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WIND-TUNNEL TEST OF A SPINNING, LOW-DRAG PROJECTILE
WITH CANTED BORE RIDERS AT MACH NUMBERS FROM 1.75 TO 2.5

ABSTRACT

Test data are reported for a spin-stabilized, low-drag projectile
without and with bore riders mounted at various angles of cant with
respect to the shell axis. Wind-tunnel tests were performed with and
without spin at four Mach numbers evenly spaced from 1.75 to 2.5;
some of the resulting aerodynamic coefficients are plotted versus spin
rate, angle of attack or Mach number.
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LIST OF SYMBOLS

axial-force coefficient, FA/(qS)
forebody-axial-force coefficient, CA - CAb
base-~axial-force coefficient, (p - pb) Sb/(qS)

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

normal-force coefficient, FN/ (9S)

slope of the normal-force curve, 8CN/aa, for -1.5 € a < +1,5

yawing-moment coefficient, n/(qSD), reference at the nose of
the model

side-force coefficient, FY/(qS)

reference diameter, 5.715 cm

diameter of the model base
axial force

normal force

side force

Mach number
pitching moment

location of the normal-force center of pressure from the nose
of the model

yawing moment
spin rate
free-stream static pressure

base pressure
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LIST OF SYMBOLS (CONTINUED)

PD/V non-dimensional spin rate

q free-stream dynamic pressure

Re Reynolds number, based on free-stream conditions

Reg Reynolds number, based on free-stream conditions and total
model length

S reference area, wD2/4

Sb area of the model base, wd§/4

V' free-stream velocity

] angle of attack

4 angle of cant of the bore riders
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I. INTRODUCTION

The range of an artillery system is the distance over which the
system is able to deliver a given explosive payload. It is of greatest
interest to the military to make this distance as far as possible.

Given an initial velocity and weight, it is the aerodynamic shape and
the flight attitude of the projectile which determine its drag, and
thereby its range of flight. Range and drag are related such that the
lower the drag the further the projectile will fly. To reduce the drag,
a projectile needs an optimum shape and a stable attitude at small
angles of attack. '

The Picatinny Arsenal, Dover, New Jersey, serving as principal
investigator, and the Space Research Corporation (SRC), North Troy,
Vermont, have proposed a projectile consisting of a long ogive combined
with a boattail to fulfill the above mentioned requirements of shape
and attitude. The in-bore support is provided by four aerodynamically
shaped riders mounted on the ogive and a discarding sabot located at
the maximum diameter of the projectile.

Previously, the feasibility of such a design had been demonstrated
in a parametric wind-tunnel study (unpublished) and a limited free-
flight testl® of a pilot project that was carried out at the Exterior
Ballistics Laboratory (BRL). The present wind-tunnel investigation at
BRI, is a further contribution to Picatinny Arsenal's research effort
in extending the range of an artillery system. The test permits a
study of specially shaped and canted bore riders and their effect on
the aerodynamic characteristics of the basic projectile.

II. EXPERIMENTAL INVESTIGATION

A wind tunnel test of five configurations, the differences of
which are all in the bore riders, was performed in the Supersonic
Wind Tunnel No. 1 of the U.S. Army Ballistic Research Laboratories for
the principal investigator, Picatinny Arsenal, in March 1973. Figure
1 illustrates the installation of the test model in the wind tunnel.

A. Equipment

The Supersonic Wind Tunnel No. 12 has a flexible, two-dimensional
nozzle that is calibrated for fifteen Mach numbers between 1.5 and 5.0
with an accuracy of 0,01 absolute value. The air density can be varied

to cover a Reynolds number range from 0.04 x 106 to 0.3 x 106 per

Referencee are listed on page 22.
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Installation of the Model in Wind Tunnel No. 1

Figure 1.




centimeter. The supply pressure can be varied from 25 to 500 cm Hg in
continuous operation. The test section measures 38 cm high and 33 cm
wide, and allows testing of models of 5 cm diameter and 25 cm length at
the most critical Mach number of 1.50. The angle of attack of the model
can be changed from -10 to +15 degrees.

