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PREFACE

The description of materials in thermodynamic terms has long
been useful to analyses of the dynamics of systems under high stress.
Much effort has consequently gone into the prescription of appropriate
equations of state for materials. The present work on analytical
generalizations was undertaken in the hope of simplifying and auto-
mating some equations of state useful both in continuing programs at
RAND and in various Air Force applications in dynamic analysis.

Most directly, the results were meant to contribute to the
theoretical effort in investigating the response of natural soils
and rocks to explosive loads. A program in this area is currently
being directed for the Defense Atomic Support Agency by the Structures
Branch of the Air Porce Weapons Laboratory.

The author of this paper is a RAND consultant and a graduate

student at Cslifornia Institute of Technology.
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SUMMARY

A general equation of state is presented that provides a suitable
description of the thermodynamic behavior of metals over a very wide
range of temperature and compression. The thermodynamic dependence
of pressure and specific internal energy upon temperature and compres-
sion is described by equations having coefficients that can be related
to measured or calculated physical variables. This makes such a
formulation useful in assaying the effect of the parametric variation
of the equation of state on hydrodynamic calculations.

A description of the physical basis of the terms in the equation
of state is given. The calculation of the specific entropy is reviewed
and a method of calculation of Hugoniot points is presented. A summary
of the program that has been written for machine calculation of the

equation of state is given, along with the appropriate input instructions.
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I. INTRODUCTION

The study of many problems of shock hydrodynamics requires that
a quantitative prediction be made of the thermodynamic properties of
matter under extreme conditions of temperature and compression. The
"equation of state", or the relation among the thermodynamic state
variables of a material, may be displayed in tabular, graphical, or
in equation form. An advantage of the latter form of representation
is the greater ease by which it can be incorporated into hydrodynamic
calculations. In addition, the possibility exists that a general-
purpose equation of state can be formulated such that a description
of a wide class of materials can be obtained by the specification of
a number of constants in the equations. The utility of such a procedure
is increased 1f these coefficients can be related directly to familiar
physical variables that can either be measured or numerically calculated
with reasonable precision. This paper describes such a general equation
of state that makes use of observed or calculated physical parameters
to describe the behavior of metals over a wide range of conditions.

In the recent Soviet literature¥ various analytic expressions
for the equation of state of metals at high pressures have been reported
in conjunction with their shock compression experiments. The results
presented here represent a modification and extension of the Soviets®
work in this area. As a result of this effort, a code has been written
that describes the variation of pressure, specific internal energy,
specific entropy, and other thermodynamic quantities as functions of
temperature and compression. The code also calculates the locus of
the Hugoniot points from reference conditions. Input gquantities to
the code are: atomic number, atomic weight, density at normal conditions,
Debye temperature, coefficient of electronic specific heat, Gruneisen
coefficient, and bulk modulus. The latter three quantities are for
the material at zero absolute pressure and temperature; corresponding
values at normal conditions can be estimated. With this minimum of
input information, a reasonably reliable equation of state can be

obtained for metals for extreme conditions.

%
See References.



IT. DETAILED DESCRIPTION OF THE EQUATICON OF STATE

It will be assumed that the pressure and specific internal energy

may be represented as the superposition of three effects,

i

P(M,T) = B_(M) + P_(1,T) + B_(N,T) (1)

H

E(T,T) E.(1) + E(M,T) + E(N,T) (2)

where the respective terms in the above equations represent respectively
the effect of atomic lattice interaction at OOK, thermal vibration of
the lattice ions, and the thermal excitation of the electrons. The
pressure, P, and specific internal energy, E, are considered as functions
of temperature, T, and compression, N = p/po, where p is the density of
the material and po is the density at zero absolute temperature and
pressure. The description of each of the terms in the above equations

by explicit equations will be considered in detail.

ZERC TEMPERATURE ISQTHERM

The dependence of pressure upon compression along the zero tempera-

ture isotherm may be described by the following equation,

p(m) = afn?? e [o, 102 - 042 (5)

where PC is the pressure of the metal at OOK when it is at a compression,

MN; Al and b, are constants for a particular material. It has been shown(l)

1

that, by a proper choice of Al and bl’

closely approximate the experimental zero temperature isotherm of simple

the above equation can be made to

metals up to compressions of about 2.0 - 2.5. This equation has also
been used to represent the zero temperature isotherm of rock salt.(g)
The first term represents the repulsive potential of the ions and the

second term describes their attractive potential.



For many metals, the constants Al and bl may be predicted from
the experimental values of the bulk modulus, Ko’ and the Gruneisen
coefficient, 75 evaluated at low temperature and pressure. The
Gruneisen coefficient, y, is defined as the ratio of the thermal

pressure of the lattice to the thermal energy per unit volume,
7 = = (4)

where V = 1/p is the specific volume of the material. It is assumed
that the Gruneisen coefficient depends only upon the compression of

the material and is independent of temperature. Subject to this
assumption, it may be shown(B) that the Gruneisen coefficient can be
evaluated from the measured values of the bulk modulus, coefficient

of thermal expansion, and specific heat. For most metals the calculated
value lies between 1 and 3. Subject to the assumption of constant
Poisson ratio, Slater(h) has extended the Debye theory for an isotropic
continuum to obtain the following eguation describing the variation

of the Gruneisen coefficient with pressure,

. d°p Jav©
.2 ¥ C .
b4 = ‘3 - 5 ch;dV (;}
where each of the above symbols have been previously defined. A
modification of this result proposed by MacDonald and Dugdale(b) is
d2(P ‘\72/5)/<1V2
y = -%-3 = (6)
5 2 a( PCVQ/ 5 )/ av

where the latter expression assumes that the interatomic force constants
change the same percentage upon compression. The former relation gives
a value for y that is greater than the latter at very low pressures by

the addition of 1/5; this difference tends to decrease at high pressure.



The Slater equation [Eq. (5)] may be rewritten in terms of M = EEV
to yield o}
dEPC / d’ﬂa

= 3+ (7)
7 572 @ Ja

|3

Substituting Eg. (3), an expression is obtained giving the variation
of the Gruneisen coefficient with compression
-1/3)

b, (1-1
-2 2 -4
(-2 /5, b7 /3) ¢t -k
b (1-n-172) . (8)

! }

1
"z

~
]
W=

GRS

At zero pressure p = 0, N = 1, and the above equation reduces to

2
(b7 - 6)
B T el (o

’ (by - 2)

Upon specification of a2 measured value of the Gruneisen coefficient

at low pressure, the value of b, may be determined by solution of

1
Eg. {9). When this value has been computed, the other constant Al
may be estimated from the experimental value of the bulk modulus, Ko’
extrapolated to zerc temperature and pressure. The bulk modulus,

under these conditions is given by

ap

1
K, - (dﬂc)n=l= = (b,-2) - (10)

>

Thus, the remaining constant A, may be calculated from the experimental

1
value of KO.
The energy due to the lattice forces is then given by the volume

integral of the lattice pressure.

C W2

8l

E=I PCdV=—LJP§n (11)

pO 7
o} 1
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Substituting from Eq. (3) yields the explicit dependence of energy

upon compression.

: 1/3
E (1) = 2 L-bl— <ebl(%11] ))-nl/5+ 1] (12)

po 1

This equation is normalized such that the energy is zero when the
material is neither under compression nor tension.

Equations (3) and (12) provide an adequate description of the
"cold compression curve" up to compressions on the order of 2.0 - 2.5;
compressions far in excess of this are inaccessible by present
experimental laboratory methods. £A prediction, however, may be made
for very high compressions by use of the results of quantum mechanical
calculations. Such calculations have been carried out by Latter(é),
or more recently by Kalitka(7); the latter work includes both exchange
and quantum corrections tc the Thomas-Fermi model of the cold atom.

An estimate of the zerc temperature pressure at high compressions may
be obtained from Kalitka's paper for s material having a specified
atomic number and weight. £ smooth extrapolation of Eg. (2) into the
quantum-mechanical regicn may be obtained by the following equation
4ap ~
BT = B (M) + g ((M-N) + A(-m)T (> ). (15)

Equation (3) is considered to be vg%id for M < M, with Eq. (13) the
extension for M > T, . Pc(nb) and.aﬁs (nb) are the pressure and slope
from Eq. (3) evaluated at M,- It is noted that the form of Eq. (13)
preserves continuity of pressure and slope at ﬂb’ although a slight
discontinuity is present in the second derivative. This has the
disadvantage that the Gruneisen coefficient, as given by Eq. (7),
will be discontinuous at ﬂb. This effect is neglected in view of

the questionable validity of the Slater relation at high values of
compressions. The constant A2 may be evaluated by means of a single
calculated value of pressure, PC(HTFC) at a convenient high value of
compression, T

TFC



by, = —2— |, (o) - ()] L o) (b
2 2 cVmRe/ T tet b T M -M ) an ‘'b
(Mg Thy) TFC b
Equation (13) may be rewritten,
P(M) = € + 1+ AN (15)
c 1 2 2
where the coefficients Cl and 02 are defined as,
c, = 21 T, wE () ¢ 12 (16)
1= PlTy) =Ty g7 My + Mo
dPC

The expressions for Gruneisen coefficient and compression energy for

> nb become,

4
3

(18)

(N Lo

B(M) = B (1) +|c; (ﬁl; - F )+ Cytm -E; a1 | 2, (9)
0O

where Ec(ﬂb) is the compressive energy evaluated by Eq. (12) at LN
Equation (3) will be considered to be valid to a minimum compression,
ﬂa, at which the slope of the curve is zero. It will be assumed that,
for compressions less than ﬂa, only the gas phase can exist. The form
of PC in this region is chosen to be consistent with the van der Waals
equation of state for gases.
2

PN = 40 (20)

BN = A1) + B (7,) (21)
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The term Ec(na) is the compressive energy evaluated by Eq. (12)

at na’ the point at which the derivative of Eq. (12) with respect

to T| vanishes. Since Eq. (3) represents the behavior of the solid

in tension for M_ < 1, and Eg. (20) describes the attractive potential
in the gas phase for T < na, no effort is made to preserve continuity

of PC; rather, A5 is chosen so that the total pressure is continuous.

The evaluation of A, will be considered in more detail at a later

3

point.

NUCLEAR THERMAL CONTRIBUTION TO PRESSURE AND ENERGY

For low values of temperature in the solid region it will be
assumed that the material can be described by the Debye-Gruneisen
equation of state with electronic components. The specific internal
energy and specific heat of the atomic lattice is given by the Debye

theory as,

"

E (1,T) SRD_(6/T)T (22)

i

c, (M,T)
n

3RD,(6/T) (23)

where the Debye functions are defined as integrals that can be

evaluated numerically

3 8/T
D (8/T) = 5(%) j x0dx (24)
© ex—l
“ 3 .8/T exxudx
DC(O/T) = jig) fo z;;jzgg (25)



The gas constant, R, is the universal gas constant divided by the
atomic mass. The thermal contribution to pressure by the nuclei is

given in the Gruneisen relation, Eq. (4).
P(M,T) = Te 2E (1,T) (26)

The product of the derivative of pressure with respect to temperature

at constant volume and the specific volume is denoted by R.

