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[. INTRODUCTION

A theoretical and experimental research program has been underway in the
Launch and Flight Division of BRL in recent years to provide capability for
predicting projectile aerodynamics. Earlier efforts were predominantly in the
supersonic regime; but in recent years, efforts have been extended to the
transonic regime. The direction of the predictive capability is generally
toward the use of modern finite-difference computational techniques. The
primary objective of the experimental program is to obtain data for comparison
with computations. The secant-ogive-cylinder-boattail (SOCBT) configuration
(Figure 1) was chosen because a substantial quantity of experimental and
computational data already exist for this shape which is typical of modern,
Tow drag shell. The shape has been simplified, with respect to conventional
shell, by using a pointed nose and by eliminating the rotating band.

A limited quantity of pressure data were obtained in the Naval Surface
Weapons Center (NSWC) Wind Tunnel at Mach 0.908l. This test program illus-
trated that pressure taps at additional longitudinal stations were needed to
adequately define the pressure distribution. Also, because of the critical
flow behavior in the vicinity of projectile boattail at transonic speeds, data
were needed at other transonic Mach numbers. Several pressure taps were added
to the model and test time was requested in the Langley Research Center (LRC)
8-foot Transonic Pressure Tunnel which was capable of providing the desired
Mach numbers.

[T. EXPERIMENT

The model geometry for the secant-ogive-cylinder-boattail (SOCBT) config-
uration is shown in Figure 1; the model has a 3-caliber secant-ogive, a 2-
caliber cylinder, and a 1l-caliber, 7° boattail. The secant-ogive-cylinder
(SOC) model is identical except that the 7° boattail is replaced by a cylin-
drical section; the SOC is, therefore, a 3-caliber secant-ogive, 3-caliber
cylinder model.

The model, as used in previous test programs, was instrumented with
pressure taps at 10 Tongitudinal positions. Tests at Mach 0.908 in the Naval
Surface Weapons Center, White 0Oak Laboratory, Tunnel No. 2! demonstrated the
need for more pressure taps. For this reason, the number of pressure taps was
increased to 15 for the SOCBT and to 13 for the SOC. Internal size lTimita-
tions of the models mandated that several taps be offset from the main ray of
taps as shown in Figure 2. The 22.5° offset was chosen because data were to
be acquired in roll angle increments of 22.5°. Hence, data could effectively
be obtained at 15 1longitudinal stations for the SOCBT by combining results
from subsequent roll positions.

I. Kayser, L.D., "Surface Pressure Measurements on a Projectile Shape at Mach
0.908", U.S. Army Ballistic Research Laboratory/ARRADCOM Memorandum Report
ARBRL-MR-03079 , February 1981. AD A098589.
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AT1 pressure tubing was connected to one Scanivalve which was located aft
of the model inside the large sting section (Figure 3). Since only one trans-
ducer was used with the Scanivalve, any bias errors in the measurement system
should be nearly the same for all measurements. Thus, the pressure variations
on the model are more accurately defined than if several transducers had been
used, but the values of absolute pressure are not necessarily more accurate.

The tests were conducted in the Langley Research Center 8-foot Transonic
Pressure Tunnel which has a Mach number range of 0 to 1.30. The test section
is 2.16 x 2,16 m square with filleted corners and the top and bottom walls
have four slots each as shown in Figure 3.

Initially, the test procedure was to pitch the model to a given angle of
attack and then record data at roll positions of 0 to 180 degrees in 22.5°
increments. This procedure was used to obtain a complete set of data for the
SOCBT configuration. Due to a failure in the roll mechanism, a slightly
different procedure was used for acquiring data on the SOC configuration. Two
sections of the sting were mated with a serrated facing having serrations at
22.5° increments. Therefore, each roll position change required tunnel shut-
down and manually rolling the model. For this reason, as much data as pos-
sible was acquired at each roll position. Data, for a fixed roll position,
were acquired at both positive and negative angles of attack and at all Mach
numbers. Because of symmetry this procedure required roll angles from 0 to 90
degrees to define a complete pressure distribution; for example, (a = -4,
$ = 22.5) = (a = +4, ¢ = 157.5), etc. A complete set of data for the SOC was
not acquired, primarily, due to other priority demands for power. The SOC
measurements were more than 95% completed. The roll orientation, as shown in
Figure 2, is not standard wind tunnel notation; the reason for this is that
the data are to be used primarily for comparison to computational results
where zero roll angle is defined as the most windward ray and positive roll is
clockwise when looking at the base.

IIT. DATA PROCESSING

Since some of the pressure taps were offset from the main ray of taps by
22.5°, elements of the data array contained pressure at two roll angles.
Appropriate adjustments were made so that all longitudinal pressures in the
element were physically located at the same roll position. Also, since data
are to be compared with computational values, the roll angle was shifted by
180° from the conventional wind tunnel coordinates: this defines zero degrees
roll as the most windward ray when at angle of attack.

