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I. INTRODUCTION

Spike-nosed projectile configurations, Fig. 1, are fired at armored targets where the
spike provides a standoff distance between the armor and the shaped charge warhead of
the projectile. However, the cone-nosed configurations, Figs. 2 and 3, provide a windshield
to reduce the drag and provide a standoff distance as well. The hoped for lower drag for
these projectiles should extend their range, if the projectiles are launched at the same speed.
This cone-nosed configuration can then be used against semi-hardened or “soft” targets,
such as helicopters, at greater distances. Thus, the name “multi-purpose” is used instead
of “antitank” projectile. A survey of the prior art regarding spiked bodies was made and is
listed in the earlier work of Refs. 1 and 2.

In prior studies? 2, Mikhail presented computational results for spiked configurations with
increasing geometrical complexity. In Ref. 1, configurations of spikes with no vortex rings
and bodies with no base flow simulations were considered. In Ref. 2, the vortex generator
ring was added and the body base flow was computed. In the present work, an aftbody with
steep boattail and tail fin boom is added. The present work lays the foundation for the next
and final step, which is to include fins on the boom.

The computations were made using the axisymmetric flow simulation code using zonal
overlapping grid of Ref. 3. It uses the explicit, time-dependent, McCormack’s robust numer-
ical scheme. The purpose of this work is to provide the drag information of every geometrical
component of the projectile body without fins, for both the spike- and the cone-nosed pro-
jectiles, at high supersonic speeds and zero angle of attack. The specific configurations
considered and the test cases with their conditions are provided next.

II. PROJECTILE GEOMETRIES, TEST CASES, AND TEST CONDI-
TIONS

Before computing a real projectile with fins, the logical step was to test the computation
on a simpler configurations with the tail boom but without the fins. Experimental data were
sought before the computations were performed. The computations need to be assessed and
validated before they can be claimed successful and reliable. Only wind tunnel data were
expected to exist, since without fins, these projectiles are statically unstable and therefore
unsuitable for range tests.

Two sets of wind tunnel data were located. The first set4 is for transonic (0.9 < M< 1.1)
and low supersonic (M=1.2 and 1.4) speeds. They were for a 3.543-inch (90-mm) shoulder-
fired, antitank, spiked projectile for a recoilless launcher. Unfortunately, no tests were made
at the high supersonic speeds (M = 3.0 - 4.5), which is of interest to the present work. This
configuration is named Config. 1 in this study.

Successful computations were made at Mach =3.5 and 3.0. Attempts were made for
computing the cases at Mach 1.2 and 1.4 but yielded very large, unperiodic flow oscillations
which were not indicated in Ref. 4. However, small oscillations were reported for a similar
projectile in Ref. 5. Thus, these two lower Mach number cases could not be used for




validation. The tests were made at the NASA 2-ft continuous flow transonic wind tunnel
for the full-scale model. The wind tunnel conditions for the M=1.2 and 1.4 cases were 14.85
psi (102.4 kPa) for the total pressure and 6.29 psi (43.4 kPa) for the dynamic pressure. The
unit Reynolds number was 4.5x10° per foot (14.76x10° per meter).

The second projectile configuration (Config. 2) is the 120-mm MB830A1 multi-purpose
sub-caliber projectile with the tail fin boom but without the fins. The body diameter is 3.124
inch (80 mm). It has a bi-boattail with slopes of 12.5° and 4.5°. Computations were made
at M = 4.30, 3.95, and 2.05. These speeds were chosen because the actual projectile (with
fins) was fired at the U.S. Army Research Laboratory (ARL) range, and data exist for them
at these Mach numbers. However, as mentioned before, no range firings were made for the
unstable, no-fin configuration. It was thought that in future computational efforts, when the
fins are added, the present computations would be the starting point for comparison with the
data. The range conditions are sea-level conditions of p=14.7 psi (101.3 kPa) and T=60°F
(15.5C). The unit Reynolds numbers were 30.1, 27.6, and 14.3x10°/ft (98.7, 90.55, and
46.9x10°/m) for M=4.3, 3.95, and 2.05, respectively. With no positive validation available
for this configuration, a similar configuration (Config. 3) that has data was chosen next for
computation and comparison.

The third and last configuration (Config. 3) is a 40% scaled down model of an earlier
version of the M830A1 projectile. Wind tunnel test results were available in the second
data reference® mentioned earlier. The tests were made in a 9-inch (22.5-cm) blow-down
supersonic wind tunnel at M = 3.5 and 3.0. The model had a diameter of 1.261 inch (32
mm) and a bi-boattail with slopes of 20.5° and 4.6°. The tunnel total pressure was 75 and
60 psi, respectively (517.2 and 413.8 kPa ). The total temperature was 60F° (17.5C). The
unit Reynolds number was 9.1 and 10.2x106/ft (29.9 and 33.5x10°/m). No error bounds
were given for these measurements. However, calibrations errors of the tunnel balance were
mentioned as possible error source.

III. GOVERNING EQUATIONS

The compressible Navier-Stokes equations for axisymmetric and two-dimensional flow
can be expressedl: 2.3 in the following strong conservation form in which the dependent
variables p,u,v, and e are mass averaged, in which e is the specific total energy, T is the
temperature, p and p are the mean density and pressure, respectively, and ? is time:
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in which g is the molecular viscosity, € is eddy viscosity and § = 1 or 0 for axisymmetric or
two-dimensional cases, respectively.