- (%) (27)

v

Differentiation of Eg. (26) yields the nuclear contribution to this

quantity.

-— - Y
R = 7cvn(n,1’) (28)

The Gruneisen coefficient is assumed to be independent of temperature
and to vary with compression according to Eg. (7).

At very high temperatures the effect of the thermal motion of
the nuclei in the gas phase is properly described by the equations

for a perfect gas.

E (M,T) = %RT (29)
P (M,7) = To RT (30)
c, (1) = 2w (51)

n
R = R (32)

n
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In order to provide a continuous transition from the solid phase to

the gas phase, the following interpolation equations have been

presented by the Soviets,(B)
B(n,0) = 2 &L m (33)
o, (o) = 2|1+ E‘i‘;)"g JE (34)
P(N,7) = Mo, L rr . (35)

The factor Z is given by the following equation,

£ RTA
o

Z = Rraiyﬁﬁj . (36)

In this relation, . is the density at T = 0 and P = 0, R is the gas
constant, & is the atomic weight, and K is an empirical constant to
be determined.

&n interpolastion equation for the nuclear contrivution to R may

also be derived.

= _ [y,32=-17 .
R, [1 —1———(1+Z)2 J R (37)

Two things are to be noted zbout Eq. (32) to (36).

(1) They meet requirements of thermodynamic consistency.
In particular, they satisfy the condition

v

assuming that the variation of y with compression
is described by the Slater relation.
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(2) The relations give the proper transition to the
perfect gas relations at high temperatures and
the limiting form of the Debye solid at low
temperatures. The factor Z may be considered
to be a measure of the state of the material.
When 0 < Z << 1,

E, ~ 3RT
Cvn:k; 3R

P o= Me 39RT = Me 7E,
R, o~ 378 = 70

n

These are the limiting equations for a Debye solid for T > > 8.

When 7 > > 1, the eguations for a perfect gas are obtained.

B = £ R8T
n 2 AL
5

C = = K

hts o

n
Pn = ﬂpoRT
B = R

The interpolation Eg. (33) to (37) will be assumed to be

(39)

(40)

(41)

(42)

S

(44)

(45)

(46)

applicable whenever 7 > Zc z2 0.1 and the slope of the zero temperature

isotherm, ch/dn, is positive. As dPC/dn approaches zero, Z becomes

infinite, as does the Gruneisen coefficient, y. Expanding the pressure

in powers of Z,

P(1,1) = Mo, To—2HE BT ~ M (1+37/2)(1-1/2) ET
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w Moy |1+ (-1 & Jar (47)
Using the fact that
2 2
a“p_/am
- = 2 ¢

anéd substituting Eq. (37) into Eq. (47) yields the asymptotic

expression as ch/dﬂ - 0,

5 K(ngc/dﬂg) ,
PLD) ~ MR+l —o T (19)

If the contribution of the nuclear pressure is assumed to be that of
g perfect gas for T < ﬂa, (7. being the compression at which dPC/dﬁ
3 < -

0}, i.e.

i

p.(M,T) = TeRT (m<m.) (5C)
the pressure can be made continucus by defining the constant A3 by
the expression
2 2
1 (&P /"),
Ay = 5 P(n,) + = (51)
‘|
a

The location of the critical point may be adjusted by variation of

the empirical constant K. For T < ﬂa, the pressure is given by

P(T,T) = A0 ¢ TR R + B(1,0) (1<) - (52)
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The first term represents an attractive potential of the form in

van der Waals' equation of state for a gas.

ELECTRONIC THERMAL CONTRIBUTION TO PRESSURE AND ENERGY

At high temperatures the contribution of the thermal excitation
of the electrons to the pressure and energy becomes important. From
free electron theory or from the solution of the Thomas-Fermi equations
obtained by Gilvarry,(g) it may be shown that the electronic heat
terms in the energy and pressure are proportional for a degenerate
electron gas. This leads to the following expressions for the contri-
butions to the specific internal energy, Ee’ and pressure, Pe, due to

the thermal excitation of the electrons.

B (1,1) = £8(mr° (53)
P(N,T) = 5 Mo (MBI (54)

Here R 1s the coefficient of electronic specific heat and g may be
considered to be an "electronic Gruneisen coefficient,” since it is
the retic of the electronic thermal pressure tc the electronic thermal

(10)

energy per unit volume. The Soviets have noted that compsrison

of latter's data(ll) for non-zero temperatures with the perturbation
solution obtained by Gilvarry, indicates that the coefficient of
electronic specific heat is independent of temperature up to tempera-
tures on the order of 3 - 5 X th oK. This consistency increases
with increasing density. The dependence of P upon compression may

be determined from the thermodynamic identity,

%T = TQ%T'@V' (55)



Substituting the expressions for Ee and Pe and cancelling common

terms,
-8B q - gm)a(m) (56)

and integrating,

Y
"J g(m) %?
1
8(n) = B (57)

Here SO is the coefficient of the electronic specific heat at zero
temperature and pressure. This coefficient can be measured at low
temperatures. The specific heat due to the lattice vibrations drops
as the cube of the temperature, while the specific heat of the
electron gas is prcoportional to the temperature. An analysis of

the data of Gilvarry and Latter indicates that g lies in the range

0.5 - 0.6 over the region of interest. Teking g as a constant,

say g = 0.5, the variation of the electronic specific heat coefficient

with temperature becomes,
s(n) = (58)

A study of Latter's curves of KT/ZA/B(eV) versus (ETOtal -
7/3(eV) for constant ZV(cmB) shows that, at sufficiently

o]

ETotal)/Z
high temperature, the energy due to the thermal excitation of the

electrons becomes independent of volume and approaches an asymptotic

value that is well approximated by

. 2
E, = % T (59)



where
0.59
r o= 285X 555 2R (60)
1+ 0.85 x°°
and
1 T °k)
X = . (61)
Zh/3 1.16 x ldﬂ

In the above equations r is the "effective gas constant' for the
electrons, R is the gas constant for the metal (the universal gas
constant divided by the atomic weight), and 7 is the atomic number

of the metal. It is noted that at very high temperatures the energy
assumes the limiting form of 5/2 ZRT, or that of a completely ionized
perfect gas. It will be sssumed that, at the temperatures at which
Eq. (59) is valid, the electronic thermal pressure is two-thirds the
electronic thermal energy per unit volume; the expression for the

former may thus be written,

P = Tp T (62}

where r is given by Eq. (60).

In order to provide a continuous transition from Egs. (53) and
(54) for E_ and P_, valid at low temperatures, to Egs. (59) and (62),
valid at high temperatures, the following forms are suggested to

describe the complete range,

2
Ee(ﬂ,T) = %g— log cosh <?%%> (63)
r2 T
Pe(ﬂ,T) = Te, = log cosh <$%f> . (64)
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Noting that log cosh X kﬁ% X2 for X< < land x X for X >> 1, it is
seen that Egs. (63%) and (64) reduce to Egs. (53) and (54) at low
temperatures and to Egs. (59) and (62) at high temperatures,and may
thus be considered as satisfactory representations of the electronic
contribution to the energy and pressure over the entire range of

temperature and compression.

The temperature derivatives of the electronic energy and pressure

may be determined by differentiation of Egs. (63) and (64). These are,

JE y
Cy (m,T) = (‘ggﬁ)v = 3yr -g_-g—@log cosh (-g%

e

2 (1. .. 28T

+ % (1-y)r + tanh (3=)
R (N,T) = V(Ef2\ = eyr’<2£f> log cosh (&L
et " “OT v \\ga =3 r

where,

0.59
1+ 0.85 XO‘59

and X is given by Eq. (61).

TOTAL PRESSURE AND ENERGY

The total pressure is given by Eg. {1} as the sum of P, P, and
P, and the total specific energy by Eg. (2) as the sum of E,s B and
Ee. Analytic expressions for each of these terms have been presented
and all coefficients have been related to physical parameters that

can be conveniently measured or calculated.

(65)

(67)
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The temperature derivatives of pressure and energy,

c (n,1) = @—f)v = ¢ (n,1) +c, (1,7 (68)

n e

R (1,1) + R(n,1) (69)

-ﬁ('ﬂ,T) = V(%%)

may also be calculated from the foregoing relations.



IIY. CALCULATION OF THE SPECIFIC ENTROPY

Evaluation of Cv(ﬂ,T) and R(M,T) at the state points of a "grid"
of temperature and pressure provides a basis for the calculation of
the specific entropy of the material. From the definition of specific

heat at constant volume,
OE~ 38
( = 15 (70)
v
and from a Maxwell relation,
[ - Jop
\.‘aT)v - VK V) (71)

The entropy difference between two neighboring states, Egs. (1) and

(2}, is then given by,

2 Z 2
, g < a8 38 j" ar
8. - 5, = s = (== + vV = -
> T 5y j, ¢ j |, B, Jﬂ I/, o ST
“ 1 L
c, *¢C, - -
’ 2 _ ay 1 2 T, R + R, v,
+ {_{’_N—-—————gn&l—-—i‘—————-ﬁ,nv— (72)
N 2 1 2 1

The entropy may be determined at a reference grid point from the
Debye theory for the solid phase and then the above procedure may
be applied to determine the entropy at the other grid locations.
Since the proposed equation of state does not precisely describe
the regions of phase transformation, the calculated values of
entropy should not be accorded too much quantitative significance.
Differences in entropies between two states that are far away from

phase transformations may be considered to be more reliable.
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IV. CALCULATION OF THE HUGONIOT FROM REFERENCE CONDITIONS

In order for an equation of state to be considered suitable for
use in hydrodynamic calculations, it should adequately describe the
locus of Hugoniot states from reference conditions, as measured by
shock compression tests. If Vr and Er are the values of the specific
volume and internal energy at reference temperature, Tr’ and reference
pressure, Pr’ the loci of Hugoniot states across a shock front are

defined by,

1
@ = E-E +3(P+P)NV-V) =0 . (73)
. - . ‘ o1 _ .
This may be rewritten in terms of N = E;v and ﬂr = pOVr » P being
the density at T = C and P = O.
v.n . . VT . ‘
@ = E - E(ﬁ'r- 1P - EI‘ - E(ﬁr- l)PI‘ = 0 (74)

¢ in the above expressions is defined only for convenience and is

zerc at a Hugoniot state. The temperature derivative of ¢ is:
1%} <?E‘ Y(T ;(BP\ N T .
— = — - P T = - - ] .
<aT)v aT)v 20, BT)V Cy gnnr ) B (75)

The Hugoniot point, with respect to the reference conditions and at
a given compression T, may be determined by the use of Newton's
method for the iteration of @ to zero. If T(n) is the Hugoniot
temperature after n iterations (the compression T is fixed), the
Hugoniot temperature as a result of n + 1 iterations may be

determined from

(n)
(n+1) (n) e(n, T 7)
T = T - - — (76)
¢ (n,2t™) - 43 - VR (n, 7))
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where Q(ﬂ,T(n)), Cv(ﬂ,T(n)), and R (n,T(n)) are the values of @, C_,
and R evaluated st the specified compression, M, and the iteration

temperature, T(n). When the Hugoniot temperature has been determined

with sufficient precision, the Hugoniot pressure and specific internal

energy may be determined from the equation of state.
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V. ITERATTION OF THE HYDRODYNAMIC ENERGY EQUATION

As another example of the utility of the functions CV and §,
an efficient method of iteration of the hydrodynamic energy equation,
through the use of these functions, will be presented.

