible to obtain
visual details of the flow inside the cavity with this experi-
mental setup as the optical window did not extend into the
cavity.

A. Wind-Tunnel Flow Conditions
The flow in the blowdown tunnel was controlled by throt-

tling the air from a high-pressure storage tank through a con-
trol valve. In general, the tunnel Mach number was main-
tained constant throughout each run and varied within 1%
throughout the tests. Similarly, the injected mass flow was
maintained constant by continuous control of the injection
plenum pressure which was noted to vary slightly during each
run. During each run, the tunnel total temperature normally
dropped along with the storage tank total temperature and
total pressure, due to the throttling of the high-pressure air
from the storage tanks. Typical tunnel total conditions were
45 psia and 460°R.

The test section unit Reynolds number Re/ft, was calculated
to be 17 x 106 per foot. Komerath et al.17 reported that the
Reynolds number effects are minimal in turbulent cavity flows
and should have only a negligible effect on the results. How-
ever, the Reynolds number effects may be significant upon
the injected flow.

Velocity profiles measured for baseline configuration tests,
without any cavity or mass-injection apparatus, at nominal
Mach number M = 1.8, indicated the boundary-layer thick-
ness was 0.26 in. As observed from the measurements and

from the schlieren video, the presence of the cavity resulted
in an increase in the shear layer thickness over the cavity.

B. Data Reduction
The local Mach number was calculated from isentropic flow

relationships, using total and static pressures. The pitot pres-
sure was corrected for normal shock effects at supersonic
Mach numbers. Velocity ratio was calculated using U/Ue =
M/M^(T/Te)1/2, where e indicates conditions at the edge of the
boundary layer. A relation between temperature and density
for an adiabatic wall was used from Whitfield.18 The bound-
ary-layer thickness 8 is defined as

S = y\u,u* = 0.99

and other parameters such as 5*, 6, and H are defined the
standard way.

C. Test Procedures
With no cavity installed in the tunnel, without and with

mass-injections, baseline measurements were performed to
document the test section flow, static pressure distribution
along the test section, and the boundary-layer velocity pro-
files. Then, with the cavity installed, baseline frequencies and
amplitudes of cavity oscillations were obtained. Finally, the
mass-injection apparatus were installed with the cavity and
the effects of mass-injection on the cavity oscillations were
documented for various mass-injection rates with the two per-
forated plates upstream of the cavity. Velocity profiles were
also obtained with the cavity installed without and with mass-
injection. The presence of cavity resulted in a small increase
in the boundary-layer/shear-layer thickness.

IV. Experimental Results
A. Baseline Cavity Oscillations

As indicated in the frequency spectrum in Fig. 5, the am-
plitudes of oscillations at the peak frequency of 2740 Hz was
quite large at 174 dB sound pressure level (SPL), which cor-
responds to pressure oscillations amplitude of 1.5 psi. Peak
cavity oscillations predicted by Rossiter's modified formula,
Eq. (2), was around 3100 Hz. Secondary modes or harmonics
and 1 were observed at 1360 and 4100 Hz, but with a much
smaller amplitude (about 0.15 psi).

B. Effects of Upstream Mass-Injection
The purpose of mass-injection was to control the thick-

nesses of the boundary layer ahead of the cavity and the cavity
shear layer. As indicated by the model as well as the exper-
iment, the injection length (distribution) is a relevant param-
eter. Hence, to incorporate the distribution of the mass-in-
jection into the analyses, a cavity blowing parameter was
introduced. The mass-injection as measured by the cavity
blowing parameter is defined as the usual Be, multiplied by
the ratio of the total injection area to the cavity area, Bc =

/Acavity). In this study the cavity blowing pa-

Baseline

170 dB

160 dB

150 dB

Fig. 5 Typical frequency spectra of the cavity pressure, as indicated
by the dynamic pressure transducer (frequency-amplitude spectrum,
0.05 Ibm/s).
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rameter was varied between 0.0-0.05. Larger cavity blowing
parameters could not be obtained without major modifica-
tions since the flow was choked in the injection holes and the
injection plenum size and maximum pressure was limiting.

The boundary-layer thickness, as observed in the schlieren
movie, varied linearly for the lower mass-injection rates and
formed a wedge. Measurements at the upstream station, for
low- and high-density injections for the flat plate configuration
and measurements with the cavity installed, showed that there
was some limited upstream influence due to the presence of
the cavity. The boundary-layer properties varied with the mass-
injection. Maximum thickening of the boundary layer is ob-
served with low-density blowing, Fig. 6. It is noteworthy to
remember that low-density injection was from an area twice
as long as for high-density injection in the stream wise direc-
tion. This may have caused the increased 2 of the boundary
layer at the beginning of the cavity. This is consistent with
predictions by the model, as shown in Fig. 2.

