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Abstract--The purpose of this numericalstudy is to investigate the penetration regimes for L/D 
30 tungsten-alloy rod projectiles for cases where the impact yaw angle varies from 0 to 90 ° and 
for impact velocities from 1.4 to 2.6 km/s. The target is modeled as a semi-infinite or half-space 
block of rolled homogeneous armor (RHA) at zero obliquity. For cases of mild interference, the 
penetration channel is still deep and narrow but may be skewed with respect to the original 
shot-line. While penetration is degraded the efficiency of the rod projectile remains relatively 
high. With increasing yaw angle the rod may defor.n due to transverse loading to the extent such 
that it contacts and produces gouges on the opposite side of the penetration channel. Addition- 
ally, lateral loading may induce angular acceleration to the extent such that the tail of the projec- 
tile rotates (in the plane of symmetry) and also contacts the opposite side of the penetration 
channel. In the next discernible penetration regime, the long-rod deforms under transverse load 
but the tail does not rotate significantly. It is seen that nearly the entire rod length experiences 
the lateral load with the result that the original shot-line is significantly altered. The deformed 
rod, again, has multiple contact or loading points (or regions) and the resultant angular accelera- 
tion appears to be insufficient to induce rotation of the projectile tail. Thus, rather than ricochet, 
the projectile cuts a significant slot into the target. Finally, for very large yaw angles the crater 
becomes indistinguishable from one produced by a side-on or 90" impact even though the 
impact yaw angle may be significantly less than 90 °. © 2001 Elsevier Science Ltd. All rights 
reserved. 

I N T R O D U C T I O N  

The penetration efficiency of a long-rod projectile (LRP) impacting armor steel is degraded 
when the rod impacts with a yaw angle a greater than the critical yaw angle. For a target fixed in 
space, yaw is the misalignment angle between the rod longitudinal axis and velocity vector. The 
critical yaw angle is a geometric parameter and is defined as the min imum yaw angle that results 
in interference by the tail of the rod with the penetration channel sidewall. Yaw can be imparted by 
any of several mechanisms. For example, the launch technique, the mechanics of sabot discard, 
and aerodynamic flowfield effects can all impart yaw to the projectile. For yaw impact, interfer- 
ence can occur between the rod and the sidewall of the penetration channel created by the rod. The 
physical interaction with the channel sidewall alters the rod trajectory and, depending on the level 
of interaction, is seen to precipitate several distinct penetration regimes. 