The Lagrangian energy equation may be written:

3E v
S5 = - (Pre)E+ D (77)
where
E = specific internal energy
P = opressure
6§ = artificial viscosity
V = specific volume
D = rate of energy addition
t = time
Now,
5t T \3L, 3t T\t (78)
But,

(&) = ¢, (79)

SEN  _ a/BEy o - 7 _
(avv = T\5T>v P = Rg-P . (80)
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Substitution into Eq. (77) yields a differential equation in temperature

or Irsv _ _9 av,D
3 ¢T3 C 37T (81)
v v
where
= 3Py _ R .
@ = V(aE/v =T, (82)

Since explicit expressions have been obtained for Cv and ﬁ, it
is not necessary tc compute the energy, except as an edit quantity.
Further, since o and CV are slowly varying functions of temperature
and specific volume, they may be considered constant over an interval
of integration. Equation (81) may be converted to a difference

equation in the ususl manner.

ety (a) (n+%) ot T(n);’ (n+1) _ o(n)
; - T + HESIREN EYAN o )
o o) (o
- .8 n (V(n”') - V(n)> L2 Atl . (83)
(n+§) > (n+§)
v v
Here,
(m3)
o2 %(a(n) . a(n+l)> (8k)
(n+3)
SSRGS ®
(n+%) (n+1) (n)

At = t -t . (86)
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The superscript refers to the time index; all quantities are

(n+1)

evaluated at the same mass index. Since V is obtained from

solution of the equations of continuity of mass and momentum, a

direct solution for T(n+l) is possible.
(+1) o & o ()
T n+l _ 1 1% i T n) _ Q v n+l - v n
— K ) - ( )
Cv
(%) (043)
+ D At } (87)
(n+d)
N

where

(243) (y(2+1) _ y(n)
<V1n+l) " V(n))

X(n) = o

(88)

If o and CV are evaluated at n rather than the more centered n + %

time, this scheme should be sufficient to avoid iteration, except in
the vieinity of rapid changes such as in shock front. This scheme
has not been demonstrated either in a single evaluation (forward
difference) form using o and CV at time n, or in the iterative form
where the values of o and CV at n + 1 must change with the change

in 'I'n+l at each iteration. Iteration generally is reauired until

a self consistent set of o, Cv’ and T are determined. Either form
is sufficiently similar to past workable forms that their validity

is strongly suggested.



VI. EQUATION OF STATE PROGRAM -~ DESCRIPTION

The equation of state that has been described in Section II has
been coded for machine calculation and processing. The program prints
a list of the input quantities, measured comparison quantities, infor-
mation about the zero temperature isotherm, a table of the partition
of pressure and energy, two tables listing the calculated thermodynamic
quantities, and a table of the Hugoniot state points.

The program requires the following physical variables as input

guantities.
Fortran Symbol Description
ATNOC Z Atomic number
GFW A Gram formula weight
RHOREF oL Density at reference {room)
conditions
BMCDO KO Bulk modulus at zerc temperature
and pressure
GRUNC 7. Gruneisen coefficient at zero
“ temperature and pressure
DTHETA e Debye temperature
BETAC 3 Coefficient of electronic specific
© heat at zero pressure and temperature
PTFC P Corrected Thomas-Fermi pressure
TFC at compression 7
TFC
ETATFC nTFC
GEL g Exponent of electronic specific

heat

The code will handle an array of 50 values of temperature and 50 values
of compression. A detailed instruction for setting up the input to
the program is given in Section VIII. A list of input parameters for

several metals is given in Section VII.
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C ANALYTIC FORMULATION OF EQUATIONS OF SIAIE

C LIST OF COMMON AND DIMENSICON STATEMENTS

lus18/,63 CeFe

RM 2905

CDIMENSION P(50Us5C)9E(50950)3sS(50s50)5CVI(50550)sRBARI509507) »

1Z(30950),ETA(50)sT(50)sPCI5C)sDIPCI50)sD2PCI50) sGRUNG(50) sEC(50) s
2CCI50) sZFACI50) »BETA(S50) s TH(50) sPH(50) sEHIB50) o IT2(50)sA(10)sB(1C) »

BTABDFC(100C) s TABDFS(1000) sX(50s50)»Y(5Cs50)sTABT(1000) sCOE(4) s

GMATL(20) s CMMTS(20C) sETAHIS5C ) s ZHI(B0)

OCCMMON PsEsSsCVIRBARSZIETASTsPCsDIPCHsD2PCsGRUNGsEC sCCsZFACsBETA

1THsPHsEHs IT2sAsBs TABDFCsTABDFS sNw T s NHUGsNPUNH s GFW s RHOCsDTHETA »

ZBETA09GEL9REL’ZAL9ECOR9SCOR9RHOM9BMODV9COM$GRUNM;CTXPM9POISM;RLFM,
3RLVM&50M95FM95VM9C1aCZ’TREF9PREF95TAREF9EREF9IT19F1,F29F39F49NIT19
4NIT29NI9NJ9N169NJB’5RETA9BPC9EDlPC;BDZPCoBGRUNG9BEC9BRZ;RU;R,RA9

SRBsCRsNTDF s TOIF s NSRLIsNBR2sNIONEsNEDITI SNEDITZ o X sY s TABT sMATL s CMMTS »
6RHOREF9VAR1aQRUNO96MODO’ETATFC’PTFC9NIH,ETAHGN9ETAH;ZH;ETAA,NOSER9

TNORUNsAPCsCPCsIT3+TTEN

MATIN PRCGRAM

C
C ROUTINE COMPUTES PRESSURE S
C

SPECIFIC INTERNAL ENERGY,

FUNCTIONS OF TEMPERATURE AND COMPRESSION.

7 READ 6,
READ 2
READ 2
READ 1,
READ 1.
READ 1.
READ 1
READ 1o
READ 32,
READ 1,

C REL INPU
READ 2
READ 2,
READ 2
READ 2.
READ 2,
READ 2.
READ 2,
READ 2,
READ 2»
READ 3,
READ 3.
READ 3,
READ 3,
READ 3N
READ 4.,
IF (NIB)

8 READ 5.
GC TO 15

NTDFs TDIF
{TABDFC({I)»
(TABDFS(1)s
{CMMTS{K) »
{CMMTS (K)o
{(CMMTSE (K
(CMMTS (K)o
(CMMTS (K )Y
NOSER
(MATL(I)s 1
T 15
GFWo
RHOO »
TREF »
FCOR
ZAL s
A(l)s
RHOM s
RLFMs RLVM,
Fls F2s F3»
NITls NITZ2
NWTse NHUGS
NEDIT1,
NBR1s NBRZ
STKsNXTRA
NIs NJs NIR
8s 95 12
(ETA(I),

PREF

SCOR
TTEN

Al2)

1=

ATCMIC NUMBER
RHCREF »
GRUNO »

BMODM »

I=1sNTDF)

I=1sNTDF)}
K=1,20)
K=21+40C)
K=41+60)
K=61+80)
K=814+1C0)

NCRURN

=1+20)
IN
DTHETA
BMODQ,

FLOATING POINT
BETAOs GELs REL
ETATFCs PTFC

8(1)
COMy
SOM s
Faoy

GRUNM,
SFMs SVM
BRETAs BRZ

CTXPM, POISM

NPUNH

NEDIT2

s NJBs NIONE

1-NI)

ETC AS
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G

READ 55 ETAC, ETAGEN
ETA(L1)Y = ETAC

DO 1C I=2sNI

10 ETA(I) = ETA(I-1) + ETAGEN

GO TO 15

12 READ 55 ETAOs ETAGEN
ETA(1) = ETAC
DC 14 I=24NI

14 ETA(L) = ETAGEN % ETA(I-1)

15 CONTINUE
IF (NJB) 18s 19, 22
18 READ 55 (T(J)s J=1sNJ)

GC TC 25
19 READ 55 TOs TGEN
T€l) = 70

DO 20 J=24NJ
20 T(J) = T(J-1) + TGEN

GO TO 25
22 READ 54 TOs TGEN
T(1) = TO

DO 24 J=24NJ
24 T(J) = TGEN * T(J-1)
25 CONTINUE
READ 6s NIHs ETAHGN
NIH = NIH + 2
ETAH(2) = 1.
DO 26 I=3sNIH
ETAH(I) = ETAH(I~1) + ETAHGN
CONTINUE
FORMAT(12A6)
FCRMAT (6E1245)
FCRMAT (6112}
FORMAT(5112)
FORMAT (6E1245)
FORMAT(I124+21245)
VAR1 = RHOQO
DO 11 K=1sNTDF
AK = K
TABT(K) = AK * TDIF
11 CONTINUE
CALL QUTPTI
CALL GUTPT2
IF (NWT) 195+192,192
192 CONTINUE
CALL WTTAPE
195 CONTINUE
I[F (NHUG) 13441325132
132 CONTINUE
CALL HUGNT
IF (NSTK) 133,134,133
133 GO 70 7