The air is assumed to be a perfect gas. Sutherland’s law for temperature dependence of
the laminar viscosity was used.

The laminar and turbulent Prantdl numbers, Pr and Pr;, were assumed constant with
values of 0.72 and 0.9, respectively. The ratio of the specific heats, 7, was also assumed
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constant and equal to 1.4. C, and C,, are the specific heat capacities at constant volume and
constant pressure, respectively.

The total energy per unit mass, e, is given by
e =C,T + (1/2)(u? + v?).

In the { — 7 computational plane, Equation 1 is transformed to the conservation law form
and the equations can be found, for example, in Ref. 3.

1. Turbulence Model Turbulence is modeled through a modification of the eddy
viscosity model of Baldwin and Lomax?. This widely applied model employs the two-layer
concept (inner and outer layers).

Because of the perpendicular surfaces of the spike surfaces at the nose tip and at the facing
shoulder, the normal distance to the wall ”y” in the turbulence model is difficult to assigns® .
This problem was approached in Ref. 8 by measuring y along a 45° ray emanating from the
point of intersection of the two perpendicular walls.

IV. THE CODE, GRIDS, AND COMPUTATIONS

1. The Code The computer code was developed by Patel et al.3 and uses the robust
explicit, time-dependent method of McCormack. Explicit schemes must run with small, lim-
ited time step sizes and are often slow in comparison with implicit schemes. However, for the
present study, robustness was favored over computer time economization, a matter left for
possible future efforts. The code is vectorized and is run on a Cray-XMP /48 machine. How-
ever, the present computations were all run in serial arithmetic mode to avoid uncertainties
in parallelization. The zonal grid and overlapping is provided in the code and is represented
by eight different available zones, which may be increased if desired. A global uniform time
step was used herein against grid-varying time steps to simulate “time-accurate” solutions
and to avoid introduction of numerical unsteadiness that may interfere with possible physi-
cal flow unsteadiness. The time step is determined from the CFL (Courant-Fredrich-Levy)
condition, with a conservative factor of 0.6 being used as the Courant number to avoid any
instabilities that may be triggered by physical or numerical unsteadiness. The computation
takes 0.7x107° sec per one time step. This amounts to about 1950 and 1150 CPU seconds
per grid point per one thousand time steps for the larger grid of Config. 1 and the smaller
grid of both Configs. 2 and 3, respectively.

2. Boundary Conditions No-slip conditions are specified on all wall surfaces. The
incoming flow conditions are assumed to be of uniform profiles with free-stream values based
on the wind tunnel test conditions or sea level as given in Section II. The out-going flow
conditions at the downstream end of the flow field were imposed as zero gradients at the
body tail boom end plane.




The outer boundary conditions were imposed as nonreflective conditions, i.e., zero gradi-
ent conditions along characteristic lines for all variables. The characteristic direction is de-
termined from the local velocity and temperature. This approach allows setting the “outer”
field close to the body without the penalty of any unnecessary approximation regarding
shock reflection at the boundary or any degradation attributable to the far-field conditions
(zero-gradients) being set too close.

At the symmetry line, ahead of the spike tip, a two-point zero gradient boundary condi-
tion is imposed on the solved variables. '

3. Initial Conditions For Configuration 1, the M=3.5 case was computed first. The
computations started with uniform, free-stream condition values for all the variables. The
M=3.0 case was then started using partially converged solution of the M=3.5 case.

For Config. 2, the M=4.3 case was computed first using all free-stream flow conditions as
starting flow field. The cases of M=3.95 and 2.05 were then started using partially converged
solution of the M=4.3 case.

For Config. 3, the same was done by starting the case of M=3.5 with uniform flow fields,
then the case of M=3.0 was initiated using the obtained converged solution of the M=3.5
case.

4. The Grids

a. Configuration 1 Five overlapping zones were used in the computations. Origi-
nally, the zones had the grids of (20x89), (17x72), (11x65), (70x88), and (130,36), respec-
tively. The first and second arguments in the parentheses refer to the axial and radial direc-
tions, respectively. This grid is equivalent to 14,559 total points or an equivalent (121x121)
grid. Computations at M=3.0 and 3.5 yielded very large, nonperiodic oscillations and did
not converge. The grid was then almost doubled to 28,000 points distributed as (35x131),
(17x114), (11x107), (105x124), and (130x56). This grid is equivalent to (168x168) mesh.
The solution convergence instability was then controlled, leaving only the smaller, physical
oscillations attributable to the vortex break-up. The Mach 3.5 and 3.0 cases were computed.
However, the lower Mach number cases of 1.2 and 1.4 still did not converge. This numerical
behavior for the lower Mach numbers is believed to be physical in nature, as described by
the unsteady flow patterns described and captured in shadowgraphs by Biele 5. Success in
obtaining solutions for the M=3.5 and 3.0 cases indicates that these oscillations at M =
1.2 and 1.4 are not to be considered as numerical in nature or attributable to coarse grid.
Further investigation should be pursued to resolve this issue.

The radial grid is exponentially distributed. The first point distance to the wall, Ay, is
used as an input for possible grid-spacing variation. Figures 4, 5, and 6 show the grid for
this configuration.




b. Configurations 2 and 3 Both configurations were computed using five-zone over-
lapping grids. The total grid number was 15,837 points, equivalent to a (126x126) mesh.
The grid was distributed as (25x69), (31x56), (32x56), (80x56), and (109x56). The effect of
the size of Ay; was tested and is given in the results section. The grid is shown in Figs. 7,
8, and 9 for Configuration 2; and Fig. 10 for Configuration 3.

