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Fig. 2 Perforation into oblique plate.

Oblique Target

In actual usage, normal incidence targets are rarely encountered.
Tank frontal armors are highly sloped, and engagements occur at ar-
bitrary angles between combatants. Roecker and Grabarek” present
data for penetration of yawed tungsten alloy rods into semi-infinite
RHA targets at obliquities of 60, 65, and 70 deg. Data are given only
in the pitch plane, i.e., the plane containing the surface normal of
the plate and the velocity vector of the rod. Examination shows that
it is difficult to ascertain a meaningful difference between the data
at various obliquities. For this reason, the data are grouped into a
single set and fit to the relation

P/Py = cos(12.59% — 7.81) )

To treat combined pitch and yaw, it is necessary to make some
assumptions that are not supported by the available data set. It will
be assumed that the degradation of perforation due to yaw alone
into the oblique plate can be represented by Eq. (3), with P, given
by Eq. (1). It will further be assumed that the pitch and yaw effects
can be separated using the following relation:

P 11.46
7 = 005(12.590[ — 781)C0$<—ﬂ> ®)
0

crit

Whereas this expressioncannotbe proven to be valid for the oblique
plate, this type of separation can be shown to be a reasonable ap-
proximation in the case of normal incidence impact if the total yaw
islessthan 5 deg. Equations (1), (2), and (4-6) permitthe calculation
of perforation vs range for combined pitching and yawing motion.
With the plane of angular motion oriented 45 deg (equal pitch and
yaw) from the vertical, the thickness of 8 = 65 deg oblique RHA
perforatedis plottedin Fig. 2. The plotclearly shows the influence of
the pitch plane perforationasymmetry, Eq. (5). As the round moves
downrange, the perforationis more severelydegradedby the adverse
pitch states. The reason that the values of P are so much lower in
this case is that Eq. (1) gives the thickness of plate perforated, not
the line-of-sightperforation.

Conclusions

A method to estimate the effects of free-flight drag and angu-
lar motion on perforation is presented. Both normal and oblique
impacts are treated. Predictions show that, at discrete ranges, pene-
trator performance is significantly degraded by angular motion. As
range increases, yaw damps, and deceleration due to aerodynamic
drag dominates.
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Numerical Study
of Hypersonic Rarefied-Gas
Flows About a Torus

Vladimir V. Riabov*
University of New Hampshire,
Manchester;, New Hampshire 03101

Nomenclature
A = torus base area, 47 R H, m?
Cy = local skin-friction coefficient, 7, /goc A
c, = local pressure coefficient, (p, — Poo)/Go0 A
C, = drag coefficient
H = distance between the axis of symmetry and the torus
disk center, m
Kn,, x = Knudsen number
M = Mach number
p = pressure, N/m?
oo = dynamic pressure, O.Spoouio, N/m?
R = radius of a torus disk, 0.1 m
Ty = viscous stress at the torus surface, N/m?
Subscripts
R = torus disk radius as a length-scale parameter
w = wall condition
o0 = freestream parameter
Introduction

UMERICAL and experimental studies of the aerothermo-
dynamics of simple-shape bodies have provided valuable
information related to physics of hypersonic flows about spacecraft
elementsand testingdevices.! —> Numerousresultshad beenfoundin
the cases of plates, wedges, cones, disks, spheres, and cylinders.! ™’
In the present study, the hypersonic rarefied-gas flow about a
torus has been studied. The flow pattern has not been yet discussed
in the research literature. Several features of the flow are unique.
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Fig. 1 Mach number contours in argon flow about a torus at Kno g = 0.1 and Mo =10.

For example, if the distance between the axis of symmetry and the
torus disk center H is significantly larger the torus radius R, then
the flow can be approximated by a stream between two side-by-
side cylinders® At H = R, the rarefied gas flow has some features
of a stream near a bluff disk. In the first case, two conical shock
waves would focus and interactin the vicinity of the symmetry axis
generating the normal shock wave and the conical reflected waves.
The stagnation points would be near the front points of the torus
disks. In the second case, the front shock wave would be normal,
and the location of stagnationpoints would be difficult to predict. At
H > R, the flow pattern and shock-wave shapes are very complex.
As a result, simple approximation techniques would not be applied
in torus aerothermodynamics.

Flow about a torus and its aerodynamic characteristicshave been
studied under the conditions of a hypersonicrarefied-gas stream at
8R > H > 2R and Knudsen number Kny, g from 0.0167 to 1. The
numerical results have been obtained using the direct simulation
Monte Carlo (DSMC) technique.3 The computer code was devel-
oped by Bird.’

DSMC Method

The DSMC method® is used as a numerical simulation technique
for low-density hypersonic gas flows. An axisymmetrical DSMC
code’ is used. Molecular collisions in argon are modeled using the
variable hard sphere molecular model.’> The gas-surface interac-
tions are assumed to be fully diffusive with full moment and energy
accommodation. The code validation was tested by the author® in
comparing numericalresults with experimentaldata*> related to the
simple-shape bodies.

