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Characteristics of Compressible Rectangular Cavity Flows

K. Chung*
National Cheng Kung University, Tainan 711, Taiwan, Republic of China

Experiments are performed to study the effect of cavity geometry and Mach number on the characteristics
of compressible rectangular cavity flows. The study indicates that the corresponding length-to-depth ratio for
the open- and transitional-type cavities increases with higher freestream Mach number. The depth-to-incoming
boundary-layer thickness ratio is another important parameter to define the type of the cavity flow. The upstream
influence region is minimized with the presence of a cavity, and larger downstream influence region is observed for
the transitional-closed- and closed-type cavities. The distributions of surface pressure fluctuations show similar
trend as those of static pressure distributions. The amplitude of surface pressure fluctuations increases toward
the rear face for an open-type cavity, whereas a minor peak near the middle of the cavity floor is observed for a
closed-type cavity. A transitional-type cavity induces more intense surface pressure fluctuations at the cavity floor.
Higher levels of pressure fluctuations near the rear face are observed at higher Mach numbers for the transitional-

and open-type cavities.

Nomenclature
C, = static pressure coefficient, (Py — Poo) /G0
C,, = fluctuating pressure coefficient, (0, — 0} o) /G
D = cavitydepth
L = cavity length
M = Machnumber
Pw = surface static pressure
g~ = freestreamdynamic pressure
W = cavity width
X = streamwise distance
8o = incoming boundary-layerthickness
o, = standarddeviation of raw pressure signal

I. Introduction

HE presenceofacavityin a surfaceboundingflow may produce
intense, periodic, but not necessarily simple harmonic pressure
fluctuations.! Previous studies indicated that the presence of a cav-
ity in a surface bounding flow changes the mean surface pressure
distribution and induces high-intensity pressure fluctuations in and
near the cavity.>~® This may result in structural deflection, strong
acousticradiation,increased drag, or poor optical characteristics for
an aerodynamic window. At supersonicspeeds,itis well known that
the boundaries of cavity flows are mainly dependent on the length-
to-depth ratio L/D (Ref. 5). An open-type cavity (L/D <10) is
characterized by an uniform static pressure distribution with high-
intensity acoustic tones. As the L/D increases (10 <L /D < 13),
the flowfield changes from open- to transitional-type cavity flow
and can be identified by a change in the static pressure distribution
intheaft portionof the cavity. At L /D > 13 (closed-typecavity), the
static pressure distribution shows an inflection point near the center
of the cavity floor followed by a plateau region, which is due to the
shear layer attachment. A study by Disimile and Orkwis’ further
indicated that the characteristicsof the flow appear to depend on the
shape of the cavity, incoming Mach number, Reynolds number, and
the characteristics of the incoming boundary layer.
At subsonic and transonic speeds, a cavity flow can also be clas-
sified as open, transitional, or closed type.® The primary control-
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ling parameter for a cavity flow is the length-to-depth ratio. The
boundary between open- and transitional-type cavities occurs at
L/D ~6-8. As L/D increases, the surface pressure distribution
changes from concave up to concave down in the aft portion of
the cavity, which is considered as the transitional-open-type flow.
The transitional-closed-type flow can be visualized when the sur-
face pressure distribution gradually changes to one marked by a
uniform increase from negative values near the front face to large
positive values near the aft face with increasing L /D (Ref. 8). The
switch from the transitional- to the closed-type cavity flow is ob-
served from L/D >9 up to L/D > 15, which is dependent on the
Mach number and cavity configuration.® Furthermore, a cavity flow
is characterized as a strong self-sustained oscillation, which is as-
sociated with the vortices shedding from the leading edge, char-
acteristics of the shear layer, and movement of the trailing-edge
vortex. When the cavity is long enough, the oscillationis governed
by the longitudinal mode. The disturbances are transferred down-
stream of the cavity, and the magnitude decreases gradually with
increasing L /D due to the change in the characteristics of the shear
layer.

