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I. INTRODUCTION

A research effort to develop advanced numerical codes for computing
aerodynamic forces acting on spinning slender bodies of revolution at
angle of yaw is presently in progress at the Ballistic Research
Laboratory. Computation of the Magnus force, which results from the
combined high spin rate, and angle of yaw, is of particular interest.
Experimental studies are being carried out in order to provide data for
comparison to the numerical computations.l!®2°3 In this report, the
results of a series of wind tunnel tests are reported in which measure-
ments of pitch plane and Magnus effects have been measured for several
slender bodies of revolution. A complete tabulation of the experimental
data is provided in order to facilitate comparison to theoretical
computations.

II. EXPERIMENTAL INVESTIGATION

A. Test Conditions

The wind tunnel test program was conducted for a series of ogive-
cylinder-boattail shapes. The test was performed at free-stream Mach
numbers, M, of 2.0, 3.0, and 4.0. The models, with boundary-layer

trip, were tested at angles of attack ranging from +10° to -4°.

Magnus force was measured at spin rates, Pd/vV, ranging from 0 to 0.4 at
angles of attack, a, of 10°, 6°, 4°, 2°, 1°, 0, -2°, and -4°. The test
conditions are summarized in Table I.

1. W. B. Sturek, et al, "Computations of Turbulent Boundary Layer
Development Over a Yawed, Spinning Body of Revolution With Applica-
tion to the Magnus Effect,' BRL Report No. 1985, May 1977, U.S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland.

AD A041338.

2. H. A. Duwyer, "Three Dimensional Flow Studies Over a Spinning Cone
at Angle of Attack," BRL Contract Report No. 137, February 1974,
U.S. Army Ballistic Research Laporatory, Aberdeen Proving Ground,
Maryland. AD 774795.

3. H. A. Dwyer and B. R. Sanders, "Magnus Forces on Spimning Supersonic
Cones. Part I: The Boundary Layer," BRL Contract Report No. 248,
July 1975, U.S. Army Ballistic Research Laboratory, Aberdeen Proving
Ground, Maryland. AD A013518. Also, AIAA Journal, Vol 14, No. 4,
April 1976, p. 498.




Table I. Test Conditions

Mach Number, M, 2.0 3.0 4.0

Supply Pressure, Po

mm Hg 1600 2250 3800
psia 30.79 43.30 73.12
MPa (MegaPascal) .2123 .2985 .5041
Reynolds Number, 8.505 7.317 7.425
Re, x 1078
B. Equipment

The Ballistic Research Laboratory Supersonic Wind Tunnel No. 14»*
had a flexible, two-dimensional nozzle that was calibrated for fifteen
Mach numbers between 1.5 and 5.0 with an accuracy of 0.0l absolute
value. The air density could be varied to cover a Reynolds number range
from 4 x 10% to 30 x 106 per meter. The supply pressure was variable
from 0.033 MPa to 6.67 MPa (MegaPascal) in continuous operation. (NOTE:
1 atm = 0.101325 MPa). The test section measured 381 mm high and 330 mm
wide, and allowed testing of models of 50 mm diameter and 250 mm length
at the most critical Mach number of 1.50. The angle of attack range was
from -10 to +15 degrees.

C. Model Details

The basic model tested was an ogive-cylinder-boattail. The
configurations for which data have been obtained are:

-

4. J. C. McMullen, "Wind Tumnel Testing Facilities at the Ballistic
Research Laboratories,' BRL Memorandum Report No. 1292, July 1960

U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
Maryland. AD 244180.

k]

* The BRL Wind Tunnel Facilities are no longer operational.



TABLE II. MODEL CONFIGURATIONS

Model Description Configuration Number
Secant-0give-Cylinder (SOC) 1.0
Secant-Ogive-Cylinder With Boattail (SOCBT) 3.0
Tangent-0give-Cylinder (TOC) 5.0
Tangent-Ogive-Cylinder With Boattail (TOCBT) 7.0

Both the secant and tangent ogive nose are 3 calibers in length. The
cylinder section is 3 calibers with the exception of the boattail
configuration. When the 1 caliber 7.0° boattail is added the cylinder
length is shortened to 2 calibers, thus, always maintaining a 6 caliber
total length model.

The reference diameter is 57.15 mm (2% inches). The radius of the
secant ogive and tangent ogive is 1079.0 mm (42.48 inches) and 528.86 mm,
respectively. A mechanical boundary-layer trip was installed on the
ogive 40.6 mm (1.60 inches) from the nose. It consists of three
contoured rings of 1.52 mm width per ring. The height of the trip is
0.508 mm. The general dimensions of the two basic models are given in
Figure 1.

