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1.  INTRODUCTION 

The Ripl^-J material response code for x-ray inter- 
actions includes three equations of state for compacted 
(non-porous) material;  (1) modified PUFF; (2) RIP mixed 
phase; (3) GRAY. A recent sensitivity study i2' performed 
by Systems, Science and Software (Ss) indicated that sub- 
stantial differences in radiation-induced impulse were 
calculated depending on which equation of state was used. 
Furthermore, John J. Rumineri^J of Lawrence Livermore 
Laboratories (Ls), 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 Oldhamt4! 
at Harry Diamond Laboratories (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. Royce[5] at L3. Material near normal 
density, in the solid-liquid region, is described by a 
scaling law equation of state for metals developed by 
Grover.[61  The scaling law equation 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 stete developed by 
Young and Alder;t8l their van der Waals model 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 employed on the 
low density side of the join volume. Young»" 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 equation 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 L3 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 
5, reveals the following problems: 

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

2. A correction term, quadratic in temperature, 
added to the caloric equation of state in the 
van der Waals region prevents the model from 
approaching 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- 
crepancy is best illustrated by comparing the atomic compo- 
nents of the specific heats at constant volume and the atomic 
components of the Gruneisen coefficients. The scaled tem- 
perature dependence of the specific heat divided by the gas 
constant and the scaled temperature dependence of the 
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 
T « melt temperature (a function of specific volume) 

C » specific heat at constant volume 

R ■ gas constant 
Y * Gruneisen coefficient 

The specific heat variation shall be discussed first. 
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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 between 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 volume, VJ, 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, y,   in the Grover equation 
of state is plotted as a function of the normalized tempera- 
ture, T/Tm, in Figure 2. The small variations of the solid 
or lattice Gruneisen coefficient, ys,  with volume are not in- 
cluded in Figure 2; additionally, the fact that the value of 
the solid Gruneisen coefficient, Yo# at ambient volume and 
temperature is material dependent (Y0 " 

2«° ± 1«°) *s ignored 
for convenience of presentation. The significant observation 
depicted in Figure 2 is that Y is a decreasing function of 
the scaled temperature until the boundary between the liquid 
and hot liquid region (T/Tm * 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 
I 

1 + 
» + (»■(» (1) 
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where v is the volume and vjj is the hard sphere volume. At 
the join volume currently used in the GRAY equation of state, 
Y has a constant value of about 4.6 (there is some variation 
with material) wMch 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/Tm = 1 to T/Tm ■+• » where the ideal gas limit 
(cv - 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 temperature 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. 

13 
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3.1 

3.  THE MODIFIED GRAY EQUATION OF STATE 

A CONTINUOUS FORM OF THE GROVER LIQUID EQUATION OF 
STATE 

The Grover liquid metal equation of state is developed 
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/Tm); 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 conjunction with the above obser- 
vations to develop an approximate equation of state for liquid 
metals. However, as noted in Section 2, the linear scaling 
of the specific heat breaks down at T/Tm =10 where the ideal 
gas limit is reached. For scaled temperatures above 10, an 
ideal gas equation of state with additive "effective" pressure 
and internal energy components at zero temperature (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 uependence 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. 

The specific heat employed by Grover has the form 

Cv = 3R-a(T/Tm) a = 0.15R T > T_ m (2) 

Because Equation (2) becomes unrealistic at T/T > 10 we 
select instead the following relation: 

Cv = 3R/2 1 + K + 1) -i 
a = .1, T > T, m (3) 

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 

14 
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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 

9S 
3f (4) 

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

Si  = 3R An T - |^ Hn la  |- + l\   + f (v (5) 

where S^ 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 

S = 3R in 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 in T and substituting the result into Equation (5) yields 

h = ss - r *n (a i^ + x) + f(v) "h (v) (7) 

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

f(v) - h(v) = As 

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

(8) 

h - ss - r ln (a ^ + X) + As (9) 

16 
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Following GrcWer's procedure we obtain the entropy 
in the two-phase melt region, Sm, by adding the solid and 
liquid components; 

Sm= vS,+ (l-v)Ss 

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

(10) 

v = 
T - T (v)  s 

AT(v) 

where 

AT(v) = T4(v) - Ts(v) 

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

T_ = ——=  m 

Substitution of Equation (9) into Equation (10) yields 

m   s AS -§£*na(l-+1) 
> m   ' 

(11) 

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

S„ - S_ + v(AS - .143R) m   s (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: 

" - («), 
(13) 

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 

!>  1 
A = EQ(v) - /sdT (14) 

where E0(v) is the cold compression energy.  Substituting 
Equation (12) into the above relation and performing the 
indicated integration yields 

\  - EQ(v) " /sgdT - f    v(AS - .143R)dT 

or, combining the first two terms 

K^  = Ag - f    v(AS - .143R)dT 

T_ 

(15) 

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

v = 
T - T{ 
"AT (16) 

Equation (15) becomes 

**-*, 
- (AS - .143R) / (h If, dT 

which, after integration, yields 

■ 

\ '  As " (&S " 143R) T 
2 AT 

TT 

Äf" 
J T s 

(17) 

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: 

\-\ - *2m (AS - .143R) (18) 

The energy in the melt region is immediately ob- 
tained from the definition of the Helmholtz free energy, 
A s E-TS, and Equations (12) and (18): 

Em = A + TS + v m   s    s -"(?)! (AS - .143R) 

or, more concisely 

E„ = E  + V m   s - in (AS - .143R) (19) 

where E is the extrapolated energy in the solid, s 

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

- - (#1 (20) 

Substitution of Equation (18) into the above equation yields 

3A_\ „  / 2 

m - - m +   (AS  -   .143R) 3_ / \TAT\ 
(21) 

or 

Pm=Fs+   (AS-.143R,   J-(4äT) (22) 
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Expressing v in terms of temperature and evaluating the 
partial derivative in Equation (22) yields 

3 /v2AT\ _ 
3V [-2—) '  "v 

dT s v2 dAT 
dV   2 dV 

Noting that 

(23) 

dAT 
av" * 0 

and 

dT   dT s    in 
dV~ ~ dV 

Equation (23) becomes 

3 /V
2
AT\     

dTm 
5v \~T-)      v dv" (24) 

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

d in T. 
X E + dHÜTv 

m (25) 

An alternate form of this law is 

x - ♦ v "' 
m 

(26) 

Substituting this definition into Equation (24) yields 

3 
(&) 

■» m -vX ^- (27) 
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Substitution of Equation (27) into Equation (22) yields 
the final expression for the pressure in the melt region: 

pm = ps - vX r (AS - -143R) (28) 

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

Sm = Sg + v(AS - .143R) (29) 

\ = As " *2(r)   (AS " '143R) 

E  = m Es + ,[, -,(?)] (AS - .143R) 

(30) 

(31) 

Pm = Ps - vX Jl (AS - .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: 

Si - ss - r £n + AS 

At  = As  -  ~   (AS  -   .143R)   -   (T  - Tj   (AS  + ^*\ 

fa |- + l\   in/a |- -f l\  -   (a+l)ln(a+l] 

(33) 

(34) 
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E„  * EB + T„  AS +  .143R * 8 m 

3RT. m 
2a Jln 

{*) 
(a+l)   An   (a+1) - ik -l) 

(35) 

P„ - P8 - X f. 4S 

T 
3R ,    m 
5ö X \T £n 

(■*••)- 
(a+l)   An   (a+l) - ik - >) 

(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 improved 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 soft sphere model into the modified van der Waals 
equation of s.ate is discussed in the next section. 

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

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

RT 
V - V, 

a 

V* 
(37) 

where the subscript v indicates the vapor region. The second 
term on the right of the equal sign represents the effect of 
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 vb, 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 
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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 

P - 21 rv " V 

ri = 

l + n + n2- 
(l - n) 

a 

7 (38) 

(39) 

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

E  2  T  V 
(40) 

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: 

2 
I 

1 + oun'-m (41) 
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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, V^, to vary as a function of temperature such 
that Vjj ■*■  0 as the temperature approaches infinity.  Note by 
inspection of Equation (41) that setting Vfc, equal to zero 
yields the correct ideal gas high temperature limit of 
Y - 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.t!2]  The technique is 
called the generalized Rowlinson method and provides that the 
hard sphere diameter, d, be calculated according to 

00 

[1 - e-u(r)/kTj dr (42) 

where r is the distance from the particle center, u(r) is the 
repulsive potential, and k is the Boltzmann constant.  Grover[61 
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 which may be expressed 
algebraically as 

u(r> - «(f) 
12 

(43) 

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 

1.0556 V kT / 

1/12 

(44) 

24 

—--- — 0^mffmmgTM 
..... 



pwwywp^^ 

for the soft sphere diameter. The excluded volume, Vb, may 
be obtained from the soft sphere diameter via the relation 

Vb = 
! Nav d* 

6A 

which, when combined with Equation (44) yields 

Vb = ^74- 

where 

(45) 

(46) 

(4F) ("«H^) 
1/4 

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

V.    = V.      -  C-T  -  C,T     ;   T  <   2T 
b bQ 2 3 "      m0 

where 

1.1 C 

K) 
l 
17?* 

9 C, 
2   '   \       <h~     *5'«' K? 

(47) 

5 C 1 °0 
\97T "" 7Z   \2 >Kr (»„)' 
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This relation is continuous with Equation (46) through the 
first derivative at twice TmQ» 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 V. » 0 (49) 

Lim \dT ) ~ 
(50) 

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

, „ RT 1 + n + n2 - n3  a     n „ 
VbU) 

v  v    (1 - n)     v* 
(51) 

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

'-'(H--W (52) 

Substituting Equation (51) into Equation (52) yields 

w, v + 7 
(53) 
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where 

f » f(T,V) = 
2   3 l + n + n - n  ___  

(l - nr 
(54) 

Equation (53) and the thermodynamic relations 

P .. tu\ 

■ - (-)v 

(55) 

(56) 

A = E - TS (57) 

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

_ 3RT _ 2RT2 (2 - n)  dVb  a 
v   2    v  71   T3" 35   V  *£ (1 - n) 

(58) 

Av = 
7 - Sn + n 

2(1 - n)" 
* in V RT ^ in T - | + Es    (59) 

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

An improved procedure for joining 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, Vj, and 
employs correction terms which prevent the Young-Alder 
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 fm = fjn(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)]AJl(T,V) (60) 

where V^ £ V <_ V~2 and the quantities A^ and Av represent the 
Helmholtz free energy in the liquid and vapor regions, 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: 

w - ° (61) 

w -x 
(62) 

(63) 

dfm\ 
aRr' V=V„ 

= 0 (64) 
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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. 

Vv> - i cos 
TT (V2-V) 

+ 1 (65) 

Having completed a join between 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, Pj, is obtained from the 
relation J 

P
: = -(^)T • 

(66) 

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

df_ m Pj(T,V) = [A£(T,V) - Av(T,V)] ^f-  + fmPv(T,V) 

+ (l-fm)P£(T,V)  . (67) 

Similarly, the thermodynamic relations 

s = -(£)v 
(68) 

and 

E = A + TS (69) 

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

S.(T,V) = fS (T,V) + (l-f)S.(T,V) 

E..(T,V) = fEy(T,V) + (l-f)EJl(T,V)  . 

(70) 

(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. 
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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.^ 
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 modified GRAY equation of state are compared to esti- 
mates by GrosseU3# 14,157 and to values calculated from the L3 

version of GRAY in Table 1. The estimates by Grosse were ob- 
tained in several ways. One way is to get Tc, the critical 
temperature, by matching the entropy of vaporization at some 
T0 to a curve of ASva_ versus T/Tc obtained from mercury data. 
Then one reads off the corresponding value of T0/Tc and cal- 
culates Tc.  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 Tc obtained above, give the critical 
density pc.  Extrapolation of vapor-pressure curves then yields 
Pc. Alternatively, Tc can be calculated by requiring the boil- 
ing point density divided by pc 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 Ls 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 tables are defined below: 

TMP * temperature on the line (°K) 

VMN ■ volume on liquid end of tie line (cm /gm) 

VMX » volume on vapor end of tie line (cm /gm) 
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EVMN ■ energy at VMN and TMP (ergs/gm) 
EVMX « energy at VMX and TMP (ergs/gm) 

2 
PRES » pressure on tie line (dynes/cm ) 

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 

»    \ 

Element 

Al 

Fe 

U 

V1   (cm /gm) 

0.4 

0.14 

0.0564 

V-   (cm /gm) 

0.58 

0.182 

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. 