Presence of a cavity would have a strong effect on the unsteadi-
nessand aerodynamiccharacteristicsof the upstreamor downstream
aerodynamiccomponents,forexample, the cutouts, gaps,or grooves
upstream of the deflected control surface.Investigationon the extent
of upstream and downstream influence of a cavity is essentially re-
quired. Furthermore, full coupling of the structural vibration to the
surrounding fluid has been shown to be critical in previous studies.
The pressure fluctuations inside the cavity consist mainly of dis-
crete resonances whose frequency, amplitude, and harmonic prop-
erties depend on the cavity geometry and external flow conditions’
Previous study indicated that the oscillation frequencies could be
predicted by the modified Rossiter equation reasonably well (see
Ref. 10). However, measurements of the amplitude of the fluctuat-
ing pressure in and near the cavities are relatively lacking. There
is no simple analytic formula to predict the amplitude of pressure
fluctuations. Further investigation is required.

The present study investigates the effects of the Mach num-
ber (Mo, =0.33, 0.62, and 0.82), the length-to-depth ratio
(L/D =2.43-43.00) and the depth-to-incoming boundary-layer
thicknessratio (D /8o = 0.122-1.366) on the characteristicsof com-
pressiblerectangularcavity flows. Measurements are conducted up-
stream, in the floor, and downstream of the cavities. The type of
cavity flow and the upstream and downstream influence regions are
estimated based on the measurementsof longitudinalmean pressure
distributions. The unsteadiness of the flow in and near a cavity is
also studied through the surface fluctuating pressure measurements
to provide a better understanding of compressible cavity flows.
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II. Experimental Technique

An experimental study of compressible rectangular cavity flows
was conducted at the Aerospace Science and Technology Research
Center/National Cheng Kung University (ASTRC/NCKU) tran-
sonic wind tunnel. The boundary layer is naturally developed along
a flat plate ahead of a rectangular cavity. The mean and fluctuat-
ing pressures are obtained in the plate surface ahead of the cavity
(x/L < 0), the cavity floor (0 <x/L < 1), and plate surface down-
stream of the cavity (x/L > 1). A brief description of the facility,
data acquisition system, model, instrumentationand the test condi-
tions is given next.

A. Transonic Wind Tunnel

The ASTRC/NCKU transonic wind tunnel is a blowdown type.
The facility consists of the compressors, dryers, storage tanks, hy-
draulic system, and the tunnel. The dew pointof the high-pressureair
is maintained at —40°C under the normal operation condition, and
the temperaturedropis within 3°C during a 10-s run. A rotary perfo-
rated sleeve valve controls the setup of stagnation pressure, and the
choke flaps are used to monitor the testing Mach number at subsonic
conditions. The test section is 600 mm square and 1500 mm long,
which is assembled with solid side walls and perforated top/bottom
walls in the present study. Downstream of the test section, a model
support strut is installed for sting mounted pitot probe survey.

B. Data Acquisition Systems and Instrumentation

Two data acquisition systems are available for the presentexperi-
ments. The NEFF 620systemis usedtorecordthetestconditionsand
to monitor the experiments through the high-speedinterface. For the
surface pressure measurements, a host computer with CATALYST
software controls the setup of LeCroy 6810 waveform recorders
througha LeCroy 8901A interface. The dynamic pressure transduc-
ers (Kulite XCS-093-25A, B screen) are powered by a TES (Model
6102)dc powersupply at 15.0'V, and the externalamplifiers (Ecreon
Model E713) are also used to improve the signal-to-noiseratio. With
a gain of 20, the rollofffrequencyis about 140 kHz. The outputrange
of waveformrecordersis adjusted with an optimum resolution, and
the relative error of the mean pressure signals is estimated to be
about 0.1%.

