e’ )

BRL MR 2797

| MEMORANDUM REPORT NO. 2707

AN ANALYTICAL MODEL OF KINETIC ENERGY
PROJECTILE/FRAGMENT PENETRATION

John Zook
¢
e
October 1977
M
DTIC
ELECTEEG
Approved for public relesse; distribution unlimited, S B
THIS DOCUMENT 18 Brsy B
3T QUALITY 4
;‘f;: COPY FURNISHED 10 pp. cwrm icm
BIFICANT NUMBRR OF PAGES iy
REPRODUCE LEGTRLY, H DO e

USA ARMAMENT RESEARCH AND DEVELOPMENT COMMAND

USA BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

80 6 18 03p |

MO R S A N S MR




BJstroy this report when it is no’ longer needed..
: . Do not return it to the originator.

‘ g Secondary distribution of thzs report by originatxng
i ¢ or sponsoring activity is prokibited.
; ir % Additional copies of this report may be obtaiued
' oo from the National Technical Informaticn Service,
Ny ' . U.S. Department v Commerce, Springfield, Virginia
rooom 22161.
: * §
v : ;
§
4
:
| {

G e

The findings in this report are not to be construed as
an official Department of the Army position, unless
so designated by other auchorized documents.

The uwe o) tm‘ge numes or manufacturere’ names in thiv raport
doee not constitute indorsement of any commeroial product,

e

LR 3T T =

-
£ o

<3
e W




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT

NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY. ‘




UNCLASSIELED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entersd)

S
REPORT DOCUKENTATION PAGE BEFORE COMBLETTnG PORM
. REPORT NUMBER . GOVY ACCESSION NQ 3. RECIPIENT'S CATALOG NUMBER

BRL Memorandum Report No. 2797 D__A Agé 5‘%

IlIl E (ans-Subiiie) ~— 5. TYPE QF REPORT & PER!IOD COVERED
%ALYTICAL MODEL OF _KINETIC J;chy )
ECTILE/»RAGMFNT/;:W’RATIO C,

7. AUTHOR(3)

John/&ook //

S—PERFORMING ORGANIZATION NAME AND ADDRESS

USA Ballistic Research Laboratory

Abcrdeen Proving Ground, Maryland 21005 RDTHE 711161 1#2AH4 7 /

11. CONTROLLING OFFICE NAME AND ADURESS 12. REPORT DATE = |
USArmy Materiel Development § Readiness Command OCTOBER 1977

5001 Eisenhower Avenue 13.” NUMIER OF PAGES

Alexandria, Virginia 22333 139

4. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Oltice) 15. SECURITY CL ASS. (of this report)

0 _7 f/ UNCLAESTIFIED
T8a. DECL ASSIFICATION/DOWNGRADING

[16. DISTRIBUTION STATEMENRT (o! this Report)

Approved for public release; distribution unlimited. A in /'}/)

-

() Lk J=- - M _"l /

-
t

e

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reveras side if neceasery and identily by block number)
Fragment Penetration Model

Projectile Penetration Model
Residual Velocity

ABSTRACT (Cactleus cn reverse side if neswssssy and identify by block number) (Mba )

he basis for an analytic model of kinetic energy projectile (fragment) pene-
tration is described. It is based on an expression for the resistive force
encountered by a projectile during penetration. The predictive capability of
the model is compared to that of the Thor equation for residual velocity. Some
conclusions are drawn concerning the penetration process. A tabulation of
computer programs, and sample output are included.

t
-
A

¥
DD 50" 1473  EDiTION OF 1 NOV 65 1S OBSOLETE

SECURITY CLASSIFICATION QF THIS PAGE (When Data Bntored)

UNCLASSIFIED L/)§0 M50 ,aQ/V




¥

ITYI.

1v.

VI.
VII.
VIII.

IX.

TABLE OF CONTENTS

LIST OF ILLUSTRATIONS .

LIST OF TABLES

INTRODUCTION . . .

THE RESISTIVE FORCE .

THE DEPTH OF PENETRATION EQUATION .

THE TIME-PENETRATIO

DETERMINATION OF THE CONSTANTS C

N EQUATION .

CUMPUTING RESIDUAL VELOCITY .

VALIDATING THE MODE

ANALYZING THE PENET

L

RATION PROCESS . .

1 C2 and C3

SUMMARY AND FUTURE AREAS OF INVESTIGATION .

APPENDIX A - PROJECTILE-TARGET PENETRATION DATA .

APPENDIX B - GRAPHIC COMPARISON OF THOR AND Z/F
EQUATIONS . . . . . C

APPENDIX € - COMPUTER PROGRAM LISTINGS AND SAMPLE

OUTPUTS . .

LIST OF SYMBOLS .

DISTRIBUTION LIST .

DTIC

Page

16
17
19
20
29
29
38
45

47

63

83
137

139

JUSTIFICATION

ACCESSION {or
NTIS White Section

DDC Buif Secticn (1
UNANNOUNCED O

DISTRIUTON/AVALABILTY (ODES

BY O

Hist.  AVAIL. and/or SPECIAL




LIST OF ILLUSTRATIONS

Vigure Page
1. Outline of Procedure To Find Residual Velocity . . . . . . 30
2a. Generalized Penetration Curves for BHN 100 . . . . . . . . 39
2b. Generalized Penetration Curves for BHN 200 . . . . . . . . 40
3a. Generalized Penetration Curves for Aluminum Targets . . . 41
3b. Generalized Penetration Curves for Titanium Targets . . . 42
3c. Generalized Penetration Curves for Steel Targets . . . . . 43
s s
5

FRECED1G FAGE BLANK-NOT FILMED




Table

II.

IIIa.

I1Ib.

Illc.

1vV.

Via.

VIb.

Vid.

LIST OF TABLES

Postulated Empirical Equations .

The Thor Equation

Statements to Bvaluate Partial Derivatives for
Non-Linear Least Squares Program .

Non-Linear Least Squares Fit to Thor Data

Summary of Convergent Values for C

1

’ C2 and C

¢ . L T )

3

Data Eliminated From Non-Linear Least Squares . . . .

Cross-Sectional Areas By Yaw Angle for Cylinder Rods .

Comparison of The Mean, Variance, Standard Deviation,
Sum and Sum of Squares of The Plate Thickness

Deviants . . .

3

.

.

¢ e . .

Comparison of The Mean, Variance, Standard Deviation,

Sum and Sum of Squares of The Plate Thickness

Relative Error .

.

« » . s

Comparison of The Mean, Variance, Standard Deviation,
Sum and Sum of Squares of Tne Resiaual Velocity

Deviants . . .

.

.

.

.

.

. * w . . .

Comparison of The Measiu, Variance, Standard Deviation,

Sum and Sum of Squares of The Residual Velocity

Relative Brror .

)

.

.

3

. LI S Y

PRECEDLNG FAGE BLANK-NOT FLLMED

Page

10

21
24
26

28

35

37

.
AT R AU el AL Vo

R LT TR R



I. INTRODUCTION

Numerous empirical equations (see Table I, of which the major por-
tion is a compilation made by Herrman and Jones!. The geometric values
listed in the table have been converted to the metric system (cgs)
system of units) are available for predicting depth of penetration and
residual velocities for various projectile-target combinations.
(Projectile and fragment may be used interchangeably through this report.)
Unfortunately, since the equations are empirical, each equation is
applicable only in the region of the data used to generate the empirical
constants. Any extrapolation outside the range of the data is question-
able.

Extended use has been made at the BRL of the equations developed
under the code name "Project Thox"?, The equation for residual velo-
city for perpendicular impact (0° obliquity) is:

a b_¢ ,d

vr =V, - 10 (XtA) mp Vg - (1)
The values for the empirical exponents a, b, ¢ and d determined by a
least squares fit to experimental data are tabulated in Table II for
various target materials along with the range of plate thickness X,
striking velocity Vg and the area A and mass of the projectile.
Since the Thor equatxon is so widely used at the BRL, in order for any
model predicting residual velocity to qualify as a replacement to this
equation, it should be more accurate in 1ts prediction or should exhibit
other qualities which render it more useful - for example, allow extra-
polation with greater confidence than a purely empirical model.

It is desiruble to develop a theoretical model which can be used in
general to predict terminal ballistics. Needless to say, projectile-
target interactions are complex. Although kinetic energy projectiles
have been used for several centuries, no single predictive model has
been found to be applicable for all test conditions.

The nodel to be discussed in this report is completely general in
that its use dces not require a data base to generate new empirical
constants. The model is a modification of an analytic approach for
predicting residual velocity of penetrators impacting targets at 0°

YHeryman and Jones, "Covrelation of Hypervelocity Impact Data,"
Proceedings of the Fifth Symposium on Hypervelooity Impact, Vol. 1,
Part 8, April 1962,

2Project Thor, "The Resistance of Various Metallic Materials to Perfora-
tion By Steel Fragments; Empivical Relationshipe for Fragment Residual
Valoaity and Residual Weight," Techniocal Report #47, Ballistic Analysis
Laboratory, Institute for Cooperative Research, The Johns Hopkins
University, dpril 1961,
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: obliquity proposed by Otto P, Fuchs.3 The remainder of this report is
b a discussion of his model, the modirication that has been made, and
supportive arguments {or use of the model.

i
I . II. THE RESISTIVE FORCE

: The expression for the resistive force acting during the penetration '
: f process as proposed by Fuchs involves a sum of three components that '
. 1 are functions of the instantaneous velocity:

F=f (V) +f, wh « £, vy, 2)

The first component, a static force, is defined as the product of
the projectile cross-sectional area and a stress factor. The stress
factor is closely agproximated by the target Brinell hardness when ex-
pressed ;n dynes/cm®. (The Brinell hardness number is multiplied by
9.8 x 10’ to obtain the value in dynes/cm?). The first component is:

W e S
T SEET

0 ~
£, (V) = AH. (2a)

The secnitd component is a combination of the first and third
components, h.-ce, the third component will be presented next. Analogous
to the asrodynamic »~zistive force, the third component is:

s w2y e 2
£, (V) = CAp V. ° (2b)

Sebrcli w10 the second component, it is defined to be:

Cowdy L 0 = o3
£,0V7) = 2 ‘/fl(V) £, (V)

(2¢)

T2
= ZAJC Ht pt \'x .

“his compunent <dn be compared to Stoke's Equaticn® in which the resis-
tive force is proportional to the velocity.

s S AL S A

A more general form for the resistive force equation has been
adopted since the equation proposed by Fuchs did not yield satisfactory
results when applied to available data. The generalized equaticn is:

SFuchs, Otto P., "Impact Phenomena," AIAA Journal, American Institute of
Aeronautics and Astronautics, Vol. 1, Nr. §, Sept. 1963.

“ference, M., Lemon, H., and Stephenson, R., "Analy.ical Experimental
Physics,"” University of Chicago Press, 1956.
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s oa PO 2
F=A(C, H +C, \[ﬁtptvx-»cgptyx). (3)

The coefficients Cy, C, and C; will be determined in Section V. Equa-
tion (3) can be expressed more succinctly as:

- . 2
F=A (Kl + K2 Vx + ks Vx ). (3a)

I1II. THE DEPTH OF PENETRATION EQUATION

; Newtun's second law of motion states:

4 ¥p) d
F = 'd$ = ma%-= ma 4

v
N

assuming that the mass is held constant. The work done in penetrating
an increment "dx'"' is given by:

v d
Work = Fdx=-mdx =-ngFav--nva (5)

where the minus sign is due to deceleration.

: Substitution of Equation 3a for the force and arranging terms
yields:

dx = —2 vdv 2| - (6)
Kl + K2 vV + K3

For a specified striking velocity and residual velocity, Fguation 6 is
integrated to find the target plate thickness (o= the maximum depth of
penctration fur zerv residual velocity).

X

y
T
tdx“'"‘p vdv ;
= A 2 ()
K, + K, V+ K,V
v 1 2
s

o 3

o e
DS E T ool

e B BRI

The projectile mass and cross-sectional area are assumed to be constant
in Equation 7. In most cases, there is very little, if any, mass loss
when penetrating a single target plate. When deformation of the pro-
jectile occurs, the cross-sectional area increases and should be
accounted for. The effect of the cross-sectional area will be covered

A A i R A e AT AT s G TN v o o+ e . .
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in Section VII and will be assumed constant in performing the integra-
tion of the equation.

In order tc integrate Equation 7, it is necess&ry to determine the
value of the discriminant q, where q = 4 Ky Kz - K3.

If g > 0, then:

% m ., 2K, 2+ N
X = 5 (-Z-K—‘) In (K1 + KZV + KSV ) - 173 tan 75 . (3
3 q q
0 \'}
s
Substituting the 1imits and taking into account the negative sign
yields:
m K. + K.V_ +« KV 2
X=—B(——L)1n(l 2's ~ "3's
t A 2K3 Kl + K2Vr + str
‘ (8a)
+ ZKZ tan—l (Zstr ' x2) - tan-l (M)
1/2 1/2 1/2 )
q / q /2 q /
When q = 0 (which is the condition for Fuchs' original equation),
integration of Equaticn 7 yields:
Xt - xl/2 Ve
- p({1l 1/2 1/2 1
X x (K ) iIn (Kl + K3 V) + 172 172 . (9)
3 K + K v
"0 1 5 v
]
After substitution of the limits, Equation 9 becomes:
- K1/2 + K1/2 v K1/2 K1/2
"p (1 1 3 s 1 1
SRR o A T v s vemwl Rl I v e vi awal Rl IS v R v
1 3 T 1 3 s 1 3 T
(9a)
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Finally, if q < 0, Equation 7 is evaluated as:

Ixt -m K 2KV+K-/’:€1!vr
X = KE-(—%—) In (K; + K,V + K Vz) - {~=2) n 2 2 g
I 2K, 12 3 /-q 2KV + K, + 7
0 Ve
(10)
which is
r 2
m K, + K.V + K.V
Xt‘KE(’z“llf‘)I“(l 2Vs 352)
. 3 Ky + KV + KV
= (2R "+ K, + Jq) (K, + K, - ,r:;l)}

IV. THE TIME-PENETRATION EQUATION

The time to peretrate 2 target plate to a depth x can be found by
again considering Newton's second law of motion.

