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l. INTRODUCTION

The RIP[1] material response code for x-ray inter-
actions includes three equations of state for compacted
(non-porous) material: (1) modified PUFF; (?& RIP mixed
phase; (3) GRAY. A recent sensitivity study ] performed

' by Systems, Science and Software (S’) indicated that sub-

stantial differences in radiation-induced impulse were
calculated depending on whic? fquation of state was used.
Furthermore, John J. Ruminer 3] "of Lawrence Livermore
Laboratories (L%), has determined that mixed-phase effects
must be properly modeled in order to obtain a reasonable
degree of accuracy when predicting the response of porous
or tamped metals. In view of Ruminer's results and those
of another study by Oswald, McLean, Schallhorn, and Oldham (4]
at Harry Diamond Lahoratories (HDL), which demonstrated the
necessity of accounting for the melt regime when modeling
material response to pulsed energy deposition, it was de-
cided that the GRAY three-phase equation of state was the
most appropriate for describing the response of metals to a
wide variety of radiation threat conditions.

GRAY is a three-phase equation of state for metals
developed by E. B. Roycel5] at L’. Material near normal
density, in the solid-liquid region, is described by a
scaling law equation of state for metals developed by
Grover.[6] The scaling law equati?q of state includes a
Gruneisen description of the solid ] referenced to the
experimental Hugoniot. Material in the liquid-vapor region
is treated according to an equation of stéte developed by
Young and Alder;[8] their van der Waals mudel uses an analytic
representation of the classical hard-sphere equation of state
with a van der Waals attractive term added. The complete
equation of state, as described in Reference 5, is developed
by analytically joining the Grover scaling law and the
Young-Alder models at a volume in the range 1.3 to 1.5 times
normal volume. This is accomplished by adding correction
terms to the Young-Alder equation of state ?mfloyed on the
low density side of the join volume. Young 9 recently
introduced a modification of the original GRAY equation of
state which permits calculation of the pressure in the
mixed phase liquid-vapor region; however, the basic physical
models and the join procedure were not altered.

A substantially modified GRAY equation of state has
been developed and is presented in this report. A critique
of the original GRAY equation of state which illustrates the
need for improvement is presented in Section 2. A continuous
model for the liquid phase is discussed in Section 3.1 and a
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soft sphere model for the vapor region is developed in
Section 3.2. The liquid and vapor regions are connected
via an improved join procedure which is discussed in
Section 3.3. The results of calculations performed with
the modified GRAY ¢quation of state are presented in Sec-
tion 4 and a summary is given in Section 5.
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! 2. CRITIQUE OF THE GRAY EQUATION OF STATE

The latest L® version of GRAY is a complete three-
phase equation of state for metals and was, until recently,
the most sophisticated equation of state available in the
RIP code. However, a quick inspection of the procedure used
to join the Grover liquid equation of state and the Young-
Alder modified van der Waals model, as presented in Reference
b 5, reveals the following problems:

Y P
o

- -

l. The slope of the equation of state is dis-
P continuous at the join volume.

e T

j 2. A correction term, quadratic in temperature,
added to the caloric equation of state in the
van der Waals region prevents the model from
zpproaching the correct ideal gas limit at

! high volumes.

3. At high temperatures the correction terms
- dominate the van der Waals model in the
| vicinity of the join volume.

{ The first two of these problems are due to the rather crude
nature of the join procedure. However, the third problem is
more fundamental because it indicates that the discrepancy
between the two models is actually quite large, even in the
region of the join volume.

The primary source of the discrepancy between the
Grover and Young-Alder models is the dramatically different
behavior of their atomic components (related to thermal
motion and ions of atoms) of pressure and energy. This dis-
1 crepancy is best illustrated by comparing the atomic compo-
P nents of the specific heats at constant volume and the atomic
F components of the Gruneisen coefficients. The scaled tem-
1 perature dependence of the specific heat divided by the gas
1 constant and the scaled temperature dependence of the
é 4 Gruneisen coefficient, both as represented by the Grover
] liquid equation of state, are presented in Figure 1 and Fig-
ure 2, respectively. The notation employed in these figures
is defined below:

T = temperature
melt temperature (a function of specific volume)
specific heat at constant volume

O 93
L

gas constant

=
L]

| Y = Gruneisen coefficient

‘ The specific heat variation shall be discussed first.
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Figure 1. Specific heat divided by the gas constant versus
scaled temperature in the Grover equation of state.
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Note from Figure 1 that the specific heat in the
Grover liquid equation of state has a constant value of 3R
in the solid region, drops discontinuously to 2.85R at the
melt temperature, decreases linearly to 3R/2 in the liquid
region, and has a constant value of 3R/2 in the hot liquid
region. However, the Young-Alder model has a temperature
independent specific heat of 3R/2 for all volumes. The
join volume, vj, employed in the present version of the
GRAY equation Of state is the zero pressure intercept of the
boundary between the so-called liquid and hot liquid regions.
This particular join volume was chosen for two reasons:
(1) Continuity betwecn the Grover and Young-Alder models
could be achieved by adding a single set of correction terms
to the Young-Alder model. If a smaller join volume were
selected it would be necessary to add a second set of cor-
rection terms to the Young-Alder model in order to insure
continuity with the liquid region of the Grover equation of
state at positive pressures; (2) the specific heats of both
the Grover and Young-Alder models are 3R/2 at the selected
join volume. Unfortunately, at the volure, v4, there is a
large discrepancy between the Gruneisen coefficients of the
two models; this point is discussed in the following para-
graph.

The Gruneisen coefficient, Yy, in the Grover equation
of state is plotted as a function of the normalized tempera-
ture, T/Tp, in Figure 2. The small variations of the solid
or lattice Gruneisen coefficient, Y4z, with volume are not in-
cluded in Figure 2; additionally, the fact that the wvalue of
the solid Gruneisen coefficient, vYo, at ambient volume and
temperature is material dependent (v, = 2.0 ¢ 1.0) is ignored
for convenience of presentation. The significant observation
depicted in Figure 2 is that vy is a decreasing function of
the scaled temperature until the boundary between the liquid
and hot liquid region (T/Tp = 10) is reached; a slope dis-
continuity occurs at that point and the ideal gas value,

Y = 2/3, is maintained for further increases in scaled tem-
perature. The behavior of the Gruneisen coefficient in the
Young-Alder model is totally unrelated to that in the Grover
equation of state. In particular, the Young~Alder Gruneisen
parameter is independent of temperature and the functional
form of the volume dependence is

2 3
@)@ -
L e
R
12
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where v is the volume and vp is the hard sphere volume. At

the join volume currently used in the GRAY equation of state,
| Y has a consta..t value of about 4.6 (there is some variation
l with material) which is more than twice the maximum value of
- y occurring in the Grover scaling law.

On the basis of the critique of the GRAY equation of
state presented in the paragraphs above it was decided that
several modifications would lead to substantial improvement.
In Section 3.1 a new form of the Grover liquid equation of
state is developed; the new form is mathematically continuous
from T/Tp = 1 to T/Tp, + = where the ideal gas limit

; (cy = 3R/2, Y = 2/3) is reached. The advantage of the new
functional form is that the artificial distinction between
the liquid and hot liquid regions is eliminated while pre-
serving the Grover scaling law in the low temperature range
where it is meaningful to within a few percent. Also, addi-
tional flexibility is gained with respect to selection of the
join volume. In Section 3.2 incorporation of a soft sphere
model into the Young-Alder region is discussed and the re-
quired thermal and caloric state relations are developed; the
advantage of this modification is that the Gruneisen para-
meter approaches the correct ideal gas limit at any volume
provided the singularity in Equation (1) is avoided. Addi-
tionally the location of the liquid-vapor mixed phase boundary
may be correlated with experimental data through judicious
selection of the *emperature dependence of the soft sphere
diameter. A new join procedure which is continuous in slope,
thermodynamically consistent, and free of incorrect limiting
behavior is presented in Section 3.3.

Ny S -~
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J 3. THE MODIFIED GRAY EQUATION OF STATE

3.1 A CONTINUOUS FORM OF THE GROVER LIQUID EQUATION OF
i STATE

!

!

; The Grover liquid metal equation of state is developed
i i and discussed in Reference 6. The equation of state is based
on the observations that a corrected entropy of melting

: ' (2.32 cal/g-atom deg) can be considered const. for all metals
' and that the liquid specific heat has a universal linear
dependence on the scaled temperature (T/Tp); both of these
observations are supported by experimental data. The Linde-
mann law which establishes the volume dependence of the melt-
ing temperature is used in con-iunction with the above obser-
vations to develop an approxin-te equation of state for liquid
metals. However, as noted in Section 2, the linear scaling

of the specific heat breaks down at T/Tm = 19 where the ideal
gas limit is reachcd. For scaled temperatures above 10, an
ideal gas equation of state with additive "effective" pressure
and internal energy components at zero teinperature (determined
by continuity requirements) is introduced. In the following

| paragraphs a modified form of the Grover liquid equation of

' state is presented. The modification is based on the intro-
duction of a func ‘onal form of the liquid specific heat which
has a hyperbolic wependence on the scaled temperature. This
new functional form closely approximates the Grover scaling
law in the lower range of temperatures for which experimental
correlation is available and approaches the ideal gas limit
continuously; thus the need for a somewhat artificial "hot
liquid" region is eliminated. The procedures employed to
develop the new equation of state are identical to those pre-
sented by Grover in Reference 6 except that the functional
form of the liquid specific heat is hyperbolic rather than
linear.

IO, e

The specific heat employed by Grover has the form

Because Equation (2) becomes unrealistic at T/TW > 10 we
' select instead the following relation: )

-1
= 1 _ &
| CV = 3R/2 [l + (0. ﬁ + l) ] ’ a = .l, T > Tm (u)

[ Equations (2) and (3) are plotted for comparison in Figure 3.
Note that for scaled temperatures below 4.0, the maximum

| value for which data are reported in Reference 6, the hyper-
bolic form departs from the Grover scaling law by no more than
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6 percent. At higher temperatures the hyperbolic form has
the advantage of approaching the ideal gas limit continuously.

In order to obtain an expression for the entropy in
the liquid region we employ the thermodynamic relation

S Cv

] (4)

Substituting Equation (3) into the above expression and inte-
grating with respect to temperature yields

2 T

Sz =3R &N T - 3R n (a i + l) + f£(v) (5)
m

where Sy is the entropy in the liquid region and f(v) is
an undetermined function of volume. Since the specific heat
in the solid is 3R, Equation (4) also yields

ss = 3R &N T + h(v) (6)

*

where Sg is the entropy of the solid and h(v) is another un-
determined function of volume. Solving Equation (6) for
3R &n T and substituting the result into Equation (5) yields

= - 3R T -
S, = S, - 3= In (a o + 1) + £(v) - h(v) (7)

This expression for the liquid entropy is consistent with
experimental data on the entropy of melting presented by
Grover (6] if we take

f(v) - h(v) = 4s (8)

{ where As is the "corrected" entropy of melting. Thus, the
: ' entropy in the liquid region, Equation (7), becomes

- - 3R T
Sl = Ss 3 n (a Tm + 1) + As (9)
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Following Grd’er's procedure we obtain the entropy
in the two-phase melt region, Sye by adding the solid and
liquid components;

S, = VS, + (1-\))Ss (10)

where v is the liquid fraction in the melt region which is
assumed to be linear in T.

_ T = Ts(v)

VE TR
where

AT (v) = TL(V) - Ts(v)

is the temperature change for melting at constant volume,
Ty (v) is the liquidus temperature and Tg(v) is the solidus
temperature. It should be noted that Equation (10) is
based on the following definition of the melt temperature

= . 3R T_
s, =S, +v|as -3 Ena( +1)] (11)

Noting that in the melt region T & Tp, we obtain the follow-
ing approximate expression for the melt entropy

S

e Ss + v(AS - ,143R) (12)

With Equation (12) and (9) for the entropy in the
melt and liquid regions respectively, the following thermo-
dynamic relation may be solved for the Helmholtz free
energy, A:

(e
S = - (ﬁ) (13)
v

17
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Having obtained the Helmholtz free energy, expressions for
the energy and pressure are trivial to derive. The melt
region will be treated first.

Equation (13) may be integrated to obtain

A =E_(v) -de'r (14)

where Eg(v) is the cold compression energy. Substituting
Equation (12) into the above relation and performing the
indicated integration yields

T

A, = E_(V) -fssd'r - f v(4S - ,143R)4T

Ts

or, combining the first two terms

T

A, = A, - f v(8S = .143R)dT (15)

Ts

where As is the Helmholtz free energy of the solid. Since

V= (16)
Equation (15) becomes

T

T
A, = A_ - (85 - .143R) f ('fﬁ-zi)d'r

Tg

-3

which, after integration, yields

2 TT

T
Y s
Am = As - (AS - .143R) [m = -A-T_-] (17)

Ts

18
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Expanding the expression in brackets and employing Equa-
tion (16) yields the following expression for the free
energy in the melt region:

A, = A - vz(%g) (A0S - .143R) (18)

The energy in the melt region is immediately ob-
tained from the definition of the Helmholtz free energy,
A

= E-TS, and Equations (12) and (18):

= - AT -
Em = As + TSs + \)[T \)(2 )] (AS «143R)
or, more concisely
E =£E_+ v|T - v(2Z)| (as - .143R) (19)
™ s 2 *

where E is the extrapolated energy in the solid.