While not a comprehensive overview, several studies of yawed rod penetration are outlined 
below. Bless et al. [1] conducted a sequence of reverse impact experiments for steel rods and finite 
thickness steel flyer plates at 2.15 km/s. The rod aspect ratio varied from 5 to 23 and the impact 
yaw angle varied up to 90 °. They found that for a = 30 ° (or greater), the entrance crater was 
roughly elliptical in shape and the penetration channel was shallow; indicating that the rods col- 
lapsed into the targets with no significant rotation. They proposed several trigonometric relation- 
ships, with limited success, to predict the scaled penetration. Roecker and Grabarek [2] performed 
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a series of impact tests for L/D 30 tungsten-alloy projectiles into semi-infinite RHA at 1.3 and 1.5 
kmZs'. They varied the aeroballistic yaw angle (i.e., combined pitch and yaw angle) up to 5 ° and 
found no significant penetration degradation up to ~.5 °. However, depth of penetration was notice- 
ably decreased beyond that point. Yaziv et al. [3] conducted several firings of L/D 5 and 10 steel 
and tungsten-alloy rod projectiles into semi-infinite steel targets. The impact velocities varied 
between 1.36 -1.4 km/s and the impact yaw angle varied up to 90 °. The experimental data were 
compared with predictions from two analytical models and it was found that different penetration 
mechanisms dominate in different yaw angle ranges. For low yaw angle, the Tate model [4] (with 
rod effective length given by Bless et al. [1]) was adequate while at higher impact yaw angles a 
two-dimensional (2D) axisymmetric model based on dynamic plasticity (Ravid and Bodner [5]) 
yielded more accurate results. In short, neither model performed adequately over the entire yaw 
angle range. In a subsequent effort, Yaziv et al. [6] again considered the hydrodynamic plus resis- 
tance model of Tate in an effort to predict penetration over the entire yaw range. By their descrip- 
tion, the rod projectile should penetrate according to effective length (i.e., rod projected length in 
the velocity direction) while the yawed rod is assumed to decelerate according to its instantaneous 
total length. This implies that the projectile will not decelerate excessively. In this way, the model 
is reasonably effective in predicting the experimental data. However, as the yaw angle approaches 
30 ° the analytic model is overpredictive by nearly 17% and as a --+ 90 ° the difference between 
their analytic model data and the test data exceeds 31%, and represents an underprediction. Bjerke 
et al. [7] have conducted an analysis of existing yawed rod penetration data in an attempt to iden- 
tify the various penetration regimes as a function of yaw angle. Below critical yaw, the penetration 
channel may be inclined in a mirror image of the projectile at impact. At or just above critical yaw 
they find gouges in the target produced by the rod. Higher yaw angle impacts introduce the possi- 
bility of rod fracture and subsequent bifurcation of the penetration channel. Hohler and Behner [8] 
have investigated the yawed penetration of L/D 20 tungsten sinter alloy rods with blunt and coni- 
cal noses into semi-infinite RHA. For normal impacts with low yaw at, nominally, 1.65 km/s they 
confirmed that penetration degradation could be explained by the effective (reduced) length 
whereas for larger yaw angles ( a  -+ 90 °) the rod diameter was the proper geometric penetration 
parameter. Also, they note that 'gliding' and 'reflection' of the projectile in the penetration channel 
can offset the deepest point of penetration from the original shot-line. 

Introducing the yaw angle as a parameter necessitates the use of 3D computations (as opposed 
to 2D axisymmetric formulations for zero yaw). Hence, due to the requirement for significant 
computational resources, only a limited amount of numerical simulations of yawed impacts into 
semi-infinite thick plates have been reported in the literature.-Using the Eulerian code HULL, 
Bjerke et al. [7] performed two simulations (L/D 20, 1.5 km/s, a = 7°; L/D 30, 3 km/s, a = 12 °) of 
tungsten-alloy projectiles impacting semi-infinite RHA. The calculated penetration depths were 
less than the values obtained from a regression fit of experimental data. An underprediction of the 
crater diameter, resulting in increased interference with the penetration channel sidewall, was sug- 
gested as a possible source for the disparity. Reaugh [9] performed several simulations of L/D 4 
tungsten-alloy projectiles impacting semi-infinite armor steel at 1.75 knt/s using the Eulerian code 
JOY. It was found that the minimum penetration depth occurs at 90 ° yaw and that this case could 
be approximated by the 2D plane-strain penetration of a side-on cylinder. He also noted that the 
penetration depth for 60 ° yaw was only slightly deeper than for 90 ° . In the course of this study we 
find a qualitatively similar result. However, the results here suggest a dependence on rod aspect 
ratio. 

SOLUTION PROCEDURE 

The partial differential equations for penetration mechanics stem from considerations of mass, 
momentum, and energy balance. A material dependent constitutive model is also required to com- 
plete the formulation and is typically composed of a dilational and deviatoric component. An 
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equation of state (EOS) describes the dilatational response: relating material pressure to density 
and internal energy. The Mie-Gruneisen EOS is a popular model for low temperature solids with 
shock-Hugoniot data often used for the reference hydrodynamic state. The deviatoric response is 
governed by a separate part of the constitutive model. Typically, an elastic-plastic strength model 
is used for J2-type materials such as metals. The extent of plastic flow is determined by limiting 

the J2 invariant using a flow rule. Values for J2 on the limiting surface are a function of the yield 

strength. A popular rate-dependent strength model which makes an account of the material strain 
history is the Johnson-Cook model [10]. This model has a simple expression for the yield strength 
and includes terms representing strain hardening, strain rate, and thermal softening effects. 

