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I. INTRODUCTION

The Weapons Systems Concepts Office, Directorate of Development
and Engineering, APG-Edgewood Area , under the direction of Mr. Abraham
Flatau, has initiated an investigation of aeroballistic shapes designed
to achieve increased range and flattened trajectories. Conceptually,
this is obtained by design of a model with low overall drag and
suff icient aerodynamic lift to slightly offset the affects of gravity.

Results of an initial experimental study of wedge shaped configura-
tions have been previously reported1 . The present wind tunnel tests ,
conducted by the Launch and Flight Division (LFD) , U.S. Army Ballistic
Research Laboratory (BRL), are a continuation of the Edgewood Wedge
Program .

II. EXPERIMENTAL INVESTIGATION

A SIX component force test was conducted for four wedge shaped
configurations in Supersonic Wind Tunnel No. 12 of the U.S. Army
Ballistic Research Laboratory. Three configurations were designed and
fabr icated by the Weapons Systems Concepts Office , Directorate of
Development and Engineering. The remaining configuration was a BRL
design to obtain data on a wave rider3 shape in supersonic flow. Al l
configurations were tested to obtain lift and drag data. Additionally,
roll moment data were obtained . The test conditions covered a Mach
number range of 1.5 through 4.0 at a constant Reynolds number of 15.6
x 106 per metre. Angle of attack variation was from ~10° to +7°.

A. Equipment

The wind tunnel is a continuous , closed circuit , variable throat
tunnel with Mach capability from 1.5 through 5.0 calibrated in 0.25
Mach number increments. The supply pressure can be varied from 250 to
5000 mm Hg. The free stream Reynolds number has a range of 1.6 x 106

1. C. r i . Nietuhicz, “Some Aerodynamic Characteristics of Supersonic
Lift~nq Bodies,” BRL Memorandum Report No. 2458, U.S. Army
Ballistic Redearch Laboratories, Aberdeen Proving Ground , Mar y land ,
March 1~1?5. AD A009704.

2. J. C. McMullen, “Wind Tunnel Testing Facilities at the Ballistic
Research Laboratories,” BRL Memorandum Report No. 1292, U.S. Army
Ballistic Reaearch Laboratories, Aberdeen Proving Ground, Mary land ,
July 1960. AD 244180.

3. L. F. Crabtree and P. A. Treadgeld, “Experiments on Hypersonic
Lifting Bodies,” International Council of the Aeronautical Sciences
Paper No. 66-21, September 1966.

7
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to 2.8 x io6 per metre for a stagnation temperature of 3110 Kelvin.
The test section is 0.33 metres wide by 0.38 metres 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° (+180° to -90°)
without interruption of air flow.

A six component strain gage balance was used to measure the aero-
dynamic-forces and moments. The maximum allowable normal and side
force acting between the gages are 890 Newtons (N) and 445 N respec-
tively. The associated maximum allowable moments are 34 Newton-meter
(Nm) and 14 Nm. The balance capacity in axial force is 334 N and the
maximum roll moment is 6.8 Nm.

Due to the unique shape of the conf igurations tested, the balance
was mounted external to the models. A sketch of the model assembly is
shown in Figure 1. This arrangement, unfortunately , increases the
moment arm causing the maximum allowable loads to be decreased .

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

Model Description Configuration No.

E-1 Curved Under Surface 1.00

E-l 2.00

F 3.00

BRL M3 Wave Rider 4.00

B. Test Procedure

All configurations were tested at Mach numbers 1.5, 2.0, 2.5, 3.0,
3.5, and 4.0. The angle of attack variation was from _ l 0 0 to +7°
except where loads began to exceed balance capacities . Base pressures
were obtained using 1.6 mm diameter pressure probes located near the
model base. Roll moment data were determined at ~ = 45 0~~ Spark
shadowgraphs and schlieren photographs were obtained throughout the
test program.

All data were reduced on the BRL Electronic Scientific Computer
(BRLESC) using a standard force reduction program. Strut deflections
due to aerodynamic loading were subtracted from the data both in the
pitch and yaw planes. Flow corrections were applied to the yaw plane
data. Due to the configuration~s asymmetry with respect to the pitchplane no flow inclination correc tions were applied. The coefficients
were reduced about a body axis system which was allowed to roll with
the model.
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C. Presentation of Data

The reduced data in coefficient form are presented in Appendix A.
The normal force (C

N), pitching moment (CM), axial force (CA), and

normal force center of press ure (X
CP) are pl otted as a func tion of

angle of attack in Figure Al. Figure A2 shows the same coefficients
cross plotted with respect to configuration. The side force (C

r).

yawin g moment (C~~), and side force center of pres sure (Y~~) are
plotted in Figure A3. Configurational variations of the same coef-
ficients are presented in Figure A4. Roll moment data at ~~ = 45 0 are
shown in Figure AS for each configuration. The lift (CL), 

drag (C
D),

and lif t/drag ratio (C
L/CD) are plotted In Figures A6 and A7.