39 



,-,,, 

6.  REFERENCES 

1. R. H. Fisher and H. E. Read, "RIP, A One-Dimensional 
Material Response Code," Systems, Science and Soft- 
ware Report SSS-R-72-1324, 1972. 

2. W. 0. Wray, "Sensitivity of Material Response Calcula- 
tions to the Equation of State Model," Systems, 
Science and Software Report SSS-R-72-1910, October 
1973. 

3. 

4. 

5. 

6. 

7. 

8. 

John J. Ruminer, "Liquid/Vapor Contributions to 
Impulse from Porous Materials," Lawrence Livermore 
Laboratory, UCRL-51354, February 21, 1973. 

R. B. Oswald, Jr., F. B. McLean, D. R. Schallhorn, 
and T. R. Oldham, "Deposition in the Melt Dominated 
Regime," Journal of Applied Physics, Vol. 44, No. 8, 
August 1973. ~~   " 

E. B. Royce, "GRAY, A Three-Phase Equation of State 
for Metals," Lawrence Livermore Laboratory, UCRL- 
51121, September 1971. 

R. Grover, "Liquid Metal Equation of State Based on 
Scaling," Journal of Chemical Physics, 55, 3435, 1971. 

R. N. Keeler and E. B. Royce, "Shock Waves in Con- 
densed Media," p. 51ff in Physics of High Energy 
Density, P. Caldirola and N. Knopfel, eds. (Academic 
Press, New York, 1971); Lawrence Livermore Laboratory 
Report UCRL-71846, 1969. 

D. A. Young and B. J. Alder, "Critical Point of Metals 
from the van der Waals Motfel," Phys. Rev. A3, 364, 
1971. ~~ 

9. 

10. 

11. 

12. 

D. A. Young, "Modification of the GRAY Equation of 
State in the Liquid-Vapor Region," Lawrence Livermore 
Laboratory, UCRL-51575, April 15, 1974. 

N. F. Carnahan and K. E. Starling, Journal of Chemical 
Physics, 51, 635, 1969. 

B. J. Alder and T. E. Wainwright, Journal of Chemical 
Physics, 33, 1439, 1960. 

H. L. Anderson, J. D. Weeks and D. Chandler, "Relation- 
ship between the Hard-Sphere Fluid and Fluids with 
Realistic Repulsive Forces," Physical Review, Vol. 4, 
No. 4, October 1971. 

40 

MM^^MMi 



13. 

14. 

15. 

16. 

17. 

A. v. Grosse,   J    —h ""*- Chem''  &  H?'  "^ 

A   v. Grosse and A. D. Kirshenbaum,  J.  Inorq. Nucl^ 
Chem.,  25,  331,  1963. 

A. v. Grosse,   J    111013. *"cl- chenu'  &  "'  1961' 

A. v.  Grosse,  J    Inora,  gucl.  Chem.,   28,   1757,   1966. 
« i    r„<i    »iRTP A One-Dimensional 

R.H. Fisher, G.A. Lane, J;^ C;«l.    «J. J £n     and Software 
Material Response Code, Vol II , systems, o 
Report 3SR-751-II, 1972. 

\f 

41 



APPENDIX A 

DATA GENERATION FOR MODIFIED GRAY 

Prior to making a hydrodynamic calculation with the 
RIP code using the GRAY equation of state, E0S3, 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, Vi and V2. 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 Vi and V2 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 Vi and V2 becomes a trial and error procedure 
in which an isotherm driver program is run with trial 
values of Vi and V2 until no isotherms are produced which 
have a maximum and minimum characteristic. 

The isotherm driver may be incorporated temporarily 
into 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 E0S3 when it is used in the isotherm driver runs. 
The mixed phase flag, MIXFLG, must be set to 0 to bypass the 
mixed phase region. A comment card exists in the subroutine 
to indicate where this change must be made. The values of 
Vi and V2 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.i. 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 
volumes should encompass the trial values of Vi and V2.  In 
general, the lower temperature isotherms will display the 
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 
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 
Vi and V2 should be chosen as follows. Vi must be larger than 
the specific volume at which the liquidus intersects the zero 
pressure line, VT, and V2 may be estimated by 1.3 * V]_.  Sub- 
sequent values of Vi and V2 are based upon the results of the 
isotherm driver for the previous values of Vx and V2. 

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 0 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, V^^x and VMIN, and specific energy, 
EMAX and EMIN» 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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Location 

ESTC0N(1,N) 

ESTCON(Z,N) 
to 

ESTCON(5,N) 

ESTC0N(6,N) 

ESTCON(7,N) 

ESTCON(8,N) 

ESTCON(9,N) 

ESTCON(10,N) 

ESTC0N(11,N) 

ESTCON(12,N) 

ESTCON(13,N) 

ESTCON(14,N) 

TABLE A.l. 

Symbol 

AMU 

a 

ES 

ELV 

ELM 

ESM 

VI 

ESTCON(15,N) V2 

ESTCON(16,N) S 

ESTCON(17,N) XQ 

:ON(18,N) a 

ESTCON(19,N) X 

ESTCON(20,N) 

e 

ESTCON(21,N)   T, MO 

THE ESTCON ARRAY 

Definition 
3 

Ambient density (g/cm ). 

Unused. 

Bulk sound speed (cm/sec). 
2 

Shear modulus (dyne/cm ). 
2 

Yield strength (dyne/cm ). 

2 
Spall strength (dyne/cm ). 

Sublimation energy (erg/g). 

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

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

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

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

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

Hugoniot parameter 
ü « C + SU  (cm/wsec). s       p 

Lattice gamma 
X(V) « XQ - ax. 

See ESTCON(17,N). 

Electronic gamma. 

Electronic energy coefficient 
(mbar cm3/mole deg2). 

Melting temperature parameter 
(deg). 
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TABLE A.l (Continued) 

Location Symbol 

ESTCON(22,N) E0H 

ESTCON(23,N) E 
00 

ESTCON(24,N) AW 

ESTCON(25,N) VJ 

ESTCON(26,N) Vb 

ESTCON(27,N) a 
y 

ESTCON(28,N) Tcrit 
1      ESTCON(29,N) AS 

ESTCON(30,N) EOSFLG 

Definition 

Energy at V ■ VQ, T - 300°K, 
P ■ 0 (mbar cm2/g). 

Energy difference between EOH 
and energy at V = VQ, T ■ 0 
(mbar cm3/g).  if 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 
potential for vapor [mbar (cm3/ 
mole)2]. 

Critical temperature (°K). 

Entropy of melting (mbar cm3/ 
mole deg). 

Equation of state flag. Must 
have the value of 3.0 to indi- 
cate E0S3 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. 

TABLE A.2. 

Location    Symbol 

TMP(IfN)      T 
1-1,20 

VMX(I,N) 
1-1,20 MAX 

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 
(cm3/g). Load in descending 
order starting with the critical 
specific volume. 
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TABLE A.2 (Continued) 

Location 

VMN(I,N) 
1=1,20 

EVMX(I,N) 
1=1,20 

EVMN(I,N) 
1=1,20 

PRBS(I,N) 
1-1,20 

Symbol 

'MIN 

\ MAX 

\ MIN 

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, Vj^ (mbar/ 
cm2). Note:  DATGEN units which 
are dyne/cm2 must be converted 
to mbar/cm2. 

Specific energies at correspond- 
ing specific volumes, V^nj (mbar/ 
cm*). Note: DATGEN units which 
are dyne/cm2 must be converted 
to mbar/cm2. 

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

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 OP MODIFIED GRAY 

SUBROUTINE; rosa 

COMMON 
> 

COMMON 
COMMON 
COMMON 

COMMON 
COMMON 
COMMON 

i 

COMMON 
COMMON 
COMMON 

COMMON 

«MASSUOI.OELTIMdO.OELTMNllJltMATBNOdCliMATLIOIIOli 
RATIO«10)iHMTKLS 
VlSCQUIO>tVlSC0o<tO)»C0tjRST,OELTlM.riAXCrl-.MODEtNRCSRT,TMAX 
IPLATE.UZERO 
ALPHA ( «H , AMU HI | ,fcBTEMP<2) ,C0NVR6,EwERfiH2) .MAXPAS,NALPMA, 
NFLUOI 13) .fiPCUCl ,NSCTT< IC)iSSTART(2),SSTOP<2).NUNITI, 
NUNIT2|NUN!T3tNUNlT<l,NFIT||S),NE06E.N|NCiNKF!LT,NFUNCT 
STIMn,STIME2.ENKGV,IMlDTH 
IOUMITU) 
NCrE0T(2CI(TEDIT(2CliNABSISIlN0RD<SI,iZPL0T|SI,LPL0Tlb)i 
IPOT.MOMENT»NDUMp.NFED IT.NPKHT.TPRINT.NSEOIT 
ICUTL,ICUTn,IA0bLiIAD0R.IODEN.0H2l(DMATIO.AO0NAS,OUMI 
IVZ0NE»V1I0TH 
0ELTAHII0C?ll0IScPTtl2l,hERf<0rtl2)tITEMP|2SI,H20N£(10t'»)l 

TEMP(2S}|UTAVvi,0TN,DT»Pl,IC0U«N,JSAVE,HAt>FL6,hAX2.MAXZPt, 
NCVCUE,NSAVE,PDTP0S,P0TNF6,TIME 
CC13:wt(Ett:?C).HRATE(lC,:0l2l.ieFL*6(l0CC)ilVFLAfilI0C0)i 
OLOftHOtlO?C»,P(lt;CC>,0(l'.C3>,RHOtlSOG>.S(lO9C>tSi>ttO9C>i 
UUC3i>ltX(IOCC),ULANKI39) 

COMMON   /E9ST/   ESTCONi30,33) 

COMMON   /GRAY/   TMPC2C130liVMXI2C,30).VMNCIt,301,£VMXI 20,30), 
EVMN(20,30),PRESl2C,3C) 

COMMON   /TEN/   TUCSO) 

COMMON   /TSAVEV   T0LDJ,C0J.0J 

COMMON /EC/ ECON(2J,3C> 

DATA CAMNAF,ALF/l.CSS6,.t/ 

OATA B0LTZ,AVN0,PI/|.3tE-U,**C2E23,3.MU/ 

ESC 10 
ESC 20 
ESC 30 
ESC to 
ESC SO 
ESC 60 
ESC 70 
ESC 80 
ESC 90 
ESC 103 
ESC I1C 
ESC 120 
ESC 130 
ESC tic 
ESC ISC 
ESC 1*3 
ESC 170 
ESC 180 
ESC 19? 
ESC 200 
ESC 219 
ESC 220 
ESC 233 
ESC 2HP 

• •• STATEMENT FUNCTIONS ••• 
ESC 260 
ESC 270 
ESC 280 

£M(XI,X2,X3)"TEHP<11>*Xl«f3t•ECONtS.rll*«S*ECONt2,NI«XII»X2*        ESC 290 
.       <ECON(3,N)-*S«ECON(<t,N>«U**X3*«2>) ESC 303 

ESC 31? 
PCCX4,XS)a.S*tESTC0NtI*,NI-ESTC0MI7,N>*ESTCON<lBiN>*X1J*ECONI2,N)   ESC 32C 

> /<EC0N<l,N)*ll.-A<t))*XS*«2 ESC 330 
ESC 3<<3 

ritX*,X7,XB)M-X7*SQRT<A7«*2~2.tX4«XBIi/X* ESC 35? 
CSC 3*0 

J-JSAVE CSC 373 
N-NSAVE CSC 380 
TOLO-TUI 
COLD-EIJl 
IJOIN-O 
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20 
2! 