Mo

U PN Oy



134 CONTINUE
CALL EXIT
END

-26-
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SUBROUTINE CUTPT1
C DIMENSION LIST INSERTED HERE

C COMMON LIST INSERTED HERE

PRINT 100

1000OFORMAT (1H1»6CHEQUATION C - STATE - (KORMER ET ALs SOVIET JETP, VOL
115y 477))
PRINT 102s NOSERs NORUN

102 FORMAT(1HOs12HSERIES NO = sI112+48Xs12HRUN NO = 5112)

PRINT 1103s{(MATL{I)s I=1+20)
1103 FORMAT(1H0O,2GA6)
PRINT 105, GFWs RHOREF
105CFORMAT (1HO » 1 2HGFW = sE12e4348Xs12HRHCREF = sE12e496X0
17HGM / CC)
PRINT 106s DTHETAs BETAO
1060FCRMAT(1HO s 12HDTHETA = sE12e496XsAHDEG K 936X 12HBETAC
1E124496X920HERGS /7 GM ~ DEG #% 2)
PRINT 107, GELs REL
1370FCRMAT (1HC s 12HGEL = sE12e4348Xs12HATNO = sE124446X
115HERGS /7 GM - DEG)
CALL GENINP
PRINT 212¢C
212C FORMAT(1HOs36HMEASURED QUANTITIES ~ FOR CCMPARISON)
PRINT 139, RHOMs BMODWM
1CO0FORMAT (1HO » 1 2HRHCM = 3E126496XsTHGHM / CCo35X s 12HBMCDM
IE124496Xs12HDYNES / SGQGCM)
PRINT 110s COM, GRUNM
LIVCFORMAT (1HO s 12HCOM
1E1244)
PRINT 111s CTXPM, POISHM
1110FORMAT (1HO » 1 2HCTXPM
1E12e4)
PRINT 112s RLFMs RLVM
112CFORMAT(1HO» 1 2HRLFM
1E12e496Xs8HCAL / GM)
PRINT 113+ SFMs SVUM
1130FORMAT(1HGO s 12HSFM sE12e496Xs12HCAL / GM=DEG» 30X,
112HSVM = 9E12e496Xs12HCAL / GM-DEG)
PRINT 999
999 FORMAT (1H1»21HETA/T GRID FOR TABLES)
PRINT 1044+ NIs NJ

i

fl

sE12e496Xs8HCM / SECs34X s 12HORUNN =

sE12e496XsTHL / DEGs35X s 12HPOISM

H
1"

sE12e496X98HCAL 7/ GMs34Xs12HRVFM

it
1

104 FORMAT(1HOs1Z2HNI (ETA) = 9112+48Xs12HNJ (T) = 51129
PRINT 1050, NIONE
= 9112)

1050 FORMAT (1HO»12HNIONE
PRINT 1002 -

1002 FORMAT(1HOC,9HETA TABLE)
PRINT 1003s (ETA(I)s I=1,sNI)
PRINT 1004

1004 FORMAT(1HOs7HT TABLE)



-28-

PRINT 10034 (T(J)s J=1,sNJ)
100ZCFORMAT(IH »s12Xs1PG12e5512X51PG1l2e5512X3s1PG12e5512Xs1PG12e5,512Xs
11PG12e5)
PRINT 1005s (CMMTS(K)s K=1+20)
PRINT 1005 (CMMTSI(K)s K=21240)
PRINT 1005» (CMMTS(K)s K=415560)
PRINT 1005, (CMMTS(K)s K=61+80)
PRINT 1005%s (CMMTS(K)s K=8149100)
1005 FORMAT(1HO20A6)
300 DO 305 I=1,NI
CALL CLDCOM(ETAC(I)NsPC(I)sDIPC(I)sD2PCII)+sGRUNGII)SEC(I))
ZFAC(I) = CR s D1PC(D)
BETA(I)Y = BETAO 7/ (ETA(I) #*% GEL)
IF (DIPC(I)) 1121+1121,1122
1121 CONTINUE
CC(I) =1,
GO TO 1123
1122 CONTINUE
CCtIY = SQRTF(DIPC(I) / RHOO)
1123 CONTINUE
305 CONTINUE
EVAP = (=A(3) % ETAA / RHOO + A{4)) * 2.29006E~8
PRINT 120
120 FORMAT (1H1s32HZERO TEMPERATURE ISOTHERM - DATA)
PRINT 124, RHOQs ECOR
1240FORMAT (1HO » 12HRHOO = sE12e496XsTHGM / CCs35X,
112HECOR = 9E12e496Xs8HERG / GM)
PRINT 123, BRETAs BPC

122 FORMAT(1HO»12HETAB = 981234948 X912HPCE = sE12e4
16X912HDYNES / SQCM)
PRINT 1066 ETAA, IT3
1066 FORMAT(1HOs12HETAA = sE12e4548Xs12HIT3 = oI12)
PRINT 1067s APCs CPC
1067 FORMAT(1HCs12HPCA = E12.496X912HDYNES / SQCMs30Xs

112HPCC = 3 E124436X912HDYNES / SQCM)
PRINT 1075+ EVAP

1075 FORMAT(1HOs12HEVAP
PRINT 1255 RHOM, GRUNM

1250FORMAT (1HO s 1 2HRHOM
112HGRUNM = 3E12e4)
PRINT 127, BMODMs COM

1270FORMAT(1HO s 12HBMODM 2E12e4496X912HDYNES / SQCMs 30X,
112HCOM = sE12e496X98HCM 7/ SEC)
PRINT 126

126 FORMAT(1HOs8X»3HETA 915X s12HPCIDYN/SQCM) s6X s 14HDIPC(DYN/SQCM) s 4X s
114HD2PCIDYN/SQCM) 94X s 5HGRUNG s 13X s 10HCC(CM/SEC) 98X s 10HEC(ERG/GM) )
DO 130 I=1,4NI

it

2E12e456Xs8HCAL / GM)

sE12e496XsTHGM / CCs35X,

PRINT 128» ETA({I)s PC(I}),y DIPC(I)s D2PC(I)s GRUNG(I)s CC(I)s EC(I)

128 FORMAT(IH s7(6Xs1PG1l2e4))
130 CONTINUE
RETURN
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SUBROUTINE OUTPTZ2
C DIMENSION LIST INSERTED HERE
C COMMON LIST INSERTED HERE

CO 315 J=1sNJ

DC 310 I=1,sNI

CALL NUCTH(ZFAC(CI)sGRUNG(I) sT(J) s Z (I sJ)sENsPNsCVYNIRBARN)
CALL ELECTH(BETA(I)sT(J)sEESIPESCVESRBARE)

E(I«J) = EN

X(IsJ)y = EE

P(IsJ) = PN ¥ RHOO * ETA(I)
Y(IsJ) = PE % RHOC * ETA(I)
CVI(Isd)y = CVN + CVE
RBAR(IsJ) = RBARN + RBARF

310 CONTINUE
315 CONTINUE
IF (NEDIT1) 318432174317
317 CONTINUE
CALL EDITI
318 CONTINUE
DO 320 J=1sNJ
DO 319 I=1sNI
E(TIsJ) ECUI) + E(Isd) + X(IsJ)
P(IsJ) PCOIY + P(IsJ) + YI(IsJ)
319 CONTINUE
32U CONTINUE
CALL ENTRPY
PRINT 140
140 FORMAT (1H1sZ24HEQUATION OF STATE = DATA)
PRINT 142, RHOOs ECCR
1420FORMAT (1HO s 1 2HRHOO
1E126496X99HERGS / GM)
PRINT 143, SCOR
143 FORMAT(1HCs12HSCOR
DO 16U J=1sNJ
IF (J-1) 1444145,144
144 PRINT 141
141 FORMAT (1H1)
145 PRINT 146, T(J)
146 FORMAT(IHC6HT = s1PG12+498Xs5HDEG K)
PRINT 150
1500FORMAT(1HO 98X s 3HETA 15X s11HPIDYN/SQCM) s TX s SHE (ERG/GM) 29X s
113HS(ERG/GM=~DEG) 95X s 14HCV(ERG/GM=DEG) 94X s 16HRBARIERG/GM-DEG) 92X
21HZ)
DO 158 I=1,sNI
OPRINT 152s ETA(I)s P{IsJ)s E(Isd)s S({IsJdYs CVIIsd)s RBAR(IJ)
1Z2(1sJ)
152 FORMATI(IH »7{6Xs1PG12e4))
158 CONTINUE

#

)

sE12e496Xs7THGM / CC935X s 12HECOR =

i

sE12e436X913HERGS / GM-DEG)
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160 CONTINUE
IF (NPUNH) 168, 168, 162
162 CONTINUE
DC 167 I=1sNIsNPUNH
DO 166 J=1sNJsNPUNH
PUNCH 165%s ETA(I)s PlIsd)s E(Isd)s T(JYs S(I,J)
165 FORMAT(5E1245)
166 CCONTINUE
167 CONTINUE
168 CONTINUE
IF(NEDIT2) 1173+117291172
1172 CONTINUE
CALL EDIT2
1173 CONTINUE
DO 1175 J=1sNJ

TOJ) = T(J) % leE-4

DO 1174 I=1sNI

Z(IsJ) = P(lsJy / (RHOO * ETA(CI) * E(I,J))
X(1sJ) = RBAR(IsJ) / CVIIsdJ)

E(IsJd) = E(IsJ) % 1eE-10

P{Isd) = P(IsJ) % 1eE=10

S(Isd) = S(IsJdy * 2.39006E-8

CVIIsJ) = CVI(IsJ) % 2439006E-8

RBAR(IsJ) = RBAR(IsJ) % 2439006E-8

1174 CONTINUE
1175 CONTINUE
DO 1176 I=1sNI
ZFAC(I) = ZFACUII)Y % 1eF+4
1176 CONTINUE
PRINT 1706
170 FORMAT (1H124HEQUATION OF STATE ~ DATA)
PRINT 171s RHOQOs ECCR
1710FORMAT (1HO s 1 2HRHOQO = 9E12e406X 9 THGM / CC 935X 12HECOR
18124 96X s9HERGS 7/ GM)
PRINT 1272s SCCR
1272 FORMAT(1HC+s12HSCOR = sE12e436X913HERGS / GM~DEG)
DO 190 I=1sNI
PRINT 172 ETA(I)s ZFAC(I)
172 FORMAT(1HO s6HETA = 91PG12e4926Xs16HZEAC = s 1PG12644)
PRINT 174
1740FORMAT(1HO 98X s 11HT(E4 DEG K)s7Xs8HP (10 KB)s10Xs13HFE(EL1D ERG/GM) »
15X 13HS{CAL/GM—~DEG) s5X o 14HCVICAL/GM=DEG) 94X s THP V. / Es11Xos
211HV (DP 7 DE)
DO 185 J=1sNJ
CPRINT 176y T(J)s P(IsJd)s ElIsJ)s S(IeJdlsy CVI(I1sJ)s
1Z0TsdYs X{(IeJd)
176 FORMATI(1IH +7(6Xs1PG12.41Y)
185 CONTINUE
190 CONTINUE
RETURN
END

(€3]
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SUBROUTINE WTTAPE

C DIMENSION LIST INSERTED HERE

C COMMON LIST INSERTFD HERE

196
197

198
199

DO 197 N=1sNJ

DO 196 L=1sNI

X{LsN) = ETA(L)
CCNTINUE

CONTINUE

WRITE TAPE 13sNJsNI
WRITE TAPE 13sNJsNI»
WRITE TAPE 13sNJsNTIo
WRITE TAPE 13sNJsNIs
WRITE TAPE 13sNJsNIs
WRITE TAPE 13sNJsNIo
WRITE TAPE 13sNJsNI»
DC 199 MN=1sNJ

DO 198 L=1sNI

X(LsN) = T(N)
CONTINUE

CONTINUE

WRITE TAPE 13sNIsNJs
WRITE TAPE 13sNIsNJys
WRITE. TAPE 13sNIsNJs
WRITE TAPE 13sNIsNJs
WRITE TAPE 134NIsNJs
WRITE TAPE 13,NIsNJs
WRITE TAPE 13sNIsNJs
K2 = 1

WRITE TAPE 13s K29 NIsDUMMY,
WRITE TAPE 13s K2s NIsDUMMY,
RETURN

END

(TIN) o
(TIN)Y»
(TINY) s
(TIN)
(T{N)s
(TINY
(T(N)»

(ETACL)
(ETALL)
(ETALL)
(ETALL Y
(ETA(L)
(ETACL )
(ETA(CL)

(XCLaNY
(X(LsN)
(X({LsN)
(X(LaN)
(X{LsN)
(X(LsN)
(X(LsN)s

®
b
?
*
?

