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Summary

An experimental investigation was conducted to
determine the effect of Reynolds number (separate
from boundary-layer thickness) and the effect of yaw
angle on the pressure distribution in a rectangular-
box cavity. The cavity was tested at Mach numbers
from 0.20 to 0.90, Reynolds numbers from 2 x 10%
to 100 x 105 ft~!, and yaw angles of 0° and 15°.
Cavities were tested with length-to-depth ratios {/h
of 4.4, 6.7, 12.67, and 20.0. Fluctuating- and static-
pressure data on the model walls were obtained and a
complete tabulation of the mean static-pressure data
is presented. (The static-pressure data are analyzed
in this report.) The cavity model was mounted
in the sidewall of the Langley 0.3-Meter Transonic
Cryogenic Tunnel. The thickness of the sidewall
boundary layer entering the cavity was measured
with a pitot pressure rake and the tabulated values
are provided. Over the range of Reynolds numbers
tested, the ratio of boundary-layer thickness to cavity
depth was approximately constant. There was no
significant effect of Reynolds number on the static-
pressure distributions. The effect of yaw on the
cavity pressure distribution was most pronounced
when the flow field was of the open type at 0° yaw.
In such cases the flow field became transitional when
the cavity was positioned at 15° yaw. However, if
the flow field at 0° yaw was transitional or closed, the
effect of 15° yaw on the pressure distribution was very
minimal. This test also showed that the types of flow
field observed for given ranges of I/h at supersonic
conditions would occur for different ranges of [/h at
subsonic and transonic conditions.

Introduction

The flow field within a rectangular-box cavity has
been studied for many years both experimentally and
computationally (refs. 1 to 13). Much of the research
has been directed at developing an understanding of
the flow fields that exist within cavities for the pur-
pose of creating an environment from which stores,
internal to an aircraft, can be released. Most of
the studies have been conducted at relatively low
Rebynolds numbers based on cavity length (R; < 15 x
10°) and with the cavity aligned with the free-stream
flow direction (0° yaw). Therefore, an investigation
was conducted to determine the effect of Reynolds
number at a nearly constant boundary-layer thick-
ness and the effect of yaw on cavity flow fields at
subsonic and transonic speeds. A rectangular-
box cavity model was mounted in the sidewall of
the Langley 0.3-Meter Transonic Cryogenic Tunnel
(TCT). Fluctuating- and static-pressure data on the
model were obtained at Mach numbers from 0.20

to 0.90, Reynolds numbers from 2 x 108 to 100 x
108 ft=1 (R, from 1.9 x 106 to 94.0 x 10°), and yaw
angles of 0° and 15°. The static-pressure data are
analyzed in this report and the fluctuating-pressure
data are discussed in reference 14.

Symbols

Cp pressure coefficient, L;o-fﬁ

h cavity depth, in.

{ cavity length, in.

My free-stream Mach number

n index in power law for velocity profile
(u o 21/7)

p measured surface static pressure, psf

Poc free-stream static pressure, psf

Pt o0 free-stream total pressure, psf

G free-stream dynamic pressure, psf

R free-stream unit Reynolds number,
ft 1

Ry Reynolds number based on cavity
length

T free-stream total temperature, K

u velocity, ft/sec

up/ucc  ratio of local velocity in boundary
layer to free-stream velocity

w cavity width, in.

T distance in streamwise direction (see
fig. 6), in.

Y distance in spanwise direction (see
fig. 6), in.

distance normal to tunnel sidewall, in.

boundary-layer thickness, in.

&* boundary-layer displacement thickness,
in.

] boundary-layer momentum thickness,
in.

P yaw angle, deg

Experimental Methods
Wind Tunnel Description

The tests were conducted in the two-dimensional
adaptive wall test section of the Langley 0.3-Meter
Transonic Cryogenic Tunnel (TCT). A sketch of the
tunnel is presented in figure 1. The 0.3-m TCT



is a fan-driven, cryogenic pressure tunnel that uses
gaseous nitrogen as a test medium. It is capable of
operating at stagnation temperatures from approx-
imately 80 K to 327 K and at stagnation pressures
from 1.2 atm to 6.0 atm. The fan speed is variable
so that the Mach number of the empty test section
can be varied continuously from about 0.20 to 0.95.
This combination of test conditions provides a test
envelope of Reynolds numbers up to about 100 x 106
based on a model length of 1 ft. Additional details of
the tunnel and its range of operation may be found
in references 15 and 16.