V. RESULTS

1. Flow Unsteadiness for Spiked Configurations The work of Haupt et al.? for
range shadowgraph studies at transonic speeds of M = 0.75 to 1.24, has documented large
scale flow oscillations for both the low and high drag modes. These oscillations, similar
to what Mikhail computationally reported 2 for the M=1.9 case, are attributable to the
break-up and re-generation of vortices in the highly separated flow on the spike, behind
the vortex generator ring. These oscillations are different from those occurring when the
flow transitions between the high and low drag modes. This latter type of oscillation was
reported and studied by Calaresel® and Shang!! for a re-entry vehicle with a short spike.
The former oscillations for a high or low drag case were encountered in the present work
when the Mach number was lowered to M=1.9, 1.4, and 1.2. Very large flow oscillations
continued in the computations and no steady flow pattern was observed. Biele 5, also using
firing range shadowgraphs for spiked projectiles for Mach 0.9 -3.5, indicated that the flow was
unsteady because of vortex shedding from the vortex ring at Mach 1.4 and 2.6. However,
the same projectile was also reported to have no flow unsteadiness when fired at either
Mach 3.1 or 1.85. Biele indicates that there are at least three different flow patterns which
the projectile goes through when decelerating from M=3.1 to 1.2. He explains that the
drag/Mach number curve shows waviness because of this phenomenon of the combination
of those three flow patterns. Spike length, spike-to-body diameter ratio, flow Reynolds and
Mach numbers are the main parameters influencing the occurrence of these patterns.

2. Configuration 1 Computations were made for the M = 3.5 and 3.0 cases using a
wall-dense grid distribution with Ay; of 1.x107* inch (2.5x10~% mm). The flow exhibited
constant flow oscillations because of the break-up of vortices. The areas distinctly affected by
the flow oscillations are the tip of the spike and the boattail regions. The flow was unsteady
but close to being periodic. The same flow unsteadiness was also reported 2 for a similar
spike-nosed body. Because the code and scheme were validated earlier 1.2 for similar spiked
configuration, the present computations were considered satisfactory, being an additional
application for this class of projectiles.

The flow field, represented by the Mach contours, for the M=3.5 case is shown near
the spike and the boattail regions in Figs. 11 and 12. Noted is the vortex sheet (surface)
emanating from the vortex ring to the body shoulder, then over the tail boom. Noted
also, as was reported earlier by Mikhail?, is that this sheet does not “bend” down to follow
the boattail. Thus, no Mach expansion fan is observed at the body-boattail junction, as
evidenced from Fig. 12. The flow at the spike tip pulsated with the small eddy break-up
cycle. The bow shock changed shapes from normal to the body axis to a sloped shock. Figure
11 shows the sloped form. The second case at M=3.0 gave very similar results. Figures 13
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and 14 depict the same flow field pattern near the spike and the boattail regions for that
case.

The total forebody drag coefficient (total drag minus the tail boom base drag) was 0.256
at M=3.0 and decreased to 0.245 at M=3.5, as given in Fig. 21. Figure 22 depicts the surface
pressure distribution for M=3.5, while Fig. 23 presents the configuration with its component
drag for M=3.0. The case of M=3.5, not surprisingly, gave similar drag anatomy. The drag
anatomy for the two cases is listed in Table 1.

Table 1. Drag Anatomy for Configuration 1

Drag Component M=35 M=3.0

Cd Cd % Cd Cd %

Spike Tip Face 0.0739  30.16 0.0641  25.03
Vortexr Ring (both sides) 0.0068 2.78  0.0055 2.16
Main Shoulder Face 0.1391  56.79 0.1545  60.36

Boattail 0.0250 10.23 0.0312 12.19

Viscous Drag (all body)  0.0006  0.24  0.0007  0.26

Total Drag 0.2454 100.00 0.2560 100.00

Finally, it is very interesting to observe the very low viscous drag percentage for the
configuration. One is reminded that the flow is separated over the spike, the boattail, and
most of the tail boom. Therefore, only the main body diameter and part of the tail boom,
with its small surface area, contribute positively to the viscous drag.

3. Configuration 2 Three Mach cases of 4.3, 3.95, and 2.05 were computed using the
grid described in Section IV-4b. Two grid spacings were tested to indicate the viscous flow
resolution near the body surface. The first grid spacing used Ay, of 0.005 inch (0.127 mm),
as very coarse distribution. The second was very fine and fifty times smaller, having Ay,
of 0.0001 inch (0.0025 mm). Obviously, for the present explicit numerical scheme, a larger
computer time (fifty times larger) will be needed because of the smaller time step value that
will be used. This test was made to check the effect of grid spacing and resolution on the
drag values.

Usually, numerical convergence becomes much slower near transonic and low supersonic
speeds. Also, separated flow regions, such as base flow or the boattail flow in the present
case, usually take the longest time to converge, while the forebody flow field reachs its steady
state relatively quickly. The present cases are no exception. The M = 4.3 and 3.95 cases
converged quickly for both grid resolutions, while the 2.05 case was significantly slower to
converge. The fine spacing gave no improvements for the total drag for the M=4.3 and 3.95
cases. Some 4% increase in the total drag (basically from the separated boattail region)
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was observed for the M=2.05 case. However, the viscous drag changed very little. This
improvement should be balanced by such large increase in required computing time.