22 

25 

IF (ECUNti.N) .«T. £.) (i0 TO 3C 

••• INITIALIZATION OF EQUATION OF STATE CONSTANTS ••• 

ECON(ltN)*t./ESTCON(l,Nj 
EC0Nl2»N>»t$TC0N(2C,M/£STC0NJ2«»,N» 
EC0N(3tN>*CSTC0NCZ9«N)/ESTC0N(2<«,NI 
EC0N(1.N)>l.l63E-&/ESTCUN(2<l,N> 
EC0N»SiN>»e.l3«»E-5/ESTC0Nf2«».N> 
EC0N(7(Nl«t*^Et«eC0N(2iN)«ESTC0MIiN»««ESTCONII 7.N)-ESTCONI19.N1I 
IF   (ESTC0NI23.N)   .GE.   0.1   ESTC0M23tN> — 9*0.«IB. I31E-S*S0.« 

ESTC0NI20,M))/ESTC0N(2<I,N) 
EC0N(l2,NI>t.-ESTC0N(i,Hl«ESTC0MI4.N) 
EC0NU5,N)-(ALF*i.a»«ALUG(ALF*l.C) 
TEMPI!l«ESTCONt17.NJ-I.J33 
rEMP(2)«ESTC0NI2llN)/(t.3-EC0N(|2tNI»*«2 
TENPI3>»l.*FC0N(l2tN>»«2»»TEMPin*EC0N(12,N»«ITtMP(U« 

> <2.«ESTCUN(|7,N)-|*6447>-ESTC0NIIB.N>)) 
EC0N(8tN»«TFHf«2l»TEHP(3J 
TEMP(4)a2*«(ECONU2iN)«ESTC0NfIH,N)-E5TC0N(t7.NI*.3333> 
TEMPtS>>l.2*(l«-EC0tltt2>NM*l*C-t2*ESTC0NI4,N)««2 
EC0Nl9.N>"EC0Nt3.N»«<TEMPC«»)«TEHPl2l«TEHPC3»J»«2/TEMPIS> 
TC«ESTC0N(2«,N) 
VB-ESTC0NI24.N) 
SI6NA>(3*«ESTCUN(2H,N)*tfB/IPI«AVN0«<l*M««.33i33333 
0T«(6**ESTC0r4(2<«,h)«VD/(PI«AVN0l »•••3333333 J 
EPSaB0LTZ*TC*(0T/(GAMMAF*SIGNAI)«*l2 
EC0NI4tN>»PI»AVN0»U6AMMAF»5I6HA«tEPS/B0LTZ»»«.08 333333l»»3>/ 

> (4*S*ESTC0N(2<I,N>) 
EC0N(I0,N)>.l<l3*EC0rilSiM)**S«EC0NI9iN) 
TEHPIl>>ESTC0N(l4.N)*ECUNil2iN) 
TEHP(2)a,S«(I.E>&*ESTC0N(6*NI*EC0N(l2,N|)««2/l|.-TEMPtl)I 
TEMPI3)-!*«TEMPfli«(l.«.$«TEHP(!}«<l*-ESTCON(I7,Ni/ESTC0N(i*»NM> 

.    /3. 
ECONI|l,NI«TEMP(2J«TEMPt3l*ESTCONJ23.Nl««|»*tSTcON«|7,N|« 

.    EC0N(I2.N))«ESTC0N(22.N| 
TEHPI2SI-TEHP(2I*CC0N(4,NI 
CC0N(|7lN)>ESTC0N(27tlll/ESTC0N(2<l,N|««2 
IF (ABSlTMPU.NI) .LE. *J.) 60 Tt) 22 
00 20 II-3.20 
JHAX-II-I 
IF IABS(TMPUIIN)) .LC. 0.1 60 TO 21 

CONTINUE 
ECONI|*,N!»VMNIJMAX|N»-HRESUHAX.N»»t¥HNtJMA*-I.NI-VMNIjMA*tNll/ 

, IPiESIJMAX-i.Nl-PRES«JfeAXtNil 
EC0N(|H,NI>2.«ESTC0NI2I,N) 

EC0NUB,NI«l.l*EC0NI4,N|/(EC0NI|<t,N}««.2S} 
EC0NI|9lNI"2.«EC0Ni|B,Nt/EC0N(|O.NI-2.2S*ECOi4U,N)/ 

»       IEC0NI|«»,Ni»»i.2SI 
EC0NI20.N»»|.25»EC0NUiNl/IEC0N||«l,NI«»2.2S»-ECUNUB.NI/ 

.       (EC0NII1tNI*«2) 
PRINT 2S. IEC0N(|,N),|>|,20I 
FORMAT I//.7H  ECONSt//.<H*X» IPSEI4.4*/) .//I 

ESC 3*0 

ESC tOO 
ESC 110 
ESC 420 
ESC t3C 
ESC 1HC 
ESC HSC 

ESC 170 
ESC 490 
ESC SOO 
ESC 510 

EXVI 

TNWi 

TISVI 

TIIVI 

ESC 7S0 

(VHNO) 

(VBOI 

CC2) 

IC31 

ESC 930 
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c 
c 
c 
c 

33 EU)»1.£-!2»E<J) 
RNU*ESTCONtt.Nl/IMOU) 
fX»l.-RNU 

••• FOR DRIVER OR DATGEN RUNS, CHANGE MIXFW6 TO 9< 
BYPASSES THE HlXtb PHASE REGION* ••• 

THIS 

HIXFLG-t 
IF IMIXFIG .EO* 0) GO To 35 
ITER-0 
V>!.0/RHOU> 
V0S»1.0/ESTC0N(l,tl) 
IF   IV   .IE.   ECONIU.NI)   GO  TO  3S 
IMXal 
00 7122 I>I,I9 
«■!♦! 
IF (EVMXIK.NI .GT. tVMX(l.N)) IMX«K 

7122 CONTINUE 
IF (EM) .LT. I.2«EVHX(|NX(NI) GO TO I9S 

32 EXV2«l*-ESTC0N(liNI*ESTC0N(IS,N) 
IF IEX .61. EXV2) GO TO 35 
TEMPI!>«|.5*£C0N(S,N> 
TENPI2l>ESTCUNII,rU/(t*0-EX) 
60 TO 90 

35 TEHPI|>aESTCUNllo,N>*CX 
TEHPi2>«.S«ll.E-t»£STC0NI6(N>*EX!««2/ll.-TEHt»ll)l 
TENP«3»»l«*TEMPIII«ll.*.5«TENP<ll«U.-ESTC0NU7,N|/ESTC0NC|*fNn»/ 

.       3* 
TEHPI||)>TEMPl2)*TEHP|3t«ESTC0N(23lN)*(I«*ESTC0<Jll7,HI«EXW 

.       ESTC0NI22tNI 
IF IEX .GT. C.I 60 TO 10 
TEMPI|)aESTC0NII7(N)M.3333 
TEMPI2I>ESTC0NI2I,N}/II.-EX)**2 
TEHPI3>a|t*EX*l2«*TEHP(|l*EXo(TF.HPI|>*l2*«CSTC0Nll7|N>-l**tl7>> 

.       C5TC0NI la.fi») } 
60 TO 5C 

10 TEMPI|la2.«|£STCQNI17,N|-.3333» 
TEMPI2»«ESTC0NI2I,N) 
TEMPI 31*1.♦EX»ITEHPIl)*6X«UESTC0Nl17,NI-.33431»ITEHPII>♦!.>- 

• ESTCONIIiiNII) 
SO  TEHPII2»«TENPI21«TEMP|3J 

TENPI|1t»2.«lEX«ESTC0UH6tNI-ESTC0NII7.NI*.3333» 
TEHPIlt>|*2*ll*-EX)«l.E*12*ESTCONI*lN|**2 
TEMP(2la|, 

IF   IEX   *6T.   j.!   TEMPI2)a|.*EX«t1.«ESTC0NII6,N>»l»> 
TENPI|SI«ECONI3»NI*ITCNPII1)*TEfP(l2l)«*2/ITEMPlll*TEHPI21! 
TEMPI 1UTENPI121-.5«TEMHI 151 
TEMPI |4 )aCHt TEMPI | I,(,••«)•> 

TEHPI|I>ESTC0NI|4,NI«EX 
TENPt2t>ESTC0NI|,Nt/ll.-EXI 
TENPOI>EX«TEHPI2i*II.Eo*«ESTC0*lUiNI/l|.*TEHPI|i}l*>2 
TEMPI1)a|,-EX*l<|.*.S»EäTC0NII7,N)l-*S«EX«ESTC0hllt,N}) 
TENPI|a|aTEHPI3l«TEMP|1|»TENPI2l«IESTC0NI|7.M)-tX*ESTC0NlliiN)l« 

ESC »10 
ESC 950 
ESC 963 
ESC 970 

ESCI003 
ESCIOIO 
ESCI02C 
ESCIC3? 
ESCIOIO 
ESCI053 
ESCI060 
ESC«07r 
Escioao 
ESCI090 
ESCI109 
ESCIIIO 
ESCII20 
ESCII3C 
ESCIIIO 
ESCII50 
ESCIUC 
ESCII70 
ESC 1180 
ESCII90 
ESC 1200 
ESCI2I0 
ESC 1220 
ESCI230 
ESCI210 
ESCI250 
ESCI249 
ESC 1270 
ESCI2B0 
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c 
c 
c 

.       (EIJI-ESTC0NI22.Nl) 

V*l./RH0U) 
IF IV .GT. VI) 60 TO 70 
IF lE(J) .GT. TEHP(U)) 60 TO 45 

•••     SOLID REGION ••• 

IVFLAGIJI-30 
TENPII l«3.»FCC4'5,N) 
TEMPI 2»«-IE IJ)«TEMP(I1)| 
ARG>TEMPI1>««2-2.«EC0NI2.N)«TEMP(2) 
IF (ARG .LT. C.) 60 TO »S 
TEHP(5)>T|(eCUNI2lN)iTEHPI|l»TEMP(2)) 
TIJ)>TEMPI5> 
TEHPU>>PC(EX,TENPIS)) 
PIJIaTEMPI t<?»*TEMPI4l*EC0N(7.N) 
GO   TO   IOC 

SS   PIJI-O. 
TU»»Q. 
GO   TO   100 

»3 TEMPI|I*TEMPI12)*.S*T£MP(1S) 
TEMPI2l>TENPI|l/TEMP(|2i 

TEMPI|7I»EM(TEMPI II.TCMHt12»iTEMP(2>> 
IF (EU) .6E. TEHP(I7|| GO TO 7? 

