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I. INTRODUCTION

Numerous empirical equations (see Table I, of which the major por-
tion is a compilation made by Herrman and Jones1 . 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 Thoe,-,' 2 . The equation for residual velo-
city for perpendicular impact (0* obliquity) is:

V = V . 1 0 a (XtA)bm Vd
r s t ps (1)

The values for the empirical exponents a, b, c 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 Xt,
striking velocity V. and the area A and mass i- of the projectile.
Since the Thor equation 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 Its 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 desirable 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 jitodel to be discussed in this report is completely general in
that its use does 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 00

THerrnan and Jones, "Corre lation of Hyperve locity Impact Data,"
Prooeedings of tha Fifth Symposium on Hypervelocity Impact, Vol. 1,
Part 2, April 1962.

21rojeat Thor, "The Resistance of Various Metallic Materials to Perfora-

tion By Steel F'ragments; Empirical Relationships for Fragment Residual
Velocity and Reosidual Weight," Technical Report #47, Ballistic Analysis
Laboratory, Institute for Cooperative Research, The Johns Hopkins
University, April 1961.
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obliquity proposed by Otto P. Fuchs. 3 The remainder of this report is
a discussion of his model, the modiiication that has been made, and
supportive arguments for use of the model.

II. THE RESISTIVE FORCE

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

Sm f (v) + f 2 (Vl) + f 3 (v2)" (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 ýn dynes/cm'. (The Brinell hardness number is multiplied by
9.8 x 10 to obtain the value in dynes/cm2 ). The first component is:

0
f1 (V0) =A Ht*. (Za)

The secontd component is a combination of the first and third
components, hi,.-ce, the thl.rd component will be presented next, Analogous
to the aerodynaa'" '-istive force, the third component is:

f 3 (V2) = C A P V 2. (2b)

3~ t x

. . the second component, it is defined to be:

f2 ;v+) 2 1 fC(V°) f 3 (V2 )

[V 2 (2c)" . '." C H ",

2A CHt Pt V X~, .., +x

.'his coi,'.)iuneni cain be compared to Stoke's EquatiCn' •n whiý:h the resis-
tive force is proportional to the velocity.

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 equatien is:

3Fuchs, Otto P., "Impact Phenomena," AIAA Journal, American Institute of
Aeronautics and Astronautics, Vol. 1, Nr. 9, Sept. 1963.

4Zerence, M., Lemon, H., and Stephenson, R., "Analy 'ical Experimental
Physics," University of Chicago Prees, 1956.
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F A (CI Ht + C 2"4tP-7 vx + c3 tv2 ). (3)

The coefficients CI, C2 and C3 will be determined in Section V. Equa-
tion (3ý can be expressed more succinctly ast

2
F= +K V+ K V2) (3a)

I 2x 3 x

I!I. THE DEPTH OF PENETRATION EQUATION

Newton's second law of motion states:

S• dV
"F am - d ma (4)

dt ma~t

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

dV dxWork = F dx =-m dx t "m T VdV mV dV

where the minus sign is due to deceleration.

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

x (6)VdV :
K 2V+ K+ K

For a specified striking velocity and residual veloci-ty, Fquation 6 is
inlt6gzted to find the target plate thickness (or the maximum depth of
penotration fur zero resid.ual velocity).

VdV
• • •JA 2K+ K V + K V

V 1 2 3S

The p•'ojectile 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

17A
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in Section VII and will be assumed constant in performing the integra-
tion of the equation.

In order to integrate Equation 7, it is necessIry to determine the
value of the discriminant q, where q = 4 K1 K3 - K2.

If q > 0, then:

m 2) 2K 2 2K 3V + K2  VrX A 2 tan----ql , (8)

0P()l(lKVKV q (q

Substituting the limits and taking into account the negative sign
yields:

m ( )[in K( + KV + KV2)
t -A -K3K + K 2Vr + K 3 Vr

(8a)

2K 2  / a- 2K 3Vr + K2 ) -1n_ (2K 3V + K2 )

q t (-- , - -tan q

When q = 0 (which is the condition for Fuchs' original equation),
integration of Equaticn 7 yields:

- -.() in (Kl/2 + K1 2 V) + (/2V9)

,:3) K, 1 + K 39)

'0 V5

After substitution of the limits, Equation 9 becomes:

/2 1/22 1/2 K1 /2
1 3K 2  [ K1  1 nt A . 1n 1/2 1/2 1/2, 1 /2  lT2 1/2
1 +3 r/ 3 sJ 1 K V

(9a)

18i
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Finally, if q < 0, Eqiuation 7 is evaluated as:

10= - In (K+ K 3V1 1- i 3n k2-K3 V + K(2 + ,

vs

(10)

which is

M K I +L K:2:: s + K3V s
Xt A 2

K(2 V + ~ (2 3 K(
+ (K2 in 2 K + 2 /(2K3Vs + K2 - q) "1

IV. THE TIME-PENETRATION EQUATION

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

S~dv
F - md (11)

Substituting Equation 3a for the force, solving for the time, and
integrating (assuming that the projectile mass and cross-sectional area
are constant) yields:

T V

- m rdV
'dt = RV (12)

.o ;V K1  2 K3V

(the minus sign is due to deceleration).
2

Again letting q 4K K 2 three cases exist:
"g1 3 2tre

19
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I

For (I > 0:

M. tan- 1 2K3*r+ K2  /2K V + K 2T 3 T-p_ an" 3

x A 12/ Lý 1/2T ~ 7 7~ (13)

For q 0:

Mx A /2/2 / (14)
V37 + vr +

For q < 0:

~ (~ In (2K V5 + K2  ~ (2K3V, + K +. q
-. S 2 ) 223  rK-/TJ;()

Wre x .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).

V. DETERMINATION OF THE CONSTANTS C1 , C2 AND C3

A non-linear least squares computer program was used to evaluate
the constants C1 , C2 and C3 . The experimental data are used in
,Equatioris 8a, 9& or 10a (dependi.ng on the value of the discriminant, q)
to determine the best values for CI, C, and C3 . 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 tha. constwits,. The statements to evaluate the partial
derivatives are provided to the proo-ram in a subroutine and are
tabulated in this report in Table 11la. The computer pi',gram arrives
at a convergent set of constants when the change in the value of each
constant from one trial to the next becomes less than some predetermined

•!;... ,tolerance value (0.01 was uied in this case).

Listed in Table 111b is a suwmary of the computational runs made.
Shown are the initial guess values for the constants with the corre-
sponding root-mean square error, then the general set of constants
obtained when combining the data for all target materials, and finally,
the convergent set of constants obtained for each target material.
Also showi. are the corresponding sigma and T-statistic test value for
each constant of the convergent set. The data used are those tabulated
in Appendix A with the exception of 20 out of the 277 datum sets.

20



Table 111a. Statements To Evaluate Partial l)erivatives For
Non-Linear Least Squares Program

C tc
c r A a PROJEC7ILF CRIlSS-SECTI(INAL ARLA (04**2)

C .Cl a MpIpT'-AL CnNSTANT TO BE EVALUATED
C. CC2 E14PIR1CLAL COINSTANT TV~ BE E~VALUATED

c ( a EMPIRILAL CONSTANT TO BE EVALUATED
c H.~ T 'BHARDNESS UF TARGET PLAlE (OYNES/CM**2)
c M~P aMASS OF PROJECTILE (GRAMb)

* c P1 FIRST Dr-IVArIVE OIF X7 WIIH RESPECT TO Cl
C. P2 aFIRST LJERIVATIVE OF XT W11H4 RESPECT TO C2
C P3 FIRST 11FRIVATIVE OF XT WITH RESPECT TO C3
c C RIIOT DENSITY IOF TARGET PI.AIE (GRAMS/CC)
C VR u:RESIr)L'AL VEI.rJCITY OF PgnjkCTILE (CM/SkC)
C VS STRIKING VEL.OCITY OF PRU.1JECTILE (CM/sEc)
C X. XT TARGFT F'LATF rI"ICKNESS (CM)

SaS)WT(RHOT*HT)

R, i' I VS

z4VT*RH0*HT

0,t. HO4~1T *VR i
T.ý:'/ I 2 .*A*kHOT)
J2. C* R HLT* VS

QO: (4, 0*C *C3-C2** ) *RHnT*HT

If (,-C'L.EQ.)Gd1TO 30r

* C Tt-L LDISCRIMIN4NT QIS GREATER THAII ZERO I

I 1) ý1 =- 1*'4T+C 2*B.+C 3*C

Q?at 1*HT+C2*0+C4*E

* ~ 3*R+CZ*S

Q7=4A7AN(Q5/Q3)

QI 1:C3*F*G/Q4

21
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Table Mia. (Cont'd) Stateaant., To Evaluate Partial D~erivatives For
Non-Linear LUast Squares Program

Qi5ZQ6/Q4

c

C

r , = A L (JG (02/ Q L /C'3
T7:L*r*(C1*C,/(.o"t*04)+lO/(Q3*C3))*(QS-Q1)
T4=(P/Q3-Cl*G*Ql4/.o0)IQI2
T9: (U/'j3-Cl*G*CQl5/Z.0)I0L1

j)3=ký9* CC/Q1-EdQ2+T6.ý-T7,Q10*Ft,(T6-9))

C

c.7H D itISCRIM1NIaNT Q 1,: QiJAL TOZ SRO
c t.

%0 Q*'jQT (CI*HT
Q 1cQ3+SORT (C 3*RHOfT )*VS
)2=3 tSQ&T (C 3*RHr]T) *VR,

A 5=.5*5 . ý)iRT(RHO3T/C.4)*VS
j~,c~*0~T I RHOT / C3) *VIR

Q I

() -C* SQRTI(HT / C3)
Q9='.?*Q8/2
Q10 QI-Q3

c L

22



Table 111a. (Cont'd) Statements To Evaluate Partial Derivatives For
Non-Linear Least Squares Programu

I)3=Q7A (Q3/Ql-Q3/02 ALOGQJ./Q2)/C3+T I4Q3*TZ)

C 71-16 011SCR1MINANT Q TS LESS THAN ZERO
C r'

I Id Q~r5QRT(w.QO)
O0' I*HT+C2*B.+C3*C,
Q2V 1*HT.~c2*Oc3*E

Q4~*0 *3*4 4C2*S..Q

(05QpA.O*(:I*U+c2*S+Q7

QL 2 I* Cs ( 2 Q *Q

Q C*H/Q 7

C

A.-.

.....Q ..... ...............Q8*( AT6).C ..............



Table 111b. Non-Linear Least Squares Fit to Thor Data

Target Number of
Material Initial General Convergent a T Datum Sets

Magnesiumn C 1 0. 40 0.70 1.96 1.72 1.1 22

C 2 0.90 0.23 -1.17 1.84 -0.6

C 3 0.50 0.50 0.83 0.42 2.0

ERMS 0. 72 0. 60 0. 58 - -

Aluminum C 1 0.39 0.70 0.62 0.27 2.2 83

C 2 0.68 0.23 0.41 0.52 0.8

C 3 0.41 0.50 0.40 0.21 1.9

ERMS 0.16 0.15 0.15 -

Titanium C 1 0.40 0.70 4.06 2.92 1.4 is

C 2 0.80 0.23 -3.10 3,04 -1.0
C 3 0.50 0.50 1.38 0.74 1.8

EPJMS 0.12 0.17 0.11 - -

Cast Iron C 1 0.70 0.70 0.37 0.39 0.9 19

C 2 0.23 0.23 0.13 0.58 0.2

C3 0.50 0.50 0.53 0.18 0.3
IlRMS 0.18 0.18 0.09 - -

,Steel (RHtA) C 1 0.40 0.70 0.53 0.93 0.6 17

'C2 0.40 0. 23 0.31 1.32 0. 2

SC 0.30 0.50 0.34 0.44 0.8
j,;" ERMS 0.07 0.12 0.06 - -

:':;.Steel (FHA) C1 0.00 0.70 -3.4x10"4 0.22 -. 02 4

.C2 0.20 0.23 1.18 0.30 3.9
2C .0 05 .3 01 .

