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I. INTRODUCTION

Some studies on the aerodynamic properties of nonaxisymmetric projec-
-tiles have been carried out in the Ballistic Research Laboratory in recent
years. Figure 1 shows phctographs of threa such shapes which are designated
as semicorkscrew, nonconical boattail, and corkscrew shapes. Platoul 4 has
considered nonaxisymmetric boattail shapes aod has demonstrated that the pro-
jectile stability can be improved while still retaining the advantage of drag
reduction through nonconical boattailing. For spinning projectiles, the
boattail surfaces must be twisted at the same rate as the rifling twist. A
resulting benefit cf this twist is a reduction of the Magnus moment. Platou
cooisidered several nonconical configurations such as trianyular, square, and
cruciform. He concludea that the three-surface triangular boattail has the
best aerodynamic properties. Later Platou5 considered forward facing, and
twisted, surfaces which gave the projectile a sharp nose tip and triangular
cross sections near the nose; this shape was designated the corkscrew projec-
tile. The general findings for the corkscrew shape were: (1) a low drag
coefficient, (2) small Magnus moments, (3) smaller pitching moments than
axisymmetric configurations of the same L/d. Platou6 reports results of a
study where he considered aerodynamic and physical properties of projectileswhich could decrease projectile time of flight and therefore be more effective

against maneuvering targets. Various geometrie.s considered in Reference 6
were: conventional, nonconical boattail, corkscrew, and semicorkscrew

shapes. The semicorkscrew shape shown in Figures 1 end 2 was considered by
Piatou to be a more practical shape than the sharp nose corkscrew shape. The
semi corkscrew shape is primarily the subject of this report.

1. Platou, A.S., "An Improved Projectile Boattai, , ARBRL-MR-2,95, U.S. A rmy
Ballistic Research Laboratory, 4RRADCOM, Abe-deen Proving Ground,
Maryland 21005, July 1974 (AD 785520).

2. Platou, A.S., and Nielson, G.I.T., "An Improved Projectile Boattail. Part
II.," BRL R 1866, U.S. Army Ballistic Research Labora;;ory, ARRADCOM,
Aberdeen Proving Ground, Maryland 21005, March 1976 (AD A0240?3).

3. Platou, A.S., "An Improved Projectile Boattail. Part III.," ARBRL-MR-
2644, U.S. Army Ballistic Research Laboratory, ARRADCOM, Aberdeen Proving
Ground, Maryland 21005, July 1976 (AD B012781L).

4. Platou, A.S., "An Improved Projectile Boattail. Part IV.," ARBRL-MR-
02826, U.S. Army Ballistic Research Laboratory, ARRADCOM, Aberdeen Proving
Ground, Maryland 21005, April 1978 (AD B027520L).

5. Platou, A.S., "Aerobalhistics of Corkscrew Projectiles," ARBRL-MR-02d25,
U.S. Army Ballistic Research Laboratory, ARRADCOM, Aberdeen Proving
Ground, Maryland 21005, April 1978 (AD A054735).

G. Platou, A.S., 'Decreasing the Flight Ttme of Bullets by Improving Its
Aerodyinamic Characteristics." ARBRL-MR-03103, U.S. Arn Ballistic Research
Laboratory, ARRADCOM, Aberdeen Proving Ground, Maryland 21005, May 1981
(AD B058203L).
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Other nonconical boattail results are reported in References 7 to 9. In
Reference 7, computations on axisymmetric shapes were compared to experimental
results on nonaxisymmetric shapes. The basic finding of Reference 1, for
supersonic speeds of M = 1.75 to 4.0, was that the triangular nonconical
boattail increased the static stability and in some cases, the stability is
greater than that of a straight cylindrical (00) boattail. In Reference 8,
Danberg and Tschirschnitz obtained pressure measurements on axisymmetric and
nonconical boattails at transonic speeds. Intergration of pressures over the
boaotails showed that the nonconical boattail reduced total projectile drag
by approximately 15% and increased the static stability with respect to the
conical (axisymmetric) boattail configuration. Wind tunnel results for a pro-
jectile with a cne-cailber triangular boattail are presented in Reference 9
for M = 0.91 and 3.0. The results show improved stability at both Mach
numbers. Also presented in Reference 9 are computational results for the non-
conical boattail at M = 3.0; agreement between computation and experiment is
generally good. The computational method used was the parabolized Navier-
Stokes solver described in Reference 10.