The Mach contours for the M=4.3 case are shown in Figs. 15, 16, and 17. TFigure 17
shows how the flow follows the body contour in the boattail region, causing the expected
Mach expansion fan unlike in Config. 1 case. The case of M=2.05 is also shown in Figs. 18,
19, and 20, with no major differences in the flow pattern. The total forebody drag for the
three cases was 0.2984, 0.1905, and 0.1796 for M=2.05, 3.95 and 4.3, respectively, as also
given in Fig. 24. The groove drag was computed using the correlation of Ref. 12 and is

included in the given values.

The drag anatomy for the M=4.3 case is listed below, together with the other two Mach
numbers. The viscous drag is very small in this case because of the very high Reynolds
number, which was 30.1x10° /ft (98.2x10%/m). This viscous drag value will triple when the
Reynolds number decreases as will be shown in the case of Config. 3. The groove drag for
M=2.05 is slightly high since it is outside the Mach speed range of Ref. 12. The surface
pressure distribution for M=2.05 and the components drag for M=4.3 are shown in Figs. 25
and 26, respectively. They are also listed in Table 2.

Table 2. Drag Anatomy for Configuration 2

Drag Component M =43 M =3.95 M =2.05

Cd Cd% Cd Cd% Cd Cd%

Tip Meplat Face 0.0136 7.60 0.0138 7.25 0.0129 4.3l

Nose 0.1151 64.10 0.1177 61.79 0.1528 51.19
Boattails 0.0447 2490 0.0519 2725 0.1105 37.05
Viscous Drag (all body) 0.0047 2.61  0.0053 2.76  0.0098  3.29
Groove Drag 0.0014 0.79 0.0018 0.95 0.0124 4.16
Total Drag 0.1796 100.00 0.1905 100.00 0.2984 100.00

Since the computations were not validated against experiment for this type of configura-
tion, the following case of Config. 3, which is very similar and has experimental data, was

then computed for validation.

4. Configuration 3 This 40% scaled down model was computed using the dense grid
spacing of Ay; of 0.0001 inch (0.0025 mm) and the same number of grid points as Config.
9 The two cases of Mach 3.5 and 3.0 were computed without difficulty and without any
unsteadiness in the flow. The computed total drag coefficient was 0.2668 compared to the
measured value of 0.253 of Ref. 4. For the M= 3.5 case, the computed value was 0.2387
compared to 0.257 for the wind tunnel. This last wind tunnel value is considered slightly
in error since it shows value greater than the M=3.0 case, as shown in Fig. 27. Usually,




the drag coefficient decreases with the Mach number rather than increases. The present
computation conforms and yields the correct trend.

The drag composition for the two cases is listed in Table 3. The surface pressure is
given in Fig. 28 for M=3.5 case. The case of M=3.0 gave a similar drag composition and is
depicted with M=3.5 case in Fig. 29.

Table 3. Drag Anatomy for Configuration 3

Drag Component M =35 M =3.0

Cd Cd% Cd Cd %

Tip Meplat Face 0.0045 1.90 0.0047 1.75
Nose 0.1434  60.06 0.1512  56.67
Boattails 0.0657  27.52 0.0843  31.60

Viscous Drag (all body) 0.0197 8.25 0.0194 7.27

Groove Drag 0.0054 2.27  0.0072 2.71

Total Drag 0.2387 100.00 0.2668 100.00

Notice that the viscous drag has increased to 8.2% because of the lower Reynolds number
compared to the high Reynolds number case of Config. 2. Also, the meplat drag is smaller
than in Config. 2 due to a smaller meplat.

The overall computations are believed to be validated and acceptable. Therefore, the
above cases of Config. 2, which is very similar in shape, are considered satisfactorily com-
puted.

VI. SUMMARY AND CONCLUSIONS

Seven different cases were computed for three projectile configurations encompassing the
two categories of anti-ank projectiles. Computations were made at both wind tunnel and
sea-level Reynolds numbers. The results obtained are summarized as follows:

1. The flow over a spike-nosed configuration (Config. 1) with vortex generator ring,
boattail, and tail fin boom was computed at Mach 3.5 and 3.0 at a wind tunnel Reynolds
number of 4.5x10%/ft and zero angle of attack. The computed spike flow features were
consistent with the prior computations and validation of Ref. (2). The new boattail and
fin boom flow indicated that the vortex sheet (surface) extended over the boattail, thus
inhibiting the usual wave expansion fan expected at the body-boattail junction. The flow
exhibited a small unsteadiness pattern near the spike tip, probably triggered by the subsonic
region at that location.




. Flow oscillation on the spike is an undesirable factor because it may interact with the
yawing motion of the projectile and thus, may become amplified itself or may rather increase
‘the yawing motion, rendering the projectile unstable or causing large dispersion.

2. The flow over the cone-nosed body of the M830A1 projectile with the 12.5° and 4.5°
bi-boattails (Config. 2) was computed for Mach 4.3, 3.95, and 2.05 at sea-level Reynolds
numbers of 30.1, 27.6, and 14.3 x 106/ft, respectively. The flow showed very small flow
unsteadiness at the nose meplat at Mach 4.3, but it disappeared at Mach 2.05. There were
evident expansion waves at the body-boattail junction because of the absence of the vortex
sheet of the vortex ring of the spiked configuration.