A six-component, strain-gage balance was used to measure the aero-
dynamic forces and moments., The balance has the following capacities
(with reference to the center between gages).

900 N normal force 3400 Necm pitching moment
450 N side force 1400 N.cm yawing moment
350 N axial force 700 N.cm rolling moment

The design of the projectile is shown in Figure 2. The model
consists of an ogive of 4.6 calibers length, essentially no cylindrical
section, and a boattail length of 1.5 calibers. Four bore-riding nubs
are mounted on the ogive. These nubs are aerodynamically shaped to
reduce the drag. The five configurations which were tested in the wind
tunnel program have changes only in the bore riders: no riders,
and cants of the lengthwise rider axis to the shell axis of 0°, 7°, 11°
and 15°,

Table I. Model-Configuration Nomenclature

Code Description
80.00 Basic model: 4.6 caliber ogive, 1.5 caliber boattail,

no bore riders
83.00 Basic model with bore riders at 0° cant to the shell axis
83.07 Basic model with bore riders at 7° cant to the shell axis
83.11 Basic model with bore riders at 11° cant to the shell axis
83.15 Basic model with bore riders at 15° cant to the shell axis

The model is equipped with an air turbine which provides the spin
either clockwise or counter-clockwise depending on the installation of
appropriate nozzle and blades.

B. Procedure

The model configurations were tested under the following conditions.

15
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Table II. Test Conditions

Mach Number 1.75 2.00 2,25 2,50
Total Pressure - cm Hg 114 126 142 161
Re/cm x 1076 0.20  0.20 0,20 0,20

A boundary-layer trip (No. 80 abrasive powder, sparsely populated,
8mm wide) was glued onto the model 12.5 mm from the nose in all of these
runs. Base pressures were measured through a pair of tubes of 1.59 mm
I.D. mounted on the top and bottom of the supporting strut,

1. Magnus Force Test. Configurations 83.07, 83.11 and 83.15 were
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 at least
10,000 rpm above or below the auto-spin rate (whic™ the canting of the
bore riders produces) and at all even angles of attack from +14 to -6
degrees. The data were taken either while the model was coasting down
or up, depending on whether the model had been spun-up to its maximum
or slowed down to its minimum spin rate, respectively. The limits of
these spin rates were dictated by the available pressure of the air
supply and the efficiency of the turbine.

The raw data were reduced to coefficient form on the BRL computer
(BRLESC) using our standard program for Magnus tests. A linear
regression was performed on the side-force and yawing-moment data of
each run, A translational and rotational correction was applied tn the
side-force and yawing-moment data such that the regression of the data
at zero angle of attack was reduced to zero. Additional corrections
may be indicated depending on the further analysis of these data.

2. Static Force Test. Configurations 80,00, 83,00 and 83.07
wmderwent a static force test (no spin). The angle of attack was varied
from +14 to -6 degrees. A sample reading was taken by the data
acquisition system automatically every two seconds corresponding
approximately to a change of one quarter of a degree in the angle of
attack of the model.

The raw data were reduced to coefficient form on the BRL computer
(BRLESC) using our standard program for this purpose. 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 the eleven test points
between +1.5 and -1.5 degrees. The yaw plane data from these static
tests were not corrected for strut defiections and flow inclinatioms.

17



III. RESULTS

The data are presented in non-dimensionalized form. The side-force
coefficient, Cy, and the yawing-moment coefficient, ('n’ from the Magnus

tests are plotted versus spin rate, PD/V, in Figures Al and A2,
respectively, for the bore-rider configurations with cant of the nubs
of 7, 11 and 15 degrees. The uncorrected yaw data from the static tests
(CY and Cn) are plotted versus angle of attack, a, in Figures A3 and A4,

respectively, for the model configurations without bore riders and with
bore riders at 0° and 7° cant. The curves of the side force and of the
yawing moment due to spin do not pass through the origin of the plot
(Figures Al and A2) because the canted bore riders produce a side force
at zero spin (Figures A3 and A4). However, for each configuration,
Mach number, and angle of attack, there exists a spin rate at which the
side force and the yawing moment are zero. For this situation, the
Magnus coefficients are no longer independent of the spin rate and can-
not be represented as a constant (i.e. the slope of the data curve) at
a given angle of attack and Mach number. Although not specifically
shown in this report, it should be noted that the center of pressure of
the side forces generated by the nubs at zero spin and angle of attack
lies well behind the nub position and in the vicinity of the Magnus-
force center of pressure. These effects have been observed previously
for helical serrations oh bullets and are reported in reference 3.