A sketch showing details of the flow region in the
adaptive wall test section is presented in figure 2,
and figure 3 is a photograph of the test section. The
test section is 13 in. by 13 in. in cross section at the
entrance. All four walls are solid. The sidewalls are
rigid, whereas the top and bottom walls are flexible
and moveable. The flexible top and bottom walls are
computer controlled, with feedback provided on the
wall position and the top and bottom wall pressure
distribution. The basic objective is to align the
test section boundaries with the model streamlines
such that the flow field in the vicinity of the model
approaches that which would be obtained for free-
air conditions. When the walls are positioned in
this way they are said to be streamlined. Specific
information on the adaptive wall test section and a
brief description of the strategy used to contour the
walls can be found in reference 17. Specific details
on the contouring strategy for the flexible walls are
given in reference 18.

The 0.3-m TCT model mounting system is de-
signed for two-dimensional models. Typically, the
model is supported between two turntables centered
30.7 in. downstream of the test section entrance.
Models with lengths up to 13 in. can be tested over
an angle-of-attack range of 40°. The turntables are
driven by an electric stepper motor that is connected
through a yoke to the perimeter of both turntables.
This arrangement drives both turntables to eliminate
possible model twisting. The angular position of the
turntables and, therefore, the geometric angle of at-
tack of the model are measured with a digital shaft
encoder geared to one turntable.

The 0.3-m TCT has a sidewall boundary-layer-
removal system to reduce the boundary-layer thick-
ness (ref. 19). This system uses porous plates
just upstream of the model mounting turntables.
The boundary-layer thickness is not reduced much
with the use of the boundary-layer-removal system
(ref. 19), so it was decided not to use the system
and to replace the porous plates used for boundary-
layer removal with solid plates. The location of the
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boundary-layer-removal plates relative to the model
position is shown in figure 2.

Model Description

The model tested was a rectangular-box cavity
mounted on the sidewall of the tunnel. The cavity
model was centered on the turntable at about sta-
tion 0. (See fig. 2.) The position of the turntable
in the test section is shown in figure 2. The model
was fabricated to allow the use of the angle-of-attack
drive for positioning the cavity at yaw angles of
0° and 15°. Because of the cavity model geome-
try, the encoder that is generally used to measure
the turntable position could not be utilized for this
test. Therefore, an accelerometer that was calibrated
for 0° and 15° of yaw was used to determine the
turntable and cavity model position. The accelerom-
eter responds to being tilted in the Earth’s gravita-
tional field and the output of the accelerometer is a
function of the sine of the angle of inclination. The
accelerometer is capable of resolving angles to within
+0.015° at 15°.

The cavity had a length [ of 11.25 in., a width
w of 2.50 in., and a maximum depth h of 2.56 in.
The floor of the cavity could be positioned at various
depths to vary [/h with the length and width fixed.
The I/h values tested were 4.4 (h = 2.56 in.), 6.7
(h = 1.68 in.), 12.67 (h = 0.89 in.), and 20.0 (h =
0.56 in.). A configuration with the floor mounted
flush with the tunnel sidewall, having no cavity, was
used when the boundary-layer thickness approaching
the cavity was determined. Photographs of the model
are provided in figures 4 and 5. Figure 4 shows the
model prior to tunnel installation, with the floor of
the cavity positioned at a depth of 2.56 in. ({/h =
4.4). Figure 5 shows the model mounted in the tunnel
in the configuration for measuring the boundary layer
(no cavity and the boundary-layer rake installed).

The model was instrumented with 21 static-
pressure orifices and 18 flush-mounted fluctuating-
pressure transducers, as shown in figure 6. The for-
ward and aft walls of the cavity were instrumented
with only a single fluctuating-pressure transducer lo-
cated at half the depth of the cavity. Table I provides
the measured positions of the static-pressure ports.