C .0 05 .3 01 .
, •:lll"• S 0 47 ' 140" 0 l3

ERS 0.7 01400

... Copper C O,.10 0.70 0.48 0.98 0.5 27

• :C2 1.50 0.23 0.20 0.68 0.3

,C3 0. 50 0. 50 0.61 0. 09 6.7 ,

,.•ERMS 0.16 0.18 0.09--

,2,4
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Table IlIb. (Cont'd) Non-Linear Least Squares Fit to Thor Data

Target Number of
Material Initial General Convergent a T Datum Sets

Lead C -1.00 0.70 -7.70 1.84 -4.2 26

C 1.00 0.23 6.22 1.23 5.1
2

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

C 0.25 0.50 0.30 0.22 1.4
3

ERMS 0.44 0.12 0.11 - -

Combined C1 0.40 0.70 0.70 0.12 5.7 257
Data C2 0.90 0.23 0.23 0.13 1.8

C 0.50 0.50 0.50 0.03 18.6

ERMS 0.29 0.23 0.23 - -

I
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Table IIIc. Summary of Convergent Values For
CI, C2 and C3

Final
Target C1 1 C2 a2 C3 a3 Nr. ERMS

Magnesium 1.96 1.73 -1.17 1.84 0.83 0.42 22 0.58

Aluminum 0.62 0.27 0.41 0.52 0.40 0.21 83 0.15

Titanium 4.06 2.92 -3.10 3.04 1.38 0.74 18 0.11

Cast Iron 0.37 0.39 0.13 0.58 0.53 0.18 19 0.09

Steel (RHA) 0.53 0.93 0.31 1.32 0.34 0.44 17 0.12

Steel (FHA) -3.4x10" 4 0.22 1.18 0.30 0.33 0.10 24 0.08

Copper 0.48 0.98 0.20 0.68 0.61 0.09 27 0.09

Lead -7.70 1.84 6.22 1.23 0.19 0.11 26 0.30

Tuballoy -0,34 0.59 2.08 0.81 0.30 0.22 20 0.13

Combined Data 0.70 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 moxe apparent in the summary Table
IlIc. 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, C2 = 0.23 and C3 = 0.50. (The values for
Fuchs' original equation are 1.0, 1.414, aid 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:

v2j
t t r t-r-

'Pt 0.23AFI

A~~ (t 0.7 + 0.2 •t O.ttV2

+ 0.396 t (16)
[tni 1.16 / _p.t t

V V+ 0.23 Atp
1.16

t

The penetration time equation becomes:

2 m 02 3 A
T ~ ta

Tx 1.16 A AHtP 1.16 9 t

(17)

- a P ~ V + 0.23 4i.7)S. ~tan- r

"1.16 V

Equation 8a along with the values for the constants C1 , C2 and C3
or in the form of Equation 16 will be referred to as the Z/F equation.
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Table IV. Data Eliminated Frova Non-Linear Least Squares
Fit to 1.'hor Data

Target Datum D V V
Material Set Nr. t t p p s r

_(Kg/mw
2) (cm) gm(L m/s m /S

Magnesi-ua 21 72.0 2.540 15.56 1.49 1417.0 537.7

Aluminum 78 120.0 2.540 15i56 1.49 975.4 0.0

Titanium 1 190.0 0.127 1.95 0.76 567.8 521.2
10 190.0 0.318 3.89 1.01 620.3 500.8

Steel (FHA) 2 400.0 0.345 1.95 0.76 748.3 0.0
4 409.0 0.345 1.95 0.76 1081.7 0.0
9 400.0 0.635 3.89 1.01 1066.8 0.0

14 400.0 1.270 3.89 1.01 1791.0 0.0

Copper 18 42.0 0.318 7.78 1.27 745.5 501.7

Lead 1 5.5 0.318 1.95 0.76 2401.2 1066.8
2 5.5 0.318 1,95 0,76 2439.9 914.4
4 5.5 0.348 1.95 0.76 957.7 457.2
6 5.5 0.348 i.95 0.76 1721.5 762.0

11 5.5 0.698 3.89 1.01 757.7 533,4
14 5.5 0.318 7.78 1.2- 181.0.5 1101).8
25 5.5 0.635 15.56 1.49 2608.8 1005.8
32 5.5 2.54 15.56 1.49 1263.7 762.0

Tuballoy 8 240.0 0.254 3.89 1.01 1471.6 823,0
is 240.0 0.508 7.78 1.27 1699.9 121.9.2
22 240.0 0.508 30.16 1.74 2171.4 640.1

Total number is 20 sets.
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"VI. COMPUTING RESIDUAL VELOCITYf

An iterative procedure must be adopted to solve Equation 16 for re-
sidual velocity. One procedure is to determine the force acting over con-
secutive Ax increments and compute the corresponding speed reduction.
From Equation 5,

dv= - F dx(m v) - K+ K-' + 3v2) dx/(m v).

The algorithm displayed in Figure 1 outlines the procedure.

This model was chosen for computing the residual velocity because
it allows flexibility in defining the force equation. There is no need
to check the value of the discriminant q (q = 4K K,• - K•) since it does
not appear explicitly in this approach. AdmitteAly, this model is an
approximation to thu integrated equation but little error is involved
because of the imposed criterion of

I AV' - AV' i
<0.001. (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 to be less than 0.001 becomes progressively smaller.
Hence, a lower limiting value must be imposed on Ax or on the residual
velocity in order to terminate the loop cycle. A tabulation of th3
computer prograr, deck is given in Appendix C along with sample output.

Ar alternative method is to use Equation 16 by progressively in-
creasing or decreasing the iesidual velocity value until the computed
plate thickness yields the correct plate thickness to some degree of
accuracy. A Tabulatior, of such a program is included in Appendix C
along with sample outp, ut of the program.

Also in Appendix C are tabulatizns of programs to find the plate
thickness using Equation 8a and the Thor equation, and a program tor
finding residual velocity using the Thor equation. Sample output is
included for each program.

VII. VALIDATING ThXE MODEL

One method for demonstrating 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/F equation for red dual velocity and for plate
thickness. The Thor data tPbulated in Appendix A is used for making

29
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Ax -
.................. .. ~ j .. . .ur . . ..-----.------ ..
x x

v1 v2
vi V2

F1 F2

FF
m--- •' , ;- Av" "-4-

AV, 640eA;AVII7I
1. Compute the force F I acting at depth x based on velocity v

F1 = K1 + K2 v1 + K3 v

2. Compute the decrease in velocity Av' based on F1; (F dx my dv):

AV, - F1 Ax/mp vI.

3. Compute the force F2 acting at depth x 2 based cn the computed
velocity at x, vIz., v M v - :

24 1

F a K + Kyv + K v24
2 1 2 2 3 2

4. Compute the decrease in velocity Av" baaed on F2:

AV" = F2L x/mp V2

S. Test for I(wv' - Av")/- (Av' + Av")l < 0,001.

6. (a) 'rest condition satisfied. (b) Fails test.

. Set: vr=vI :(Av' + Av")/2, Set: Ax - Ax/2

• •;...F - (F1 F F),'2, Returr to step 2.

IL."x = x1 + Ax,

and repeat procedure .unt-2
x ta'get plate thickness.

Figure 1. Oixtline of Procedure to Find Residual Velocity
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these comparisons. A study of the plots will show visually the accuracy
and the similarity between the two models.

The Thor equation plots do not necessarily look like a least sq,'ares
fit to the data because the exponents were obtained from a least squares
fit to all the data for eazh target material reported in Reference 2.
These data include obliquo angle t6rgets. What is plotted on the graphs
of Appendix B is the data (tabulated in Appendix A) which involves
normal impact only.

The rimilarity in the predictions made by the two equations und 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
velocity can be in error because cf 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
screen, s and a chronograph, there can be doubt as to whether the same
particle triggered both screens.

A second parameter which is possibly inaccurate is the cross-
sectional area 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 areas as a function of yaw angle. For example, the cross-
sectional area for the 1.95 gram cylinder at 00 yaw is 0.452 cm", The
maxiruw area occurs at about 400 yaw and is 0.611 cm2. At go* yaw .•

(sideways impact) the cruss-sectional area is thi mir.um - 0.411 cm2.
The uncertainty in the area can represent,. iiuch F-s a 26 percent error
since the value which was used in ho*t& the Thue equation and the Z/V
equetion is the value at 0* yaw.

As indicated in Section .II, the cross-sectional area was assumed
to be constant when performing the integration. In reality, the pro-
jectile deforms and increase6 in cross-sectional area as it penetrates
through the tatget plate. However, in using the non-linear least squares
program to evaluate the three constants, the effect of the increase in
projectile cross-sectional area was statistically taken into account.
In other words, the particular values of the constants which were
.elected rerresent au average effect of the projectile penetrating the
target p'.ate.

rThe 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
tace-hardened steel Experience has shown that the actual Brinell
hardntss for a particular plate can very by at least 20% from the hand-
book value and seems to be a fanction of plate thickness, at least in
the case uf 2024T-3 alumintu and rolled homogeneous steel.

3] 4
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Table V. Cross-sectional Areas By Yaw Angel For Cylinder Rods

Mass (gms) = 0.973 1.946 3.891 7.782 15.564 36.250

Radius (c-s) - 0.296 0.380 0.506 0.633 0.746 0.372

Length (cms)*- 0.4S7 0.541 0.617 0.795 1.143 1.661

2
Yaw Angle (degs.) Areas (cm2)

0 0.275 0.452 0.804 1.259 1.748 2.389

5 0.298 0,487 0.856 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 3.743

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

85 0.294 0.448 0.692 1.112 1.851 3.094

90 0.271 0.411 0.624 1.006 1.705 2.897

Maximum Error = +29% +26% +21% +22% +28% +36%

-1% -10% -29% -25% 3% 0%

2Area Hr Cos a + 2rL Sin a

where: r - radius (cms),

L - length (cms),

and a - yaw angle (degrees).
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Mathematical comparisons of the two equations are tabulated in
Tables VIa, b, c and d. The definitions for the column headings are the
following:

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

Mean: 'the arithmetic average X =EX /11,
2 -2Variance: (Z(X.) - ())(n-1)

Standard Deviation: =/V-ariance,

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 E : 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
Z/F equation. For other target materials, the Z/P equation is better
than the Thor equation. In all cases, the two equations do not yield
grossly different results from each other.

The advantage of the ZIP equation is that it is more general in its
application than the Thor equation. The ZIP equation may be used with
some confidence for any case where the values of the parameters (target
obliquity and Brinell hardness; projectile mass, cross-sectional area at
impact, and striking velocity; and either plate thickness or projectile
residual velocity) are known. By contrast, the Thor equation is limited
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 6ignificant in the
projectile-target interaction. On the other hand, the Z/P equation is
based on an expression for the resistive force experienced by a pro-
jectile while penetrating a target. The three constants which appearI
in the equation were determined by fitting the depth-of-penetration

.9 . 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 ZIP 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

Target Standard
Material Number Mean Variance Deviation ED ED2

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

Al;:minum 84 -0.085 0.024 0.155 -7.127 2.606 Thor
84 -0.066 0.016 0.129 -5.533 1.737 Z/F

Titanium 20 0.030 0.014 0.120 0.604 0.292 Thor
20 0.033 0.024 0.155 0.665 0.480 Z/F

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

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

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

Copper 28 0.022 0.011 0.107 0.627 0.324 Thor
28 0.118 0.013 0.116 3.314 0.754 Z/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

Tuballoy 23 0.010 0.049 0.222 0.237 1.084 Thor
23 0.029 0.042 0.205 0.673 0.941 Z/F

SCombined 277 0.009 0.124 0.352 2.483 34.303 Thor
,i,, Data 277 -0.033 0.085 0.291 -9.270 23.656 Z/F

34

?.1," . .... . . . .... ,. .,.', -,-j

,. .,, .,•-. • ,•,, . • • ,... ,. ./ • • .. 'A



Table VIb. Comparison of The Mean, Variance, Standard
Deviation, Sun and Sum of Squares of The Plate

Thickness Relative Error

Target Standard ,

Material Number Mean Variance Deviation E R.E. Z R.E.L

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

t Aluminum 84 -0.135 0.035 0.188 -11.323 4.470 Thor

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/F

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/F

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

Tuballoy 23 0.034 0.217 0.466 0.790 4.798 Thor

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
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Table VIc. Comparison of The Mean, Variance, Standard
Deviation, Sum and Sum of Squares of The

Residual Velocity Deviants

Target Standard 2
Material Number Mean Variance Deviation ED ED2

Magnesium 23 34.4 73596.7 271.3 790.8 1646313.1 Thor
23 14.6 38264.1 195.6 37.9 846745.9 Z/F

Aluminum 84 -51.9 4577.3 67.7 -4361.4 606365.9 Thor
84 -39.1 5763.3 7".9 -3286.9 606962.7 Z/F

Titanium 20 42.8 20346.8 142.6 855.3 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 77.3 -1701.5 265952.4 Z/F

Steel (PHA) 29 -0.7 17081.4 130.7 -19.5 478292.9 Thor
29 -94.3 37147.3 192.7 -2734.9 1298040.9 Z/I

Copper 28 18.2 12024.6 109.7 510.7 333979.7 Thor
•28 89.2 14203.1 119.2 2497.2 6061.39.8 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 Z/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

Combined 277 -7.2 27187.9 164.9 -2000.4 7518297.0 Thor

N Data 277 -20.2 30600.0 174.9 -5594.5 8558583.8 Z/F
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Table VId. Comparison of The Mean, Variance, Standard
Deviation, Sum and Sum of Squares of The

Residual Velocity Relative Error

Target Standard 2

Material Number Mean Variance Deviation Z R. E. E (R. E.)