F=-m T (11) jf
1
Substituting Equation 3a for the force, solving for the time, and ‘ﬁ
integrating (assuming that the projectile mass and cross-sectional area :
are constant) yields: g
T v 4
X -m T k
dt = A2 e, (12) ;
K. + K,V + K,V j
0 v 1 2 3 -
s
(the minus sign is due to deceleration).
Again letting q = 4K1K3 - Kg, three cases exist:
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For q >
m . 2KV + K 2K V_ + X
oL f 2 -1 3's 2\ ._ -1 Ir 211 .
i ’lx X ((!1/2) tan (——ql—r—-—-z tan -—-———7-—q1 5 v (13)
i
! .
: For q = 0:
m
w . .D 1 1 1 .
x UK (.17") V- VA v v I (14)
: Ks . Kl + K3 Vr Kl + K3 Vs
s For q < O:
. my (-“1_:) . (2K, + Ky = /=q) (2K V_ + K, + vary
| A \/54 (I, + K, + /) KV + K, - /=9 )5 (15)

u wkare T, is the time (in seconds) required for the fragment to penetrate
to a depth x (or, in other words, until the velocity drops to the value

Vr) .

. N V. DETERMINATION OF THE CONSTANTS Cl’ C2 AND C3

R A non-linear least squares cowputer program was used to eveluate
' CE P the constants Cy, C, and Cy. The experimental data are used in

P Equations 8a, 9a or 10a (depending on the value of the discriminant, q)
to detemnine the best values for Cy, C, and C4. To use the program, an
initial guess is made for the values of the constants. The program
computes new values for the constants based on values it computes for
the partial derivatives of the plate thickness (the dependent variable)
with respect to the constunts. The statements to evaluate the partial
derivatives are provided to the program in & subroutine and are
tabulated in this reporr in Table YiTa. The computer pi-~gram arrives
at a convergent set of comstants when the change in the value of each
constant from one trizl to the next becomes less than some predetermined
tolerance value (0.0l was used in this case).

: Listed in Table IIIb is a summazry of the computational runs made.
I . Shown are the initial guess values for the constants with the corre- .
ot sponding root-mean square error, then the general set of constants

) T obtained when combining the data for all target waterials, and finally,
{ e the convergent set of constants obtained for cach target material. i
: ' Also shown are the corresponding sigma and T-statistic test valus for b
; o each constant of the convergeni set. The data used are those tabulated ‘
T C in Appendix A with the exception of 20 out of the 277 detum sets.

v

20

o X .

WY I ¥ - N
N i N A , ’ :

{

ol R Y S | L7 O s i/ !
AR T ] b gt e e i 1 ! ; &

P, AR T RS TNV LRIy 8.0 10 R R L. . AT R e e i -.w»-'.‘li




T! ) ;R
{. T T U U . O S—
i
i Table 1IIa. Statements To Evaluate Partial Derivatives For
| Non-Linear Least Squares Program
! C C
C r A = PROJECTILF CRNSS=-SECTIUNAL AREA  ((M%%2)
¢ (1 = EMPIRILAL CONSTANT TO BE EVALUATED
; ¢ ¢ C2 = EMPIRICAL CONSTANT T0 BE EVALUATED
C ( (3 = EMPIRICAL COANSTANT TO BE EVALUATED
, C (. HY = HARDNESS UF TARGET PLATE (DYNES/CM%xp)
; ¢ ( MP = MASS QOF pROJECTILE (GRAMY) -
| ¢ ' Pl = FIRST DFRIVATIVE OF XT WITH RESPECTY TO C1
¢ ¢ P2 = FIRST LERIVATIVE DOF XT WITH RESPECT TO C2
: C ‘ P3 = FIRST DERIVATIVE OF XT WITH KESPECT TDO C3
C { RHOT = DENS!TY NF TARGET PLATE (GRAMS/CC)
C ( VR © RESINUAL VEILOCITY OF PROJECTILE (CM/SEC)
C ¢ VS = STRIKING VEILOCITY OF PRGJECTILE (CM/SEC)
C { XT = TARGFT PLATE TIHICKNESS (M)
C ¢ ‘
C X
SxSIRT{RHROT*HT)
EERE VA
CERNIDT AYS*N2
LR EAT
LEREITRYR®EQ
i=2.0%S
ey ORRHOTHNT
e Gk
R2?,04rkHOTHYR
TaMP/(2,0%A%RHOT)
=2 CkRHOTHYS
QO={/4H,0%CLuCAaC2wx2)RHAT*HT
C (
THLRC.EGeN,)GOTD 200
( ’
. (0 LTo0,)60TO 300
3 ({ (
. C ¢
& C ' Tk DISCRIMINANT Q 15 GREATER THAIL ZERD
kR ¢ t
p 106 1= 1#4T+C2wB+C3uC
LT N72at 151HT+C24D+C 2%k
S ' 1325GRT(Q0)
o : ST MELE ¥
e 252 J¥R4L2¥S
- {e Yoz 3s e 2%S
e N7=ATeN(Q5/7Q3)
{ NR=ATANIQ6/Q3)
SO 39=T /03
e 112=C2/Q3
¥ , Q11=C24F*G6/Q4
o !
W .
% | j 21
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Table IIla. (Cont'd) Statement: To Evaluate Partial Derivatives For

Non-Linear Lewast Squares Program

N12-1.040Q5/Q3) 442
A1321.7+(Q6/Q3) w2

W14=05/7Q4 .

QL5=06/Q4
ri=r2+Q11#(Q38=Q7)/2,0
T2=Q10%QLI»(Q6/0Q13+05/¢12}/2.0

 pleO¥(HT/QL-HT/C2+T14T2)

Tix(F/Q3¢CoubuFa/ Qe ) %(Q7-+28)
F43(S/Q3+C28H¥Q14)/G312
TY=(S/Q3+C2%H%Q1%)/Q13

023Q6%(B/QLeD/Q2+7I¢QLO¥FN(T4=T5))

TAsALNGIQR2/QL) /¢
T7=024F(C1MG/ (7, 0%Q4)+1,0/(23%C3))*(QE~Q7)
T4=(R/Q3~C1%6#Q14/2,0)/012

T9: (Us/Q3=-CLeGH0i15/2,0)/QL3

PI=9R(C/QL=E/Q2+4TOSTT+QLOF(TR=TS))

XT=29% (ALOG(RA1/Q2)+C2*F /3% (237-0Q8) )
RETURN

THe DISCRIMINANT Q 1§ EQUAL TO ZERD

QIsSQRT(CLIeMT)
Qle3+SQRT(CISRHNT I wyS

12503+ SQART(CIRRMNT ) #yR

Yo HRSART(MT/CL)

352 JH5&SQRT(RHOT/CI) VS

Naet S 4SQRTLRNOT/CI)HVR '
Qe JraT/C3

Pre7ve%(2,0/Q1=2:0/Q24Q3/0c*#2-Q3/Q1%%2)

NAaC7¥SQRY(MWT/C3)
N9=7.24Q8/2
@Wi0 QL-Q32
Q11:Q2-Q3
Glz=Qv+0N10
113-Q9+Q11

PyaRT7T#QAN(2,0/Q12-2.,0/Q13+Q9%(1,0/Q13%%2-1,0/QL20827})
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Table Illa. (Cont'd) Statements To Evaluate Partial Derivatives For

Non-Linear Least Squares Program

TLaUu3/Q1=Q6/02
T2a06/Q2%83w5/( 1482

P3=Q7H(Q3/Q1~03/02~ALGG(O1/Q2)/CA+T1+Q3%T2)

XT«07%(AL0G(Q1/02)+Q3/Q1+Q3/42)
RETURN ,
THE TISCRIMINANT Q 1S LESS THAN ZERD

N TeSQRT («Q0)

Qls 1 *HY+C28B4C3u0

Qe 1*rT+C2%DaC IuwE

033, UL SRRIC2NSun
NWGEO3I+ L. 0%Q7
WOR, QW0 IRYC20G4Q7
N6sNE=2,0%07

W 2%5/Q7

WI=T/C3

DLO=ALDGCQAINQAS/ (Q4%Q6))
NLL=CARG/{2,0%Q7)
QLe:C2onm/07
GL32C 1 %G/¢02,0%Q7)
MMer3n3QLl0/ («Q0)+Q11/03+Q11/Q4~Q11/Q5=Q11/Q6

PLeJOR(HT/QL-HT/02+QB%TY)

Tewl/QIeCReH/ (Q7%N3)
T4u(S-Q12)/Q3+(5+Q12)/Q%=(5+Q12)/Q4~{5=Q12)/Qb

PReQRELB/QL=D/Q2+T2%Q10+Q8%T2)
ThaNRYQLUR(L,0/C8+C 10/ (2,0%AB5(Q0)))

Faa (R+QID)/Q34(U=QLAY/Q5

Thn (R~Q11)/Q4+(UU+QL3)Y /06
P32Q98(C/QL~E/Q2=ALNGIQYI/Q2)/C3-T4+QB%(TE=TS))
XVa094{AL0G(01/Q2)+Q8%*Q1 )

RETURHN
EMD
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S
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Table IIIb., Non-Linear Least Squares Fit to Thor Data

Target Number of
Material Initial General Convergent ¢ T Datum Sets
Magnesium Cl 0.40 0.70 1.96 1.72 1.1 22
c, 0.90 0.23 -1.17 1.84 -0.6
C; 0.50 0.50 0.83 0.42 2.0 .
ERMS  0.72 0.60 0.58 - -
Aluninum C, 0.39 0.70 0.62 0.27 2.2 83 .
c, 0.68 0.23 0.41 0.52 0.8
Cy; 0.41 0.50 0.40 0.21 1.9
ERMS  0.16 0.15 0.15 - .
Titaniwm = C, 0.40 0.70 4.06 2.92 1.4 18
C, 0.80 0.23 -3.10 3.04  -1.0
C, 0.50 0.50 1.38 0.74 1.8
ERMS  0.12 0.17 0.11 - -
Cast Iron  C,  0.70 0.70 0.37 0.39 0.9 19
c, 0.23 0.23 0.13 0.58 0.2
C, 0.50 0.50 0.53 0.18 0.3
ERMS  0.18 0.18 0.09 - -
P ~ Steel (RHA) C, 0.40  0.70 0.55  0.93 0.6 17
" C, 0.40 0.23 0.31 1.32 0.2
C, 0.30 0.50 0.34 0.44 0.8
ERMS  0.07 0.12 0.06 - -
Steel (FHA) C; 0.00  0.70 -3.4x10°% 0.22 - .002 24
c, 0.20 0.23 1.18 0.30 3.9
- C, 0.50 0.50 0.33  0.10 3.4
Sy ERMS  0.47 0.14 0.08 - - )
L Copper c, 0.0  0.70 0.48  0.98 0.5 27
L c, 150  0.23 0.20  0.68 0.3 )
i C, 0.50 0.50 0.61 0.09 6.7
i ERMS  0.16 0.18 0.09 - -
4 24
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3 Table IIIb. [Cont'd) Non-Linear Least Squares Fit to Thor Data
; Target Number of
Material Initial General Convergent o T Datum Sets
Lead C1 -1.00 0.70 -7.70 1.84 -4.2 26
C2 1.00 = 0.23 6.22 1,23 5.1
. C3 0.50 0.50 0.19 0.11 1.8
ERMS 0.36 0.34 0.30 - -
Tuballoy C1 -0.50 0.70 -0.34 0.59 -0.6 20
C2 1.00 0.23 2.08 0.81 2.6
C3 0.25 0.50 0.30 0.22 1.4
ERMS 0.44 0.12 0.11 - -
Combined - C1 0.40 0.70 0.70 0.12 5.7 257
Data c, 0.9 0.23 0.23  0.13 1.8
C3 0.50 0.50 0.50 0.03 18.6
ERMS 0.29 0.23 0.23 - -
;
z
o
oo
b
3
¢
&
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B

Target
Magnesium

Aluminum
Titanium
Cast Iron

Steel (RHA)

Steel (FHA) -3.4x10"

Copper
Lead

Tuballoy

Table II1lc.

Summary of Convergent Values For

Combined Data 0.70

NI MY T R
Y. ORI WL et DR R

C;» C, and C,
€ % €, %3 Cs 3 Nr. ERbe.
1.9 1.73  -1.17 1.84  0.83 0.42 22 0.58
0.62 0.27  0.41 0.52 0.40 0.21 83 0.15
4.06 2,92 -3.10 3.04 1.33 0.74 18 0.11
0.37 0,39  0.13 0.58 0.53 0.18 19 0.09
0.53  0.93  0.31 1.32 0.34 0.44 17 0.12
4 0,22 1.8 0.3 0.33 0.10 24 0.08
0.48 0.98  0.20 0.68 0.61 0.09 27 0.09
-7.70  1.84  6.22 1.23 0.19 0.1 26 0.30
-0,34  0.59 2,08 0.81 0.30 0.22 20 0.13
0.12  0.23 0.13  0.50 0.03 257 0.23

26
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These 20 datum sets are tabulated in Table IV.

Two things should be noted concerning the values of Table IIIb.
First, the values for the constants can vary considerably with little
change in the root-mean square error. Secondly, the sigmas for the con-
stants are large relative to the value of the constants for the individ-
ual target materials. This becomes more apparent in the summary Table
IIlc. Therefore, the constants evaluated with the combined set of data
seem to be relatively good estimates for a general set of constants.
These values are: C1 = 0.70, C = 0.23 and C3 = 0.50. (The values for
Fuchs' original equation are 1.0, 1.414, and 0.50 when the shape factor
is unity. However, Fuchs' equation corresponds to Equation 9a rather
than 8a).

Substitution of the general set of constants into Equation 8a yields:

0.7 H,_ + 0.23 i 5_ V_ + 0.5 o, vz

m
. K’R‘ Ln
Pe 0.7 H, + 0.23 /H e Py Vo + 0.5 Py Vi

x .
n

2

-1 P V + 0.23 Vﬁ
+ 0.396 | tan (16)
1.16 YH_p
t 't

oy fe, V. +0.23 VH o |

- tanil (’t S t "t i f

1.16 Vﬁt Py P

The penetration time equation becomes: f'ﬂ

| A
Py
2 m 1Py Ve + 023 H oy .
T = E. tan i
X 1.16 A VH_ o, 1.16 /H o %
t 't 2
(17) 3

ﬂ o fe, V. +0.23 A p
b —tanl(tr tt) .
1.16 Vﬁt Py

: Equation 8a along with the values for the constants Cy5> G5 and C
: or in the form of Equation 16 will be referred to as the Z/F equation.
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Tabie 1V.
Fit to Ther Data
Target Datum
Material  Set Nr. Ht xt Mp
(kg/mm?) (em) — _{gms)
Magnesiuin zl 72.0 2.540 15.56
Aluminum 78 120.0 2.540 15.56
Titanium 1 190.0 0,127 1.95
10 190.0 0.31i8 3.89
Steel (FHA) 2 400.0  0.345 1,95
4 409.0 0.345 1.95
9 400.0 0.635 3.89
14 400,0 1.270 3.89
Copper 18 42.0 0.318 7.78
Lead 1 5.5 0.318 1.95
2 5.5 0.318 1.95
4 5.5 0.348 1,95
6 5.5 0,348 1.95
11 5.5 0.698 3.89
14 5.5 0,318 7.78
25 5.5 0.635 15,56
32 5.5 2.54 15.56
Tuballoy 8 240.0 0.254 3.89
15 240.0 0.508 7.78
22 240,0 0,508 30.16

Total number is 20 sets.
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D
P
(cm)

1.49
1.49

0.76
1.01

8.76
9.78
0.76
0.76

Data Eliminated From Non-Linear Least Squares

vs vr

m/s m/s

1417.0 537.7
975.4 0.0
567.8 521.2
620.3 500.8
748.3 0.0
1081.7 .0
1066,8 0.0
1791.0 0.0
745.5 501.7
2401.2 1066.8
2435,9 9i4.4
957.7 457.2
1721.5 762.0
757.7 §33.4
1810.5 1101.8
2604.8 1005.8
1263.7 762.0
1471.6 823.0
1699.9 1219.2
2171.4 640.1
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v VI. COMPUTING RESIDUAL VELOCITY

An iterative procedure must bte adopted to sclve Equation 16 for re-
sidual velocity. One procedure is to determine the force acting over con-
secutive Ax incremernits and compute the corresponding speed reduction.