Test Conditions

The model was tested at Mach numbers from
0.20 to 0.90, Reynolds numbers from 2 x 108 to
100 x 10 ft~1, and ¢ = 0° and 15°. The boundary-
layer thickness was nearly constant throughout the
range of Reynolds numbers tested. The model was
tested at a reduced set of conditions and configu-
rations for 1 = 15°. Table II provides a summary



of the nominal test conditions and model configu-
rations. The flexible test section walls were set to a
streamlined shape for each test condition. This re-
sulted in wall deflections for each condition that were
no greater than +0.04 in. for each wall.

Measurements

Surface static pressures. Because of the large
changes in dynamic pressure in the 0.3-m TCT over
its operational range (a factor of about 75), a high-
precision capacitive-type transducer is used for pres-
sure measurements. The electrical outputs from the
transducers are connected to individual signal con-
ditioners. The signal conditioners are autoranging
to keep the electrical output to the data acquisition
system at a high level for all pressure ranges. The
transducers have a maximum range from —100 psi
to 100 psi and have an accuracy of 30.25 percent
of reading from 25 percent of negative full scale to
100 percent of positive full scale. Additional details
of the 0.3-m TCT pressure instrumentation system
can be found in reference 15.

For the experimental data reported herein, each
orifice was sampled 40 times over a l-sec period.
These data were then averaged to produce the mean
value for each data point.

Boundary-layer thickness. The ratio of
boundary-layer thickness to cavity depth has been
shown to be an important similarity parameter in
the study of cavity flows (ref. 3). To determine the
boundary-layer thickness at the cavity leading edge
(the tunnel sidewall boundary-layer thickness), the
cavity floor was moved flush with the sidewall (i.e.,
no cavity existed) and the pitot pressure through the
boundary layer was measured with a rake at the cav-
ity leading edge. A drawing of the rake is shown
in figure 7. The boundary-layer rake pressures were
measured with high-precision capacitive-type trans-
ducers similar to those used for the surface static-
pressure measurements. The reference pressure for
these transducers was the tunnel plenum static pres-
sure. The boundary layer entering the cavity (the
tunnel sidewall boundary layer) has been shown to
be turbulent (ref. 20).

For calculations of Mach number through the
boundary layer, the static pressure at the position
of the rake was needed. (Static pressure through
the boundary layer is assumed to be constant.) The
measurements from the static-pressure ports near
the boundary-layer rake were influenced by the rake
and were therefore in error, so the local wall static

pressure was assumed to be equal to the tunnel static
pressure.

To estimate the boundary-layer thickness 6 from
the rake pitot pressure measurements, the data were
reduced using the method described in reference 21.
This method assumes a power-law variation for the
turbulent-boundary-layer velocity profile. A least-
squares fit to the calculated values of uy,)/uq is made
to determine the values of § and n, the power-law
index. Values for displacement thickness 6* and
momentum thickness ¢ are calculated using numer-
ical integration. For the boundary-layer parame-
ters calculated herein, only the pressure data from
boundary-layer rake tubes within the boundary layer
(upl/uce < 0.99) were used for the calculations. Be-
cause of the nature of the least-squares fit, additional
points outside the boundary layer (within the free
stream) would introduce increasing error into the es-
timations. The calculated boundary-layer param-
eters are presented in table III and a plot of the
boundary-layer thickness over the range of Reynolds
numbers tested is shown in figure 8. The pitot pres-
sures through the boundary layer were not measured
at all nominal test conditions, as shown in table II
(I/h = 00), because of tunnel time constraints.

Tabulated data. The cavity pressure measure-
ments were reduced to coefficient form and are pre-
sented in tables IV to X. These tables contain the
tunnel test conditions as well as the mean values of
the measured pressures. The pressure data are pre-
sented as CPxx, where the xx refers to the orifice
number. (The locations of the orifices are presented
in table I.) Data are presented in order of increas-
ing Mach number and Reynolds number for each
configuration.