Magnerium 23 0.048 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 Iron 19 -0.003 0.044 0.210 -0.049 0.795 Thor
19 -0.352 0.041 0.376 -6.698 4.901 Z/F

Steel (RHA) 17 -0.189 0.01.5 0.121 -3.214 0.844 Thor
17 -0.139 0.011 0.103 -2.366 0.500 Z/F

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 0.355 -0.023 4,156 Z/F

Tuballoy 23 0.023 0.100 0.316 0.550 2.215 Thor
23 0.025 0.173 0.416 0.578 3.286 Z/F

Combined 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

Does not include data where the residual velocity was zero unless the

predicted residual velocity was also zero.

.(1
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V111. ANALYZING THE PENETRATION PROCESS

Although the force Equation 3 may not represent reality, it does
involve relevant physical parameters. When applied to Newton's equation
of motion, the resulting integrated equation does a fair job of predict-
ing plate thickness (!-Ir residual velocity as the case may be) over a
wide range of target materials. It would be fair to zay 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 equations of Section III can be reduced to the following form:

XtA
M•- f(pt, H t, Vs' Vr)•

p
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 thicknbss Xt. This allows generalized curves to
be drawn, plotting the values for XtA/M. as a function of velocity for
particular values of target plate hardnbss Ht and target density p t.

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 XtA/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 XtA/MP and then read-

ing the residual velocity off of the y-axis. For example:

Given: Xt W 1.5 cm.

HT BHN 100 9.8 x 10 dynes/cm

" A 2.5 cm2

V = 2500 m/s f 250000 cm/sec
s

.Pt 2.77 g/cc (aluminum)

SM -2.2 grams.
~~ = (1.5)(2.5) 1.0b

•: ,' ~Find -the residual velocity where XtA/Mp = 15(.)=1.70 by
I ;referring to Figure 3a.2.

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 250O 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 Xt to 0.5 cm yields a new value of
0.568. Using this value results in an approximate r'isidual velocity of
Vr = 780 m/s.

The second way these curves can be utilized As to ostimate 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 XtA/MP = 0.568, the limit
velocity i3 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 is approximately 1630 m/s. Greater
precision (mathematically) 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 c 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 target plate density is non-linear. There is greater varia-
tion for a change in 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 PtXtA/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
identical. 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 homogeneity 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 exception of spheres and spin stabilized projectiles. Any change
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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 requirod.

When consideri-ag the ability of the projectile, as a whole, to
penetrate a target, the Uimportant 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.

IX. SUMMARY AND FUTURE AREAS OF INVESTIGATION

An analytic model of kinetic energy round penetration has been
presented. This model compares favorably with the Thor equation in
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.

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 Q~.Something more complex may be required to adequately
predict the effect of oblique angles.

Aiiother 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.
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APPENDIX A

PROJECTILE-TARGET PENETRATION DATA

All values reported in Reference 2 appearing in this appendix have
be.,en 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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APPE.NDIX 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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C
C I
C 2
C 3
c Z/F FORCE PENETRATION MODEL 4
C 5
C 6
C GLOSSARY 7
C a
C *** IDENTIFIES REQUIRED INPUT DATA 9
C * IDENTIFIES INPUT DATA WHICH IS NOT REQUIRED 10
C 11
C 12
C 13
C A - FIRST TERM OF THE FORCE EQUATION (KU) 14
C AA - STATIC FORCE COMPONENT (DYNES) 15
C *** ANG - IMPACT ANGLE (DEGREES) 16
C AMr - CONSTANT BASED ON LEAST SQUARE FIT TO DATA 17
C 6 - COEFFICIENT OF SECOND TERM OF THE FORCE EQUATION (K2) 18
C BMF - CONSTANT BASED ON LEAST SQUARE FIT TO DATA 19
C. - COEFFICIENT OF THIRD TIRM OF THE FORCE EQUATION• (K3) 20
C k:MF - CONSTANT BASED ON LEAST. SQUARE FIT TO DATA 21
C oELT - DELTA TIME INCREMENT 22
C flELTAV - DELTA SPEED DECREMENT 23
C ý)ELV - CnMPUTED DROP IN SPEED BASEL ON VRI AND Fl 24
C UELVP - COMPUTED DROP IN SPEED BASED ON VR2 AND F2 25
C CELX - X INCREMENTAL VALUE 26
C OEVANT - THE COMPUTED RESIDUAL VELOCITY MINUS THE EXPERIMENTAL 27
C RESIDUAL VELOCITY ( THE UEVIANT ) 28
C '-1 - FORCE ACTING AT START QF X INCREMENT 29
c 12 - FORCE ACTING AT END OF X INCREMENT 30
C kIORCE - TOTAL FORCE 31
C ýVl - COMPONENT OF FORCE PROPORTIONAL TO SPEEU 32
C -V . - COMPONENT OF FORCE PROPURTIUNAL TO SPEED SQUAREU 33
c 'D14 - HOLE DIAMETER (CM) 34
C ICNT - INDEX COUNTER 3
S L ,IR - SHnT IDE,',IFICATION NUMBER 36
C PCA - PROJECTILE CROSS-SECTIONAL AREA (SQ CM) 37
C ** P0IA - PROJECTILE DIA4ETER (CM) )a
C or*i, SS - PROJECTILE MASS (GRAMS) 39
c PRESUK - STATIC PRESSURE ACTING ON PROJECTILE (MEGA-PASCALS) 40
C RATIO - THF COMPUTED RELATIVE ERROR 41
c. m,.,.Ss - PRIMARY RESIDUAL FRAGMENT HASS (GRAMS) 42
C SUMFT - TOTAL IMPULSE TO DEPTH X (DYNE-SECS) 43
(f *** 1BN - TARGET PLATE BRINELL HARDNESS NUMBER (KG/MM**2) 44
c IE'•T , VALUE TO BE TESTED 45
C. •** IHILK - TARGET PLATE THICKNESS (CM) 46
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C TIME - PENETRATION TIME (MICRO SECONJDS) 47
C ** TRI-D - TARGET PLATE DENSITY (G/CC) 48

C vR - RESIDUAL SPEED (CM/SiC) 4

C R -'RESIDUAL SPEED AT START OF X INCREMENT so
C V92 - RESIDUAL SPEED AT END OF X INCREMENT' 51

C * VRE - EXPEAIMENThL RESIDUAL SPEaD (M/S) 52

c VRP - RESIDUAL SPEED (MIS) 53
C VS - STRIKING SPEED (CM115) 5

C ** VSP STRIKING SPEED (M/S) 55
C - DEPTH OjF PENETRATION (CM) 5

C XPRT -DETERMINES WHEN TO PRINT OUrPUT 57

C XPRTI -THE PRINT INCREMENTAL VALUE so

C 59

C 60
C 61

DATA PI/3el41592654/ 62
AM FtO,70 63
BMF-,0,23 64
CMF 20.50 b
wRj'rEchA60) 66

,40 FiJR,.AT(1H1/1HiO,#20XP4uHSAMPLE OUTPUT FUR Z/F FORCE PENETRATION ,67

i 5 MODEL PREDICTING RESIDUAL VELOCITY 68
9,C 0N T I NUE 69

C R~lkD CARD WHICHI IDENTIFIES TARGET MATERIAL 7
R'-Ai (5s,95)'TGT1,TGTZTGT3 7

WRITE Ca,95)TGTITGT2*TGT3 72

9! FfORtAT(3A6) 73
ICIAT=0 74

LOO CO IN 114U E.7
C A BLANK CARD SEPARATE$ TARGET MATERiAL GROUPS 76

CEND PUNCHED IN CnLUMNS 1 TO 3 WILL TERMINATE THE PROGRAM 77
RE4A'(b, lO)NRlTRHOTBHN,THICKANGPPASSPUIAVSPVRERMASSDHI)IA 78

31 lP'R,T-'(A6,#F6.iFb.1,*FB.'4F5.1,PFb,2,tF.3.,2F8.1,2F7e2) 79

FP(thHN.LE.0.0)r,0TCJ 900 8

L ,,0ONVERT STRIKING SPEED To CM/SEC 8
VS=\/S P*100.*0 82

C X0MPU TE CRUSS-SECTIONAL AREA 83
PCAý:P *(PDIA/2.O )**2 84

C cOmPUTE 1(1, K2 AND K(3 ( ABAC) 8

A9.8 F7*T BHN 86
PrS'QPT( A*TRHO)*BMF 67

CmT RHU*C HF $a
aA * A 1F 89

90

VH=,dS 91
C DFTERMINE PPINT FREQ:JENC~f AND INITIAL DELTA X INCREMENT 92

XPR1 I-rHICK/10.0 9
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flELXPTHICKI1O,0 94
IF(DELX .Gr. 0.01') DELXw0s0l 95

C INITIALIZE VARIABLE'S9

XPRTmo*0 96
TIME*0.0 99
SUMFTuO.0 1.00
'ICNTs ICNT*1 101
WRITECbo,11)ICNT #NR 102

115 FQiU4AT(1HO/LHOSOX*1SHDATLIN SET NR.,Z5,1OXI2HIDENTIFIER up2X#Abi) 1.03
WRITE(6#150) 104

1.50 FORMAT~1H0,9X.1HX,6XZIHVR,10~pHF(V0),10X,5HF(V1)..10XSHF(V2),1OX, 105
1 5HFORCESXj4HTIME*4Xo8HPRESSUREo5Xp7HIMPULSE )100
WRITEC.6.sl51) 107

1.51 FORMAT(I 1.1 ,X,4HCCM),5X,-SHCM/S),6X,714(DYNES),SX,7H(DYNES),SX, 108
I 7HCDYNES),SX,7H(DYNES),,4XSH(MU-SEC ),6XISH(M P'A) (DYNE-SEC)/ 109

c ,DOMPUTE FORCE AND STATIC PRESSURE ACTING AT Xwo BASED ON VR*VS 1.10
FV IaPCA*S*VS 11.I
FV2tPCA*C*VS**2 112
FORC EnAA+FVL+FV2 1.13
PRESURxFOlRCE/PCA*l* Es7 1.14
WRITE (6,251)XVSPAAFV1,FV2,#FORCETIMEPRESURSUMFT 1.15

200O CONTINUE 116
IF(X .GE, THICK) GOTO 300 11.7
JF(VR.LT.13.0)GOTO 290 118

C THE FOLLOWING STATEMENT INSURES THAT 'THE PLATE TH4ICKNESS 119
C. WILL NOT BE EXCEEDED 120

IF((X+OELX) .GT. THICK) OELX*THICK-X 121
IF(L-EIX .LEs 0.0) GlOTO 300 122

C COMPUTE FORCE ACTING AT Xi BASED ON VI 123
V~lZVR 124
F1'PCA*(A+R*VRI+C*VR1.**2) 11.25

2?0 CONTINUE 1.26
C r'OMPUTE DELTA V1 BASED ON Fl 127

flFLVx~l*DELX/CPMASS*VRI) 126
VR2:Vg-DELV 129
IF(VR2.LT090s)GOTD 290 1.30

C COMPUTE FORCE F2 ACTTNG AT X2 BASED ON V20VI-DELVI 131
F~2xPCk*C A+F*VR2.c*Vft2**2) 13Z

c -'MPUTE DELTA 'l BASED ON F2 133
UELVP=F2*DkELX/ CPMASS*VR2) 1.34

C MiAKE TEST13
TESrz(flELV-DFLVP)/ C (DELV+'DELVP)/29O) 1.30
[F(%8S(TESTl.l.T.0.00I)G0TO 250 137
IF(IEL(.XLT.L.E-5)GDlT0 25013

C i-AILS TEST -REDUCE DELX By HALF (MINIMUM IS 0.00001 CM. 1.39
nLXmflELX/2.0 140
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GUTO 220 141
250 COiNIINUE 142
7.51 FORMAT(I 11 Fl0.3,FlO.,l1P4E15.5,OPF1Z.3,2F12.1) 143

