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INTRODUCTION

Designers of aircraft, missiles, and reentry vehicles encounter numerous proh-
lems which require knowledge of the flow characteristics in and around cavities
(refs. 1 to 4). A number of studies have been conducted to investigate cavity flow
phenomena (refs. 5 to 8). In these studies, flow visualization (schlieren and oil-
flow photographs) and surface pressure measurements for various cavity configurations
are used to show that two fundamentally different types of flow fields can occur over
cavities and that the two types of flow fields are strongly dependent upon cavity
length-to-depth ratio 1/h.

Pressure coefficient distributions from reference 8 and flow-field sketches for
a shallow and deep cavity that are representative of the two types of cavity flow
fields are presented in figure 1. For the case of the shallow cavity (i/h = 19.0),
the pressure distributions are indications of a flow field that is often referred to
as a closed, or attached, cavity flow field. For this type of flow field, the flow
expands (in a Prandtl-Meyer expansion) around the cavity front face, impinges on the
cavity ceiling, and exits ahead of the rear face. The local flow turns through large
angles which result in the large pressure gradients shown by the circular symbols in
figure 1. Also, low pressures occur on the cavity front face as a result of the flow
expansion in the region, and large pressures occur on the rear face, which appears as
a forward-facing step to the approaching cavity flow. This combination of pressures
on the front and rear faces contributes to large cavity drag coefficients. The pres-
sure distributions shown for the deep cavity (1/h = 4.0) are characteristic of a flow
field that is often referred to as an open, or detached, cavity flow field. For this
cavity, the flow simply bridges the cavity and impinges on the outer edge of the rear
face, resulting in relatively small turning angles for the local flow and, conse-
quently, a much more uniform pressure distribution over the cavity ceiling. Also,
compared with the closed cavity flow field, larger pressures are measured on the
cavity front face and lower pressures are measured on the rear face, both of which
contribute to lower cavity drag coefficients for the deep cavity with an open cavity
flow field.

The objective of the present investigation was to determine empty-cavity axial-
force coefficients associated with deep- and shallow-cavity configurations as part of
a continuing effort to study cavity flow-field effects with respect to cavity geome-
try changes. Axial-force coefficient data were obtained for an empty, rectangular-
box cavity with various cavity length-to-depth ratios. The metric-box cavity (i.e.,
box cavity attached to strain-gage balance) was mounted in a generic flat-plate wing.,
Variations in cavity length-to-depth ratio were investigated to establish and to
verify flow conditions in the cavity for deep- and shallow-cavity confiqurations.

The cavity flow fields generated were of the open (detached) type or closed (at-
tached) type, or both. Large changes in the cavity axial-force coefficient (based on
a reference area equal to the cavity rear-face area) reflected these cavity flow-
field conditions. 1In addition, vapor screen photographs that illustrate the complex,
three-dimensional nature of the box cavity flow fields were taken during the
investigation.

The tests were conducted in the Langley Unitary Plan Wind Tunnel at Mach numbers
of 1,50, 2.16, and 2.86. The nominal angle-of-attack range of the flat-plate wing



was -4° to 2° at a Reynolds number of 2.0 x 106 per foot. Measurements included
axial-force loads on the metric-box cavity at discrete cavity length-to-depth ratios.

SYMBOLS
The aerodynamic coefficient data are referred to the body-axis system. Values

are given in U.S. Customary Units. The measurements and calculations were also made
in U.S. Customary Units.

Ca axial-force coefficient, Measured axial force/q S

Cp pressure coefficient, (p - p_)/q_

h cavity depth, in.

1 cavity length, in.

M free-stream Mach number

P local measured static pressure, lbf/ft2

P, free-stream static pressure, lbf/ft2

q,. free-stream dynamic pressure, lbf/ft2

S reference area (based on cross-gsectional area of the inside rear-face area
of the metric-~box cavity), ft

X longitudinal station measured from front face of cavity, in. (see fig. 5)

XqrXg, X3 surface lengths for cavity front face, ceiling, and rear face,
respectively (see fig. 1)

o angle of attack relative to upper flat-plate wing surface, deg

APPARATUS AND TESTS
Wind Tunnel

Tests were conducted in the low Mach number test section of the Langley Unitary
Plan Wind Tunnel, which is a variable-pressure, continuous-flow facility. The test
section is approximately 7 ft long and 4 ft square. The nozzle leading to the test
section is an asymmetric sliding-block type, which permits a continuous variation in
Mach number from about 1.5 to 2.9 (ref. 9).