The pressure in the melt region is obtained from the
thermodynamic relation

_ oA
P=- ('rv)T (20)

Substitution of Equation (18) into the above equation yields

oA 2
- s - ] voAT
Pm = (gv—)T + (A4S «143R) 37-(—3——) (21)
or
P =F_+ (AS - .143R) o VZAT (22)
m s » v 2

19
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Expressing vz in terms of temperature and evaluating the
partial derivative in Equation (22) yields

2 ar_ .2
%'\7(“ AT)--\: S dad (23)

Noting that

deT « 0
and

de ) d'rm

dav ~ av

Equation (23) becomes

2 daT
W (EE) -~ (24)

Now, the volume dependence of the melt temperature is defined
according to the Lindemann law:

d &n Tm
X5+m (25)

An alternate form of this law is

) i'— a-v— (26)

T
m
_2_) . (27)
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Substitution of Equation (27) into Equation (22) yields
the final expression for the pressure in the melt region:

)In

= - .| -
B = Ps VA 7 (As .143R) (28)

In summary, the relations defining the new form of the metal
equation of state in the melt region are:

Sp = Sy *+ V(A4S = .143R) (29)

A=A - vz(%g) (AS = .143R) (30)

E = E  + v['r = v(é—g)] (AS - .143R) (31)
Tm

B =P_ - VA R (45 - .143R) (32)

Following essentially the same procedure applied
above to obtain the melt region equation of state yields
the improved form of the Grover equation of state in the
liquid region. Beginning with Equation (9) for the entropy
in the liquid region and applying the appropriate thermo-
dynamic relations in sequence yields:

S, = Ss 3 n (a Tm + 1) + AS (33)

AT 3R
A=A, =52 (85 - .143R) - (T - T) (AS N 5_)

+
[#3]
ol 3
3
(r——
g —
[*
3|3
+
—
S
Py
=]
p—
Q

%— + 1) - (a+l)ln(a+l)] (34)
m




2 RO i AL o el AR Bl B e e an, TS, N O e o . .

. AT
E E8 + Tm AS + .143R(—)

2
3RT
e [ln (a L

+

+ 1) - (a+l) &n (a+l) - a(g— - 1)}

20 ?m m
(35)
T
m
P, = P_ - A gt AS
- 3R, T—“‘[zn (a"l—‘-+ 1) - (a+l) fn (a+l) - a(-T—- 1)]
2a "V T T
m m
(36)

As mentioned earlier in this section, the above set of
equations replace the two sets employed by Grover to repre-
sent the liquid and hot liquid regions in Reference 6. This
particular feature of the iiproved form of the Grover equa-
tion of state results in substantial flexibility with respect
to selection of an appropriate join procedure. The intro-
duction of a 30ft =phere model into the modified van der Waals
equation of s:ate is discusi;ed in the next section.

3.2 A SOFT SPHERE MODEL FOR THE VAN DER WAALS EQUATION
OF STATE

The classical van der Walls equation of state has the
following functional form:

RT a
AN 2R A =R

] } where the subscript v indicates the vapor region. The second
E term on the right of the equal sign represents the effect of
3 a mean field attractive potential on the pressure in the
medium; a is the attractive potential coefficient. The first
term on the right of the equal sign is identical to the ideal
gas law except for the appearance of Vp, the hard sphere ex-
cluded volume, in the denominator; this term has the effect
of increasing the pressure at small volumes thereby account-
ing for the repulsive potential in an approximate manner.
The opposing forces included in the van der Waals model cause
! the appearance of loops on isotherms plotted in Gibbs free
energy versus volume space. A procedure for defining the

22
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| liquid=-vapor phase boundary, often referred to as a Maxwell
construction, may be applied to the Gibbs free energy. How-
ever, experimental evidence indicates that the liquid-vapor
phase boundary derived from the van der Waals model is
highly inaccurate.

A modified form of the van der Waals model was pre-

! sented by Young and Alder in Reference 8; this modified form
was found to be relatively accurate on the basis of the cor=-
relation between theoretical and experimental critical points

{ of metals and was therefore selected to represent the vapor

! region in the GRAY equation of state. The new equation of
state, also referred to as the Young-Alder model, is

2 3
RT1+n+n” =-n a
P = 74— - (38)
v © 1 - n)3 ;7
Vv
= b

The first term in Equation (38) is an algebraic approxima-
tion[10] to the hard sphere pressure calculated by computer
experiments. [11] An ideal gas caloric equation of state with
a potential energy term,

E=3—R.T-

3 (40)

<|w

is used with the Young-Alder model to complete the descrip-
tion of the vapor region in GRAY.

It was noted in Section 1 that the Gruneisen coeffici-
ent for the Young-Alder region in GRAY is given by Equation (1)
which is repeated below for convenience:

3 2 3
1l + (YQ) + (Yé) - (XE)
' y= 2 v v v (41)
3 3 *
| ( Vb)
1 -7
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At the join volume between the Grover and Young-Alder models
in the GRAY equation of state, Equation (41) yields an un-
reasonably high value of about 4.6 (there is some variation
with material). Additionally, the Young-Alder Gruneisen
coefficient is independent of temperature. These unrealistic
characteristics may be eliminated by allowing the hard sphere

- excluded volume, Vj, to vary as a function of temperature such

that Vp » 0 as the temperature approaches infinity. Note by
inspection of Equation (41) that setting Vp equal to zero
yields the correct ideal gas high temperature limit of

Yy = 2/3.

Several techniques for relating the temperature depend-
ence of the sphere diameter to the behavior of a fluid with
realistic repulsive forces are available in the open litera-
ture; the selection of the most appropriate technique may
ultimately depend on the results of experimental definition
of metal liquid-vapor phase boundaries. A simplified tech-
nique for obtaining the desired relation is discussed in a
paper by Anderson, Weeks and Chandler.[12] fThe technique is
called the generalized Rowlinson method and provides that the
hard sphere diameter, d, be calculated according to

o0

e f (1 - e U(X)/KTy 4 (42)
0

where r is the distance from the particle center, u(r) is the

repulsive potential, and k is the Boltzmann constant. Grover (6]

has shown that his liquid scaling law is in close agreement
with computer experiments on the liquid phase for particles
having the inverse twelve potential wihich may be expressed

algebraically as

12

u(r) = e( ) 5 (43)

RjQ

It is therefore reasonable to expect that this potential
function is most likely to minimize the differences between
the Grover and Young-Alder equations of state.

Substitution of the inverse twelve potential into
Equation (42), after some manipulation, yields

12 1/12

€0
d = 1.0556 (-kT) (44)
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for the soft sphere diameter. The excluded volume, Vb, may
be obtained from the soft sphere diameter via the relation

3
T N d
V. = av

which, when combined with Equation (44) yields

Vb = Pﬂ (46)

where

1/4
c. = (T Nav) (1.0556 eo'?
1 gA k

In order to avoid the singularity at absolute zero in Fqua-
tion (46) and provide reasonable values for Vp at temperatures
well below critical, we introduce the following relation:

= 2, T
vy = vbo CoT = CyT" 3 T < 2;m0 (47)

where
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This relation is continuous with Equation (46) through the
first derivative at twice Tmy, the melt temperature at
ambient volume.

Before leaving this section, the complete "soft
sphere" equation of state will be developed on the basis
of the following relations:

Vb = Vb(T) (48)
Lim Vp = 0 (49)
T

dVb
T+

The thermal equation of state is obtained by simply substi-
tuting Equation (48) into Equations (38) and (39) yielding

2 3 v, (T)
RTl1+n+n =-n a
P [l ad - ’ n = . (51)
v V - n)3 ;7 v

The caloric equation of state is obtained from the equation
of thermodynamic consistency.

9P = d9E
P~-T (ﬁ)v = - (W)T 3 (52)

Substituting Equation (51) into Equation (52) yields

(%)'r = Evi(g%)v + 32 | (53)
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Z:
% ‘ ' where
=
- 2 3
L £=f(r,v) = 22T DEN =0 (54)
! : (1 = n)
F ,
: Equation (53) and the thermodynamic relations
- P = - (%%) (55)
} T
: 3A
s=-( ) (56)
; Ty
; A=E-~-TS (57)

| may be solved for the thermal energy E and the Helmholtz
free energy A. The solutions are

g = 3RT _ 2re? (2 - ) =3 4 p (58)
v 2 \?4 (l =] n)3 dT v S
| 2
l A, = 7-6ntn® g VJ RT - 2%2 n T - % + Eg (59)
i 2(1 ~ m)”

The sublimation enexgy, Eg, is included in the caloric state
relation in order to insure that the zero energy reference
is consistent with the solid, melt and liquid regions. The
energy is referenced to zero at 300°K and ambient volume.

e (e e —

An improved procedure for joiring the modified forms
of the Grover and Young=-Alder models is presented in the
next subsection.

-
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3.3 AN IMPROVED JOIN PROCEDURE

As pointed out in Section 2 of this report, the join
procedure in the current version of the GRAY equation of
state has a slope discontinuity at the join volume, V3, and
employs correction terms which pravent the Young-Aldet
model from approaching the correct ideal gas limit at high
temperature and volume. These problems may be eliminated
by applying a mixing function to the improved forms of the
Grover and Young-Alder models presented in Section 3.1 and
Section 3.2, respectively.

In order to assure thermodynamic consistency the mix-
ing function is applied initially to the Helmholtz free
energy of the two regions to be joined. Letting f = £R(V)
represent the mixing function, the Helmholtz free energy in
the join region, Aj, may be represented as

Aj(T,V) = fm(V)AV(T,V) + [l-fm(V)]Al(T,V) (60)

where Vi < V < V,; and the quantities Ay and Ay represent the
Helmholtz free energy in the liquid and vapor reglons, re-
spectively. A schematic illustration of the various regions
in the improved GRAY equation of state is presented in Fig-
ure 4,

The algebraic form of the mixing function is somewhat
arbitrary except for the requirements of continuity which
may be expressed mathematically as follows:

£ (Vl) =@ (61)
f (V2) = (62)
£ <
av el
V—Vl
df )
m
=0 . (64)
() o
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Figure 4. Schematic phase diagram illustrating the various
regions in the improved GRAY equation of state
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The following trigonometric relation meets all of the above
continuity requirements and is therefore an appropriate

mixing function.
n(Vz-V)
cOSs v_—v + 1 . (65)

2 il

N|

Having completed a join betwveen the improved Grover
and Young-Alder models it is necessary to obtain thermal and
caloric state relations which are applicable within the join
region.  This task is easily accomplished in a thermodynami-
cally consistent manner because the mixing function has al-
ready been applied to the Helmholtz free energy from which
all the thermodynamic quantities of interest may be obtained.

The pressure in the join region, Py, is obtained from the
relation

()
P. = - s (66)
j oV T

Substitution of Egquation (60) into Equation (66) yields

af
= = = L
Py(T,V) = [A (T,V) = A (T, V)] g + £ P (T,V)

+ (l-fm)Pz(T,V) 5 (67)
Similarly, the thermodynamic relations

JA
S = = — (68)
(aT)v

and
E=2A+ TS (69)

yield the following thermodynamic functions for the entropy,
S5, and the energy, Ej, in the join region when combined
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with Equation (60).

e L AN 2 APPSR N

sj (T,V) va(T,V) + (l-f)sz(T,V) (70)

Ej(T,V) va(T,V) + (l-f)Ez(T,V) . {71

Thus the equation of state in the join region is completely
defined in terms of the mixing function and thermodynamic
state variables in the liquid and vapor regions.

e

e —
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4. DISCUSSION OF RESULTS

The modified GRAY equation of state requires several
parameters not specified for the version developed by Royce.[5]
A complete description of the input data generation procedures
for modified GRAY is presented in Appendix A of this report.

Critical point constants for three metals calculated
from the modififi G§?Y g?uation of state are compared to esti-
mates by Grosse 3,14,1 and to values calculated from the L®
version of GRAY in Table 1. The estimates by Grosse were ob-
tained in several ways. One way is to get T, the critical
temperature, by matching the entropy of vaporization at some
To to a curve of AS,,, versus T/Tc obtained from mercury data.
Then one reads off thb corresponding value of T,/T. and cal-
culates Te. Grosse has also measured the densities of liquid
metals from their melting points to their boiling points.

These data, combined with the law of rectilinear diameter of
Cailletet and Mathias, and T, obtained above, give the critical
density pc. Extrapolation of vapor-pressure curves then yields
Pc. Alternatively, T. can be calculated by requiring the boil-
ing point density divided by p, to equal 4.35, and using the
law of rectilinear diameter. Grosse's estimates of the alkali-
metal critical constants compare favorably with later experi-
mental data. Note thatBRL-GRAY is consistently closer to the
estimated values than the L® version. Since the critical

point lies outside the join region, which is confined to a
small range of volume in the modified GRAY equation of state,
the critical point constants are determined directly by the
parameters of the soft sphere model. This characteristic
greatly facilitates the process of fitting available critical
point data.