PL{LsN)Ys L=1sNI)se N=1sNJ}
E(LsN)s L=1sNI)s N=1sNJ)
S(LeNYs L=1sNI)s N=1sNJ)
CVILsN)s L=1sNI)s N=1sNJ)
RBAR(LsN)s L=1sNI)s N=14NJ}
Y{LsNYs L=1sNI)s N=1yNJ)
ZOLeN)s L=1sNIYs N=14NJ)

(XCLaNYy P(LsN)s N=1sNJYs L=1sNI1)
(X{LaN)s E(LsN)s N=1sNJ)e L=1sNI)
(XCLoN)s SCLsN)Ys N=1sNJ)s L=1sNI)
(XULoNYs CVILaN}Ys N=1sNJ}s L=1eNI)
(XCLsNYs RBAR(LSMN)s N=I1sNJ)s L=1sNI}
(X{LaNYs Y(LsN)s N=1oNJ)s L=1sNI)
(XCLaNYs ZULoNYs N=1eNJYs L=14NI)

(ETACL)YsPC(L)s L=1sNI)
(ETA(LYSECILYs L=1sNI)



-30-

SUBROUTINE CLOCOMIXETASXPCsXD1PCsXD2PC s XGRUNG s XEC)
C DIMENSION LIST INSERTED HERFE
C COMMON LIST INSERTED HERE
IF (XETA - BRETA) 2055205,210
205 CONTINUE

IF (XETA - ETAA) 2084206,206
206 CONTINUE

WA = XETA %% (433333333

W8 = WA %% 2

WC = WB #x 2

WD = EXPF(B(1) #* (1s = (le / WA)))

WE = 24 /7 WB + B(1l) / XETA

WF = =24 / WB + {B(1) *% 2) / WC

XPC = A(1) * (WB * WD - wQ)

XDIPC = (A(1) * WA / 34) % (WE ¥ WD = 4,.)

XD2PC = (A(1) / (9« ¥ WB)) #* (WF % WD =~ 4a)

XGRUNG = 0433333333 + (XETA % XD2PC) / (2. #* XD1PC)
XEC = (36 * A(1) / RHOO) * ((WD = le) / B(1l) - WA + le) + ECCR
GO TO 215

208 CCNTINUE
XPC = A(3) * (XETA %% 2)
XD1PC 2e ¥ A(3) % XETA
XD2PC 2e ¥ A(3)
XGRUNG = Q.
XEC = A(3) * (XETA - ETAA) / RHCO + Atl4)
GC TO 215
210 CONTINUE
XPC = C1 + XETA # (C2 + A{2) % XETA)
XDIPC = C2 + 2. # A(2) ¥ XETA
XD2PC = 24 % A(2)
XGRUNG = 0433333333 + (XETA % XD2PC) / (2. % XD1PC)

(LI 1}

WA = C1 * ((le / BRETA) = (le / XETA))
wB = C2 * LOGF(XETA /7 BRETA)
WC = A(2) % (XETA =~ BRETA)
XEC = (WA + WB + WC) / RHOO + BEC
215 CONTINUE
RETURN

END
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SUBROUTINE NUCTH(XZFACsXGRUNGsXT s XZsENSPNsCVNsRBARN)
C DIMENSION LIST INSERTED HERE
C COMMCN LIST INSERTED HERE

IF (XGRUNG) 22542354220
220 CONTINUE

XZ = XZIFAC % XT

IF (XZ - BRZ) 22542255230
225 CONTINUE

WA = DTHETA / XT

CALL DEBYE(WASDFCsDFE)

EN = RA % DFE * XxT

PN = XGRUNG * EN

CVN = RA * DFC

RBARN = XGRUNG * CVN

GO TO 240
220 CONTINUE

WA = 1le / (1le + XZ)

WB = WA ¥x 2

EN = (24 + XZ) % WA ¥ RB % XT

PN = (34 % XGRUNG + XZ) % WA % R % XT

CVN = (1l + WB) % RB

RBARN = (le + (24 *XGRUNG = le) % W2) % R
GC TO 24¢C

235 CONTINUE
EN = R3 % XT
PN = R * XT
CVN = RB
RBARN = R
24C CONTINUE
RETURN
END
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SUBROUTINE ELECTH(XBETAsXT»EESPELCVESRBARE)

C DIMENSION LIST INSERTED HERE

C COMMON LIST INSERTED HERFE

C LOWER CASE R IN ANALYTIC EXPRESSICNS IS THE SR USED HERE
ATNO = REL

WA = XT / ((ATNO %% 14333333) % 1,16F+4)
WB = «85 % (WA #x%x ,56G)

WBD = le/(le+WB)

SR = WB*ATNO*R*WBD

YR = 0.59%WBD

CVR =YR#*SR

CVG = (le=YR)*SR

WCE = XBETA*¥XT/SR

SRE = SR¥SR/XBETA

WC = 0.6666T%WCE

IF (WC-F3) 245,245,250
245 WCL = (WC*¥%2)/2.

GO TO 265

250 IF (WC=F4) 26052554255
255 WCL =W(C-0.69315

GO TC 265

260 WE1l = EXPF(WC)
WE2 = (WE1+{1la/WE1))/2
WCL = LOGF(WE2)

265 WD = GEL#WCE

IF (WD~F3) 275+275428C
275 WDL = (WD*%2)/2,.

GO TG 300
280 IF (WD-F4) 290,285,285
285 WDL =wWD-0.69315

GO TG 300
290 WE1l = EXPF (WD)
WEZ = (WEl+(le/WEL1))/2s ~
WDL = LOGF(WE2)
3C0 WCT =TANHF (WC)
WwDT = TANHF (WD)
EE= 2e25%SRE*WCL
PE = WDL*SRE/GEL
CVE = (34%CVR*¥WCL/WC) + 1e5%¥CVG*WCT

RBARE= (2.%CVR¥WDL/WD) + CVG*WDT
RETURN
END
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SUBROUTINE ENTRPY
C DIMENSION LIST INSERTED HERE

C COMMON LIST INSERTED HERE

C ETA(M) = 1. THIS VALUE MUST BE INCLUCED,.
M = NIONE
DO 825 J=1sNJ
I[F (Z{MsJ) — BRZ) 8104810822

810 CONTINUE
WA = DTHETA / T(J)
IF (WA = 4C2) B812+812s815
812 S{MsJ) = RA ¥ (5424575 + LOGF (02 / WA))
GO TO 825
815 CONTINUE
CALL GLIINC(1CO00s0s0sCs0sUsNTDFsTABTSCCESIERR)
IF (IERR) 816,818+8156
816 PRINT 817
817 FORMAT(1HOs37HDEBYE TABLF TCO SMALL - EXTEND TABLES)
GO TO 840
818 CALL GLI(WAsL)
IF(IERR) B816+819,81¢6
819 CONTINUE
CDFS = COE(1) * TABDFS{L) + COE(2) ¥ TABDFSIL+1) +
1COE(3) * TABDFS(L+2) + COE(4) * TAZDFS(L+3)

S(MsJ) = RA #* DFS
GO TO 825
822 CONTINUE
WC = (CVIMsd) + CV{Med=1)) / 2
SIMseJ) = S(Med=1) + WC * LOGF(T(J) / T(J=1))
C Z(M»s1) MUST BE LESS THAN BRZ.

825 CONTINUE

IF (NI -~ M) 830+830+827
827 CONTINUE

LL = NIONE + 1

DO 830 I=LLsNI

DO 829 J=1sNJ

WC = (RBAR(IsJ) + RBAR(I-1sJ)) / 2

S(Isd) = S{I-1sJ) ~ WC ¥ LOGF(ETA(L)Y / ETA(I-1))
829 CONTINUE
830 CONTINUE

IF (NIONF) 840,840,835
835 CONTINUE

LL = NIONE = 1

DO 838 N = 1, LL

I = NIONE - N

DO 837 J=1sNJ

WC = (RBAR(I+J) + RBAR(I+1sJ)) / 2

S(Isd) = S(I+1sJ) + WC * LOGF(ETA(I+1) / ETA(I))
837 CONTINUE



838 CONTINUE
840 RETURN
END
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SUBRCUTINE DEBYE(TRATSOFCSsDFE)
C DIMENSION LIST INSERTED HERE
C COMMON LIST INSERTED HERE

IF (TRAT - «02) 801+801:802
8Cl DFC = 1.
GO TO 808
802 CALL GLIINC(1000Cs09050s0s0sNTDFsTABTSCOF,[ERR)
IF (IERR) 80448064804
BO4 PRINT 805
805 FORMAT(1HOs37HDEBYE TABLE TOO SMALL — EXTEND TABLES)
GO TO 809
806 CONTINUE
CALL GLI(TRATsL)
IF (IERR) 804,807,804
8C7 CONTINUE
COFC = COE(1) * TABDFCI(L) + COE(2) % TARDFC(L+1) +
1COE(3) * TABDFC(L+2) + COE(4) * TABDFC(L+3)
808 CONTINUE
WA = TRAT / (EXPF(TRAT) - 1.)
DFE = 0475 ¥ WA + 0425 % DFC
8U9 RETURN
END
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SUBRCUTINE RFRNCE

C DIMENSION LIST INSERTED HERE
C COMMON LIST INSERTED HERE

RU = 8e431662E+7
R = RU / GFW
RA = R % 3,
IF (VAR1) 284,284,282
282 RHOC = VARI1
GO TO 295
284 CONTINUE
WA = DTHETA 7/ TREF
CALL DEBYE(WASDFCsDFE)
wB = RA % DFE * TREF

IT1 = C
XETA = 1.
WG = Ja

DO 285 K=1,NIT1

IT = I71 + 1

XETA = XETA = WG

WC = (BETAO / (XETA *x GEL)) * {(TREF *% 2) / 2.
CALL CLDCOMIXETASXPCoXDIPCsXD2PC s XGRUNGyXEC)

WD = RHOREF * (XGRUNG # w3 + GEL * WC)

WE = XPC + WD -~ PREF

WF = XD1PC
WG = WE / WF
WH = ABSF (WG}

IF (WH = F1) 250,275,275
275 CONTINUE
285 CONTINUE
290 CONTINUE
ETAREF = XETA
EREF = XEC + W8 + WC
RHOC = RHOREF / ETAREF
PRINT 291
291 FORMAT(1HOs20HREFERENCE CONDITIONS)
295 CONTINUE
PRINT 292s TREFs PREF
2920FORMAT (1HO s 12HTREF = 9E124436Xs5HDEG Ks37Xs12HPREF
1E124456Xs12HDYNES / SQCM)
PRINT 2935 ETAREFs EREF
2930FORMAT (1HO s 12HETAREF = 3E12e4348Xs12HEREF = 3E12e436Xs
19HERGS / GM)
~ PRINT 2945 RHCO, IT1
294C0FORMAT (1HO 5 1 2HRHGO
112HIT1 = 5112)
RETURN
END

2E1Z2e4s6Xs7THCM / CCe35X,

Hi



SUBROUTINE HUGNT

..39..