The normal force and pitching moment slopes were calculated about
the point where C

N becomes zero and are tabul ated in Table I for each
configuration.

III. DISCUSSION

The data for configurations 1.00, 2.00, and 3.00 show character-
istically similar patterns to that reported previously1. The normal
force data are nonl inear above a = 0° and are effectively independent
of Mach number variation. Configuration 4.00 (Figure AId), howeve r,
shows a strong Mach number dependence above a = _~~~0~~ Common to all
configurations was the expected increase in axial force with decreasing
Mach number and the invariance of normal force center of pressu re with
respect to Mach number and angle of attack. The normal force center of
pressure is calculated using the normal force coefficient ; therefore,
the apparent discontinuity in X~~ is due to the normal force going to

zero at that point. Figure A2 shows the effect of configuration at
each tes t Mach number . For all Mach numbers , the results for configura-
tion 4.00 show a higher normal force coefficient and lower axial force
coefficient in comparison with the other configurations. The differ-
ence in normal force and axial force data becomes smaller as the Mach
number increases. This can be seen in Figures A2a through A2f. The
axial force data at Mach 1.5 was invalid for configuration 4.00 due to
uns teady flow condi tions caused by the relatively lar ge model size .

The side force data presented in Figures A3 and A4 are symmetrical
with respect to a = 0°. The side force center of pressure is again
invariant with respect to Mach number and angle of attack . The side
force data for configuration 4.00 (Figure A3d) shows a slight variation
with Mach number. The data scatter of for configuration 3.00 at

Mach number 4.0 is peculiar to that one run and is most probably caused
by erroneous raw data.

11
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Roll moment data were obtained for negative angle of attack only,
since the important regime for this test series was centered around the
trin angle of approximately -7°. A negative roll moment coefficient
(counter clockwise direction) is considered as the restoring moment
throughout this discussion . The roll moment data for configurations
1.00, 2.00, and 3.00 as seen in Figures A5a through ASc are small and
can be considered negligible in terms of a restoring moment . However ,
it is interest ing to note that the roll moment data for all configura-
tions is a restoring type moment whereas the previously reported data
showed non-restoring roll moments for a < 0°. Sinc e the shapes are
not apprec iably differen t , the change in sign for roll moment data is
not completely understood . The roll moment data of configuration 4.00,
seen in Figure A5d , shows a significant increase in magnitude for roll
moment over all previously tested configurations . Although on ly a few
w:ic~ rider typ e shapes have been tested at supersonic speeds , the
increased restoring roll moment may be a characteristic.

The data were also reduced to obtain lift and drag coefficients.
A comparison of lift/drag for configurations 1.00, 2.00, and 3.00 are
shown in Figures A6a through A6c to be dependent on Mach number . A
maximum value of approximately 2.5 was attained near a = 6°. Conversely,
there was no Mach number dependence for configuration 4.00 as can be
seen in Figure A6d . The maximum value of lift/drag for this configura-
tion was 3.0 at a = 10 . Configuration 4.00 was desig’ied to be consist-
ent with the wave rider theory; however, conc es sions made duri ng model
fabrication introduced the edge discontinuity . It was felt that this
change would not significantly alter the planar shock pattern . However ,
as can be seen in the spark shadowgraph (Figure 3) the shock is slightly
below the model.

A comparison of previous configurations with those reported here
is presented in Figure 4 in the fcrm of lift/drag data. Configurations
972.00 and 4.00 which are nearest to a wave rider design have the
largest magnitudes of lift/drag for all angles and a more negative
trim angle. The area of concern is most likely not with large values
of lift/drag but most probably with the configuration which produces
the largest lift slope (C

L ) near trim since the thought is to f ly

these shapes near the trim conditions. Tabie I is a tabulation of
summary data which includes C L . Configuration 4.00 exhibits

a (trim)
the highest slope for all Mach numbers with the exception of Mach 4.0.

12
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Table I. Summary Data

CONFIG M C
N CM CLci a(trim)

1.00 1.5 .0187 .0061 .0167

2.0 .0180 .0059 .0165

2.5 .0176 .0057 .0164

3.0 .0169 .0055 .0159

3.5 .0161 .0053 .0156

4.0 .0158 .0051 .0155

2.00 1.5 .0180 .0060 .0157

2.0 .0183 .0060 .0167

2.5 .0177 .00 58 .0165
3.0 .0170 .0056 .0161

3.5 .0165 .0054 .0159

4.0 .0161 .0052 .0157

3.00 1.5 .0182 .0060 .0164

2.0 .0180 .0059 .0167

2.5 .0176 .0057 .0164

3.0 .0168 .0054 .0159

3.5 .0165 .0052 .0158

4.0 .0158 .0051 .0152

4.00 1.5 .0269 .0079 .0268

2.0 .0243 .0072 .0237

2.5 .0217 .0065 .0207

3.0 .0194 .0059 .0192

3.5 .0175 .0054 .0168

4.0 .0160 .0054 .0154
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IV. CONCLUSIONS