For the SOC model, data were acquired at both ta and at roll angles from
0 to 90 rather than 0 to 180. Because of symmetry, a data array could be

generated for positive angles of attack and roll angles of 0 to 180 degrees.
For example

['as ¢] = [+(1, 180'¢]

10



It was desired to integrate some of the pressure data to obtain static aero-
dynamic coefficients, but it was believed that pressure measurements at 15
Tongitudinal positions and circumferentially in 22.5-degree increments did not
provide a sufficient number of data points to obtain good results. For this
reason, curve fitting of the data was performed and a larger data array was
generated. longitudinally, the model was divided into 0.05 caliber increments
for a total of 120 increments. Circumferentially, the increment was chosen as
11.25° or 32 increments for the 360° interval. Circumferentially, it was
determined that the additional points could be determined with sufficient
accuracy by Tlinear interpolation. Longitudinally, polynomial curve fitting
was used with different polynomials for different segments of the model; some
experimenting with the degree of polynomial and groupings of points was done
before reasonable results could be consistently obtained. For comparison to
the polynomial curve fit data, linear interpolation data, and extrapolation
data at the end points, were generated. Static aerodynamic coefficients thus
obtained did not differ by more than 3%. Since the polynomial curve fitting
appeared to produce more realistic pressure distribution, only the aerodynamic
data obtained from the polynomial curve fitting is presented.

The following equations were used to determine the three static aero-
dynamic coefficient for the SOCBT configuration. Pressures were not inte-
grated over the SOC configuration at Mach 1.20 due to the lack of a complete
set of data.

32 120
Ch=s ).y G (sine) A
m=1 n=1 m,n ’
32 120
1
Cy == E: }: C cosd® _ cos¢p_ A
N S = = pm,n n m sN
82 120
S DI
C =% C (z. -2)-¢C r_ cos¢
m D = = Nm,n cq n Am,n n m

IV. RESULTS

Data are presented in both tabulated and graphical form. Tables 1-5
consist of a complete set of tabulated pressure data in the form of pressure
coefficients. Figures 4 through 15 are graphical presentations of the pres-
sure data or static stability data obtained from integration of the pressure
data. Not all of the data are presented in graphical form, but enough is
presented to illustrate the type and quality of data. Some comparisons of
computational and experimental data are made which illustrate how the experi-
mental data can be used to evaluate computational techniques. While some
differences between experiment and computation are pointed out, this report is
not intended to give an evaluation of computational techniques.

11



Figures 4a to 4d are longitudinal pressure distributions on the S$OC
configuration at zero angle of attack. The experimental data are compared
with an inviscid computation which is a numerical solution of the transonic
small disturbance equation for slender bodies?. Agreement is generally good
on the ogival nose but at some transonic speeds, discrepancies occur on the
cylindrical section (see figure 4b). Figures 4 a,b show a sharp expansion at
the ogive-cylinder junction and then, within a short distance, a sharp recom-
pression occurs indicating that a shock wave may exist. This recompression is
seen to move downstream with increasing Mach number. Figures 5a and 5b are
shadowgraphs of the SOC and verify that the shock wave exists and shows a
dramatic movement for the Mach number range of 0.91 to 0.98.

Figures 6a to 6d are longitudinal pressure distributions on the SOC at 4
degrees angle of attack. Again, the inviscid computations show good agreement
with experiment on the ogive, but not necessarily on the cylinder. The wind-
ward and leeward pressures, for both experiment and computation, show rela-
tively small differences on the cylinder indicating that the nose contributes
the dominant aerodynamic forces for this shape, but it will be shown later
that the forces on the cylinder are not insignificant.

Figures 7a-7f are longitudinal pressure distributions at zero angle of
attack for the SOCBT configuration. These figures show the dramatic expansion
and recompression on the boattail. These data are compared to two types of
computations: (1) the inviscid computation of Reference 2; (2) a numerical
solution of the Thin Layer Navier-Stokes equations described in Reference 3.
At Mach 0.91 (Figure 7a) it appears that both computations agree about equally
well, but at higher subsonic Mach numbers (Figures 4 c,d) the Navier-Stokes
solution clearly agrees much better with the experimental data.