Discussion of Results

At supersonic speeds, four types of mean cavity
flow have been defined (refs. 4 and 13) and are
sketched in figure 9. The first type occurs when
the cavity is “deep” (I/h < 10) and is termed open
cavity flow. For open cavity flow, the flow essentially
bridges the cavity and a shear layer is formed over the
cavity. A weak shock can form near the leading edge
of the cavity as a result of the flow being compressed
slightly by the shear layer. The second type of
cavity flow is for “shallow” cavities (I/h > 13) and
is termed closed cavity flow. In closed cavity flow,
the flow separates at the forward face of the cavity,
reattaches at some point along the cavity floor, and
separates again before reaching the rear cavity face.
This creates two distinct separation regions, one
downstream of the forward face and one upstream of
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the rear face. The third and fourth mean flow types
(transitional-closed cavity flow and transitional-open
cavity flow) have in the past both been referred to
as transitional flow, that is, where the flow field
changes from closed to open cavity flow. This change
generally occurs for I/h between 10 and 13. The
determination of transitional-closed and transitional-
open flows, as well as determination of open and
closed flows, can best be made by observation of the
pressure distribution in the cavity. Figure 9 provides
a guideline for determining the type of cavity flow,
though it must be recognized that the transonic
characteristics may not be identical to supersonic
characteristics.

Although at supersonic speeds acoustic pressure
fluctuations have been observed in cavities with open
cavity flow, there do not appear to be large varia-
tions in the static-pressure measurements. At lower
speeds, large variations in instantaneous pressure
measurements have been observed (refs. 5 and 22).
It is possible to obtain repeatable mean values if a
sufficiently high sample rate is used, but a large vari-
ation in amplitude and shape of instantaneous pres-
sure distributions in deep cavities at transonic and
subsonic speeds remains.

Effect of Test Conditions

The data in figure 10 show the effect of tunnel
conditions on the repeatability of pressure distribu-
tions on the cavity floor. The 0.3-m TCT can op-
erate over a large temperature and pressure range,
with constant Mach and Reynolds numbers able to
be obtained at many combinations of temperature
and pressure. To address concerns about the effect
of temperature on the dynamic-pressure transducers,
additional points were included in the test matrix to
repeat a given Mach number and Reynolds number at
different temperatures and pressures. (See table L)
An attempt was also made to obtain as wide a range
of Reynolds numbers as possible at the same tem-
perature to allow for data comparison in case the
temperature did affect the measurements. The ef-
fect of temperature and pressure on Moo and R for
the I/h = 4.4 cavity configuration is shown in fig-
ure 10. Figure 10(a) is a comparison of data taken
at M = 0.60 and R = 30 x 10° at the same temper-
ature and pressure (a repeat point), and figure 10(b)
shows a comparison of data taken at M = 0.60 and
R = 30 x 10 at different temperatures and pres-
sures. For both cases the static-pressure data repeat
well and the tunnel conditions do not significantly
affect the data.
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Effect of Reynolds Number

The effect of Reynolds number on cavity flow
fields was a principal focus of this test. In most
tests, a change in Reynolds number is usually as-
sociated with a change in 6. In this study, however,
the boundary layer approaching the cavity was the
tunnel sidewall boundary layer, which is relatively
thick and insensitive to changes in Reynolds number.
(Fig. 8 provides a plot showing the change in 6 with
Reynolds number.) The value of §/h changed little
compared with the change in free-stream Reynolds
number (at least a factor of 10), and thus the ef-
fects shown are attributed essentially to changes in
Reynolds number.

Figures 11 to 14 show the effect of Reynolds
number at constant Mach numbers for the various
cavity configurations at ¢ = 0°. As shown in the
plots, there is very little change in the mean Cp
distribution over the range of Reynolds numbers
tested.

The pressure distributions at ¢ = 15° are pro-
vided in figures 15 to 17. For the majority of the data
there are only slight differences in the measured pres-
sures, and these differences would indicate minimal
effect on fow-field characteristics. The largest influ-
ence of Reynolds number on the pressure distribution
is shown in figure 15(a). However, for these data it
appears that the flow field maintains a transitional-
closed characteristic. (Data were not taken for the
1/h = 20.0 cavity configuration at ¢ = 15°.)

Effect of [/h Change

Figures 18 and 19 provide a comparison of cav-
ity pressure measurements for the different cavity
configurations. The cavity length remained fixed at
11.25 in., but depth was varied to generate cavities
with I/h of 4.4, 6.7, 12.67, and 20.0. Because of
the minimal variation in pressure distribution with
Reynolds number this comparison is only shown for
R =~ 90 x 10%. Figure 18 shows the data for 1 = 0°,
and as previously discussed, the cavity with [/h = 4.4
has open flow and {/h = 20.0 has closed flow. The
cavity with [/h = 6.7 was expected to have an open
flow field, but the pressure distribution shows that it
is a transitional-open flow field at My = 0.60 and
tends more toward the open type at higher Mach
numbers. Also, a cavity with {/h = 12.67 would
be expected to be transitional in nature; however,
at My = 0.60 the flow field is closed and becomes
transitional-closed at higher Mach numbers.

