
Design for Maximizing RHA 
Penetration of Yawed Penetrators 

i o 
c 

"5 
Ä 

c 

~1 

Hi 

Ü4 ! 

-&- fC 

Minhyung Lee 
Institute for Advanced Technology 
The University of Texas at Austin 

19961209 024 
March 1996 

IAT.R 0118 

Approved for public release; distribution unlimited. 

jm.Q QUALITY EXPECTED 3 



Certificate of Technical Review 

Dr. Stepnan Bless 

/]      U,  LAA~^        {V\    -f^^ 
Dr. Thomas M. Kiehne 

The views, opinions, and/or findings contained in this report are those of the author(s) 
and should not be construed as an official Department of the Army position, policy, or 
decision, unless so designated by other documentation. 



REPORT DOCUMENTATION PAGE Form Approved 
OMB NO. 0704-011 

Public reporting burden tor th.s collection ot information is estimated to average 1 hour per response, including the time tor reviewing instructions, searching existing data sources gathering and 
maintaining the data needed, and completing and reviewing the collection ot information. Send comments regarding this burden estimate or anv other aspect of this collection of information 
including suggestions tor reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway Suite t?04 Arlington VA 
2220^-4302, and to the Ottice of Management and Budget, Paperwork Reduction Project (0704-0188), Washington. DC  20503. ' 

1.   AGENCY USE ONLY (Leave blank) 2.   REPORT DATE 

March 1996 

3.   REPORT TYPE AND DATES COVERED 

Technical Report 
4. TITLE AND SUBTITLE 

Design for Maximizing RHA Penetration of Yawed Penetrators 

6.   AUTHOR(S) 

M. Lee 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

Institute for Advanced Technology 
The University of Texas at Austin 
4030-2 W. Braker Lane, #200 
Austin, TX   78759 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

U.S. Army Research Laboratory 
ATTN:   AMSRL-WT-T 
Aberdeen Proving Ground, MD 21005-5066 

5.  FUNDING NUMBERS 

Contract # DAAA21-93-C-0101 

. PERFORMING ORGANIZATION REPORT 
NUMBER 

IAT.R 0118 

10. SPONSORING / MONITORING AGENCY 
REPORT NUMBER 

11. SUPPLEMENTARY NOTES 

The view, opinions and/or findings contained in this report are those of the author(s) and should not be considered 
as an official Department of the Army position, policy, or decision, unless so designated by other documentation. 

1 2a.  DISTRIBUTION / AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited. 

12b.  DISTRIBUTION CODE 

A 

13.   ABSTRACT (Maximum 200 words) 

The objective of this work is to analyze the penetration performance of an anti-armor kinetic energy penetrator with 
increased RHA penetration during yawed impact.   Two penetrators are proposed:   a variable diameter penetrator 
and a variable density penetrator. 

14.  SUBJECT TERMS 

frustrum penetrators, penetrators, RHA penetration anti-armor penetrator 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

15.   NUMBER OF PAGES 

9 

16.  PRICE CODE 

20. LIMITATION OF ABSTRACT 

UL 

NSN 7540-01-280-5500 Standard Form 298 (Rev.2-89) 

'!OTTC QUATT'lT TMTPEOTFiD 3       Prescribed by ANSI Std. 239-18    298-102 



Contents 

1.0  Objective 1 

2.0  Technical Approach 1 

3.0   Proposed Penetrators 1 

3.1 Design 1—Variable Diameter 1 

3.2 Design 2—Variable Density Rods 2 

4.0 Analysis 3 

4.1 Critical Yaw Angle 3 

4.2 Penetration Degradation 5 

5.0   Summary And Recommendations 8 

Acknowledgments 8 

References 9 

Distribution List 1 o 



List of Figures 

Fig. 1. Notation for Design 1 penetrators 2 

Fig. 2. Critical yaw versus velocity, tungsten alloy striking RHA 4 

Fig. 3. Critical yaw versus velocity for Design 2 penetrators 4 

Fig. 4. The geometry of the sidewall impact for rods 6 

Fig.  5. Normalized penetration versus normalized yaw 6 

Fig. 6. Normalized penetration versus normalized yaw, tungsten alloy... 7 
(L/D = 30) striking RHA. 

Fig. 7. Normalized penetration versus yaw, tungsten alloy (L/Dr = 35) striking  7 
RHA at 2.6 km/s for Design 1. 