The Eulerian wavecode CTH advances the solution of an integral formulation of the conserva- 
tion equations with a two-step procedure. The first step is a Lagrangian step in which a finite dif- 
ference form of the integral equations is solved for the new time. Cell thermodynamic algorithms 
are crucial in updating the thermodynamic state for multiple material cells and the timestep is lim- 
ited by the minimum of a CFL condition or one based on mesh deformation. Also, a fracture 
model is required in order to relieve unrealistically large tensile states. In the algorithm a fracture 
criteria is tested and, when exceeded, void is inserted into the computational cell. This construct 
has the effect of raising the material density and simultaneously relieving the tensile pressure or 
stress. The second step is a remap step in which the cell variables are advected back to the original 
fixed mesh. This step is compute intensive, but in this way, distorted cells are not carried through 
the solution procedure. A high resolution interface reconstruction algorithm is used to determine 
the advection properties and to construct material boundaries. McGlaun et al. [11] give an over- 
view of CTH capabilities while several important algorithms are documented in McGlaun [12, 13] 
and Silling [14]. Additional details of the generic formulation may be found in the review paper by 
Anderson [15]. 

A 3D rectangular mesh is constructed for the problem. A high resolution square mesh is con- 
structed for the anticipated interaction region. The resolution here is equivalent to eight computa- 
tional cells across the rod diameter (Littlefield and Anderson [16]). In dynamically less interesting 
regions, the computational mesh is allowed to grow. Thus, outside of the fine zone region the plate 
extends for approximately 10-12 rod diameters and the mesh is allowed to grow by a factor of 4%. 
That is, 

( (~Xi + 1 -- ¢~Xi)/  (~Xi = 0 . 0 4  (1) 

where 6x i is the x-component length for the i-th computational cell. Similar expressions can be 
written for the y- and z-components. Computational boundary conditions are imposed to approxi- 
mate the half-space. Essentially, elastic waves are absorbed at the appropriate boundaries. As the 
problems are compute intensive, an SGI Origin 2000 parallel supercomputing platform was used 
for the computations. The calculations were divided over 16 nodes and typically required several 
days of dedicated time to complete. It is important to note that the hardware necessary to perform 
such a computational parameter study did not exist even five years ago. 

RESULTS 

Numerical experiments were carried out for an L/D 30 tungsten-alloy LRP with impact veloci- 
ties of 2.6, 2.1, and 1.4 km/s. These velocities were chosen, in part, so that a comparison could be 
made with an earlier yaw study by the same authors for L/D 10 tungsten-alloy rods. A schematic 
of the impact geometry is shown in Fig. 1, where the target is thick enough and laterally wide 
enough to approximate the half-space. A single plane of symmetry was utilized. In the discussion 
to follow, the 1.4 km/s rod will be referred to as the OV or ordnance velocity rod while the higher 



214 D.J. Gee, D.L. Littlefield / International Journal of lmpact Engineering 26 (2001) 211-220 

velocity rods will be referred to as the HV or hypervelocity rods. This velocity classification is 
made with regard to currently fielded kinetic energy projectiles. 

~Y 

Fig. 1. Schematic of pre-impact geometry (not to scale). 

As a check on the accuracy of the simulations a database of experimental results was queried 
(Anderson et al. [17]). Generally, these data are for small yaw angle with L/D 10 rods being the 
most prominent. However, some data for larger aspect ratio rods were also available. Where appro- 
priate, these data are indicated on the relevant plots. Additionally, in some cases the yaw angle is 
only reported with respect to an upper bound. In these cases, the upper bound has been used to 
represent the test data. The investigators are noted in the legend accompanying the figures. The full 
citation will be omitted here but can be found in the above mentioned database [17]. A typical 
measure of performance in these types of tests is depth of penetration P measured along the 
inward pointing normal of the original target face. Also, hole diameter is usually measured. Pene- 
tration efficiency is usually reported in a plot of P/PN vs. a (or cO'ac). That is, penetration is nor- 

malized by the penetration at zero yaw and impact yaw may be normalized by the critical yaw 
angle. Alternately, the penetration may be normalized by rod length. For given materials, a c 

depends on the geometry and impact conditions and generally increases with respect to impact 
velocity and decreases with increasing rod aspect ratio. For a cylindrical rod the critical angle may 
be approximated with the purely geometric relationship 