The normal-force coefficient, CN’ the pitching-moment coefficient,
Cm’ the base-axial-force coefficient, CAb’ and the forebody-axial-force
coefficient, CAf’ are plotted versus angle of attack in Figures A5, A6
and A7, The slope of the normal-force curve, CNa’ the normal-force

center of pressure, Ncp’ the forebody-axial-force coefficient, C,., and

Af
the base-axial-force coefficient, CAb’ were determined for angles of

attack near zero lift and are tabulated in Table III.

Table III. Summary Data

Configuration Mach No. CNa Ncp CAf CAb
80.00 1.75 0.0333 1.60 0.162 0.025
2,00 0.0356 1.84 0.151 0.035
2,25 0.0371 2,00 0.134 0.035
2.50 0,0388 2.15 0.127 0.033
83.00 1.75 0.0411 1.80 0.180 0.034
2.00 0.0437 2.01 0.170 0.039
2.25 0.0461 2.18 0.153 (0.038
2.50 0.0477 2.37 0.144 0.037

18
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Table III. Summary Data (Continued)

Configuration Mach No. CNa NCp CAf CAb
83.07 1.75 0.0419 1.81 0.183 0.039
2.00 0.0448 2.03 0.172 0.044
2,25 0.0472 2.18 0.156 0.043
2.50 V. 0490 2.31 0.147 0.041
83.11 1,75 0.0426 1.82 0.184 0.040
2.00 0.0454 1.87 0.174 0.045
225 0.0475 2.18 0.159 0.042
2.50 0.0492 2.31 0.149 0.041
83,15 1.75 0.0421 1.84 0.190 0.038
2.00 0.0447 2.04 0.179 0.043
2.25 0.0464 2% 17 0.162 0.041
2,50 0,0493 2.31 0.155 0.039

As could be expected, both the normal force and the forebody axial
force of the projectile are increased by the bore riders. The increase
in the forebody axial force amounts to 17 to 22% of the basic model
(without bore riders) within the Mach number rapge of the test
(M=1,75 to 2.50).

In Figure 3, the zero-1lift, axiil-force coefficients of various
artillery shells are compared with tle results of the present study.

The 155mm projectile MlOl4 is a conventionally designed and
frequently used artillery shell. The geometry of this shell is composed
of a 2,69-caliber ogive nose, a 1,39-caliber cylindrical section with
rotating band and a 0,45-caliber, 8-degree boattail. The zero-1lift,
axial-force coefficients of the M10) siell range from 0.311 (at M =
1.75) to 0.251 (at M = 2.50). They were measured in BRL's large and
small free flight ranges at Reynolds numbers of Rez = 15,8 x 106 for a

full-scale model and Rel = 1,3 x 10 for a 1/12-scale model. The data

for both models show good agreement at supersonic velocities,

The 175mm projectile M4375 is a low-drag shell of conventional
design. The shape of this shell consists of a 2.91-caliber ogive nose,
a l,6-caliber cylindrical body with rotating band and a one-caliber,
8-degree boattail. Its zero-lift, axial-force coefficients of 0.262 to
0.211 over the Mach number raice of the test (M = 1,75 to 2.50) present
a significant improvement in drag over that of the M101 projectile. In
a more recent study6, the zero-lift, axial-force coefficients of a
family of low-drag shell with similar shapes--105mm XM380, T388, and
155mm XM387--were compared. These coefficients lie between those of
the M101 and the M437 projectiles.

