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Nomenclature
A = rod cross-sectionalarea
CD = drag coef� cient
D; L = rod diameter, length
m = rod mass
P; P0 = penetration depth with, without yaw
Rm = target tensile strength
V ; Vm = � ight, muzzle velocity
x = downrange distance
µ = target obliquity angle
¸; ! = aerodynamic damping, yaw period
» = complex yaw angle, ¯ C i®
½; ½p; ½t = air, penetrator, target density

Introduction

D URING development, kinetic energy projectile perforation of
a set of real and conceptual targets out to a given range is

of primary concern. Free-� ight characteristics that in� uence perfo-
ration are drag, angular motion, and bending or � exing. Because
perforation is directly related to kinetic energy,1;2 the decrease in
velocity associated with aerodynamicdrag reduces effectivenessas
the roundmoves downrange.Ef� cient penetratorsare typicallyvery
long slender rods with an aspect ratio greater than 20. Maximum
performanceis attainedwhen the velocityvector of the round is ori-
ented along the axis of the rod, i.e., zero yaw and zero bending.The
present Note makes use of available, empirically based relations2;3

to describe the perforationbehaviorof kinetic energy projectiles in-
� uenced by drag and angular motion. The case of � exing rods4;5 is
not treated because perforation data are not available for this case.
Impact into both normal and oblique incidencerolled homogeneous
armor (RHA) targetsis considered.Whereasmodernarmors employ
oblique plates, spaced plates, compound armors, explosive reactive
armor, and more to avoid the mass penalty of steel, RHA remains
a basic measure of penetrator performance and is, for this reason,
adopted here.

Normal Incidence
For tungsten alloy long rods,Lanz and Odermatt2 give an expres-

sion for perforation based on a � t to an extensive database:
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The ratio P0=L increases monotonically from near zero at 500 m/s
to a value of about 1.2 at 2500 m/s. The database does not extend
beyond this velocity. Because the projectile decelerates under the
action of aerodynamicdrag, perforationdegradesas it moves down-
range. Velocity decay at zero yaw can be approximated as
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D ¡½Vm ACD
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Simply integratingEq. (2) and substituting into Eq. (1) provides an
expression for perforation as a function of range.

The effect of yaw is treated by Bjerke et al.,3 who provide a � t to
impact data for tungsten alloy rods with an aspect ratio of 30 into
RHA:
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where »crit is the critical yaw at which the rear of the rod just touches
the edge of the penetration channel as it passes into the armor. The
free-� ight angularmotionof � n-stabilizedprojectileshas been mea-
sured with high accuracy in ballistic ranges but for developmental
designs is typicallymeasuredoutdoorsusingyaw cards. In this case,
it is � tted to the equation of a damped sinusoid6:

» D »1e¡¸x=D sin.!x=D/ (4)

Use of Eqs. (1–4) permits estimation of the perforationof a yaw-
ing rod as it moves downrange. This Note takes as a sample case an
L=D D 30; D D 6:5 mm, tungsten alloy rod launched at 1500 m/s
and with an initial yaw rate suf� cient to generate a � rst maximum
of yaw of 5 deg. Estimated thickness of normal obliquity RHA
perforated is plotted vs range in Fig. 1. Near the weapon, perfora-
tion is seriously degraded as yaw builds up toward successivemax-
ima. As the projectile moves downrange, yaw damps and ceases to
in� uence perforation after roughly 0.3 km. However, the perfora-
tion continues to decay as the velocity drops due to aerodynamic
drag.

Fig. 1 Perforation at normal incidence.
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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 highlysloped,and engagementsoccur at ar-
bitrary angles between combatants.Roecker and Grabarek7 present
data for penetration of yawed tungsten alloy rods into semi-in� nite
RHA targetsat obliquitiesof 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 dif� cult to ascertain a meaningful difference between the data
at various obliquities. For this reason, the data are grouped into a
single set and � t to the relation

P=P0 D cos.12:59® ¡ 7:81/ (5)

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 P0 given
by Eq. (1). It will further be assumed that the pitch and yaw effects
can be separated using the following relation:

P
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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
is less than 5 deg.Equations(1), (2), and (4–6)permit the 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 µ D 65 deg oblique RHA
perforatedis plotted in Fig. 2. The plotclearlyshows the in� uenceof
the pitch plane perforationasymmetry, Eq. (5). As the round moves
downrange,theperforationis more severelydegradedby theadverse
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-� ight 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 signi� cantly degraded by angular motion. As
range increases, yaw damps, and deceleration due to aerodynamic
drag dominates.
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Nomenclature
A = torus base area, 4¼ R H , m2

C f = local skin-friction coef� cient, ¿w=q1 A
C p = local pressure coef� cient, .pw ¡ p1/=q1 A
Cx = drag coef� cient
H = distance between the axis of symmetry and the torus

disk center, m
Kn1;R = Knudsen number
M = Mach number
p = pressure, N/m2

q1 = dynamic pressure, 0:5½1u2
1 , N/m2

R = radius of a torus disk, 0.1 m
¿w = viscous stress at the torus surface, N/m2

Subscripts

R = torus disk radius as a length-scale parameter
w = wall condition
1 = freestream parameter

Introduction

N UMERICAL and experimental studies of the aerothermo-
dynamics of simple-shape bodies have provided valuable

information related to physics of hypersonic � ows about spacecraft
elementsand testingdevices.1¡5 Numerousresultshadbeenfoundin
the cases of plates, wedges, cones, disks, spheres, and cylinders.1–7

In the present study, the hypersonic rare� ed-gas � ow about a
torus has been studied. The � ow pattern has not been yet discussed
in the research literature. Several features of the � ow are unique.
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