3. The 40% scaled down model, cone-nosed configuration of 20.5° and 4.6° bi-boattails
(Config. 3) was computed at wind tunnel Reynolds numbers of 9.1 and 10.2 x 10%/ft for
Mach 3.5 and 3.0, respectively. The axial force coefficient was compared with data and
indicated a measurement error at Mach 3.5 where the value increased rather than decreased,
differently than the normal trend.

4. Drag component anatomy was made for all cases computed. For the spiked cases, the
spike tip and body shoulder contributed 25% and 60% of the total drag at M=3. For the
coned configuration (Config. 3), the nose contributed 57% while the boattails added 32%,
respectively, at Mach 3. This insight of the drag components is a significant contribution of
the present work. No experiment has, yet, provided such an insight.

5. Contrary to the general expectation, the spike-nosed configuration drag was not much
higher than the cone-nosed drag in the Mach 3.0-t0-3.5 range. This finding is limited to
spiked bodies with vortex generator rings, at the low-drag mode, at Mach > 3.0. A spiked
body without the ring can suffer much higher drag than cone-nosed body at lower speeds
(M < 3), especially at the spike high drag mode.

6. The present computations indicated that these two classes of configurations can be
successfully computed with the presented approach. This work, therefore, paves the way to
computing the complete HEAT projectile configuration by including the fins.

10




‘1 uorjeangyuo)) 9[ipoaloid yueyguy ‘1 aandig

I NOLLVHNDIANOD

sayoul gpG'e = WwW 06 = Joqied auQ
SH3IFITYD NI SNOISN3INIA

/ 6910

b

0899

0.S°}

000"}

0ce’l

R P

W0

£90°0™

20"

81€0

\.A, ML..

| wereo

000"}

e——

11




A

sayoul 197°1

'¢ uoryem3gyuo)) o[tjoafoid yuejnuy ‘g sanSig

2 NOLLVHNDIINOD

= wwgzg = JaqIe) auQ
SYIAI'TVD NI SNOISNHNIA

629°0 €19°0

% |

Dd et et

00¢°6

¥ §

LEG'T

000°T

12



"¢ uolyerngyuo)) a130afoad yueyyuy ‘g sanSig

€ NOILLVHNDIINOD

sayoul 197°'T = wWw Z¢ = Jaqued auQ
SHALITVO NI SNOISNIWIA
B - -
| 6226
199°0  £09°0
et “ -t — - -
999°2 6Lpe 088’} <
— '
P P
S %Vs ......... ) 1900
M g0z #



‘1 uorjem8yuo)) :pusd jeuoljeindwoy) ‘§ aanJi g

G

0.250.00

dldO

GO
VO
¢9
¢9
1O

9G6X0¢ 1l
vC1XG0|
LOL XL
VLLXL]
| ¢ 1 XG¢

14



"1 uoryeindyuo)) ‘oyids oy} Jeau plid ay) Jo s[ieo(q g AN g

31T

.0

0.2

GO
¥
¢9
¢9
19O

9G5X0¢ |
yZ1XS01
LOLX] |
pLLXLL
| SLXGE

15




— @ _ ﬁ. . w orm
. . ﬁ— o:a
H&
O
u &

Te!
N~
O
1
To)
~N
o
o
0.00

beos
0uae

S
H " B i
| aSiassss

ISR :
...zluu/,iuu, :
: §SE .

_ R

T

..:-,,,{1““”

x..l...)r.llllljln..

T

TR

Iy

e

TR

.l.l.l.llr.x‘

T m

T i

T

U

X0¢ |
v vwmxmo_
o CLOLXL L
- pLLX/L
Nw | C1XGe
|

dldo

16



"¢ uolyeangyuo)) :pusd reuoiyeinduwo)) - 2anSig

0.298.00

dido

GO
183,
¢9
¢9
1O

9GX601
9GX08
9GX¢C¢
9GX| ¢
69XG¢

17



. m .G & . \.— W . A—OQ w wo

€0 20 o
0°'0

0

=T
\\\\\“““\\unuﬁ‘,
\\\\\\“.\\\\ T
= == ..\\1“\\.\\\\\; sl
\\ ] 4 T T
11— — 1 I gy ]
—1 — \\ .\\.\.\.-\\. \\\\\\
“W\\\N\m S e e s 1 mEEEe Ly
\\“\,\\ \\\\\\\\\\ \4\\\\ T
\\\f\.\.\\\\\\\ ! I ey 0 1" \.\\W.\
11 \\\\x.\\\f\\\\\l\l\\\ mEEEEe il
1 L1
.\..\\ \..\\..\\\ \l\.\\l
1 1 1 \.\\.\\\:\ L L LT -
i.\\\.\x\\\;\ \\\\:\I\\\.\\\\\;\\.
] .|\..\.\.\ o N N
T 141 [ 1 | 1 41 -
— Inv\l\\l\\\.\‘:\u\\.\\.
i |\|\x\\l ‘\\\Y\t\l\\‘l\.l\l‘l\‘\ll lllllll
\\\l\\\\x\;l\nly.\‘\.w\ o
.f\\\\n\\\.\\\\.;\\\;\\‘\l\.\t‘\l\\‘\ll.ll llllllll
§ . .....,\l\..\l‘.\l\ll\‘.l\l\\\ll\ll.\l\l\‘l.l llllllll
\\lf\!\.‘l(l\fl\(.\‘\ S U S
1 1!1\.1\,)!\!\“\.]1\.1! llllllll
] .\||1||‘.|l\|.1\l\\|\:\|l\l. Y
[~ o t—t+—1
1 4444
F—1—1
S A B
.