In addition, the outside diameter of the Kulite pressure transduc-
ers is 2.36 mm, and the pressure sensitive sensor is 0.97 mm in
diameter. The natural frequency of pressure transducersis 200 kHz
as quoted by the manufacturer. All of the pressure transducers are
calibrated statically only and are flush mounted to minimize inter-
ference with the flow. Furthermore, the resolution of surface pres-
sure fluctuation is limited by the finite size of pressure transducer.
According to Corcos’s criterion'! (fi.x = U./2mr, where r is the
radius of pressure transducer and U, is the convection velocity),
the maximum measurable frequenciesare about 30, 55, and 70 kHz
for Mo, =0.33,0.62, and 0.82, respectively,assuming U, = 0.8U .
However, Perng and Dolling!? indicatedthat the perforatedscreen of
the Kulite pressure transducer may reduce the frequency response.

In the present experiments, the typical sampling rate is
200,000samples/s. Each testrecord samples 131,072 data points for
the statistical analysis and is divided into 32 data sets. The standard
deviation (pressure fluctuation) of all of the data sets is calculated.
The data analysis shows that the variations are estimated to be ap-
proximately 0.62% for C, and 0.15% for C,,, which are considered
as the uncertainty of experimental data.

C. Test Models

The test model (Fig. 1), consists of a flat plate mounted in the test
section and an instrumentation plate with a rectangular cavity. The
flat plate is 150 mm wide by 450 mm long and is supported by a
single sting mounted on the bottom wall of the testsection. There are
12 (150 mm square) instrumentationplates fabricated. The flat plate
and an instrumentationplate are butted tightly together with cavity’s
front face located at 500 mm from the leading edge of flat plate. For
the geometry of the cavities, the length-to-widthratio L / W is equal
to 1 for all of the test cases, and the length-to-depth ratio L/D
ranges from 2.43 to 43.00 (Table 1). The depth-to-boundarydayer

Table1 Geometry of the cavity

Cavity L, mm D, mm W, mm
1 17 7 17
2 31 7 31
3 43 9.7 43
4 43 8 43
5 43 7 43
6 43 5 43
7 59 7 59
8 43 4 43
9 43 3.5 43
10 43 3 43
11 43 2 43
12 43 1 43
A
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Fig. 1 Test configuration.

thicknessratio (0.122 < D/§, < 1.366) increases with the depth of
the cavity. One row of 19 pressure taps along the centerline of each
instrumentation plate is drilled perpendicularly to the test surface.
All of the pressuretaps are 6.0 mm apartin the longitudinaldirection
and 2.5 mm in diameter. Because of the limited depth of the cavities,
no pressure tap is availablein the front or rear face.

D. Test Conditions

The stagnation pressure and temperature are 172+1 kPa
(25.0 £ 0.15 psia) and room temperature, respectively, for all of the
test cases. Undisturbed boundary layer surveys at 485 mm down-
stream of the flat plate leading edge (or 15 mm ahead of cavity front
face) show that the normalized velocity profiles are full (n~7-11
for velocity power law). In addition, the study by Miau et al.'?
showed that the transition of the boundary layer under the present
test condition is close to the leading edge of the flat plate. These
indicate the flow is turbulent at the measurementlocations. The in-
coming boundary-layerthicknessesare 8.2,7.3, and 7.1 £ 0.2 mm,
and the Reynolds numbers based on the incoming boundary-layer
thickness, Re;,, are 9.84, 14.89, and 17.04 x 10* for M, =0.33,
0.62,and 0.82£0.01.

III. Results and Discussion

A. Static Pressure Distributions

The static surface pressuredistributionC ), at M, = 0.82is shown
in Fig. 2. The sonic conditionis also shown for reference. It appears
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Fig. 2 Static pressure distributions, L/D effect.

that the C,, distributionsat L /D < 4.43 resembles the typical pres-
sure distribution of an open-type cavity flow, which shows slight
upstreaminfluence. The downstreaminfluence region, which can be
defined as the end of recovery process downstream of the rear face,
isuptox/L <1.2. At L/D = 8.60, the flow switches from the open-
type cavity to the transitional-open-type cavity and is identified by
the change of C, in the aft portion of the cavity. As L/D (= 10.75
and 12.29)furtherincreases, the leading-edgeexpansionis more sig-
nificant, and the C, increases from negative values to larger positive
near the rear face. This correspondsto the transitional-closed-type
cavity. A slower recovery process (downstream influence) is ob-
servedup to x/L =1.5-1.6. At L/D > 14.33, the inflection of C,
distributionscan be seen and moves upstream with increasing L/ D.
The downstream influence region ranges from x /L =1.3 to 1.4.