MODEL DESCRIPTION

Dimensional details of the flat-plate wing and metric-box-cavity model are shown
in figure 2. A model photograph is presented as fiqure 3, To provide a generic
parent-body carriage platform, a horizontal steel flat-plate wing was mounted to the
tunnel angle-of-attack model support system. A rectangular-box cavity was located in
the plate on the longitudinal centerline 10.25 in. downstream from the leading edge.
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The plate leading edges had a radius of 0.01 in. and the leading-edge wedge angle was
sufficiently small (5°) to ensure shock attachment at a = 0° through the test Mach
number range. Also, the flat-plate wing tips were located such that the Mach lines
emanating from the tips would clear the cavity for the test Mach number range at

o = 0°. The boundary layer on the plate surface was artificially tripped with sand
grit to ensure fully developed turbulent flow approaching the cavity.

The flat-plate wing cavity was constructed to incorporate an isolated metric
rectangular box. As shown in fiqure 2(a), this metric box was mounted on a balance
adapter which was attached to a strain-gage balance. The balance measured total box
axial-force loads only. Clearance was maintained between the metric~box and the
flat-plate wing cavity walls to avoid fouling. An electrical system was used to in-
dicate fouling. Axial-force loads were obtained on box cavity configurations with
various cavity length-to-depth ratios (presented in table I). The various configura-
tions were made by using block inserts and spacers in the metric box. No attempt was
made to vary the width of the metric-box cavity.

Test Conditions

Tests were performed at the following tunnel conditions:

Mach Stagnation Stagnation pressure Reynolds number,
number temperature, °F (absolute), lbf/ft2 per foot
1.50 125 1051 2.0 x 10°
2.16 125 1349 2.0 x 10°
2.86 125 1934 2.0 x 10°

The dewpoint temperature measured at stagnation pressure was maintained below
-30°F to assure negligible condensation effects, All tests were performed with
boundary-layer transition strips located 0.40 in. aft of the leading edges. These
strip locations were measured in a streamwise direction on the upper surface of the
flat-plate wing, The transition strips were approximately 0.062 in. wide and were
composed of No. 50 sand grains sprinkled in acrylic plastic (ref. 10).

Measurements

Axial-force loads on the metric-box cavity were measured with an electrical
strain-gage balance housed within the flat-plate wing support system and attached to
the metric-box-cavity balance adapter (fig. 2(a)). This metric-box cavity with var-
ious cavity length-to-depth ratios had the advantage of providing more accurate
axial-~force measurements than a total metric model since the balance could be sized
to accommodate the anticipated forces on the cavity rather than on the complete
parent-body configuration. The balance was attached to a sting which, in turn, was
rigidly fastened to the flat-plate wing support system. 1In addition, flat-plate wing
cavity pressures were measured with electrical transducers connected to static-
pressure orifices located on the front and rear faces of the flat-plate wing cavity.



Accuracy

The accuracy of the individual measured axial-force component based on calibra-
tions and repeatability of data for these tests is estimated to be within the fol-
lowing limits:

M q,, lbf/ft? s, £t2 h, in. Cy
1.50 451 0.008681 0.500 +0.019156
2.16 439 .008681 .500 +.019680
2.86 373 .008681 .500 +.023162
1.50 451 0.017361 1.000 +0.009579
2.16 439 017361 1.00 +.,009841
2.86 373 .017361 1.00 +.011582

Corrections

The angles of attack were adjusted for tunnel flow misalignment. The axial-
force coefficient data were corrected for any pressure differentials in the balance
chamber between the front and rear outside faces of the metric-box cavity. No at-
tempt was made to correct for skin-friction axial-force coefficient on the block
inserts and spacers in the metric-box cavity; however, the maximum estimated value
was within the accuracy levels quoted in the previous section.

RESULTS AND DISCUSSION

Cavity axial-force coefficients as a function of cavity 1/h are presented in
figure 4. These results are presented for a = 0° and for the three test Mach
numbers. In order to expand the cavity geometry length and depth envelope of the
present tests, data are also included from the integrated pressure data of refer-
ence 8. Since the major contributors to cavity axial force are the pressure forces
acting on the cavity front and rear faces, the coefficients shown in figure 4 for all
data are based on reference areas equal to the rear- (or front-) face area. The re-
sults for M = 1.50 (fig. 4(a)) show that for 1/h < 10 relatively low values of
Cp are measured, indicative of open cavity flow. For 10 < i/h < 12, the cavity
flow field transitions from open flow to closed flow, a change which results in an
abrupt increase in C, consistent with the trend discussed previously based on the
pressure distributions shown in figure 1. The C, increases by a factor of approxi-
mately 4. Similar trends are shown in figure 4(b) for M = 2.16, except that the
transition from an open to a closed cavity flow field occurs at 12 < 1/h < 14 and
Ca increases by a factor of approximately 6. The data shown at this Mach number
cover the widest range of cavity lengths and cavity depths and the good correlation
of all the data suggests (1) that the correct reference area (the rear-face area) was
selected to compare the data and (2) that 1/h is the dominant factor affecting the
switching of the flow field from one type to the other. The results presented for
M = 2.86 (fig. 4(c)) show that the transition value of 1/h still occurs between 12
and 14 and that the AC associated with the flow field switching from open to
closed is approximately the same as that measured at M = 2,16.