••• «ELT REGION • •• 

IVFLAGUXOI 
TEMPI |I*IEIJ»-TEMPI14»»/(TEMPII7)-TEHP( 14)> 
TEMP(2)>EC0N(3tN)»EC0IJ«4tN) 
TEMPUI«3.»FC0NI5,M)*TEHP(I)«TE»»P(2I 
TEMP(«»»-(EIJI-TEMPIII)*.5*TEMP(II««2»TEMP(|S)»TEMPI2II 
AR6«TEMPI3)*»2-2.»EC0t:ti.N)«TEHP(1» 
IF   (ARG   .LT.   C.I   60   TO   SS 
TEMPIS>>T|(EC0N(2,N)|TErtP(3)tTE»P(all 
T(Jt>TEMP(S> 
TEMP(2)aESTC0NI|.lil/(|.«EXI 
TEMPO)>TEHP(SI-.5*TEHP(ll«TEMP(IS) 
TEMPI«)»ESTC0N(|7,NI-ESTC0NIU,»ll«EX 
TEMPI 4 I»PC IFX.TEHP IS)»-TEMPI I I »TEMP I 2 ) • I ECONt 3 ,n »-ECONI 1,N) I • 

.       (TFMP(IH|«TEMP(I2»*TEMPI3I«TEMP(«I|| 
PIJI»TEMP||«»»TEMPUI*EC0N(7,NI 
60 TO ICO 

7C TEMP(|)>I.S*ECON(S.U) 
TEMP(2)>ESTC0N(|,N)/I|.C«EX) 
TEMPI4)«.I13*EC0U(S(N)«.5*TEKP(IS) 
TEMP(|C)"2.S»T£HP(ll 
TEHP(|3)»TENPII)/ALF 
TEMP(22l>.S*EC0N(2,r!l*T£MP||2) 
TEMPI 231 "(TEMPI 111-EU > «TEMP (• 11/TEMP II2UCC0NI3. HI* 

.   TEMPII3»«IALF-EC0N(It»»NI t 

ESCI2VC 

ESCI3CC 

ESC1313 
ESCI32S 
ESC 13 J.t 
ESCI3H3 
ESCI3&; 
ESC I 36 3 
ESCI370 

ESCI383 

ESCI39C 
ESC 1100 
ESCI110 

ESC It23 
ESC 1133 
ESC 1113 
ESCI1&C 
ESCH«9 
ESCI17C 
ESCI1A0 
ESCH»3 
ESCISOC 
ESCISI3 
ESCIS20 
ESCIS32 
ESCIS13 

ESC 15« 

ESCIS63 
ESCI570 
ESC1&D3 
ESCI&92 
ESCI403 
ESCI4I3 
CSCI420 
ESCI430 

54 

L  |--* Mfejr M,t-^^ 



GAKHAS-tSTCOmn.fi) 
Vl»ESTC0Nt M»N> 
V2»ESTC0N(IS,NI 
V>l.2/ftH0IJI 
I.J0!N*C 
IF   IV   .LE.   VI)   GO 
IF   IV   .6Et   V2>   60 
U01N-I 

-ESTC0NIIS,NI«EX 

TO   7H 
TO   90 

>|.*«*7l>ESTC0NUlttNlil 

•••   JOIN   REGION   ••• 

IVFLAG(J>>33 
TEMPI3l>2.a«EC0N(S,..)*TtNPI2) 
TENPM)>*TEHPI2)*EC0N(l7tN) 
TEHPI2S)«TEHr'l2)«EC0i«U,N) 
FM«.S»IC0SIPl»lV2-V>/IV2-Vll>*|.9l 
0FMDV»*S*PI«SlNtPl»(V2»V)/tV2-VM)/<V2<-VI> 
DFMDV-O. 
XV-I.O-ESTCnN(l,N)»V 
TI7«ESTC0N(|7,N)-|.333 
T2V«ESTC0NI7I«NI/(UC-XV)*«2 
13V»I.C**V»I2.»TI7»XV»JTI7»I2,«ü:STC0N«I7,NI 

TMV»T2V«T3V 
T1V>2*«IXV*FSTC0Nll8tN)-ESTC0NCI7.N)«.3333l 
TSV«l.2«XV*I.E-l2*ESTC0N(4iNI«»2 
EC0NaV>EC0NI3lN)*(IT2V*T1V«T3V)»«2>/TSV 
T1V«ESK0NI |a.NI*XV 
T2Va.S*l!.E-o*ESTC0NloiHi*XV)««2/l|,C-TIVt 
T3V>I.*TIV«(l.*.S*TiV»tl.-ESTC0MI7|M>/ESTC0NtUiN)M/3.0 
E0V«T2V«T3V*ESTC0NI23,N|«(l,*ESTC0Nll7,Nt«Xrf»*EiTC0N«22,N» 
ITERTj-c 
IF   (TOLD   .LT.t»!   T0L0-30Ö» 
TJ-TOLO 
1TH»3 
TUP«I.E* 
TUM300. 

73   IF   ITj   .6T.   ECONtM.NI)   GO  TO   731 
VB-ECONC |»,MI-Tj»IECOIII j9,M»*EC0HI2C.NI»Tj| 
TEHPl7l—ECO«UttNI-2.»ECONI2Ct»'l»Tj 
TEMPIS>>-2«»ICON!2S.N) 
60 TO 732 

731 V§"EC0NI4,NI/ITJ»«.2S> 
TENPI7l»-.2S«EC0NU,NJ/|Tj»«|,2«ii 
TEMPI«i«S**rCONU.N)/t U**TJ*«2,2S) 

732 ETA»VB/V 
TEHPtSI>l2O-ETA)/tll.0-ETAI««3i 
Ey*TEMPI||«TJ*2**EC0)(IS,NI*Tj*«2«l2t.ETA)*TENP|7I/IV«fl*-ETAi**3l 

. -EC0Nlf,7tNI/V«ESTC0Miia.M)«l«E«|2 
IXBTJ/THV 
EL>E6V*TEMP{|Ql«Tj*.5«EC0NC2,NHT.J««2«EC0M(itMt«T»tV»EC0M 14,»!)••»• 

*     eC0NVV*TENPU3l«TNV«laL0«tALF*XX«|.0l-EC0Ntli«NI-ALr»(<X-l*QII 
FF"-Eiai*FN«E¥*ll.-rN|«fL 
IF   IFF   .GT.   t)*l   TUPaAlllMllTUP.TjI 
IF   IFF   .LT,   d.t   TL*»A»<UHTL*,TJJ 

SS 



IF   HTM   .6T.   C>   60  TO  733 
TEMPI|I>>TEMP(7)«TEHP(2| DETADT 
TEHP(l2>oTEMf(lC)*EC0?H^,N)*TJ«TEMP(l) »II.-H«LF«XX*t.01-1.OJOELO? 
TEMPI HI«TEHPU»-t.»EC0m&,N»«TJ»>TEHP<SI«TErtP»7)/V «DEVOT» 

• . -2.«EC0N(StN>«Tj*TJ*TeMf>tS>*TEHIMA)/V 
• ♦ 2.«EC0N«5,MI«Tj«TJ«TEMPI7)«TEHPI7mV«V«U.-ET;M««3> 
. -*.«EC0N«5iNI»Tj»Tj«TEMP|7»«TEMPC7l«TEMK&»/(V«V»U.-CT»n 
DFFDT-FM»TEHPim*tl.-Fnl«Tf:-PU21 
TJO-TJ 
TJ-TJO-FF/DFFDT 
IFITJ .LT. 3*0. > TJ»3C0. 
IF   (ABSIITJ-TJOt/TJOl   .LE.   I.E-ll   60   TO   75 
|TERTJ«ITE«TJ*1 
IF   «ITERTJ   ,0T.   201   60   TO   733 
60  TO   73 

733   TJO-TJ 
ITERTJ-C 
TJ«.5«ITUP*TL»» 
1/   ITJ   .LT.   300*1   TJ-3A0. 
IF   UiSHTj«TjQ>/T40>   .LE.   I.E-1»   60   TO   75 
ITH>1TH*I 
IF IITH .ST. 201 CALL SPRINT (*H£0S3  ,4HERR0R3> 
60 TO 73 

7S TL-TJ 
TT«TJ 
60 TO »2 

• •• LIQUID »EGJON ••• 

71   IVFL*6Ut>32 
ITCRT«0 
XI«T0LD/TEHPI|2I 

71   F»TEHP»23»*«X««TE«P(10I*»*«TEMPI22II*TF.HP»I3MI»L0«5ULF»XX*J.0I 
• -ALF*XX> 
0F0X"TEMPII8l»2.«TEHPI22)«XX*TE»«P«l3t«ULF/l*LF»XX*l.0»-»LFI 
XXOMX 
xxaxxo-F/ornx 
IF   URSHXX-AXOI/XXO)   .LE.   l.E-"»   60   TO   72 
|TERT>ITERT«I 
IF   IITERT   .6T.   291   CALL   SPRINT   UHC0S3      .AHtttROHtl 
60  TO  71 

C 
c 
c 

72   TL«XX«TENP(I2I 
77  PCS*0.S*ECON(2iNI«TL«*2*<ESTC0Nt|*.N>-<**MMASI*TtNPI2l 

MC •PCS-TCNPI21*TCHPll2I»£C0NI3.NI«4TE*PII,l»*iAIW«»S»-TENPUI 
• -TCWPI2l«TENPI12l««rEMPMlll»6AMMaSJ«IALU6ULF».XX*|»»-IALFt|.>« 
• ALO«lALr*|.l-ALF<MX»-l.!l«TfHPtll/ALF 
Piai«TE«P«l»»*PRC*ECONI/.H| 
TIJI-TL 
60   TO   100 

• ••   VAPOR  R'ftttON   ••• 
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9c 

95 

91 

911 

912 

IVFLAGU) 
TEMP(«>.- 
1TERT«0 
TEMPI 16)» 
TEMP12S)» 
TEMPI17)« 
TEMP(18)» 
TT«TOLO 
1TM-C 
TUP-I.E6 
TLW-300. 
IF (TT .G 
VB-ECONII 
TEMP(7)«- 
TEMP18)«- 
60 TO 912 
VB>ECQN(6 
TEMP17)«- 
TEMPC8)«5 
ETA«VB/V 
TEMPCS)«« 
EV-TEMP1I 

•l.E- 
F«EV-E<J> 
IF (F  *G 
IF <F  .L 
IF <1TH . 
OF      ■ 

»3S 
TEMP(2)»CC0N(l/,N) 

-EtJ)*TEMP(H) 
TEMP(2)»EC0N(6,N) 
EC014(5,N)»TEHP(25) 
•5»TEMP(17)«TEMPC25) 

T.   ECONUH.N) J   GO   TO   911 
8.N)-rT»(EC0(M 19,N)»EC0N(2C«M)«TT) 
ECOM l9,H)-2.»tC0N(23.»l)»TT 
2.«tCON(2C,N) 

,N)/(TT»«.2S) 
.2S«rC0NU,U)/tTT»»I.2S) 
.•ECüN(6.N)/(le.«TT**2.2S) 

2.C-ETA)/« (l.0-ETA)»»3) 
(•TT-2.«EC0N(5,N)»TT«TT«TEMPC5)«TErtP(7)/V   ♦   ESTC0NI10.N) 
12*TEMP(M) 

I   TUP«AMINKTUP,TTI 
)   TLW»AIIAAl(TL*,TT) 

913 

TTO«TT 
TT-TTO-F/ 
IF   «TT   .1 
IF   CABS«! 
ITERT-ITE 
IF   <1TERT 
GO   TO   91 
TTO-TT 
ITERTJ-C 
TT".S»tTU 
IF   «TT   .L 
IF   «ABS«« 
ITH-1TH»! 
IF   «ITH   . 
«0   TO   91 
TEMP(5)»E 
PV     "ECON 

• /««I. 
9« IF IIJOIN 

F(J)»PV 
TUJ-TT 
GO  TO   ICO 

T.   0. 

T.   3< 
GT.   3)   GO   TO   9|3 
TEHP( t )-«t.»EC0N(S,HH»TT»TEMP(5)«TE*P»7)/V 
2.«eCON«S,fl)»TT»TT«TEMP(5)«TEfiP(8)/V 
2.»EC0N«5tH)»TT»TT«TEMP«7)»TEMP(7)/<V»v««I«-ETA)«»3) 
6.»EC0N<5,N)»TT«TT«TEMP(7)»TEMP«7»»TEMH«5)/«V»V«(I«-ETAII 

OF 
T.   300.1   TTOOw« 
TT-TTO)/TTO> .LE. l.E-3) GO TO 92 
RT+I 
J .GT. 20) GO TO V.j 

P^TL") 
T. 320.) TT-30C. 
TT-TT01/TT0) .LE. l.E-t) GO TO 92 

92 

GT. 20) CALL SPRINT I6NE0S3  ,*HER«UR2) 

TA 
<StNJ«TT«TEMP«2>»U.C*TEHPJ5»«(l.3«'TEMP15»««l.-TEHP«SI>)> 
0-TEMPI5) »••3t*TEMP(2)»TEMP(a) 