Froin Equation 5,

dv = - Fdx/(mv) = - (K + K+ Kv2) dx/(m v).
The algorithm displayed in Figure 1 outlines the procedure.

This model was chosen for computiag the residual velocity because
it allows flexibility in defining the force equation. There is no need
to check the value of the discriminant g (q = 4KKg - Kz) since iv does
not appear explicitly in this approach. Admitteély, this model is an
approximation to thc inteprated equation but little errcr is involved
because of the imposed criterion of

AVS - AVY
172 BV + &V

< §.001. (18)

One problem that has been encountered occurs when the residual
velocity approaches zero. The required Ax increment to cause the quan-
tity of Equation 18 tu he less than 0.001 becomes progressively smaller.
Hence, @ lower limiting value must be imposed on Ax or on the residual
velocity in order to terminate thie loop cyclo. A tabulation of th2
computer program deck is given in Appendix C along with sample output.

An alternative methol is to use Eguation 16 by progressively in-
creasing or decreasing the iesidual velocity value until the computed
plate thicknass yields the correct plate thickness to some degrve of
accuracy. A tabulation of such a program is included in Appendix C
along with sample outlpiti of the progranm.

Also in Appendix C are tabulacions of programs to find the plate
thickness uring Equation 82 and the Thor equation, and a program tor
finding residual velccity using the Thor aquation. Sample output is
included for each program.

VIft. VALIDATING TEE MODEL

One method for demunstrating the accuracy of a proposed model is to
plot the predicted residual velocity or the predicted plate thickness
against the experimental value. A perfect prediction will lie on the
diagonal line. Plots are presented in Appendix B comparing the Thor
equation with the Z/¥ equation for recidual velocity and for plate
thickness. The Thor data tzbulatesd in Appendix A is used for making

29
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Compute the force F1 acting at depth 3 based on velocity vy

+ K vz

F. = Kl + szl 3y

1

Compute the decrease in velocity Av' based on F (F dx = mv dv):

1;
' =

Av Fy Ax/mp vy

Compute the force F, acting at depth x, based cn the computed

velocity at Xg) viz., v, ® vy - Av':

. 2
F2 & Kl + K2v2 + K3v2 .

Compute the decrease in velocity Av' based on Pz:

11"t
Av't = Fzﬁx/mp v,

Test for |(Av' - Av")/%-(Av' + Av")| < 0.001.

(a) Test condition satisfied, (b) Fails test.

Set: Ve =Vt (av' + Av'")/2, Set: Ax = Ax/2

F = (F1 - Fz)fz, Returr to step 2.

X = X, ¥+ AXx,

1

and repeat procedure until
x = taiget plate thickness,

Figure 1. Ontline of Procedure t¢ Find Residual Velecity
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these comparisons. A study of the plots will show visually the accuracy
and the similarity hetween the two modeis.

TN

The Thor equation plots do not necessarily look like a least sqgares
fit to the data because the exponents were obtained from a least squares
‘ fit to all the data for ea:h target material reported in Reference 2.

L| These data includ® obliquc angle turgets. What is plotted on the graphs
of Appendix B js the data (tabulated in Appendix A) which involves
normal impact ornly.

2 P ETRLAG s Ee T

-

The cimilarity in the predictions made by the two equations and the
poor showing for some of the data for each target material is likely due
to inaccuracies in the data, The striking velocity and the residual
velecity can be in ervor because ctf difficulties with the recording
instrumentaticn. In some cases, the residual velocity was estimated

‘ from the depth of penetration into Celotex or similar material. Even in
those cases where the residual velocity was determined from velocity
screerns and a chronograph, there can be doubt as to whether the same
particle triggered both screens.

T T T, N AT R

e T

e
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A second parameter which is possibly inaccurate is the cross-
sectional ares of the projectile on impact. The yaw angle was not re-
ported, resulting in uncertainty concerning the orientation of the pro-
jectile, Table V lists the values for the cylindrical rod cross-
sectional esreas as a fuaction of yaw angle. For example, the cross-

3 sectional area for tne 1.95 gram cylinder at 0° yaw is 0.452 cm”. 7he
%- maxirum area occurs at about 40° yaw and is 0.611 cmé, it Y0° yaw R

, (sideways impact) the cross-sectional area is thn mirimum - 0.411 cm®.

) The uncertainty in the area can represent sa wuch &% & 2b percent error
: since the value which was used in hutii the Thux equation and the Z/7

S equation is the value at 0° yaw.

oot

As indicated in Section .Y, the cross-sectional area was assumed
to be constant when perterming the integration. In reality, the pro-
. jectile deforms and increases in cross-sectional area as it penetrates
Q;¥' through the target plate. However, in using the non-linear least squares
N IR program to¢ evaluave the three constants, the effect of the increase in
N projectile cross-sectional area was statistically taken into account.
ol In other words, the particular values of the constants which were
§ o : selected rerresent an average effect of the projectile penetrating the
' target plate.

s e

The third parameter which is questionable is the target Brinell
hardness. The values which were used are the nominal values reported in
handbooks except an average value was used for cast iron and for the
tuce-hardened steel Experience has shown that the actual Brinell
hardness for a particular plate can vury bv at least 20% from the hand-
book value and seems to be a function of plate thickness, at least in
the case uf 2024T-3 aluminum and roiled homogeneous steel.
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Table V. C(Cross-sectional Areas By Yaw Angel For Cylinder Rods
Mass (gms) = 0.973 1.946 3.891 7.782 15.564 36.250
Radius (cms) = 0.296 0.380 0.506 9,633 0.746 0.872
Length (cms) = 0,457 0.541 0.617 0.795 1.143 1.661
i Yaw Angle (degs.) Areas (cmz)
, 0 0.275 0.452 0.804 1.259 1.748 2.389
5 0.298 0.487 0.85%6 1,342 1.890 2.632
10 0.318 0.517 0.901 1.414 2.018 2.856
15 0.336 0.543 0.939 1.476 2.130 3.057
20 0.351 0,566 0.969 1,527 2,226 3.236
25 0.364 0.584 0.993 1.566 2.305 3,389
30 0.374 0.597 1.009 1.593 2.367 3.517
35 0.381 0.606 1.017 1.608 2.410 3.618
40 0.385 0.611 1.018 1.611 2.435 3.692
45 0.386 0.610 1.010 1.608 2.442 3.737
50 0.384 0.605 0.995 1.580 2.430 3.755
55 0.379 0.596 0.973 1,546 2.400 35.743
60 0.372 0.582 0.943 1.501 2.351 3.703
65 0.362 0.563 0.906 1.444 2.284 3.635
70 0.348 0.541 0.862 1.376 2.200 3.539
- 75 0.333 0.544 0.811 1.298 2,100 3.416
;: 80 0.314 0.483 0.755 1.210 1.983 3.267
4: 85 0.294 0.448 0.692 1.112 1,851 3.094
5 90 0.271  0.411  0.624  1.006 1,705  2.897
Maximum Error = +29% +26% +21% +22% +28% +36%
- 1% -10%  -20%  -25% - 3% - O%
: : Area = I’ Cos o + 2rL Sin o
. ' where: 1 - radius (cms),
oo L L - length (cms), N
‘ o and o - yaw angle (degrees). a
|
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Mathematical comparisons of the two equations are tabulated in
Tables VIa, b, ¢ and d. The definitions for the column headings are the
following:

RN SR T R MR SR T
s

Number: number (n) of datum sets for the target material,

Mean: ‘the arithmetic average X = IX,/n,

—

. Variance: (Z(X}) - n(®%)/(n - 1),

Standard Deviation: = vVariance,

D : the deviant (the difference between the predicted value and
the experimental value),

R. E.: the relative error (the deviant divided by the experimental
value),

and £ : denotes summation.

Tables VIa and VIb are for plate thickness, and Tables VIc and VId are
for residual velocity; the deviants and relative errors are presented
respectively for both sets of tables. For some target materials, the

. Thor equation renders less error overall in its predicted values than the
3 Z/F equation. For other target materials, the Z/F equation is better
than the Thor equation. In all cases, the two equations do not yield
grossly different results from each other,

T TR S TR T L S B

3 The advantage of the Z/F equation is that it is more general in its

' application than the Thor equation. The Z/F equation may be used with

g some confidence for any case where the values of the parameters (target

O B obliquity and Brinell hardness; projectile mass, cross-sectional area at

. | impact, and striking velocity; and either plate thickness or projectile

3 e residual velocity) are known. By contrast, the Thor equation is limited

T A to those projectile/target materials for which sufficient experimental

: " data exists to evaluate the necessary empirical exponential constants.
It is also limited to the range of values for each parameter for which
data exists. As has been shown in Table II, the empirical constants

: vary from one target material to the next. The Thor equation is an

! expression involving parameters thought to be significant in the

i projectile-target interaction. On the other hand, the Z/F equation is

f based on an expression for the resistive force experienced by a pro-

' jectile while penetrating a target. The three constants which appear

in the equation were determined by fitting the depth-of-penetration

equation to experimental data using a non-linear least squares procedure.

While these constants have been evaluated empirically, the same values

are used for all the target materials. As a result, one feels more

confident in applying the Z/F equation to projectile/target materials in

general,
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Table VIa. Comparison of The Mean, Variance, Standard
Deviation, Sum and Sum of Squares of The Plate
Thickness Deviants

e BTl D

A T, T S R e R R T

Targei Standard 2
Material "Number Mean Variance Deviation _ ZD D
Magnesium 23 0.129 0.753 0.868 2.966 16.952 Thor

23 0.021 0.517 0.719 0.474 11.378 Z/F

Alminum 84 -0.085 0.024 0.155  -7.127 2.606 Thor
84 -0.066 0.016 6.129  -5.533 1.737 Z/F

.120 0.604 0.292 Thor

i Titanium 20 0.030 0.014
: .155  0.665  0.480 Z/F

20 0.033 0.024

[ N =)

Cast Iron 19 0.015 0.010 0.102 0.284 0.190 Thor
» 19 -0.144 0.006 0.077 -2.738 0.501 Z/F

ST I T R

Steel (RHA) 17 -0.094 0.002 0.048 -1.598 0.187 Thor
17 -0.085 0.005 0.070 -1.442 0.201 Z/F

R R

Steel (FHA) 29 0.012 0.015 0.124 0.363 0.436 Thor
29  -0.090 0.014 0.119 -2.598 0.630 Z/F

SRS s

(oo

Copper 28 0.022 0.011 0.107  0.627  0.324 ‘Thor
§ 28 0.118 0.013  0.116  3.314  0.754 2/F
] Lead 34 0,180  0.337  0.581  6.127 12.232 ‘Thor
; 34 -0.061 0.209  0.457 -2.085  7.034 Z/F
2 Tuballoy 23 0.010 0.049 0.222  0.237  1.084 Thor ;
o 23 0.029  0.042 0.205  0.673  0.941 2/F ]
Combined 277 0.009  0.124  0.352  2.483 34.303 Thor 1
Data 277  -0.033  0.085  0.291 -9.270 23.656 Z/F :
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Table Vib. Comparison of The Mean, Variance, Standard
Deviation, Swa and Sum of Squares of The Plate
Thickness Relative Error
; Target . Standard 2
i Material Number Mean Variance Deviation I R.E. I (R.E.)"
i ’ Magnesium 23 0.001  0.107 0.327 0.014 2.349  Thor
23 0.003 0.115 0.339 0.061 2.531 Z/F
Aluminum 84 -0.135 0.035 0.188 -11.323 4.470 Thoz
84 -0.113 0.026 0.160 -9.473 3,185 Z/F
Titanium 20 0.024 0.072 0.268 0.473 -0,530 Thor
20 -0.027 0.086 0.293 -0.53C 1.650 Z/E
Cast Iron - 19 0.020 0.013 0.115 0.371 0.244 Thor
19 -0.215 0.017 0.131 -4.090 1.189 Z/F
Steel (RHA) 17 -0.353 0.041 0.202 -5.996 2,770 Thor
17 -0.238 0.023 0.150 -4.053 1.327 Z/F
Steel (FHA) 29 0.024 0.048 0.220 0.684 1.366 Thor
29 ~0,083 0.019 0.138 -2.416 0.738 Z/F
Copper 28 0.017 0.033 0.182 0.483 0.900 Thor
28 0.208 0.029 0.170 5.836 2.000 Z/B
Lead 34 0.307 0.599 0.774 10.428 22.964 Thor
34 0.100 0.218 0.467 3.393 7.549 Z/F
A Tuballoy 23 0.034 0.217 0.466 0.790 4,798 Thor
TR 23 0.074  0.186 0.431 1.693 4,212 Z/F
: Combined 277 -0.015 0.149 0.386 -4.076 41.232 Thor
[ Data 277 -0.034 0.087 0.295 -9.579 24,381 Z/F
i
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: Table VIc. Comparison of The Mean, Variance, Stundard

Deviation, Sum and Sum of Squares of The
Residual Velocity Deviants
Target A Standard 2

! Material Number Mean Variance Deviation __ID D
|
' Magnesium 23 34.4 73596.7 271.3 790.8 1646313.1 Thor

23 14.6 38264.1 195.¢6 335.9 846745.9 Z/F

Aluminum 84 -51.9 4577.3 67.7 -4361.4 606365.9 Thor
84 -39.1 5763.3 75.9  -3286.9 606962.7 Z/F

Titanium 20 42.8 20346.8 142.6 855.53 423167.2 Thor
20 33.3 23154.6 152.2 665.7 462092.6 Z/F

Cast Iron . 19 -0.4 8712.5 93.3 -7.3 156828.0 Thor
19 -149.8 11266.8 106.1 -2846.8 629338,2 Z/F