Cavity vapor-screen photographs for M = 2,16 and a = 0° that were taken by
use of the techniques described in reference 11 are presented in figure 5. The light
screens illuminating the flow were in a plane perpendicular to the flat-plate surface
and the cavity longitudinal centerline. The photographs were taken with a camera lo-
cated downstream from and positioned above the model looking upstream. Photographs
are shown for a deep cavity (1/h = 6.40) that had an open cavity flow field and for a
shallow cavity (1/h = 24.00) that had a closed cavity flow field. Both cavities had
a length of 12.00 in. and the depth was varied to obtain the indicated values of
1/h. The photographs presented are for the same longitudinal locations downstream of
both cavity leading edges. :

The vapor-screen photographs for the shallow cavity having a closed flow field
illustrate the complexity and three-dimensionality of this type flow field, including
the formation of a pair of well-defined vortices at the edges of the cavity and the
existence of several shock wave formations resulting from the large turning angles of
the local flow. Three-~dimensional computational procedures would be required to de-
scribe theoretically the closed cavity flow field. The photographs shown for the
deep cavity with an open flow field indicate a less complex flow field, as there are
no apparent shock waves and vortices.

The variation of cavity Ca with angle of attack for various constant values of
1/h at two cavity depths is presented in figure 6. The data shown in figure 6(a)
(h = 0.500 in.) are for a sufficiently wide range of cavity 1/h that the values of
C, are representative of both open- and closed-type cavity flow fields., With the
exception of 1/h = 12,00 at M = 1,50 and 2.86, the data indicate that the cavity
flow fields remain of the same type through the angle~of-attack range. At M = 1,50,
a switch from an open to a closed flow field occurs with increasing angle of attack
for the 1/h = 12,00 cavity, whereas at M = 2,86 a switch from a closed to an open
flow field occurs with increasing angle of attack. This apparently anomalous be-
havior of the flow field probably occurs because 1t1/h = 12,00 is very close to a
critical value at which flow-field switching occurs, and for this value of 1/h the
flow field can be of either type (i.e., a bistable cavity flow field), with only
small perturbations required to cause a switch from one type to the other. The re-
sults presented in figure 6(b) for the cavities with h = 1,000 in. indicate that
only open cavity flow occurs for the test range of 11/h and angles of attack.

It should be noted that as angle of attack is changed from 0°, the local Mach
number and dynamic pressures on the flat-plate wing surface change and also the plate
flow field deviates from a two-dimensional type of flow field. These changes in the
local flow conditions are reflected in the change with angle of attack of the cavity
axial-force coefficients shown in figure 6 for the cases in which the type of cavity
flow field remains unchanged.

CONCLUSIONS

A wind-tunnel investigation has been conducted at Mach numbers of 1.50, 2.16,
and 2.86 to obtain axial-force coefficient data on a metric rectangular-box cavity
with various length-to-depth ratios. The model was tested at angles of attack from
-4° to 2°., The results were summarized to show variations in cavity axial-force
coefficient for deep- and shallow-cavity configurations with detached and attached
cavity flow fields, respectively. The results of the investigation were as
follows:



1. For a wide range of cavity lengths and depths, good correlations of the
cavity axial-force coefficients (based on a reference area equal to the cavity rear-
face area) were obtained when these coefficients were plotted as a function of cavity
length-to~depth ratio.

2. Abrupt increases in the cavity axial-force coefficients at an angle of attack
of 0° reflected the transition of the cavity flow field from an open (detached) flow
field to a closed (attached) flow field.

3. Cavity length-to-depth ratio at an angle of attack of 0° was the dominant
factor affecting the switching of the cavity flow field from one type to the other.

4, The type of cavity flow field (open or closed) was not dependent on the test
angles of attack except near the critical value of length-to-depth ratio.

NASA Langley Research Center
Hampton, VA 23665-5225
January 27, 1986
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TABLE I.

CAVITY VARIABLES OF PRESENT TEST

= S

y D N \
h, in. 1, in. 1/h h, in. 1, in. 1/h
0.500 2.00 4.00 1.000 2.00 2.00
3.00 6.00 4.00 4.00
4.00 8.00 6.00 6.00
5.00 10.00 7.07 7.07
6.00 12.00 8.00 8.00
7.00 14.00 10.00 10.00
7.07 14.14 1.875 7.07 3.77
9.00 18.00 1.875 12.00 6.40

{ 12.00 24.00
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Figure 4.- Summary of CA values as function of cavity 1/h. a = 0°.
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