The mass-injection effect on the cavity shear layer is rep-
resented in the boundary-layer traverses at the two stations
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Fig. 6 Effect of blowing on the boundary-layer thickness for high-
density and low-density injection patterns.
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Fig. 7 Comparison of the boundary-layer thickness for the cavity
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Fig. 8 Attenuation of the cavity's oscillation peak amplitude with
mass-injection for two blowing parameters.

as shown in Fig. 6. The thickness of the boundary layer (flat
plate configuration) and the shear layer (with the cavity) is
also compared at the downstream station in Fig. 7. As shown,
there are little or no differences between the two for low
blowing coefficients. This indicates that the coupling effect
between the shear layer and the cavity has been removed as
a result of the thickening of the shear layer. The shear layer
on the cavity without blowing was thinner than that with
blowing. The relative thickening is consistent with the sup-
pression levels observed. These measurements represent mean
values, in general. Large flow curvature and a small region
of flow separation was observed over and at the beginning of
the blowing area for the higher injection rates. This violated
the basic assumptions of the models discussed earlier. For the
smaller rates of injection, the flow angles measured (although
difficult to establish with good accuracy from the schlieren
video) were close to the predictions obtained by Fernandez.

The increase in shear-layer thickness was noted to signifi-
cantly reduce the amplitude of cavity oscillations from 174 dB
(1.5 psi) at 2720 Hz to 147 dB (0.07 psi) at 2530 Hz for the
larger injection rates. A shift of about 200 Hz in the peak
frequency accompanied the reduction in the amplitude. This
shift may be due to the changes in the cavity's effective phys-
ical flow properties and dimensions. Figure 8 shows the at-
tenuation of the cavity oscillations for increasing injection
rates. The primary frequency peak was reduced by 27 dB,
while secondary peaks almost disappeared completely into
the background, which was itself reduced by the mass-injec-
tion. This reduction of 27 dB in sound pressure level is greater
than most attenuation results available, and comparable to
one of the most successful,5 obtaining reductions of 25 dB
with significant modifications in the cavity's geometry.

As the mass-injection increased, the amplitude of cavity
oscillations sharply decreased at first and leveled off at the
larger rates with a small decrease at even higher blowing rates.
This is indicated in Fig. 8, which shows that a large reduction
can be obtained by relatively small mass-injection rates. The
results of Fig. 8 also point out that the thickening of the shear
layer is the mechanism for the reduced amplitudes. If mass-
injection were blowing the shear layer away and eliminated
the interaction, then higher blowing would have to result in
a higher reduction in the oscillation amplitudes.

Under massive injection, the cavity shear-layer thickness
(and momentum thickness) could be made sufficiently large
to prevent any vortex roll-up or any downward deflections of
the shear layer, thereby preventing external flow impinge-
ment upon the rear corner. Under these conditions, the cavity
would appear to be under the minimum length limits estab-
lished previously by Karamcheti,19 below which no oscillations
occur as the shear layer simply spans the cavity.

The large reduction of cavity oscillations indicates that the
physical phenomena which is taking place is that the thickened
shear layer spans the cavity with minimum interaction. Thicker
shear layers experience a reduction in the organization of their
vorticity structures (there is a greater mismatch between its
characteristic frequencies and those of the cavity acoustic fre-
quencies), furthermore the feedback is much less effective
against the much thicker shear layer.

V. Concluding Remarks
In this study, the effects of upstream mass-injection on

cavity flow have been experimentally studied for a cavity with
a LID ratio of 2.54 at a nominal Mach number of 1.8 and for
unit Reynolds number of 17 x 106 per foot.

As a result of this study, the following conclusions are drawn:
1) Steady mass-injection increases boundary-layer prop-

erties upstream of the cavity, significantly altering the shear
layer's instability characteristics and the feedback effective-
ness of the cavity's upstream perturbations. This in turn results
in a considerable reduction of the cavity oscillations, from
174 dB (1.5 psi) without mass-injection to 147 dB (0.07 psi)
at the freestream blowing parameter of Be = (pwVJpeVe) =
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0.125, corresponding to a cavity blowing parameter of Bc =
(p»yjpeVe)(A.JAQ^y) = 0.04.

2) Simple models for a straight wedge injection are limited
to very small mass-injections and did not apply, because of
the injected flow curvature observed for most of the injection
rates used.

3) Low-density injection distribution results in a larger re-
duction of the pressure oscillations at relatively very low mass
flow rates. It is recommended to perform further work to
identify the most effective pattern at lowest cavity blowing
parameter.
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