C DIMENSION LIST INSERTED HERE

C COMMON LIST INSERTED HERE

133 FORMAT(1H1s41HHUGONIOT FROCM

1340FORMAT(1HO s 12HMTREF

362
365
370

PRINT 133

PRINT 134 TREFs PREF

= sE12e456Xs5HDEG K937Xs12HPREF

1E12e496Xs12HDYNES /7 SQCM)
PRINT 135s ETAREF»
1350FCRMAT(1HO s 12HETAREF = sE12e4948Xy12HEREF
19HERGS / GM)
PRINT 136
1360FORMAT(1HO 98X s 4HETAH 14X s 12HPH(DYN/SGCM) s 6XsFHTHIDEG K) 99X s
110HEH(ERG/GM) 98X s 2HZHs 16X s3HIT2)
CALL CLDCOMUETAREF s XPCsXDIPCsXD2PC s XGRUNGsXEC)
= CR * TREF / XD1PC
IT2(2) = 0O

PRINT 137s CZTAH(2)

ZH(2)

’

EREF

PREFs TREF,

EREF

FORMAT{1H 95(6Xs1PGl2e4) 96Xl 4)
XTH TREF

DO 280 I=3sNIH

XETA = ETAH(I) * ETAREF

WA = ({1e / XETA)Y = (1s / ETAREFY) /
WB = WA ¥ PREF - EREF

WC = (le = {XETA / ETAREFY) / 2
IT2X = C

WG = (e

DO 365 K=1sNIT2

IT2X = IT2X + 1

XTH XTH - WG

ZH(2)

(2.

*

REFERENCE CONDITIONS

RHGO)

CALL CLDCOMIXETASXPCsXDLIPC s XD2PC s XGRUNGeXEC)

XZFAC

= CR / XD1ipPC

CALL NUCTH(XZFAC»XGRUNGsXTHsXZsENsPNsCVNIRBARN)
= BETAO / (XETA % GEL)
CALL ELECTH(XBETAsXTHsEE sPE sCVEsRBARFE)
XEC + EN + EE
XPC + RHOC % XETA % (PN + PE)
XEH + WA % XPH + WB

CVN + CVE + WC * (RBARN +

XBETA

XEH
XPH
wD
WF
WG
WH
IF

PH(I)
TH(I)
EH(I)

i

WD / WF
ABSF (WG)

(WH - F2 % XTH}
CCNTINUE
CONTINUE
CONTINUE

XPH
XTH
XEH

o H

37093629362

RBARE)

IT2(2)

DATA)

sE12e4 496X



380

385

390

395

~Lo-

ZH(I)Y = XZ
IT2(1) = IT2X
PRINT 137s ETAH(I)s PH(I)s TH(I)s EH(I)s ZH(1)s IT2(I)

PH(I) = PH{I) * 14E~10
THLI)Y = TH(I) * l.E~4
EH(I) = EH{(I) % 1eE~10
CONTINUE
PRINT 385

FORMAT(1HOs41HNOTE - ETAH = RHO / RHOREF = ETA / ETAREF)
IF (NWT) 395, 390, 390

CONTINUE
K = NI
K2 =1

WRITE TAPE 13s K2sNIs DUMMYs (ETAH(L)sPH{L)s L=1sNI)
WRITE TAPE 13, K2sNIs DUMMYs (ETAH(L)sTH{L)s L=1sNI)
WRITE TAPE 13s K2sNIs DUMMYs (ETAH(L) sEH{L)s L=1sNI)
CONTINUE

RETURN

END
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SUBROUTINE EDITI1
C DIMENSION LIST INSERTED HERE
C COMMON LIST INSERTED HERE

PRINT 900
900 FORMAT(1H1s32HPARTITION OF PRESSURE AND ENERGY)
DO 920 I=1.NI
IF (I-1) 901+903+901
901 PRINT 902
902 FORMAT (1H1)
903 PRINT 905, ETA(I)
905 FORMAT(IHOSs6HETA = s1PGl2+4)
PRINT 906

9C560FORMAT(1HO s 8X s 8BHT(DEG K) 9 1CXs 12HPCIDYN/SQCM) s 6X 9 2HPNs 16X s 2HPE s 16X s

110HEC(ERG/GM) 58X s 2HENs 16X s 2HEE)

DO 915 J=1sNJ

PRINT 912, T(J)s PCUIYs PUIsd)s Y(Isd)s ECII)s E(IsJd)s
912 FORMAT(1H »7(6Xs1PG12e41))
915 CONTINUE
920 CONTINUE

IF (NBR1) 96559354935
935 CONTINUE

DO 95U J=1sNJ

DO 945 I=1sNI

PUNCH 940 TA(IYs TlJys PCLI)s PlIsd)s Y(Iady
545 CONTINUE
950 CONTINUE

DC 96C J=1,NJ

DO 955 I=1,NI

PUNCH 940y ETA{TI)s T{Jys EC(I)s E{Isd)s X{IsJ)
955 CONTINUE
960 CONTINUE
940 FORMATI(5E1245)
S65 CONTINUE

RETURN

END

SUBRCUTINE EDIT2

RETURN

END



Lo

SUBROUTINE GENINP

C DIMENSION LIST INSERTED HERE

C COMMON LIST INSERTED HERE

2200

35

326

2201

38

138

40
45

69

ETAA = Q0.7777777

IF (AC1)) 1Us10.35

CONTINUE

WB = 3¢ ¥ (GRUNO - 0323333333)
WC = 124 * (GRUNO = 0.83333333)
B(1l) = WB + SQRTF(WB ¥ wWB - wQC)

ALL) 3. ¥ BMODO /7 (B(1l) - 2.)

PRINT 2200s GRUNOs BMCDO

FORMAT (1HO » 1 2HGRUNO = sE12e4548X912HEMODO
16Xs12HDYNES /7 SQCM)

CONTINUE

CALL CLDCOM(BRETA»3BPCsBDIPC2D2PCsBOGRUNGSBEC)
IF (A(2)) 36+36+38

CONTINUE

AC2) = (PTFC = 8PCY / LETATFC ~ ZRETA)I#*x2)
1 - BD1IPC /7 (ETATFC -~ BRETA)

PRINT 2201, ETATFCs PTFC

FOCRMAT (1HC » 12HETATFC = 9bE1Z2eL4s 48Xy 12HPTFC
16X 12HDYNES / SQCHM)

CCNTINUE

CALL RFRNCE

Cl = BPC - BRETA % zZDIPC + (BRETA *% 23 % A(2
C2 = BDIPC - 2+ % BRETA ¥ A{2)

PRINT 1C8s ECORs SCOR
OFORMAT(1HO s 12HECOR = 9E12e496XeSHERGS /
112HSCOR = 9E12e496Xe15HERGS /7 GM -~ DEG)
IT3 = C

WA = O

DO 40 K = 1sNIT1

1T3 = IT3 + 1

ETAA = ETAA = WA

CALL CLDCOMIETAASAPCIsADIPCsAD2PCsAGRUNGIAEC)
WA = ADIPC / AD2PC

WB = ABSF(WA)

IF (W3 = F1) 45440440

CONTINUE

CONTINUE

Al4) = AEC

IF (ZAL) 6060450

CONTINUE

A(3)y = (APC / (ETAA * ETAA))Y + (34 * ZAL % AD
GO TO 65

CONTINUE

ABETA = BETAQC 7/ (ETAA *%GEL)

H

J

GMe33X,

2PCY /

sE12e4

sE1Z2eb

(2.

* GFw)
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CALL CLECTH(ABETASTTENSEE sAPE s CVE sRBARE)

A(3) = = RHOO * (R * TTEN + APE) / ETAA

ZAL = ((2e % CFW) / (34 % ADZPC)) * (A(3) = APC / (ETAA *x 21}
65 CONTINUE

RB = RA /7 2.

CR = RU % RHOOD 7/ ZAL

PRINT 1108y ZALs TTEN

1108 FORMAT(1HO.12HZAL

16Xs5HOEG K

PRINT 103, A(1)s A(2)
1C30FORMAT(1HO s 12HA (1)

i

sE1Ze4548X5,12HTTEN = sE12e4,

it

sE12e436Xs12HDYNES / SQCMe20Xs

112HA(2) = sE12e4356Xs12HDYNES 7/ SQCM)
PRINT 1067s A(3)s A(4)
1067 FORMAT(1HOs12HA(3) = 3E124496Xs12HDYNES / SQCMs30Xs
112HA(4) = 2E12e456Xs9HERGS / GM)
PRINT 1031, B(1)
1031 FORMAT(1HO,12HB(1) = sE12e4)
PRINT 1068s Cls C2
1068 FORMAT (1HGs12HC(1) = sE12e496Xs12HDYNES 7/ SQCM» 30X
112HC(2) = sE12e49EX912HDYNES / SQCM)
CPC = A{3) * ETAA * FTAA
RETURN

END



Sl -

i POINT LAGRANGEAN INTERPOLATION

Calling Sequence:

(Set-up routine)

CALL GLIXXX (ID1, ID2, ID3, I, J, K, NTRY, TAB, C{E, IER)

Where XXX

D1
Ip2

ID3

NIRY

TAB

COE

IER

i

DEC Tor table whose entry values decrease from

first entry to last.

INC for table whose entry values increase from

first entry to last.
size of first dimension.
size of 2nd dimension, O if not applicable.

size of 3rd dimension, O 1f not applicable.

See below

Nt N s N N

# of entries in column or row in which search is
being made.
name of table in which search occurs.

block where coefficients will be stored, CHE (1)
.« . COE (k).

Flag, set to 1 if no interpolation can occur.
If fK, set to O.

The best description of I, J, K is an example.

Suppose TAB is a 2 dimensional table:

=2
J=3
3=l
3=5

TAB (I, J)
I=1 I=2 I=
TAB (1,1) TAB (2,1) TAB (3,1)
TAB (1,2) TAB (2,2) TAB (3,2)
TAB (1,3) TAB (2,3) TAB (3,3)
o) ete. e} 0
o} (e} (o]

and interpolation is required in row J = 3.
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Then calling sequence would have:

I=0
J =3
K=20

(211 non applicable terms = O).

To interpolate in I = 2, same array.

I=2
Jd =0
K=20

oh

To interpolate, choose argument, Ai
CALL GLI (Ai, L), GLI then computes 4 coefficients, storing
them in CPE(1), COE(2), CHE(3), CPE(L), and also computes L,
such that:
£(2;) = CAE(1) * £(L) + COB(2) * £(L+1) + CPE(3)
* £(1+2) + CPE(L) * £(143).-

(Upon return, if interpolation can be performed IER = O, otherwise
IER = 1).

If Al < Ai+l it is not necessary to call GLIXXX again, only
need call GLI.

The error flag, IER should ve tested after each use of GLI.