GO 9G6xB0!
i o 9GX0Q

¢9 goxze
¢9 9GX | ¢

dldo

18



"¢ uoljeIngyuo)) ‘[rejjeoq oy} 1eau pud oY) Jo s[rejo(] ‘¢ NS g

”mm,’;.][””l;ll O
R e e S e o o S S S5 .
e o et B B e 111 SN N N i
II'.'I.’".’ 31T ~
e e IR
B A B NN
n
b [
= >
] HHE
1 11]///”””.m"
] 13 =
- i ~33 )
] — -
= [ Swy
] [t 1t
"l’-! 114
- ma S
Il.".,l’l’,] [ O
mu
N?
—4 1 1171
1 I

| 89 9GX601!
143, 96X08
¢9O 9GXZ¢
¢9 96Xl ¢
19 69XG ¢




‘¢ uoryerngyuo)) :pud [euorjeindwo)) ‘g1 aandig

10.0

0.

dldO

9
¥
¢9
¢9
19O

9GX601
9G6X08
9GXC¢
96X ¢
69XG ¢

20



00¥ "
00¢-
000"
008"
009"
00¥ "~
00¢Z"
000"
008"
009"
00¥ "
00Z"
000"
008"
009"
00v-
00¢"
000"

STIAFT

dNOLINOD

COO0OO0O0O0 AN NANNANMMM

"oytds 9} 1940 MO[] - G'E=YORA ‘T UOIRINTYUO)) :SINOUOD Yor[y P[RY-MO[f ‘I dInBLg

aoe- ¢

0

0.2

4IGNNN HOVI

GO
1,
¢9
¢9
1O
9y

9G6X0¢ |
ZARI ]!
LOLX]
vLLXLL

| SLXGg
Olslg 1
,00°0
05" ¢

21




00¥"’
00¢"
000"
008"
009"
00¥ -
00¢"
000"
008"
009"
00V
00¢"
000"
008"
009°
00v-
00¢"
000"

SELER
dNOLNOD

COOO0O0O v ANNANNNMMM

‘[Ie}11e0q Y} I9A0 MO[] - G g=TDRJ ‘[ UOljRINSyuUOo)) :SINOJUOD YR\ P[PY-MO[] "TT aandig

ooz s 00¥'¢

SIGNNN HOVIN

v
¢9
¢9
1 O
8y

=

95X0¢ |
yZ1XG01
LOLXL L
pLLXLL

| SLXG¢
ObxlS L
,00°0
0S¢

22



008"
009"
00v-
00¢-
000"
008"
009"
00V~
00¢"
000"
008"
009"
0ov-
00Z~
000"

S13ATT]
dNOLINOD

OCOO0O0OO0O~———ANNNNN

0

dIGANN HOVIN

-oyids 91} I9A0 MO[ - 0'§=YoR]\ ‘I UOIjeINSyuo)) :SINOJUOD YorJy P[oY-mo[] €1 aandi g

GO
¥O
¢9
¢9
)
oY

=

96Xx0¢ |
yZ1XS01|
LOLX]
pLLXLL

| S1XG¢
Obslg 1
,00°0
00°¢

23




"[re3ye0q| 9} I9A0 MO[] - ('E=Yo®JA ‘T UOIjeINSYUO)) :SINOJUOD YorJ P[oY-MO[] "F1 aan31 g

008"
009"
00Y -
00¢"
000"
008"
009"
00o¥"
00¢"
000"
008"
009"
oov -
00¢"
000"

S13ATN
dNOLINOD

OO0 —NANANANN

008°¢

JIEANN HOVIN

¢9
¢9
1 O
e

=

9

9GX0¢ |
vZ1XG0|
LOL XL
vILXL]L
| ¢ 1 XG¢
ObxlE |
,00°0
00" ¢

24



008"
009"
00V~
00¢"
000~
008"
009"
00V’
00Z-
000~
008"
009"
0]0) 2y
00¢~
000~
008"
009"
00¥ "~
00¢-
000~
008"
009"
ooy
00¢-
000~
008~
009"
00v”
00Z"
000~

S13AT1
dNOINOD

OO0 NANNNNMMMIMMSEETIIINONNW

*350U oY} IeaU MO[] - £ F=YoRJ\ ‘g UolpRInSyuo)) :SINOJUOD PR P[oY-mo[f "G 4nS1q

0.0

1

J3GNNN HOVIN

GO
¥O

€9

¢9
)
9y

=

L

9GX601
9GX08
9GXZ¢
9GX1¢
69XG¢
OLx10°¢
,00°0
o' v

25



008"
009"
00¥
00Z"
000"
008"
009"
00¥
002"
000"

008"
009"
00V
002"
000"
008"
009"
007"
002"
000"
008"
009"
00¥
002"
000"
008"
009"
00V "
002"
000"