NE. 0) GO TO 9a 
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••• MIXED PHASE REGION ••• 

195 |VFLAGU>*36 
ITER«ITER*I 
IF <1TER .4.T. 31 CALL SPRINT (6HES03  .4MERRORII 
VXMI«VMNl» ,NJ 
VHM|*VNN(t,N» 
EXMl»EVMN(I,N) 
EVM|»EVMNIl,N) 
EEQMl»EVMl«-IEVMXI2,Hl-EVMM2,N»1• I V-VHH1)/IVMXI 2.Nl-VMNI 2,N>» 

196 

197 

00 197 JJ-2,20 
JM-JJ 
EE««EVMN<JJ,Nl*IEVMXlJJ,N»-EVMNIJJ,NI>•IV-VMNIJj,NII/ 

,   IVMXIJJ.NJ-VMNIJJ.tJll 
IF IEIJ1 .LT. EECi) GO To 196 
EBH»tVMN( JJ.NI-MEVMI-EVrtNIJJ.N) 1♦(V-VMU(JJ,Hi>/IVMMI-VMNIJJ,NIi 
IF (E(J> »GF. E8H) GO Tu 32 
EBL«EVMXIJJ,N)*<LVMXIJJ,N)-EXMl)«IV-VMXtJJ,N» » / I YMX ( JJ ,:i I -VXM1) 
IF   IEIJ1-FBD    199,32,32 
EEQMI-EEO 
VXMl«VHX(JJ,M) 
VMM1»VMN<JJ,U) 
EXHIaEVnXIJJ,N) 
EVM|»EVMN(JJ,N» 
IF   (ABS(VMX(JJ*l ,N)-VMN(JJ*| ,N)1    »LE.   C.)   60   TO   19% 
CONTINUE 

198   £BL»EVMX(Jf4,M»«VMX(JM,N)/V 
IF   IEIJI    .OE.   EBL)   GO   Tu   32 

SLEN»-EVMN(JM,N»/(l./ECuN«l6,N)-I./VllN(JM,N)> 
EBH"EVMN«JN,N)*SLEN»(I.C/V-l.0/VMNtJi1,HJ I 
IF   IEIJI   .GEt   EBHJ   GO   TU   35 

TEMPI l»»TMPIJM-2,fl> 
TEMPI2I"TMPIJM-1,N) 
TEMPI 3)-IE«JJ/EEUMl»»(TEMPI2>- 
GO  TO   101 

3rC.»*30t. 

199 

101 

96 

TEMPI I »»TMPUM-1 it!) 
TEMPI2»"TMP(JM,H1 
TEMPl«tl«IEEQM|-EtJ>)/IE<J>-EEQl 
TEMPI3»"<TEMP(2)»TEMPl1)*TEhPll)1/(1,G*TEHPMI I 

TEMPISI«ALOS4PHESUM-l,N>/PRESCJM,Nn/C1.0/TeMPll»-I./TEMPI2»> 
PIJ1»PRESI JM,Nl»EXPITEMHl5)»U«0/TEMP«3)-I.C/TEliPI2)l» 
IF IPIJ) .LE. ESTC0NI2.U» /l.E*12> PIJ)>0. 
TIJ1-TEMPI31 
«0 TO ICO 

PIJ)*JOIN PRESSURE 

XV>l*0-V*eSTCONI|,N) 
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TEMPI IS)»ESTC0N<l,N)/l|.O-XV) 

TEMP(|o)>XV*TEMPt|S)*(|.E-o*ESTC0N(6«N>/ 
TEMPim«1.0-XV»ll.a*.5»ESTC0NII7.N)-.5« 
6AMMAS"ESTC0Nl17,H)-XV«ESTC0NI1«,N) 
PIVMEMPt 16»»TfcMPll7>*TEMPUS)»GAMMAS«IE 
PCSV».5»EC0NI2,N)»TL»«2«IESTC0M19.N)-GA 
XXTM»TL/TMV 
TEMPI18>«2.«IXV«ESTC0H(|8,N)-ESTC0NI17,N 
PCTMV"PCSV-TMV»EC0N13,H»«TEMPI11)»(TEMPI 

. -.S»EC0NIH,N)«ECUNyV-TEMPII5»«TMV»l 

. IAL0G{AIF«XXTM*|.C>-EC0N115.N>-ALF«» 
PL»P1V*PCTMV*EC0N17,N) 
EOVl-ECONt11»M> 
TOOOC« 
TTERM1-3. 
TTERM2-3. 
IF   ITT   .LE.   Ci.)   GO   TO   7t3 
TTERMl»TT«AtOb<TT) 
TTERM2«TT«ALUG(AöS(TT/T0») 

7H3   CONTINUE 
TERMI»2.»TT«TEMPIU*.S»tC0NI2,N)*TT«TT-2 

-ECONI2,N)»TT«lTT-TO> 
TERM2»2.»TT«TEMPIl)»IC5TCONI17iN)-ESTCON 

TT»E5TC0NU9,N) 
ASVI»EOVl*TEKNI*2.»TT»TtMPU »»ESTCüMIO, 

-TERM2»AL06IVI»ESTCONU,N)) 
AS»E0V*TERMt*2.»TT»TEMPt|)•ESTfOH(18,N»• 
AV«TT»EC0MI5,K»« ALOG(TtMH2) )*<7.-FTA»l 

-TEMPI I)»TTERM|-ECONil7,N>/V*ESTCON<1 
ETAV1»VB/V1 
AVVt"TT«EC0N»SiN)«tAL06< I ./V I » ♦( 7 .-ET AV 1 

lll.-ETAVn«»2) »-TEMPI I >»TTEKMl-ECONI 
♦ESTCONII0»N)»|.E-|2 

XXTM»TL/EC0H18,N> 
ALV|«ASVl*ErOMI10,N)-.S»EC0HI*.NI«EC0NI3 

IEC0NI3,N»*TEMPIl)|*2.«TEMPCI»«ECON 
ALQGIALF»XXTM*1.}-{ALF*l.>•AlUG(ALF 

XX«TL/TMV 
EC10V»ECONlM,N»».S»ECONW 
AL«AS*ECI0V-.S«EC0N9V »ECON I 3 ,N 1-t TJ.-T 

IEC0N13.N1 ♦TEMPI J ) | *2. »TEM° | I) • TMV« 
ALOGlALf•XX*l.>-IALF*l.l«ALOGIALF*l 

p|j)«fM«PV»ll.O-FM>*PL*OFMOV«l#l-AV-»LVl 
TIJI-TL 

1QO E(JI«I.E*I2»L(J1 
PIJI»|.E*12*P«J) 
RETURN 
ENO 

H.a-ESTC0NlU.a»»XVll»»2 
XV*ESTCüNll8»N>) 

IJ)-ESTC0NI22,N|) 
M«AS»«TEMP|151 

)».JJ33t 
18)*ÜAMMS> 
TEMPl!81*GAMMAS)»TEMPIl)» 
XXTM-t.-Jl/ALF 

.♦TEMPI»)»TTERM2 

II8.MI}*.S»EC0N12,N1«TT« 

N)«II.C-Vl«ESTCONll,U>> 

XV-TtRM2«AL0Gll.0-XVj 
4.*ETA1»».5/1Il.-ETA>»»21) 
3,N»»l.t-l2 

• 16.»ET«»!)l**S/ 
I7.NI/VI 

,N1-ITL-EC0NI8»«I>• 
(8,tf**l IACF«XXT||*|.I» 
♦ l•» »/AUF 

MV»« 
I(ALF*XX*1.I* 
.ll/ALF 
♦AVVl» 

ESC222? 
ESC2230 
ESC22H3 
ESC22SC 
ESC226C 
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APPENDIX C 

LISTING OF DATA GENERATION ROUTINES 

SUBROUTINE DATGEN 

C 
C 
c 

COMMON 

COMMON 
COMMON 
COMMON 

C IMON 
COMMON 
COMMON 

COMMON 
COMMON 
COMMON 

COMMON 

AM»SSUC> .OELTMIl 
RATIOUO.NMTRI.S 
VISCOLUOl.VISCOW 

IPLATE.UZERO 
ALPHAI8I),AMU(|i> 
NFLUOUai.NPEUCl 
NUNIT2,NUNlT3,HUu 
STIMEI ,STlf1E2,CN* 
I0UNITI6) 
NCVEnT«2C»,TEDIT( 
IPDT,MOMENT,NDUMH 
ICUrL,ICUrR,!ADOL 
IVZONt.WWlDTH 
0ELTAM(IC;C».DISC 
TEMP«2S>,UTAVG,DT 
NCYCLt,NSAVE,POTP 
CtlO.?a)tE(100i),M 
OLD«HO< ICCO» IPIL 

UCI2SJ)tX(1093)ib 

ICl .DELTMNC lOI.MATBUUUCD.MATLlDt 10». 

(13)•COURST,OELTlM.MAXCYL,MOOEtNRCSRT,TMAX 

,BBTEMP(2),CUNVRG,EN£RSYC2) .MAXPAS»NALPMA , 

,NSCTTnC».S5TART(2».SSTOP(2>,NUNlTI , 
IT1,NFIT(li.),NEDGE,MlNC.NKFlLT,,JFUNCT 

GY, WIDTH 

2:»,NAPsis»,wOKn(s),I2PLOT{S»,LPLOT(S), 
.üFEOIT.NPftlwT.TPRlNT.NaEOlT 
, IADDR.IDDEN.OUZI ,OKAT 10•AODMAS,OUM! 

PT(12> ,*iER«0«(2l, |T£MP(25) .MZONC(I0,1>t 
N.DTNPI , ICOUKN.JSAVE.MAf'FLG.MAXZ.MAXZPl, 
OS.POTMVG.TIME 
RATEUCt3,2l,IBFJ.A6liaOC>,IVFLAG«IOOü>, 
C3),a(trC?).HH0(lC0CI,S(IOOS),Sü(lO03), 
L*NKU9| 

112 

COMMON /EOST/ ESTCON(3w,3C> 
COMMON /TEM/ T(liCJ) 

COMMON /TSAVt/ TOLOJ.KOLOJ -.-«.,,«, 
DIMENSION TMP(23J,VMX(2j),VHN(2«:i,EVMXI20»,EVMNt20>,PRE5(20» 

• •• CALCULATION OF CRITICAL POH.T ••• 

JAA-ll 
JAB"JAA*I 
AJAAaJAA 
NKaO 
NKl-NK-l 
NK2-NK-2 
NK3>NK*3 
N"NSAVE 
jSAVEal 

JS-JSAVE 
WOS"»./ESTCOrm,N) 
TMO«ESTCON(?l,N) 
DELT»2»»TM0 
TJS-OELT 
TOLOJ-TJS 
OELV"3.«V0S/20. 
VINaVOS 
VCESTa«».5»W0S 
IRa| 
ITa| 
ITalT»! 
RHOUSIa|./VlN 
VJSaVIN 

IED 30 
IED 
IED 

MC 
SO 

IED 
IED 

6^ 
7C 

IED 
IED 

«JO 
9? 