19
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The highest zero-1ift, axial-force coefficients (CAf + CAb) which

were measured in the present investigation range  from 0.228 (at M = 1.75)
to 0,194 (at M = 2,50) at a Reynolds number, Rez =7Xx 106, held constant

over the range of the wind tunnel test. These values pertain to the
model configuration with bore riders of 15-degree cant spinning at the
experimental auto-spin rate, which is produced by the cant of the bore
riders. This auto-spin rate lies within 16% of the matched-spin rate,
PD/V = 2 tan §; and within this range, the drag coefficients are nearly
constant, Nevertheless, the drag coefficient is still lower for the
configuration with zero-cant of the bore riders and no spin. This test
condition simulates the actual flight condition of the spinning shell
with matched cant of the bore riders.

In all cases of the present investigation, however, the drag is
less than that of the conventional and low-drag projectiles used in the
comparison, and thus it appears that the advantage of the long-ogive,
low-drag shape is not nullified by the necessary bore riders.
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a-2, Model Configuration with 7° Bore-Rider Cant (83.07)--



CEIEEF

H5YM.  RUN NUMBER
I

P’
1
o 103
- 10€
Q7
H 'Ob
5 100
& J4
a a3
. 102
P
; 190
. 343
0.0
2
ARL e

MACH CONFIG
2.2% 62. 07
g -fé D soor 07
c 2% 53007
c.29 £3.07
.29 $2 07
.29 2 7
.25 e 107
& 129 B A
2.¢9 £3.07
2.25H 53.07
c.2H $3.07
D) e 177
c. 2 65,07

REZINTH  ALPHA

032199, -6
50777, -4
501520. -2
531533, -
50133, 0
301725 iz
501650, é
500766 4.
532125, 6.
a0e1es. g
ag2ebd. 10
5022%4. 2.
502371, 4.
se?

|
-J.
|
-
ek
|
]
i
D'\jl ...1’ +
»4
!
i
QLIS
-~
RS- R (N N T A 1A U A T E [
B ¢ o 0 .2 A [ o
Fii/v

a-3. Model Configuration with 7° Bore-Rider Cant (83.07)--
Mach Number 2,25

Figure Al. Continued
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SYM. RUN NUMBER  MACH CONFIC RE/INCH ALPHA

x 98 2 950 03.07 4£B84a27. 6.27
) 97 2. 950 23.07 4880593 4,183
- 36 2. 50 3.Q7 48947, -2. 10
v 95 2.50 83 07 4c7977. -1.05
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a-4, Model Configuration with 7° Bore-Rider Cant (83.07)--
Mach Number 2,50 (over-spin)

Figure Al. Continued
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a-5. Mode' Configuration with 7° Bore-Rider Cant (83.07)--
" Number 2,50 (under-spin)

Figure Al. Continued
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SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHA
. 130 1.75 83. 11  4395351. -6.37
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b-1. Model Configuration with 11° Bore-Rider Cant (83,11)--
Mach Number 1.75 (over-spin)

Figure Al. Continued
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b-2. Model Configuration with 11° Bore-Rider Cant (83.11)--
vach Number 1.75 (under-spin)

Figure Al. Continued
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b-3. Model Configuration with 11° Bore-Rider Cant (83.11)--
Mach Number 2,00 (over-spin)

Figure Al, Continued
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b-4. Moded Configuration with 11° Bore-Rider Cant (83.11)--
Mach Number 2,00 (under-spin)

Figure Al, Continued
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b-5, Model Configuration with 11° Bore-Rider Cant (83.11)--
Mach Number 2.25 (over-spin)

Figure Al, Continued
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b-6. Model Configuration with 11° Bore-Rider Cant (83.11)--

Mach Number 2.25 (under-spin)
Figure Al. Continued
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b-7. Model Configuration with 11° Bore-Rider Cant (83.11)
Mach Number 2.50 (over-spin)