LG

C GLI IS A FAP CODED ROUTINE wHICH PERFORMS A LAGRANGIAN INTERPOLA-
C TION IN THE DEBYE TABLES. IT WAS wRITTEN By 1 FINKLE OF RAND.
*FAP
*GLIXXX
ENTRY GLIINC ENTRY FOR INCREASING TABLE
ENTRY GLIDEC ENTRY FOR DECREASING TABLE
ENTRY GLI
GLIINC 572 FLAG CALL GLIXXX{
CLA ONE17 ID1 SIZE OF DIM 1
STO L 12 SIZE OF DIM 2
TRA GLI1 1D3 SI1ZE OF DIM 3
GLIDEC CLA ONE17 I VALUE OF INDICES
STO FLAG J VALUE OF INDICES
CLA* T4 K VALUE CF INDICES
STO L NTRY TABLE LENGTH
GLI1 TXI GLIZgk¥% %% TAB TABLE ADDRESS
AXT *¥ el COEF COEFICIENT ADDRESS
AXT *H g2 ERR) ERROR FLAG = D
AXT *% 94 IF CeKe = 1 IF
TRA 11s4 NO GO
GLIz? SXA ¥=tlg]
SXA by
SXA by ly
CLA* Ts4
CAS FOR17Y
TRA GLIZ
TRA GLI3
GLI4 CLA ONEL1T
STO* 10s4
TRA GLI1+1
GLI3 STZ* 1Cs4
CLA% 1s4
TZE GLIG
CLA* 294
TZE GLIS
CLA* 394
TZE GLI7
CLA THR17
GLIs6 STO ND
TRA GLIsg
GLIS CLA ONE17
TRA GLIG6
GLI7 CLA TWO17
TRA GLI®6
GLI8 CLA ND HERE FQOR DECREASING TABLE
suB ONE17
TZE GLI1z
SUR ONE17
TZE GLI11
CLA* Ly HERE IF MQOs OFe DIM = 3



GLIS

TNZ
CLA¥
sug
XCA
MPY %
ALS
XCA
MPY #
ALS
STO
CLA%*
SUB
XCA
MPY %
ALS
ADD
ADD
STO
CLA
STO
cLA
TZE
CLA*
sSuUB
ADD
STO
CLA
pBC
SXDb
TRA
CLA*
TNZ
CLA%*
SUB
XCA
MPY %
ALS
XCA
MPY %
ALS
ADD*
STO
CLA*
STD
CLA
TZE
CLA¥*
SUB
XCA
MPY#*
ALS

GLIS
64
ONE17

1s4
17

294
17

IR1
594

ONEL7

lo4
17
CNE17
IR1
IR1
ONE17
DEC
FLAG
GLIl4
Tets
ONE17
IR1
IR1
DEC
Osl
DECs 1
GLIl4
594
GLI1C
694
ONE17

1s4&
17

294
17
4o 4
IR1
14
DEC
FLAG
GLIl4
Ttk
ONE17

1+4
17

~h7-

NOes OF DIM = 3,

DECREASING TABLE

DECREASING TABLE



GLI1O

GLI11

ADD
STO
CLA*
PDC
SxD
TRA
CLA*
sSuUB
XCA
MPY %
ALS
ADD*
STO
LDG3*
MPY*
ALS
STD
CLA
TZE
CLA%
SUB
XCA
MPY#*
ALS
XCA
MPY
ALS
ADD
STC
CLA
PDC
SXD
TRA
CLAX
TNZ
CLA*
SuUB
XCA
MPY *
ALS
ADD
ST0
CLA
STO
CLA
TZE
CLA*
SUB
ACD
STO
CLA

IR1
IR1
1s4
Js1
DEC,1
GLIlg
594
ONE17

14
17
4ol
IR1
1+4
294
17
DEC
FLAG
GLI14
T4
ONEL7

1.4
17

294
17
IR1
IR1
DEC
Cel
DECs1
GLIl4
Got
GLIL1Z2
594
ONE17

1s4
17
ONE17
IR1
ONEL17
DEC
FLAG
GLIl4
T4
ONE17
IR1
IR1
ONE17

48

DECREASING TABLE

DECREASING TARBLE
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PDC Os1l
SXD DEC»1
TRA GLI1lg
GLI12 CLA* Gy b J=0 DIM=2
STO IR1
CLA* 1s4
STD DEC
CLA FLAG
TZE GLIlg
CLA* KX DECREASING TABLE
SuUB CNEL17
XCA
MPY* 14
ALS 17
ADD IR1
STO IR1
CLA%* 1s4
PDC Ds1
SXD DEC»1
TRA GLIls4
GLI13 CLA ONE17 DIM =1
STC IR1
STO DEC
CLA FLAG
TZE GLIl4
CLA%® Tok DECREASING TABLE
STO IR1
CLA ONEL17
PDC Tl
SXD DECs 1
GLI14 CLA Byl
ADD ONE33 ADDRESS OF TABLE
STA GLI31
STA GLI4gul
CLA 9e4
STA GLI700+1
STA GLIT700+4
ACD ONE35 ADDRESS QF CCEF.
STA GLI&LY
STA GLI&C?
STA GLIGO?R
STA GLIGOY
CLA DEC
STD GLIZ2
STC GLli4go?
STD GLI3O2
STD GLIZC3
CLA FLAG
TZE *4+4
CLA DEC

PDC 0.1



GLI

GLI3C

GLI311

GLI310
GLI31

GLI70O

ONE
GLI32

SXD
CLA*
STC
CLA
STA
STA
TRA
TXI
AXT
AXT
AXT
TRA
SXA
SXA
SXA
ST
LXD
CLA
TZE
CLA
SUB
TZE
CLA
ADD
STO
LDC
SXD
TX1
CLA*
CAS
TRA
TRA
TRA
AXT
STZ
TIX
CLA
STO
SXD
CLA
STO*
TRA
DEC
TXI
CLA
TZE
CLA
suB
TZE
STO
TRA

-50-

GLT4C2,41
Tot
NTRY
1Cs4
ERR
GLI311
GLI1+1
GLI3C
*Hg]
*% 92
*¥ 94
394
¥=lby]
%mlp g 2
*¥—-4 o4
* %
IR1,1
FLAG
GLI310
L

NTRY
GLI31¢
L
ONEL17
L
DECs2
*¥+1s2
*4+] 0] g%
1s4
*% e ]
GLizz
GLIT7C0
GLI100
382

¥¥ o2
*=~192,41
ONE

I %
IR1,1
L

294
GLI+1
1.0
¥+19] g3
FLAG
GLIZ3
L
ONEL17
FRROR
L
GLIZ31=-1

ARG
ARG
ARG

GREATER THAN TA
“GUAL 70O TABLE
£E5S THAN TABLE

BLE ENTRY

ENTRY
ENTRY



GLI33

ERROR

GLI10C

GLI1G?2

GLI1C3

GLI3UC

GLI302
GLI301

CLA
ADD
STO
CAS
TRA
TRA
TRA
CLA
STO*
TRA
CLA
TNZ
CLA
CAS
TRA
TRA
CAS
TRA
TRA
CAS
TRA
TRA
SuUB
STO
LDC
SXD
TXI
CLA
STO
LDC
SXD
TXI
sSuB
STO
LDC
SXD
SXp
TXI
TXI
CLA
suB
TZE
ADD
TZE
CLA
SUB
TZE
STO
TXI
CLA
SuUB
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L

ONE17

L

NTRY

ERROR

GLIZ1-1

GLI31-1

ONE17

ERR

GLI+]

FLAG

GLIZ3OD

L

ONE17

*+2

ERRGR

TwWwQ1l7

*+2

GLI101 L=2
NTRY
ERROR
GLI1Cy
TWO1l7

L

DECs2Z
¥+142
GLI105 41 9%%
ONE17

L

DECs2
*+192
GLI&GCO 9 5%
THR17

L

DECs2
#*+292
#¥+292
¥+19] g%
GLI10UB 41 9%
L

NTRY
ERROR
ONE17
GLI3CY

L

ONEL17
GLI4CT

L
GLIA0O 9] o %%
L

TWO17

NTRY
NTRY
NTRY

~r-

-



GLIZC3
GLI4CO

GLI&O1
GLI402

GLI&CU

GLIAO1

GLIBG2

STO
TX1
SXD
AXT
CLA
ST0
TXI
TIX
AXT
CLA*
FSB
STO
TIX
CLA
FsB
STO
CLA
FsSB
STO
CLA
Fsi
STO
CLA
FSB
STO
CLA
FsB
STO
CLA
FsSB
STO
AXT
CLA
FDP
FMP
FDP
FMP
FOP
STG
TXI
CLS
FDP
FMP
FDP
FMP
FDP
STQ
TX1
CLA
FDP
Fip

L
GLIB3C2 41 9%%
IR1»1
4o 2

#*% 9]
X4+1s2
¥4 el yn%
GLI4015251
442

1e4
Xb4+1s2
AMX4+1 2
GLI6CO+1+251
X1

X2

X1IMX2

X1

X3

X1MX3

X1

X4
XIMX4

X2

X3

XZ2MX3

X2

X4

X2MX4

X3

X &

X3MX4
1s+2

AMX2
XIMX2
AMX3
X1IMX3
AMX4
XIMX4
¥+19241
AMX1
X1MX2
AMX3
X2MX3
AMX 4
X2MX 4
%t s 2
*¥+19291
AMX1
X1MX3
AMX2

-52-
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FDP X2MX3
FMP AMX 4G
FDP X3MX4

GLI&O3 STQ *%e 2
T™x1 ¥+192s1
CLS AMX1
FDP X1MX4
FMP AMX2
FDP X2Z2MX4
FMP AMX3
FDP X3MX4

GLI6G4 STQ ¥*#y 2
CLA L
STO* 294
TRA GLI+1

FLAG PZE 1 IF INCREASING TABLE

L PZE

ONE17  DEC 1.C0B17

FOR17 DEC 4.00B17

THR17 DEC 3.UBL7

ND PZE NOe OF DIMENSICNs 19243

IR1 PZE

DEC PZE

ONE35  DEC 1.0B25

NTRY PZE

ERR PZE ADDRESS OF ERROR FLAG

TwOl17 DEC 20817

X1 PZE

X2 PZE

X3 PZE

X4 PZE

AMX1 PZE

AMX2 PZE

AMX3 PZE

AMX4 PZE

X1MX2 PZE

X1MX3 PZE

X1MX&4 PZE

X2MX3 PZE

X2MX4 PZE

X3MX4 PZE

END
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ROQUTINE TO GENERATE DERYE FUNCTIONS

DIMENSION X{213s Y(3)s W(2)s TRTC(2000)s DFC(2000)s DFE(200C]) s

IDFS(2000)

READ 55 Ns NBRSs DEL
5 FORMAT(2I12sE1245)

H = DEL / 2

S = Coe

Y{3) = 0.