Fig. 8. Penetration versus yaw for Design 2 penetrators striking RHA at 2.6 km/s. .8 

List of Tables 

Table. I.   Variable Diameter Penetrators 2 

Table. II.   Variable Density Penetrators 3 



Design for Maximizing RHA Penetration 
of Yawed Penetrators 

Minhyung Lee 

1.0      OBJECTIVE 

If a long rod penetrator impacts a target at a high yaw angle, interference 
of the penetrator with the sidewall of the crater degrades penetration 
performance [1]. 

The objective of this work is to analyze the penetration performance of an 
anti-armor kinetic energy penetrator with increased RHA penetration during 
yawed impact. Two penetrators are proposed: a variable diameter penetrator 
and a variable density penetrator. 

2.0      TECHNICAL APPROACH 

Figure 1 defines the basic parameters of both a variable diameter rod 
(frustrum) and a simple rod of the same material. A large head diameter offers 
the potential to exploit the increase in P/L since it can create an enlarged cavity 
entrance diameter, thus resulting in increased critical yaw angle below which 
penetration is unaffected. The proposed penetrator and the simple rod have the 
same mass, length, and therefore the same kinetic energy at the same impact 
velocity. We also examine the penetration degradation of different density 
materials of the same kinetic energy and length. 

3.0 PROPOSED  PENETRATORS 

3.1 Design 1—Variable Diameter 

In this study, the simple rod is defined by the following parameters: 

material = tungsten alloy (p = 17.4 g/cm3) 
L/Dr=  35 
Dr= 0.78 cm 

L =  27.3 cm 

Since mass, length and material of the frustrum are the same as those of the 
simple rod, from the volume relation, 

fDr
2 =  A(Dh2+DhDt+Dt2)/ (1) 



we can define the parameters of the penetrators used in the analysis, as shown in 
Table I. 

Table I.   Variable Diameter Penetrators 

Parameters 

Dh/Dr 

Penetrators 
2 

1.35 

2.24 

1.7 

27.24 

For the purpose of obtaining some insight into the design of a penetrator, we 
select 1.7 for the value of Dh/Dr. This is essentially the largest possible value, 
because when Dh/Dr =  -^3, D^D, = <*>. 

Simple Rod 

Fig. 1.   Notation for Design 1 penetrators. 

3.2      Design 2—Variable Density Rods 

Consider a family of rods that have the same kinetic energy at the same 
impact velocity, mass and length; that is, ppD

2 is constant, yielding different values 
of L/D. The reference penetrator material is taken as RHA with L/D = 20. Table II 
shows the penetrator parameters used in the analysis. The target material is 
RHA. 



Table II.   Variable Density Penetrators 

Parameters 

pp (g/cm3) 
Diameter (cm) 

L/D 

Aluminum 
2.77 
1.31 
11.9 

Penetrators 
RHA 
7.86 
0.78 
20 

Tungsten 
17.4 
0.52 
29.8 

4.0 ANALYSIS 

4.1 Critical Yaw Angle 

A yawed long rod penetrator of density pp, diameter Dr, and length L 

impacts at normal incidence an infinite target of density pt. The critical yaw is 
defined as the value of impact yaw where the tail of the penetrator just touches 
the sidewall of the cavity entrance. The expression for this angle is given by [2], 

ee= sin-1[(Dc-Dr)/2L], (2) 

where   Dc  is the  cavity entrance  diameter  which can  be  obtained   from  the 
momentum principle and is given by [3], 

n=D.it^-U|! 

R. R. 
(3) 

where Yp is the dynamic yield strength of the penetrator and Rt is the target 
resistance for radial cavity expansion. V and U are the impact and penetration 
velocity, respectively.   From the modified Bernoulli equation U is given by [4], 

U: 
V-o^Vz+ 2(1-q2)(Rt-Yp)/pt 

(1-a2) 
(4) 

where a = ^pt /pp. The theoretical Rt value for RHA used in this work is 5 GPa. 

By combining Eqs. (2) and (3), the critical yaw for a tungsten alloy penetrator 
impacting RHA at normal incidence can be obtained from its geometry and 
impact velocity alone. 

The critical angle as a function of impact velocity and ratio of the head 
diameter to simple rod diameter is shown in Fig. 2 for Design 1 penetrators. The 
critical yaw angle for each penetrator increases with impact velocity due to the 



increase in the cavity entrance diameter. The critical yaw angle increases as the 
Dh/Dr increases. This can be explained by two facts: the increased cavity 
entrance due to increased head diameter and the decreased tail diameter which 
reduces the chances of colliding with the sidewall of the cavity entrance. For 
example, at 2.6 km/s the critical yaw angle is increased about 250 percent by 
changing the values of Dh /Dr from 1 to 1.7. 
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Fig. 2.   Critical yaw versus velocity, tungsten alloy striking RHA. 