The outer shell of the model is free to rotate about its longitu-
dinal axis by means of two ball bearing mounts. The inner races of the
ball bearings are mounted on a non-rotating sleeve that fits over the
free end of the balance-strut assembly. The model is driven by an air
turbine which is installed on the strut behind the balance. The air
leaving the turbine blows against a ring of turbine blades which are
installed at the base of the model shell, and causes the model to
rotate.

The model is mounted on the free end of the balance-strut assembly
which forms a cantilevered beam with the wind tunnel angle of attack
system. The aerodynamic forces acting on the model are transmitted
through the balance into the wind tunnel structure. A six-component,
strain-gage balance was used to measure the aerodynamic forces and
moments. The balance has the following capacities (with references to
the balance center located between gages).

Normal Force 180 N Pitching Moment 5.20 Nem
Side Force 90 N Yawing Moment 2.60 N*m
Axial Force S0 N Roll Moment 2.26 Nem



The distance between forward and rear gages measures 58.42 mm.

The model underwent a static-force (polar) test without spin. The
angle of attack was varied from +10° to -4°. A sample reading was taken
automatically by the Data Acquisition System® every two seconds, which
corresponds to an approximate change of 0.25 degree in angle of attack.

Additionally, the model was subjected to a spin test to measure the
Magnus force and the Magnus moment. Data were obtained for all runs
over a spin range of 30,000 RPM. The model was spun up to 35,000 RPM
and data were taken while the model was coasting down in spin rate.

III. RESULTS

A. Data Reduction

The raw data were reduced to coefficient form on the BRL computer
using our standard program. The angles of attack were corrected for
strut deflections due to aerodynamic loads and for the flow inclination
in the wind tunnel. The derivatives of the normal force and of the
pitching moment near zero angle of attack were obtained from a linear

regression of eleven test points in the a-range from -1.5 to +1.5
degrees.

A translational correction was applied to the side-force and
yawing-moment data such that all curves would pass through the origin
of the graph.

B. Data Presentation

The reduced static force data are presented in non-dimensional form
and include plots of CN’ CM’ and CA versus angle of attack. These basic

plots are located in the Appendix which is divided into two sections.

Appendix A contains data for the SOC and SOCBT configuration while
Appendix B contains the TOC and TOCBT data.

The aerodynamic coefficient data are presented in tabular form in
Tables III, IV and V, VI for the Secant-Ogive and Tangent-Ogive
configuration respectively. These tabulations include the normal force

5. L. D. Kayser, "The BRL Wind Tunnel High Speed Analog to Digital
Data Acquisition System,'" BRL Memorandum Report No. 2142, December
1971, U.S. Army Ballistic Research Laboratory, Aberdeen Proving
Ground, Maryland. AD 737180.
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and pitching moment slopes (C ), the Magnus force and moment
a
coefficients (CN , CM ) and the tunnel operating conditions.

B

N’ CM
a

C. Discussion

A linear fit, of the side force and yawing moment data over the
full spin range, was performed for the SOC and SOCBT configurations.
The resultant slopes (CN ; CM ) are tabulated in Table IV. Additionally,

similar fits were performed for the TOC and TOCBT configurations with
the exception that the range of fit was limited to Pd/V < .20. These
data are found in Table VI.

Summary plots were developed to show the variation in Magnus
moment coefficient for changes in ogive shape, Mach number, and the
addition of a boattail as a function of angle of attack. The moment
was referenced to a point located at 63% of the model length as measured
from the nose,.

Figure 2 shows the Mach number effect on CM for the SOCBT
P

configuration. The decrease in Magnus moment with increasing Mach
number is typical of all configurations tested. The increase in the
Magnus moment due to the addition of the boattail can be seen in
Figure 3 at M = 2. However, as the Mach number increases (Figures 4
and 5) the difference in the Magnus moment between the SOC and SOCBT
shapes becomes less. This is also true for the TOC and TOCBT '
configurations.

A change in the nose shape from a secant to a tangent ogive is
found to produce an increase in the Magnus moment coefficient as shown
in Figure 6 for M = 2 and Figure 7 for M = 3.

As a final analysis of the data, a linear fit of the Magnus
moment data was performed for an angle of attack range of -3° to +3°.
The resultant plot is shown in Figure 8 for the SOC and SOCBT configura-
tion. The Magnus moment slope is shown to decrease with increasing
Mach number; the boattail effect is also shown to be less apparent with
increasing Mach number.

D. Conclusions .

A series of wind tunnel tests have been run for models with secant
and tangent ogives and having cylindrical and boattailed afterbodies.
The tests were conducted at M = 2, 3 and 4 to determine both pitch
plane and Magnus aerodynamic coefficient data. A summary of the
findings of this study indicate:

11



(1) CM decreases with increasing Mach number for all configura-

Pq

tions.

(2) Boattail configurations increased the Magnus moment coefficient
at M = 2.0. The difference at M = 3 and 4 was negligible.