S13AT1]
dNOLNOD

OO0 NNNNNMMMMMSEITITITTNNNNT

"JOP[NOYS oY} JeoU MO[] - £ F=Y2RJ\ ‘g UoljeInSyuo)) :sINOJu0d Yoe\ P[oy-mo[] ‘9T NI

g

0 L0 9°0 G0

¥'0

.0

0

d38ANN HOVIN

GO
¥O
¢9
¢9
1O
9y

9GX601
95X08
9GXZ¢
9GX] ¢
69XST
0L«l0°€
,00°0
0S¥

26



008"
009"
0ov”-
00¢"
000"
008"
009~
ooy~
00¢-
000~
008"
009"
ooV’
00Z-
000~
008~
009"
00V~
00¢-
000"
008"
009°
00¥ -
00¢-
000~
008"
009"
ooy
002"
000~

YELER
dNOLNOD

OO0 AN NNNNMMMMIMIEITITIINNNNW

0.1

dI8ANN HOVIN

‘[le3yeoq 93U} 10U MO[] - £ H=YoR\ ‘g UOIjRINSYUO)) :SINOJUOD YoR]\ P[eY-mo[ ‘LT 2anSig

GO
143,
¢
¢9
1O
e

=

L

9G6X601
9GX08
9GXZ¢
9GX| ¢
69XG¢
Ol*«10°¢
,00°0
0D 4

27




009"
00v-
00¢-
000"
008"
009°
ooy
00¢-
000"
008"~
009°
oov-
00¢-
000 "

NJE/LE
dNOLNOD

*9s0U 91[} IeaU MO[] - GO'¢=YorRI ‘¢ UOIyeIndyuo)) :sinojuod YorJ\ p[ey-mo[] ‘8T InSig

1

d38ANN HOVIA

GO
¥
¢9
¢9
1O
9y

=

L

9GX601
9GX08
9GXZ¢
9GX1l ¢
69XG¢
Ol+«¥v "1
,00°0
G0 ¢

28



"19p[noys a2y} Ieau Mo[ ] - G)'Z=YOrR]\ ‘g UoljeInFyYuo!) :sIN0JU0d YIBJA P[PY-MmO[] "6T InI1

009"
00V~
00Z"
000"
008"
009"
0ov-
00¢~
000"
008"
009°
00v”
00¢-
000"

ST1IAT]
dNOLNOD

OOO0OO0OO0O—————NNANN

d3IEANN HOVIA

9y

W

L

9G6X601
9GX08
9GXZ¢
9GX| ¢
69XG¢
Ols«vv 1
,00°0
G0 ¢

29




009"
ooy
00¢~
000"
008"
009~
oov-
00~
000"
008"
009°
oov¥"-
00¢Z"
000"

S13AT1
dNOLNOD

OO0~ —NNNN

‘[Fe13R0q 3} I9A0 MO[ - GO'G=YOC\ ‘T UOIjRINIYuUO)) :SINOYUOD YO\ P[PY-MO[] "0 2InSig

~
w0

0

J38ANN HOVIA

GO
¥O
¢
¢9
1O
9y

0

o0

W

9GX60 1
95%08
9GXZ ¢
96X | ¢
69XGT

Obavy |
,00°0
S0°¢

30



‘1 *Syuo() 10} JueYJe0d Felp Apoqaio] [e10], ‘1g dANnI1g

JIGNNN HOVIA

v ¢ Z ! 0
0°0
10
I-l—
@)
0
. ™
zo O
[Feemen O
ol )
co <
) =
0
>
¥0 O
O
O




"¢g= e ‘1 "Syuo)) 10} uolnquysip ainssaid sovlIng 'gg N3y

0%

(Wo $G'Z = youl dU0)

(sayour) X

S¢ 0c Gl Ol S 0 G-
1 T — T — H
........................ ,..m a o9V

.m;.l_wdl..n‘r.tu...!p i~ mn.m. T e e
;
S'¢ YoOW

L NOILVINIIINOD

Ol

¢l

14’

jurd/my

32



0°¢=W e ‘T ‘8yuo)) 1o} uorjisoduwiod jusIdyge0d Jei(] ‘gz 9anSig

(sep1s yjog)
ONIY XALYOA

I NOLLVINOHDIANOD %2’

N ‘ N
7 - =N
260 A A Al o ()9 | %0°GC

(Apog 1e10,) | | 0N
NOLLOIUA NIMS TIV.LLVOd dAdd'1TNOHS 40V d

33



‘¢ "Syuo)) 10j JuadYje0d Feip Apoqaio} [ej0], "§g anSig

d3GANNN HOVIN
¢ 4 _

-
-4

-~
-
Y
-
-~
-
-
-
-
-
~
P
-
~
-
-
-
-
-
-
-
-
-~
.~
-

00

1°0

¢0

¢0

¥°0

G0

9°0

a0 ‘Ovdd AQ0g3y04

34



"G0'¢=IN e ‘¢ "Syuo)) 10§ uornquysip anssard soejing ‘gz anSig

[AY

(Wwo $G°'Z = r_oc_.mcov

8¢

144

0c¢ gl ¢l 8

'v

(sayoul) X

0

QI-

ccamn

YY)