At M, =0.33 and 0.62, the characteristicsof C, distributionsare
roughly the same as those at M, = 0.82. However, early transition
from open- to transitional-typecavities is observedat L/D =6.14.
Furthermore, the depth-to-incoming boundary-layer thickness ra-
tio is another important parameter to define the type of the cavity
flow. At supersonic speed, the boundary between transitional- and
open-type cavities is at D /8y~ 0.57 (Ref. 14). The present data at
M., =0.82 are replotted with various D/§, in Fig. 3. The flows
appear to be the closed-type cavity for D/§; < 0.423, and the flow
switches to the transitional-type cavity at 0.423 < D/§, < 0.986.
The boundary between transitional- and open-type cavities under
the present test conditions (D/§, ~ 0.704-0.986) is considerably
higher than that at supersonic speed. For the downstream influ-
ence, it is observed that the expansion downstream of the rear face
is maximized at D /&, ~ 0.423 (the boundary between closed and
transitional-closedcavities).

Furthermore, the distributions of static pressure upstream and
downstreamof a cavity could be used to characterize the interaction
region of the compressiblecavity flows, as shownin Fig. 4. Itappears
that variation of the upstream static pressure (or upstreaminfluence)
is minimized for all of the present test cases. Downstream of the
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Fig. 3 Static pressure fluctuations, D/J, effect.
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Fig. 4 Upstream and downstream static pressure.

rear face, the static pressure decreases with increasing L /D, and a
stronger expansionis observed for the transitional-and closed-type
cavities. The Mach number effect is significant only for the closed-
type cavities, which implies larger downstream influence region at
higher Mach numbers.

B. Surface Pressure Fluctuations, L/D Effect

Distributions of surface pressure fluctuation C,, at M, =0.33
are shown in Fig. 5. C,, represents the relative normalized local
surface pressure fluctuation with respect to the undisturbed flow. It
appears that the levels of fluctuating pressure change only slightly
at the plate surface upstream of the cavity (or C,, ~ 0) for all of
the test cases. The upstream propagationof the disturbance with the
presence of a cavity is minimized. This shows some disagreement
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Fig. 5 Pressure fluctuations, M., =0.33.

with the observation at supersonic speed, in which the expansion
over the leading edge of a cavity has stronger effect on the ampli-
tude of pressure fluctuations at the plate surface upstream of the
cavity."”® Within the cavities, the C,, distributionsare L/D depen-
dent. The amplitude of pressure fluctuation increases gradually and
reaches a peak value ahead of the rear face for the open-type cavity
(L/D <4.43). Downstream of the cavity, C,, decreases and ap-
proaches new equilibrium levels at x /L =~ 1.3—1.4. This indicates
a larger interaction region than that obtained from the mean sur-
face pressure measurements (x/L ~ 1.2). The common definition
of the interaction region based on the mean surface pressure mea-
surements may need to be refined. For the types of transitional-open
(L/D =6.14) and transitional-closed(L /D = 8.60-12.29) cavities,
the C,, distributions show the similar trend as the open-typecavity.
However, a minor peak C,, near the middle of the floor is observed
for L/D > 10.75, and the location of peak pressure fluctuation is
moved downstream of the rear face. The minor peak pressure fluc-
tuation is considered due to the deflection or the reattachment of
shear layer, and the movement of peak pressure fluctuation could
be related to the mass addition and removal process for different
types of cavity. Also note that the amplitude of peak pressure fluc-
tuations C,, max increases about 2—-3% when the flow switches from
the transitional-opentype to transitional-closedtype. Larger Cy ) max
may imply that the unsteady mass flow near the trailing edge is
more significant for the transitional-closed-type cavity, which also
induces a slower recovery process downstream of the rear face
(x/L ~1.5-1.6). For L/D > 14.33 (closed-type cavity), the levels
of C,, at the cavity floor are in the form of uniform distributions.
Cop.max decreases with L/ D, and the disturbance with the presence
of a cavity is limited near the rear face. The downstream interaction
region at L/D =43.00 is only up to x /L ~ 1.2.