Four addi tional lif ting body configurations have been tested at
supersonic speeds. The lift/drag data for three configurations were
found to be dependent on Mach number while the wave rider like shape

S showed no Mach number dependence. For all configura tions , the posi tion
of the normal force center of pressure was fo und to be invaria nt w ith
respect to Mach number and angle of attack. The maximum value of lift!
drag was found to be 3.0 for the pseudo wave rider configuration , whi ch
also exhibited the largest lift slope near trim.

The roll moment data continues to reveal the problem of an almos t
non-existent restoring moment for these configurations. The wave rider
like shape , however , does show a measurable res toring momen t .
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SYM . RUN NUMBER MACH CBNT IO RE/ INCH ROLL ANG L E
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SYM . RUN NUMBER MACH CO NF IG RE/ INCH ROLL ANGLE
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Sf11 . RUN NUMBER MACH CI3NFIG RE/ INCH R8LL RNGLE

• Il 1 .50 1.00 38496’4 . 0.0
• 20 2.00 1.00 399703. 0 .0
• 2~ 2.50 1.00 902894 . 0.0
+ 26 3.00 1.00 402299 . 0.0
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• 32 ‘4.00 1.00 400570 . 0.0
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SYM . RJN N3M9E~ K~ CIl COM rIG RE’INCH q&i ~NGL~
• 53 1 .6+) 3.00 395808. 0.0
a 50 2 00 3.00 440082. 0.0
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SYN . R u N  NUM8t.R MACH ce’4r19 P.1/INCH R&’ RN 9LL
a 90 2.00 ‘4.00 398050. 0.0
• 87 2.50 ‘4.00 396043. 0.0
+ 914 3.00 ‘4.00 ‘443034 . 3.0
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SYII . RUN NUMBER MACH C8N~ LG RE/INC II ROLL PN~ L~
+ 17 1.50 1.00 38149614. 0.0
* 58 1.60 2.00 386890 . 0.0
• 53 1.50 3.00 395908. 0.0
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5Y 11. RUN NUMBER MACH CON FI9 RE/INCH ROLL RPI9LE

• 20 2.00 1.00 399703. 0.0
+ 59 2.00 2.00 399415. 0.0
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SYN . RUN NUMBER MACH C0N~ IQ RE/INCH ROLL RN9LE

• 23 2.50 1 .00 14028914. 0.0
+ 52 2 .50 2.00 1402910. 0.0
* ‘47 2.50 3.00 400836. 0.0
• 87 2.60 ‘4.00 396043. 0.0
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SYII . RUN NUMBER MACH CONFIG RE/INCH ROLL ANGLE
• 25 3.00 1.00 ‘402299. 0.0
+ 66 3.00 2.00 1402094. 0.0
* 

4444 3.00 3.00 903540. 0.0
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SYM . RUN NUMBER MACH CONFIG RE/INCH ROLl. ANGLE
• 29 3.60 1.00 398623 . 0.0
+ 69 3.60 2.00 396086. 0.0
* ‘4! 3.50 3.00 398463 . 0.0
• 81 3.50 ‘4.00 399189. 0.0
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SYN . RUN NUMBER NACH CON FIG RE /INCH ROLL ANGLE

• 92 ‘4.00 1.00 400670. 0.0
+ 7! ‘4.00 2.00 399350. 0.0
* 9* 4.00 3.00 400383. 0.0
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LIST OF SYMBOLS

b model base width

C~ axial-force coefficient , F~ / (q S)

C
D 

drag-force coefficient , F~/ (qS)

C
1 li ft-force coefficient, F~ / (qS)

l i f t - f o r c e  coeff ic ient  slope about trim angle

pitching-moment coefficient , m/(qS2.), reference at the model base

C yawing-moment coefficient , n/(qSP.), reference at the model base

normal-force coefficient, F~/ (qS)

C~, side-force coefficient, F~/ (qS)

F
A axial-force

F
0 drag-force , FA 

cos a + F
N 

sin a

F
L lift-force, FN 

cos a - FA sin a

FN normal force

F~ side force

2. model length

m pitching moment

M Mach number

n yawing moment

q free-stream dyn amic pressure

Re Reynolds number , based on free-stream conditions

53
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LIST OF SYMBOLS (Continued)

S reference planform area , l/ 2[b 2.]

X~~ location of normal-force center of pressure, normalized with
respect to model length , 2., and referenced at the model base

location of side-force center of pressure , normalized with
respect to model length , 2., and referenced at the model base 

S

a angle of attack

angle of yaw

5-2
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