C MEETS TEST- 144
UELTAVn(oELV*DELVP) /2.0 10~

C C0HPUTE VRoV1-DELTA V14
VRaVR-OELTAV 147

C .FIND THE AVERAGE FORCE ACTING OVER THE INTERVAL 146
FORC*EznCF1*FZ)/2.o 149

C UPDATE YHE DEPTH OF PENETRATION X 15O
X*X4DELX11

C UPDATE THE PENETRATION TIME-IN MICRO-SECONDS 152
O)ELT-PMASS*OELTA V/IORCE*1. E6 153
TTMEwT.IME+0FLT 154

C UPDATE THE TOTAL IMPULSE EXPERIENCED BY THE PROJECTILE 5
SUMFTxSUMFT*FORCE*DFLT *1.E-6 156

C CHFCK FOR PRINTING INFORMATION 157
I9(X.C.E.XPRT)G0T0 260 156
r;L1TD 200 159

?60 (O'NTINIJF 160
C RkSOLVE THlE VARIApLE CO1MPONENTS OF THE FORCE 161

FVIUPCA*8*(VR*DELTAV/Z.0) 162
FV2tPC.A*C*( VR+OELTAV/2.Cfl**2 163

c OMPUTE THE STATIC PRESSURE 164
PRE Sd~kuFORCE/PCA*19*E-7 165
V R PV R/ 100.*0 166
WRI TEC6,251)XVRPAA,FVtFV2,FORCETIMEPRESURSUMFT 167
XPRTaXPRT+XPRT I 168

C 0-ITINUE CYCLIN(J ONTIL TARGET PLATE IS COMPLETELY PENETRATED 169
C OR UNTIL THE RE~SIDUAL SPEED IS LESS THAN 10 CM/SEC. 170

6;tTOi ý00 171
2'4 CIN T I AU E 172

C ,EFrAULT - SINCE THE REý IDUAL SPEED 1S LESS THAN 10 CM/SEC 173
viawo., 174

3ý0 CIINT: 'N(,E 176
L CnHPUITE. AND PRINT FINAL VALUES 177

F V1tP C4A*8* (VR .0FL TA V/Z * ) 178
FV2zPCA*C*( VRDELTAV/2.O)**2 179
sumVIr-SUMFTFORCE*UFELT *1.E-6 180
PPFSURuFORCE/PCA*1.E.7 181
VRP-VR/100.0 182
WR I I E ( ol25 1 ) XVRps AApFV1,PFV?, FORCEA T I IEpPRESURo SUMFT 183

'4( CUN1 INUE 184
C (iMPUTE AND PRINT THE DIFFERENCE BETWEEN THE PREDICTED VALUE las
C '.NV THE EXPERIMENTAL VALUE (DEVIANT ERRO3R) AND THE RELATIVE 186
C tRROR 187
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DEVANTvVPinVRE16

IF(VRE .LE, 1.0) GOTO'302 190
RAT IONOEVANT/VR8 191

302 CONTINUE 192
WK! TE (6,3l0)YtI4CKeVREEVANTRATIO 193

310 FORMATC1M0#Fl0s~,p0.,#3X*ZZMU RXPIARMINTAL VALVES , 6X. 194
1 17HSPIEO DEVIANT 1S #F10.1jl~2lH)tRELATIVE SPEND ERROR ISpF10s%) 19s

C PRINT TH.E INPUT VALUES 196
WRlTE(6o%15) 197

315 FORMAT( IHO,16X,4HTBHN,5XSHTHICKSX,5HPMASS,7XSI4ANG,7X,3HVSP* 194
I 7X,3HVRU,5$XDSHKM~lS,6X,4HPDIAa6X,4HHDlA,6X,4HTRHO 1 99

WR1TE(6,)2O)TBHNTH1CK.PMASSANGVSPVRE..RMA5SPOtA1NOI3ATRHO zoo
W,~ FORMAT0,H P1OHRNPUT IS ,~10.1,2F10.3,F10.1,2F1O.,l3F1O,3,Fl0,2I 201

C (;ONTINUE WITH NEXT CASE 202
IFV'IOMD(ICNTaz)sNE,0)GQiOo 100 203
Wkll'IE(b,60) 204
WRI lE (6p95T(.TlTGT2,oTGT3 2
GnOTI 100 20*

qu0o IF(NR *Nks 6HEND )GOTO 90 207
WRI~TE(b*901) 20$

9 (11 FURMAT( iHO*ZOX, loIbND OF RUN 1209
STOP 210
END 2,41
DATA 212

T 1TAN1UM ALLr~y
1,0 4.48 190.0 .12? 10 1195 05$9 $67.64 $21*21 l.68
P.0 4.44 190.0 .127 .1 1.91 .759 1461.82 1294.16 091
.4.0 4,48 140,0 .318 .0 1.95 "59 880s26 590#40 .10.00
4*.0 4.40i 190.0 .31A .0 1.9$ 159 1355,45 1003.56 1.63
!ion 4.49 190.0 .635 .0 1.95 4759 14.91,08 663.36 1.73
60)' 4,48 S00,0 .13 .0 1.95 .759 1966.36 1127.15 .56

ft.0 4.48I 190.0 .127 .0 3.89 1,013 794698 672.69 3#33
9.0 4.49 190 0 .127 .0 3,89 1.013 1032.66 0$7.68 1.72
1090 4s48 190.0 .318 on 3.89 1.011 tZ0.27 500.79 3.63

1.0 4.48 1,90.0 .311 .0 1.81 1.01) 773.26 902,78 3.61

0~0 4.40 190.0 .035 .0 3.89 1*013 1505.71 774.50 3.24
t4.n 4,41 190.0 .635 .0 3.69 1,011 1526.13 979.32 -10.00
15,.0 4.4A 190.0 .635 .0 3.89 1.01) 2455.16 1367.33 .12
16.1 4.48 190.0 1.270 .0 3.89 1.013 2551479 1165.66 057
170 4.4A 190.0 .127 ,0 7.76 1.267 640,99 561.44 7.72
It- 4.48 190.0 .127 .0 7,78 1.267 959,21 474,78 7.72
i'.o( 4.48 190,0 .318 .0 7,78 1,267 975*97 78547 7.72
?io 4.401 190.0 .635 .0 7.76 1,267 1484,38 994.67 -10.00
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•IHA

1.0 7.78 135.0 .146 .0 1.95 .759 686.49 648.57 -10.00
2.0 7.78 135,0 .152 *0 1.95 e759 1211,5 1014.95 -10.00
3.0 7.78 300.0 .318 .0 1.93. 759 1521.26 1196.14 -10.00
4.0l 7.78 305,C .635 .0 1.95 .759 1394,46 460o25 -10,00
5.0 7.78 393.0 .152 .0 1,95 .759 609,90 367.89 -10.00
b.o 7.78 135,0 .046 .0 3,69 1.OI3 302906 277.37 .10.00
7.. 7.78 135,0 .152 .0 3.89 1.013 393.50 256.03 -10,00
8.0 7.78 WA5,O 318 .0 3,9 1.015 883.62 54*254 -10900
9,0 7.78 300,0 .118 .0 3.89 1.013 879,65 553.69 lO.O
1O0O 7.78 300.0 .118 .0 3.59 1.013 1466.09 1164.34 -1090n
li.e 7.78 300.0 .635 .0 3869 1.013 1466.09 687,32 10,00
1?.t 7.78 300.0 .318 .0 7.78 1.267 909.52 690.37 -10,00
!1,0 7.78 300.0 .318 .0 15,56 1.491 916.53 754.36 -10.00
14.0 7.78 300.0 .313 .0 15.56 1.491 1425.55 1179,5• 1 *0,00
15.0 7.7A 300.0 .635 .0 15.56 1,491 1432.56 1037.84 .1000
16.0 7.78 305,0 .635 .0 15.56 1,491 1556.00 1109.47 .10.00
17 ,n 7.78 332,0 1.270 ,0 15.56 1.491 1660,55 759.56 10,00
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cc 2

c 3
COM'4 PROGRAM USING Z/F EQUATION TO PREDICT RESIDUAL VELOCITY 4

C 5

C 6

C tiLOSSARY OF VARIABLES 7

C I
C 9
C *** IDENTIFIES REQUIRED INPUT DATA 10

. * IDENTIFIES INPUT DATA WHICH [5 NO[ REQUIRED
C 12

C 13
C 4'** .ANG - THE ANGLE OF THE TARGET PLATE WITH RESPECT TO 14

C LINE OF FLIGHT - OBLIQUITY (DEGREES) 15

C 'R4A - THE PROJECTED CROSS-SECTIONAL AREA OF PRGJECTILF lb

c ON IMPACT 17

C l - Cr3NSTANT 3ASED ON LEAST SQUARE FIT TO THOR DATA le

C .2 - CONSTANT BASED ON LEAST SQUARE FIT TO THOR DATA 19

C 3 - CONSTANT BASED ON LFAST SQU4Rk FIT TO THOR DATA 20
- THE DEVIANT a COMPUTED VALUE MINUS EXPERIMENTAL. VALUE 21

C UB*,R - THE AVERAGE (MEAN) VALUE UF THE DEVIANTS 22
C ,,EI TAX - ALLnWED TOLERANCE ON THE PLATE THICKNESS (CM) 23

C ')ELV - THE INCREMENT ON THE RESIDUAL VELOCITY 24

C r)SI, - THE STANDARr DEVIATION OF THE DEVIANTS 25
C OT[.IR - CONVERSION FACTOR - DEGREES TO RADIANS 26

C !)VAR - THE VARIANCE OF THE DEVIANTS 27
C BAR - THE AVERAGE (MEAN) VALUE OF THE RELATIVE ERROR 28

C Es!i - THE STANDARr DEVIATION OF THE RELATIVE ERROR 29

C cV,'R - THE VARIANCE OF THE RELATIVE ERROR 30

C H 'ATA - THE ODAMETFR OF THE HOLE MADE IN THE TARGET (CI) 31

c ICT - INDEX TO COtiNT NUMBER OF DATA CARDS FOR ONE TARGET 32

C ICT) - INDEX COUNTrR ON NUMBER OF POINTS FOR DEVIANTS 33

C IClE - iNDEX COUNTFR ON NUMBER OF PCINTS FOR RELATIVE ERROR 34
. * -D - AN IDENTIFICATIOA NUMBER OR SYMBOL-DESIGNATES SHOT NR, 35

C IFLGM - FLAG TO INDICATE RELATIONSHIP ON THICKNESS FOR rHIS VR 36

C IFI.GP - FLAG TO INDICATE RELATIONSHIP ON THICKNESS FOR THIS VR 37

C IRFP - NUMBER OF ITERATIONS COUNOER INDEX so
C *** P014 - UIAMETER OF THE PROJECTILE (CM) 39
C *** PMASS - MASS OF PROJECTILE (GRAMS) 40
C RATIO - USED TO DETFRMINE A FIRST ESTIMATE OF RESIDUAL 41

C VELOCITY 42

C RELERR - THE RELATIVE ERROR OF COMPUTED VS, EXPERIMENTAL 43

C * RMLSS - THE RECOVEREO PROJECTILE MASS (GRAMS) 44

C SUID - THE SUM OF THE DEVIANTS 45

C SUfIDSQ - THE SUM nF THý DEVIANT SQUAkED 46

C ýUPRE - THE SUM OF THE RELATIVE ERROR 47
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C SUMRES - THE SUM OF THE RELATIVE ERROR SQUARED 4
.C ** TBHN - THE TARGET BRINELL HARDNESS NUMBER (KG/SQ MM) 49
C ** THICK - TH4E THICKNESS OF THE TARGET PLATE (CM) 30
C ** TRHO - THE DENSITY OF THE'TARGET PLATE (0/CC) 51
C VR - PREDICTED RESIDUAL VELOCITY (MIS) 52
C VRF - THE EXPERIMENTAL RESIDUAL VELOCITY (M/S) 5)
C ** VSP - THE EXPERIMENTAL STRIKING VELOCITY (MIS) 34
C XT -PREDICTED VALUE OF PLATE THICKNESS POR CURRENT VALUE so
C OF RESIDUAL VELOCITY 5*
C XTO - VALUE OF PLATE THICKNESS WHEN VRRO (MAX PENETRATION) 37

nATA PIOTOR / 3.1.41592654o 0#0174531925 /39
10 FOJRP-ATC A6,2F6.1,F8.3,F5. 1,2F6,3,ZFS.1,'.F7,2) 60
12 FORMAT(10A6) 61

C luO.70 62
C~xO.23 6)
C3v0.50 64
D F.L TAX .0@*001 6

100 CO)NTINUE 66
WRIrE(6ol.03) 67

103 FORNMAT(lHl) 6e
WRITE(6,1.06) 69

106 FORmATCIHOZOXs42HSAMPLE OUTPUT FOR Z/F EQUATION PREPICTI-4C, s 70
1 !8 RESIDUAL VELOCITY / )71

CREAD CARD DESCRIBINC. THE TARGET MATERIAL 72
REAI)(5, 12)TGTIPTGT2aTGT3 73
WRI'TE (6, 2)TGTlPTGT2,TGT3 74
WATTE(6,110) 73