o

iiiiiii

S0°Z Yoo
¢ NOILVYNOIINOD

Juld/md

35



‘©F= 1© ‘¢ Syuo)) 1o} uorjisoduwiod JULDIPR0d Fel([ ‘9z 3InJig

sd AO00YHD
%80

i /

¢ NOLLVUNDIINOD

B ———

%G %6 b % 1'V9 %9 L
(Apog 1ej07) | |
NOLLDIMd NIYS STIV.LLVOS ISON LV TdINW

36



‘¢ "Syuo)) 10] Juaidle0d Selp ApoqaIo] [0, ‘L% 2ANSiY

d3GANNN HOVIA
¢ 4

D|DQ [2UUN| PUIM @

0°0

I°0

¢0

¢0

¥'0

G0

9°0

d2 "Ovdd Ad084404

37



‘¢'e=JA e ‘¢ ‘Syuo)) Ioj uolnqusip ainssaid d0eJING |Y aan3iq

(wo $G'Z = ydu| d8UO) (seyoul) X
A 8 14 0 -

gl

G YODW
¢ NOILVYNOIINOD

38

Juid/md




'0°¢ pue ¢'e=\ 1e ‘g "Syuo)) 10y uoijisodurod JUSDYJS0D Sei(q '6g 24ndLg

€ NOILVYNDIINOD
(£pog 1210.1)

—————————

NOLLDIY A NIMS STIVLLVO4 ISON LVIdANW

%E" L %9°TE o4 L 9G %L T
\ \ aaaaaaa = /
0'c = dAIdWNN HOVIN / %L'C .

SHAO00QYD
m.m — m@mﬁz:z 3042 \ w\om.m
e
/ e 7/
“e8 %G L2 %6 T
o .o N.ﬂoO@ o hd
(£pod 1e10) 3 . |

NOILLDIYd NIS STIVILLVO4 TSON LVTddN




10.

11.

12.

References

Mikhail, A.G., “Spiked-Nosed Projectiles: Computations and Dual Flow Modes in Su-
personic Flight,” J. of Spacecraft and Rockets, Vol. 28, No. 4, July-August 1991, pp.
418-424. (Also AIAA Paper 89-1820)

Mikhail, A.G., “Spike-Nosed Projectiles with Vortex Rings : Steady and Unsteady Flow
Simulations,” AIAA Paper 91-3261, September 1991.

Patel, N.R., and Sturek, W.B., “Multi-Tasked Numerical Simulation of Axisymmetric
Ramjet Flows Using Zonal Overlapped Grids, ” BRL-MR-3834, U.S. Army Ballistic
Research Laboratory, Aberdeen Proving Ground, Maryland, May 1990.

Falkowski, E.W., “Static and Dynamic Stability Characteristics of the Supersonic In-
fantry Projectile at Transonic Velocities,” TM-1565, U.S. Army Picatinny Arsenal,
Dover, NJ, June 1965.

Biele, J. K., “Drag and Flow Field Characteristics of Two Complex-Shapes Projectile
Type,” Proceedings of the 7th International Symposium on Ballistics, held in the Hauge,
Netherlands, April 1983, pp. 221-229.

Farina, T. and Choudhary, A., “Wind Tunnel Test Results of An Advanced Multi-
purpose Tank Fired Projectile,” ARAED-TR-91015, U.S. Army Armament Research,
Development and Engineering Center, Picatinny Arsenal, NJ, October 1991.

. Baldwin, B.S. and Lomax, H., “Thin-Layer Approximation and Algebraic Model for

Separated Turbulent Flows,” AIAA Paper 78-257, January 1978.

. Danberg, J.E. and Patel, N.R., “An Algebraic Turbulent Model For Flow Separation

Caused by Forward Facing Steps,” BRL-MR-3791, U.S. Army Ballistic Research Labo-
ratory, Aberdeen Proving Ground, Maryland, December 1989.

Haupt, B. F., Buff, R.S. and Koening, K., “Aerodynamic Effects of Probe-Induced Flow
Separation on Bluff Bodies at Transonic Mach Numbers,” AIAA Paper 85-0103, January
1985.

Calarese, W. and Hankey, W.L.,“ Modes of Shock Wave Oscillations on Spike-Tipped
Bodies,” AIAA Journal, Vol. 23, No. 2, February 1985, pp. 185-192.

Shang, J.S., Hankey, W.L. and Smith, R.E., “Flow Oscillations of Spike-Tipped Bodies,”
ATAA Journal, Vol. 20, No. 1, January 1982, pp. 25-26.

Mikhail, A. G., “Data Correlation and Surface Groove Drag for Kinetic Energy Projec-
tiles,” J. of Spacecraft and Rockets, Vol. 26, No. 5, Sept.-Oct. 1989, pp. 308-313. (Also
ATAA Paper 88-2541)

40




LIST OF SYMBOLS

A,ey = reference area, (rd*/4)

= drag coefficient, drag force/(0.5pV?A,y)

= specific heat under constant pressure

specific heat under constant volume

= projectile reference diameter

= specific total energy

= Jacobian of the coordinate transformation

= Mach number

= static pressure

Reynolds number per unit length

Reynolds number, based on reference diameter

= static temperature

velocity components in the z,y directions

free stream flow velocity

= Cartesian coordinates for 2-D case, also axial
and radial coordinates for axisymmetric case
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Greek Symbols
a = angle of attack

v = ratio of specific heats

p = density

g = laminar (molecular) viscosity coefficient

€ = turbulent eddy viscosity coeflicient
€,n = transformed coordinates in the computational
plane for the coordinates z,y

Subscripts

0 = denotes total (stagnation) condition
oo = free stream condition

w = location on the body surface (wall)
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