For M, =0.62 (Fig. 6), the C,, distributions for open
(L/D <4.43) and transitional-open (L/D =6.14) cavities show
similar trend as those at M, =0.33. However, the downstream in-
fluenceregionsareuptox/L = 1.5-1.6. For transitional-closedcav-
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Fig. 7 Peak pressure fluctuations, L/D effect.

ities (L /D = 8.60-12.29), the amplitude of C,;, downstream of the
front face increases. A minor peak C,, is observed near the middle
of the floor and tends to move toward the front face with increasing
L/D. This agrees with the observation of mean surface pressure
measurements, in which the inflection of C,, distributions moves
upstream with L/D. For the closed-type cavities, it appears that
downstream propagation of the disturbanceis less significant. For
M, =0.82, the characteristics of pressure fluctuation distributions
areroughly the same as the cases of M, =0.62. For the transitional-
type cavities, slight damping of pressure fluctuations near the front
face is observed which might correspond to the expansion of the
flow into the cavity at the front edge.

The peak pressure fluctuations C,, . near the rear face are
summarized in Fig. 7. It can be seen that C,, m. increases with
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L /D and reaches the maximum at L /D = 8.60, which is up to 168
dB [sound pressure level =20 log(o,/p,), py =2 x 107> N/m*] at
M, =0.82. Heller and Bliss'> indicated that the onset of pressure
fluctuations depends on the balance between the energy supplied
by the external flow and the energy dissipated by viscous losses
and acoustic radiation. The rear attachment point of the shear layer
is continuously pulled into and out of the cavity. A net unsteady
mass flow is produced, which consequently increase the amplitude
of pressure fluctuations near the trailing edge. For the present test
cases, the maximums of peak pressure fluctuationat L/ D =8.60 is
considered due to the switch of open- and transitional-typecavities,
which is essentially related to the mass addition/removal process
near the trailing edge. Note that C,, . is higher at M, =0.62
and 0.82 than that at M,, =0.33. This implies that the mass ad-
dition/removal process is more pronounced with increasing Mach
number. At larger L/ D, C,,, . decreases and approachesthe value
of C; . for the shallower cavities.

C. Surface Pressure Fluctuations, D/, Effect

Ahuja and Mendoza’ investigated the effect of boundary-
layer thickness for a two-dimensional cavity with fixed geometry
(L/D=3.75and M, =0.4). It is found that all of the depth-mode
cavity tones are reduced to the broadband level by decreasing L /8
(or D/8)toabouthalfitsinitialvalue (L /5 ~ 15-26 and D /§ ~ 4-7).
To further understand the effect of incoming boundary-layerthick-
ness on the characteristics of surface pressure fluctuation, the data
are replotted with different D /§,. For the present experiment, L /3
is fixed and D/§, decreases for a shallower cavity. For M, =0.33
(Fig. 8), the upstream propagation of the disturbance is minimized
except D/§, > 1, in which the upstream influence region is up to
x /L~ —0.3. Within the cavity, the characteristics of surface pres-
sure fluctuation resemble the distribution of a transitional-closed-
or closed-type cavity for D /8, <0.488. C,, increasesinitially and
reaches a minor peak. A concave curvature is observed in the aft
half of the cavity, followed by a rapid rise near the rear face, which
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is related to the shear layer downward deflection® The ampli-
tude of C,, in the cavity floor decreases slightly with a smaller
D/éy, and the peak C,, at the immediate downstream location
for D /5, =0.122 is about 5% less than that for D/§, =0.427. A
larger downstream interaction region is associated with a higher
peak C,,. For D/8,>0.610, this corresponds to the transitional-
open- or open-type cavities. The effect of D /8, on the levels of C,;,
is minimized, and C,, rises toward the rear face. The downstream
interaction region is only up to x /L =1.3-1.4. At M, =0.62 and
0.82, the distributions of surface pressure fluctuation show similar
characteristics to those at M, = 0.33. However, the minor peak is
observedupto D /8§, =0.704. This indicatesthe Mach numbereffect
on the boundary of the different type cavities.