(3) The effect of the tangent ogive is to increase the Magnus
moment when compared to similar secant-ogive configurations.

12
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LIST OF SYMBOLS

axial-force coefficient, FA/ (qS)
base-axial-force coefficient, (p - pb) Sb/(qS)

yawing moment coefficient, yawing moment/qSd, reference at
the nose of model

pitching-moment coefficient, pitching moment/(qSd), reference
at the nose of the model

Magnus-moment coefficient, aCn/a(Pd/V)

slope of the Magnus-moment coefficient, aCM /3a
P

slope of the pitching-moment curve, acM/aa, for -1.5 <«
<1.5

normal-force coefficient, FN/(qS)

slope of the normal-force curve, acN/aa, for -1.5 < a
< 1.5

side-force coefficient, FY/(qS)

reference diameter, 57.15 mm

diameter of the model base
axial force

normal force

side force

Mach number

free-stream static pressure

spin rate (Rad/Sec)

base pressure

29



LIST OF SYMBOLS (Continued)

pd/v non-dimensional spin rate
q free-stream dynamic pressure
Reg Reynolds number, based on free-stream conditions and total

model length

S reference area, nd?/4

S, area of the model base, nd%/4
v free-stream velocity

o angle of attack
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APPENDIX A
Magnus and Pitch Data
for
SocC

SOCBT
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Secant-0Ogive-Cylinder and Secant-Ogive-Cylinder with Boattail

Figure

Al

A2

A3

Ad

A5

A6

Normal Force Coefficient, C,, Versus Angle of Attack .

a. Secant-Ogive-Cylinder

b. Secant-Ogive-Cylinder with Boattail

Pitching Moment Coefficient, C,,, Versus Angle of Attack

M,
a. Secant-Ogive-Cylinder

b. Secant-Ogive-Cylinder with Boattail

Axial Force Coefficient, C,, Versus Angle of Attack

A,
a. Secant-Ogive-Cylinder

b. Secant-0Ogive-Cylinder with Boattail

Side Force Coefficient, CY’ Versus Spin Rate, Pd/V -

Secant-0Ogive-Cylinder

M=2.0
M= 3.0
c. M=4.,0

Side Force Coefficient, Cy, Versus Spin Rate, Pd/V -
Secant-Ogive-Cylinder with Boattail

M= 2.0
M= 3.0
c. M=4.0

Yawing Moment Coefficient, Cn’ Versus Spin Rate, Pd/V -

Secant-0give-Cylinder

M= 2.0
M= 3.0
c. M=4.0
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Figure

A7

Yawing Moment Coefficient, Cn’ Versus Spin Rate, Pd/V -

c.

SOC AND SOCBT (Continued)

Secant-0give-Cylinder with Boattail .

M
M
M

34

Page

50

50
51
52



SYM. RUN NUMBER MRCH CONFIG RE/INCH RLPHR
+ 123 4.00 1.000 7836463. B8.65
X 104 3.00 1.000 S532431. 8.56
- 32 2.00 1.000 639660. 7.94
1.2 -
1-0 =
0-8 1
o %
. X
L ] X
L 0.6 . x
5 i
il »
uJ -
O ) *
g *t
o 0.4 - *.
_ 7] e
T g %,
= L
o - A
= <
< 0.2 - ;t’t
& ] o
1A
o<
00 VvV v v v T T T TrTr T T T T
1!"f_1
+£+ 7]
I+§ -
ad
-0.2 a X —
X .
‘U""lllllllllllllllllllulﬁ
-6 -2 2 B 10 14
ANGLE QOF ATTACK-DBEG.
Figure Al.

Normal Force Coefficient, CN, Versus Angle of Attack

a. Secant-0give-Cylinder
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CN-NORMAL FORCE COEFF.

SYM. RUN NUMBER MRCH CONFIG RE/INCH ARLPHR
+ 286 4.00 3.000 530259. 8.64
X 204 2.99 3.000 537052. 8.81
. 274 1.99 3.000 620943. 9.59
1.2 -
1.0 -
-
-
008 Cp
B x *
- X *
x*t .
0-5 -
x*.
- +
X w
00" - -5 L]
. ¥
KX
ko X
i X
Xa
0.2 - x.
Ks
A s
Ke
e "y
‘-
1w
0.0 717177 l,ﬁx SN S S S B B S S S SR SN S
P
s
R
% i
0.2t -
< .
2l
0% T T T | S [ U B N S S RN SN SEN SR S
-6 -2 2 ] 10 14

ANGLE OF ATTACK-DEG.

Figure Al.