A Maxwell construction was performed on aluminum, iron
and uranium to obtain the thermodynamic state variables at a
series of temperatures on the liquid-vapor phase boundary.
A Maxwell construction involves calculating the Gibbs' free
energy along a series of isotherms. Points on an isotherm
having equal values of Gibbs' free energy are indicative of
liquid-vapor phase equilibrium and are therefore located on
the phase boundary. The data are reported in Tables 2, 3,
and 4 for aluminum, iron, and uranium respectively. The
variable names appearing in these tahles are defined below:

TMP = temperature on the line (°K)
VMN
VMX = volume on vapor end of tie line (cm3/gm)

volume on liquid end of tie line (cm3/gm)
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EVMN = energy at VMN and TMP (ergs/gm)
EVMX = energy at VMX and TMP (ergs/gm)
PRES = pressure on tie line (dynes/cmz)
The volumes which bound the join region of BRL-GRAY are given

in Table 5. The procedure for reading these data into modi-
fied GRAY is discussed in Appendix A.
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. TABLE 5. VOLUMES AT BOUNDARIES OF THE JOIN REGION IN

BRL=-GRAY
2 2
Element v, (cm®/gm) v, (cm™/gm)
Al 0.4 0.58
Fe 0.14 0,182
U 0.0564 0.0733
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5. SUMMARY

Several improvements have been incorporated into a
modified version of the GRAY equation of state. The liquid
region now exhibits a continuous variation of the specific
heat from an appropriate value at the melt temperature to

" the ideal gas value of 3/2 R as the temperature approaches

infinity. A soft sphere model has been introduced in the
vapor region yielding the correct ideal gas limit at high
temperature. A new join procedure which affects a limited
volume range is employed between the liquid and vapor
regions. Critical point constants generated from the new
equation of state are in closer agreement with estimates by
Grosse than those generated with the original version.
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APPENDIX A

DATA GENERATION FOR MODIFIED GRAY

Prior to making a hydrodynamic calculation with the

. RIP code using the GRAY equation of state, EOS3, preliminary

calculations to determine the specific volume limits of the
join region and the state variables on the mixed phase
boundary must be made for each material in the mesh. Fig-
ure A.l shows a P-V plot of the regions defined by the GRAY
equation of state.

The first set of preliminary calculations involves
making "driver" runs to determine the specific volume limits
of the join region, V; and V,. As previously discussed in
the text of this report, the join region connects the liquid
and vapor phases. Equations from both of these phases are
used in the join region with a weighting function to bias the
pressure to the most dominant phase. The weighting function
is trigonometric in form and the pressure equation in the
join region is written to maintain thermodynamic consistency.
Figure A.2 shows a schematic diagram of representative iso-
therms in the join region. The values of V] and Vy must be
chosen such that no pressure maximum and minimum occur along
an isotherm within the join region. An example of this be-
havior is isotherm T3 in Figure A.2. Maximum and minimum
pressures are not allowed in the join region because errors
will be introduced in the calculations of the mixed phase
boundary state points which follow. Therefore, the deter-
mination of Vj and V2 becomes a trial and error procedure
in which an isotherm driver program is run with trial
values of V] and V, until no isotherms are produced which
have a maximum and minimum characteristic.

The isotherm driver may be incorporated temporarily
intc subroutine ENCALC of the RIP code or it may be written
independent of RIP. The driver should essentially consist
of a double loop procedure in which the inner loop increments
volume and the outer loop increments user selected tempera-
tures. Within the inner loop, subroutine ET should be
called to calculate the appropriate specific internal energy
for the driver values of specific volume and temperature and
then subroutine E0S3 should be called to calculate the pres-
sure and sound speed for the given values of density and
specific energy. One coding change is required in sub-
routine EOS3 when it is used in the isotherm driver runs.
The mixed phase flag, MIXFLG, must be set to O to bypass the
mixed phase region. A comment card exists in the subroutine
to indicate where this change must be made. The values of
V1 and V3 are input to the program through the equation of
state constants array in the locations ESTCON (14,N) and
ESTCON (15,N) respectively.
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| Figure A,1. Schematic diagram of regions in the modified
GRAY equation of state.
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Figure A.2., Schematic diagram of representative isotherms
in the join region.
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; The selected isotherms should range from approximately
] | twice the critical temperature down to 300°K. Driven specific
1 volumes should encompass the trial values of V; and V3. 1In
] general, the lower temperature isotherms will display the
3 3 undesired pressure reversal characteristics. However, the
) ; lower temperature isotherms also will produce negative pres-
; ; "sures which will not be important with respect to the genera-
' tion of mixed phase boundary values. The user should attempt
! to obtain isotherms which give positive pressures in the join
_ i region with no pressure minimums or maximums for as low a
| ! temperature as possible. In general, this minimum temperature
) ; will be in the range of 1000 to 3000 °K. Initial values of
i V1 and V2 should be chosen as follows. V] must be larger than
the specific volume at which the liquidus intersects the zero s
pressure line, V;, and Vy may be estimated by 1.3 x V3. Sub-
sequent values o? Vi and V2 are based upon the results of the
isotherm driver for the previous values of V; and Vj.

Once the limiting values of the join region have been
determined the remaining step is to generate the mixed phase
boundary values. These values are calculated by the DATGEN
and ET subroutines. To activate the DATGEN subroutine, a
] change to subroutine ENCALC is required. The cells to DATGEN
and EXIT, which exist as comment cards in ENCALC, must be
activated by removing the "C" in column 1. In addition, the
mixed phase flag, MIXFLG, must be set to O in subroutine
EOS3.

The DATGEN subroutine is based upon the "Main Subrou-
tine" described in Reference 9. The mixed phase boundary
state points and the critical point are calculated by this
subroutine. Output is in the following form. For each
value of temperature, which is automatically selected in the
DATGEN subroutine, values of specific volume, specific energy
and pressure are calculated on the mixed phase boundary. Two
values of specific volume, Vypy and Vyyn, and specific energy,
EMax and EyNs are produced at each temperature. The maxi-
mum values correspond to the mixed phase boundary values at
the specific volume greater than the critical point and the
minimum values correspond to the mixed phase boundary values
at the specific volume less then the critical point. Mixed
phase boundary values calculated by subroutine DATGEN are
used in the /GRAY/COMMON arrays in the hydrodynamics.

The equation of state constants and mixed phase bound-
ary data are loaded into the ESTCON array of /EQST/COMMON
and the /GRAY/COMMON arrays respectively. Table A.l lists
the required ESTCON variables.
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ESTCON (1,N)

 ESTCON (Z,N)

to
ESTCON (5,N)

ESTCON (6,N)
ESTCON(7,N)
ESTCON (8,N)
ESTCON (9,N)
ESTCON (10,N)

ESTCON (11,N)
ESTCON(12,N)
ESTCON (13,N)

ESTCON (14,N)

ESTCON(15,N)

ESTCON(16,N)
ESTCON(17,N)

'ON(18,N)
ESTCON(19,N)
ESTCON (20,N)

ESTCON (21,N)

TABLE A.l.

Symbol

o

SM

V1

V2

THE ESTCON ARRAY

Definition
Ambient density (g/cm3).

Unused.

Bulk sound speed (cm/sec).
Shear modulus (dyne/cmz).

Yield strength (dyne/cmz).
Spall strength (dyne/cmz).
Sublimation enerygy (erg/qg).

Energy at which the matrrial
commences to vaporize (erg/g).

Energy at which the material
has completed melting (erg/qg).

Energy at which the material
commences to melt (erg/g).

Specific volume at boundary
between the join reglon and
the liquid region (cm3/g).

Specific volume at boundary
between the join reglon and
the vapor region (cm3/q).

Hugoniot parameter

U =C + SU_ (cm/usec).
8 P

Lattice gamma

A(V) = Ao - ax.

See ESTCON(17,N).

Electronic gamma,

Electronlc energy Soefficient
(mbar cm3/mole deg®)

Melting temperature parameter
(deg).
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Location

ESTCON(22,N)

ESTCON(23,N)

ESTCON (24,N)
ESTCON (25,N)

ESTCON (26,N)

ESTCON (27,N)

ESTCON (28,N)

ESTCON (29,N)

ESTCON(30,N)

TABLE A.l (Continued)

Synmbol

Eon

E

Tcrit
As

EOSFLG

Definition

Energy at V = V , T = 300°K,
P = 0 (mbar cm2

Energy difference between Eqy
and energy at V=Vg, T=0
(mbar cm3/g). 1If undefined
Ew = =300 (3%8.134E-5 +

150 ge) /AW,

Atomic weight (g/mole). .
Unused.

Excluded volume for vapor phase
(cm3/g) .

Coefficient of attractive
potent1a1 for vapor [mbar (cm3/
mole)?].

Critical temperature (°K).

Entropy of melting (mbar cm3/
mole degq).

Equation of state flag. Must
have the value of 3.0 to indi-
cate EOS3 is to be used.

Table A.2 lists the /GRAY/COMMON variables that are
to be loaded with the mixed phase boundary data generated by
subroutine DATGEN.

Location
T™MP (I,N)
I=1,20

VMX (I,N)
I=1,20

TABLE A.2.

Symbol
T

THE GRAY COMMON ARRAYS

Definition

Temperature (°K). Load in
descending order starting
with the critical temperature

Specific volumes which are
larger than the critical value

cm?/g). Load in descending
order starting with the critical
specific volume.
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Location

VMN (I, N)
I=1,20

EVMX(I,N)
I=1,20

EVMN (I,N)
I=1,20

PRBS (I,N)
I=]1,20

TABLE A.2 (Continued)

Symbol

VuIn

MIN

P

Definition

Specific volumes which are
smaller than the critical
value (cm3/g). Load in de-
scending order starting with
the critical specific volume.

Specific energies at correspond-
ing specific volume, V (mbar/
cmé), Note: DATGEN units which
are dyne/ctg2 must be converted
to mbar/cmé.

Specific energies at correspond-

ing specific volumes, Vyry (mbar/
cmé), Note: DATGEN units which

are dyne/cm? must be converted

to mbar/cm2.

Pressure (mbar/cm2). Load in
descending order starting with
the critical pressure. Note:
DATGEN units which are dyne/
cmg must be converted to mbar/
cme,

The index "N" in the /GRAY/COMMON variables is treated
in exactly the same manner as the "N" index in the ESTCON

array.
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APPENDIX B
LISTING OF MODIFIED GRAY

SUBROUTINE FOS)

CONMON AMASSUIQ),0ELTHI(IC) 4OELTNNLLI) yMATENDIIS) o MATLIDILIO)
RATIO(10) 4tIMTRLS

COMMON VISCOLII0) 4VISCOUl10) s COURST DELTIM  HAXCYL yMUDENRESRT ,THAX

COMNON IPLATE, UZERD

COMMON ALPHALRL) gAMULLL) JBBTEMP{2) yCONVRGENERGY(2) +MAXPAS yNALPHA,
NFLUOT13) oMPETIC) JNSCTTUIQ) oSSTART12),SSTOPI2)4NUNITI,
NUNIT2yNUNITI HUNITY NFITLLIC) JNEDGESNINC NKFILT JHFUNCT

COMMON STIMFL ,STINE2 ,ENRGY ,W1OTH

COMMON JOUNTIT(SG)

COMMON NCYEDT(2C) 4TEDIT(2C) ¢NABS(S) ,NORDIS) IZPLOTIS)LPLOT D),
IPDT MOHENT s HOUMP ¢ NFEOIT NPRL1NT s TPRINT yNSED)T

COMMON ICUTL ICUTRy1ADDL s IADOR,100EN,DNZ] ,ORATLIO0,A00MAS,0UM]

COMMON 1VZIONE,VW10TH

COMMON OELTAMIIOLD) yOISCPT(12) ¢ynERKOR(2),1TENP(25) ,MZONELL1D4),
L]

TEMPI2S) yUTAVG,DTNOTHP L, ICOURN s JSAVE s MAPFLG HAXZ yNAXZPL,
NCYCLE HSAVE sPLTPOS,FDTNFG, TIHE

COMMON CHUIJ W) sE(NIT2C) sHRATELICTNEC 12) o IRFLAGUICET), IVFLAGLIORD),
OLORHOT1D2C) 4yPLILCE) 4Q(1%C2) 4RHO(1200),5(1092),50(1090),
UTICOU) o X(10C8) sLANK(IY)

COMMON /EQST/ ESTCON{30,32)

COMMON /GRAY/ THP(2C+30) (VMXT2C,30),VYMN(20,30),£VHX120,30),
EVMN{20+30),PRES(28,0)

COMNON /TEN/ T{1C2Q)
CONNMON /TSAVE/ TOLOJ.EOLOJ
COMMON /EC/ ECONI22,3C)
OATA GANMAF JALF/1¢C556441/

DATA BOLTZoAVNOPL/)eJOE=16,6eC2E234301%167

e0e STATEMENT FUNCTIONS ooe

EMIXL o X2¢XIISTENPILLIIOX 1O {IeOECONISil)*eSeECONTI2)N)OX])eX2e
(ECONTIINI=eSOECUN(4 ) NIO(]e*XI0e2))

PCIXY XS)@SOIESTCONIII NI=ESTCONTL17 NISESTCONC B NISXH)SECONTZ,N)
ZLECOHTLLyNIO{]o=k¥))oXSee2

TIIX6oXT7oXB)E{=XT7oSQRT(AT7002=2,0K6*X8))/Xé

JRJSAVE
NeNSAVE
ToLD=T (V)
EOLOSE( )
1JOINeD

Sl

g et et e

R . ‘\ PRECEDING PAGK,BLANK-NOT FILMET

ESC
ESC
ESC
€SC
ESC
ESC
ESC
ESC
ESC
ESC
ESC
ESC
ESC
ESC
€EScC
ESC
ESC
ESC
ESC
ESC
ESC
1 314
ESC
€SC

ESC
ESC
ESC
ESC
Esc
ESC
ESC
ESC
ESC
ESC
ESC
€ESC
ESC

10
20
ag
49
50
60
¢
8%
93
102
112
129
136
142
15¢C
163
178
182
192
200
217
220
233
24¢

260
270
2082
29¢
363
7
322
3in
342
s
360
373
381

«ad

X




IF (ECUNL)4N) oGTe Lo) GO TO 3C £SC
ESC

eoo INITIALIZATION OF EQUATION NF STATE CONSTANTS eee ESC
ESC

ECONC14NISoZESTCONLL,4N) ESC

ECON(24NISESTCONI2L ¢NI/ZESTCON(24 4N) (314

ECONCIoNISCSTCONI29,N)/7ESTCONE244N) (314

ECON(44NIS14163E=5/ESTCUNI24,N)

ECON(S NI =SB4 134E~G/ESTCUNI24,N) (14

ECONC7 o NISHoSEYOECONI2, ) ®ESTCONE) JNIO(ESTCONTLI?  NI=ESTCONLLI94N)) ESC

IF (ESTCON(23,N) oGEe Qo) ESTCOM(23,N)==920+0(8.134E=545000 (414

. ESTCON(20,M)) ZESTCONC24 ,N) ESC

ECON(12,N)=1o=ESTCONID ¢WIOESTCONII 4 NI EXV1

ECONILIS NIS(ALF+140) 6ALUGIALF*145)

| TEMP(1)SESTCONI17,N)=10333

; TEMP(21=ESTCONC21 4N)/(1s3=ECON(12,N) ) 002

TEMP(3)8le¢*FCONI12,N)e(200TEMPLI)*ECONI12,N)@(TENP(])®

. (200ESTCUNI17 NI =2e0bb7)=ESTCONI(L18,N1))

f ; ECON(B NISTFMP(2)0TEMP( ) ™MV

| : TEMP(4122,0 (ECONLL12 N)OESTCONCIE NI~ESTCON()7oN)*+43333)

| TEMP(S)®]e20(2evECONIT2,N) 10l oE=120ESTCON(6NIO02

[a W aKal

TCSESTCONI2A,N)
VBSESTCON(2&4N)

SIGMAS(I0ESTCUNI2%94N)OVB/(P)OAVNO®Ys]l)00,3333333)
DT (4.%ESTCONI24NIOVB/(PIOAVND) 190,3333333)

EPS=BOLTZeTCOo(DT/(GAMNAFOSIGMA) e 0] 2

ECON(LsNISPLIOAVNO®( (GAMMAFOSIGMAG(EPS/BOLTZ)®e,08333333]003)/

° (6 3°ESTCONI24,N))

ECONCIDNISo)HIPECOMIIS o) ®eSOECONII NI

TEMP (| )=ESTCONC 16 NICECUNLI2,N) ‘

TEMP(2)®eS50( 1 eE~SOESTCONILINIGECONIL12,N) )02/ (] ~TEMP(]))

TEMP(3) 8] o ¢TEMPLLI)®(1o¢SOTEMPI1)0()e=~ESTCON(LIT N)/ESTCONI16,N))1
. 20

. ECON(I2,H)ISESTCONI224N)
TEMP(2S)sTEMP(2)eLCON(6,NI
ECONLL7,NISESTCON(27 ,NI/ESTCON(29,N) 002 ESC
IF (ABS(THPLL4N)) oLEs Je) GO TO 22
00 20 11=3,20
JHAXs] =1
IF (ABS(THP(IL,N}S oLEs Oe) GO YO 21
20 CONTINUVE

R ——

(PRES(JMAX=1,N)=PRES(JMAX NI
22 ECON(I“ N)=m2.0ESTCONL21,N)

ECON(19, Nl'ZoOECON(IB.NJIECONIIQ N1=24250ECON(&,N)/
(ECON(1Y4,N1®0],25) {ca1
ECON(ZD.NDUIOZSOECONlt'N3I(EC0N(l“oNDO‘ZoZSD'ECUN(l.nN3I
(ECON(IY4,N)0e2) (C3)
PIINT 25, (ECON(IoNloI'loZD)
. 25 FORMAT (//+7H ECONS//7,%04%4IPSEL%ebe/)02/) S

52

ECONIDeNISECONIIJNICITEMPIY)IOTENP(2IOTEMP(I)) 002/ TENPI(S) TisSvl

ECONULI JNISTEMP(2)OTENP(IISESTCONI2IN)IO( LoeESTCONILT N) O Tilvl

ECONILIB NISToI®ECONL&,N)/IECON(14,NL00,25) (vaolt

390

400
410

420
43¢

'TT-
T

470
49¢
SCco
512

150

2) ECON(L16 NIBVMNIIMAX (NI =PRESIJMAR (NI (VHN{JMAK =] (N)=VHNIJMAXN))/ (VMNO)

230
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3G E(J)ImleE=120E( U
RNUSESTCON( (4N} /RHOLJ)
EX=]o=RNV /

ese FOR DRIVER OR DATGEN RUNS, CHANGE MIXFLG TO 9. THlS
BYPASSES THE HIXED FHASE REGIONe oo

MIXFLG=]
1F (MIXFLG +EQe GI1 GO Tu 35

ITER=Q

Vel ,3/RHO(J)

VOS=1,0/7ESTCUNIL ot

IF (V oLEe ECON{16,4M)) GO TO 23S

1MXs( g

DO 7422 1=),19

Kajel'

IF (EVMX(K N( ¢GTe EVMA(LI4N)) IMX=K

7422 CONTINUVE
1F (E(J) oLTe Jo20EVMX(IMX,N)C GO TO 198
32 EXV281e=ESTCON(1 ¢N)SESTCONIIS,N)

IF (EX +GSe EXV2( GO TO 23S

TEMP (1 )=l 450ECONIS,N(

TEMP(2(=ESTCUNCLI N1/ () e=EX)

60 0 9¢C

35 TEMP(1(SESTCUNLIG6,N)OEX

TEMP(2(2eSO(1eE=GoESTCON(S NIGEX(002/(1e=TEMPII)L
TEMP(I(n oo TEMPII)O(1o¢oSOTENP(1)0(1,=ESTCON(17,N)/ESTCONILENI LY
. k1)
TEMP(II(STEMP(2(OTEMP(I)SESTCONI2IN(O(1eoESTCON(IT,NICEXYS
. ESTCONCL22,N¢

IF (EX «GTVe Ge) GO TO 89
TEMP(1)=ESTCON(I74N1=163333

TEMP(2)=ESTCOMNI21 yN)/(1e=EX(002
TEMP(3(B]e¢EXOL2.0TEMP (1 )EXCITENPI110(240ESTCONIIT NI=1obbi7)=
. ESTCONLIBNID L
60 To S¢
40 TEMP (| (w20 (ESTCON(IT N(=e33))
TENP(2(=ESTCONI21,N]
TEMP (I () e oERO(TEMPII 1 *EXO((ESTCONIIT (NI1=e3333)0(TEMP(1)e10)=
. ESTCONCIB, N )
SO TEMP(12(=TEMP(21TENP (D)
TEMP(19)82,0(EXCESTCON(18NI=ESTCON(17yN)+4232))
TEMP () (mle20(1e=EX(O] E=120ESTCON(6,N) 002
TEMP(2(=l,
IF (EX oGTe So) TEMP(21n1ooEXO (4o 0ESTCON(T16NI=)ol
TEMP(1S)ISECON(INICITEMPIIA)OTEMPL12)1002/(TENP(1)OTENP(2()
TEMP (I (=TENP(12)=eSOTEMP LIS
TEMPLIGISEM(TEMP (LI sLoride)

TEMP (1 (sESTCON( Lo NISEX
TEMP(2)SESTCON(L yN(/i1e=EX)

TEMP(I)ISEXOTEMP(2)0( 1 oE=bOESTCON(OIN(/(To=TENP(() (002
TENP(4) ] o=EXO((1aooSOESTCON(IT NI (=eSOEXOESTCONIIB,NI)

TEMP(19)STEMPII(OTENP (4 1¢eTEMP(2( @ (ESTCONI17 JH(SEROESTCONI1B, N} Lo

S3

ESC 940
ESC 950
ESC %62
€SC 970

€SC(002
ESC10¢(9
€sciozc
Escica?
ESCIO4D
€SC1053
€SC1069
€SCi072
€scloso
€sSCi1ev0
ESCI(IY
€Esci110
€scli20
ESCl(IC
€scli4o0
€SC1(53
Escliel
Esc1170
Escliec
€scii9oc
gsci2o¢c
€sci210
€scC12290
gsc1230
€ESC1240
g€sclase
€SC1242
€sSci270
€Sci1200
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[a N ala)

1)

60

7C

. (E(JI=ESTCON(224N]])

Va)le/RHOtJ])
1f (V «GTe V1) GO TO 70
IF (EtJ) «GTe TEMPLIS)) GO TO &%

see  SOLID REGION eee

IVFLAGLJ) =)D
TEMP() )l oECCNLS4N]
TEMP(2)s=(ELJ)-TEHP(I]])

ARGETEMP L) )002=2,0ECON(2,NIeTEMP (2]
IF (ARG ¢LTe Ce) GO TO 55

TEMP(S)IsTI(ECUNI2 NI +sTENPLI ), TENP(21)
T(J)I=TENPI(S)

TEMP(&)ePCLEX ,TEMP(S))
PIJISTEMPILPISTENPLS)¢ECONET 4N)

GO 70 1GC

PlJ)=D,

TtJi=Qoe

60 TO 100

TEMPL) )sTEMPL12)4450TENPIILS)
TEMP(2)sTENPIII/TENPL12)
TEMPL)7)ISEMITEMPIL ), TEMP(12],TEMP(2]]
IF (E(J) «GEs TEMPL)T7)) GO TO 7%

e%e MELT REGION eee

IVFLAG(J)=))
TEMPLYIS{ELJI=TEMPLLIS)I/ITENP(]17)=TEMPLIS])
TEMP(2)SECON(IsNI=ECONL4,N])

TEMP (3183 OFCONISNICTENPLIIeTEMP (2]

TEMP{8) o= lE(JI=TEHPL 1) ¢eSOTEMP ()00 20TENP()ISIOTENP(2)]
ARGSTEMP(3)002=2,0ECONI oN)OTENP ()

IF (ARG «LTe Co) GO TO &5
TEMP(SIasT)(ECONI2,N) 4 TEMPII] ,TEXP (%) ]

TLJISTENPL(S)

TEMP(2)SESTCONI] N}/ () e=ER])

TEMP (I )ISTEMP(S)=eSOTENP(LIICTENP(I1S)

TEMP {4 IsESTCON()7 yNI=ESTCON(IBINDOEX

TEMPILISPCIFA TEMPISII=TEMP () ICTEMPI21C(ECONII s n)=ECON{%N) e
o (TEMPIN)OTEMP(I2)1¢TEMP(I)eTENP (Y]]
PUJISTEMPL)9)eTEMPLAISECONIT 4N

60 T0 IGO0

TEMP () )ml«SOECONIS N}
TEMP(2)8ESTCON(]) 4N}/ L1 eC=EX)
TEMP(6)2e )AICECONISIN)O ,SeTEMP(15)
TEMPLIC)I=2.00TENPLII
TEMP(1J)=TENPLL)/ALF
TEMP(2218,SeECON(2,M e TEMP(]2)

TEMP(2I1S(TENPLILI=ELJISTEMP(A)I/TENRP{I2]¢ECUNLI NI
. TENP {131 (ALF=ECONIIBIN])

54

€scir29ye
ESCIICC

€SC13) 2
€5C1322
€sc13is
ESC1342
€SClas2
€SC13sd
ESC1370

€5C1382

ESC139C
€SCl400

€SCiyl0

ESCl422
ESTI%3D
ESCl 440
ESCL452
ESCl4on
€SCla?C
ESCI4A0
€SCl 490
ESC1S50C
€SC1513
€sci520
€SCI1532
€ESC1542

€SCI1S5572

€SC156)
€scis7o
€SC1587
ESC1592
€SC1403
ESClélD
€sclé2n
€SCled0
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73

731

732

GAMMASSESTCONC L7 ,H)I=ESTCON()B N)OEX
VISESTCONII4N)

V2SESTCONLIS,,N)

Vel 2/RHO(J)

)JOIN=S

IF (V «LEe V)) GO TO 74

JF (V «GEe V21 GO TO 90
1JOINs]

eee JOIN REGION eee

IVFLAG(J)=3]

TEMP(3)82.00ECON(S o )eTeHP(2)

TEMP (4 )s=TEMP(2)9ECON()74N)

TEMP (25 )STEMP(2)2ECON(6,N)

FRE,50(COSIPLIO(V2=V)/(V2=¥]))*)eD)

DFMDVEoSePLoSINI(PI(V2=V)/(V2=V)))/(V2=Vi1]

DFMDV=J,

XVS) o 0=ESTCONCL yNY OV

TI78ESTCONLI7 4N)=1+2332

T2VeESTCOMNI214yN) /(1 eC=RV)002

TIVELoCo*XVO( 20T 70XVO(TIVO(2,9ESTCONIL7 yN)=)obob7)=ESTCONILIBIN)))

THVeT2VeT)VY

TEVE 2,0 (XVOFSTCON(LB o) =ESTCON(I7:N)*4333))

TSVE e20XVel £ 20ESTCON(OIN) 002

ECONIVSECON(I NI ( (T2VeTHVeTIV)ee2)/TSY

TIVSESTCONC)O N)OXY

T2VE o8 (LoeE=bOESTCONtE IOV O02/()el=TIV])

TIVE) o ¢TIVE([o*eS0T )Vl )e=ESTCONI)7 4yH)/ESTCONILI6aN))N/3,0

EOVET2VOTIVEESTCONI2I NI O (] ooESTCONII7yN)OXVIPESTCONI22,N)

ITERTUs

IF (TOLD oLTeTe) TOLD=30O0.

TJaTOLD

)THe)

TUPsl.E6

TLWs300.

IF (TJ «GTe ECON(I4,N)) GO TO 731

VOSECON(18,H)=TYs (ECONI) P 4NI+ECONLI2CNIOTY]

TEMP(7)8=ECON(19,H)=2,0LCONL2C )Ty

TEMP(8)ue2,0ECONLI20,N]

60 10 732

VOSECON(ON)/7(TJee,25)

TEMP (7 )82, 250ECONLIA NI/ (TJUee|425)

TEHP(B)uSeeECON(OIN)/(Lae®Tyee2,258)

ETAsVp/Y

TERP(S)8(2:9=ETA)/((1:D=ETA)0e)})

EVOTEMP ([ )0TJo2,0ECON(S NIOT J0020(2,=ETA)CTERP(T)/(Ve(lo=ETA)OO))

SECON(LT NIZVOESTCONIIIINIO®TE=}2

EXeTY/THY

ELSEQYOTEMP(1D)eT ¢ eSeECONI2,NIOTIO02¢ECONII NIOTRVEECON(Q i) %0
CCONPVOTEMP LI IOTNVe(alL0GtALF XX O )=ECONLISN)eALFO(ZX=]:0))

FPacE(J)osFReEVe(lo=TN]joLL

IF (FF oGTe Qo) TUPSANINIITYUP,TY)

IF (FF oLTe Qo) TLWeAMALI(TLA,TY)

55
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AN

noeo

733

7%

7%

71

72
77

IF (1TH «+GTe &) GO TO 733

TEMP (11 )STEHP(T)OTEMP(2) DETAOT
TENP(12)OTENP (101 eECOtI2oNIOTJeTENP (L) slle./tALFOXXe] «T)=1.0)DELDY

TEMPL N INTEMP (1 )= eOECONIS NIOTJOTEMPIS)IOTENP (T /Y (OEVOT)
. ®240ECUN(S,HIOTYOTISTEMP (S)0TEMPLR) IV
€240CCONIS NIOTYOTJOTEMPIT)IOTENP(T)/(VEVe((e=ET 000))
b SECONIS  NIOT JOTJCTEMP(TISTEMPIT)eTEME (51 /(Voye(le=ETA))
OFFOTuFMOTEMP(I8)e(lo=FNIeTENP((2)
TJO=Ty
TJeTJO=FF/0FFOTY
IFLTJ oLTe Ju0e) TU=3ICO.
IF (ABS((TJ=TJOL/TJO) oLEe 1.E=4) GO TO 78
ITERTUSITERT U+
IF (ITERTJ +GTe 20) GO TO 733
60 T0 73
TJOmYy
1TERTY=G
TJoeSe{TUPSTLN)
17 (TJ «LTe 300.) TU®30Q,
IF (ABS((TY=TIO01/TJ0) oLEe 1.E~4) O TO 7S
1 TH= 1 THel ’
IF (1TM «GTs 20) CALL SPRINT (6HEOSI 4HERRUR)Y)
G0 T0 73

TLaTy
TTevy

60 10 92
oee LIQUID REGION ooe

IVFLAG(J)=]2
ITERT0

AXeTOLO/TENP(12)

FOTEMP(2))OXXOITENP(LIC) e XXOTENP(22))oTEMP(13)0(aALOGIALFoXX*].0)
*ALFeXX)

DFOXSTEMP(13)02.0TEMP(22)0XX+TEMP(I3)e(ALF/(ALFoXXelsi=ALF)

AX0wXX

XXsXX0O=F/0FNX

IF (ARS((XX=XXV)/XX0) oLEes 1.E=%) GO TO 72

ITERTHITERT )

IF (ITERT oGTs 23) CALL SPRINT (4HLCOSI 6MERRONYG)

60 10 2}

TLOAXSTENP(12)

PCSu0.SOECONI2:NIOTL002¢(ESTCONIIP NI ogANMAS)IOTENP(2)
PRC OPCS=TENP(2)0TENP(12)0ECONIINIG(TENP (1 4)eQANNAS)=TENP (o)

STENP(2)OTENP{ 1210 ((EMP(19)eGANPaS)IO(ALVGIALF XX Lol =tALFtlo)e
ALOG(ALFel o) =ALFO(Xa=le))oTFHPL]LD}/ALF

PLIIaTENP(19)ePRCOECONL7,4N)
TtJ)eTL
€0 TO 100

o0s VAPOR RiZuIUN oo

56



. ”

9¢

95

91

911

12

IVFLAG(J)=3S
TEMP(4)a=TEMP(2)SECON(174N)

ITERT=Q

TEMP(1&6)s=E(J)+*TENP(4)
TEMP(25)1aTEMPI2)SECON(&,N)
TEMP(17)8ECON(SN)®TENP (25}
TEMP(18)8,SeTEUP(17)eTENP(25)
TTaTOLD

1 TH=D

TUPs] €S

TLW=303.

IF (TT «GTe ECON(14,N)) GO TO 91}
VOSECON(IB8 ,NI=TTO(ECONRILIFyNI+ECON(2CsN)OTT)
TEMP(7)8=ECON(194N) =249 CON(204N)eTT
TEMP(8)8=2,¢ECON(2L4N)

GO TO 912

VBSECON(&,H)/(TTee,25)
TEMP(7)u=e259FCON(& 1)/ (TTo®],25)
TEMP(8) S 0ECUNISN)/(10e0TTee2,25)
ETA=vVB/Y
TEMP(5)8(2:0=ETA)/((1s0=ETA)® @)
EVETEMP(1)0TT=2,0ECONI(S,N)OTTOTTOTEMP(S)STEMP(T7)/V « ESTCONIION)

. @l E=12+TEMP(Y)

FsEVeE(J)
IF (F  «GTe Je) TUPSAMIKNI(TUP,TT)

IF (F  oLTe Je) TLWSAHALKLITLS,TT)
IF (ITH «GTe 3) GO TO 913

OF STEMP (1) *4e@ECON(S NIOTTEeTEMP(S)STEMPLT)/V

. «2e%ECONIS HISTTOTTOTEMP(SICTEMP(B) /Y

. 424%ECON(S HIOTTOTTOTEMP(7)IOTEMP(7)/(Veyel]e=ETA)o0])

. “5s ¢ECON(S yNISTTOTTOTENP(7)OTENP (7)o TEMPE(S)/(VOVe(le=ETAY)
TT0aTY

TTaTTO=F/0F

IF (TT oLTe 33J3¢) TT®30ye

IF (ABS((TT=TTO)/TTO) oLEe leE=3) 65 TO 92
ITERTSITERT+!

IF (ITERTJ «GTe 20) GO TO 940

GO0 Y0 9)

913 TT0aTY

I1TERTYsC

TTeSe(TUPSTLW)

IF (TT oLTe 330s) TT®30C.

IF (ABS((TT=TTOI/TTO}) oLEe 1eE=4) GO TO 92
ITHS | THel

IF (1TH oGTe 20) CALL SPRINT (46MEOQS3 L6HERRUR2)
G0 T0 9

92 TEMP(S)sETA

PV SECONIS,N)O®TTOTEMP(2)@(1eCoTEMP(S)IO( ] J+TEMPISI®(1e=TENP(5))))
o F(C0)eO=TEMP(S) 1003 )eTEMP(2)eTEMP(Y)

94 IF (1JOIN oNEe O) GO TO %4

Plu)spy

TLJ)sTT
G0 70 IcO
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e

4 ess MIXED PHASE REGION eee
c
195 IVFLAG(J)=36

ITER= 1 TER+]
IF (ITER oGTe 3) CALL SPRINT (6MESO3 sAHERRURL)
VXMISVMN (L 4N)
VHMISVMN G 4N)
EXMIBEVMN (] 4N)
EVMISEVMN(] 4N) ,
EEQMISEVMI® (EVMX(2,H)=EVMNIZN)) @ (V=VMHT)/IVHX(2,N)=VHN(2,N))

00 197 JJ=2,20
NLLNN

EEQSEVMNIJJ G NIH*{EVMXLJINI=EVHNI{JJoN) I o {V=VHNIJJsN) )/
. (VMXUJI s H)=VHNIJI W) )

IF (E(J) +LTs EEG) GO Tu 196
EBHEEVMNUJJ NI+ {EVHIEVANTJJ o ND )@ (Ve VML JJan) )/ LVHMLI=VHITJIJ4ND)
IF (E(J) o+GEs E8H) GO Ty 32
EBLSEVMXIJJGNI*LEVMXIJJJNI=EXML )@ {VeVMAIIJoNI I/ EVMXEII i) =VENT)
IF (E(J)=FBL) 199,32,32
196 EEQMI=EEQ
VXMESYMX{JS 4 IV)
VHMIsVMN{JJ4N)
EXMISEVMXIJI4N)
EVMISEVMN{JJN)
1F (ABSIVMRIJI+1 4 N)=VUN(JJI+]14N)Y +LEe Co) GO TO 198
197 CONTINVE

198 EBLEEVMX{JM N)SVMXIJIM,N)/V
1F (E(J) +GE. EBL) GO Tu 32

SLENSEVMNIJUMN) /{1 e/ECUN{L164N)=1o/VINIJM N))
EBHSEVMN(JM NI+SLENS( ] e /V=140/VHNIJ114N))

IF (E(J) «GEe EBH) GO Ty 235

TENP {1 )=sTMP (JUM=2 M)
TEMP({2)aTMP (JM=1 1)

TEMP(I)=(E(J)/EEQHL)®{TEMP(2)=37C.)+30Ls
G0 Y0 10!

199 TEMP(L)aTMP(JH=1,H)
TEMP(2)aTMP (UM N)
TEMP (4 )= (EEQMI=E(J))/(E(J)=EEQ)
TEMP(3)SITEMPI2)STEMP (H)+TEMP(L1) )/ (1.0+TENP(4))

101 TEMP(SISALOGIPRESIJUM=] N)/PRESIJMINII/(L1.G/TEMPI1)=1e/TEMPL2))
PLJ)RPRES(JIM N)SEXP(TEMP(S)®(1eB/TEMP(I)=14C/TEIPL2)))
IF (P(J) oLEe ESTCON(2,1) /14E+12) PUJ)=D,
TUJISTEMP (D) i
G0 Y0 120

P(J)sJOIN PRESSURE

[a W ol )

96 XV=]o0=VOESTCON(1,4N)
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o d

= S

743

100

UL

TEMP(1SImESTCONCI NI/ (140=XV)
TEMP(16)18XVOTEMPIISI @ (] E~SeESTCON(SINI/(1e0=ESTCON(LS,iideXV))0e2
TEMP(17)8)el=XVe(]eS¢eS0ESTCON(LI7 o NI =eSOXVEESTCUNII8NY)
GAMMASBESTCONCLIT ,H)=XVOESTCON(LIA,N)
PIVETENP(16)eTEMP (171 eTEMP(1IS)IOGAMMAS®(E(I)=ESTCON(22,4N))

PCSVR SeECON(29N)oTLO®0 20 (ESTCON(IP4NI=GAMMAS)OTEMP(15)

XXTMasTL/TMY

TEMP(18182,0(XVOESTCON(IB,N)=ESTCON(17,N}2e3333)

PCTMVaPLSV=TMVOECON(I H)eTEMP( IS (TEMP(IB8)+5AMMAS)

«oSOECON(H4 NICECONYV=TEMP(15)®THVO(TEMP(LB)+GAMMAS)IOTEMP (1) e
(ALOG(ALFOAXTH®L «CI=ECON(IS NI=ALFO(XXTH=1e.)}/ALF

PLEPIVePCTMVCECON(7,N)

EOVISECON(LL 1))

TO=30C.

TTERMl=D,

TTERM2= 5.

IF (TT oLEe Le) GO TO 743

TTERMIsSTTOALOGITT)

TTERM2eTTeALOGIABS(TT/TO))

CONTINVE

TERMIS2,O0TTOTEMP(L)+eSOLCON(2,N}OTTOTT=2,¢TEMP{]1)eTTERM2

wECON(2,N)eTTe(TT=T0}

TERM2m2,OTTOTEMP (1)@ (ESTCON(17¢M)=ESTCON(]IB,N})+e50ECON(2,N}eTTe

TTeESTCON(I9 M)

ASVISEOVI®TERMI 42 ®TTOTLMP(1)IOESTCUON(IO NI @[ Lo l=VI®ESTCON(L,ii})

wTERM2eALOG(VI®ESTCONLL N} )

ASREOVOTERMI 2¢O TTOTENP (1 ICESTCONIIB NI OXV=TELRM2OALOGi]s0=XV)

AVESTTOECOM(S 010 ALOGITeMF(2))e(T7e=FETA®(6e+ETA))I®eSG/((1e=ETA)0®2)})
«TEMP(1)}oTTERMI=ECONLLITyNI/VSESTCON(ITNI®L =12

ETAVI=sva/V]

AVVISTTOECON(S ) NICIALOG(1e/VI)e(T7e=ETAVIO®(b.¢ETAVIII®S/
(Cle=ETAV]II®02 ) j=TEMP(LIOTTERMI~ECON(LIT 42 /V)
+ESTCON(12yNI®leE=12

XXTMaTL/ECOMIB,4N)

ALVI®ASVICECONCIL  NI=oSeECONI9 NIOECON(I N)=(TL=ECON(Bsii))e

(ECON(IZNI+TEMP () )@2.0TEMP(1IOECUN(B NIGOI(ALFOXXTii*1ele
ALOG(ALFOXXTMelo)=(ALF+1a)oALUG(ALF*1e))/ALF

XX=TL/TMY

ECIDVSECON(Y4 NIOeSOECONYY

ALBASeECIOV=eSOECONTYV SECON(I NI=(TL=TMV) o

(ECON(3sNISTEMP (1) )e2e0TENP ()0 THRVO((ALFoXRele)®
ALOGIALFOXX+le)=(ALF*1e)®ALOG(ALF*1s}))/ALF

PIJIBFMOPVe()oC=FNIOPL*;FMOVE(AL=AV=ALV]I+AVVI])
TtJi=sTL

€sca22c
E(JImleEr120L (V) €SC2239
PlJImleE+120P (V) £5C2242
RETURN €EScC225¢C
ENO . ESC226°C
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APPENDIX C

LISTING OF DATA GENERATION ROUTINES

SUBROUTINE OATGEN

C
COMMON AMASSUIC) JDELTNICIC) JOELTHMN(LID) JHMATBHOLLIC) JMATLIDIIO), 1E0 30
. RATIN(IG) 4NMTRLS 1ED 4C
COMMGON VlSCOL(lO).VlSCOU(lS).CO"RST.DELTlH.dAXCYL.NOOE.NRESRT.TMAX 10 5?2
COMMON IPLATE L VZERO 1ED o7
COMMON ALPHALBL) yAMULT 1) ¢BBTEMP(2) JCUNVRGENERGY(2) MAXPAS)NALPHA, 1E0 72
. NFLUOCLO) JHPECIC) oNSCTTUIL) ¢SSTART(2)4SSTOP(2) 4NUNITI, 1E0 dC
. NUNIT2 ,NUNIT3 yHUNITH NFITELIL) oNEDGE s INC NKFILT NFUNCT 1E0 97
C. 1MON STIME!,STINE2,ENRGY W\ 10TH 1€0 10¢
- COMMON [OUNITLS) 10 11C
COMMON NCYEDTL22) 4TEOIT(2:) ¢NABSIS) 4vORNDIS) i ZPLOT(S),LPLOTIS), 1€0 122
. IPOT JHOMENT HDUMP yiF EDIT JNPRINT (TPRINT 4NSEOLIT 1€0 137
COMMON ICUTLICUTR,1AOOL 4IADORZIDDEN D121 4OKATIN4AODRAS ,DUMI 1E0 149
COMMON IVZIOME ¥WIDTH 1ED 152
COMMON DELTAM{IC.O) 4DISCPT(12) “ERRORI2)41TEMP(25) MIONC(10,4), 1E0 loZ
. TEMP(25) OTAVG4OTN,OTNP] s JCOURNJSAVE yMAPFLG 4MAXZ 4MAXZPI, 1EDO 177
. NCYCLE JNSAVEPDTPOS,POTHE G, TIHE 1€D 182
COMMON CLITID)4ELICDI) onRATECICSO42)IBFLAGIINAT) JIVFLAGLIOOU), 1E0 190
. QLORHOLICCO) P (1.,.23) 4 l1750) JRHOLIZET),S(1000),SLILI00A) 1ED0 23°
. UVEISSI) o XL008) 1BLANKLI9) 1E0 210
(4 1E0 222
COMMON /EQST/ ESTCON(3C,AL)
COMMON /TEM/ T(1220)
COMMON /TSAVE/ TOLNDJ,LEQLDY
DIMENSION TMP{23) VHX(2)) s VHN(2%) 4EVNX(20) EVMN(20),PRES5(20)
(4
(4 eee CALCULATION OF CRITICAL POILT oo
(4
JAAs] ]
JABmJAAe]
AJAAS JAA
NK=9
NK]lsNK=]
NK2sNK=2
NK3IsNKe)
NeNSAVE
JSAVE=]
JS®JSAVE
VOSs] (/ESTCANCI4N)
THORESTCONL 2] 4N)
DELTm2,0TNMO
TJSSOELT
TOLDJ=TYS
DELVS340V0S/20
VINSVOS
VCESTs4,58v0S
IR=]
1T=}
112 1T=[Te!
RHO(JUS)I=]e/VIN
VJSsVIN
61
_I*—_"""‘--«n
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[a N alal

112

123

115

CALL ET (VJS,TJS,LJS)
ElJUS)I=EYS

CALL EOS3

PlsP(JYS)
JVCE(VCEST=VJUS)/LELY
00 110 usl.JVC
VJUSEYJS+DELY
RHO(JSIsle/VUS

CALL ET (VJUS,TJUS,EJSI
E(JSI=EUS

CALL EOS3

P2=P{JS)
IFLIP2=-P1)/DELV +GEe Lol GO TO 111
Pil=P2

IR=[Re1

IF(IRe2 «GTe 2 | GO TO 323
DELV=Qe7eDELY

G0 TO0 112

DELT=,5¢0ELT
TJSeTJS-DELT

TOLOJ=TUS

1R=}

G0 T0 112

IF(1T=1C9 «GEe O ) GO Tu 115
TJSsTJS+eSeNELT
TOLOUsSTUS
VINSVJS=2e0NELV

G0 7O 112

TCuTJS

vCavJys

CALL ET (VJUS,TJS,EUS])
ECCeEUS

PCaP2

PRINT 2C0,Y¥CoVC,PCLECC

¢00 COEXISTENCE CALCULATION eoe

00 10D JUm2,JA8

AJe =]

TJISeTC»AJo(TC=THOI/AJAA

TOLDJYS TS

OELRHNS,CIPESTCONI L (NI

RHO(JUSI=0e

PlsQ.

Kis|]

D0 20 Ksl,103

RHO(JS)aRHO(JS)I*DELRHO

VJSu]+/RHOLJS!I

CALL ET (VJUS,TJUS,EUS) y
EtJSIsEYS

CALL EOS)

P2sP(JS1

IFLIP2 oLEs Pl) +ANDe (K1l +EQe 21! GO TO 20
IFIP2 +GTe P11 GO TO 12
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L T S

12

2C
16

22

400
oo

45
a1

PHAX=P]

Kis2

GO YO 2¢C

IF(KL +EQe 1) GO YO 20
PMIN=P2

GO TO 14

Pi=P2

PEQu.Se (PMAX+PMIN)
IF(PEQ «GTe Ge) GO TO 22
PEQmSePMAX

00 25 K{Ts=1,50

00 330 K=],NK2

00 4TC L=1,9

ALsL

VISl (0o (NK=K) ) /AL
RHO(J)®Le/VIS

CALL ET (VJSTJS,EJS)
E(JS)IsEJYS

CALL EOS)

PispP(JS)

IF(Pl +GEe PEQ) GO TO W)
CONTINUE

CONTINUE

KsNK1]

00 45 L=12,25350

AlLsL

VJSs1CG3e/7AL
RHO(JUS)®le/VJUS

CALL ET (VJS,TJS,EJUS)
E(JS)=EYS

CALL EOS)

PlesP(JS)

IF(P] +GEe PEQ) GO TO &)
CONTINUE

RHOMINSRHO(JS)

SUM2sQ,

INs)

{FIX +GTe NK3) GO TO 5)
00 55 KKsK,NK)
DELRHOS e/{ 1000 {tIK=KK]))
DO 6T LLsL,10

AlLsLL

RHO(JS)sAL®DELRNHO
VJSsle/RHO(JS)

CALL ET (VJUS,TJUS,EUS)
E(JS)SEYS

CALL EOS)

PisP(JS)

FeP1=PEQ

SUM2sSUM2+FeDELRHO/RHO(JUS) @02

IFIF o¢LEe J¢) [IN®2

60 CONTINVE
SS Ls|

53

00 45 LL=L,+2530
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T } OELRHO= .01

; ' ALsLL

.. { RHO(JS)=AL/1C0e

E : VJSEl«/RHO(JS)

CALL ET (VJUS,TJIS.EJS)
E(JS)=EYS

1 : CALL EOS3

PLeP(JS)

FaPl=PEQ
SUM28SUM2+F*DELRHO/RHO(JS)ee2
IFCIN <EQe 2) GO TO 69
’ IFLF +GEes Do) GO TO 65

IN®2
64 IF(F +GEe Do) GO TO 62
65 CONTINUE
62 RHOMAXSRHO(JS) b
L IF(KIT +GEe 2) GO TO 68
: PEQLI=PEQ
IF(SUM2 oLTe Ce) GO TO 72
PEQ2SPEQl+e 10 (PMAY=PEQ))
71 PEQ=PEQ2
SUM=SUM2
60 TO 2§
_ 72 IF(PMIN oLEes Do) PHINSD,
) ’ PEQ2ePEQl=e I (PEQI=PMIN)
G0 TO 71
68 IF (ABS(SUMI=SUM2)=1¢E=6 «LEs Qo) GO TO 69
PEQIS(SUM2¢PEQL/SUMI=PEQR2)/(SUNZ/SUMLI=1,)
IF(PEQ3 oLTe Go) PEQIm5€PEQ2
i PEQePEQ3
PEQISPEQ2
PEQ2=PEQ3
SUMlsSUM2
25 CONTINUE
69 VMN(J)®]e/RHUMAX
VMSVMN(J)
VMX(J)e] «/RHOMIN
VXSVMX(J)
PRES(J)=PEQ
THP(J)®TUS
CALL ET(VMyTJIS,EJS)
EVMN(J)=EJS
EMSEVMNIJ)
CALL ET(VX,TJUSHEJS)
EVMX(J)=EJS
EXSEVMA(J)
4 IF(PEQ=1¢E=5 oLEe Oe) GO TO 9
10C PRINT SCOCLTJIS VM VX ENYEXRIPEQ
JeJad
9 JMAXSy
; PRINT SCOsTJUS VMo VX, ENGEXIPEQ
vMX([l1ayC
VMN(T)sVC
EVMR(1)sECC

A
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EVMNLL)=ECC
PRES(1)aP(C

THPLL)sTC
200 FORMAT(S5X,SHTC ® ,E1045,5X,5HVC » »E10¢5,5X5HPC ® ,E10e5,
| 25X SHEC ® (F15e54///)
A . 500 FORMAT(SX,6HTMP 8 F10e5)5Xs6HYMN 3 E10e5,5Xs6HVMX 8 E10¢5,5X,
i 27HEVMN ® E15¢5,5X,THEVMX & ,E1%¢5,5X,THPRES ® E10¢547)
i RETURN
] END




COMMON
L}

COMMON
COMMUN
COMMON

L]
CUMMON
COMMON
COMMON

COMMON

COMMON
COMMON

J COMMON

COMMON

.
! COMMON

COMMON

SUBROUTINE FNCALC

AMASSUIG) oDELTHI(N2) qOELTMNCIL) oMATBHULIS) yMATLIOL1O)
RATIO(10) 4HMTRLS

VISCOL(IO) 4vISCOU(ID) ¢COURSTGDELTIM MARCYL 4MOOE s iIRESRT o THAX
IPLATE,UZEROD

ALPHACRL) yAMUC ] ) oBBTEMP(2) yCUNVRG,ENERGY (2) s MAKPAS ¢NALPHA,
NFLUGTRG)oHPECIL) oNSCTTUIS) oSSTARTI2)9SSTOP(2)yNUNITI,
NUNIT2 o NUNITI HUNITH NFITELL) oNEOGE ¢NINC o NKFILT o NFUNCT
STIME) ¢STINE2yENRGY4WIDTH

IOUNIT(6)

NCYEDT(20) 4 TEDIT(23) 4NABS(S) ¢NOROIS) 44 2PLOTIS),HLPLOTIS),
TPDT 4 MOMENT 4 HOUMP ¢NFEDI T NPRINT TPRINT 4HSEOLT

JCUTL,ICUTR, 1ADOL 4 JAPOR,1ODEN,DMZ) ORATIO,ADDMAS ,DUMN)
IVIOREVH]IOTH
DELTAH()CJQIoOISCFT()Z).HERROR(Z)oITEHP(ZS).HZONElIOoﬂ)o
TEMP(25) 4DTAVGDTNJOTNPI ¢ ICOURN s JSAVE ¢sMAPFLGIMAKZ 4MAXZP I,
NCYCLE yNSAVE ¢POTPOS,POTNFG, TIME
CUIO20)sELNTIQ) sHRATELICT S02) 9 IBFLAGUIOCT) 4 IVFLAGLIORD),
OLORMU(IACE) 4PLIGIS) 4yl ITCO) yHHOLL30D),5(10002,5011000),
UCI02Y) s XU1S2J) yBLANKLI9Y

/CEOIT/ OAMAGE(1U30) JNSPALLI13) ¢SKAPPALIT) +SLAMOAILIO),
SINITLUIO) WSFINALULID). o ICOHBL,ISPALL

/7EQST/ ESTCON(30,30)

/TEM/ THLICCO)

[aXal

CONMON /TSAVE/ TOLOJ,LEOLDJ

SoTisC.
SOV2s=C.
SMASS=Q.

" FRACsD»

FRACIs] .
FRACZ2s1.

000 CALCULATE SOURCE TIME STEP eoeoe

IF (MOOE «EQe 1) GO YO 20
TENP())sTIME=OTNP]

IF (TEMP()) oGE. SSTOP())) GO TO 13
IF (TIME oLEe SSTART(])) GO TO 1C

SDT1=s0TNP)

IF (TIME oGToe SSTOP()) oANDe TEMP(1) oLTe S5TOP(1)) SOT)aSSTOP(])-

TENP(])

.
IF (TIME oGTe SSTARTUIL) oANDe TEHPUL) oLTe SSTART(1)) SOTIeTINME-

. SSTART(1)

1C IF (TEMPLL) «GEe SSTOP(2)) GO TO 24

IF (TIME oLEe SSTART(2)) GO TO 20
SDT2=0THP])

IF (TINE +GTs SSTOPI2) +ANDe TEMP(1) oLTs SSTOP(2)1 SOV2uSSTOP(2)~

. TENPL1)
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EMc
ENC
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10
2T
ac
4C
S0
62

-
-

480

90
102
110
120
130
)4C
150
100
170
140
yon
223
210
2290
23¢
240
250
269
27¢C

282
29C
300
Mo
32¢
3ac
340
st
360
373
3sc
390
€00
s10
426
'3Y.
440
450
"0
470
€83
492
500



i e e <

[aXa sl

[a N ol a NNl

[a N a N ol

a2,

IF (TIME +GT. SSTART(2) oANQe TEMPU)) oLT. SSTARTIZ2}) SOT2eTIME~
° SSTART(2)

®0e CALCULATE INTERHAL ENERGY eee

20 Me)
NEMATLID(M)
100NE=C
TIEQSSESTCONIICoN)
IF (IMODE oeMEe O oORe {MODE oEGe D +ANDe NMTRLS +EQe )))
® eANOos TIME=DTHNP) o+GEes AMAXI(SSTOP(1),SSTOP(2))) ]OONEs=I

¢ee MAIN 00 LOOP FOR CALCULATING EXTERNAL MEAT SOURCES, INTERNAL
ENERGY, UEVIATORIC STRESS COMPONENT, ARTIFICIAL VISCOSITY
COMPONENT, PRESSURE, AND STKESS. oo

IF INFUNCT onEe 2) GO Tu 30
FRAC)SBOUNDITINE,1)

FRAC2=BOUNDITINE 42}
30 00 160 J=)yMAXZ
IF tJ oLTe MATBNOIM)) Gu TO 4C
MeMe)
NEMATLIOIM)
1EOS=ESTCONIID N}

40 IF (ABSIULJ)) oGTe Qo) 4O TO 60
IF ()0ONE +EQe 0) GO TO 40
Jisy
00 SO K=J),MAXl
IF (ARSIUIK)) «GTe Co) GO TO 42
SC CONTINUE

60 T0 )C
60 IF (IBFLAGIJ) «EQ~ ) oORe 1BFLAGLJ) +EWe 3) GO YO 160
NSAVEsN
JSAVERY
EAOD=D.
IF (MOOE) 7T,80,9C

70 IF (IOONE oEuWe I «ANDe HCYCLE oNEo 1) GO TO %0
SMASSeSHMASS+DELTANMIY)

CALCULATE MHEAT APDITION FRON ELECTRON SEAM SOURCE
CALL TBEAM (SMASS,SOTIFRAC)
EACOBFRACPHRATE(J,y) )
G0 Y0 98
CALCULATE HEAT AQO)TION FROM RADIATION DEPUSITION SOURCES
80 EACDSSOTIOHRATE(J41)OFRACI®SOT20HRATE(Jy2)0FRAC2

20 QUsU(J+))=UilJ)
1TER=Q
OVeDUSDTNPL ZOELTAN(V)
ElLJI=ANAX) LELJIGEADO=,SeS(JIoDV,0.)

CALCULATE OEVIATURIC STRESS COMPONENT AND aRTIFICIAL
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519
620
530
842
55C
56l
5790
$80
$9¢
400
61C
620
630
640
650
660
&7¢
680
690
70¢
72
72C
732
740
750
76C
770
788
792
1 o
8)cC
820
8l¢
84D
asg
Bel
870
[ 114
89¢C
900
%0
e2C
32
4C
59
20
e7C
L2 1]
90

ENC1009
ENCIOIC
ENClD20
EnCl030
ENCIOND




i c VISCOSITY PRESSURE COMPONENT ENC1053

j < . ENCI06C
! | IF (ESTCON(B4N) oGTe o) CALL STRESS ENCIO73
) . IF (ESTCON(B N) oLTe Der CALL STRESI ENCICED
| QUJ)ISQFUNCT (M) ENCID9C
; c ENC1100
! . € CALCULATE PRESSURE, STRESS, AND INTERNAL ENERGY ENCIIIC
! C ENCI)20
; e EC(JISAMAXIIE(J)=(505D(J)®QIJ))IeDV,C0) ENC1) 30
| g eee FOR DATGEN RUNS, REMOVE € FROM THE NEXT THREE CARDS eee
‘ C EtJ)=0,
(4 CALL DATGEN
C CALL EXIT
C
GO TO (110,1C0,1C2,01100), IEOS ENCI 4G
10C HOLDP=P(J) ENCIISC
E(J)ISAMARI(E(J)=eSoP(J)eDV,De) ENC1 160
116G CALL EOS ENCII72
S(JisPlJ)eSNLY) ENC) B0
G0 Y0 (122,130+13C41023), [EOS ENC) 190
120 E(JISAMAXILE(J)=e5eP(J)eDV,D0) ENC) 2090
GO TO 140 ENCl210
1 130 EIsAMAXI(E(J)=eSe(P(J)=HOLDP )OOV ,T6) ENCI220
IF (ABSCU(ELI=E(JII/EL) oLTe SeE=3) GO TO (40
ITER= I TERe | ENC]1 240
i C ENC1250
| [4 0060000008006 00000006004008000058000000400404008000000000044000000¢ ENCI26C
] c ENC1270
| 4 ERROR EXIT ENC1280
i C EnNC1290
4 ERROR | = ENERGY ITERATION HAS FAILED Tu CONVERGE ENC133Q
c.. ENCIJID
IF (ITER oGEe 10) CALL SPRINT (SHENCALC GMENAORYY. ENC132D
c ' "TENC 133D
[4 0000006000000 00¢000000000008000000000000084006060800004000000000¢0 ENCIIND
! 4 ENC135C
ClJIs=E) ENC1I6D
HOLOPeP(J) ENC137C
: G0 Y0 110 Enci38c
3 c ENC12390
i 180 CONTINUE
i < ENCI4)IO
! 4 SEY MOMENTUM EDITING FLAGS ENCl42)
< ENC 43D
TEMP () TIME=DTNP] ENC 1440
IF (TEMPIL) +GEe SSTOR()) oAND, TEMP(])) oGE. SSToP(2)) 60 TO 150 ENC)INSD
IF (E(J) oGEe ESTCONCION)) MZ20ME(M,) )=y ENCIN60
IF (E(J) oGEe ESTCON(I1,N)) MIDME(N,2)sy ENC1470
IF CE(J) oGEoe ESTCONCI2,N)) MNZIOME(M,I)mY ENCIN80
IF (E(J) oGEe ESTCONIEI N)) MIONE(N,4)oy ENC1%90
(4 ENC 1500
(4 CHECK FOR SPALLATIUN ENCISIC
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.
|
.
|
;
'
1

ISC IF (ISPALL
16C CONTINUE
17C RETYRN

END

oNE»

0) CALL SPalLL
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ENCIS27
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SUBROUTINE ET (VJISTJUS,EJSI

C ESC 27

COMMON AMASSUIGIJOELTMICIZE yDELTHNCLIIL JMATBRULLIS) oMATLID(1OL, €sCc 3¢

. RATIO(ICL 4MMTRLS ESC 40

COMMON VISCOL{IC) ¢yVISCOJU10) 4COURST,DELTIMIMARKCYL ¢MODEJHRESRT,THAX ESC 53

COMMON IPLATE,UZERO €sC o0

COMMON ALPHA{IBIL) JAMULL1) +RBTEMP(214CUNVRG,ENERGY (2) sMAKPAS ¢NALPHA, ESC 70

. NFLUOCIO) o NPECL10) ¢NSCTTI1I) +SSTART(2)+SSTOP(2) NUNITL, ESCc 82

. NUN1 T2 BUNITIoNUNLTE  NFIT(1G1 s NEDGE s HINC NKFILT s iFUNCT ESC 9C

COMMON STIMEL ,STINE2+ENRGY 45 1O0TH €sC tCo

COMMON L1OUNLTILS) ESC 110

COMMON NCYENTI2C14TEDIT(2L1 4ABSISI NORDIS) »IZPLOT(ST,LPLOTISI, ESC 129

: . IPOT MOMENT JNOUMP ¢NFEOLT NPRINT TPRINT (NSEDILT ESC 130
b COMMON {CUTL 1CUTR4LIADOL+1ADOR,100EMH,0M21,DORATIVANDMAS,DUNMI ESC 14C
COMMON IVZONL VWNIOTH ESC 15T

| COMMON OELTAMUICIL) 4O0LISCPTI12) ¢MERROR(2)ZITEHPL25) JHLONE(LID 4Ly ESC 163
. TEMP(25) sOTAVGOTN,DTNP L, 1COURN s JSAVE s MAPFLGIMAXZ sMAXZPL, €s$C 170

) NCYCLE JNSAVE POTFPOSPDTNEG, TIME €SC 18C

COMMON CUI1OTCTELICECT yriRATEC(LIZ70,2),1BFLAG(I0021,1VFLAGLIOCOL, ESc 190

. OLORHU(I0DC) +PL1.0C1,QU17CO) yRHO(150D),S(10001.S0(10201, €sc 20C

. V103214 XK1 1J0CT yuLANK(3?1 €sc 210

C ESC 22¢C

COMMON /EQST/ ESTCONI3C,3%1 €sc 213G
| S €sc 24C

COMMON /GRAY/ THP(2393001¢VMRI25,3C),VMNI29430),EVMX120,301,

. EVMN(23,301,PRES(22,331

C
OATA GAMMAF JALF /10556041 /

C
OATA BOLTZsAVNOPL/1ed8LE=1616052E20,301410/

C

<
COMMON /EC/ ECNN(20,43C!

C ESC 262
JuySave €SC 3735
NaNSAVE €sc Jac

. RHOLJ)®1o/VIS
TOLO=TJS
IF (ECON(14NL oGTe O¢) 6O TO 32 €sSC 3%0

C €SC 40T

C 000 INITIALIZATION OF EJUATION OF STATE CONSTANTS eee ESc 410

C ESC 42T
ECON(1 ¢NI® ] o/ESTCON(L 4N} €5C 439
ECON(2yNISESTCUNI20N)/7LSTCONI24 NI €SC asC
ECON(3'N)BCSTCONI29,N1/ESTCONI24,N) €SC 450
ECON(Y4NIZLo16IE=S/ESTCUNI24,NI
LCONI(S o NInBo1I9E=S/ESTCUNIL24,NI €SC &47¢C
ECONI7 oNISU SENCECONI29N1OLSTCOM (1 ¢NIOLESTCONIIT7 NI=ESTCONILI?yNIT ESC 4VC
IF (ESTCON(234N) oGEs Col ESTCOM(23)i1u=930.0(0.03%L~5¢5000 ESC SCC

) ELoTCONIZO ML LI/ESTCON(24,01 €sc St
ECON(L12,N180o=ESTCONT] onloESTCONTIY4,N) Exvy

ECONCIS NISIALF+1eD)OALUGIALFeL.C)

TEMP(L1SESTCUNI17,Nl~]033]
TEMP(21SESTCONI21 )N/ (1 eJ=ECONILI2,N12002

70




TERP (318 o +ECONI12,H)0 {200 TEMPLY )CECONI12,NILTENP(L)0

. (2e0ESTCON(17,N)=000b667)=ESTCON(LB,N)))

ECON(B NISTEMP(2)eTENP(3) ™Vl

TEMP(4)m2,¢(ECCMI12,NI®ESTCONILIH NI=ESTCON(17,N)*23333)

TEMP(S)m]620(3e=ECONI12,N))@)oE=120ESTCON(S,N)®e2

ECON(PNIBECON(IHICITENP(Y4)CTENP(2)OTEMP(3))002/TEMP(S) TISV1

TCOESTCON(284N)

VBSESTCON(264N)

SIGMAR(3+ESTCON(2%,N1oVB/(PloaAVHNO®Y,)10e,3332333)

DT (6s®ESTCON(2%4ti)eVR/ (P1OoAVYNO))®0,33333333

EPS=BOLTZOTCO(DOT/(GANNAFOSIGMA) )oel?2

ECON(SINISPIOAVNOO( (L :MHAFOSIGMACIEPS/B0LTZ)®e,508333333)003)/

. (6o ESTCON(24 4N}

FCONCIC NIBo14I¢ECONIG 4H)®eSSECONIY ¢2i)

TENPLI)SESTCON(16,8)OFCON(12,N)

TEMP(2)8e50( ) oE=60ESTCON(GHICECON(T12,H))0e2/ (1 =TEMP(1))

TEMP (31812 TENP(1)0()e®eSeTEMP(1)0() e=ESTCON(17 ,NI/ZESTCON(LIS4N)))

. /73

ECON(L1  NISTEMP(2)OTENP(3)+ESTCONI23sNIO(1o+ESTCON(LI74N) e Ti11V1

. ECONC12,N)DeESTCON(22,N)

TEMP(25)8TEMP(2)eECONL6,N)

ECON(17,NISESTCONI27 D) /ESTCON(249 ,N)eo2 E£SC 750

IF (ABS(THP(1,4N)) oLEe Jo) GO TO 22

00 20 11=:3,23

JHARS]1=1

IF (ABS(TMP(114N)) oLEe Oe¢) GO TO 21
20 CONTINUVE
21 ECONC16 NIBVHUNIJNAX NI=PRESIJMAX NISIVHNIIMAR=] NI=VNNIJMAX H)D/ (VMNO)

. (PRES(JMAX=] ¢N)=FRES(JIMAXN))
22 ECONC )4 NIB24,0ESTCON(2],N)

ECON(18 ,NIm(o1®ECONI6,N)/Z7(ECONII4,N)®0,25) tvao)
ECON(19yNIB240ECON(18,NI/ECONIL14,NI=24250ECOHI6,N)/

. (ECON(1%,N)0e],42y) (c2)

ECON(20,N) =1 e250ECONI6oN)/(ECONII44N)®02,25)=ECUNLIBIN)/

. (ECON(1Y%N)0e2) (<3

PRINT 25, (ECON(1,N),sl®=1,20) .
25 FORMAT (/7/747H ECONS+// 408X 1PSEL1%eb4/)077)

< E5C 932
30 RNUSESTCON(?oNI/RHOLJ)
EXs]l.=RNU ESC 940
c ESC 973
TENP () ISESTCON( L6 oH)oTX €5C 993
TENP(2)meS0(1l. =60ESTCOH(SE,NIGEX)®02/(1,=TEMP (1)) gsclooe
TEMP (D))o oTEMP(1)O( 1,0 SOTENP(1)O(1+~ESTCONCIT NI/ESTCONI146,4NI)DI/ ESCICID
. e EsCloas
TENP (1], mTENP(2)oTENP(J)+ESTCON(234NIO(1o+ESTCONII7NIGEX)® €SC193°
® ESTCON(22,it) €scienn
IF (EX «GTe Go) GO TO 4C Escigs?
TEMP(1)IwESTCON( 17 N1 =]163333 ESCIC6D
TEMP(2)SESTCUNI214N)/(1e=ER) 002 €scie70
TENP ()8l oeF X0 (240TEMP(I)SEXS(TENP (1) (240ESTCONILI7 NI=10bb6b67)~ ESCICE?
. ESTCONC(18,N) 1) ESCIC?D
69 T0 S3 €ESC1102
40 TENP())w2,0(ESTCON(17,N)=e3333) ESCl11D
71
®




k.

(2l al

[a N ala)

[a)

no

TEMPL2(SESTCON(21 NI

TEMP(3(8] ¢+EXS(TENPLL)4EX@((ESTCON(L17 N(=¢333310(TEMP (111t~
ESTCON(18,4N)))

SC TEMP(12(=TEMPI2)eTEMP(])

60

70

TEMPU14(®2, 0 (EXSESTCON(I1ByNI=ESTCONI(7sN(+43333)
TEMPUL)mle20((e=EX)O®(E=(206ESTCONEG yN(O®2

TEMP(2(sl.

1F (EX oGTe wel TEMP(2(m] 4¢EX0(4,0ESTCONI)bollm(s)
TEMP(1S(SECONII N(S(TEMP(I%1oTEMP()I2)(0e2/(TEMPII(STEMNP (211
TEMPULISTEMPL(2Z2)=eSeTEMP(15L

TM(=sTEMP(](

Ve («/RHOLJ)
IF (V «GTe V(( 6O TO 70

IF (TOLD «GTe TMI( GO Ty 63
ese SOLID REGION ¢ee

(VFLAG(J)=3D

TEMP U (1=349ECON(S,N)

EJSSTEMP (11 (*TOLD® 1 +SeECONIZ4N(STOLD*TEMP (L))
u0 To (Co

TEMPLI(SsTEMP(12)+¢SeTEMP(1SL

TM2=sTEMPL(?
(F (TOLD «GTe TM2) GO TO 70

e0o MELT REG(ON eoe

(VFLAG(J)=I

TEMP (1 )= (TOLD=TM)L1/(TH2=TM] )

TEMP(2(SECON(I.NI=ECON(44N)

TEMP (3123 0ECONIS N(STEMP(L (STEMP(2)

TEMP(S)sTEMP(()ee2

EJS®eSeECON(2,N(eTOLDOS2+TEMP(I(STOLDSTEMP()) ) =TEMPIS)ISTENP(2(e
«SeTEMP(151

G0 TO0 1CO

TEMP(1)=145¢ECONIS,NI
TEMPI2(SESTCONU( 4N/ e=EX)
TEMP(6(me )HISECONIS N)O,SeTEMP( (5
TEMP(1D1=2, 20TEMFY)

TEMP (IIISTEMPU((/ALF

TEMP (2218 ¢50ECON(2,NL1OTEMP((2)
VISESTCON(14,4NI
V2SESTCONLIS N}

Ve (.0/RHO(JI(

IF (V «LEes V() GO TO 74

IF (V «GEes V2( GO T0 90

sse JOIN REGION eee

IVFLAGULJY)=])
TEMP(3)82.CoECON(S HleTEMP(2(

72

Escl(20
ESC()3D
ESC1)40
ESCU(5C
EScllec
ESCI72
ESCt)82
ESC))9C
ESC) 230
ESCi2(D

ESC(230

€SC1320
£SC)330

ESC(349
ESC)ILT
ESC(leC

ESC142C
ESCIYIC

ESC(470
ESC(480
ESC(49C
ESC15CC

ESC(S2¢C
ESC(53°

£scle20
ESCL163D




B A AN Yy g = —m o b i =

[aXal

(aXal

73

731

732

74

L g

9C

91

TEMP{4)=s=TEMPI2)SECON(174N)
TEMP{2S)=TEMP(2)ef.CON(6,N)

FMR,5¢ {COSIPLIO{V2=V)/{V2=V1))+1.C)
XVa]0=ESTCON{1 N)OV
TI72ESTCON(174N)=14322
T2VSESTCONI2] 4N)/(LeCoXy) 002

TIVELo+XVO(240TI7+XVO{TI7012,0FSTCONILIT N)~106667)=ESTCONILE,NI))

THV=T2VeTaV

T4VE2,0({XVOESTCONII1B,H)=ESTCONI17,N1+43331)

TSV q2eXVeloE=120ESTCONISyt:)0e2

ECONIVEECONI3IsN)O( (T2VeT4VeTiV)we2)/TS5Y
TIVRESTCON{)64N)OXY

T2VEoGe{ | eE-6eESTCONI(L i) ®XV]0@2/ (1 e3=T1V)

TIVEL +TIVe(hota5eTIVal(]e=ESTCONILIT N)/ESTCONLL163N)))/3.0
EOVET2VeTIVHESTCONI23 , N e (1 e+ESTCONILIT sH)eXVI*ESTCONIZ2,N)
IF (TOLO oLTeGe) TOLD=3,3e

TJsTOLD

IF (TJ «GTe ECONIL14,4N)) GO TO 73]

VBRECON(I1R N)=TUS(ECONLLFsN)+ECONI2T4N)OTY)
TEMP(7)m=ECON(194H) =240 CONI2CsN)TY
TEMP(8)==~2+2ECON{2G4N)

GO0 Y0 732

VBRECNN(6,4N)/(TUee,25)
TEMP(7)u=e250ECON(64N)/(TUee]}e25)

TEMP(B)uS.¢ECON(6,Ni/(16e0T J002,25)

ETAsvVA/Y

TEMPIS)=(2:N=ETA)/{{1:0=ETA)®0])

EVETEMP(1)0TU=2e0CCONISNIOTJOTYSTEMPIS)OTEUPIT)/V ¢+ ESTCONI10,N)
OleE=12+TEMPIH)

XX=TJ/TMV
ELSEOV*TEMP(I0)OTI+eS0ECONI2,N)OTJeO2+ECONIIsN)OTMVHECOHIY4N)CeS®
ECONIV+TEMPI13)OTHVelALOGIALFeXXeleD)=ECONILIS NI =ALFE{XX=1¢0))
EJSSFMeEVe(t1e=FM)eEL

GO TO I1£D

eee LIQUID REGION ooe

IVFLAG(J)=]32

XX=TOLD/TEMP(12)
TEMP (23 )=y Xe{TEMP (1) +XX@TEMP(22) )+ TEMPI13)olALUGIALFOXX+1a)

eALFOXX)
EJSHTEMP(12)e{ECONI34HITEMP{ 1310 (ALF=ECONI1IS,N)I+TEMP(23))+

TEMP{11)+TEMPLS)
GO To 1¢C

6o VAPOR REGION eoee

IVFLAGLJY) =235
TEMP(4)=s=TEMP{2)°ECON{17,4N)
TEMP(25)STEMP{2)*ECON(4,N)
TEMP(17)SECONIS,N)eTENP(25)
TEMP(18)2,5¢TEMP(17)eTENP(25)
TT=TOLD

IF (TT +GTe ECON{LY4,3N)) GO TO %1}

73




; VESECON(IBM)I=TTe(ECOH(19sNICECON(2CsN)IOTT)
' TEMP{7)8=ECONL19,N)=2,8ECON(2C N)eTT
; TEMP(8)8=2+.0LCONL20N)
. GO T0 912
- 911 VBmECON{&,N)/(TTee,25)
TEMP(T7)m=0250ECONI&4N)/(TTO®]),425)
. TEMPLB)BS5 s ¢FECONI6N)/(16e0TTOO2,25)
912 ETA=VB/V
TEMP(S)IB(2.3=ETA)/((1sC=ETA®@])
EVETEMP(1)18TT=2,¢CCON(S NI OTTOTTOTEMP(S)STENPIT)/V ¢ ESTCONUIGN)

E . *1eE=12+TENP(4)
! EJS=EV
i C _
10T EJS=leE+12¢0EJS
RETURN ' ESC225°7
END €SC226C
|
{
74
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APPENDIX D
SAMPLE CALCULATION
RIP generation and restart calculations taken from the Uranium
study are presented here as a sample problem. It should be noted
that in order to print out the temperature at each cycle, the
subroutine MEDIT as listed in Reference 17 was modified in the
following manner:

The line MED 390

PRINT 130, J, SMASS, X(J), RHO(J), Q(J), PT, P(J), E(J),
C({J), was changed to

PRINT 130, J, SMASS, X(J), U(J), RHO(J), T(J), PT, P(J),
E(J), €W,

and the line MED 680

1HJ, 4X, SHSMASS, 8X, 1HX, 10X, 1HU, 10X, 3HRHO, 8A, 1HQ,
9X, 3HS+Q, 9X, was changed to

1HJ, 4X, S5SHSMASS, 8X, 1HX, 10X, 1HU, 10X, 3HRHO, 8X,
IHT, 9X, 3HS+Q, 9X,
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