Steel (RHA) 17 -119.9 4466.9 66.8 -2039.1 316062.1 Thor
17 -100.1 5978.1 77.35  -1701.5 265952.4 1Z/F

Steel (FHA) 29 -0.7 17081.4 130.7 -19.5 478292.9 Thor
29 -94.3  37147.3 192,7 -2734.9 1298040.9 Z/F

Copper 28 18.2  12024.6  109.7 510.7  333979.7 Thor :
28 89.2 14203.1  119.2  2497.2  606139.8 Z/F
Lead 34 82.7 60913.1  246.8  2813.4  2224937.2 Thor
34 34,8  66762.6  258.4  1184,0 2244396.9 /¥
f Tuballoy 23 -23.6 59978.1  244.9  -543,3 1332350.9 Thor
! 23 12.7 72507.2  269.3 291.8 1598861.4 Z/F
j Combined 277 -7.2  27187.9  164.9 -2000.4 7518297.0 Thor
| Data 277  -20.2 30600.0  174.9 -5594.5 8558583.8 Z/F A
: i
8 | .
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Table VId.
Deviation, Sum and Sum of Squares of The

TR

Comparison of The Mean, Variance, Standard

Residual Velocity Relative Exror

Target Standard 2
Material Number Mean Variance Deviation £ R, E. I (R. E.)
Magnesium 23 0.043 0.383 0.619 1.111 8.482 Thor
23 0.062 0.259 0.508 1.431 5.778 Z/F

Aluminum 83* -0.113 0.043 0.207 ~9.370 4,577 Thor
83* -0.085 0.073 0.270 -7.062 6.596 Z/F

Titanium 20 0.063 0.066 0.258 1.261 1.341 Thor
20 0.059 0.103 0.321 1,173 2.032 Z/F

Cast lron 19 -0.003 0.044 0.210 ~N.048 0.795 Thor
- 19 -0.352 0.041 0.376 -6.688 4,901 Z/F

Steel (RHA) 17 -0.189 0.015 0.121 -3.214 0,844 Thor
17 -0.139 0.011 0.103 -2.366 0.500 Z/¥

Steel (FHA) 26*% -0.049 0.022 0.149 -1,286 0.615 Thor
28% -0.237 0.139 0.373 -6.641 5.239 Z/F

Copper 28 0.025 0.021 0.144 0.696 0.576 Thor
28 0.171 0.031 0.175 4,789 1.646 Z/F

Lead 34 0.166 0.150 0.387 5.664 5.880 Thor
34 -0.001 0,126 0.35% -0.023 4,156 Z/F

Tuballoy 23 0.023 0.100 0.316 0.530 2,215 Thor
23 0.025 0.173 0.416 0.578 3.286 Z/F

Conibined 273% -0.017 0.093 0.305 -4,657 25,325 Thor
Data 275* 0,054 0.124 0.352 -14,809 34,764 Z/F

w
Does not include data where the residual velocity was zero unless the
predicted residual velccity was also zero.
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VIII. ANALYZING THE PENETRATION PROCESS

Altkough the force Equation 3 may not represent reality, it does
) involve relevant physicai parameters. When applied to Newton's equation
of mection, the resulting integrated equation doess a fair job of predict-
‘ ing piate thickness (ar residual velocity as the case may be) over a
wide range of target materials, It would be fair to say that the force
equation represents an average effect of the resistance to penetration
encountered by a projectile. Therefore, it should be possible to learn
something about the penetration process.

The squations of Section IIT can be reduced to the following form:

xtA

ﬁ;_= f(pt, Ht’ Vs, Vr) .

. The parameters associated with the projectile (the cross-sectional area,
A, and the projectile mass M,) appear on one side of the equation along
with the target plate thickness X,. This allows generalized curves to
be drawn, plotting the values for xtA/Mg as a function of velocity for
particular values of target plate hardness Hy and target density CHe

‘ A family of curves is shown in Figure 2a. The target plate hardness
is held constant at BHN 100. Each curve represents a different target
plate density. Along the abscissa (the x-axis) is the parameter KtA/Mp
and along the ordinant (the y-axis) is the projectile velocity. The
plot can be used in two ways.

First, an estimate of the residual velocity for a given striking
velocity can be made by finding the point on the¢ curve corresponding to
the striking velocity, then following the curve for a distance in the x
direction corresponding to the computed value for X A/M, and then read-
ing the residual velocity off of the y-axis. For example:

Given: Xt w 1,5 cm.

Hy

BHN 100 = 9.8 x 10° dynes/cm®

u

A=2,5 cm2
VS = 2500 m/s = 250000 cm/sec
Py = 2.77 g/cc (aluminum)
M = 2.2 granms.
P 5)(2.5 )
Find the residual velecity where XtA/Mp = 4. 5 2' = 1,70 by

o referring to Figure 3a.
Proceeding over 1.70 units in the x-direction along the curve for
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aluminum (BHN 100) beginning at the point for 2500 m/s yields a value

for velocity which is less than zero. That is, the projectiie would not
be able to penetrate 1.5 cm. Changing X, to 0.5 cm yields a new value of
0.568. Using this value results in an approximate iusiduai velocity of
Vp = 780 m/s.

The second way these curves can be utilized is to estamate the limit
velocity, i.e., the striking velocity required for the projectile to
travel completely through the target with zero residual velocity. For
the second case in the example above, where X.A/M, = 0.568, the limit
velocity is found by going to the left 0.568 units along the x-axis from
where the curve for aluminum meets the axis and finding the corresponding
x-point on the curve and then reading the velocity value on the y-axis.
In this example, the limit velocity ig approximately 1630 m/s. Greater
precision (mathematicallyv) can be obtained by substituting the appro-
priate values into Equation 16.

It should be noted in Figure 2a, Figure 2b (which is similar to 2a
except the hardness is held constant at BHN 200) and in Figures 3a, b
and ¢ that the slope of each curve becomes more negative as the velocity
decreases and changes dramatically as the velocity approaches zero. The
latter is caused by the static component of the force equation dominat-
ing the other two terms. This explains why it is not possible to
linearly extrapolate limit velocities from residual velocity data,

It should also be noted that the variation of penetration with
respect to tdrget plate density is non-linear. There is greater varia-
tion for a change ir less dense materials than a corresponding change
in the more dense materials. For example, a velocity change from 2500
m/s to 2000 m/s yields the following:

Density XtA/Mp thtA/Mp
1 g/cc 0.300 0.300
2 g/cc 0.175 0.350
4 g/cc 0.095 0.380
8 g/cc 0.052 0.416.

If the variation were linear, the values in the third column would be
idantical. A non-linear effect can also be seen in Figures 3a, b and c
with respect to target plate hardness for a given plate density. Hence,
the homugeneity of the target with respect to hardness and density
determines to a great extent the replicability of a given set of
experimental conditions.

The single most important geometric variable of the projectile
parameters is the projected cross-sectional area of the projectile at
impact. The yaw angle is difficult to control and to determine with
the excepticn of spheres and spin stabilized projectiles. Any change

44
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in the yaw angle results in a new cross-sectional area since it is the
projected area of the projectile onto the surface of the target plate
that is required.

When consideriiig the ability of the projectile, as a whole, to
penetrate a target, the lmportant parameter is the ratio of the pro-
jectile mass to its area. Shaped charges are capable of deep penetra-
tions because they have a large mass per unit area ratio.

IR T DL
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IX. SUMMARY AND FUTURE AREAS OF INVESTIGATION

v
s

An analytic model of kinetic energy round penetration has been i
presented. This model compares favorably with the Thor equation in !
g8 predicting residual velocity for a projectile-target interaction. It is :
/ more general in its application than the Thor equation and can be used %)
to study the penetration process.

iy An extension will be made to include oblique attack angles. A
preliminary approach will be to adopt the same method as the Thor
approach, i.e,, multiplying by the secant of the angle raised to some
power (sec o) f, Something more compiex may be required to adequately ,
i predict the effect of oblique angles. .

3 Arother area of investigation is predicting projectile breakup and
predicting residual masses. This information can then be used to pre-
dict penetration of a secondary target plate.

S i
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APPENDIX A

PROJECTILE-TARGET PENETRATION DATA

All values reported in Reference 2 appearing in this appendix have
been converted from the British system of units to the metric system
with the exception of the Brinell hardness numbers which were already in
the metric system.
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APPENDIX B
GRAPHIC COMPARISON OF THE THOR AND Z/F EQUATIONS
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APPENDIX C

COMPUTER PROGRAM TABULATIONS AND SAMPLE OUTPUTS
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2/F FORCE PENETRATION MODEL ;

6

GLOSSARY ;

T IDENTIFIES REQUIRED INPUT DATA 9

* IDENTIFIES INPUT DATA WHICH 15 NOT REQUIRED i?

12

13

A = FIRSY TERM OF THE FORCE EQUATION (K1) , 14

AA = STATIC FORCE COMPONENT (DYNES) 15

Y ) ANG = IMPACT ANGLE (DEGREES) 16

AMF - COMSTANT BASED ON LEAST SQUARE FIT TO DATA 17

B - COEFFICIENT OF SECOND TERM OF THE FORCE EQUATION (K2) 18

AMF - CONSTANT BASED ON LEAST SQUARE FIT TO DATA 19

¢ - COEFFICIENT OF THIRD TERM OF THE FORCE EQUATION (X3) 20

CMF - CAONSTANT BASED ON LEAST SQUARE FIT TO DATA 21

NELT - DELTA TIMF INCREMENT 22

NELTAV = DELTA SPEED DECREMENT 23

DELV - COMPUYED DROP IN SPEED BASED ON VR1 AND F} 24

LELVP - COMPUTED DROP IN SPEED BASED ON VRZ2 AND F2 29

LELX = X INCREMENTAL VALUE 26

DEVANY = THE COMPUTED RESIDUAL VELDCITY MINUS THE EXPERIMENTAL 27

RESIDUAL VELOCITY ( THE DEVIANT ) 28

-1 = FORCE ACTING AT START OF X INCREMENT 29

‘2 - FORCE ACTING AT END DF X INCREMENY 30

VORCE - TOTAL EORCE 3l

PVl - COMPONENT OF FORCE PROUPDRTIONAL TO SPEED 32

kV2 - COAMPONENT OF FORCE PROPLIRTIUNAL TD SPEED SQUARED 33

*  D1A - HOLE DIAMETER (CM) 34

TCNT ~ INDEX COUNTER 35

* IR - SHOT IDEN/IFICATION NUMBER 36

PCA ~ PROJECTILE CROSS~SECTYIDNAL AREA (5Q €M) 37

Y PC1A ~ PROJECYILE DIAMETER (CM) 38

k¥ VVLSS ~ PROJECTILE MASS (GRAMS) 39

PRESUR = STATIC PRESSURE ACTING UN PROJECTILE (MEGA=PASCALS) 40

RAT U ~ THE COMPUTED RELATIVE ERROR 41

¥ RM.SS « PRIMARY RESIDUAL FRAGMENT MASS (GRAMS) 42

SUMET - TOTAL {MPULSE TO DEPTH X (DYNE~SECS) 43

dkk  TBRN - TARGET PLATE BRINELL HARDMESS NUMBER (KG/MM%#2) 44

FEST - VALUE TO BE TESTED 45

kg THICK = YARGET PLATE THICKNESS (CM) 46
85
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TIME - PENETRATION TIME (MICRU SECONDS)
TRHO - TARGET PLATE DENSITY (G/CC)

VR - RESIDUAL SPEED (CM/SEC)

VR ~ RESIDUAL SPEED AT STARY DOF X INCREMENY
VR2 -~ RESIDUAL SPEED AT END QF X INCREMENT
VRE - EXPEPIMENTAL RESIDUAL SPEGD (M/S)
VRP -~ RESIDUAL SPEED (M/S)

VS = STRIKING SPEED (CM/S)

VsP = STRIKING SPEED (M/S)

X - CEPTH OF PENETRATION (CM)

XPRTY ~ DETERMINES WHEN TO PRINT QUIPYT
XPRTI -

THE PRINT INCREMENTAL VALUE

DATA P1/3.1415%926%4/
AMF=0,70

BMF0,23

CMF=0,50

WRITE(6260)

FORMAT(1H1/1H0,20X2 40HSAMPLE OUTPUY FUR Z/F FORCE PENETRATION ,

35H MDDEL PREDICTING RESINUAL VELOCITY /)
CONTINUE
READ CARD WHICH TDENTIFIES TARGET MATERIAL
REA{L,98)TGTLsTGT2,TCET
WRITE(Os95)TGTL, T6T2,TGT3
FNRHAT(3A6)
TCHT=0
CONTINUE
A BLANK CARD SEPARATES TARGET MATER:AL GROUPS
ENND PUNGHED IN COLUMNS 1 TO 3 WILL TERMINATE THE PROGRAM

REAM (5, 110)NR, TRHOs TRHN, THICK» ANGs» PHASSs PDIA, VSP, VRE,RMASS,HD 1A

FZ]RMf(AbJFb.ZJFb.liFB.'hF.').L:FO'ZIF6-3'2F3.1)2F7.2)
IFCTRHNLLELQ.N)GOTD 900
COMVERT STRIKING SPEED TO CM/SEC
VS=VSP*®100.0 !
OMPUTE CRUSS~SECTIOMAL AREA
PLA=PI#(PDIA/Z 0 )M%2
COMPUTE Kl, K2 AND K3 ( = A,Bs()
229, 8F7*TBHN
RsSORT (ASTRHD) $BMF
(. = TRHU*CMF
n3ARAMF
AsiCA%A
VR=VS
DETERMINE PRINT FREQUENCY AND INITIAL DELTA X INCREMENT
XPRT11aTHICK/ 1040
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115

150 FORMAT(1HO9X, LHX)8X)2HVR2 LOXsIHF(VO) 2 LOXs SHF (V1) 10XsSKF(V2), 10X,

151

200

20

)

1

DELXsTHICK/10,0

IF(DELX +GT, 0,01) DELX®0,01
INITIALIZE VARIABLES
X#0,0 )

XPRTe0,0

TIME«O,0

SUMFT=0,0

TCNTwICNT+)

WRITE(62115) ICNT ,NR

FORMAT(1HO/1HO0»50X2 LAMDATUN SET NR.»13,10X,12HIDENTIFIER =)2XsA0/)

WRITE(62150)

SHFORCE, X, 4HTIME, 4X, 8HPRESSURE,SX» THIMPULSE )
WRITE(6,131)

FORMAT(LH »6Xs4H(CM)2BXsSHIM/S) 2 8Xs TH(DYNES) »8Xs TH(DYNES ) 28X,

THCDYNES) »8Xs THCDYNES ) s 4X, BH(MU=SEC) 26X, LEH(M DA) (DYNEB=SEC)}/)
«DMPUTE FORCE AND STATIC PRESSURE ACTING AT X=0 BASED ON VRavS$