• - f f ' d / D -  1"~ 
-- s,n Z-/5-  ) (2) 

where d is the diameter of the penetration channel at mid-depth obtained with normal impact. With 
this definition, a / a  c = 1 implies that the extreme tail of the rod will just contact the interior surface 

of the penetration channel. The critical yaw angles were determined to be approximately 1.6 °, 1.0 °, 
and 0.6 °, respectively, for the/-,/D 30 rod at the three impact velocities studied here. As a compari- 
son, for L/D 10 rods at the same impact velocities, the corresponding critical yaw angles were cal- 
culated as 5.0 °, 3.4 °, and 2.2 °, respectively (Gee and Littlefield [18]). 

In Fig. 2a, the normalized penetration is shown as a function of a for the L/D 10 and 30 HV 
rods impacting at 2.6 km/s. Of particular note are the rapid drop-off in P/PN for small a and the 

large a asymptotic behavior. Notably, for large a there is an angle of attack << 90 ° for which the 
penetration efficiency is essentially saturated. This is discussed in more detail below. The shape of 
the curves for small-to-moderate a can be traced in part to differences in the critical yaw angles; 
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the L/D 10 rod has a critical yaw angle of 5.0 ° compared to 1.6 ° for the L/D 30 rod. Hence for 
given angle of attack the longer rod will see significantly greater amounts of wall interference and 
additionally may deform or fracture in the process. Differences in the large a asymptotic behavior 
illustrate the fact that diameter rather than length (or PN) is the proper normalizing parameter for 

extreme impact yaw angles. Said in another way, depth of penetration in this yaw angle range 
scales according to the diameter. Thus if the ordinate of the plot were P/D instead of P/PN, the 

asymptotes become 2.67 and 2.70 for the L/D 10 and 30 rods, respectively. The slight difference 
may be attributed to the better approximation of the plane-strain condition for the ND 30 rod. 

The data are plotted in a different format in Fig. 2b. Here penetration is normalized by L and 
impact yaw by a c. Note, some of the large angle of attack L/D 30 data shown in Fig. 2a are not 

included. The available archival test data have been indicated in the plot as well. The agreement is 
excellent even though no corrections have been applied to the data to account for the slight mis- 
match in impact conditions or materials. The drop-off in P/L for small ty/a c is of the same order 

for both the L/D 10 and 30 rods, which is again a reflection of the critical yaw angle difference. 
That is, 50 ° of yaw impact information is contained in the band for a / a  c s [0, 10] for the L/D 10 

rod, compared to 16 ° for the L/D 30 rod in the same band. Note that the penetration efficiency for 
the L/D 10 rod is higher than for the L/D 30 at small c¢'a c. At least a portion of the difference may 

be attributable to an L/D effect (Anderson et al. [19]). However, it will be shown below that dam- 
age to rod projectiles of different aspect ratios may be qualitatively different even though the non- 
dimensional angle of attack is similar. At intermediate and large a / a  c, the penetration efficiencies 

for the two rods intersect and cross. This behavior is not significant from a physical point of view. 
It is simply a reflection of a c being an inappropriate scale factor for moderate and large yaw 

angles, where it is seen that penetration efficiency behaves according to the absolute angle of 
attack. Thus, for a = 45 ° the penetration efficiency for the L/D 30 rod has decreased by 96.6% 
from its maximum value, or, rather, is within 3.4% of its saturation or side-on impact value. As a 
comparison, the penetration efficiency for the L/D 10 rod is within 3.6% of its saturation value for 
a =55 °. 