Figures 8a-8f are longitudinal pressure distributions at 4 degrees angle
of attack for the SOCBT configuration. The data are compared with the invis-
cid computation, but no corresponding Navier-Stokes computations were made.
The reason that Navier-Stokes computations were not made is that angle of
attack requires fully three-dimensional calculations, and the allowable number
of mesh points, because of computer limitations, is not sufficient to provide
the desired accuracy; the zero-angle of attack computations are two-
dimensional and, as illustrated in Figures 7a-7e, can be performed with good
accuracy. The angle of attack data show substantial pressure differences on
the nose between the windward and leeward sides; on the cylinder, pressure
differences are small and; on the boattail, pressure differences are

2. Reklis, R.P., Sturek, W.B., and Bailey, F.R., "Computations of Transonic

' Flow Past Projectiles at Angle of Attack," AIAA Paper No. 78-1182,
presented at the AIAA 11th Fluid and Plasma Dynamics Conference, Seattle,
Washington, July 1978.

3. Nietubicz, C.J., "Navier-Stokes Computations for Conventional and Hollow
Projectile Shapes at Transonic Velocities," ATAA Paper No. §1-1262
presented at the ATAA 14th Fluid and Plasma Dynamics Conference, Palo
Alto, California, July 1981.

12



moderate. On the boattail, agreement between experiment and computation is
fairly good, but the computations generally show a greater difference between
windward and leeward pressures. This greater difference is probably due to
the fact that the computation does not include the boundary layer effect. At
positive angle of attack, the boattail force is negative, and this negative
force, acting aft of a typical c.g., produces a positive pitching moment.
Thus, the computational difference on the boattail would yield a smaller total
normal force and a Targer pitching moment.

Figure 9 is the Tongitudinal pressure distribution at 10 degrees angle of
attack. The agreement between computation and experiment at this large angle
of attack is qualitatively good, but sufficient differences do exist so that
aerodynamic forces obtained from the inviscid computation are not expected to
have good accuracy. The sharp pressure rise on the boattail indicates asym-
metry of the boattail shock from the windward to the leeward side of the
model. The shock wave asymmetries can be seen on the Mach 0.96 shadowgraphs
of Figures 10 a,b. The asymmetry is most noticeable at the higher angles of
attack of 4 and 6 degrees shown in Figure 10b.

Circumferential pressure distributions are shown at three longitudinal
stations of the SOCBT configuration at Mach 0.96 in Figures lla-1lc. Figure
1la shows that ogive pressures on the windward side are greater than those on
the Teeward side, thus providing a positive normal force contribution. On the
cylinder, Figure 11b, pressures are seen to be nearly symnetrical about the 90
degree position which indicates small contribution to normal force for the
lTongitudinal position of Z/D = 4.22. 0On the boattail (Figure 11c), pressures
on the windward ray are smaller than on the Teeward ray indicating a negative
normal force contribution. The negative boattail force would be aft of a
typical center of gravity location and; therefore, contribute to a destabiliz-
ing pitching moment. These same phenomena can be deduced from the longitudi-
nal pressure distributions at angle of attack, Figures 8a-8f, but the circum-
ferential pressure distributions provide a different perspective. Figures 12-
15 are axial force and static stability data obtained from integration of
pressures over the model. Figure 12 compares zero angle of attack axial force
from experiment and two types of computations for the SOCBT. The axial force
consists of the ogive nose contribution and boattail contribution, but base
drag was assumed to be zero for all cases. The agreement is very good in the
Mach number range of 0.91 to 0.98, but at the low supersonic speeds small
differences occur. Figure 13 shows the normal force and pitching moment
coefficients at various angles of attack. These coefficients, Cy and C, show

a critical behavior in the Mach number range of 0.94 to 0.98; they also show a
consistent type of behavior at the different angles of attack. This consis-
tency provides encouragement that the coefficients obtained by the integration
of experimental pressure data provide reasonable results since there was
concern that the number of pressure taps was not sufficient to deduce force
and moment coefficient data.

Figure 14 compares values of CN and Cm on SOC configurations. The
o a

agreement between the inviscid computation and experiment may be considered

fair, but the inviscid computation does not seem to predict the critical

behavior shown by the experiment. CN for the nose only is also shown. The
a
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contribution from the cylinder is, therefore, the difference between the total
value and the nose value. The inviscid computation shows a small normal force
contribution from the cylinder whereas the experimental data indicate a
significant normal force contribution from the cylinder and also a critical
behavior in the Mach .94 to .96 range.

Figure 15 compares computational and experimental values of static sta-
bility data for the SOCBT configuration. The agreement is only fair, but the
differences arequalitativelyinthe direction suggested above in the discussion
of Figure 9; that is, the boattail pressure distributions indicated that the
inviscid computation would show a smaller normal force and a greater pitching
moment.

V. CONCLUSIONS

1. A comprehensive set of transonic pressure data have been obtained on
a simplified projectile shape with and without a boattail at angles of attack
up to 10 degrees.

2. Comparisons of experimental data for various parameters show a degree
of consistency which indicates that the quality of the experimental pressure
data is good.