FV1apCARB®YS
FV2cPCARCHYSHN2
FORCE=AAGFV]I+FV2
PRESURSFORCE/PCA%) +Ea?
WRITE(6,251)X,VSP,AA,FV1,FV2,FORCE, TIME,PRESURS SUMFT
CONT INUE
IF(X .GE. THICK) GOTO 300
TF(VR.LT.12,0)60T0 290
THE POLLOWING STATEMENT INSURES THAT THE PLATE THICKNESS

wiLL NOT BE EXCEEDED
[FUUX+DELX) «GT, THICK) DELX=nTHICK=X
IF{CELX JLEs 0.0) GOTO 200

COMPUTE FORCE ACTING AT X1 BASED ON V1
VR1=VR
FLYPCAB(A+BMYRI+CRVRL®H2) .
CUONTINUE

COMPUTE DELYA V' BASED ON F)
NFLYSELRDELX/ (PMASS®YR])
VR2sVR=DELY
IF{VR2,L7,0.0)00T0 290

COMPUTE FORCE F2 ACTING AT X2 BASED ON V2aVieDELV'
F2sPCoaw(L+RAMVR2+CRVR2¥%2)

“OMPUTE DELTA v't BASED QN P2
UELVP=F2%DELX/(PMASS®VR2)

MAKE TEST
TEST=(DELV=DELVP)/ ((DELV+DELVP)/2,0)
[F(\BS({TEST),.T.0,001)G60TD 250
TF{LELX LT, 1.E=5)GLTD 2%0

FAILS TEST = REOUCE DELX BY HALF (MINIMUM 1S 0.00001 CM,
AELX=DELX/ 2,0

87
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9%

99

9

9

98

99
100
10l
102
103
104
105
106
107
108
109
110
1l
112
113
llé
115
116
117
118
119
120
12l
122
123
126
125
126
127
128
129
130
131
132
133
134
132
136
137
136
139
140
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250
251

260

290

e

YO

GOTO 220

CONY INUE
FORMAT(1H ,F1043,F10,1,1P4E15.53,0PF12.3,2F12,1)
MEETS TEST -

DELTAV=(DELVDELVP) /240
COMPUTE VRsV1=-DELTA V
VRaVR~DELTAV
FIND THE AVERAGE FORCE ACTING OVER THE INTERVAL
FORCEz(F1¢F2)/2.0
UPDATE YME ODEPTH goF PENETRATION X
XsX+DELX
UPCATE THE PENETRATION TIME IN MICRO-SECUONDS
NELTwPMASS#DELTAV/FORCE*1.ES
TIME=TIME+DELT
UPDATE THE TDTAL IMPULSE EXPERIENCED BY THE PROJECTILE
SUMFTxSUMFT+FORCE®DELT #1.E~6
CHECK FOR PRINTING INFORMATION
[F(X,GE.XPRT)GOYD 260
GOTH 200
CUONTINUF
RESOLVE THE VARIARLE COMPONENTS OF THE FORCE
FV1=PCARB¥(VRDELTAV/2,0)
FV2=zPCASCR(VR+DELTAV/2,0)%%2
OMPUTE THE STATI(C PRESSURE
PRESURSFORCE/PCA%]+Em?
VRP=VR/100,0
WRITE(6s251)XsVRPLAA FYL,FV2,FORCELTIME, PRESURS SUMFY
XPRT=XPRT+XPRTI
LOMTINUE CYCLING UNTIL TARGET PLATE 1S COMPLETELY PENETRATED
UR UNTIL THE RESIpDUAL SPEED IS LESS THAN 10 CM/SEC.
6OTH 200
GONTINUE
JETAULT = SINCE THE RESIDUAL SPEED IS5 LESS THAN 10 CM/SEC
VR=0,0
PELTAV=0,Q
CONT INLE
(ONMPUTE AND PRINT FINAL VALUES
FV1aPCARB®(VR$DELTAY/2,n)
FV2=PCAMCH(VR4DELTAV/2,0)%%2
SUMFT=SUMFTY+FORCE#RDELT %1 .E~h
PRESURZFORCE/PCARLeRwT
VRP *VR/100,0
WRIIE(6s251)XsVRPIAA,FY),FV2,FORCE,) TIME,PRESURS SLUMFT
CONTINUE
UMPUTE AND PRINT THE DIFFERENCE BETWEEN THE PREDICTED VALUE
AND ;HE EXPERIMENTAL VALUE ¢ DEVIANT ERROR) AND THE RELAT{VE
+RRO

88

141
142
163
146
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
147
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
165
186
187



— =

-—

302

1

!

320

00

a0}

DEVANTuVRP=VRE

RAT1Ow1036.,0
IF(VRE (LE, 1,0) GUTO 302
RATIOwDEVANT /VRE
CONTINUE
WATTE(6,310) THICKs VRESDEVANT,RATIO
310 FORMAT(LHOSPRLO43,FL0,103Xs22H" EXPER IMENTAL VALU'S s 8%

17THSPEED DEVIANY XS 2FL10.122X0 2IHRELATIVE SPEED ERROR 19,F10,9)

PRINT THE INPUT VALUES
WRITE(6,318)
215 FORMAT(LHOLLOXs 4HTBHN,SXs SHTHICK S BX, SHPMASS , 7X, IMANG, TX, 3HVSP,
X 3HVRE) 5Xo SHRMASS, 6Xs 4HPDIAL X, AHHDI A, 6X» 4HTRHD )

WRYTE(6,320) TBHEN, THICK,PMASS, ANG) VSP 2 VRE)RMASS,PDTA, MDA, TRHD

FORMAT()H ,1OMINPUT 1§

LECHODCTICNTS2) o NELO)GOTD 100
WRITE(6,80)
WRITE(6,98ITLTL,TGT2,TGY)
GNTL 100
«NE. OHEND
WRITE(H,901)
FURMAT(1HO,20Xs 10HEND OF RUN )

1F (NR

STop
END
DATA

TAMTUM ALLODY

\ 0

e o * @ @ s =

4,48
Y
4,48
4,48
4.48
4,48
h.4l
44
4. 40
4edd
448
4,40
4o 48
4e4R
h.4AR
404l
440
4,48
44l
44l

190,0
190,90
190.0
190.0
150,0
140,09
190,0
190.0
190 ©
190.0
190,0
190,09
190.0
190,0
190,0
190,0
190.0
190,0
190,0
190,¢

.
~n
=

16aT0

90

1,99
1,93
1.93
1,99
1.95
1,98
1,93
3.89
3,89
3,89
2,
3,89
3.89
3.89
3,89
3,89
7.78
T.78
T.78
7.78

89

567,84
1464,82
880,26
1359,45
1491,08
1989,38
2371,68
794,88
1032,66
£20,27
773,20
1499,01
1508,7)
1526,13
24%5,16
25%1.,79
640,99
959,21
975,97
1484 ,38

521.21 1.88
1294.18 91
590,40 «10,00
1083.56 1,63
683.3¢6 1,73
112718 036
'elobl r10.00
672,69 3,83
957,60 1472
500,79 3.0
502,78 3,81
1251.81 2443
774.50 3,24
979.32 «10,00
1367.33 Y
116%,86 37
861,44 TeT2
874,78 Ta72
T85,47 T2
994,87 »10,00

sJF1041,2P1043,F10,1,2F10,103F10,32F10,2)
CONYINVE WITH NEXT CASE .

v AW S e L

186
149
190
191
192
193
194
193
196
197
198
199
200
201
202
203
204
263
206
207
208
209
210
211
21’



RHA

7.78
7.78
7.78
7.78
7.78
7.78
T.78
7.78
7.78
7,78
7,78
7.78
7.78
7.78
T.78
7.78
7.78

135,90
135,0
300,90
3058,.¢C
393,0
135,0
133,0
135,0
300,0
300.0
300,0
300,0
3100,0
300‘0
300,0
305,0
332,90

N4b
J152
318
638
132
046
.192
»318
.318
.318
<635
318
.3l8
.31
«638
H3S
1.270

1.95
1.99

1,95,

1.98
1.93
3,89
3.89
3,39
3.89
3,89
3,89
7.78
15,56
15.56
15,56
15,56
15,56

Yo

' 759

¢ 759

159

759

+T59
1,013
14013
14013
14013
1013
1.013
142067
1449]
1:49)
1249}
1.49}
10491

888,49
1211,58
1521,26
1394,46

609,90

302,006

393,50

882,62

879,658
1466,09
1466,09

909.52

916,53
1625,55
1432,56
15%6,00
1660,55

848.87
1014.98
1196.34

460,253

367.89

277.37

2%6.03

$42.54

503,69
1164,34

687,32

690.37

754,38
1179,.58
1037.84
1109.47

759.56

-10,09
~10,00
'10.00
-10.00
«10,00
«10,00
'10'00
‘10000
10,00
’10000
-xOoOO
'10.00
vi0,00
-10.00
‘10000
«10.,00
'10000
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PRUGRAM USING Z/F EQUATION TO PREDICT RESIDUAL VELOCITY

oLOSSARY OF VARIABLES

IDENTIFIES REQUIRED INPUT DATA
IDENTIFIES INPUT DATA WRICH IS5 NOI REQUIRED

B R
LELTAX
DELV
BSh
TR
VAR
EBAR
£sh
IVAR
HOTA
IcT
1CTH
IC1E
DN
1FLGM
IFLGP
IRFP
Dl A
PMASS
RATID

REL ERR
RMLSS
SUMD

Spnsae
SUMRE

I U T T U T N D N T N R N N D DN R N D BN NN A |

THE ANGLE OF THE TARGET PLATE WITH RESPECT TO
LINE OF FLIGHT = pBLIQUITY (DEGREES) .
THE PRUJECTED CROSS~SECTIUNAL AREA OF PRGJELTILE
ON IMPACT .
CHNSTANT RASED ON LEAST SQUARE FIT YO THOR DATA
CONSTANT BASED ON LEAST SQUARE FIT YO THOR DATA
CONSTANT BASED ON LEAST SQUARE FIT TO THOR DATA
THE DEVIANT = COMPUTED VALUE MINUS EXPERIMENTAL VALUE
THE AVERAGE (MEAN) VALUE UF THE DEVIANTS
ALLOWED TOLERANCE NN THE PLATE THICKNESS (CM)
THE INCREMENT ON THE RESJDUAL VELOCITY
THE STANDARPM DEVIATION QF THE DEVIANTS
CUNVERSION FACTOR « DEGREES TD RADJANS
THE VARIANCE OF THE DEVIANTS
THE AVERAGE (MEAN) VALUE OF THE RELATIVE ERROR
THE STANDARR DEVIATION OF THE RELATIVE ERROR
THE VARTANCE OF THE RELATIVE ERROR
THE DIAMETER OF THE HMOLE MADE IN THE TARGEY (C4)
INDEX TD COUNT NUMBER OF DATA CARDS FOR ONE TARGET
INDEX CAUNTER AN NUMBER DF POINTS FOR DEVIANTS
INDEX COUNTFR ON NUMBER OF PLINTS FOQR RELATIVE ERRODR
AN TDENTIFICATION NUMBER OR SYMBOL-DESIGNATES SHOT NR,
FLAG TO INDICATE RELATIONSHIP DN THJCKNESS FOR TH]S VR
FLAG TD INDICATE RELATIONSHIP ON THICKNESS FOR THIS VR
NUMBER OF ITERATIONS CDUNTER INDEX
DIAMETER 0OF THE PRNOJECTILE (CM)
MASS OF PROJECTILE (GRAMS)
USED TD DETFRMINE A FIRST ESTIMATE OF RESIDUAL
VELOCITY
THE RELATIVEF ERRNOR QOF COMPUTEL VS, EXPERIMENTAL
THE RECOVERED PRIIJECTILE MASS (GRAMS)
THE SUM OF THE DEVIANTS
THE SuM nF THE DEVIANT SQUAKED
THE $UM 0OF THE RELATIVE ERROR
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SUMRES = THE SUM pF THE RELATIVE BRROR SQUARED
#%%  TBHN « THE TARGET BRINELL HARDNESS NUMBER (KG/3Q MM)
#%s  THICK = THE THICKNESS OF THE TARGET PLATE (CM)
Rkx TRHO - THE DENSITY OF THE TARGET PLATE (G/CC)
VR - PREDICTED RESIDUAL VELOCITY (M/S)
*  VRF - THE EXPERIMENTAL RESJDUAL VELOCIYY (M/$)
*syr  VSP = THE EXPERIMENTAL STRIKING VELOCITY (M/S)
' XT ~ PREDICTED VALUE 0OF PLATE THICKNESS POR CURRENT VALUE

OF RESIpDUAL VELOCITY

XT0 ~ VALUE UF PLATE THICKNESS WHEN VR=a0 (MAX PENETRATION)

NATA PILDTOR / 3.1415892654, 0,0174522925 /
10 FORMAT( Abs2Fbe1,F8,3:F5,122F0,3,2F8,122F7,2)
1?7 FORMAT(10As)
Clwd.70
C220,23
¢330,50
DELTAX=0,00]
100 CONTINUE
WRITE(6,103)
103 FORMAT(1M])
WRITE(6,106)
106 FORMAT(1HO0,20Xs42HSAMPLE QUTPUT FOR Z/F BQUATIQN PREQICTING o
1 18H RESIDUAL VELOCITY 7/ )
READ CARD DESCRIBING THE TARGEY MATERIAL
READ(5,12)TGT12TGT2,T6T3
WRITE(6s12)TGTL,TGT2,T6T)
WRITE(6s110)
110 FORMAT(1M0,4X,39HNR TRHO TBHN THICK ANG MASS PDRIA »6X,
1 2HVSs2X, 1 2HRMASS HDIA »5Xs3HVRESOX,2HVR, 535X INDEVISX,
2 IHSUMs 8Xs 2HS Qs @X s 4HR ¢E 0 20 5X> 3HSUM» 6X, 2HSS )
ICT=0
1CTI-=D
[CTos0
SUML=0,0
SUMDSQ=0,0
SUMRE=0,0
SUMRES=0,0
NNE RLANK CARD USED T2 SEZPARATE DATA FUR DIFFERENT TARGETS
y CARD wITH ENL  PUNCHED IN THE FIRST THREE CDLUMNS
WILL TERMINATE THE PROGRAM
150 READ(S5s10) 10N, TRHO» TBHN, THICK» ANGS PMASS,POTA,VSP,VRE,RMASS,HIIA
{OMPUTE PROJECTILE CRNISS=-SECTIUNAL AREA
ARE..2P [ % (PDIA/2,0)%%2
THE UNIT OF VELQCITY TN BE USED IS CM/SEC
VS=ySp*100,0
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[aXeRel

