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I. INTRODUCTION

A series of wind tunnel tests to determine the aerodynamic charac-
lteristics of several lifting body configurations has been conducted at
the Ballistic Research Laboratories (BRL). This experimental investi-
gation was initiated by the Aerodynamics Research Branch of Edgewood
Arsenal. The basic data obtained from these tests will be used as
input for calculations of projectile range and altitude based on given
initial conditions and aerodynamic loads. The program concept is to
design a model with low overall drag and sufficient aerodynamic lift to
slightly offset the effect of gravity, thereby contributing to a
greater range and a flattened trajectory. Therefore, the models tested
were designed with reference to the wave-rider concept, which describes
a lifting body supported by a unique shock systeml!. The wind tunnel
tests were conducted in three phases which covered a period from April
1972 through April 1973,

II. EXPERIMENTAL INVESTIGATION

A six component force test which included roll moment data for two
configurations and base pressure data for all configurations was
conducted. The test data covered a Mach number range of 1.5 through
4,0 and, with the exception of one configuration, all were tested at a
constant Reynolds number per meter of 15.7 x 106, The tests were
conducted in Supersonic Wind Tunnel No. 12 of the U,S. Army Ballistic
Research Laboratories.

A. EguiEment

The wind tunnel is a continuous, closed circuit, variable throat
tunnel with Mach capability from 1.5 through 5.0 calibrated in 1/4 Mach
number increments. The supply pressure can be varied from 5.33 to
68,9 x 104 Newton/mz. The free stream Reynolds number has a range of
1.64 x 10% to 27.9 x 106 per meter (m) for a stagnation temperature of
311° Kelvin (K). The test section is 33 centimeters (cm) wide by 38
centimeters high and the standard angle of attack range is from +15° to
-10°. An automatic roll head allows the model to be positioned
throughout 270° with no interruption of air flow.

1, L. F. Crabtree and D. A. Treadgold, "Experiments on Hypersonic
Lifting Bodies," International Couneil of the Aeronautical Sciences
Paper No. 66-24, September 1966.

2. J. C. MceMullen, "Wind Turnmel Testing Facilities at the Ballistic
Research Laboratories,” U.S. Army Ballistic Research Laboratories
Memorandum Report No. 1292, Aberdeen Proving Ground, Maryland,
July 1960, AD 244180.



The unique configuration design which follows from the wave rider
concept prohibits the balance from being located within the model and
near the center of pressure. Therefore, the balance was installed
externally and connected to the models and strut by means of specially
designed adapters. A windshield was attached to the strut and
protected the balance from all extraneous forces. A sketch of this
arrangement is shown in Figure 1.

The balance used to measure the aerodynamic forces and moments was
a six component strain gage balance. The maximum allowable normal and
side force acting between the gages are 890 Newtons (N) and 445 N
respectively. The balance capacity in axial force is 334 N and the
maximum roll moment is 6.77 Newton-meter (Nm).

The models are shown in Figure 2 and are identified as follows:

Model Description Configuration No.
60° Wedge 972.0
90° Wedge S|
60° Wedge With Boundary 972.5
Layer Trip
Flat Undersurface 972.6
Boattail 972,7
Cone Shape 972.8
Caret Shape 972,9

B. Test Procedure

Phase I involved tests of configurations 972.0 and 972.1. Phase II
was an extension of the first phase and included a boundary layer trip
on configuration 972.0. Phase III resulted from an evaluation of the
previous data and involved testing four additional configurations.

All configurations were tested at Mach numbers 1.5, 2.0, 2.5, 3.0,
3.5 and 4.0. Configuration 972.1 was tested at the maximum allowable
Reynolds number, based on load limitations, while the remaining
configurations were tested at a constant Reynolds number per meter of
15.7 x 10°. Most configurations covered an angle of atteck range of
+10° to -10° with some limitations due to excessive loads. Base
pressures were measured with three 0.159 cm diameter tubes located
near the model base., Roll data were determined during Phase I only.
Schlieren pictures were taken at the following conditions: alpha =
maximum, 0° and trim (C, = 0). Color schlieren movies showing the

10
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effect of angle of attack variation were taken at selected Mach numbers.
Vapor screen pictures3 of selected configurations were taken during
Phase III in an attempt to view the wave-rider shock pattern. Tunnel
installation of configuration 972.6 is shown in Figure 3.