The peak surface pressure fluctuations C,, . for all of the test
cases are summarizedin Fig. 9. For D/§, < 0.4, the valuesof Cy max
are roughly the same for all three tested Mach numbers. The cor-
responding D /8, with the maximums of peak pressure fluctuations
rangingfrom0.427to 0.704 tends to increase with the Mach number.
As mentioned in Sec. III.B, the maximum of peak pressure fluc-
tuations corresponds to the switch of different type cavities. This
indicates that the critical D/§, (or boundary between open- and
transitional-type cavities) are Mach number dependent under the
presenttest conditions. For D /&, > 0.5 (transitional-and open-type
cavities), it can be seen that the amplitude of C;, yax at M, =0.62
and 0.82 is considerably higher than that at M, =0.33.

To further identify the effect of D/§, and L/§, on the com-
pressible cavity flow, experiments at constant L /D and L/ W were
conducted (Figs. 10 and 11). D/§, and L/§, change with the
depth and the length of the cavity. For the open- (L/D =4.43) or



142 CHUNG

10
i LD D/3, L3,
8 O  4.430.956 4.24 &
T |® 4431325 587
L |0 8.600.683 5.87 o
s (28600956 8.22
®
© L ®
e 4 — %
@] L O] e ]
2} e
i ® ®
o §° og% 8o
0 —o0g OF R R
_2 1 i 1 1 I 1 1 1 1 | 1 1 i i
-1 0 1 2

x/L

Fig. 11 Pressure fluctuations, D/d, effect at given L/D and L/W,
Mo =0.62.

transitional-(L /D = 8.60) type cavities, D /§, and L /§, show a mi-
nor effect on the distributions of surface pressure fluctuation for all
of the test cases except the peak pressure fluctuations near the rear
face. The peak pressure fluctuations tend to increases at larger D /4§
and L/4§y. This is not consistentwith the experimentaldata of Ahuja
and Mendoza.’ It is considered that the effectiveness of decreasing
D /5y or L/, on reducing the cavity pressure fluctuations could
depend on the different mode of acoustic tones in a cavity flow.

IV. Conclusions

The present investigation examined the effects of Mach number,
length-to-depth ratio, and depth-to-boundarydayer thickness ratio
on the characteristicsof compressible rectangularcavity flows. The
results of this study are summarized as follows.

1) The boundary of open- and transitional-type cavities is
Mach number dependent and occurs at L/D~6.14-8.60 or
D /§,~0.704-0.958. The flow switches to the closed-type cavity
at L/ D ~14.33 or D/§,~ 0.366-0.423.

2) Upstream propagationof the disturbance with the presence of
a cavity is minimized at subsonic speeds, and larger downstream
influence regions are observed for the transitional- and closed-type
cavities, which are up to 60% of the cavity length.

3) The distributions of surface pressure fluctuation follow a trend
similar to those of mean surface pressure distributions. The values
of surface pressure fluctuation rise monotonically toward the rear
face for an open-type cavity, whereas a minor peak near the middle
of the cavity floor is observed for a closed-type cavity.

4) The levels of peak pressure fluctuation are maximized due to
the switch of open- and transitional-type cavities, particularly at
higher Mach number.

5) For a given length-to-depthratio, the effect of D/§, or L /4§ is
significant only on the amplitude of peak pressure fluctuation near
the rear face but not on the levels of surface pressure fluctuations
within the cavity.
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