1.10 F0RMATC1.HO,4X,39HNR TRHO TBHN THICK ANG MASS PPIA P6XP 78
1 ZHVS,2X,1.2HRMASS HOZA ,5X,3HVRE,6XZHVR,5X,3HDEV,5xp 77
2 3HSUMHUXZHSQO,4X,4HR.E.,SX,3HSUM,6X,2HSQ )76
ICT :0 79

I CT-uOso

SUM000.0 * 0
SUMUSQUOSO 83
SUMRErnO,0 84
SUMRESS'0. 85

c ONE ALANK CARD USED T1 SEPARATE DATA FUR DIFFERENT TARGETS 866
c CARD WITH ENLD PUNCHED IN THE FIRST THREE COLUMNS 87
C WJILL TERMINATE THE PROGRAM 6B

1.50 REAU(5,l0) IONTRHOTgiHNTHICKANGPMASSPOIA,#VSPVRE,*RMASSHt)IA 89
I(PC RilULE.0.0)G0TC] 200 90

C r.0tAPUTE PROJECTILE CRr2SS-SECTIONAL AREA 91.
ARE..sP L*CPDIA/2.0)**2 9

C THEF UNIT OF VELOCITY TO BE USED IS CM/SEC 93
VSUVSP*100.0 94



VR sQ * 9)
DELV*I 0000.0 96
TM! r,Kr'nTHICK+DELTAX 9
THICKM2TN! C K-C EL T A 96

C COMPUTE COEFFICIENTS AND OTHER QUANTITIES 99
C (NOTE ; 9.8E7 CUNVERrS THE BRINELL HARDNESS NUMBER 100
C FROM KG/MM**2 TO DYN4E/CM**2 101

'CAm'9.SE7*TBHN.Cl 102
CB*SQRT(9#6i7*TBHN*TRHD) *C2 103
CCsI RHO*C3 104
QXu4..0*C 1*C3-C2**a 10O0
QUQX*9. 8E7*TBHN*TRHO 106
QO-SORT(g) 107
QI.uCA.CS*VS+CC*VS**2 106
Q3u? .O*CC*VS 109
Q5-(COS(ANG*DTOR) )**1.05 110
Q9u). 5/CC*( PMASS/AREA) III
XTO-:Q9*(ALOG(Ql/CA)+2.0*CB/QO*CATAN(CB/QO)-ATAN((Q3,CI)/QO0, 112
XTO-XTO*Q5 113

C WHEN XTO < THICK ,THEN PENETRATION IS iNCOMPLETE -- VRwfO.0 114
IF'(XT,'.LT*THICK)GtmTO 185 115

c 'lmIMPTE A FIRST ESTIMATE FOR THE RESIUU~AL VELOCITY 116
RATinl=ABS((XTO-THICK)/THICK) 117
IF(RATIO.GT.1.0)RATIO-ABS((XTO-THICK)/Xr0) 11l
VR:RA TIO*VS 119

I FL ,M 0120
i ~L;P~Q121

TRLPz0 122
).60 fRFP=IREP~l 123

I ( ]Ri-P.GT.100)GOYO 910 124
IF( IFLGP.EQ,1.ANIJ.IFLGM.2Q.1)G9OTU 150 125

L (OMPUTE THE PRED)ICTEO) TARGET PLATE THICKNESS 126
Q)2-- A4CB*VRCC*VR**2 127
Q4%?.O (*CC*VR 126
XT~w9*CALDGCQ1/Q2)+2.0*CB/QO*(ATAN( (Q4+CB)/QO)-ATAN( (Q3+CB)/Q0))) 129

C ,CCOUNT FOR OBLIQUE ANGLE IMPACT 1 30
XT zXT*Q5 131
[f:(XT.GT.THICKP)Gr)TO 170l 132
IF(XT.LT.THICKM)GDTfl 175 133

c F'ALLING THROUGH THE ABOVE IF STATEMENTS MEANS THAT TOLERý4CE 134
C ',IN THE PLATE THICKNESS HAS BEEN MET WITH THE CURRENi VALUE 135
c I-OP THE RESIDUAL VELOCITY 136

GOTO 1815 137
1I0 VRtvR+DELV 13$

C IFLGPo1 MEANS THAT THE VALUE FOR VR IS TOO LOW 139
I FLGP-. 1 140
GOI"]f 160 141
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1?6 VRwVR-DELV 2
IFLGMw1 MEANS THAT THE VALUE FOR yR 15 TOO HIGH 143

IFLGM~l 144
GOTO X60 10~

IbO flELV*DELV/2,O 140
C THE VALUE FOR VR HAS OVERSHOT THE TOLERANCE LEVEL POR 147
C THICKNESS MEANING THAT THE VALUE FOR DELV IS TOO LWRE 145

IFLGPuO 14~9
IFLGM:0 150
IF(DELV.LT.O.1)GC'TE 910 151
GOTO L60 152

18ý VR'wVR/10O#0 153
C COMPUTE DEVIANT AND RELATIVE FAROR AND CORRESPONDING SUMMATION 154

UDVR-VRE 155
ICTD-TCTD+I 156
sUMuxsUmD+D 157
SUML) SQ xSUMO SQ+0**2 ISO
RELERRuIO00*0 159
IF(VRE.LE9,O.OGOTO 186 100
RELERRuD/VRE 6
0TOT 187 162

186 1F(VR.LEo0.0)RELERRmO.O 163
187 IF(RELERR*GE.500.0)GOTO 189 164

ICTE. ICTE*116
189 CONTINUE '166

SUMRExSUHRE+RELERR 167
SUMRES-SUMPES+IRELERR**k 168
WRITE(6, 195) IDNTRHOTBHr4,THICKANGPPMASSPOIAVSPRMASSHfl1A, 169
1 VREVRDSUMDSUMDSQRELERRSUMRESUMRES 170

195 FORMATC IH PAj6PF.PB3FolFop63F~o~2 171
1 F7.3,4F8.1pFlO.13 3F8,3 )172
1CT=ICT+l 173
c;Orn 15o 174

200 CON IINUE 175h
C FIND THE MEANVARIANCE ANIO STANDARD DLVIArION OF 176
C ,'.)EVIANTS AND RE.LATIVE ERROR 177

CTzýICTO 176
CTl 7ICTn-I 179
OBAO.-SUMD/CT 180
D)VARu(SUMDSQ-t)BAR**2*CT) /CT1 l8ei
USO;.SQRT (DVAR) 1UZ
rT:1 CTE 183
CT1I ICTE-1 184
E B4R=SUM RE/CT lab
EVAkR(SUMRES-EBAR**Z*CT) ICTI 186
ESO-SORT CEVAR) 187
4dRITE(6p220) ICTO 188
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WRITE(6,s2lO)DBARDVAfDSD 1.9
WRIrE(6,ZZO)ICTE 190
WRITE(6,215)EBAREVARpES0 191

210 FORflAT(INO,0*OX37HMEAN, VARIANCE AND STANDARD DEVIATIUN ,ZX, 192
1 14HOF DEVIANTS a P 3F10.1 ) 19)

?15 FORMAICINO,0OX,37HMEAN, VARIANCE AND STANDARD DEVIATION 2XP 194
1, 17HOF RELATIVE ERROR i 3FI0,5) 195

C PRINT NUMBER OF PDINTS 196
WRITE(6,220)ICT 197

210 FORMAT(INOpLOX*18HNUMBER OF POINTS .•15) 190
IF(TDN.EQ. 6HEND )GOTO 900 199
GOTO 100 200

900 WRTTE(6b905) 201
905 FORMAT(lHO30X,1OHEND OF RUN ) 202

STOP 203
910 WRITE(6,915) IDN,TREPDELV 204
)15 FURMAT(1HO, OXAbZX 19H0ID NOT CONVERGE IN I5,2X, 205

1. lOHITERATIONSA5XA6HDELV = F10,5 206
GnTIJ 150 207
SiN' 208
D )ATA 209

TI I rA IJM ,LLOY
1.0 4.48 I90.0 .127 .q 1.95 ,759 567.84 521.21 1,88
2.0 4.48 190.0 .127 .0 1.95 .759 1461.8Z 1294.18 .91A.0 4.4c 190.0 .318 . 1 1.95 .759 880.26 590.40 -10.0,
4,.0 4.48 190.0 .318 .0 1.95 .759 1355.45 1083.56 1.63
5.0 4.4A 190.0 .635 .0 1.95 .759 1491.08 683.36 1,73
().0 4.48 190.0 .63.5 .0 1.95 .759 1986.38 1127.15 95,
7. 4.48 190.0 1.270 .0 1.95 .759 2371.65 361.61 -10.0
$.0 4.45 190.0 .127 .) 3.09 1.013 798.88 672.69 3.03
r,.( 4.46 190.0 .127 .0 3.89 19013 1032,66 957.68 1.7w

10.( 4.48i 190.0 .318 .0 3.89 1,01) 620,27 500.79 3.83
iH.(0 4.4S 190.0 .316 .0 3.89 1,011 773.28 582,78 3,31
)7.0 4-01. 190.0 .314 .0 3.89 1.013 1499,01 1251,81 2,4A
)3.(' 4.4c 190.0 .635 .) 3.89 1.013 1505.71 774.50 3.Z.
t',.O 4.46 190.0 .635 .0 3.89 1,013 1526.13 979.32 -10.0O'
'9.0 4.4h 190.0 .6305 .0 3.89 1.013 2455.16 1367.33 .1)
16.0 4.48 190.0 1.270 .0 3.89 1.013 2551.79 1165.86 i5!
17.0 4.4A 190.0 .127 .0 7.78 1.267 640.99 561.44 1.7'
l(.,n 4.44 190.0 .127 .0 7.78 1.267 q59.21 874.78 7.7?
9.11 4.4P 10.0 .318 .0 7.78 1.267 975,97 785.47 7.7/

20.1 4.4b 190.0 .635 .0 7.78 1.267 1484938 994.87 -10.0)

RHA
.,) 7.701 135.0 .0n4 .:J 1.95 o759 888.49 848.87 -10.0"

1.) 7.7t 135.0 .152 .0 1.95 .759 1211.58 1014.98 -10.1-
3.5 7.78 300.O .,18 $ 0 1.95 .759 1521.26 1196.34 -10.*3
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4.0 7.78 305o.o .635 .0 1.95 .759 1394.46 460.25 -10.00
5.0 7.78 393.0 .152 .0 1.95 .759 609,90 367.69 -1,000
6.0 7.78 135.0 .046 .0 3.89 1014 30Z.06 277.37 -10.00
7.0 7.78 135.0 ".02 .0 3.89 I.O01 393.50 256.03 -10.00
8.0 7.78 135.0 .31t .0 3.19 14013 $63,62 542.54 -10*)0
9.C 7.78 300.0 .315 .0 3.59 1.013 879,65 53369-10,00

10.0 7.78 300.0 .31C .0 3.19 1.013 1466,09 1164.34 -10.00
11.0 7.78 300.0 .635 .0 3.89 1013 1466,09 667.3Z -10.00
12.0 7.78 300.0 .318 .0 7.78 1,267 909,52 690.37 -10.00
1.3.0 7.7e 300.0 .318 .0 15.36 1.491 916,53 754.38 -10.00
14.0 7.78 300.0 .318 .0 15.56 1.491 1425,55 1179,58 -10.00
k5.0 7.78 300.0 .635 .0 15.56 1.491 1432.56 1037.84 -10.00
l6.O 7.78 305.0 .635 .0 15.56 1.491 L556,00 1109.47 -10.00
170. 7.78 332.0 1.270 .0 15.56 1.491 1660,55 759$,56 10.00