Figure 19 shows the data for ¢ = 15° and R =~
90 x 10%. Here the flow is transitional-closed for



[/h = 4.4 and 6.7; however, for [/h = 12.67 the flow
is of the closed type.

Effect of Mach Number

The cavity pressure distributions for several Mach
numbers at constant Reynolds numbers are presented
in figures 20 to 23. Each figure shows data for
a separate cavity {/h at p = 0°. The data at
Mo = 0.20 have characteristics distinct from those
of the flow fields at higher Mach numbers. These
characteristics were also observed at My, = 0.30 in
reference 22 and indicate that the flow-field charac-
teristics at low subsonic speeds are significantly dif-
ferent than the characteristics at higher speeds. As
mentioned previously, in the supersonic speed regime
the I[/h = 6.7 cavity would be expected to be open
and the [/h = 12.67 cavity would be transitional.
However, figure 21 again shows that the [/h = 6.7
cavity is transitional-open at My = 0.60 and is
changing toward an open type at higher Mach num-
bers. Figure 22 shows that the [/h = 12.67 config-
uration changes from a closed cavity flow field to a
transitional-closed cavity flow field as Mach number
is increased. In figure 23 the flow field remains closed
at all Mach numbers tested.

Figures 24 to 26 show the effect of Mach number
on the cavity flow field at ¥ = 15°. The pressure dis-
tributions for I/h = 4.4 and 6.7 give the appearance
of a transitional-closed cavity flow (figs. 24 and 25).
In figure 26, pressure distributions for {/h = 12.67
show that the flow field is closed at My, = 0.60 and
0.80 and closed on the verge of transitional-closed at
My = 0.90.

Effect of Yaw Angle

Figures 27 to 29 present mean pressure distri-
butions for the two yaw angles tested at various
Mach numbers for I/h = 4.4, 6.7, and 12.67. (The
l/h = 20.0 cavity configuration was not tested at
1 = 15°.) Recall that the pressures were measured
along the centerline of the model, so at 1 = 15° the
pressures are skewed with respect to the free-stream
flow. The effect of yaw angle on a closed or a tran-
sitional cavity flow field is minimal. (See figs. 28(c),
28(d), and 29.) However, if the flow field is open at
1 = 0°, when the cavity is yawed to 15° the flow
field becomes transitional and a much larger change
in the mean pressures is present (figs. 27, 28(a), and
28(b)).

Concluding Remarks

To provide information on the effect of Reynolds
numbers (independent of boundary-layer thickness)

on cavity flow fields at subsonic and transonic speeds,
an experimental study was conducted in the Langley
0.3-Meter Transonic Cryogenic Tunnel. For this
study, cavities with length-to-height ratios {/h of 4.4,
6.7, 12.67, and 20.0 were tested at Mach numbers
from 0.20 to 0.90 and at Reynolds numbers from 2 x
105 to 100x 10% ft~1. Static and fluctuating pressures
were measured on the model and the boundary-layer
thickness was measured at the cavity leading edge.
The Reynolds numbers tested (the ratio of boundary-
layer thickness to cavity depth was approximately
constant) had no significant effect on the static-
pressure distribution. The effect of yaw on the cavity
mean pressure distribution was most pronounced if
the flow field was of the open type at 0° yaw. In
such cases the flow field became transitional when
the cavity was positioned at 15° yaw. However, if
the flow field at 0° yaw was transitional or closed,
the effect of yaw on the cavity pressure distribution
was very minimal. This test also showed that the
types of flow field observed for given ranges of I/h
at supersonic conditions would occur for different
ranges of [/h at subsonic and transonic conditions.