Continued

b. Secant-0give-Cylinder with Boattail
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CM-PITCHING MOMENT COEFF.

|
o

}
-~
.

|
-~
-

SYM. RUN NUMBER MRCH CONFIG RE/INCH RALUPHR

+ 123 4.00 1.000 7836463. 8.6S
x 104 3.00 1.000 532431. 8.5S6
" 32 2.00 1.000 639660. 7.94
X
« %
- %
.
.
RS
.
*
t N
SRR S — — X7 1 T 1. 1T 1T 1T 1 v 0T 1T 7 1T 771
- &ﬁ
1 %
— a a
- 5_ .
. o
-i +§- .
- % .
x
g + [
N .
% 4
o x
- + .
i K
4 LI
_4 X
4 %
_J b o
v %
.
-
.
=
.
T T 1T 171 o N PR A A L N I A O O N N R B
-6 -2 2 6 10 14

ANGLE OF RATTACK-DEG.
Figure A2. Pitching Moment Coefficient, CM,
Versus Angle of Attack

a. Secant-0give-Cylinder
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CM-PITCHING MOMENT COEFF.

1.0

0.5

c.0

-0-8

"1 -0

-1.5

SYM.

RUN NUMBER MACH CONFIB RE/INCH ALPHA

+ 286 4.00 3.000 530259. 8.64
x 20y 2.99 3.000 §$37052. 8.81
. 274 1.99 3.000 620943. 9.59
" -
» -
.!-
» -
-.‘_
o T
. %
'Y
llfflljl‘_rllIllfllllllll
4 %%,
X
- X =
X o
-— X *
X °
- P
- x °
. &
*I
— t.
= % °
- -g(.
- +
xl
- +
~1 x+.
- x’..
3 x*
_ x
-
~-
-1
I T T T T o T 1
-2 2 6 10 14

b.
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AXIAL FORCE COEFF.
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SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHA
a 43 2.00 1.000 637207. -0.01}
o ye 2.00 1.000 638L47. -~-4.40
» 41 2.00 1.000 638521. -2.¢22
4 40 2.00 1.000 63894Y. 1.08
- 39 2.00 1.000 63794Yy. 2.18
* 38 2.00 1.000 63996Y. Y.37
X 37 2.00 1.000 640199. 6.54
3 36 2.00 1.000 640787. 10.81
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SIDE FORCE COEFF.
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SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHA
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a 135 4.00 1.000 S540306. 1.01
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SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHR

SIDE FORCE COEFF.

a 285 2.00 3.000 612463. 0.01
g 284 2.00 3.000 6129800. -4.69
= 283 2.00 3.000 bH13574. -2.3Y4
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SIDE FORCE COEFF.
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SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHRA

. Y3 2.00 1.000 §37207. -0.01
p 42 2.00  1.000 638147. -4.40
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YAWING MOMENT COEFF.
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YAWING MOMENT COEFF.
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YAWING MOMENT COEFF.
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YAWING MOMENT COEFF.
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YRWING MOMENT COEFF.
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Tangent-Ogive-Cylinder and Tangent-Ogive-Cylinder with Boattail
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SYM. RUN NUMBER MARCH CONFIG RE/INCH ARLPHA

X 19 3.00 5.000 536494. b.21
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Figure B1. Normal Force Coefficient, CN’ Versus Angle of Attack
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CN-NORMAL FORCE COEFF.
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SYM. RUN NUMBER  MACH CONFIG RE/ZINCH RLPHR
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CM-PITCHING MOMENT COEFF,
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b. Tangent-Ogive-Cylinder with Boattail
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AXIAL FORCE COEFF.

SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHA
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Figure B3. Axial Force Coefficient, CA, Versus Angle of Attack
a. Tangent-0give-Cylinder
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AXIAL FORCE COEFF.
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SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHA
2 54 2.00 5.000 629228. 0.00
R 55 2.00 5.000 628%207. -4.82
- 56 2.00 5.000 6282i8. -2.40
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SIDE FORCE COEFF.
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0 130 2.00 7.000 63t1481. -4.87
Py 129 2.00 7.000 B31465. -2.42
o 128 2.00 7.000 631199. 1.23
+ 127 2.00 7.000 ©630498. 2 .44
X 126 2.00 7.000 630202. 4.87
. 124 2.00 7.000 630331. 6.1t
-
—1
.
— 0
] ®
] s
—1
p— = A
A
_ = .
j =™ a 4
Y S
Fﬁg;}gtﬁf*T““F‘1“T”| B30 B A% I it T G I O |
— )(++:_ v -
)(-xx + he M Y v
] « X +
- R X +
. +
=
i T
X
-
x X
J
] -
_
N
T T T T T 1 | — | —
0.0 0.1 0.2 0.3 0.4
PD/V

Figure B5. Side Force Coefficient, CY, Versus Spin Rate,
Pd/V - Tangent-0give-Cylinder with Boattail

a.

M=2.0

64



SIDE FORCE COEFF.
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