3. The pressure data are of sufficient quality to obtain axial force and
static stability coefficients by integration of the pressure data over the
body.

4. The comparisons between computation and experiment illustrate the
application of these experimental data in evaluating computational techniques
for predicting surface pressure on bodies of revolution in transonic flow.
These comparisons indicate that significant discrepancies between computation
and experiment are present and that the prediction of the static moment for
boattailed shell at transonic velocities requires considerable additional
effort.

14
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OFFSET TAP
Location
SOCBT
Tap Z-in 7/D
1 2.00 .89
2 3.51 1.56
3 5.00 2.22
4 6.28 2.79
5 7.04 3.13
6 7.24 3.22
7 8.01 3.56
8 Q.50 4.22
9 10.24 4.55
10 10.98 4.88
11 11.33 5.03
12 11.67 5.19
13 11.97 5.32
14 12.52 5.56
15 13.01 5.78

180°

PRIMARY TAP

Locétion
g0° 270°
00

Pase View

soc

¢ Tap Z-in Z/D 3
180 1 2.00 .89 180
180 2 3.51 1.56 180
180 3 5.00 2.22 180
180 4 6.28 2.79 180
180 5 7.04 3.13 180
157.5 6 7.24 3.22 157.5
180 7 8.01 3.56 180
180 8 9.50 4.22 180
15715 9 10.24 4.55 157.5
180 10 10.98 4.88 180
157.5 11 11.97 5.32 180
157.5 12 12.63 5.61 180
180 13 13.01 5.78 180
157.5
180
Figure 2. Pressure Tap Locations
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TABLE 1. SUMMARY OF TEST CONDITION
SOCBT, SOC*

0 6

M, Po-atm P -atm To-'C q,-atm Re, x 10~
91 1.0 .59 49 .34 4.5
.94 1.0 .57 49 .35 4.6
.96 1.0 .55 49 .36 4.6
.98 1.0 .54 49 .36 4.6
1.10 1.0 47 49 .40 4.7
1.20 1.03 .40 49 .40 4.6

Angles of Attack (a) - 0, 2, 4, 6, 10 degrees
Angles of Roll (¢) - 0 to 180 degrees @ 22.5° increments

* SOC - Data not obtained at; ¢ = 90°, M, = 1.1; ¢ = 67.5°, 112.5°, M, = 1.2,
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SOC -PRESSURE COEFFICIENT DATA, o = 0°
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SOC PRESSURE COEFFICIENT DATA, o = 2, 4, 6, and 10 DEGREES

TABLE 3.
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LIST OF SYMBOLS

incremental surface area of model at m,n location
axial force coefficient, excluding base drag

increment of Cp associated with a local pressure and local surface

area

pitching moment coefficient, m/qSD

slope of the pitching moment coefficient curve at «

normal force coefficient, Fy/9es

increment of Cy associated with a local pressure and local surface

area

slope of the normal force coefficient curve at o

pressure coefficient, (Pz-Pw)/qm

model diameter at the cylindrical section
free-stream Mach number

Tocal surface pressure on the model

wind tunnel supply pressure

free-stream static pressure

free-stream dynamic pressure

local model radius

Reynolds number based on model length
reference area, wD2/4

Secant-0give-Cylinder Model

Secant-0give-Cylinder Model with 7 degree.boattail (Figure 1)

wind tunnel supply temperature

0

axial position of the center of gravity, ch/D = 3.6

axial position on model defined by index n
distance from model nose in calibers

angle of attack, degrees
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LIST OF SYMBOLS (cont'd)
6 Tocal angle between model centerline and tangent to model surface

) circumferential position of pressure taps

Subscripts

m index indicating circumferential psoition on model, 1 < m < 32, or
11.25 deg increments

n index indicating longitudinal position on model, 1 < n < 120, .05
caliber increments
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USER EVALUATION OF REPORT

Please take a few minutes to answer the questions below; tear out
this sheet, fold as indicated, staple or tape closed, and place

in the mail. Your comments will provide us with information for
improving future reports.

1. BRL Report Number

2. Does this report satisfy a need? (Comment on purpose, related
project, or other area of interest for which report will be used.)

3. How, specifically, is the report being used? (Information
source, design data or procedure, management procedure, source of
ideas, etc.)

4, Has the information in this report led to any quantitative
savings as far as man-hours/contract dollars saved, operating costs
avoided, efficiencies achieved, etc.? If so, please elaborate.

5. General Comments (Indicate what you think should be changed to
make this report and future reports of this type more responsive
to your needs, more usable, improve readability, etc.)

6. If you would like to be contacted by the personnel who prepared
this report to raise specific questions or discuss the topic,
please fill in the following information.

Name:

Telephone Number:

Organization Address:




