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PROGRAM DESCRIPTION FOR "POT"™

The purpose of this program is to enable the operator to calculate the
mechanical and thermodynamic states of matter produced by impact of a plane
flier plate on a target consisting of a sample.and possibly a quartz gage and
potting compound. Variables are controlled by.the equations for conservation
of mass, momentum and energy and by the constitutive relations of the various
materials. Experimental control is simulated by varying the impact velocity
and flier plate material.

The equations of plane, time-dependent flow in Lagrangian coordinates are

Continuity: aV/at = au/am (1)
Motion: su/at = -3(p + q)/am (2)
Energy: 3E/at = -(p + q)aV/st (3)

p = compressive stress acting in the x-direction = ~Oyx? megabars.
Referred to as "pressure." '

V = specific volume in cc/g

u = particle velocity in cm/usec

E = internal energy in cc/g

q = artificial viscous stress, megabars

dm = pdx = mass contained between planes at x, x + dx

Four regions are considered. (Figure 1)

Region I is the flier plate.
"Region II is the sample. I I I
Region III is quartz.

Region IV is potting compound.
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Boundary and Interface Conditions Figure 1

Pressures at the left boundary of Region I and the right boundary of

IV

Region IV are always zero. Particle velocity u and pressure p are continuous

at each interface.

*'POT" stands for Projectile on Target




Initial Conditions

Flyer plate velocity is Ug- The particle velocity produced by impact of
flier plate on target is v,.

= u, in Region I.

& vz at the interface between Regions I and II.
= 0 in Regions II - IV.

= 0 in all Regions.

= 0 1in all Regions.

= (0 in all Regions.

=V, in Region k, k=1 & 1IV.

= 0N M T = = =
I

Numerical computation is based on a discrete model of the continuum shown
in Fig. 1. A representation of this model is shown in Fig. 2. Time increases
upward with index n and x increases to the right with index j. Particle
velocity is computed on the points marked "x"; specific volume, pressure, energy
and other state variables are computed on the points marked "0". Artifical
viscosity, q, is computed on the points marked "e".
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The differential equations can be converted to difference equations which are
centered with respect to x and t, except for the viscosity term, q:
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mj = mass contained between planes labelled j - 1/2 and j + 1/2
= (1/2) (mj__]/z + mj & ]/2)
mj+]/2 = mass contained between planes labelled j and j + 1

Position Xj is defined at the planes labelled j.

The computational process is restricted by storage capability of the
machine and by limitations of the programming language. For example, a typical
problem might involve 300 space lattice points.and 300 time steps or.a total
of about 100,000 points. At each point it is necessary to calculate u, p, V,
and g, and usually other variables are desired as well. Then upwards of 500,000
words of memory would be required to store all the interesting numbers at each
lattice point. While storage of this magnitude is.available on modern large
machines, its use in this manner is not usually necessary. Examination of Fig. 2
and Egs. (4) and (5) shows that computation with the time frame shown can be
accomplished for all j, given the boundary conditions: if values of u are known
at n-1/2, p is known at n, and gq at n is assumed to be the same as q

at n - 1/2, then u‘j“ﬂ/2 can be computed from Eq. (4) for all j. Following
this, VjE?}z can be calculated for all j. From this value, the constitutive

relations and the equations for conservation of energy, pgi}/z and-q?i}fg are

calculated. This set of computations is called a cycle.

Now the sets of values at n + 1/2 and n + 1 are known and their new
values at n + 3/2 and n + 2 can be calculated by repeating the procedure.
Values at n - 1/2 and n are not needed again in the calculation, so they
can be printed and removed from storage at.the end of each cycle.

This means that the time indices, n - 1/2, n, n +1/2, n+ 1. . . can be
replaced by only four indices which are used time after time, say 1, 2, 3, 4.
Then the nuTericg1 mesh is as showg in Fig. 3. The computation proceeds as
follows: u

2 -
I Vj+1/2’ Pi+1/2° 9j+1/0 @are assumed known for all j. Mivi/a
and m, have been defined initially and do not change with time. Then
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Figure 3. Numerical mesh with repeated time indices
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3 . 3 _  n+1/2 1 . ,n-1/2 é = N
uy are calculated from Eq. (4) with uj = Uy > U3 = U s Pis1/2% Pis1/s
n+1

j+1/2

Then V§+1/2 =V is calculated from Eq. (4) and values

2 = il
954172 = Y5+1/2 *
4 i
°F Pirijzr jrr/2° |
First Law. A1l values with time indices 3 and 4 are then printed and cycle number
1 is complete. The following substitutions are made and cycle no. 2 proceeds:

E;+1/2 are obtained from the constitutive relations and the

1 -3
Uy = Y;

2 L
V-*—VJ-

+pJ

<—q‘L]+

2 L
Ej+Ej

where "«" is read "is replaced by." The time is recorded at each cycle and
the process continues until computation is complete for the desired time
interval.

A moment's reflection will show that we can, in fact, dispense with time
indices entirely. Egs. (4) and (5) can be written

At + At
C e U, = ——— (p. +q. - p; -q:_.,.) (6)
By =l ms Pit1/2 ©~ Yy+1/2 7 Pj-1/2 7 Y4-1/2
) . + i = i
Vitr2 < Virrz2 Mis1/2 (Uguq - ug) (7)

L= 1
wgere it is understood that u3 on thebTeft in Eq. (6) is the "new"_value,
uj, and uj, pjil/z’ q‘].il/2 n the right are "old" values, uj, pj:l/z’
q?il/za In Eq. (7), Vj+1/2 on the 1§ft is the "new" value, V§+1/2, while
on the right it is the "old" value, Vi ,,,. And wu..,, u, on the right of
3 J*1/2 J*1’ 7
Eq. (7) are the "new" values, uj, uj+1, There is no ambiguity in this procedure

and the new values can be permanently recorded as soon as they are computed.
In this way the storage requirements are minimized. In practice it turns out
thgrpew values are stored temporarily for use in equation of state calculations.

Limitations of the FORTRAN language impose changes in the space indices
which are apt to be confusing. They are described in detail in the following
figures and text. They arise from the FORTRAN reguirement that indices must
be integer and non-zero. The simplest solution is to replace Jj by 2j,

j*1/2 by 2j+1, etc., and to define the left boundary as j=1. This leads to -
waste of storage space, inasmuch as U(J) = u, is then calculated only for even
values of J, but storage must be reserved for all J. Similarly for V,p, etc.
The solution chosen is illustrated in Figs. 4, 5, and 6.
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Figure 4. Interior

U(J) and X(J) are identified with the original indices, j. V(J),
P(J), Q(J), M(J) and other state variables are identified with original indices
j+1/2. M(J) is the mass contained between ¥ and '+ 1. Then Eqs. (6) and
(7) become 264

At + oAt
UJ) < uQ) - 5
" ZIM(J) + M(J-1)]

[P(J) +Q(J) - P(3-1) - Q(3-1)1 (8)

Ayt + At

V() < v(J) + Ty L+ 1) - u(d)] (9)

Uy U

The left boundary is pressure-free Lox b ox
and, according to the conventions of 0
Fig. 4 and Fig. 5, P(J) = P(0) = 0 at
the left boundary. P(0) cannot be defined X X
. in FORTRAN, so at the start of each cycle, J=1 2
J =1 and Eq. (8) is replaced by one
written explicitly for the Teft boundary: Figure 5. Left Boundary

At + Ast

U(1) <« u(1) - O [P(1) + Q(1)] (10)

At the right boundary Eqs. (8) and - X
(9) can be used without modification 0
because P(J,), V(JB), etc. are defined
as indicateg in Fig. 6. .

Figure 6. Right Boundary



- Representation of the (x,t) continuum by a staggered lattice as in
Figs. 2 ff dis required if the difference: equations. are to represent the differ-
ential equations to second order in the mesh parameters. This is achieved at
the cost of uncertainty in location of the boundaries, as indicated in Figs. 5
and 6. No difficulty occurs if one keeps in mind that the numerical solutions
are approximations to the solutions of the differential equations and that
variations in the solution which occur on a scale the order of the mesh size
and which depend on the mesh size are features of the deference equations, not
of the differential equations.

Artificial Viscosity

Artificial viscosity introduced by von. Neumann.and Richtmyer was quadratic
in velocity gradient. It is sometimes useful to.use.a.linear term in addition
to the quadratic. The recipes used here have been taken from earlier codes. and
they appear to function satisfactorily.. Coefficients can be changed at will.
The essential requirement is that the artificial viscous stress be small when
velocity gradient is small and large otherwise, i.e., in the shock front.

Program

Much of the complexity of a 1D program involves program control,
initializing procedures, advancing computational parameters in an orderly way,
etc. The organization can best be seen from a general flow chart.



FLOW CHART - 1

Dimension all arrays by means of a
COMMON statement to allow for use of
subroutines.

!

Program Control, Block 1

NP

= no. of cycles between printouts

NCS = no. of cycles to be completed

TN
JQ;

= max. duration of problem in microsecs.
computation will stop when the shock
front reaches cell no. JQ

Read NP, NCS, TN, JQ

!

Problem set-up, Block 2

NR
NC(

D(K

vo(

Compute index of cell bounding each
region on the right

no. of regions, <4

= no. of cells in kth region

= thickness of KN region, cm

= initial specific volume of
Kt region, cc/g

K)
)
)

l

Computes masses and initial coordinates
for each cell, also cell width:

AM(

Block 3

K), X(J), DX(K)

!

Set p=0 on right and left boundaries.

Ass

Block 4

ign masses to boundary points.

!




Block 5

Read problem data

DELT = Time increment

CONA = Tinear viscosity coefficient

CQ = quadratic viscosity coefficient .

VO = projectile velocity

€C01,C02 = initial sound speeds in
regions 1 and 2.

l

Block 6

Give all variables the desired initial
values in each cell.

!

Block 7
Write headings and initial values.

)

Block 8

Set starting conditions:

Time = 0

No. of cycles, NCY = 0

JSTARL = cell no. at which computa-
tion starts

JSTAR = cell no. at which computa-
tion ends

(These are changed as the wave
propagates)

Block 9

This is where computation occurs. It
is subdivided as follows:

)

Block 9.1

Statement "12" is the starting point
for each cycle. Time and cycle
counter, NCY, are advanced.

I
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Block 9.2 _

The Teft hand boundary condition is applied
here. If JSTARL is greater than 1, the
boundary condition is not needed. If it is
equal to 1, particle velocity at the advanced
time, UN, is calculated with pressure at the
left boundary equal to zero.

v

Block 9.3

This is the interior computation for J > 1.
It includes the right hand boundary computation.
New values of U,V,Q are computed here.

l

Block 9.4

The equations of state or constitutive relations for the

four regions are inserted here. They are solved simultaneously
with the First Law for pressure, py, stress deviators and
internal energy at the advanced time. Temperature is also
calculated. Variable indices are reset here:

|

Block 9.5

The decision is made here whether to advance K and continue
the computation through another region. If JSTAR has been

exceeded, computation jumps out of the K-loop and continues
in Block 9.6. If not, it returnsto "DO 18 . . ."

I

Block 9.6

If the wave front has reached JSTAR, JSTAR is advanced one cell.
A similar test is made for-JSTARL. Neither is changed after it reaches
the appropriate boundary. A decision is made whether to print data at
this cycle or not:

IF(MOD(NCY,NP).NE.O) GO TO 22
i.e. if NCY/NP is an integer, print; otherwise not.
A test is made to determine whether or not the computation is to be
stopped here.




FLOW CHART - 2

Block 9.2 "n" = new, "0" = old
oo JSTARL > 1 7 —JB8
)‘k T
n _ 0 0 0 ’
X «-x? + .5 at(U] + U?) | |JT1 = JSTARL -1
0 n
U-i < UT
JT1 = 1|
-
!
Block 9.3 KT = 4
bl B B —> DO 18 K = 1,NR (NR = no. of regions)
| JT2 = JR(K) - 1
| A JR(K) s JSTAR ? > Yes
| JT2 = JSTAR | )
\ KT = K |
Ki]oop I > I <
o e o DO 17 d = JT1, JT2
; Q 0 0 0
| , Mo 2atPag * Qg - Py - Q)
, J+1 = Y+ _ :
| , (Mg + Myyq)
{
'| ‘
’ no n" 5 es
: U 7| <1077 2
T | < J+1
I n -
; UJ,q = 0.0
1 5 _ |
| )
i 0 n 0
: xj+'| 4" xj+] + eSAt (Uj+1 + Uj+1)
i
[ 0 n
] i By
J Toop
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vio= v+ (atmy) (U5, - U9

J J+1
_ o0 0
T R
o= e 2 +c2 - 1
QJ AU Cq |aU] ¢ CE/VJ
cj = sound speed
C, = linear viscosity coefficient

Eq. State Eq. State Eq. State

for Re

gion 1  for Region 2 for Region 3

4

l

Eq. State

- for Region 4

v Y J

Lo —J-Togop-—-— = — - — - ———— ———

a 7
Block 9.5

- W
— = — = —KToof— & —{JT1 = M(K) \
Block 9.6 0 JSTAR = JB - 1 2 YeS JB = No. of cell
' on right hand
no / boundary

ey
108 7 e o

JSTAR = JSTAR + 1

!

!

11



EQ————<<_JSTARL =1 Y
- 5, Hves
_.__<<i |Ujuy = Ugl > 1077 2

|JSTARL = JSTARL - 1

b

A —

no / S

MOD(NCY,NP) = 0 ;:>__xg
e ( NP)
/ | [ WRITE, U, X, etc
for all J
W
- Go to start of time loop /_NF:_ NCS

A no or JSTAR > JQ yes

r TIME > TN ?,

END

12



Equations of State Used in "POT"

The difference equation for Newton's 2nd Law involves the x-component of
compressive stress, p,. (It is denoted by P(J) in the program.) py can be
resolved into hydrostat1c pressure, p, and the x-component of the stress
deviator, S,:

P, = P*S, (1)
The hydrostat1c pressure is assumed to be g1ven by a Mie-Gruneisen equation

of state in which the Hugoniot (p,V) curve centered at room temperature,
atmospheric pressure is a reference: '

PIEV) = py(V) + (o/V) (B - E,(V)) (2)

where
pH(V) is the Hugoniot curve

V_ = specific volume at room temperature and
atmospheric pressure
I is the Griineisen parameter
E is internal energy per unit volume
2
o

The stress deviator is assumed to be constant. The yield stress, Y, is
assumed to be a linear function of p,

I'/V = b is assumed to be constant.

Y = a+Cp. (4)

The increment in internal energy is obtained from the first Taw, assuming
there is no heat transfer from the mass element:

E = ~(p, + Q)dV = -pdV - S dV - QdV (5)

where Q is artifical viscous stress. Equations (1) to (5) turn out to be
interdependent and they can be solved simultaneously, approximately to second
order, in the following way.

Values of p,V.Q,S,,E, T obta1ned at the previous time, t, are assumed

to have been stored as ﬁ J Sx .j° EJ T; and we are to compute new values

for time t + At. Denote the new values by P", v, qQn, s , E", T, and the old
values by P° V°, Q s 0. EO, 19 V" and Q have a]ready been computed, SO we

enter the equae1on of state routine with Vn, V°, P 5 Sxo, * , Q . Q
storage. Defjne .
av o=y oy
) Then'F;om Eq. (5)
E = E0 - (1/2)(P" +P° + Q" + Q%+ 5 M+ 50) av (6)

13



We write S" = Si + ASX, though ASx has not yet been computed. Then Eq. (6)

X
becomes '
E" = E7 - (1/2) (P + Q% + 250)aV - P"aV/2 - aS AV/2
= E' - PMav/2 - 45 av/2 (7)
where E' = E© - (P% + q° + Q" + 2s,°)av/2. (8)

Equation (2) can be written explicitly for P":

P" = P + b E" - bE] | (9)

where : n
Py = Pu(V™) (10)

and EE(V") is obtained from Eq. (3). Substituting Eq. (7) into (9) yields

n 1 n
on Py + b(E" - E) ) bas, AV an)
1 + .5bavV 2+baV
= pNi. bas,aV/(2 + baV) (12)

where P"l is the first term on the r.h.s. of Eq. (11). P"! can be computed
with the information already available, but P" depends on AS_,. If the material
is in the plastic regime, AS_ depends on the change in yie'ldX stress between t
and t + At. Since the yie1é stress is expected to depend on p and to
change only slightly, aS_ should be small, PN = P"1, and Y(P"!) be a good
approximation to the corfect value of Y. We therefore proceed as follows:
First of all assume that the total increment of strain between t and t + at
is elastic,

&

Aex

hey, = 200/ (V" + v9),

The x-component of the increment in strain deviator is 2Aex/3,

Define a temporary quantity

AS; = (4yu/3) Ae,

where u is the rigidity modulus. Then a tentative value of Si is

ni _ 0] 1
SX Sx + ASX

14



Now calculate yh

Y'o= vy | (13)

It [anll is less than (2/3)Y", then he, was indeed elastic and SQ = 831.

Other wise S" +(2/3)Y", since it cannot exceed Y in a rate-dependent

process:
s, = (273" ifsiis0
= -(2/3)Y" if 571 <0
Then AS, = sg . sg (14)
P" = Pl - bas aV/(2 + baV) (15)

This sequence from (13) to (15) can be iterated so as to insure that there is
no accumulation of error in Sx.

It is easy at this point to calculate the plastic work. The increment
in plastic strain is

As)p( = At—:x - Aei
and Aei = (S /2u) + be,/3 .
Then
- n ) n 0 p
Awp (V0 o+ V) (Sx + SX) ASX/B

The new internal énergy is

E" = E' - plav/2 - as av/2
The increment in temperature is obtained from the expression

dT = dE/Cy - (bT - P/C)dV

or
n -o
n _ o, E'-E

@.% [T% - (P" + P°)/2c,1 &V 3/(1 + .5bav)

where CV is specific heat at constant volume.