ENr)
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C. 
1

C
C

cuml, PROGRAM USING THE THOR EQUATION TO PREUICT RESIDUAL VELOCITY 4

C 
5

C GLUSSARY OF VARI4BLES 6
C 7

C 6
C IDENTIFIES REQUIRED INPUT DATA 9

C * IDENTIFIES INPUT DATA WHICH IS NOT REQUIRED 10
c 1.1
C l

C .,NC, - THE AN4LE OF THE TARGET PLATE WITH RESPECT TO 13

C LINE OF FLIGHT - OBLIQUITY (DEGREES) 14

C L•RrA - THE PROJE(,TED CROSS-SECTIONAL AREA OF PR04ECTIL Is

C ON IMPACT 16

C . - THE DEVIANT , COMPUTED VALUE MINUS EXPERIMENTAL VALUE 17

C )S'R - THE AVERAGE (M2AN) VALUE UF THE DEVIANTS it

C )SI, - THE STANDARD DEVIATION OF THE DEVIANTS 19

C JT(1R - CnNVERSION r:hCTOR - DEGREES TO RADIANS 20

C ,)VAR - THE VARIAA'CF OIF THE DEVIANTS 21

L F1 - CUNSTAhT BASED 0N LEAST SQUARE FIT TO DATA 22
C 2 - CONSTANT BASEO) ON LEAST SQUARE FIT TO DATA 23

C ý3 - CONSTANT BASED 01 LEAST SQUARE FIT TO DATA 4

C .4 - CONSTANT 6ASEO 0N LEAST SQUARE FIT TO DATA 25

C 5 - CONSTANT BASED ON LEAST SQUARE FIT TO DATA 26

C rBAR .iHE AVERAGE (MEAN) VALUE OF THE RELATIVE ERROR 27

C &S•l - THE STANDARD JEv!IATION OF THE RELATIVE ERROR 28

C :.VAR - THE VARIANCF OF THE RELATIVE ERROR 29

C , -DIA - THE DIAMETER (F THE HOLE MADE IN THE TARGET (CMI) 30

C 1CT - INDEX TO COUjNT NJMBER OF DATA CARDS FOR ONE TARGET 31

C CTI) - INDFX COuNTFR ON NUMBER OlF POINTS FOR DEVIANTS ýi

L ICIE - INDEX CO(JNTFR ON NUMBER OF POINTS FOR RELATIVE FRRrOR 33

C * iDI' - AN IDENTIFICATION NUMBER OR SYMBOL-DESIGNATES SH,3T NR, 34
C * P* PDIA - DIAMFTER OF THE PROJECTILE (CM) 35

C *v* PmA5S - MASS OF PROJECTILE (0RAMS) 36

C RELERR - THE RELATIVF ERROR OF C'MPUTED VS,, EXPERIMENTAL 37

C * RM'4SS - THE RECOVERED PROJECTILE MASS (6RAMS) 38

C SUmn - THE SUM OF THE DEVIANTS 39
c )UMOSQ - THE SUM rjF THE DEVIANT SQUARED 40

C ýUmRF - THE sUM nF THE RELATIVE ERRLOK 41

C WU'RES - THE SUM OF THE RELATIVE EKROR SQUARED 42

C * IBi., - THE TARGET BRINELL HARDNESS NUMBER (KG/SQ MM) 43

C r* rHICK - THE THICKNESS OF THE TARGET PLATE (CM) 44

c * TRkr1J - THE nENSITY OF THE TARGET PLArE (G/CC) 46

C 'I - PREDICTED RESIDUAL VELOCITY (MIS) 4

C * ¢/ý4 - THE EXPERIMENTAL RESIDUAL VELOCITY (M/S) 47
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C *** VSP -THE EXPERIMENTAL STRIKING VELOCITY (M/S) 46
C 4

DATA PIROTaR / 3.1415926341 0.0174532925 so5
1(0 PULRMAr( A6,2Fb,1,18.3,F5. L,2F6.3,2F8.1,2F7,2) 5).
11 FURMAT(5FI,0.3 32
12 FORMAI(10A6) 53
20 F0R ,iATC1HO.1OX,13HEXPONFNTS ARE * 5F10.3 /)54
kO0 'Ci)N1INUE 55

WRITE(6s103) 56

WRITE(6*106) so
19)6 F)R.'¶A1(1H0,p20X,42HSAMPLF QUTPUT FOR THOR EQUATION PREDICTING x 59

1 ISH RESIDUAL VELOCITY / ) 60
C RLAD CARD WHICH IDENTIFIES TARGET MATERIAL 6

HI2AJC 5,12)TGTlpTGT~,TGT3 62
WRIIEU,,12)!GlTlTGTZTGT3 63
RFVA!(5ol1)E1.*E2,pF3'E4sE5 64
W-vrE(bs2OElsE2AE3pE4pE5 65
WRIIE(6pl11O) 66

110) F:OR1ATi1HO,4Xj,39HNR TRHO TBHN THICK ANG MASS PPIA P6X, 67
1 ,ýHV9,#2X,12HRMASS HDIA *SX,3HVREp6X,2HVR,5X,3HDEV05XA 68

S 3HSLM, BXZHSQ,4X,4HR.E ., 5X,3HSUM~coX,2HSQ 69
!r'T.- rc 70

K ~7)
S ii 1*i * 0 72

SUMRE0.O. 74
SU;JI RE S=0,0 75
1ITCTj 76

cINF RLANK CARO) USED) TO SEPARATE DAIA FUR DIFFERENT TARGETS 77
C . rARO WITH END PUNCHED IN THE FIRST THREE COLUMNS 76
L liLL TERMINATE THE PROGRAM 79

19() Rý4.'C.5,Lf)IDN,TRHfl,TBHN,THICK.,ANG,PMASS,PL)IA,VSP,VRE,RkMASS,#HI)IA so
IF(TRH-O LE.G.0)GOTU 200 al

C COJMPUTE PROJECTILE CROSS-SECTIONAL AREA 6
4kEAmP I*( PDIA/2.0)**2 83

L lHr U1NIT OF VFLOCITY TO. BE USED IS CM/SEC 84
'IS vsP* 100.0 8
')l-i0.0**El 86

ý2=THICK*AREA) **E2 87
Q~ 3=ltl"55**E3 as
Q4=( l../CUS(ANG*[)TOR) )**E4 89
3 5='.5 **E5 90

c .0ýPUTE THE PREUICTEI) RESIDUAL VELUCITY 9).
VRz VS-Ql*QZ*Q3*Q4*Q5) / I .'OO 92

C. XNIPU~TE DEVIANT AND RELATIVE ERROR AND CORRESPONDING SIJMMATION 93
v R~ - v R E 94
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SUMOS aSUM 0+0 95
SumliSQusumnSQ4'D**Z 9
ICTIu ICTD~l 91
RELFRIa1(00.00 9$
TFCVRE.LE*0.O)GOTO 106 99
RELERR=D/VRE to
GnITO 187 101

ll~h F(VRLE,0.0)RELERr~m.0.0o
187 IF(RELERR.GE.500.0)GOTO 189 103

I CT~u ICTE+1 104
1bY CONTINUE 105

SUMRELSUMRE+RELERR 106
SUHRE:S-SUMRES4.RELEKR**2 107
WRITF(6,195)1DNTRH0,aTBHNTHICKANGPMASSPPOAVSPRMASS.,HfIA, 0
I~ V 'IýRD, SUMO, SUMDSQ. RELERR, SUMRE* SVMRES 109

195~ FC)RMAi(IH ,A6jF6.2,PF6.1,FF8.3pF3.1.F6,,2*F6,b3*F0slF7*2p 1It0

IC(T'I CT il 1.12
GOfTP 3 50 113

?ýoO CNT INUE 1.14
C FIND THE MEAN,VARIANCE AND STANDARU DEVIATION OF 1
C.DEVIANTS AND RELATIVE ERROR 116

CT' ICT ) 117

0S s UMD/ cT 1.19
-)V4A ( SUMDSQ-DBAR**2*CT) /CýTI 1.20
(?SDrS(RT(DVAR) 2
('T=ICfE Izz
CTlu 1(. TE -1 1 Z3
ý.;ARmSUiMRE/CT 1 z4
iV'JAItSUMRES-E9AR**2*CT) /CT j 125
r:S1)ýSQRT( EVAR) 1 26
Wr'I-uH,2rj ICTD 2
WkI(F(6,210)DBAR,T)VhR,DSD 2
WkITE (6,220) ICE 129
wRI i.(6,2I5)EBARpEVAR,ESD 1 i0

I b KIRIArUlH0,l0X*37Ht4EAN,o VARIANCE AP40 STANDARD DIVIATILQN ,2X.- 131
1 14~HI]F DEVIANTS u, , iF3.Q ) 1-1

ý15 FflR:AT(1.H0,1CX*37HMEAN, V~ARIANCE AND STANUARD DEVIATO~N ,2X, 1
1.173'uF RELATIVF ERROR , 3F1O.5) 134

C P'RINT NUMBER OF POINTS 13b
WkIrE(b,220)ICT 136

?70' FllRMl~A(1HO,0XilHNUMBER OF POINTS lb 1) 137
IF( I L!.FQ. bHEND )GOTO q00 136

11)0T W 139
SD000 WRI1F(6,9O5) 140
9(; 5 FflR1lATC1HO,30X,10HLND OF RUN 141
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sTnP 142
E NO 143

* OATA 4
TITANIUM ALLOY

4,888 1.103 -1.095 1*369 0.167
1,0 4*48 190Q. .127 .0 1.93 *759 567.'4 5212,1 lo.e
2.0 4,48 1900. .127 .0 1.93 .759 1461.82 1194.14 .91
3.0 4.48 190.0 .318 .0 1.95 .759 880.26 590.40 -10.00
40 44.6 190.0 .318 .0 1.95 .759 1355.45 1043.56 1.63
t.0 4.46 190.0 .635 .0 1.95 .759 1491.08 643.36 1.73
1'.0 4.48 190.0 ,. 5 .0 1.95 .759 1986.38 1127.15 .56
1.0 4.46 190.0 1.210 .0 1.95 .759 2371.65 361.61 -10.00
"."' 4.46 190.0 .127 .0 3.89 1.013 798.08 672.69 3.83
t.0 4,46 190.0 .127 .0 3.69 1.013 1032.66 937.68 L.72

£0.0 4.40 190.0 .318 .0 3.89 1.013 620.27 500.79 3.83
11.0 4.4b 190.0 .318 .0 3.89 1.013 773.*Z 582.74 3.81
1?.0 4.4 1900. .318 .0 3.69 14013 1499.01 1251.61 2.43
13.0 4.46 190.0 .635 .0 3.89 1.013 1505.71 774.50 3.24
14.0 4.48 190.0 .635 .0 3.89 1.013 1526.13 979.32 -10.00
15.0 4.44 190.0 .635 .0 3.89 1.013 2455.16 1367.33 .12
16., 4.4b 1900. 1.270 .0 3.89 1.013 2551.79 1165.86 .57
17.'0 4.4b 190.0 .127 .0 7.78 19267 640.99 561,44 7.72
19.0 4.48 190.0 .127 .0 7.78 1.267 959.21 874.78 7.72
ý.O 4 .4, )90.0 .318 .0 7.78 1.267 975.97 785.47 7.72

20.0 4.,A 190.0 .635 .0 7.78 1.267 1484.38 994.67 -10.00

5.690 0,89 -U,945 0.989 0.019
1,0 7.7p 135.0 t0)4 .0 1.95 .759 883.49 848.87 -10,00

7.0 7.7f 1)5.0 .102 .0 1.95 .759 1211.58 1014.98 -10.00
1.0 7.7h 300.0 .318 .0 1.95 .759 15z1.26 1196.34 -10.00
4.0 7.7b 305,0 .635 .0 1.95 0759 1394,46 460.25 -10.0•
5,0 7.o7 393.0 .152 .0 1.95 .759 609.90 367.89 -10*00
-o0 7.71, 135.0 .046 .0 3.89 1.013 302.06 277.37 -10.0n
7.( 7.76 035.0 .152 .0 3.89 1.013 393.50 256.03 -10.00
pn 7.7' •53.0 .316 .0 3.89 1.013 883.62 542.54 -10.00
9,0 74,7 300.0 .318 .0 3.89 1.013 879.65 583,69 -10.00

10.0 7.7i 300.0 .31$ .0 3.89 1.013 1466.09 1164.34 -. 0.00
11.0 7.7o, 300.0 .635 .0 3.89 1.013 1466.09 687.32 -10.00
1".o 7.72 S00.0 .314 .0 7.78 1.267 909.52 690.37 -10.00
1A.r 7,7b 100.0 .318 .0 15.56 1.491 916.53 754.38 -10,00
1410 7.7e, 300.0 .318 ,0 15.56 1.491 1425.55 1179.56 -10.00
h.I. 7.7ok 300.0 .635 .0 15.56 1.491 1432o56 1037.84 -10,00
)6,n 7,7b 305.0 .645 .0 15.56 1.491 1556.00 1109.47 -10.00
17.0 7,76 132.0 1.270 .0 15.56 1.491 1660.55 759.56 -10.00

E f
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C I
C a
c 3
c(1.' I'ROGRAM USING THE Z/F EQUATION TO PREDICT PLATE THICKNESS 4
c 5
C 6
C ;LOSSARY OF VARIARLES Tc 6
C 9