VRaN, 93

DELV=10000.0 96
THILKPaTHICK+DEL TAX 97
THICKMaTHICK=DEL TAX : 2

COMPUTE COEFFICIENTS AND DTHER QUANTITIES 99
{NOTE ¢ 9,8E7 CUNVERTS THE BRINELL HARDNESS NUMBER 100

FROM KG/MM*%2 TO DYNE/CM#%2 ) 101

‘CA=9 ,BET7TwTOHNaC 102
CBeSQRT(948ET*TRBHN*TRHO ) #C 2 103
CCaTRHO*C2 106
QX=4 ,0%C1¥CI=C20492 105
Q=QX*S,8ET#TBHN®TRAD 106
Q0=SQRT(Q) 107
QL=CA+CRARVSeCCHYSHs) 108
Q332,0%CC*V§ A : 109
Q5=2(COS(ANGHDTOR) ) *¥1,0% 119
Q9=1),5/CCH(PMASS/AREA) 111
XTO:Q¥%{ALOG(QL/CAY+2,0#CB/QO%(ATAN(CB/QO)=ATAN((Q3+CB)/Q0))) 112
XTO=XT0%*Q5 113
WHEN  XT0 < THICK »THEN PENETRATIOQN 1S INCOMPLETE =< VYR20),0 114
TFAXT LT« THICKIGNTO 185 115
“OMPUTE A FIRST ESTIMATE FOR THE RESIDUAL VELOCITY 116
RATIN=ABSU(XTO=THICK)/THICK) 117
[FLRATIN.GT,1,0)RATIN=ABS((XTO=THICK)/XTO) 118
VR=RATIO®VS 119
1FLGM=0Q 120
1FLYP=0 121
IREP20Q 122

160 IREP=TREP+] 123
IF{TRFP,GT,100)60TU 910 124
IF(IFLGP EQ 1 AND, IFLGM,EQ,1)G0TD 180 123

fOMPUTE THE PREDICTED TARGET PLATE THICKNESS 126
N220 A+CBHVRECLHVRN%2 127
Qaxny ,(CCMYR 128
XT=2wok(ALOG(Q1/Q2)%2,0%CB/QOX(ATAN( (Q4+CB)/Q0)=ATAN((Q34CB)/Q0))) 129

~CCOUNT FOR O#LIQUE ANGLE IMPACT 13
XT=XT%Q5 131
[FAXT.GT,THICKPYGNTO 170 132
TF(XT LT, THICKMYGOTR 175 133

FALLING THROUGH TWE ABNVE IF STATEMENTS MEANS THAT TOLERYNCE 134

ON THE PLATE THICKNESS HAS BEEN MET WITH THE CURRENY VALUE 135

OR THE RESIDUAL VELQDCITY 136
GATU 188 137

170 VReVvR+DELV 138

IFLGP=] MEANS THAT THE VALUE FOR YR IS YOO LOW 139
TFLOP=) 140
GIITO 160 14}
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173
9

180

18%

186
187

189

195

200

VRuVR=DELV
IFLGM®)l MEANS THAT THE VALUE FOR VR IS TOO HIGH
1IFLGM=1
GOTO 160
DELVSDELV/2,0
THE VALUE FOR VR MAS OVERSHOT THE TOLERANCE LEVEL FOR
THICKNESS MEANING THAT THE VALUE FOR DELV IS TOO LARGE
“IFLGP=0Q
IFLGM=0
IF(DELV.LT,0.1)G0T0 910
GOTO 160
VR2VR/10040
COMPUTE DEVIANT AND RELATIVE FARQR AND CORRESPONDING SUMMATION
D=VYR=VRE
ICTOU=TCTD*)
SUMDaSUMD+D
SUMDSQ*SUMDSQ+Dwa?
RELFERR=1000,0
IF(VRE.LE,0,0)60TO 186
RELERR=D/VRE
GOTU 187
IF(VR.LE,O,0)RELERR=0,0
IF{RELERR.GE.500.0)60TD 189
ICTE=ICTE+]
CONTINUE
SUMRE=SUMRE+RELERR
SUMRES=SUMRES+RELERRS*,
WRITE(6s195) IDN, TRHO, TRHNs» THICK, ANG»PMASS»PDTIA,YSPLRMASS,HNTA,
1 VRELVR2N2SUMD, SUMDSQ,RELERR,) SUMRE » SUMRES
FORMAT (LMW 2AGsF6.72F08¢)sFBeIsFS,10Fb0,¢sFbe3,F8,1sF7,2»
1 F7e324FB8,12F101,3F8,3 )
ICT=1CT+1
6aTH 150
CONTINUE
. FIND THE MEAN,VARTANCE AN STANDARD DEVIATION OF
DEVIANTS AND RELATIVE ERROR
CT=1CTD
CTU=1CTN=]
NBAR=SUMD/CT
VAR = (SUMDSQ=DBAR®*2%CT)/CT1
DSD=SQRT (DVAR)
CT=1¢TE
CT1=1CTE=]
EBAR=SUMRE/CT
EVAR= (SUMRES~EBAR®*2%CT)/CT]
ESD-SQRT(EVAR)
ARITE(6s220)1CTD
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162
143
164
143
146
147
148
149
150
151
152
153
156
155
156
157
158
189
160
161
162
163
164
169
160
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188



WRITE(65210)DBAR,VARSDSD
WRITE(6,220)ICTE
WRITE(6,215)EBAR,EVARIESD

210 FORMAT(1HO,10X»37HMEAN, VARIANCE AND STANDARD DEVIAVIUN ,2X.

1

14HOF DEVIANTS = » 3F10.1 )

215 FORMAT(1H0,10Xs37HMEAN, VARIANCE AMD STANDARD DEVIATION ,2X,

1

220

900
905

910
15
1

*
T1TAMT
1.0
2.0
1.0
e
S0
H,40)
Tl0
Be0)
a0
10,0
ilelt
76N
Yi,.0
1’00‘)
\5.0
LAO
1 7.0
1,0
150
20.n

RHA
Yeu
TN

S

17H0F RELATIVE ERROR , 3F10,5)
PRINT NUMBER QF POINTS
WRITE(b6,220)1CT
FORMAT(1M0,10Xs 1 BHNUMBER OF POINTS = » 15!
IF(TDN.EQs GHEND 1GATD 900
GaT0 100
WRITE(62905)
FORMAT(1HO,30Xs 1OMEND QF RUN )
sTaP
WRITE(6,915) I1DN,TREP,DELY
FURMAT(1HO, 10X» A6»2X, L9HNID NOT CONVERGE IN » 1%,2X,
VOHITERATIONS25X26HOELY 2, Fl0.5

GNTY 150

EMD

JATA

OMALLy
4.48 190,0 127 D 1,9%  L759 567,84 %21,.,21
4,48 190,0 127 WO 1.95 4759 1461,.82 1294.18
4.4¢ 190.0 .38 0 1.9% 759 8B0,26 390.40
4,48 190.0 .318 .0 1,95 759 1355,.,45 1083.5%6
4.4R7 190,0 635 L0 1.95  L759 1491,08 683,36
‘0."8 19000 10270 ,’.) 1.95 0759 2371.65 35‘..61
4-"5 19000 .127 .') 3.89 10013 79“.88 672069
4.48 190,90 127 0 3,89 1,013 1032,66 957.58
4.48 190,0 .318 QO 3,89 1,013 620,27 500.79
4.48 190,0 .38 L0 3,89 1.013 773,28 582,78
.40 190,0 .318 .0 3,89 1.013 1499,01 1251.81
4.4¢ 190,90 .635% B 3,89 14013 1505,71 T774.50
4,45 190,0 . 635 L0 3,89 14013 1526,13 979,32
4.44% 190,0 .35 .0 3,89 1.013 2455,16 1367.,33
4.4% 190,0 1.270 L0 3,82 1,013 2551,79 1165%,.86
4,48 190.0 .127 L0 7.78 1.267 640,99 861,44
4.43 190,0 .127 L0 7,78 14267 959,21 B74.78
4-““ 1”000 .318 .0 7.78 10267 I,7b.97 7850“7
4.46 190.0 H3S LN 7,78 1.267 1484,38 994,87
7.78 135,9 044 LD 1,95 759 888,49 R48,87
7.76 135,0 192 L0 1.95 4759 1211,58 1914,98
7.78 300,0 .38 L0 1495 47959 1521.26 1196.34
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1,88
N
'1000'3
1,63
1,73

e 56
-1000'.
3,83
3,93
3.3
2447
3.24
"1000‘\
1l
37
T¢72
T.72
T.77
=10,3)

..IQ.:)O
‘l003'7
-IOQOH

189
190
191
192
193
194
199
196
197
19¢
199
200
201
202
203
204
205
206
207
208
209
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END

T.78
T.78
T.78
7.78
7.78
T.78
7.78
T.78
T.78
7.7¢
T.78
7.78
T7.78
T¢18

305,0
393.0
135.0

135.0 -

135.0
300,0
300,0
300,90
200,0
300,90
300,0
300,90
305,0
332,0

1.270

1,93
1.93
3.89
3,89
3..'
3.8
3.0
3."
7.78
15,36
15.56
15.56
15.56
15.56
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759

759
1.013
1.013%
1.013
1.013
1.013
1,013
1287
1¢49)
1.49])
1e491
1e49)

1e491

1394,46
609,90
302,06
393,50
883,62
879,65

1466,09

1466,0¢
909,32
916,53

1425,33

1432,36

1£56,00

1660,55

460,25
367.89
277.37
2%6.03
342.54
583,69
1164,.24
687.32
690,37
754,38
1179.50
i037.84
1109.47
759.56

’10000
=10.,00
«10,00
'16.00
»10.70

"10.00

‘1°.G0
=10,00
«10,90
=160,00
'10000
'10.00
«10,00

"10000
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PROGRAM USING THE THOR EQUATION TD PREUICT RESTDUAL VELOCLTY
GLUSSARY OF VARIABLES

IDENTIFIES REQUIRED INPUT DATA
IDENTIFTES INPUT DATA WHICH IS NOT REQUIRED

ANG - THE ANGLE OF THE TARGET PLATE WITH RESPECT 10
LINE UF FLIGHT = oBLIQUITY (DEGREES)
SRFA = THE PROJECTED CROSS-SECTIONAL AREA OF PROJECTILE
oN IMPACT

n - THE DEVIANT 2 COMPUTED VALUE MINUS EXPERIMENTAL VALUE
DBAR -~ THE AVERAGE (MZAN) VALUE UF THE DEVIANTS
NSl - THE STANDARD DEVIATION OF THE DEVIANTS

JTOR = CNNVERSION FACTOR ~ DEGREES TO RADIANS
VAR  » THE VARTANCF OF THE DEVIANTS

£l - CUNSTA4MT BASED ON LEAST SQUARE FIT TO DATA

L2 ~ CONSTANT BASED DN LEAST SQUARE FIT TD DATA

£3 - COMSTANT BASED ON LEAST $QUARE FIT TG DATA

4 ‘= CONSTANT BASED ON LEAST SQUARE FIT 7O DAVA

s = CONSTANT BASED ON LEAST SQUARE FIV TO DATA

~BAR - THE AVERAGE (MEAN) VALUE OF THE RELATIJVE ERROR

st - THE STANNARD wEVIATION OF THE RELATIVE ERROR

S VAR -~ THE VARIANCF OF THE RELAYIVE ERROR
=DITA = THE DJAMETER 0OF THE HOLE MADE IN THE TARGET (M)
1Y - INDEX TO COUNT NUMBER OF DATA CARDS FOR ONE TARGET
iCTD = INDEX COUNTFR ON NUMBER 0JF POINTS FOR DEVIANTS
“CTE - INDEX CNUNTFR ON NUMBER OF POINTS FOR RELATIVE FRRIR
DN - AN TDENTIFICATION NUMBER WR SYHBOL=-DESIGNATES SHIT NR,
FDIA ~ DIAMETER QF THE PROJECTILE (CM)
PMASS ~ MASS OF PROJECTILE (GRAMS)
RELERR = THE RELATIVF ERROR OF CNMPUTED VS, EXPERIMENTAL
RMaSS = THE RECOVERED PROJECTILE MASS (GRAMS)

SUMD - THE SUM nNF THE DEVIANTS

SUMDSQ ~ THE ayM nF THE DEVIANT SQUARED

QUMRE = THE SUM OF THE RELATIVE ERRUR

SUMRES = THE 5UM OF THE RELATJVE ERROR SQUARED

1B = THE TARGET BRINELL HARDNESS NUMBER (KG/SQ MM)
FHTCK ~ THE THICKNESS OF THE TARGET PLATE (CM)

TRHID - THE NENSITY OF THE TARGET PLATE (G/CC)

YR - PREDICTED RESIDUAL VELOCITY (M/S)

VRF - THE EXPERIMENTAL RESIDUAL VELOCITY (M/S)
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(el el

Rk vsP -~ THE EXPERIMENTAL STRIKING VELOCITY (M/S)

DATA PI,DTOR / 3,141592634> 0.0174532925 /
16 FURMAT( A6,2Fb,1F8,3sF5,102F0,3202F8,122F7,2)
11 FORMAT(S5F10.3)
12 FUORMAT(10A6)
20 FORAAT(1HO,10Xs 13HEXPONENTS ARE » S5F10,3 /)
100 CONTINUE
WRITE(6,103)
103 FOR4AT (1M1)
WRITE(5,1086)
176 FIRAAY (LHO,20Xs42HSAMPLF NUTPUT FOR THOR EQUATIQN PREDICTING »
1 18H RESIDUAL vELOCITY /)
RELAD CARD WHICH IDENTIFIES TARGET MATERIAL
REAI(S,12)TGT12TGT2, 16T
WRITE(6§,12)T6T)Y,T6T2,TG6T3
REAM(Ss1LIELIER2,E32E4IES
WRTTE(6s20)EL,E2,E3,E4,ES
WRITE(6s110)
110 FORIAT(1HO,4X,39HNR TRHO TBHN  THICK ANG MASS POIA s8X,
1 AHVS»2X, 1 2HRMASS HNIA »5X»3HVRELOX»2HVR)5X, 3HDEVE5S X,
? IHSUMS BXs 2HS Qs 4X s 4HR 4 E o s 5Xs3HSUM» X, 2H8Q )
1ILT-=0
10T =0
QUMD
SUMBSW=0,0
SUMRE=0,0
SUMRES=0,0
16726
/INE RLANK CAR{ USEN T0 SEPARATE DAIA FUR DIFFERENT TARGETS
+ GARD WITH END  PUNCHED IN THE FIRST THREE COLUMNS
WILL TERMINATE THE PRUIGRAM
1S5S0 REAT(H210)ION, TRHNS TAHN, THICK » ANGSPMASS,PDIA,VSP,VRE,RMASSSHDTA
[F{TRHDO LE,C.0)GOTU 200
LOMPUTE PROJECTILE CROSS-SECTIONAL AREA
AREA=P 1R (PDIA/2.0)%%2
THF UNIT OF VELDCITY TI) BE USED 1S CM/3SEC
V5avSP*100,0
NMai0,0%%E]
2= THICK®AREA) ®%E2
Q3="MASSHRE]
Qe=(1.,0/CUSCANGRNTUR) ) k%E4
No=SHKES
-GMPUTE THE PREDICTED RESIDUAL VELUCITY
VR=(VS~Q1%Q2%Q3%04%Q%)/13D,0
LGMPUTE OBVIANT  AND RELATIVE ERROR AND CORRESPONDING SUMMATION
HEVR=VRE