IED 
IED 

I3C 
1IC 

IED 
IED 

12? 
I3T 

IED 
IED 

no 
is: 

IED lo? 
IED 
IED 

17T 
\U2 

IED 190 
IED 2:? 
IEO 210 
IED 222 
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CALL   ET   (VJS.TJS ,CJS» 

E(JS»«£JS 
CALL   E053 
P1«P(JS» 
JVC«(VCEST-VJS)/UELV 
00   110   J-t .JVC 
VJS«VJ5*DELV 
RH0US1-I./VJS 
CALL   ET   (WJS.TJS ,EJ5» 
EIJSJ-EJS 
CALL   E0S3 
PZ'PIJS) 
IF((P2-P11/DtLV .GE.   C.I   6 

no PI»P2 
I H « 1 M ♦ 1 
IFIIR-2   .6T.   S   ) GO   TÜ   123 
DELV«0.7*DELV 
GO   TO   112 

123   DELT».S«DELT 
TJS-TJS-DELT 
T0LDJ»TJS 
1R«I 
60   TO   112 

III    IFIIT-ICO   .GE.   0 )   60   Tu   11 
TJS«TjS*.S»OELT 
TOLDJ'TJS 
VIN»VJS-2.«PEL* 
60   TO   112 

US   TC-TJS 
VC«VJS 
CALL   ET   IVJS.TJS ,CJS» 
ECC-EJS 
PC«P2 
PRINT   2C0.TC.VC, 

C 
C             •••   COEXISTENCE 
C 

DO   100   J"2.JA8 

PCCCC 

CALCULATION 

AJ>J-t 
TJ$«TC-AJ»ITC-TH01/AJAA 
TOLDJ-TJS 
DELRHQ>.CI*ESTCON(l,N) 
RHO«J5»«0. 
P|»0. 
KI>1 
00   20   K»1,IE3 
RHOIJSl-RMOCJSI* OCLRHO 
VJS*l*/RHOIJSI 
CALL   ET   «VJS.TJS ,EJS» 
EIJ5I-EJS 
CALL   E0S3 
P2>PIJSI 
IFMP2   .LE.   PI) •AND*   IKI   . 
IFIP2   .6T.   Pll   60   TO   12 

TO   111 

EO.   211   60   TO   20 
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PHAX»P1 

Kl>2 
GO TO 2C 

12 IF IK t .E«. 1 I CO TO 2 
PMlW*P2 

2C 
16 

60 TO 1« 
Pl"P2 
PE0".5»(PMAX*PM|N) 
1FIPEQ .GT. 0.) GO TO 
PEQ".S»PHAX 

22 00 25 KlT«l,5G 
00 330 K-iiNK2 
DO *»CC L"l.» 
AL«L 
VJS«UO.»««NK-«))/AL 
RH0(J>"1./VJS 
CALL ET JVJStTJS.EJSI 
E<JS)«EJ5 

22 

CALL E0S3 
PI "PUS) 
IFCP1 .GE. PEO» GO TO «tl 

tOO CONTINUE 
300 CONTINUE 

K>NKI 
00 <S L-10.2SÖÜ 
AL»L 
VJ5-IC0./AL 
RHOUSI>l./VJS 
CALL   ET   «VJS.TJS.CJS1 
EIJStaEJS 
CALL   E0S3 
PI "PUS» 
IFIPI .GE* PEQI 60 TO 11 

IS CONTINUE 
<tl RMONIN-RHOUS) 

SUM2«0* 
1N>I 
IF(K «GT* NK3I GO TO 53 
DO SS KK>KiNK3 
OELRHO>l*/IIO*««niK-KK)l 
DO 6C LL-L.10 
AL-LL 
RHOIJS>"AL»DELRHO 
VJS-I./RHOCJS) 

CALL ET «YJS.TJS.EJS) 
EIJSI-EJS 

CALL E0S3 
Pl-PIJS» 
r«PI-PEO 
SUN2aSUH2«F»OELRHO/RHOUSI*«2 
IFIF   .LE*   3«»    IN»2 

40  CONTINUE 
SS  L"l 
S3  DO  6S  LL-L.2S30 
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OELRHO».0l 
AL-LL 
RHO(JSI-AL/1CO. 
VJ5«l./RHO(JS) 
CALL ET IVJS.TJS.EJS) 
E(JS)»EJS 
CALL EOS3 
P|aP US) 
F-P1-PE0 
SUM2"SUM2*F«DELRHO/RHO(jS)«»2 
IFIIN .£Q. 21 GO TO 6'l 
«F«F .GE. 0») GO TO 65 
1N>2 
IF(F .GE. 0») GO TO 62 
CONTINUE 
RHOMAX-RHOUS) 
IFCKIT .GE« 2) GO TO 68 
PEQI-PEO. 
IFCSUM2 .LT. C» GO TO 72 
PE«2"PEQl*.1««PMAX-PE0l» 

PE««PE02 
5UHI-SUM2 
GO TO 25 
IF(PNIN .LE. 0.) PH!N«a. 
PE«2"PEQI-.I«(PEQ!-PMIN» 
GO TO 71 
IF IABSISUNI-SUM21-1.E-6 .LE. 3.) GO TO 
PEQ3«(SUM2*»EQI/SUMI-PEQ2J/(5UM2/SUMI-I( 

IFCPEQ3 .LT. 0«) PEQ3«.S»PEQ2 
PEQ-PEQ3 
PEQ1-PE02 
PEQ2-PEQ3 
SUM1»SUM2 
CONTINUE 
VMN(J)»l./RHOMAX 
VM'VMNU) 
VHXIJ)a|./RHOHIN 
VX-VMXtJ) 
PRESIJlaPEQ 
TMP(J)»TJS 
CALL ET(VM,TJS,EJS> 
EVMN(JI-EJS 
EM"EVMN(J» 
CALL ETCVX.TJS.EJS) 
EVMX(J)«EJS 
EXaEVMXfJl 
IFIPEO-I.E-5 .LE. 0.1 GQ TO 9 

IOC PRINT 5tCtTjS.VH.VX,EM.EXiPEÖ 
JaJAB 

9 JNAXaj 
PRINT 5C0.TJS.VH.VX,Ell.EX,PEti 
VMXU)»VC 
VMN(l)«VC 
EVMXIt>a£CC 

6H 
65 
62 

71 

72 

68 69 
) 

25 
69 

64 
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6VMNJD-ECC 

PRESUJ-PC 
TMPCI»-TC 

200   F0RMAT(SX,SHTC   ■   ,E10.5,5X,SHVC   »   .EIO.S.SX,SHPC   ■   tElO.Si 
ZSX.SHEC   ■   ,FIS.5,///> 

S00   F0RMATI5X.6MTHP   »   ,FI3.S.SX,6HVfN   ■    .£10*5,bXtAMVMX   >   .E10.5.5X, 
27MEVMN   •   ,EIJ.5,SX,7HEWMX   ■   ,EI*.S,5X .7HPRES   •   ,E19.S,/J 

RETURN 
ENO 
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SUBROUTINE   FNCALC 
C 

COMMON   AMASS(IC).DELTMU I 31 »DCLTMNlU> »MATBNOI I 2 I «MATL IDI10) i 
RATIOUOI.NMTKLS 

COMMON   VlSC0Lll0»,VlSC0y||3>,C0URST,DELTlM,M*XCYL,M0DE,UKESRT,TMAX 
COMMON   (PLATE,UZERO 
COMMON ALPHA«B»liAMU<11j»BBTEMPi2).CüNVRG«EwERGYC2|.MAXPAS»NALPHA, 

NFLUOUSI.MPEUUl.NSCTTIIG) ,5START I 2 ) »SSTOP 12 I .NUN I Tl , 
NUNIT2,NUNIT3,UUhlITH,NriT«l„l,NEDGF,NINC.NKFILT,NFUNCT 

COMMON ST|MEl,STlME2,ENH6Y,»iIDTH 
COMMON lOUNlTtA) 
COMMON NCY£[)TC20i.TED!Ti23),NABS(5l,NOR0(St,lZPLOTtSliLPLOT(S>, 

* (POT»MOMENT,NDUMH,NFEO!T,NPRINT,TPRIUT»MaEDIT 
COMMON ICUTL,lCUTR,IADDL.lAPOR,IDDEN,DMZI,DH*TI 0,AOOMAS,OUMI 
COMMON IVZONt.VWIOTH 
COMMON DELTAMCICJO».0lScPTII2)tMERK0R(2l,ITtMPI2SJ,MZON£110ill. 

TEMP I 25 I .OTAVG,DTN,0TNP|,ICOURN,JSAVE.MAPFLG.MAXZiMAXZPI, 
.       NCYCLE.NSAVE,PDTPOS.PDTNFG,TIME 
COMMON C(ia:a>»EUC3ä)iHRATE(i:e:,2),lGFLA6IIOCt)t1VFLAG(IOCO), 

* OLDRHOCl0CC>,P«lwJ5»,«UrC0i,KHOU3Oa»iS»!OO0l,SöC 1000 J, 
.       UtlOCJ5»XUS30)f»L*NKi39) 

C 
COMMON /CEOIT/ DAMAGE(lu20l,NSPALL(13l,SKAPPA(IC),SLAMDA(l0>, 

* SINITL«lO).SFUIAL(IO)»tCOMHZ,ISPALL 
C 

COMMON   /EQST/   ESK0NC30.3&) 
C 

COMMON /TEM/ TilCCO) 
C 

COMMON /TSAVE/ TOLOJ.COLDJ 
C 

S0T1-C. 
S0T2-C 
SMASS-O. 
FRAC"C>     
FRAClal* 
FRAC2-I. 

C 
C     ••• CALCULATE SOURCE TIME STEP ••• 
C 

IF «NODE *EQ. II GO TO 20 
TEMPI!»"TIME-DTNPl 

IF (TEMPIII »GE. SSTOPIlll GO TO 13 
IF (TIME »LE. SSTARTIII) 60 TO IC 
SOTIBOTNPI 
IF (TIME .GT. SSTOP(I) .AND* TEMPIII .LT. SSTOPIlll SOTl-SSTOP11 I - 

.       TEMPIII 
IF (TIME .GT. SSTARTIII .ANO. TEMPI!» .LT. SSTAkT(|M SOTI>T|MC- 

.       SSTARTIII 
IC IF (TEMPIII .GE. SST0PI2I) 60 TO 2J 

IF (TIME .LE. SSTART(2I| 60 TO 20 
S0T2-0TNPI 
IF (TINE .GT. SST0PI2! .AND. TEMPIII .LT. SST0PI2I) S0T2«5ST0PI2»- 

.       TEMPIII 
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ENC 10 
ENC 2C 
ENC 3C 
ENC HO 
ENC 50 
ENC 6? 
ENC 73 
ENC BO 
ENC 90 
ENC 100 
ENC 110 
ENC 120 
ENC 130 
ENC MC 
ENC 150 
ENC IftO 
ENC 170 
ENC IdO 
ENC I9C 
ENC 203 
ENC 210 
ENC 220 
ENC 23C 
ENC 210 
ENC 250 
ENC 260 
ENC 270 

ENC 2«0 
ENC 
ENC 

290 
300 

ENC 
ENC 

310 
32C 

ENC 
ENC 

33C 
310 

EMC 
ENC 

3SC 
3*0 

ENC 
ENC 

370 
3»C 

ENC 
ENC 

390 
100 

ENC 
ENC 

110 
120 

ENC 
ENC 

130 
110 

ENC 
ENC 

150 
1*0 

ENC 
ENC 

170 
180 

ENC 
ENC 

«•9J 
500 
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c 
c 
c 

c 
c 
c 
c 
c 

c 
c 
c 

IF (TIME .GT. SSTARTI2» .AND. TEMPUl .IT. SSTARTI2H SüT2«TlME- 
• SSTARTU) 

••• CALCULATE INTERNAL ENERGY ••• 

20 H-l 
N>N«TLI0(MI 
I00NE»C 
IE0S«ESTC0N<3C,N> 
IF (IH0OE .M£. 0 .OR. (MODE .EC). 0 .AND. NMTNLS .EQ. II) 

• .AND. TIME-DTMPl .6E. AM AX I(SSTOPfI».SST0PI2)»I IDON£a| 

••• HAIN DO LOOP FOR CALCULATING EXTERNAL HEAT SOURCES, INTERNAL 
ENERGY, UEWIATORIC STRESS COMPONENT, ARTIFICIAL VISCOSITY 
COMPONENT, PRESSURE, AND STKESS. ••• 

IF (NFUNCT .ME. 2) GO To 30 
FRACI>bOUNO(TIME,|) 
FRAC2-B0UN0(T|ME,2) 