C *** IDENTIFIES REQUIRED INPUT DATA 10
* IDENTIFIES INPUT DATA WHICH IS NDr REQUIRED

I, 12
c 13
C *** NCG - THE ANGLE OF THE TARGET PLATE WITH RESPECT TO 14
C. LINE OF FLIGHT - OBLIQUITY (DEGREES) 15
L AREA - THE PROJECTEO CRUSS-SECTIUNAL AREA OF PROJECTILE lb
C ON IMPACT 17
C. " - CONSTANT BASED ON LEAST SQUARE FIT TO THOR DATA le
C '2 - CONST6ANT BASED ON LEAST SQUARE FIT TO THOR DATA 19

3 - CONSTANT BASED ON LEAST SQUARE FIT TO THOK OATA 20
C - THE nEVIANT u COMPUTED VALUE MINUS EXPERIMENTAL VALUE 21
c ;BAR - THE AVERAGE (MEAN) VALUE OF THE DEVIANTS 22
L )St) - THE STANDARD DEVIATION OF THE DEVIANTS 23
C )TUR - CONVERSION FACTOR - DEGREES TO RADIANS 24
C ')Vi.R - THE VARIANCE 3F THE DEVIANTS
Sf'BtR - THF AVERAGo (MEAN) VALUE OF THE RELATIVE ERROR 26
c SC - THE STANDARD DEVIATION OF THE RELATIVE ERROR 27
C. -Vrk - THE VARIANCF UF THE RELATIVE bRROR 26
C * 1'rIA - THE DIAMETER OF THE HOLE MADE IN THE TARGET (CM) 29
r ICT - INDEX TO COUNT NUMBER OF UATA CARDS FOR ONE TARGET 30
c ti,.t - AN IDENTIFICATION NUMBER UR SYMBOL-DESIGNATES SHOT NR, 31

r** IrI4 - DIAMETER OF THE PROJECTILE (CM) )z
( 4** rfA/SS - MASS OP PROJECTILE (GPAMS) 33

c -ELFRR - THE RELATIVE ERROR OF COMPUTEU VS, EXPERIMENTAL 34
4 , *M;.SS - THE RECOVERED PROJECTILE MASS (GRAMS) 35
)Lt r) - THE SUh CiF THE DEVIANTS 36

C SUOVSO - THE SUiM OF THE DEVIANT SQUARED 37
C 5 UhRE - THE SUM nF THE RELATIVE ERROR le
C ýUMRES - THE SUM nF TWE RELATIVE ERROR SQUARED 39
C( A** TsHN - THE TARGET ARINELL HARDNESS NUMBER (KG/SQ MM) 40
C * THICK - TtlE THICKNESS aF THE TARGET PLATE (CM) 41
(** lPlio - THE IE'SITY OF TAE TARGET PLATE (G/CC) 42
C * "* ,E - THE EXPERIMFNIAL RESIQUA6 VELOCITY (M/S) 43

;** VSi - THE FXPFRIMFrJTAL STRIKING VELOCITY (M/S) 44
C ;T - ToE PRLDICTED TARGET PLATE THICKNESS (CM) 45
C. 46

iAorT PIDTCR / 3.14159?t54, .0174532925 / 47
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10 FORMAT( A6,ZF6.1,F6.3,F3.1,2F6.3,2F8&i,2F7.Z) 46
12 FORMAT(10A6) 4,9

Clw0*70 so
C2z0.23 52.
C3uo,50 32

100 CONTINUE 5
WRZTCU6#1OI).5

103 FORMAT(1H2.) 35
WRITE(6*106) so

106 FUiRMATd1HOZ0X,.42HSAMPLE OUIPUT FOR Z/F EQUAT1ION PRE91CTING i57
1 16H~ PLATE THICXNESS / 53s

CREAD CARD WHICH IDENTIFIES YARGET MATERIAL 59
READ(5, 12)TGT2.,TGT2,TG13 40
WRITE(6, 12)TGT2.,TGT2*TGT3 42.
WRITE(6p 12.) 43

110 F0RMAT(lH0,AXp31HNR TRHO TSHN ANG M4ASS POIA # 6X*2HYSa6XP 41
1 24.HVR RMASS HOJA THICK a 6X*214XT#5X,3HDEiVp5X# 64
2 3HSUMAE,2H~o,4X.4HR.E.,3X,3HSUM,6X*24SQ ) 4
SUMOMOS 600
SUML)SQ8O.0 47
SumRE209.O6
SUmRESwOfO 49
ICTmO 70

C ONE BLANK CARD USED TO SEPARATE DATA FOR DIFFERENT TARGETS 71,
C A CARD WITH END PUNCHED IN THE FIRST THREE COLUMNS 73
C WILL TERMINATE THE PROGRAM 7)

150 READC5, 20) IONTRHO.T8HN, THICKD ANGPMASSPDIA, VSPaVRERMASS.HDIA 74
IF(TRHOoLEe0*00GTO 200 75

C COMPUTE PROJECTILE CROSS-SECTIONAL AREA 74
AREA.PI*(PDIA/l.O)**2 7

C THE UNIT OF VELOCITY TO BE USED IS CM/SEC 7
VSRVsP*2.OO*O 79
VRaVRE*1OO.0

C COMPUTE COEFFICIENTS AND OTHER QUANTITIES
C (NOTE 1 9,6E7 CONVERTS T)41 IRINELL HARDNESS 4NJMBUR
C FROM KG/MM**Z TO DYNE/CN**2 0

CAn9o8E7*TIHN*Cl,0
CBUSQRT(9*057*T6HN*TRHO) *CZ S
CCwTRHO*C3
QX*4 .O*C *CS-Cl**l
QOQX*99*1E7.TSHN*VRHO i
QowSQRT(Q)
Q2.uC A+CSVS*CCOVS**2
Qa.C A+CB*VRCC*Vi*S2 9
Q3n2o.0;CC*VS
Q4uZ .0*CC*VR Ii
Q~o(COS(ANG*DTOR) )**1,o5 9
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Q9z(%.5/CC*fPMASS/AREA) 95
C COI¶PUITE THE PREU!CTLr) TARGET PLATE THICKNESS 96

X~Q*AO(IQ)70C/O(TN(4C)Q)4A(Q+$/O) 97
c .,C'C3UNT FOR OBLIQUE ANGLE IM4PACT 96

XT=XT*05 99
c t'OMPUTE DEViAtMT AND RELATIVE ERROR AND CORRISPONDING SUMM4ATION 100

rOUXT..THICK 101
'SU'41OuSIJI00+0 102
SUM )SQuSLJNOSQ+O**2 101
RFLERRu'D/THICK 104
SUiIR$E=SUHRE+RFLERR 105
5U4RE5SU14MRES+RELERR**Z 106
W'RI fE(o,155)IONTAHOTBHNANGPMASSPOIAVSPVRERMASSHDIA, 107

1 THICKXTDSUMDSUMnSQRELERRSUMRESUMRES 103
IC.T I .T +1 1 09
(ClTi 150 110

Crl'I( T-1 113
L. IND THE MEAN, VARIANCE AND STANDARU DEVIATION OF 114
L. IEV1414YS AND RELATIVE ERRUR 115

*)ti A~uS0tJ)/C T 116
')VA1Rm( SUMDSQ-0BARs***CT) /CTl 117
I)SD-.SQRT(DVAR) Ila
* ;S49vs'jMRe/CT 119
$-jAFk-(SUMRES-E5AR**2*CT) /CT1 120
-:O~zSQRT(EVAR) 121

WRI IEfb,215)E8ARsF.VARpFSD 123
Zir. F1R'iA1(IHO0.p(X&37IAI`EAAW, VARIANCE AND STANDARD DEVIATIUN jX 124

1 1040~F DEVIANTS 0 R 3F1.0.5 ) 125
21% r1]R1-A1 (1H0,.v10)a37HMEAN, VARIANCE AND STANUARID DEVIATION jpX. 126

1 '7i-JI RLLATIVE L'RROR j, 3FIr3.5) 127
L:'PINT NUMBER orF POINTS 126

WA'I TL(6,220) ICT 129
2,~'' F11R ATl(H0pl0X~l8HNLJMRER 1IF POINTS 15) 130

6FD.Q HEND )GUTO 900 3
koITO 100 132

Pi 'IR- AT( IH0,30)(.- 11-41sN OF RUN )134
S T 1 115

)A jTA 137
TIT fldi 4k L-Y

I.e' 14.49 190.0 .1,27 .0 1.95 %759 567.84. 521.21 lo38
1. 4.4", 190.0 .127 .) 1.95 *7'59 1'.bs.SZ 1294ý18 '91
).0 4-48 190.0 *31R .) 1.95 .759 b8O,26 590.40 -130!
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4.0 4.48 190.0 .318 .0 1.95 t759 1355.45 1083.58 1.63
5.0 4.48 190.0 .635 .0 1.95 759 1491.08 683.36 1.73
6.0 4.48 190.0 .635 .0 1.95 s759 1986.38 1127.15 sb
7.0 4.48 190.0 1.270 .0 1.95 .759 2371.65 381.61 -10911
8.0 4.48 190.0 127 .0 3.89 3.011 798.88 6'2.69 3.83
9.0 4.48 190.0 .127 .0 3.89 1.013 1032.66 957.68 1.7?
1090 4.48 190.*0 .318 .0 3.89 1.013 620s27 500.79 3o83
11•0 4.48 190.0 ,1q .0 3.89 1.01) 773,28 582.78 3.B1
12.0 4.48 190,0 .318 .0 3.89 1.013 1499,01 1251*81 2,43
11.0 4.48 190.0 .635 .0 3.89 1.013 1505.71 774.50 3.24
14.0 4.48 190.0 .635 .3 3.89 19013 1526,13 979.32 -o10.90,
15,0 4.48 190.0 .635 .0 3.89 1.013 2455,16 1367.33 oý
1690t 4.4-" 190.0 1.270 .0 3.69 1,013 Z551.79 1165.86 .57
17.0 4.48 190.0 .127 .0 7.76 1.267 640,99 561.44 7,7?
18.1 4.48 190.0 .127 .0 7.78 1.267 959.21 874.76 7,"P?
19.0 4.48 190.0 .31A .0 7,78 19267 975,97 785,47 7•.
20.0 4.48 190.O .635 .0 7,78 1,267 14 8 4 ,38 994.87 -10.0')

RHA

1.0 7.78 135.0 .046 .0 1.95 ,759 888,49 848.87 -10.O0
).0 7.78 135.0 .152 .0 1.95 ,759 IZ1,58 1014.98 -101o0
3.0 7.Th 300.0 .318 .0 1,95 .759 1521,26 1196.34 -10.0:)
4.0 7.78 305.0 .635 .0 1.95 .759 1394.46 460.25 -1090()
5.n 7.78 393.0 .152 .0 1.95 9759 609.90 367.89 -10.3')
6.0 7.78 135.0 .046 .0 3,89 1.03 302.06 277.#37 -10901
7.cl 7.78 135.0 .152 .0 3.89 1,011 393.50 256.03 -10900
R.r 7.78 135.0 .318 .0 3.89 1,01J 883.62 542.54 -10,0)
9.0 7.78 300.0 .31, .0 3.89 1.013 879.65 583.69 -10,00

10.0 7.7b 300.0 .318 .0 3.89 1.013 1466.09 1164.34 -10.3)
11.1 7.76~ 300. 635 .0 3.59 1.013 1466.09 687.32 -10030
12.0 7.78 300.0 .318 .0 7.78 19267 909.52 690.37 -10,00
139. 7.78 300,0 .318 .1 15.56 19491 916,53 754.38 -10,01
14.0 7.78 300.0 .318 .0 15.56 1,491 1425,55 1179.58 -10.0'
15.0 7.78 300.0 .635 .0 15.56 1,491 1432.56 1037.84 -10.0'
16.0 7.78 305.0 .63c 4o 15.56 !,491 1556,00 1109.47 -10.1')
17.0 7.78 332.0 1.270 .0 15.56 19491 1660.55 759.56 -10.00