All data were reduced on the Ballistic Research Laboratories
BRLESC computer using a standard force reduction program. The data
for each phase was added sequentially to the original data tape and
enhanced comparison of data between phases. Due to non-symmetry of
the configurations in the pitch plane, flow inclination corrections
were not applied to the data. The configurations are symmetrical in
the yaw plane and flow corrections were, therefore, applied to the side
force data. Strut deflections for pitch and yaw were subtracted from
the appropriate data. The coefficients were reduced about a body axis
system which was allowed to roll with the model.

C. Presentation of Data

The data are presented in the appendix (Figures Al thru A7) for the
following coefficients: normal force (CN), pitching moment (Cm), axial

force (CA), normal force center of pressure (XCP), side force (CY),

yawing moment (Cn), side force center of pressure (Y roll moment

)
(CR<
(c,), 1lift (C,), drag (C.), and lift/drag (C,/C.). The data have been

2 L D L"™D

grouped to show the effects of Mach number variation and configuration
changes on most coefficients.,

Limited testing was accomplished at Edgewood Arsenal for configura-
tion 972.0. The data are compared with BRL's results in Figures 4
through 6 for Cp» Cp» and CL/CD'

A subsequent pressure program was conducted at BRL for configura-
tion 972.9. Comparison of base axial force data between the force and
pressure test are presented in Figure 7.

A selected vapor screen photograph is shown in Figure 8, Figure 9
presents a schlieren photograph of configuration 972.7.

ITI. DISCUSSION

The results shown in Figure Al(a) are typical of the data
obtained. The normal force data, CN’ are effectively nonlinear over

3. C. J. Nietubicz, "Vapor Screen Technique Development at the
Ballistic Research Laboratories,” U.S. Army Ballietic Research
Laboratories Memorandum Report No. 2387, Aberdeen Proving Ground,
Maryland, June 1974, AD 784077.
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the entire range of alpha and non-symmetric with respect to alpha = 0
(top surface of model is parallel to tunnel floor; as seen in Figure 3).
The largest magnitude of CN is obtained for configurations 972.0, 979.9

and 972.1, above alpha of -6°. As the Mach number increases (Figures
Al(a) through Al1(f)) the effect of configuration on CN decreases.

Expectedly, configuration 972.8 shows the largest magnitude in axial
force at all angles of attack. This is due to the increased base drag
of the cone shaped configuration.

The normal force centers of pressure, XCP’ are seen in Figure Al(a)

to remain constant throughout the angle of attack range and are compar-
able in magnitude with the exception of configurations 972.6 and 972.7.
These two configurations exhibit a slight variation with angle of attack
and the apparent discontinuity (-8 < o < -4) is a result of the present
method used in calculating XCP' The forward shift of XCP is apparently

due to the square base and boattail shapes of configurations 972.6 and
972.7. The A2 series of figures show additionally XCP to be invariant
with respect to changing Mach number. The magnitude of XCP as seen in
Figure A2(a) and typical of all configurations (again, with the exception
of configurations 972.6 and 972.7) has a value of approximately .33 &
where £ is the model length.

The pyramid like shape of the configurations tested suggests that
the center of gravity is located at .25 &. A transfer of the moment
reference (presently at the model base) to the center of gravity location
would rotate the present Cm curves (Figure series Al and A2) about the

point Cm = 0. The resultant Cm would still be positive (center of

o
pressure forward of the center of gravity) and a slightly unstable
condition, therefore, exists for all configurations. A forward movement
of the center .of gravity is presently required to achieve static
stability. Additionally, the data show the normal force to be effectively
zero at the trim condition (Cm = 0). Thus, the present configurations
act as lifting bodies only at angles of attack other than %y rim

The side force, CY’ yawing moment, C M and side force center of

Y

pressure, Y data are shown in Figures A3(a) through A3(f) as a

cp?
function of yaw angle. These figures represent the variation due to

configuration changes at constant Mach number. The CY and CYM data are

symmetrical with respect to ¢ = 0° and nonlinear over the entire angle
of yaw range. Figures A4(a) through A4(f) show the effect of Mach
number variation on each configuration. Again, it is interesting to
note that the side force center of pressure, Y., , is independent of

Cp
both Mach number and angle of yaw.

17




Roll moment data were obtained for configuration 972.0 and are
shown in Figures A5(a) through A5(g) for various roll angles. The
resultant data reveal a lack of roll stability for alpha < +4° and
only a slight restoring moment for angles of attack greater than +4°.
This problem area is basic to the wedge shaped configuration and
necessitates the use of some type of control surface.