30 00 160 J»l,MAXZ 
IF (J *LT. MAT6ND(M>> Gu TO 1C 
M«M*l 
N'MATLIDIM) 
IEOS-ESTC0NI3O,N> 

10   IF   (ABSIUIJM   .GT.   0.)   taO   TO   60 
IF   (IDONE   .EQ.   01   GO   TO   «0 
JI»J 
DO 50 KaJI.MAXZ 
IF (APSIUIKU «GT. C.) (,0 TO AC 

SC CONTINUE 

GO TO I7C 
«0 IF UBFLAGUi • £««. I «Ort. lBFLAGUI .El«. 3) GO TO 160 

NSAVE-N 
JSAVE-J 
EAODaQ. 
IF {MODE) 7C»8C,»C 

70 IF (IDONE .E«. I .AND. «CYCLE .NE. II GO TO 90 
SMASS>SMASS*DELTAMUi 

CALCULATE HEAT ADDITION FROM ELECTRON «EAN SOURCE 

CALL TBEAM (SMASS.SDTI.FRACI 
EAOD>FRAC*HRATEIJ,II 
GO TO 90 

CALCULATE HEAT ADO|T|ON FROM RADIATION DEPOSITION SOURCES 

•0 EAD0«SOTI»HRATE(J,|l«rR»CI*SOT2»MRATE«J,2»»FNAC2 
90 DU»U(J*!)-U«J» 

ITCR-0 
0V>0U*0TNP|/0ELTAM|J| 
EIJI>ANAX|(EtJ>«EADD-.S«SUI*DV,0.i 

CALCULATE OEVIATORlC STRESS COMPONENT ANO ARTIFICIAL 

ENC SIO 
ENC S20 
ENC S30 
ENC SIS 
ENC 55C 
ENC SftO 
ENC S70 
ENC S80 
ENC 59C 
ENC 600 
ENC 61C 
ENC 620 
ENC 630 
ENC 610 
ENC 6SC 
ENC 660 
ENC 670 
ENC 680 
ENC 690 
ENC 70C 
ENC 71? 
ENC 72C 
ENC 73S 
ENC 710 
ENC 7S0 
ENC 76C 
ENC 770 
ENC 780 
ENC 793 
ENC 80C 
ENC 8IC 
ENC 820 
ENC 830 
ENC 810 
ENC 8S0 
ENC 8*0 
ENC 870 
ENC 88C 
ENC 890 
ENC 900 
ENC 910 
ENC 920 
ENC 933 
ENC 91C 
ENC 950 
ENC 960 

ENC 97C 
ENC 980 
ENC 990 
ENCI000 
CNCIOIC 
ENCI020 
ENCI030 
ENC1010 
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c 
c 
c 

c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 

c 
c 
c 

VISCOSITY PRESSURE COMPONENT 

IP IESTCON(SIN) .GT. CO CALL STRESS 
IF usTcoNta.N)  .IT. o«i CALL STRESI 
QUtoQFUNCTIMI 

CALCULATE PRESSURE, STRESS. ANO INTERNAL ENERGY 

EU)aAMAX|<EIJ)-LS*SD(J>+Q.U))»DViC»> 

••• FOR OATGEN RUMS, REMOVE C FROM THE NEXT TMRiE CARDS ••• 

E(J)»0. 
CALL OATGEN 
CALL EXIT 

GO TO IIIO.tCOtlG3.llt>». IEOS 
IOC HOLDP-PtJ» 

EU»»ANAXItEtJI-.S«PtJl»DV,O.I 
IIC CALL EOS 

S(JI"P(J)*SD«J) 
60 TO 1123.130.I3e.t2d>, IEOS 

120 EU)"AMAXHEU»~.5«PU)»0V,3.» 
GO TO MO 

130 EI«AMAXUE1J>-»S»(PUI-M0L0P|»DV,0.I 
IF   (ABS<IEI-EU1)/EII   «LT.   5.E-3»   60   TO   t«0 
ITER-ITER*! 

♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 

ERROR EXIT 

ERROR I - ENERGY ITERATION HAS FAILEO TO CONVERGE 

IF I ITER »6E. 101 CALL SPRINT teNENCALC••HEHrfORI I  

♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 

EUI-EI 
HOLDP'PU) 
60 TO 110 

110 CONTINUE 

SET MOMENTUM EDITIN6 FLAGS 

TEMPI!laTIHC-OTNPt 
IF ITEMPIII *GE* SSTOPIII .AND. TEMPIII .QE* SST0PI2II 60 TO ISO 
IF (EtJI «GE* ESTCONIU.Nll H20MUM, I |«J 
IF tEUl .6E. ESTC0N(1I,NII M20»ICIM,2»»J 
IF IEIJ) *6E. ESTC0NI12,NII MZ0MEfH,3)»J 
IF IEIJ» *6E* ESTCOHIIJ.NIi M10NEIM,H1»J 

CHECK FOR SPALLATIUN 

ENCI0S3 
ENCI06C 
ENC1073 
ENC1CÖ3 
ENC10*C 
ENCIIOO 
ENCIIIC 
ENCII20 
ENCII30 

ENCIIHO 
ENCUSC 
ENCIIöO 
ENCII7C 
ENCI1B0 
ENCII93 
ENC1200 
ENCI2I0 
ENCI220 

ENCI2M0 
ENCI2S0 
ENCI26C 
ENCI270 
ENCI280 
ENCI290 
ENC1330 
ENCI3I0 
ENCI323 
EMC 1330 
ENCI310 
ENCI3SC 
ENCI363 
ENCI37C 
ENCI38C 
ENCI390 

ENCIIIC 
ENCI*t23 
ENCI130 
ENCI1H0 
ENCIHSO 
ENCI140 
ENC1170 
ENCI180 
ENCI190 
ENCISOO 
ENCISIC 
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ISC   IF   USPALL 
UC   CONTINUE 
I7C   RETURN 

END 

*NE. 0) CALL SPALL 
ENCIS2C 
ENC153C 
ENCISHO 
ENCISSO 
ENCIS&C 
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SUBROUTINE ET I VJS ,TJ5,EJS1 

C 

C 

c 

c 

c 
c 

COMMON 

COMMON 
COMMON 
COMMON 

COMMON 
COMMON 
COMMON 

COMMON 
COMMON 
COMMON 

COMMON 

AMASS» ICl.DELTMU 
RATIOUOI.HMTRIS 
VISCOLUC» tVISCOj 
IPLATE.UZERO 
ALPHASeU tAKUt It I 
NFLUOUOl.HPEliC) 
NUNIT2,NUNIT3,NUN 

ST|MEI,STIME2tCNrt 
IOUNITU) 
NCYE0TI2C».TEDITt 
I POT,MOMENT,NDUMH 
ICUTL.ICUTR.IADOL 
IV20NL,V*IDTH 
OELTAM(IC:CI,OtSC 
TEMPt2Sl,DT»Vto,DT 
NCYCLE.NSAVE.HDTr' 
CUC3i»,EIICCCI,ri 
OLORHUIIOOCI.PUU 
UUO3Jl.XCIO0Cl,rt 

ICt,OELTMN(13l,MATBriUti:}>,HATLl0<IO), 

UOl.COURST.OELTlM.MAXCYL.MODE.NHESRT.TMAX 

,BBTEMP(21 »CONVRS.ENERGY 12» .MAXPAS ,NAt.PMA , 
.NSCTT«I3I.SSTART(2».SST0PI2»,NüNITI, 
ITH.NFITUGl.NEDGE.tfJNC.NKFUT.aFUNCT 
GY.fllDTM 

2C),UARS(S),NORO(S).iZPuOT(S).LPLOT(S), 
,NFEDIT,NPRINT,TPRlNT,NSEDlT 
•lA0OR,IODEM,0M2l,0KATIO,AnDMAS,DUMI 

PTt 121,».ERROR 121, ITEHP12S),MZONE<10.H». 
N.DTNPI,ICOU«N,JSAVt,MAPFLS,MAXZtMAX2Pl , 
OS.POTNIG.TIME 
RATE(i:'-Q,2l,lBfLA6(IOO:),tVFLAfi(10CO}, 
ao.aiifcoi.sMOU'-.aoi.siiooo) ,suno2o», 
l»NK<39> 

COMMON /EOST/ ESTCON13C.3*:) 

COMMON /GRAY/ 1MPt23,30 I«VMXt2So3C1»VMNt29,JO),EVMX(20,301, 
EVMN(23,3il,PRESC2j,3Jl 

OATA GAMMAF,ALF/1.0S54t.»/ 

DATA  BOLTZ,AVNO,PI/|*38E-Ut&.52E23,3*MU/ 

COMMON   ftCJ   EC0NI20.3C) 

J-JSAVE 
N-NSAVE 
RH0IJ)«»./VJ5 
TOLO-TJS 
IF   1EC0Ntl.Nl   ,GT.   0*1   UO  TO   33 

•••   INITIALIZATION  OF   EQUATION  OF   STATE   CONSTANTS   ••• 

ECONl|,N)"l./ESTCON<l,Nl 
EC0NI2,N)>ESTCUN(20,N)/tSTC0N(2<t,Nl 
EC0N(3«NI>CSTC0N(29,N)/tSTC0NI2«l,NI 
EC0N<<t,N)-l.l6JE-S/CSTCuNi2<4,N) 
tC0N(S,Nt>fl.l31E-S/ESTCUNI2«t,NI 
EC0NI7,NlM.feE<l«EC0N(2»Nl«t.STC0MI«Ni*tESTC0NII7tNI-ESTC0Nt|9lNII 
IF   IESTCONI23.NI   .«.   G.J   ESTCO»il 23,141 a-930*«< 8. I 3«lt-S*S0.« 

• E^TC0N(20,N11/CSTC0NI21,»1 
ECONI|2^N»a|**ESTCONI|,Hl«ESTC0MI*i,NI 
EC0N(I5,N»«ULF*U31»ALU6(ALF»I.C» 
T£HPI11*ESTC0NI|7,NI-1*433 
TEHPI21«ESTC0N(2I,N)/II,J-EC0N(I2,N1I*«2 

ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 
ESC 

21 
3C 
HO 
SO 
oO 
7C 
as 
9C 
ICO 
no 
I2S 
130 
IHC 
ISC 
163 
17? 
IBS 
190 
20C 
210 
220 
230 
2HC 

ESC 263 
ESC 370 
ESC 3SC 

ESC 390 
ESC HOC 
ESC 110 
ESC H2C 
ESC H30 
ESC HHC 
ESC ISO 

ESC 170 
ESC HVC 
ISC SCO 
ESC SIS 

EXVI 
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TEnP<3>'|.*EC0N<|2,N)»<4.«TEMPm*EC0N<l2,Ni«!TEMPIl>« 

I2.*ESTC0MI7,N>-l.e**7)-ESTCONl18,N))> 
EC0N(e,N»-TEHP«2J»TEHP(i) TMY| 
TEMPm«2.*(ECCNt 12, til «ESTCONl l%,N)-t:STCON 117,Ni*.3333) 
TEMP<5>>|.2»i|.-EC0N(|2,N)>«I.E-12«ESTC0Nto.N>««2 
EC0NI?,NI«EC0M3.N»«ITEMPIl»»«TE"P<2l«TEtlPI3M««2/TEMPI5l TI5VI 
TC>ESTC0Nt?»,N> 
VB>ESTC0NI2»,N> 
Sl6MA«(3*«ESTC0N(2a,N)«VB/IPI«AVN0««.)>««.3JJ23333 
0T>I6.«ESTC0N|2«,NI«VB/(PI«AVN0H««.3333333J 
EPS»B0LT2«TC«I0T/I6AMMAF«S16NA»I««I2 
ECONI*,N>>Pl«AVNO«<It>«MAF«SlGMA»iEP$/BOlTZI««.C8333333)««3 I/ 