NASA Langley Research Center
Hampton, VA 23665-5225
April 15, 1991
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Table I. Locations of Static-Pressure Orifices

Orifice no. z, in. y, in. z, in. Model location
1 0.350 0 -h Cavity floor
2 2.050
3 2.854
4 3.658
5 4.462
6 5.266
7 6.071
8 6.874
9 7.678
10 8.482
11 9.286
12 10.090
13 10.894 4
14 .800 .5
15 .800 -5
16 5.666 5
17 10.486 .5
18 10.486 -5 4 1
19 —.690 b 0 Tunnel sidewall, forward of cavity
20 —.230 5 0 Tunnel sidewall, forward of cavity
21 11.800 5 0 Tunnel sidewall, aft of cavity
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Table II. Nominal Test Matrix

¥ =0° and [/h of— ¥ =15° and {/h of—

My R, ft~1 Ptoo, PSi | Ttoo, K | 4.4 | 6.7 12.67 | 20.0 | oo! 44 | 6.7 12.67
0.20 2 x 106 22.5 310 X X X X

.20 10 26.0 105 X X X X

.20 30 76.0 105 X X X x

.60 4 19.0 320 X X X X X X X X

.60 10 46.0 320 X x X X X

.60 10 21.0 180 X X X X X X X X

.60 30 64.0 180 X X X % X

.60 30 30.0 105 X X X X X X X X

.60 80 77.0 105 X X X X X X X X

.60 90 86.0 105 X X X X X X X X

.80 5 18.0 310 X X X X X X X X

.80 10 37.0 310 X X X X X X

.80 10 21.0 200 X X X X X X X X

.80 30 62.0 200 X X X X X

.80 30 26.0 105 X X X X X X X X

.80 80 64.0 105 X X X X X X X X

.80 90 72.0 105 X X X X X e X X

.80 100 85.0 105 X x X X X X X X

.90 10 19.5 200 X X X X X X X X

.90 30 68.0 200 X X X X X

.90 30 22.5 105 X X X X X X X X

.90 80 60.0 105 X X X X X X X X

.90 90 67.0 105 X X X X X X b X

.90 100 75.0 105 X X X X X X X

1Cavity ceiling flush with sidewall for boundary-layer measurements.




Table III. Boundary-Layer Parameters

Moo R, ft~! Pt 00, DSI Tt.00, K 8, in. 8*, in. 8, in.
0.60 5 x 108 20 300 0.578 0.074 0.052
10 42 299 518 067 047

10 21 180 512 067 047

30 63 180 AT5 .058 042

30 33 115 512 .063 045

80 86 113 464 055 049

85 88 110 469 057 041

0.80 6 21 300 513 073 047
10 35 300 544 071 047

10 23 210 505 070 046

30 66 209 489 .064 043

30 27 112 494 .066 043

80 71 112 AT5 059 .039

90 80 112 463 .060 .039

100 87 11 437 .059 038

0.90 13 27 210 511 073 046
30 26 114 491 064 041

80 69 114 463 062 .039

90 77 114 456 .060 .038

100 86 114 458 061 039
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

?op flexible aH
drive rods

Model mounting
block

Turntable

Bottom flexible
wall

1-87-659

Figure 3. Model mounting system of 13-in. by 13-in. adaptive wall test section.
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L-90-11841

Figure 4. High Reynolds number cavity model prior to tunnel installation.

Cavity floor
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Boundary-layer rake

Tu mtabl
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Figure 5. Model installed in tunnel.
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First 10 tubes
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Figure 7. Boundary-layer rake. All dimensions are in inches.

Mach number
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40 | 1 l l |
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Figure 8. Variation in boundary-layer thickness with Reynolds number.
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(a) Open cavity flow; [/h < 10.
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(b) Closed cavity flow; /h > 13.

Figure 9. Flow-field sketches and typical mean pressure distributions for cavity flow types at subsonic speeds.
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(c) Transitional-closed cavity flow; 10 < I/h < 13.
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(d) Transitional-open cavity flow; 10 < I[/h < 13.

Figure 9. Concluded.
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(a) Repeat points at constant free-stream conditions; py ., = 29 psi; Tt,0c =105°F.

4 pt,oo Tt,oo

O 6345 179.6
O 2854 104.0

0
e
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(b) Repeat points at different free-stream conditions.

Figure 10. Repeatability of mean pressure data at My = 0.60 and R = 30 x 108 ft=! for I/h = 4.4.
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