The above references document desirable aerodyrnamic characteristics of
nonaxisymmetric shapes, but whether or not such shapes can be successfully
flown has not been fully determined. Sabot design for the complex semi-
corkscrew shape is difficult and the launch oynamics are complex. For
example, frae-flight launchings of the semicorkscrew shape have stown large
initial yaw which has overshadowed other desirable aerodynamic characteris-
tics. Currently there is not a major effort in the study of nonaxisymmetric
shapes here at the Ballistic Research Laboratory. However, there are current-
ly computational projects involving nonaxisymmetric shapes including finned
bodies. The experimental results of the semicorkscrew projectile presented
in this report can be of value in providing guidance and verification of the
computational effort.

7. Kayser, L.D., and Sturek, W.B., "Aerodynamic Performanca of Projectiles
with Axisynmmetr'ic and No-Aisymmetric Boattai ls," ARBrL-MR-03022, U.S.
Army Ballistic Research Laboratory, ARRADCOM, Aberdeen Proving Ground,
Maryland 21005, May 1980 (AD A086091).

8. Danberg, J.F., and Tschirechnitz, R.H., "Transonic Pressure Distributin
and Boundary Layer Character-tetice of a ProjectiZe with an Asymmnetric
Afterbody," Technical Report 243, University of Delaware, June 198!.

9. Kay er, L.D., and Whiton, F., "Some Aerodynamic Characteristics of a Pro-
jectile Shape with a Nonaxiaymmetric Boattail at Mach Numbers of 0.91
and 3.02," ARBL-TR-02525, U.S. Amy Ballistic Research Laboratory,
ARRADC&"1 Aberdecn Proving Ground, Maryland 21005, September 1983.

10. Schiff, L.B., and Sturek, W.B., "NnericaZ Simulation of Steady Supersonic
Flcw Over an Ogive Cylinder Boattail Body," ARBRL-TR-02363, U.S. Army
Ballistic Research Laboratory, ARRADCOM, Aberdeen Proving Ground, Maryland
21006, September 1981 (AD A106060).
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II. EXPERIMENT

A. Models and Instrumentation

Details of the model geometry are shown in Figure 2. The three con-
figuration! tested had length to diameter (L/d) ratios of 6,7, and 8. The
model was .squipped with a boundary-layer trip for all test runs and was loca-
ted 0.8 caliber from the nose tip. The trip was fabricated Ly spot welding
twc rows of 30 0.75mm steel balls to a thin ring. The trip ring can be seen
in the photograph of Figure la. The models were mounted on a center body by
means of ball bearing attachments; thus, the model was free to spin as aero-
dynamic torque was applied. The model was not equipped with the air driven
turbine which is generally used for spinning axisymmetric shapes. The center-
body was mounted on an internal strain gage balance. A Naval Surface Weapons
Center (NSWC) baiance capable of measuring normal force, pitching moment, side
force, and yawing moment was used for most of the test program. Since this
balanc.e did not have a drag measurement capability, a BRL balance was used for
a limited number of test runs. The BRL balance had a smaller load capacity
and for this reason, the angle-of-attack range and t innel supply pressure were
limited.

8. Wind Tunnels

The Mach 2.5, 3.5, and 5.0 tests were conducted in the NSWC Wind
Tunnel No. 2. Tunnel No. 2 is a 0.41 x 0.41m (16 x 16 inch) cross-section
horizontal tunnel with an open jEt test section capdble of operation over a
Mach number range of 0.3 to 5.02 with supply pressures ranging from 0.5 to 15
dtmospheres. The tunnel is capable of intermittent (blowdown) or continuous
operation with a higher Reynolds number capability for the intermittent mode.
Mach number changes are made by replacing the two-dimensioridl nozzle block
units -- each nozzle block provides one distinct Mach number.