Incalculationsat H /R = 8, the total numberof cellsneara torus (a
half-space of the unit segment) is 3000 in three zones, the molecules
are distributed nonevenly,? and a total number of 27,200 molecules
corresponds to an average of 9 molecules per cell. Following the
recommendationsof Refs. 2,3, and 9, acceptableresults are obtained
for an average of at least 10 molecules per cell in the most critical
region of the flow. The error was pronounced when this number fell
below five, i.e., flow near the symmetry axis (Figs. laand 1b). In all
cases the usual criterion® for the time step Af,, has been realized:
2x1077 < At, < 1x107¢s.Underthese conditions,aerodynamic
coefficients and gasdynamic parameters have become insensitive to
the time step.

The location of the external boundary with the upstream flow
conditions varies from 2.5R to 3.5R. Calculations were carried out
on a personal computer. The computing time of each variant was
estimated to be approximately 10-60 h.

Results
Influence of the Geometrical Factor H/R

The flow patternover a torus is significantly sensitive to the major
geometrical similarity parameter H /R. The influence of this param-
eter on the flow structure has been studied for hypersonic flow of
argonat M, = 10 and Kn, g = 0.1. It is assumed that the wall tem-
perature is equal to the stagnation temperature.

The local Machnumbercontoursare shownin Fig. 1 for fourcases
of the geometricalfactor(H/R =8,6,4,and2). At H/R = 8,acon-
ical shock wave can be observed near the torus. The interference of
the shock waves takes the form of the normal shock wave (the Mach
disk) in the vicinity of the symmetry axis. At the intersection of the
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Fig. 3 Skin-friction coefficient Cy along the torus surface at H/R = 2
and M« =10.

conical and normal shock waves, a new type of conical reflection
wave has been found. This internal reflection wave is observed in
density, temperature, and velocity contour diagrams.'” The bound-
aries of a local subsonic zone are restricted by supersonic conical
flow behind the conical shock waves and the reflected waves.

The shock-wave shape and the scale of the subsonic zone behind
the shock wave are very sensitiveto the geometrical parameter H /R
(Fig. 1). At H/R < 4, the shape of a front shock wave becomes
normal, and the subsonic area is restricted by the location of the
shock wave and the torus throat (Figs. 1c and 1d). This effect plays
a fundamentalrole in the redistribution of pressure and skin friction
alongthe torussurface[Figs. 2aand 2b, correspondingly;the angled
changesfrom the torusrear point(6 = 0 deg) in the counterclockwise
direction].

The dynamics of the subsonic zone is a major factor of relocation
of the stagnation-pointring in the frontarea of the torus. The location
of the stagnation point is moving from the front area to the torus
throat after reducing the outer torus radius. The identical effect can
be observedin calculationsof pressure and skin-frictioncoefficients
(Fig. 2).

Influence of the Knudsen Number Knw g

The rarefactionfactor, which canbe characterizedby the Knudsen
number K7, g, plays an important role in the flow structure’>~7 as
well as in aerodynamics.*> The flowfield about a torus has been
calculatedforthe hypersonicflow of argon at M, = 10and Knudsen
numbers Kn., g =0.0167,0.1, and 1.

Under continuum flow conditions (Kns, g =0.0167), the flow
structure has the same features as were discussed earlier. In the tran-
sitional flow regime, at Kn,, g = 1, the flow pattern is different.”
Thereflection waves have differentshapes because of the rarefaction
effects in the conic and normal shock waves. At a small outer torus
radius, H /R =2, the skin-friction coefficient distributionalong the
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torus surface becomes sensitive to the rarefaction parameter Kn, g
(Fig. 3). The locations of the front stagnation points are not changed
at different Knudsen numbers.

The calculating results of the total drag coefficient are shown in
Fig. 4. At any outer-inner radii ratio, the drag coefficient increases
with increasing Knudsen number. The geometrical factor becomes
insignificant on the drag at H/R > 6 under continuum flow regime
conditions and at H/R > 4 in the free-molecule flow regime.

Conclusion

The hypersonic rarefied-gas flow about a torus has been studied
by the DSMC technique. The flow pattern and shock-wave shapes
are significantly differentfor small and large inner-outerradiiratios.
At a value of the geometrical ratio parameter H /R of 8, the conical
shock waves interact in the vicinity of the symmetry axis, creating
the normal shock wave (the Mach disk). The reflected conical wave
has a different pattern of the interaction with the supersonic flow
behind a torus in continuum and rarefied-gas flow regimes.

At the small-ratio parameters, the front shock-wave shape be-
comes normal, and the front stagnation points relocate from the
torus front zone toward the throat area. This phenomenon affects
the drag, pressure, and skin-friction distributions along the torus.
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ECAUSE of an editing error, incorrect units were given for the estimate of energy deposited by solar flares in a 20-um-thick FEP film
on LDEF. At the top of the second column on page 547, the dosage should read 10°-10° rad, not 10°-10° Gy. ATAA regrets the error.