• (**2«ESTC0N(2*,N>) 
FC0NllC,N)*.m«EC0M&,H>«.S«ECONIV,:it 
TENP(|)«ESTC0N(U,N)«rCUN(12,N) 
TEHPC2l«.S»(I.E-l»»ESTC0NU,UI«EC0N(12.H)l«»2/«!.-TEMPCI»» 
TEHP<3>>I**UMP(I)*(I.».S*TEMPC | } • | 1 ,-t.STCQHt I 7 ,N ) /ESTCONl 1 & ,N I I I 

/3. 
ECQNIlI,N»«TEHPt2)»TErtP<3»*ESTCONt23.NJ«lt.*eSTCONI17,N>« Til VI 

• EC0NM2.NM*ESTC0N(22tN) 
TEMPI2S) »TEMPI 2) »CCONU.N» 
EC0NI|7,N>«E*TC0N(27,tl>/£STC0NI2<l,N)««2 ESC   7S0 
IF   lABSlTNPII.NH   .LE.   O.I   60   TO   22 
00   20   11-3,20 
JHAX«I1-I 
IF (ABSITMPIII.Nt) .LE. 0.1 60 TO 21 

20 CONTINUE 
21 ECONI|»,N»»VNNIJMAX,NI-PRESIJMAX,NI«IVhNIJMAA-t,NJ-VMNIjMAX,N>»/      IVMNO) 

• IPRESIJMAX-l,Nl-PRESIJ,lAX,N)> 
22 EC0NI|<itN)>2.«ESTC0NI2l,N) 

EC0Nt|8,N>>l.l«EC0NI6,N|/IEC0Ntt«,N)««.2S> IVBOI 
EC0Nli9,Nla?.«EC0N(l8,Nl/EC0NII<I.NI-2.2S«EC0HU,N>/ 

• IEC0NI|a,N)*«l.2b> <C2) 
EC0NI20,N)a|.2S«EC0Nto,N)/ICC0Nll<«,NI««2.2Sl-ECUNll8*N)/ 

(EC0Ntl<t,N)««2) IC3I 
PRINT 25, (EC0NU,N),I>|,20) 

2S FORMAT t//,7H  ECONS,// ,« «IX , IPSE1"«*,/ I ,// i 
ESC 933 

30  RNU«ESTCONM.h>/RH0U> 
EX«1.-RNU ESC   9*0 

ESC °7C 
TENPU>"ESTCONI|*,H)«CX ESC °?3 
TEMP(2)a.S«ll, •••ESTC0HI6,N)«EX>««2/(I*-TEMPI1|> ESC1000 
TEHPI3la|,»TENPtll«ll.*.S«TENPIII«II.-ESTCONlI7,NI/ESTCONlI*,NI 11/ ESC 1013 

,       3« ESCI023 
TEHP<||.>TEKP(2!«TEMP(3i«ESTC0Nt23,NI*(l.*ESTC0N(|7,NI«EXI« ESC 1033 

• ESTC0NI22,ril ESCIC:? 

IF   (EX   .6T.   b.t   60  TO  «C ESCICS3 
TEMPI 1 »"ESTCONl | 7,M-1. J333 ESCICoO 
TCNPI2)aESTCONI2l,NI/tl.-EXI««2 ESCIC70 
TCNPI3)>I.*EX*«2.*TCNPI|I«EX«(TENPI|I•I 2.«ESTCONl17.NI-1.6447 I- ESCIC63 

. ESTCONCIf.NlH ESCIC9Q 
69  TO  S3 ESCII03 

10   TCNPI|l«2.*IESTC0NI|7,N|-.3333) ESCIII3 
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TEMP(2)*ESlC0N<2liH) 
TEMPI3>»|.*EX*(TEHPII)*tX»UESTC0N(|7,N}-.33i3»*lTEM!»U»*|.). 

ESTCGM (8,H1 ) ) 
5C   TEMP(|*)«TEMPm«TEMP(3i 

TEMP(|«n-2.«(EX«ESTCOH(|Ö,N)-ESTCON(l7iN)*.3333) 
TEMPIl)*l*2*(|.-EX>»I.E-12»ESTCONt*.»>»«2 
TEMP(2)«I. 
IF   (EX   .GT.   u.)   TEMP(2>»l.*EX»(«U»ESTC0NU«.M)-l.» 
TEMP(l5)"EC0N(3,NJ««TEMpU,»)«TtHPn2»»«»2/{TEMP«l I «TEMP 12») 
TEMP(l)»TEMP(|2)-.S»TCMp(|5) 
TM1«TEMP(1) 
V«I./RHOIJl 
IF   (V   .GT.   VI)   60   TO   70 

IF (TOLD .6T. TMIJ GO Tu 63 

•••  SOLID REGION ••• 

IVFLAGUI-30 
TEMP(|)«3.«EC0N(S,N) 
EJS»TEMP«11 )*T0LD*(.5»EC0N(2,N)»T0LD*TEMP( 1 ) 1 
bO TO ICO 

TEMP(1)«TEMP(I2)*.S«TEMP(IS) 
TM2»TEMp(II 
IF (TOLD .GT. TM2) GO To 70 

60 

7C 

••• MELT REGION ••• 

IVFLAGlJ)"3I 
TEMP(I»■(T0LD-TMI)/(TH2-TMI) 
TEMP(2)"EC0N(3»NI-EC0H(H,N) 

TEMPC3»»3.»EC0N(S,N)*TEMP(l)»TE"P(2) 
TEMP(S>»TEM»(I I••2 
EJS».5»EC0M(2,N»«T0LD««2*TEMP(3)«TOLO*TEMP(111-TEMP(5 I«TEMP(2) 

.S*TFMP(IS) 
GO TO ICO 

TEMPI|)-I.S«ECON(S.N) 
TENP(2)»ESTC0N(l,N)/(I.w-EX) 
TEMP(6)".l'O»EC0N(S.N)».S»TEKPMS) 
TEMP(10)»2.j»TenrJ«! 
TEMP(|3»»TEMP(I|/ALF 
TEMPI 221».S»EC0N(2,NI«TtMP«12) 
VI"ESTCON(IH,N) 
V2«ESTC0N(ISiN) 
V>I.O/f*HO(J) 
IF (V .LE. VI) GO 
IF (V .GE. V2) GO 

TO 
TO 

7t 
90 

••• JOIN REGION ••• 

IVFLAG(J)*33 
TEMP(3l«2.C»EC0N(SiM)«TtMPI2) 

ESCII20 

ESCI130 
ESCI110 
ESC1I5C 
ESCI16C 
ESCU70 
ESC I IÖC 
ESC1I9C 
ESCI230 
ESC1210 

ESCI230 

ESC1320 
ESCI330 
ESCI340 
ESC13Ü0 
ESCI3C.0 

ESCH20 
ESC1"«3C 

ESCM70 
ESCItQO 
ESCItVC 
ESCI50C 

ESC1S2C 
ESC153? 

ESCI620 
ESCI630 
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TEMP|«»)«-TEMP<2)«CC0NCt/,N) 

TEMPI2S|»TEMP<2)»tCONC6,N» 
FM«.S««C0S«Pl»IV2-V)/fV^-VI))*1.C) 
XV«|.0-ESTCONIi,N>»V 
T17«ESTC0N«17,N)-I.333 
T2V»ESTC0N«21,N|/(I.OXrf)««2 
T3Vm.C*XV»«2.»Tl7*XV»(117»l2»»FSTCOM(l7tN)-l.«647)-ESrcON«ia.N)n 

THV»T2V«T3W 
THV«2.»lXV»ESTCON«l8,?il-ESTCONI17,N)*.3333» 
T5V»1,2»XV»I.E-I2»ESTC0N(6.M«»2 
EC0N9V»EC0N(3,N)»«IT2V»T,»V»T3V»««2)/T5V 
1IV«ESTC0N(J6,N»*XV 
T2V».5»«I.E-6»ESTC0NI6.n>«XVI»»2/«J.J-Tm 
T3V"I.*T1V»(I.*.5«T1V»(J.-ESTCON«17,rt)/ESTCOU«16.N»I)/3.0 
E0V»T2V»T3V*ESTC0fl(23,Nj»«l.*ESTC0N(I 7»H>»XV1♦ESTCON(22,N> 
IF (TOLD .LT.C) T0LD»3^0» 
TJ«TOLD 

73 IF «TJ .r,T. ECON(tH.N)) 60 TO 731 
VB«EC0Nllfl,N)-Tj»(EC0M(l9,N>*EC0N«2C.NJ»Tj) 
TEMP|7)»-EC0N«l9,fJ)-2.»EC0N«20.N)«TJ 
TEMP|8)«-2.»EC0N«2G,N) 
GO TO 732 

731 VB«EC0N|A,N)/«Tj»».2S) 
TEMP«7>«-.25»EC0N<6,N)/(TJ»«I.2S> 
TEMPI8>»S.*EC0N(6,N:/(I6**TJ««2.2S> 

732 ETA-VB/V 
TEMPI5)»I2.0-ETA)/I(1.0-ETA>«»3) 
EV"TEMP(I»•TJ-2.»CCCN(S,N>«TJ»Tj»TEHP<bt»TEMHI7)/V ♦ ESTCONII0.N1 

.    •1.E-I2*TEMP(M) 
XX«TJ/TMV 
£L"E0V*TEMP«l0»»TJ*.S»EC0NI2,N)»Tj»»2*ecONI3.N)»TMV»EC0:JM,N>».5» 

.  EC0N9V*TEMP< 13>«TKV»«A10G«ALF»XX*I.0»-ECONI 15,U)-ALF»(XX-1.0)I 
EJS«FH*EV*M.-FM)«EL 
GO TO ICO 

••• LIOUID REGION ••• 

7H 1VFLAG(J>*32 
XX«T0LD/TEMP(I2) 
TEMP<23)"XX««TEMP«tw>♦XX'TEMPt22J)*T£MP«I 3)•«AlüG«ALF»XX*I.> 

-ALF«XX) 
EJS-TEMP«l2)»<EC0tl«3.H>-»TEMPt 13>»«ALF-EC0Nl15,NJI*TEMP«23>)♦ 

•    TEMP(||)*TEMP«6) 
GO TO ICC 

••• VAPOR REGION ••• 

9C IVFLAG(J»«3S 
TEMPI «)I»-TEMP«2J»CC0N« 17,N> 
TEMP«2SI"TEMP«2)«EC0N|A,N) 
TEMPI|7)«EC0N«S,N)«TEIlP|2S» 
TEMP«|8)-.5«TEMP(171»TEMP«251 
TWOIO 

91 IF ITT .GT. ECONIltiNI) GO TO 911 
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VB«EC0NUB,M»«TT»CECQfH|9,Nl*ECON<2CtN»*TT« 
TEMPm«-ECON«19,N)-2.«EC0N(23.N)*TT 
TEMP(8)»-2.»tC0N(2C,N) 

GO TO 912 
9|1 VÖ-EC0N(6,N)/<TT«».2S) 

TEMP(7J«-.25«EC0N«A,NJ/JTT«»I.2S» 
TEMPIB»«5««FC0N(6,N)/<U.»TT«»2.25» 

912 ETA-VB/V 
TEMP«5»"I2.S-ETA1/(«I.C-ETA»»»3> 
EV«TEMP«l»,TT-2.«ECON<5,N»*TT*TT»TEMPt5»«TEMP(7l/V ♦ ESTtONUOtN» 

.    • l.E-t2*TEMPt<»> 
EJS»EV 

10S EJS«I.E*I2*EJS 
KETUKN ESC22&? 
END ESC226C 
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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), C(J), 

and the line MED 680 

1HJ, 4X, 5HSMASS, 8X, 1HX, 10X, 1HU, 10X, 3HRH0, 8A, 1HQ, 
9X, 3HS+Q, 9X, was changed to 

1HJ, 4X, 5HSMASS, 8X, 1HX, 10X, 1HU, 10X, 3HRH0, 8X, 
1HT, 9X, 3HS+Q, 9X, 
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D.l    RIP CYCLE 0 
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