Normalized penetration data for the two other impact velocities are given in Figs. 3 and 4. In 
Fig. 3, results are given for the OV rod and in Fig. 4 for the 2.1 km/s HV rod. The general charac- 
teristics in all three figures are similar with few exceptions. For example, the y-intercepts in Figs. 
(2-4)b reflect the known velocity and L/D dependencies for long rod penetration. Likewise, for 
small a Figs. (2-4)a show that P/PN drops off faster with yaw angle (i.e., increasingly negative 

slope) as the impact velocity decreases reflecting the differences in critical yaw angle as the 
impact velocity changes. At large yaw angles on the other hand, the normalized penetration 
approaches its asymptotic side-on impact value at an angle of attack that appears to be indepen- 
dent of impact velocity. Thus for L/D 30 and a = 45 °, the penetration efficiencies for the OV rod 
and the 2.1 HV rod are within 3.4-3.6% of their asymptotic values, while it is estimated that the 
L/D 10 rods attain a similar level of saturation (again, independent of velocity) for a = 55 °. 

Additional insight into the behavior illustrated in Figs. 2-4 can be obtained through examina- 
tion of material plots. In Fig. 5, a series of material plots are shown for L/D 30 and 10 rods, both at 
an impact velocity of 2.1 km/s and with tz/a c -- 3. Several features distinguish the two sets of cal- 

culations. For example, both rods interact with the sidewall of the crater near the entrance hole. 
This lateral contact has a tendency to align the trajectory of the rod with the velocity vector thus 
reducing the local instantaneous yaw. This type of trajectory realignment has been discussed pre- 
viously (Gee and Littlefield [18]). However, it is seen for the L/D 30 rod that the lateral load 
(impulse) is sufficient to significantly deform the rod and cause it to strike the opposite side of the 
penetration channel. In fact, it can be seen that the tail rotates and also re-contacts the sidewall of 
the penetration channel. This behavior is understandable considering the difference in crater 
geometries for these two situations. Since the crater formed with the L/D 30 rod is much deeper 
when compared on a per unit rod diameter basis, the long rod is more likely to interact with the 
sidewall as it moves toward the base of the crater. In some cases this lateral contact may be severe 
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enough to induce several such interactions before penetration is complete. These additional inter- 
actions with the sidewall degrade the penetratio n and account for the differences seen in P/L at 
small ty/ct c for different L/D even though the absolute yaw angle is larger for the L/D 10 rod (Figs. 
2b-4b). 
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Fig. 2. Normalized penetration data at 2.6 km/s: a) CTH; b) Test data included. "H&S" 
refers to Hohler and Stilp (1991a) for target material HzB,A. Silsby (1984) data are for 

RHA target material. Also noted are rod material, aspect ratio, and impact velocity [17]. 
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Fig. 5. Material plots depicting non-similar penetration for similar yaw angle ratio: a-d) 
L/D 30, V o = 2.1 km/s, tffac= 3; e-g)/_./D 10, V o = 2.1 kin~s, a / a  c = 2.9. 

At larger yaw angles, where the absolute yaw angle has more influence on penetration, different 
behavior is observed. In Fig. 6, a series of material plots are shown fo r / . /D  30 and 10 rods at an 
impact velocity of  2.1 km/s and a = 30*. In this range for a,  both rods begin to exhibit the charac- 
teristics of  a side-on impact. The L/D 10 rod, however, still retains some of the features associated 
with smaller cO/ac impacts. It is clear from the penetration channel geometry that the lateral 
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momentum imparted to the rod induces a certain degree of trajectory realignment. The sloped base 
of  the crater seen in Fig. 6f  is an indication of this. On the other hand, the L/D 30 rod forms a cra- 
ter very similar to that seen for a side-on impact. This difference is not surprising since the L/D 30 
rod represents a better approximation to plane-strain conditions when impacting on its side and 
explains why the penetration for the L/D 30 rod achieves its asymptotic limit for smaller a than the 
L/D 10 rod. 

z/[ 
( a ) t = O ~ s  (d) t = 20 ps 

I/ 
(b)  t = 80 ~s  (e) t = 50 

i ii~,,~ .... I i 

(c) t = 160 Ms (f) t = 150 Ms 

Fig. 6. Material plots demonstrating the significance of the absolute angle of  attack.Both 
cases are near saturation for non-similar yaw angle ratio: a-c) L/D 30, V o = 2.1 km/s,  a = 

30 ° (c~/a c = 30); d-f) L/D 10, V o = 2.1 km/s,  a =  30 ° ( a / a  c = 8.8). 