15



Putting this together we have the following program:

v",v°,p%,0",0%,55,E%,1°,P0

v o= Yy oyO
Er = B9 (PO + Q"+ Q° + 25°) av/2
i = By(v")
EE = PH(VO - yMy/2
P = [PR+ b(E' - EDI/ (1 + .5baV)
n_ 1
Y = Y(Pn)
de, = ~2av/ (V" + vO)
AS;( = (4u/3)2e
n _ ]
Sx - Sx * ASx

~ yes

o \|s”1| < (23" 2

"'T

Iterate

= (2/3)Y" sy = =(2/3)Y J
I ¢
= M _ O
AS, = S, - S,
pn = pNl _ baS AV/ (2 + baV)
e _ S /2 + 3
AEX = A X/ u ASX/3

P . o a
Asx Aex ,AEX

16



n _ pn n
P P+ Sx

X
- n 0] n o p
Awp (v + V) (Sx + Sx) Aex/8 |
n )
= + AW
Wp = Wp t i

" = E' - PMav/2 - as, av/2
™ = 10+ E-E%)/c, + [(P" + PO)/ cy - bT®Tav/2} /(1 + bav/2)

In translating this to FORTRAN, we assume the following
PyV) = w/IV (1-68)%T5 w =1 - V/V,

Y(P) = A+CP .

Cv constant

u constant

b

constant

VO, g2y By By CV’ u, b must be read into storage before computatidn starts.

Since material may vary from regfon to region, each depends on K.

Notation
o = § EE EH 6S, = DELS
n =
U P1 = PN sey = DEPE
V. ) V;J) Vo = VO(K) ae? = DEPP
Eo : E b = B(K) X
Eo = E(J) | Y'oo= N tp = DELWP
o Y1(J) pe, = DELEP Pe = PXN
Q = N AS.' = DELSI no_
. ) P = PN
Q = QJ) A = A(K)
= n -
e = ove) C o= ) m
= csq(k) = MK
unl Cy, = ¢V
s = s(K) S8 = oS W= y3(d)
= OMEG s" = sN ¢
n X )
Pp = PH |



The program follows. (VO(K) has been read earlier)
READ (5,505)(CSQ(K),S(K),B(K),AMU(K),A(K),C(K),CV(K),K=1,4)
505 FORMAT (7F11.6)

DV = VN-V(J)
OMEG = 1. - VN/VO(K)

EP = E(J) - .5 * (Y1(J) + QN+Q(J) + 2. * Y2(J)) * DV
PH = (CSQ(K) * OMEG/VO(K)) / ((1. - S(K) * OMEG) ** 2)
EH = .5 * PH * (VO(K) - VN)

PNT = (PH + B(K) * (EP - EH)) / (1. + .5 * B(K) * DV)
DELEP = -2. * DV/(VN + V(J))

DELS1 = (4. * MU(K)/3.) * DELEP

SNT = Y2(J) + DELSI

PN = PNI

SN = SN1

DO 102 M = 1,3

YN = A(K) + C(K) * PN
YT = 2. * YN/3.

IF (ABS(SN).LT.YT) GO TO 104
IF(SN.LT.0.0) GO TO 103
SN = YT
GO TO 105
103 SN " YT
GO TO 105
104 SN = SNT
105  CONTINUE -
DELS = SN - Y2(J)
PN = PN1 - B(K) * DELS * DV/(2. + B(K) * DV)
102 CONTINUE
DEPE = DELS/(2. * MU(K)) + DELEP/3.
DEPP = DELEP - DEPE
DELWP = .375 * (VN + V(J)) * (SN + Y2(J)) * DEPP
EN = EP - PN * DV/2. - .5 * DELS * DV
TN = (T(J) + (EN - E(J))/CV(K) + ((PN + YI(J))/CV(K)
-B(K) * T(J)) * DV/2.)/(1. + .5B(K) * DV)

18



PXN = PN + SN

P(J) = PXN
T(J) = TN
V(Jd) = VN
Q(J) = QN
Y1(J) = PN
Y2(J) = SN

¥3(J) = Y3(J) + DELWP
IF(ABS(P(J)).LE.1.0E-5)P(J)=0.0

GO TO 17
(wm ]
D-’.._
L W/m
C) -
=T
o
EDD. \_J_ {; i 1 1
=] 00 0.40 0.80 1.20 160
a X, CM
o This is aluminum with finite yield.
T T Initial velocity of 1 mm/usec after 1.1 usec.
=
?"
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