Figure Al. Continued

36

SYM. RUN NUMBER MAUH CONFIC RE/ZINCH ALPHA

- 174 e. 50 83.11 433R77. -6.27
x 173 2.50 83. 11 503434. -4. 16
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5YM. RUN NUMBER MACH CONFIG RE/ZINCH ALPHA
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> 232 250 63 11 438787, v 10
7 262 c 50 83 11 429613. 1.08
s 26e 250  &2.11 43398'. -0.01
. 287 2 50 €3.1) 498317.  1.02
® 28 é. 5 g2 1 S0113¢ ¢ 08
265 250 62 11 501501, 416
a4 o4 e 5 83 t1 50¢297. 65.27
S aAcS 2.5 g2 1y 85319410, g.23
+ cee 2. 50 ¢3. 11 502uRY. 10. 3%
» 2at 2 50 3. 1} 502108 le 37
a CEQ .5 ST o 80'81Q 14 3%
T T T
] x
)3
7 x
0.04 A x
-1 n
— ) 3
J.26
-3, Q6 e o e M ) O () B i ) B B e
a0 o .2 A Q.4
PO/V

b-8. Model Configuration with 11° Bore-Rider Cant (83,11)--
Mach Number 2.50 (under-spin)

Figure Al, Continued
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SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHA

+ 243 1.75 83. 15 501444. 6.383
x 242 .75 83.15 501568. -4.27
M 24! l.75 83. 15 501947. 2. 13
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c-1. Model Configuration with 15° Bore-Rider Cant (83.15)--
Mach Number 1.°5 :

Figure Al. Continued
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5YM. RUN NUMBER MACH CONFIG RE/INCH ALPHA
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c~-2. Model Configuration with 15° Bore-Rider Cant (83.15)--
Mach Number 2.00

Figure Al. Continued
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SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHA
x 204 2.25 83 1S 506711, -6.31
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c-3. Model Configuration with 15° Bore-Rider Cant (83.15)--

Mach Number 2,25
Figure Al. Continued
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Mach Number 2.50
Figure Al. Concluded
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5YM. RUN NUMBER MACH CONFIG RE/INCH ALPHA
- c7 2.%50 83.15 350074s. -6.2¢
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c-4, Model Configuration with 15° Bore-Rider Cant (83.15)--
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a-1. Model Configuration with 7° Bore-Rider Cant (83.07)--

Mach Number 1,75

Figure A2, Yawing-Moment Coefficient versus Spin Rate
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YAWING MOMENT COEFF.

SYM. RUN NUMBER  MACH CONFIG RE/INCH ALPHA

% 55 Z.00 83.07 4898472. 6.39
4 54 2.00  B3.07 438616. -4.22
¥ 53 2.00 83.07 488194. -2. 10
v 52 2.00 83.07 483585. -1.04
a 51 2.00 83.07 500274. 0.02
® 50 2.00 83.07 500425. .08
48 ¢. 020 83.07 50i004. 2. 13
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a-2. Model Configuration with 7° Bore-Rider Cant (83,07)--
Mach Number 2,00

Figure A2, Continued
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9YM. RUN NUMBER  MACH CONFIG RE/INCH ALPHA

7 P 2 .25 g83.07 S0r2199. -6.30
- 10 7.25 £3.07 S01777. 4.7
i 109 2.25 83.07 501520. -2.!0
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a-3. Model Configuration with 7° Bore-Rider Cant (83.07)--
Mach Number 2,25

Figure A2, Continued
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SYM. RUN NUMBER MACH CONFIG RE/INCH ALPHA
x 98 2.50 B83.07 4€8427. -6.¢27
W 97 2.50 83.07 488053. -4.18
% 36 ¢.50 83.07 488547. -z. 10
v 95 2.50 2.07 487977. -1.05
a 34 2.50 83.07 488048. Q.00
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a-4, Model Configuration with 7° Bore-Rider Cant (83,07)--
Mach Number 2.50 (over-spin)

Figure A2, Continued
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a-S.

Model Configuration with 7° Bore-Rider Cant (83.07)--

Mach Number 2,50 (under-spin)

Figure A2.

Continued
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Figure A7, Continued
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