The initial objective of this program was to determine which
configuration exhibited the highest 1ift over drag ratios. Therefore,
the normal force data were further reduced to present 1ift, drag and
lift/drag data which are shown in Figure series A6 and A7. Figure
A6(d), which is typical of the data presented, shows configurations
972.0, 972.1 and 972.9 to have the highest magnitude of CL/CD above

a = 0°. However, for o < -2° configurations 972.7 anc 972.0 exhibit
the largest value of CL/CD' This is further represented in Figures

A7(a) and A7(d) which shows additionally the maximum CL/CD occurring
at M = 4.0,

Comparison of BRL's data to Edgewood Arsenal's results for
configuration 972.0 at a = 0° (for purpose of comparison only) shows
reasonable agreement for 1ift data. Figure 4(a) shows a 10% difference
in 1ift at o = 0°; however, the greatest difference is found in the
drag data (Figurs 5(a)) which shows a 50% difference at a = 0°.
Therefore, a substantial decrease in the 1ift to drag ratio results and
is shown in Figure 6(a). Since the lift data compared favorably, both
with and without boundary layer trip, attention is then focused on the
base area; more specifically base pressure drag. However, the ratio of
model base area to sting area was comparable for both tests and implies
similar base flow conditions existed. More recently a pressure test
was conducted at BRL for configuration 972.9. A comparison of tase
axial force data from the pressure test and force test is shown in
Figure 7. Due to different ratios of base to strut diameter and differ-
ent methods of acquiring the base pressure data the results differ by
about 9%. However, the trends with angle of attack ares comparable and
the pressure test, which should be considered the more accurate of the
two, shows an expected, higher base axial force. Based on this compari-
son the axial force data obtained from the Edgewood test are felt to be
in error.

The existence of a planar shock pattern, characteristic of wave-
rider configurations4,5, has not been experimentally verified for the
models tested. A vapor screen photograph shown in Figure 8 for config-
uration 972.0 at o = 0° establishes only the existence of a conical

4. C. T. Nardo, "Aerodynamic Characteristics of Two-Dimensional Wave-
rider Configurations,”" AIAA Journal, Vol. 10, No. 3, September 1972,
pp. 1258-126%.

5. K. Kipe, "Experimental Investigations of Wave Riders in the Mach
Number Range From 8 to 15," AGARD CP No. 30, May 1968.

18



bow shock. The light sheet was positioned approximately 1-1/2 inches
aft of the model and normal to the air flow. The light source was
located on the far side of the tunnel and causes the strut to form a
shadow within the vapor screen. Also visible in this photograph are
the wing tip vortices which appear as dark triangular regions. After
completion of the test program and analysis of the data, the model
geometry was reviewed. At that time, it was learned that the design
Mach number, i.e., the Mach number at which the planar shock would
form, was actually 8.3; therefore, no planar shock should have been
seen at M = 2.5 and this was verified by the vapor screen results.

The 1ift producing mechanism, typical of all configurations tested
can be seen in the schlieren photograph (Figure 9). The strong vertical
asymmetry of the bow shock indicates a region of high pressure on the
models lower surface.

IV. CONCLUSION

The models tested have been shown to produce moderate 1ift/drag
ratios; however, an expected maximum of L/D ~ 6.0 has not been obtained.
Since the caret-wing (wave-rider shape) is known for optimum aerodynamic
efficiency in regards to lift/drag, additional tests should be conducted
with the model design adhering to the wave rider concept.

The lack of roll stability for all configurations has been

experimentally verified and reinforces the need for designing future
models to overcome this deficiency.

19
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CD .- DRAG COEF.

SYM. RUN NUMBER MACH CONFIG RE/INCH  ROLL ANGLE

CL - LIFT FORCE COEF.

. [4d1] 4.00 972.90 396800. 0.0
a gee 3.50 972.90 393066. 0.0
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Figure A7. Concluded
f. Configuration 972.9
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LIST OF SYMBOLS
model base width

axial-force coefficient, FA/(qS)

drag-force coefficient, FD/(qS)

lift-force coefficient, FL/(qS)

pitching-moment coefficient, m/(qS%), reference at the model base
yawing-moment coefficient, n/(qS%), reference at the model base
normal-force coefficient, FN/(qS)

side-force coefficient, FY/(qS)

axial-force

drag- force, FA cos o + FN sin o

lift-force, F,, cos a —.FA sin a

N

normal force
side force

model length

pitching moment

Mach number

yawing moment

free-stream dynamic pressure

Reynolds number, based on free-stream conditions
reference planform area, 1/2[b&]

location of normal-force center of pressure, normalized with
respect to model length, &, and referenced at the model base
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Ccp

LIST OF SYMBOLS (Continued)

location of side-force center of pressure, normalized with
respect to model length, %, and referenced at the model base

angle of attack

angle of yaw
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