The critical angle as a function of impact velocity is shown in Fig. 3 for 
Design 2 penetrators. It can be seen that the critical yaw angle increases with 
lower density rods. This is a consequence of the fact that lower density rods have 
a lower penetration velocity which, in spite of constant ppDr

2, is responsible for an 
enlarged cavity diameter, as calculated from Eq. (3). 
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Fig. 3.   Critical yaw versus velocity for Design 2 penetrators. 



4.2      Penetration Degradation 

Thus far, the threshold yaw values beyond which the penetration 
performance is degraded are provided in two design cases. In this section, each 
case of penetration performance is examined and compared to one another. To 
achieve this, we propose a simple model with a degradation constant which is 
determined from correlation with the empirical equation obtained by Bjerke et 
al. [1]. Note that the data used for obtaining the empirical equation consisted of 
ductile tungsten alloy penetrators. 

From the modified Bernoulli equation, the constant penetration rate can 
be obtained by 

AL      V-U cp + a 
where, 

R
(-

YP) 

AP_ J^  _   -<p + sj<p + a2(l-<p) 

"=v^' l6> 

Once an impact has occurred, we presume that the penetration by the 
upstream portion (Lu) of the penetrator is unaffected, and the penetration by the 
downstream portion (Ld) is degraded (see Fig. 4). The penetration depth with yaw 
can then be expressed by, 

L s e < 6C , 

Lus + LdJ3(0)s 0>0c, 
(7) 

where 9C is the critical angle and ß{d) is a degradation constant. Using geometric 
relations, Lu is given by, 

Lu  = (Dc-Dr)/(2sin0), (8) 

and Ld is equal to L-Lu. Since normalization can eliminate the influence of 
velocity and aspect ratio of the penetrator, the ratio (referred to as effective 
penetration) is then, 

Pe= L +jS(0)k. (9) 



Fig. 4.   The geometry of the sidewall impact for rods. 
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5.   Normalized penetration versus normalized yaw. 

Correlating Eq. (9) with the empirical data, valid up to five times the critical 
yaw given in Ref. [1], enables us to determine the degradation constant given 
approximately by, 

ß(0)= cos (130/0J. (10) 

It is important to remember that this equation is not general but may be 
dependent upon the projectile and target materials. Nevertheless, it should be 
sufficient to achieve the essential penetration performance associated with 
yawed impact. In Fig. 5, the normalized penetration result is shown as a function 
of normalized yaw angle. The result obtained from Eq. (9) is also plotted and 
compares well with the empirical equation. In order to see the effect of impact 
velocity on the penetration degradation, the effective penetration is plotted as a 
function of yaw in Fig. 6. Penetration performance increases with impact velocity 
at the same yaw angle. 
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Fig.   6.      Normalized penetration versus 
normalized yaw, tungsten alloy (L/D = 30) striking RHA. 

Now Eq. (9) is used to determine the penetration efficiency for the 
proposed penetrators. Figure 7 shows the effective penetration as a function of 
yaw for Design 1 penetrators striking RHA at 2.6 km/s. It can be seen that the 
penetration efficiency for the penetrator of Dh/Dr = 1.7 is less sensitive to yaw as 
impact velocity increases. 
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Fig. 7.   Normalized penetration versus yaw, tungsten alloy (L/Dr = 35) 
striking RHA at 2.6 km/s for Design 1. 

For Design 2 penetrators striking RHA at 2.6 km/s, the penetration as a 
function of yaw is plotted in Fig. 8. Although the tungsten rod has a small value of 
critical impact yaw, the penetration depth is larger than lower density rods up to 
12° yaw impact. Beyond this angle the penetration becomes the same, or even 
less, than lower density rods since high density rods are sensitive to yaw. 
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Fig. 8.   Penetration versus yaw for Design 2 penetrators striking RHA at 2.6 km/s. 

5.0      SUMMARY AND RECOMMENDATIONS 

As a result of this work, frustrum penetrators (large head diameter) are 
viewed positively. The larger the head diameter, the larger the crater size 
However, it is required that the proposed penetrators should be launchable (L/D 
and stiffness). It is not known whether or not the relative ease of supporting 
tapered penetrators with a sabot will compensate for their inherent structural 
weakness. The Design 2 analysis presented here suggests that use of a higher 
density rod can significantly increase RHA penetration at the same kinetic energy 
and length up to a certain yaw angle. A negative aspect of a higher density rod is 
that it has a greater L/D than a lower density rod, thus resulting in more buckling 
or deformation of the rod during launch. 