The Mach 6 portion of the test program was conducted in the NSWC Wind
Tunnel No. 8 which has a Mach number range of 5 to 10. The Mach 6 nozzle is
two dimensional and has a nozzle exit size of 0.46 x 0.46 m (18 x 18 inches).
A pebble bee heater and an electric resistance heater are used to heat Lhe air
so that air liquefaction in the expanding nozzle is avoided. The tunnel is
operated only in the intermittent mode but the run time can be substantial for
high Mach numbers and low supply pressures. Air is stored in a high pressure
bottle field and can be supplied to the tunnel at pressures up 150
atmospheres.

C. Test Procedure

Data were acquired at the conditions shown in the test run sunnary of
Table 1. The procedure for acquiring data was to start the tunnel, pitch the
model to the desired attitude, let the model spin rate stabilize, and then
record the data. At each angle of attack, numerous (approx. 30) sets of data
were recorded and then averaged to provide one useful set of data for each
angle of attack. Normal force, pitching moment, side force, and yawing moment
data were adjusted so that the data curve, as a function of angle of attick,
passed through the origin. For the purpose of computing pitching moment and
yawing moment data, the center of gravity was assumed to be located at 6u% of
the model length from, the nose.

9
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III. RESULTS

A tabulation of the coefficient data is provided in the appendix. The
dimens-;onless spin rates for zero angle of attack are shown in Figure 3 ilong
with the "match-spin" rate. There does seem to be some Mach number depeidence
on spin rate with the spin rate at the lower Mach numbers approaching the
"match-spin" rate. Also, the higher Reynolds number flow produces , hIgher
rate than the lower Reynolds flow. The higher Reynolds flow wAs achieved pri-
marily by increasing the density; therefore, the dynamic pressure i approxi-
inately proportional to the Reynolds number. The increase in spin rate could
be due to: (1) a Reynolds effect, (2) an increase in dynamic pressure over-
coming bearing friction or (3) a combination of 1 and 2. For this reason, the
change in spin rate with Reynolds number is believed to be partlj the result
of bearing friction. In a free flight situation, the spin rate at launch
would equal "match-spin" and as the velocity decays, the spin rate would also
decay but would always be slightly above "mat-h-spin." To determine the
effects of bearing friction, a spin control system, such as ar, air turbine
drive, would be needed so that spin rates could be adjusted both above and
below "'atch-spin."

Static stability characteristics of the semicorkscrew projectile are
presented in Figures 4 a to 4g. Figures 4a to 4d are normal force and center
of pressure plots. The normal force curves show, as expected, that the longer
configurations have the larger normal force. The center of pressure data arein calibers from the c.g. which is assumed to be located at 60% of the modellength from the nose. The positive values of Xcp show tat all configurations

are statically unstable and are most unstable at zero angle of attack. The
static behavior is summarized in Figures 4e, f, g where CN Cm , and X ,p are

shown as a function Mach number. The slope of the normal force does not show
a large variation for the different model lengths. Values of C show thema

instability for all configurations over the range of Mach numbers tested.
Values of Cm and Xcp are rel-itivel) constant over the Mach number range and

ci

show that instability increases with increasing model length. Reference 7
compares results for a 6.2 caliber nonconical boattail configuration with
axisymmetric shapes having the same L/d. The nonconical configuration (of
Reference 7) had a conventional axisymnetric forebody and a boattail identical
to the semicorkscrew boattail; this configuration was designated "Projectile
A." The results of Referer.ce 7 show a substantial increase in stability with
the addition of the nonconical boattail. A value of C m  of 0.29 at M = 3 is

nearly equal to that of the 6-caliber semicorkscrew shape. This comparison
suggests that the improvement in stability is primarily a result of the nor-
conical boattail and not of the forward facing flat (helical) surfaces.

The axial force, excluding base drag, data shown in Figures 5a to 5c are
somewhat erratic. Generally,the longer configuration has the larger axial
force and the force decreases with increasing Mach number.