EN r2
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c 1
C ac
COw. ,,RnGRAM USING THF THOR EQUATION TO PREUICT PLATE THICKNESS
C
C LCISSARY OF VARIARLES 6
c 7
C 8
C *** IDENTIFIES REQUIRED INPUT DATA 9
C $ IDENTIFIES INPUT DATA WHICH IS NOT REQUIRED 10
C it
c 12
C *** \NG - THE ANGLE OF THE TARGET PLATE WITH RESPECT TO 13
C LINE OF FLIGHT - OBLIQUITY (DEGREES) 14
C tR.-A - THE PROJECTED CROSS-SECTIONAL AREA OF PROJECTILE 15
C ON INP4CT 16
C - THE DEVIANT a C')MPUTED VALUE MINUS EXPERIMENTAL VALUE 17
C ')1!R - THE A"' RGE (MEA\) VALUE UF THE DEVIANTS is
C i)S,• - THE r ANOARD DEVIATION OF THE DEVIANTS 19
c .'TnR - CONW .ION FACTOR - DEGREES TO RADIANS 20
C ,)V•R - THE lANCE OF THE DEVIANTS 21
C -1 - CONSý &NT BASED ON LEAST SQUARE FIT TO DATA 22
C .2 - CONSTANT 8ASED O1 LEAST SQUARE FIT TO DAT'A 23
C 3 - CONSTANT BaSED ON LEAST SQUARE FIT TO DATA Z4
C ;4 - CONSTANT BASEi ON LEAST SQUARE FIT TO DATA 25
C 5 - CONSTANT BASED O4 LEAST SQUARE FIT TO DATA 26
C -BAR - THE AVERAGE (MEAN) VALUE OF THE RELATIVE ERROR 27
C .SD - TuiE STANDARD DEVIATION OF THE RELATIVE ERROR 28
C rVAR - THE VARIANCF OF THE RELATIVE ERROR 29
C * -DIA - THE DIAMETER (IF THE HOLE MADE IN THE TARGET (CM) 30
C ICT -INDFX 10 COUIr NMBER OF UATA CARDS FOR ONE TARGET 31
C * EON - AN InENTIFICATION NUMBER OR SYMBOL-DESIGNATES SHOT NR# 32
C ** POIA - DIAMETER OF THE PROJECTILE (CM) 33
C *** ,'•4,SS - MASS OF PROJECTILE (GRAMS) 34
C 4EIERR - THE RELATIVE ERROR OF COMPUTED VS, EXPERIMENTAL 35
C * kMASS - THE RECOVERFO PROJECTILE MASS (GRAMS) 36
C 'U10.) - THE SUM [F THE DEVIANTS 37
C 1U 0I)SQ - THE SUM OF THE DEVIANT SQUARED 38
C SU'IRF - THE SUM OF THE RELATIVE ERROR 39
C SUMRES - THE SUM OF THE RELATIVE ERROR SQUARED 40
C rTHN - THE TARGET BRINELL HARDNESS NUMBER (KG/SQ MM) 41
C ' THICK - THE THICKNESS OF THE TARGET PLATE (CM) 42
C * rRHO - THE DENSITY OF TIE TARGET PLATE (G/CC) 43
C *** VRE - THE EXPERIMENrAL RESIDUAL VELOCITY (M/S) 44
C ** VSP - THE EXPERIMENTAL STRIKING VELOCITY (M/S) 4
C XT THE PREnICTFO TARGET PLATE THICKNESS (CM) 46
C 47
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DATA PIOTOR / 3.141592654# 0.0174532925 / 4
10 FORiAAT( A6,2F6.1,FD.3,F5.l,2F6o3,ZPS.1.2F7.2) 49
11 FURMAT(SFI10.3) so
12 FORMAT(IOA6) 51
20 FORMATC1HOIOXI3HEXPONENTS ARE o 5F10.1 / I
100 CONTINUE 53

WRITE (6, 103) 5

103. FORMAT( IHI.)
WRITE (6, 106) 56

106 FJRMATCIHOZOXA4?HSAMPLE OUTPUT FOR THOR EQUATION PREDICTI'4G ,57

1 10H PLATE THICKNESS / ) so
C READ CARD WHICH IDENTIFIES TARGET MATERIAL 39

REA!)(5pI 2)TGT1#TGT2vTGT1 60
WRI rE(6p12)TGT1,TGT2,TGT3 61
REAJ( ,1I) E1oE2, E3AE'u'E5 62
sJMITE(6o20)EIE2pE3pE4pE5 63
WR tIE(6,1 10) 64

110 F0JRMAT(IH0,4Xo3IHNR TRHI Tr3HN ANG MASS PDIA A 6Xo2HVS#6XA 65
1 2'P4VR RMASS HDIA THICK P 6Xpg4HXTp5X,3HDEVp5Xo 66

3HASUM,6X,211SQ#4Xo4HP.E.,5Xp3HSUMAOXoZHSQ )67
SU~4.u)MO 0 66
5 U .i Q 0 * 69
SJMR~E7'3.0 70
SU4R ES sO *0 71
TCr- 72

c 1'.Nt tILANK CARD USED TO SEPARATE DATA FUR DIFFERENT TARGETS 73
C A 4ýR0 WITH END PUNCHED IN THE FIRS1 THREE COLUMNS 74
L WII.L TERMINATE THE PROGRAM 7

lit) REA4(,1(po)IDNTRHL).TBHN.,THICK(,ANGPMASSPPIA.,VSPVREDRtMASSDHi)IA 76
117( tRii.LE.o.o)GPTU 200 77

L raNPUTE PROJECTILE CRO)SS-SECTIONAL AREA 78
ARL,':[I~*(PflIA/2.o)**2 79

C IH( UNIT Oý VELOICITY TO BE USED IS CM/SEC so

vs S SP *100 *0 $I
VR:VPL*100.Q 82

Q=1£0.0 **El a3
QJ=PMASS-**E3 34
Q4=( 1.O/COS(ANG*DTOR) )**E4 9

'.)5=VS**E 5 86
C .Ut,'PUTE THE PREUICTED TARGET PLATE THICKNESS 87

XT-(CYS-VR)/(Q1*03*Q4*Q5))**(1.U)/E2)/AREA a8

C '0;PUTE DEVIANT AND RELATIVE ERROR At\D CrDRRESPONO1NG SJM.4AriOp 99

'inX I-TH ICK 90
SUM,')=SUJM +C 91
SImDS~q=SUMDSq+D**2 92
RI L ERk , )/THICK 93

5LJMlE-sU'4RF4RELERR 94



SUMRESuSUM9ES+RELERA**2 95
WRITE(6,155)lDNTRHOTBHI4,ANGPMASSPPIAVSPVRERMASSHDIA, 9
1 TtiICI(,XTDSUMDSUMDSQRELERRSUMRESUMRFS 97
1CT=ICT.1 9
cI)TO 150 99

3 'h FOR,4A'(IH ,A6,F6.2'-F6.1,F5.l,*F6.4F6,3,2P6.,l2F7.,2IFS.3) 100
POO CTaICT 101

CTl' VT-i l og
LrIND THE MEANpVARIANCE AND STANDARP DEVIATION OF 103

C i;EVIANTS AND RELATYVF ERRflR 104
1)Ii AR SUM U/CT10
flVAF~u CSUMDSQ-DBAR**2*CT) /CT 1 106
DSDaSQRTCDVAR) 107
f:BARwSuJMRE/CT 108
EVAk%(CSLJ4RES-EBAR**2*CT) /CT1 109
E SD=SOR T (EVAR) 110
WRITE Cb,210)DBAROVARDSI) ill
ý.ITE(6P215)EBAREVARJES0 112

ý10 FUR'~iA1(1NO,1OX,317HMFAN, VARIANCE AMD STANDARD DEVIATION .02X.- 113
1 14KIF DEVIANTS Z ,3FIC.5 ) 114

215 FOR-'AAIC1NO,1o13'7HMEAN, VARIANCE AND STANDARD DEVIATION s02XP 115
1 17[41nF RELATIVE i:RRrJR , 3F10.5) 116

C P'RINT NUMBER rOF POINTS 117
WRI IE(6,22OIICT lid

?(FL)R"-A1IIC10pX18pIHNUMBER O)F POINTS '15) 119
1F(IL)I.F-Q* 6HiND ) G'lTfl 900 120
(;t)T'2 100 121

14r" W'KIIE(h,905) 122
90., F OR IAT ( IHO, 30X, I OHENDI OF: RIJN 3123

SriT11 124
14 U 125

* )TA 126
T'Tt~t-JI~ ýL LOY

1.ý 4-4L 190.0 .107 .0 1.95 .759 567.84 $21.21 1.8id
?.'- 4.4t; 190.0 .127 .1 3.95 .759 1461.82 1294.18 .91
A~r 4.4v 170.0 .314 .0 1.95 .759 R80.26 390.40 -10.!),
e.1 4.4A 190.0 .31A e) 1.35 .759 1355.45 1083.56 1.63
5.: 4.4k' 190A0 .635 .0) 1.95 o759 1,4r#1.08 683.36 1.73

(. 4.4.1 390.0 .-S35 .0 1.95 .759 1966.36 1127.15 '5',
.04.01 190.0 1.21) .0 1.95 .759 2171.65 381.61 -10.3)

4-41- .. 190.U .127 .0 3.89 1.013 198.8S~ 672.69 3egý
4. .4' 190.0 .127 .0 3.89 1.013 1032.66 957.68 1.7?

l.) 4.4-1 190.0 .318 .0 3.89 1,013 ',20.27 500.79 3.83
1 1.0 4.4t 190.0 .31A .3 3.89 1.013 '773.26 582,78 3.51.
)P.C 4.4.' 190.0 .318 .0 3.89 1.013 1499.01 1251.81 2.43
1 3*,i 4.4t, 190,0 .635 .0 3.89 1.013 15C5971 774.50 3,2'f
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14.0 4.40 190.0 .635 .0 3.69 19011 1526.13 979.32 -10lU,
15.0 4.48 190,0 .635 .0 3.69 1,013 2455.16 1367.33 *1?
16.0 4.4S 190.0 1.270 .0 3.S9 1.01% 2551.79 11656,6 097
Pe.n 4.4o 190.0 .127 .0 7.76 1.267 640.99 561.44 7.72
18.0 4.46i 190.0 .127 .0 7.76 1.267 959.Z1 874.74 7,?7
19.0 4.48 190.0 .316 .0 7.76 19267 975.97 785.47 7,72
21.1 4.48 190.0 .635 .0 7,78 1.267 1484,36 994.67 -10.00

RHA

5,6q0 04819 -.0.945 0.989 0.019
1.0 7.76 135,0 .046 .0 1,95 .759 886,49 646.87 -10,00
2.0 7.78 115.0 .152 .0 1,95 .759 1211.50 1014.96 -10*01
3.0) 7.7A 300.0 .318 .0 1.95 .759 1521,26 1196.34 -10.00
4.n 7.7A 305.0 .635 .0 1.95 .759 1394.46 460.25 -10,00
,.0 7.78 393.0 .152 .0 1.95 0759 609.90 367.89 -10.30

A.' 7.78 135•0 .046 .0 3.89 1.013 3020,6 277.37 -10.00
7.' 7.7'1 135.0 .1652 .0 3.69 1.011 393.50 256.03 -10,01
A0 7.70 115.0 .318 o0 3.89 1,013 883.62 542.54 -10,00
-. 'n 7.7R 300.0 .318 .0 3.89 1,01$ 859.65 583.69 -10.0n

1,.0 7.7A 300.0 .318 .0 3.69 1.013 1466.09 1164.34 -10.0)
1I.') 7.78 300.0 .635 .0 3.89 1,01) 1466.09 687o32 -10,T)
t,,.( 7.7V 300.0 .318 '0 7.70 1.267 909.52 690.37 -1001
VA.", 7.7ý 300.0 .31R ,0 15.56 1.491 916.53 754.38 -10,01
Pie.0 7.7R 300.0 .318 .0 15.56 1v491 1425.55 1179.58 -10,0)
15.0 7.7,' 300.0 .635 .0 15.56 1.491 1432.56 1037.84 -10.00

7 1.78 . 05.0 .635 .0 15.56 1.491 1556.00 1109.47 -10,10
07.1 7.7L 332.0 i.270 .0 15.56 1.491 1660.55 759.56 -10,00
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LIST OF: SYM4BOLS c c 2

Spvorectle rToss-sectional a-rea st ipCt (cm)

a AcceleratiOn

C Pojectile shape factOr

WiC •pT8cal Constants (i = 2 and 3)

R Iesistive force

Brine
l l harcdless of t,,get plate (dynes/c2

• N X coefficieAt t"

K(2  Nk coefficient C2 2

K3 A coeficient = C3 Pt

mp soectile 
Mass (grams)

la d i s c r i ai n a n t - 4 3  KI .3  - Y .2

q 
( se2

T Title to penetTate to depth Y(sec

t Tile

V Velocity (V Vesiaual veloc't csc

V St~riking VelocitY (cD/seC)

V Velocity at depth x..e , e T y " P t u f c

,x Distance into the ta~get measured from impact surface

yt Target plate thicj~ness (cm)

Pt Density of target plate (g/CC)
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