It is obvious that a key technical issue for designing a better anti-armor 
penetrator with yaw is to investigate the real physical mechanisms, for different 
materials, which interfere with the penetration process. To the best of our 
knowledge not a great deal is known about the effect of the resulting stress fields 
including transient tensile and bending waves on penetration degradation with 
yaw. 

As mentioned previously, the degradation equation is limited to the 
condition of ductile tungsten alloy penetrators impacting RHA targets, and up to 
five times the critical yaw angles. Thus, more effort should be initiated for 
examining various potential candidate materials. 

ACKNOWLEDGMENTS 

This work was supported by the U. S. Army Research Laboratory (ARL) 
under contract DAAA21-93-C-0101. Dr. Stephan Bless provides a critical review 
and comments. 



REFERENCES 

[1] T. W. Bjerke, G. F. Silsby, D. R. Scheffler and R. M. Mudd, "Yawed Long-Rod 
Armor Penetration,"   Int. J. Impact Engng., vol. 1 2, no. 2, pp. 281 -292, 1992. 

[2] G. F. Silsby, R. J. Roszai and L. Giglio-Tos, BRL's 50 mm High Pressure 
Powder Gun for Terminal Ballistic Testing - The First Year's Experience. 
Ballistic Research Laboratory Technical Report BRL-MR-03236, January 
1983. y 

[3] M. Lee and S. Bless, "Cavity Dynamics for Long Rod Penetration " 
IAT.R0094,  January 1996. 

[4]    A.  Täte,      "Long   Rod   Penetration   Models   -  Part   II.   Extensions  to   the 
Hydrodynamic Theory of Penetration,"    Int. J. Mech.  Sei., vol. 28, no   9 
pp. 599-612, 1986. 



Distribution List 

Administrator 
Defense Technical information Center 
Attn:   DTIC-DDA 
8725 lohn J. Kingman Road, Ste 0944 
Ft. Belvoir, VA  22060-6218 

Dr. Stephan Bless 
Institute for Advanced Technology 
The University of Texas at Austin 
4030-2 W. Braker Lane, Suite 200 
Austin, TX    78759 

Edward  Schmidt 
U.S. Army Research Laboratorv 
Attn:  AMSRL-WT-PB 
Aberdeen Prvg Grd, MD   21005-5066 

Director 
US Army Research Lab 
ATTN:  AMSRL OP SD TA 
2800 Powder Mill Road 
Adelphi, MD   20783-1145 

Randolph S. Coates 
US Army Research Laboratory 
AMSRL-WT-TC 
APC, MD  21005-5066 

Director 
US Army Research Lab 
ATTN:  AMSRL OP SD TL 
2800 Powder Mill Road 
Adelphi, MD  20783-1145 

W.   deRosset 
U.S. Army Research Laboratory 
Attn:  AMSRL-WT-TC 
Aberdeen Prvg Grd, MD   21005-5066 

Director 
US Army Research Lab 
ATTN:  AMSRL OP SD TP 
2800 Powder Mill Road 
Adelphi, MD    20783-1145 

W.J. Gillich 
U.S. Army Research Laboratory 
AMSRL-WT-TA 
Aberdeen Prvg Grd, MD  21005-5066 

Army Research Laboratory 
AMSRL-CI-LP 
Technical Library 305 
Aberdeen Prvg Grd, MD   21005-5066 

Tim Holmquist 
Alliant Techsystems, Inc. 
Twin City Army Ammunition Plant-Bldg. 103 
New Brighton, MN   55112 

Dr. Charles Anderson, Jr. 
Southwest Research Institute 
Engineering Dynamics Department 
P.O. Box 28510 
San Antonio, TX  78228-0510 

Thomas L. Menna 
General Research Corporation 
5383 Hollister Ave. 
Santa Barbara, CA 93111 

T. Bjerke 
Director 
U.S. Army Research Laboratory 
Attn:   AMSRL-WT-TC 
Aberdeen Prvg Grd, MD   21005-5066 

Mr. Dennis L. Orphal 
The Titan Corporation 
California Research & Technology Division 
511 7 Johnson Drive 
Pleasanton, CA  94566 

10 