119

48

30
51

53
54
55
50
57
58
59
60
ol
62
62
64
65
66
67
o8
69
70
n
72
73
74
75
76
17
18
19
80
8l
a2
83
84
8
86
87
88
89
90
91
92
93
94
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AR Ly

SUMJSSUMD+G
SUMLSQ=SUMNSQ4Da%2
1CTH=1CTO*}
RELERR=1000,0
IF(VRE.LE.0,0)G0TD 186
RELERR=D/VRE
GNTO 187

106 IF (VR LEO,Q)RELERR0,0

187 IF(RELERR.GE.%00,0}G0TO 189
1CTHaICTE®]

159 CONTINUE
SUMRE=SUMRE+RELERR
SUMRES =SUMRES+RELERRW®2

WRITE(6s195) IDN, TRHO, TBHN, THICK, ANGS PMASSSPOTAS VSPIRMASSs HD I As

} VRE3Y/RpDaSUMD, SUMDSQ RELERR s SUMRE s SUMRES
19% FORMATILH sA6)F6.20F6.1,F8.3,F3,10F6,2+F643,F8,10F7,.29
1 F7.304F8412F10¢153FA.3 )
ICT=1CT+)
olT0 150

200 CONTINUE

FInD THE MEAN,VARIANCE AND SYANDARD DEVIATION OF
DEVIANTS AND KELATIVE ERROR
LT21CTD
(T1=10TN=]
DHAR=SUMD/CT
AVAR®{SUMDSQ=-DBAR»*2%CT) /LT
DSN=SURT(NVAR)
tYaiCTE
CT1=1CTE=]
EHAR=SUMRE/CY
FVAR={ SUMRES-EBAR®¥22CT Y /CT]
FSD=SQRTLEVAR)
WRTITE(6,2260)ICTD
WRTTEL62210)DBAR,NVARSDSD
WKITE(6,220)1CTE
WRITE(Gs215)EBAR,EVARIESD
210 FURVAT(IHO, 10X237HMEANS VARIANCE AND STANDARD DEVJIATIUN ,2X.
1 14410F DEVIANYS =, 23F10.1 )
218 FARMAT(1HO, 1OXs 3 THMEAN, VARIANCE AHD STANDARD DEVIAYION ,2X,
1. 17HOF RELATIVE ERROR » 3F10.5)
PRINT MUMBER QF POINTS
WR1TE(6s220)1CT
276 FURMAT(1HO, 10X, 18HNUMBER 0OF POINTS = » 1H)
1F (1D o FQs &HEND YGOTD 900
GOTL 100
900 ARITE(6,905)
Yty FNRUAT(1HO,30Xs 10HEND OF RUN )
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128
129
130
131
132
123
134
132
134
137
138
139
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¥

TITANTUM ALLOY

b,

e IRE A N
-
TOODDODOO

s & = 8 & &

pe ol ol

- ST
- L]

OS2

17.0
12.0
4,0
15,0
16,0
17.0
1RO
17,0
200

RHA

stTov
END
DatTaA

888
4,48
4448
Go4b
behb
"1‘98
4ot l
4,48
PP
Ha.48
4,40
‘9-"{)
PN
646
4,48
4.“\3
4.4k
4,40
4,88
& bt
4,44

5,690

A

T.9¢8
70‘7"‘
707h
L)
Ta78
',o7l'
T8
TeTh
Tt
T.T7h
ToTn
T.78
T.78
T.78
T8
T8
7.8

190.0
190.0
180.0
190,0
190.0
190.0
190,0
190.¢
180,40
190,06
190,0
180,90
190,08
190.0
190,0
190,¢9
190.0
190,90
190.0
19050

0.489
135,0
135,90
300.0
305.0
3193,0
135.0
135%.0
135,09
306.0
300,90
00,0
300,0
300.0
300.0
300,0
As,0
332,05

1,103

«1,09%
127

127

.31'

.318

.635

. 5
210
$127
127
.3“
.318
.3ls
J638%
.635%
.633
270
127
27
L8
635

P

—

.318

.0

0

1+369
1.9 759
1,95 ,759
1,98 ,759
1.9% 759
1.93 759
1.95 759
1.9 759
3,69 1,013
3.89 1.013
3.89 1,013
3.89 1.012
30’9 1901‘
3,89 1,013
3,89 1,013
3,89 1,013
3.89 1,013
T.78 1,267
1|7° 1.267
T.78 Le267
7.78 14267

0.989
1.95 759
1,95 L7159
1,95 759
1.95 4759
1.95 759
30‘9 10013
3.89 1,013
3.89 1,013
3.89 1.013
3.89 1,013
3,89 1,013
7,78 14267

13.56 14,491
15.56 14491
15,56 1,491
15,56 1,49)
1,56 14491

121

0.167
567,84
1461,82
880.26
1353,45
1491,08
1986,38
2371,65
798,08
1032,66
620,27
773,28
1499,01
1503,71
1526,13
2455,16
2551,79
640,99
959,21
975.97
1484,38

0.019
888,49
1211,58
1521.26
1394,46
609,90
302,06
363,50
883,62
879,65
1466,09
1465,09
909,52
916,53
1423,.55
1432,56
1556,00
1660,55

521.21
1294.14
390,40
1083,5%¢6
683,36
1127.15
381,61
$72.69
957,68
500.79
582.78
1251.81
T74.50
919,32
1367.33
1165,86
561,44
874,74
785,47
994.87

848.87
1014.98
1196.34

460.25

367.89

277.37

256.03

842454

583.69
1164,34

¢87.32

690.37

754,38
1179.58
1037.84
1109.47

759.56

1.48
91
.10000
1.63
1,73
36
-10000
3.83
Le72

3.83.

3.81
2443
3.24
«10.,00
1Y
o587
T2
Te72
T.72
'10000

«10,00
‘10.00
-10400
—10.90
~=10.90
‘1000”
’10000
~10.00
=10,00
—:0.00
~10.00
«10.00
«10.90
=10.00
'10000
'10.00
”l°0°0

142
143
144
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(s PROGRAM USING THE Z/F EQUATION TO PREDICT PLATE THICKNESS
SLOSSARY OF VARLIABLES

Ll I0ENTIFI1ES REQUIRED INPUT DATA
* IDENTIFIRS INPUT DATA WHICH IS NUT REQUIRED

wy NG « THE ANGLE GF THE TARGEY PLATE WITH RESPECT YO
LINE OF FLYGHRT <« OBLIQUITY (DEGREES) :
THE pPROJECTED CRUSS~SECTIUNAL AREA OF PROJECTILE

AREA -
ON IMPACT
[ CUNSTANT BASED ON LEAST SQUARE FIT TO THOR DATA
L2 CHUNSTANT BASED ON LEAST SQUARE FIT TO THOR DATA
3 CONSTANY BASED ON LEASY SQUARE FIT YO THOR DATA
7 THE DEVIANT = COMPUTED VALUE MINUS EXPERIMENTAL VALUE
HRAR THE sVERAGE (MEAN)} VALUE OF THE DEVIANTS
nap THE STANGARD DEVIATION OF THE DEVIANTS
ITUR CONVERSION FACTOR = DEGREES TD RADIANS
ViR THE VARTANCE JF THE DEVIANTS
rgLR THE AVERAGE (MEAN) VALUE UF THME RELATIVE ERROR
"SL THE STYANDARD DEVIATION OF THE RELATIVE ERROR
“VIK THE VARTANCE UF THE RELATIVE ERRQOR
¥ whla THE DYAMETER QF THE MOLE MADE IN THE TARGET (CM)
T INDEX TO COUNT NUMBER OF UATA CARDS FOR ONE TARGETY
w il AN TDENTIFICATION NUMBER UR SYMBOL<DESIGNATES SHOT NR,

AuH T4
% 3 NIV

DIAMETER QF THE PROJECTILE (M)
MASS nF PROJECTILE (GRAMS)

Tt ¥ F L OEOEOFOEEOSOEYOELEY LS OLYEES S LS

~ELERR THE RELAYIVE ERROK NF (OMPUTED VS, EXPERIMENTAL
* AMSS THE RECQOVERED PRNJECTILE MASS (GRAMS)
surn THE SiUb CF THE DEVIANTS
SULIDSR THE SUM OF THE DFVIANT SQUARED
SUMRF THE SUM nF THE RELATIVE ERROR
SUMRES THE SUM nF TWE RELATIVE ERROR SQUARED
35y THMN THE TARGEY PRINELL HARDNESS NUMBER (KG/SQ MM)
* THCK THE THICKNESS OF THE TARGET PLATE (CM)
2 r 1PHO THE HENSITY NF TYE TARGET PLATE (6/CC)
3w kL THE EXPERIMFNTAL RESIDUAL VELUCITY (M/S§)
tE 1 VSt THE FRPEQIMFNTAL STRIKING VELOCITY (M/S)
xY THE PREDICTED TARGET PLATE THICKNESS (CM)

e aEsTaXaFalale Relisiaa NaloN e Takalafalelie Nalfalke Eall alie el oliite e i & W aiEa e Se Na ¥ s N oo Enin X e

DATS PLaDTOR / 3,1415%2¢545 1.0174532925 /
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[a X aNal

OO0

10
12

100
103

106

110

150

FORMAT( AboZFb.l,F..SJFS.1:2F6.3:2F&ui:ZF?.Z)

FORMAT(10A¢)

Cle0,70

C2=0,23

C3%0,50

CONTINUE

WRITE(6,10%)

FORMAT(1KHY)

WRITE(6,106)

FURMAT(1H0,20X242HSAMPLE OQUTRUT FOR Z/F EQUATION PREQICTING ,

16k PLATE THICKNESS /) )
READ CARD WHECH TOENTIFIES TARGET MATERIAL

READ(5,12)76T1,TGT2,70Y3

WRITE(6212)T6TL,TGT2,T6GT3

WRITE(6,110)

FORMAT(1HO,4X,31HNR  TRHO TBHN ANG MASS POIA , 6Xs2HYSs6Xa
26HVR  RMASS  HDIA  THICK , 6X»2KXT28X,3HDEV,SXe
IHSUMS 8 X2 2HSQ 4 X s HHR o E o » 53X INSUM, 6X, 2HSQ )

SUM(=0,0

SUMDSQ=0,0

SUMRE=0,0

SUMRES=0,0

1CT=0

ONE BLANK CARD USED TO SEPARATE DATA FOR DIFFERENT TARGETS

A CAKRD WITH END PUNCHED IN THE PFIRST THREE COLUMNS

WILL TERMINATE THE PRAGRAM
READ(5,10) ION, TRHQ2 TGHN, THICKs ANG2 PMASS,PDIA, VSP2VRE,RMASS,HDTA
IF{TRHOLLE.0.0)GOTD 200

COMPUTE PROJECTILE CROSS~SECTIONAL AREA
AREASPIS(PDIA/2,0)%82 °

THE UNIT OF VELOCITY TO BE USED I$ CM/SEC
VSsVSP%100,0
VRsVRE®100,0

COMPUTE COEFFICIENTS AND OTHER GUANTITIES

{NOYE : 9,0ET CONVERTS TME BRINELL MARDNESS NUMBER
EROM  KG/MM®s2 TQ OVNE/CMes2 )

CA=9 ,BE7RTRNNSC]

CRaSQART(9,057¢TRHN*TRHO ) *C2

CCeTRHO®C)

QX044 ,08CLlECH=C2082

QeQX#9,JETOTBHNSTRHD

Q0=SQRT(Q)

QleCA+CBOVEGCCOYSRS?

QA2CA+CROVASCLOYRI*2

Q3=2,0-CCoV§

QQIZ.O‘CC‘VI

Q5= (COS(ANGSDTOR) ) **},08

125



Q=0 ,5/CCR(PMASS /AREA)

¢ CDIWPUTE THE PREUVICTEN TARGET PLATE THICKNESS
XT2Qo® (ALOG(QL1/G2)+2,NuCB/QO&(ATAN((Q4+CB)/Q0)=ATAM( (Q3+CB)/Q0)))
C ~CCOUNT FOR ORLIQUE ANGLE IMPACY
XTaXT+Q%
C COMPUTﬁ OEVIAMT AND RELATIVE ERROR AND CORRESPONDING SUMMATION
NaxXT=THIC

SUMGsSUMD D
SUM)ISQ=SUMDSQeDna2
RELERR=D/THICK
SUARE=SUMRE+RELERR
SUMRES sSUMRES+RELERRE®?
WRITE(0s155)1DN, TRHO, TBHN» ANGs PMASS,PDIA,VSP, VRE)RMASS,HDI A
1 THICKsXT2DsSUMD,SUMNSQ,RELERRS SUMRE » SUMRES
1CTa10T+]
GOTO 150
159 FIRMATCLH ,A6,F6 2,F8,1,%5,15F6,20F6,3,2F8,1,2F7,2,08F8,3)
200 oT=aiCY
CT1=1(T-}
C +» IND THE MEAN, VARTANCE AND STANDARD DEVIATION QF
¢ WEVIANTS AND RELATIVE ERRUR
I ARESUMD/CT
DWVAR = (SUMDSQ-DBAR®*2w(T) /CT1
NDSD-SQRT(DVAR)
- 3AR=SIJMRE/CT
FVAK= (SUMRES-EBAR®*24(T)/CT1
250: SQRT{EVAR)
ARLTE(HP210)DBAR,DVARSDSD
WRIIE(H6,215)EBAR,RVARSESD
210 FIRMATCINO, 10X 3THMEAN, VARIANCE AND STANDARD DEVIATIUN ,2X,
! 14HOF DEVIANTS = , 3FL10.5 )
215 FURMAT(1W0, A0OX»37HMEAN, VARIANCE AND STANUARD DEVIATION ,2X.
1 *THUF RELATIVE ERROR » 3F10.5)
" PRINT NUMBER DF PQRINTS
WRITE(A)220)ICT
200 FOR CAT(1HO, 10Xs L@HNUMBER OF POINTS = , 8)
IFOIDNLEQe OHEND 160TD 900
LTI DG
INT WKTITE(Le90S%)
905 FOR. AT(1HO, 30X, 1AHEND OF RUN )
5Ty
0
* aTA
TIT Gty aLlny

e 4,44 190,0 «127 .0 1,95 (759 567.84 521,21 1.988
2. G4.4Y 190,0 127 e 1,95 4759 146:,82 1294.18 91
1.0 4.4 190,00 .3iR LD 1,95 JT59 580,26 390440 +~10.7
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96