The nchness in the penetration behavior seen for a ~ [0, 90*] explains, to a certain extent, why 
it is difficult to develop an analytical model to describe how penetration varies with yaw over the 
entire yaw range. Below the critical yaw, a does not change the value of P. For large yaw angles 
(but less than 90°), P approaches its value for a plane-strain impact. That is, the penetration capa- 
bility of  the rod saturates well before 90 ° of  impact yaw. The angle of  attack for saturation was 
seen to depend on rod aspect ratio, but, interestingly, only weakly with respect to impact velocity. 
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For intermediate values of a larger than a c, penetration is degraded by interactions with the side- 

wall of the penetration channel but the degradation is mitigated, to a certain extent, via trajectory 
realignment. Although the critical yaw angle plays an important role in determining how much 
degradation will occur, the impact velocity and rod aspect ratio also affect the nature of the side- 
wall interactions and influences penetration. 

In their paper, Yaziv et al. [6] studied yawed rod impacts at 1.4 km/s and stated, "...For a broad 
range of yaw angles (Ocr < 0 ~- Oside), the maximum depth of penetration usually occurs in the tar- 

get close to the front of the rod..." and "...the maximum depth of penetration occurs early in the 
penetration process..." There, the critical yaw angle was defined as the one such that "...the veloc- 

ity vector coincides with the rod diagonal direction..." (i.e., Ocr = tan-l(D/L)) and Oside < 90 °. Our 

yaw calculations for L/D 10 rods at 1.4 km/s are generally consistent with those comments with 
the exception that the demarcation with respect to acr is not so clearly found. Rather, the transition 

seems to occur over a range of yaw angles. However, in our yaw calculations for L./D 30 rods at 1.4 
km/s it was seen that the deepest point of penetration could be displaced nearly 2 diameters (e.g., 
for a = 10 °) even though the maximum penetration depth was achieved early on in the penetration 
process. Only for larger yaw angles did we find agreement with Yaziv. We are now in a position to 
extend their observations. Our yaw calculations for L/D 10 and 30 rods at 2.1 and 2.6 km/s indicate 
that a lateral displacement of the deepest point of penetration of at least 5 diameters is possible and 
further that the re-aligned rod, with its instantaneous yaw angle reduced, contributes to depth of 
penetration for very late times in the penetration timeline. It was shown (Gee and Littlefield [20]) 
that the trajectory could be altered by side-wall interaction and that this interaction could re-align 
the rod axis and velocity vector, thereby contributing to late time penetration. 

CONCLUSION 

In this study we have numerically investigated the penetration regimes for L/D 30 tung- 
sten-alloy rod projectiles into semi-infinite thick RHA targets. Further, the numerical data have 
been compared to archival test data where appropriate and also to an earlier yaw study for L/D 10 
rods. Yaw angle and impact velocity were the primary variables. It was shown that for cases of 
mild interference the resulting penetration channel was deep and narrow. Lateral loading of the rod 
results from interaction with the penetration channel sidewall and eventually this loading induces 
enough deformation in the rod to induce gouging of the interior surface of the penetration channel. 
For further increases to the impact yaw angle, this characteristic penetration channel may be 
skewed with respect to the original shot-line. Trajectory realignment of the rod has been shown 
previously to reduce the instantaneous yaw angle. However, the amount of realignment appears to 
be limited. For the large yaw angles, the crater opening becomes more elongated and eventually 
results in a shallow crater being formed. Finally, it was shown that the yaw angle such that P(a) 
P(90 °) was dependent on rod aspect ratio and essentially independent of velocity. Thus, the abso- 
lute yaw angle is also an important parameter in analyzing yaw impacts. 
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