A sample of side force and yawing moment data are shown -in Fig res 6d and
6b. The data are sonewhat erratic and the yawing moment is seen to be highly

10



nonliniear. To the extent possible, slopes of the side force and yawing
moment coefficients at zero angle of attack were obtained and are shown in
Figures 6c and 6d. The slope of the side force coefficient is negative, which
is typical for axisymmetric projectiles, but the slope of the yawing moment
coefficient is also negative,which is not typical for axisymmtric projectiles.
This indicates that the dominant portion of the side force is forward of the
c.g. whereas the typical Magnus center of pressure is aft of the c.g. Since
the model spin rate could be varied, the influence of bearing friction could
not be determined. It the model is slowed by bearing friction, the twisted
surfaces will act similar to canted fins, thus affecting side force and yawing
moment data by an unknown amount, however, if there is a canted fin effect,
it must be small since the side forces and yawing moments are of the same
order of magnitude as those for axisymmetric shapes.

IV. CONCLUSIONS

1. The normal force, pitching moment and axial force measurements pro-
vide a data base that will be useful in evaluating computational results for
nonaxisymmetric projectile shapes.

2. Comparisons of the side force and yawing moment data with computa-
tions should be made with reservation due to the unknown effects of bearing
friction.

3. The shorter (L/d = 6) semicorkscrew shape is considerably more
stable than a typical axisymmetric shape but is not noticeably more stable
than a nonconical boattail shape of comparable length. Instability of the
semicorkscrew shape increases with increasing length.
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TABLE 1. TEST RUN SUMMARY

N L/d Rei x 106 PO, kPA T0 , k a, deg balance

2.53 6 6.3 172 294 -5 to 15 NSWC
7 7.3 -.5 to 10
8 8.3 -.5 to 8

3.51 6 6.3 276 294 -5 ,o 15
7 7.3
8 8.3

5.00 6 6.3 827 361 -5 to 15
7 7.3
8 8.3

6.00 6 6.3 1931 478 -5 to 15
7 7.3 -5 to 7.5
8 8.3 -5 to 7.5

2.53 6 11.3 310 294 -3 to 10
7 13.1 -3 to 9
8 15.0 -3 to 9

3.51 6 11.3 517 294 -5 to 15
7 13.1 -5 to 13
8 15.0 -5 to 10

5.00 6 11.3 1517 367 -5 to 15
7 13.1 -5 to 15
8 15.0 -5 to 10

6.00 6 11.3 3448 478 -5 to 10
7 13.1 -5 to 7.5
8 15.0 -5 to 7.5

2.53 6 6.3 172 294 -5 to 5 BRL
7 7.3
8 8.3

3.51 6 6.3 276 294 -5 to 5
7 7.3
8 8.3

5.00 6 6.3 827 367 -5 to 5
7 7.3
8 8.3
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APPENDIX A - TABULATED DATA

LIST OF SYMBOLS
CA axial force coefficient, CA

C
L/D model length to diameter ratio

M test section Mach number

NFC normal force coefficient

PD/V dimensionless spin rate

PMC pitching moment coefficient

RE-06 Reynolds number based on model length, millions

5FC side force coefficient

XCP center of pressure, calibers from c.g.

YMC yawing moment coefficient

angle of attack, deg
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LIST OF SYMBOLS

CAc axial force coefficient, CA = CAt- CAb

CAb base axial force coefficient

CAt total axial force coefficient

Cm pitching moment coefficient

Cm slope of the pitching moment coefficient

Cn yawing moment coefficient

d/da (Cn)/(pd/V)

CN normal force coefficient

CN slope of the normal force coefficient

Cy side force coefficient

Cypa d/di (Cy)/(pd/V)

c.g. center of gravity, 0.6L from projectile nose

d,D projectile diameter

L projectile length

M Mach number

p model spin rate, radians/sec

Po tunnel supply pressure, kPa

Re.£ Reynolds number based on model length

To  Tunnel stagnation temperature, K

Xcp center of pressure, calibers from c.g.
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