97

98

99
100
101
102
103
104
103
106
107
108
109
110
111
112
113
114
113
116
117
118
119
120
121
122
123
126
123
126
127
128
129
130
131
132
133
134
133
136
137



440  4.48 190,0 .318 L0 1,95 ,759 1355,45 1083,%6 1063
5.0 4,48 190,90 638 e 1.9% 759 1491,08 683,36 1.73
6.0 4,48 190.0 635 LD 1.9% L7159 1986,38 1127.18 0 %6
7.0 4,48 190,0 1.270 e0  1.9% 4759 2371,65 381.61 =109
8.0 4,48 190,0 127 .0 3,89 1,013 798,88 472.69 3,43
9.0 4,48 190.0 127 «O 3,89 1,013 1032,66 957.68 1.72
10,0 4.48 190.0 .318 .0 3,89 1,013 620,27 500.79 3,83
11.0 4.48 190.0 .31 .0 3,89 [,01% 773,28 582,78 3481
13,0 4,48 190,0 638 LO 3,89 1,013 1505,71 774.50 1. 24
14.0 4.48 190,0 o635 L0 3,89 1,013 1526,12 979,32 10,07
16,0 4,45 190,0 1.270 .0 3,89 1,013 2551,79 1165.86 .87
17.0 4.48 190,0 127 0 7,78 14267 640,99 861.44 T.72
18,9 4.48 190,0 127 W0 7.78 1,267 959,21 874.78 .77
19.9 4.48 190.0 <31R .0 7.78 1,267 975.97 785,47 T.72
200 4.48 190,0 .635 O T 78 1,267 1484,38 994,87 ~10,00
RHA
1.0 7.78 135.,0 LY. L0 1.,9% L759 888,49 848,87 -10,.00
Jef) 7.78 135,0 152 O 1,95 o759 1211,.58 1014498 =10.00
3.0 7,75 300,0 .318 W0 1,95 4759 1921,26 1196.34 =10,90
4.0 7.78 305.0 535 L0 1,95 o759 1394,46 460.25 ~10.00
5.0 7,78 393,90 192 O 1,95 LT59 609,90 367.89 «10.,29
6,0 7.78 135,0 046 .0 3,89 1,013 302,06 277.37 =100
7.0 T.78 135.0 o152 .0 3,89 1,013 393,50 256403 ~10.,99
B." 7.78 135.,0 .318 L0 3,89 1,013 883,62 842.5%4 -10.90
5.0 7.78 300,0 .318 .0 3,89 1,013 879,65 583.69 ~10.9"
10.0 7.7 300.0 .315 .0 3.89 1!01‘ 1966909 1164034 1029
11.9 7.7¢ 300,0 .635 O 3,89 1,013 1466,09 687,32 =10,30
12,0 7.78 300,0 .318 WO 7,78 1,267 909,52 690,37 =10.990
12,9 7.78 300,0 .318 .0 15,56 1,491 916,53 754,38 «)0,00
14,0 7.78 300,0 .3l8 0 15,56 1,491 1425,55 1179.58 =10,0"7
15,0 7.78 300.0 635 0 15,56 1,491 1432,56 1037.84 =10,9
16,0 7.78 305.0 .6358 O 15,56 1,491 1556,00 1109447 =10,
17,0 7.78 332,0 1.270 N 15,56 1,491 1660,55 759,56 «=10,90

END
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+ROGRAM USING THF THOR EQUATION TQ PREDICT PLATE THICKNESS
;LUSSARY OF VARIARLES o

IDENTIFIES REQUIRED INPUT DATA
IDENTIFIES INPUT DATA WHICH IS NOT REQUIRED

NG THE ANGLE DOF THE TARGEY PLATE WITH KRESPECT TQ

LINE UF FLIGHT = 0BLIQUITY (DEGREES)

\R-A = THE pROJECTED CROSS~SEGCTIUNAL AREA OF PROVECTILE -

ON [MPACT

THE DEVIANT = COMPUTED VALUE MIMUS EXPERIMENTAL VALYE
THE AY=RAGE (MEAM) VALUE UF THE DEVIANTS

DHALR

89 « THE * ANDARND DEVIATION DF THE DEVIANTS

TR« CoNY 1N FACTOR = DEGREES TO RADIANS

IVAR - THE “TANCE UOF THE DEVIANTS

=1 = CONS.WNT BASED N LEAST SQUARE FIT TO DATA

Ze - CONSTANT BASED OV LEAST SQUARE FIT TO DATA

"3 = CONSTANT BpASED ON LEAST SQUARE FIT TO DATA

T4 = CONSTANT BASED ON LEAST SQUARE FIT TO DATA

€5 - CONSTANT BASED ON LEAST SQUARE FIT TO DATA

r BAR ~ THE AVERAGE (MEAN) VALUE OF THE RELATIVE ERROAR
S0 = TnE STANDARD DEVIATION OF THE RELATIVE ERRDR

r VAR - THE VARTANCF NF THE RELATIVE ERROR

HDlA  « THE NIAMETER OF THE KOLE MADE IN THE TARGET (CM)
IcT - INDEX TQ Couw! NUMBER OF DATA CARDS FOR ONE TARGET
ion - AN INENTYFICATION NUMBER LR SYMBUL-DESIGNATES SHIT NR,
PDIA - DIAMETER OF THE PROJECTILE (CM)

"MaSS = MASS NF PROJECTILE (GRAMS)

REIERR = THE RELATIVE ERROR OF COMPUTED vS, EXPERIMENTAL
KMASS = THE RECOVERED PRNJECTILE MASS (GRAMS)

SUMD - THE SUM pF THE DEVIANTS

SUMDSQ - THE SUM QF TWE DEVIANT SQUARED

SUNRE - THE SUM nNF THE RELATIVE ERROR

SUMRES = THE SUM OF THE RELATIVE ERROR SQUARED

TRHN = THE TARGET RRINELL HARDNESS NUMBER (KG/SQ MM)
THICK = THE THICKNESS OF THE TARGET PLATE (CM)

TRHO - THE DEMSITY OF T4E TARGET PLATE (6/CC)

VRE - THE EXPERIMENTAL RESIDUAL VELOCITY (M/$S)

VS§P - THE EXPERIMENTAL STRIKING VELOCITY (M/S)

X1 = THE pRENICTED TARGET PLATE THICKNESS (CM)
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110

1
>

150

DATA PI,DTOR /7 3,141892654» 0.,0174532925 /
FORMAT( AQ:ZFO.].‘F'.’OF5.1&2F°'3125.01)2F702)
FORMAT(5F10,3)
FORMAT{10A6)
FORMAT (1HO, 10Xs 1 3HEXPONENTS ARE » 5F10.3 /)
CONTINUE
WRITE(&,103)
FORMAT(IHY)
WRITE(62106)
FORMAT(1HO0,20Xs42HSAMPLE OUTPUT FOR THOR EQUATION PREDICTING »
10H PLATE THICKNESS /)
READ CARD WHICH JDENTIFIES TARGET MATERIAL
READ(5»12)TGT12TGT2,16T
WRITELO212)TGT1, T6T2,TGT3
READ(S511)ELIE2,EIPENsES
WRITE(5020)EL1,E2,E83,E4,E5
WRITE(6,110)
FORMAT(1HO,»4X,31HNR TRRD TnHN ANG MASS PDIA , 6X22HVS:6Xs
24HVR  RMASS HDTA THICK » 6Xs2HXT25X,3HDEV25Xs
IHSUMS 6 X2 2HS Qs 4 Xy 4HR (E4 s 5Xp 3HSUML 6X, 2HSQ )
SU“”’0.0
S4YM.15Q=0,0
SJIMRE=D,0
SUMRES=0,0
1670
Nt BLANK CARD USED TN SEPARATE DATA FUR DIFFERENT TARGETS
A UARD WITH END  PUNCHED IN THE FIRST THREE COLUMNS
WILL TERMINATE THE PRIOGRAM
REANM{5510)ION, TRHO# TBHN, THICK s ANG2PMASS,PDIA,VSP»VRE,RMASS»HDIA
[F{IRM)(LELO.QIGRTU 200
' OMPUTE PROJVECTILE CRISS~-SECTIONAL AREA
AREazP I%{PDIA/2,0)%%*2
THt UNTTY OF VELUCITY TO BE USED IS CM/SEC
V$=vSP4100.0
VR=VR-*100,0
Ql=10.0%%E1
Q3=PMASS®®E]
Q4=01.0/COSLANGRDTOR) ) %%E4%
05zVS¥#ES
WOMPUTE THE PREDICTED TARGET PLATE THICKNESS
XT=((vS=-VR)/(Q1%¥53%Q4%Q5) ) *x(1,0/E2)/AREA
COAPUTE DEVIANT AND RELATIVE ERROR AND CORRESPONDING SUYMATION
NexXT=THICK
SUMIESUMDER
SUMDSG=SUMDSQeDx%2
RELZRR=N/THICK
SUMRE=SUMRE+RELERR
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“
49
80
5}
52
s3
54
55
56
57
58
39
50
6l
62
63
04
65
66
67
68
69
70
71
72
73
74
75
76

78
79
80
8l
8¢
a3
a4
83
86
87
a8
89
S0
9l
92
93
94



SUMRES=SUMRES+RELERR##2

WRITE(65155) DN, TRHO, TBHN»ANGSPMASS»POTA,VSP, VRE)RMASS,HDIAS

1

THICKIXTsD2 SUMD,SUMDSQ,RELERRS SUMRE » SUMRES

1CT=1CT+1

GUTO
155 FORAAT(LH 2A6,F6,22F641,F5,1,F6,2F6,352F8,1,2F7,2
200 CTalCT

150

CT1=1(T=1
r IND THE MEAN,VARIANCE AND STANDARD DEVIATION OF
SEVIANTS AND RELATIVE ERRNR
DHAR=SUMD/CT
NVAR= (SUMDSQ-DBAR®*28CT) /CT]
NSDa5QRT (DVAR)
LBAR®SUMRE/CY
EVAR= (SUMRES—-EBAR®*2wCT) /CT]
ESO=SURT(EVAR)
WRITE(622L0)DBAR, NVARSDSD

WRITE(62215)EBAR,EVARSESD

210 FURMAT(1HO,10Xs37THMEAN,

1

L4HOF DEVIANTS =

215 FORYAT(1HO» 10Xs 3THMEAN,
17H40F RELATIVE ERROR »
DRINT NUMBER F POINTS
WRIITE(6s220)ICT
20 FORAAT(1IHO,10Y ¢ 18HNUMBER
P (IbM,EQe OHEND

1

HOTS

100

G WKITE(62905)
502 FORVAT{LHO, 30X, 10HEND OF RUN )

ST
(SN
* Nt
TPTal T
4,84

ten

2N
3,0
e
¢
BN
o0
B
Tl
17N
11,0
17.0
13,0

-
]
Ta

‘Luoy

8

A4t
4,44
‘00‘0"
4.4
4agr
Gl
Gohh
ho4t
G444
4.4
G4.48
4.4
4.40

14103
190,0
190,0
170,0
190,0
190.0
190,0
190,0 1
190,v
190,0
190.0
190,0
190,06
10,0

»0F8,.3)

VARTANCE AMD STANDARD DEVIATION »2X»

» 3F10.5 )

VARTANCE AND STANDARD DEVIATION ,2X,
3F10.5)

JF POINTS = »

)GTN 900

=1l,09%
127
127
.319
.31
638
L h35
.21n
0127
.127
.3i8
.318
,318
<535

1¢369

1.95
1.93
1,93
1.55
1,95
1.95
1.95
3,89
3.89
3.89
3.89
3.89
3,89
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«75%9
759
759
0759
759
«759
759
1.013
1.013
1.013
1.013
1.013
1.013

15)

0.167
567,84
1461,82
RBU, 26
1355,45
1491,08
1966,3¢
2371,65
798,83
1032,66
©“20,27
773,28
1499,0)
1565, 71

$21.21
1294.18
390.40
1083,56
683,36
1127.15
381,61
672469
957,648
500.79
582.74
1251.81
774,50

1,38
9?1
'10030
1.63
1673
235
-1003)
3.83
Lo 12
3,83
3.81
2,43
3,24

95

9%

97

98

99
100
101
102
103
104
105
106
107
108
109
110
i1l
112
113
114
il2
116
117
118
119
120
121
122
123
124
12>
126



RH

14,0
15.0
16,0
17.0
1840
1940
279

A

4,40
4.48
4.4%
4o
G4l
4,48
4.48

5,690

RS e ]

T L BN IPE DI .
e % ¢ o @ o e o »
2220002

0N

T.78
7.78
7073.\
7.78
7.78
7.74
7.7%
7.7
7.‘7R
7,75
7‘7H
7.8
T.78
718
7070
.78
Te74

190,0
190.0
190,0
190.0
190.0
190.0
190.0

0,889
135.0
135,0
300,0
305.0
393,0
135,0
135.0
135.0
300,90
300.0
300,0
300,90
300,90
300.0
300,90
305.0
33z.0

.31a
.318
.3la
.635
.;18
.31“
318
635
o635
1.270

.0
.0
.0
.0
.0

.0

9

0
.o

.0
Io
‘o
.0
.0
.0
W0

oD
N

2

NN Ww
s ¢ @ © & o »
~N NN e
X X X K K X

1,01}
1.013
1.01%
1.267
1267
1.267
1e267

0,989

1,95
1,95
1,98
1.9%
1,95

2 759
« 759
759
759
2759

3,89 1,012

3,89
3,89
3.89
3.89
3.89
7.78
15,56
15,56
15,56
15,56
15,56
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1.013
1.013
1.01%
1.013
1,013
14267
14491
1,49}
14491
14491
1.459]

1526,13
2455,16
2551,79
640,99
959,21
975,97
1484,.38

0.019
868,49
1211,.58
1521,26
1394,46
609,90
302,006
393,50
RB3,62
879,65
14686,09
1466,09
909,52
916,53
1425,55
1432,56
1556,00
1660,55

979.32
1367.33
1165.06

561,44

874,78

185.47

994.87

048,87
1014.96
1196434

460,25

367.89

277.37

256.03

84254

583,49
1164434

887.32

690.37

754,38
1179.58
1037.84
1109447
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