DC 10 J=1sN

DC 8 1I=1.2

A=2 % J+ 1 -1

X(I)y = A * H

B = EXPF(X(I)

W(I) = 1. 7 (

C = X(I}y %% 4

D = W(I)y #% 2

Y(I) = B % C % D
8 CONTINUE

E H % (Y(3) + 4¢ % Y(2) + Y(1))

S S + £

F le / (X(1) %% 3)

DFC(U) F * s

DFE(U) Qe75 * X(1) * W(1l) + 025 #* DFC(J)

TRTO(J)Y = X{(1)

Y{(3) = Y(1)
10 CONTINUE

IF (NBRS) 304+35,35
30 READ 31s SCOR
31 FCRMATI(E1245)
DFSIN)Y = SCOR
GO TO 40
DEFSIN)Y = (4o * (3414159 %% 43 / 15%5¢) / (TRTG(N) #*% 3}
CONTINUE
DO 12 K=2sN
L = N—-K + 1
G = (DFC(L) + DFC(L+1)) / 2.
DFS(LY = DFS{L+1) + G ¥ LOGF(TRTOQ(L+1) 7/ TRTO(L))}
12 CONTINUE

PRINT 14
14 FORMAT(1H1,13Xs15HDERYE FUNCTIONS)

PRINT 16
16 FORMAT(1IHO 913X s4HTRTOs 20X s3HDFCs 21X s2HEFE 21X 93HDFS)

PRINT 18s (TRTO(J)s DFC(J)s DFE(JYs DFS{J)s J=1eN)
18 FORMAT(4(12X»1PG1l2e45))

PUNCH 20s (DFC(JYs J=1sN)

PUNCH 2Cs (DFS({J)s J=1sN)
20 FORMAT(EFE12e5)

CALL EXIT

END

iWon

I

il

(2]

£ W
-
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VIIT. INPUT INSTRUCTIONS FOR EQUATION OF STATE CODE

Card No Input Variasbles Description Format

2-51

52-101

102-111

112

113-11k

116

NTDF, TDIF

TABDFC

TABDFS

CMMTS

NOSER, NORUN

MATL

GFW, RHOREF,DTHETA,
BETAO, GEL, ATNO

RHOO, GRUNO, BMODO,

ETATFC, PTFC

Number of entries in
Debye tables, tempera-
ture interval on which
tables are based.
(300,0.01 is appropriate
for most cases.)

Table of Debye specific
heat function.

(NTDF assumed to be

= 300)

Teble of Debye entropy
function.

Ten cards with comments.
Five lines, two cards
rer line.

Serial number, run
number.

Material - two cards for
one printed line.

Gram formula weight,
density at reference
temperature and pressure
(gm/cc), Debye tempera-
ture (deg K), coefficient
of electronic specific
heat at zero temperature
and pressure (ergs/gm

degz), exponent of
coefficient of electromic
specific heat; atomic
number of the material
(weighted average if a
compound ) .

Density (gm/cc) at zero
temperature and pressure
(if a negative or zero
value is entered it will
be computed from RHOREF)
Gruneisen coefficient at
zero pressure, bulk
modulus at zero tempera-
ture and pressure (dynes
/sqem), high value of
eta; corresponding TFC

pressure in dynes/sgcm).

112,E12.5

6E12.5

6E12.5

1246

2112

5E12.5



Card No

Input Variables

_57_

Description

Format

117

118

119

Lot
o
o

121

TREF, PREF

ECPR, SCHR

ZAL, TTEN

o
Py TS

RHOM, BMODM,
COM, GRUNM,
CTXPM, POISM

Reference temperature
(deg K) and pressure

(Gynes/sqem).  Appro-
priate values6are 300
and 1.013 x10 .

Additive correction to
specific internal
energy (erg/gm) and
specific entropy (erg
/em deg). The code is
based on the assumption
that these quantities
being zero at zero
temperature and pressure

Empirical constant in
factor "z". If a zero
value is entered, a
value will be computed,
such that the substance
will start to display
negative pressures at a
temperature of "ITTEN"
(deg K).

Constants of zero tem-
perature isotherm. IT
a8 zero or negative
value is entered for
A(1), A(L) and B(1)
will be computed from
GRUNO and BMODC. If

a zero or negative
value is entered for
A(2), A(2) will De
computed from ETATFC
and PTFC.

These are measured
values to be printed
for comparison. They
do not enter in the
computation. Density
(gm/cc), bulk modulus
(dyne/sqcm) sound speed
(cm/sec), Gruneisen
coefficient, coefficient
of thermal expansion

(deg_l), Poisson ratio.

2E12.5

PE12.5

2E12.5

SN
=1
i..J
AV

<n

6E12.5



Card No

Input Variables

Description

Format

122

123

125

RLFM, RLVM, SOM,
SFM, SVM

Fl, F2, F3, Fk,
ETAB, BRZ

NIT1, NITZ

NWT, NHUG,
NPUNH

These are measured
values cf latent heat
of fusion (cal/gm),
latent heat of vapor-
ization (cal/gm),
entropy at standard
conditions (cal/gm
deg), entropy of
fusion (cal/gm deg),
entropy of vaporiza-
tion.

Limit on reference
iteration, limit on
Hugoniot iteration,
lower branch point

of log cosh function,
upper branch point of
log cosh function,
upper branch point of
zero isotherm, 1limit
on Z. Appropriate
values are:

x 1077, 1 x 1072,

1 x 10 ’, 10, 2.0,
and O.1.

bt

Limit on number of
iterations on
reference, limit on
number of iterations
on Hugoniot. Appro-
priate values are
10, 25.

If NWT is non-nega-
tive, output quanti-
ties will be written

on a plotting tape.

If NHUG is non-nega-
tive, the Hugoniot

from reference condi-
tions will be computed.
If NPUNH = 1, each out-
put quentity (¥,P,E,T,S)
will be punched on cards;
if NPUNH = 2, every
cther value of eta and
temperature will be
punched with corres-
ponding output quantity;
if NPUNH is zero or
negative, no cards will
be punched.

S5E12.5

6E12.5

N
-t
}-»1
ne

3112



Card No

Input Variables

Description

Format

126

127

128

129

NIEB

NIB

NIB

NJB

NJB

it
Lo

[}
C

NEDIT1, NEDITZ

NBR1, NBR2

NSTK, NXTRA

NI, NJ, NIB,
NJB, NIONE

ETA(TI), I = 1, NI

ETAO, ETAGEN

ETAC, ETAGEN

™MJ), J =1, NJ

T0, TGEN

If NEDIT1 is non-nega-
tive, a partition of
pressure and energy
will be printed. If
NEDITZ is non-negative,
subroutine EDIT2 will
be called.

If NBRL is non-negative,
along with NEDIT1, the
partition of pressure
and energy will be
punched on cards.

If NSTK is non=-zero,
successive problems
may be solved. NXTRA
is unassigned.

Number of values of eta,
number of values of
temperature, method of
generation of values of
eta, method of genera-
tion of values of tem-
perature, index for
which T = 1.

Values of eta are read
from input cards.

ETA(1) = ETAO,

ETA(I) = ETA(I-1)

+ ETAGEN.

Values of eta are
generated by addition.

ETA(1) = ETAO

ETA(1) = ETA(I-1)

x ETAGEN.

Values of eta are
generated by multipli-
cation.

fl

i}

Values of temperature
are read from input
cards.

(1) = TO

™J3) = 7(5-1) +TGEN.
Value of temperature
generated by
addition.

2112

2112

2112

5112

BE12 .5

OE12.5

2E12.5

6B12.5

2E12.5



-60-

Card No Input Variables Description Format
NJB > © TO, TGEN (1) = TO 2E12.5
™j) = T(j-1) XTGEN.
Value of temperature
generated by multi-
plication.
(Last Card) NIH, ETAHGN Number of Hugoniot 112,E12.5

points, ETAH(1) = 1.
ETAH(I) = ETAH(I-1)
+ ETAHGN. Hugoniot
points are generated
by addition.




APC

BD1PC

BD2PC

BEC
BETA

BETAD

BGRUNG
BMODM
BMODP
BPC

BRETA

BRZ
c1, c2

CMMI'S

-61-

IX. GLOSSARY OF PROGRAM SYMBOLS

Constants used in the calculation. These may be
input or calculated as part of the code. (IC 120)

P (1,)

Constants used in the calculation. These may be
input or calculated as part of the code. (IC 120)

apP .
@,

H:T}_b
&
ar® /n-n,
EC( T )

B = Bofﬂg (Equation 58)

Coefficient of electronic specific heatgat T = 0,
P = 0. Dimensions are ergs/(gm. x deg. ). (IC 115)

v(Ty)

;2
Measured value of bulk modulus {dynes/cm ), for
comparison. (IC 121)

Bulk modulus (dynes/cme) at T =0, P = 0. (IC 116)
Pc(l%)

Upper value of 1 at which the form of PC is
changed (Tb). (1IC 123)

Limit of Z(~ .1). (IC 123)
Constants used in calculation when T = ﬂb.

Ten cards for comments. (IC 102-111)

*
Refers to number of input card.
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CoM Measured value of sound speed (cm/sec), for
comparison. (IC 121)
2
CPC Pc(ﬂa) A(3)7,
CR - Rpoo/ZAL (R in ergs/mole)
CTXPM Measufid value of coefficient of thermal expansion
(deg.™™), for comparison. (IC 121)
AR
cv Total specific heat. C, = k%%) (Equation 68)
v
ch
D1PC I
321')
D2FC =
arf
DTHETA 6, Debye temperature (°K). (IC 115)
E Total internal energy (erg/gm).
EC Internal energy at T = O.
ECOR Additive correction to specific internal energy

(Code assumes zero at T = 0). (IC 118)

EH Total internal energy on Hugoniot.
EREF B(",,T,)
v
ETA -y
v 0
o]
ETAA Ng? lower value of T at which the form of PC is

changed (calculated in code).

ETAGN Value used to form 7 - table.

ETAH WH’ value of T on the Hugoniob.

ETAREF Ny value of  at reference point.

ETATFC Tppge velue of n on Thomas-Fermi curve. (IC 116)

F1 Limit on reference iteration (~ 10"5). (Ic 123)
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F2 Limit on Hugoniot iteration (««10'3). (1C 123)

F3 Lower change point of log cosh function (~ 10'3).
(IC 123)

wh Upper change point of log cosh Tunction (~ 10).
(Ic 123)

GEL g, exponent of T in Cy, (Bquation 58). (IC 115)

GFW Gram formula weight. (IC 115)

GRUNG v, Gruneisen coefficient.

GRUNM Measured value of Gruneisen coefficient for

comparison. (IC 121)

GRUND Y,» Gruneisen coefficient at P = O. (IC 116)

Ty, IT2, Dummy variables that count the number of iterations

IT3 that have been done.

MATL Material - two cards for one printed line. (IC 113, 11k)

NBRL If > 0, and NEDITL1 > O, the partition of pressure
and energy will be punched on cards. (IC 127)

UBR2 Unassigned. (IC 127)

REDITL If > ¢, a partition of pressure and energy will be
printed. (IC 126)

NEDIT2 If » 0, subroutine EDIT2 will be called. (IC 126)

NHUG If » 0, the Hugoniot from reference conditions will
be calculated. (IC 125)

NT Nurber of 7 values. (IC 128)

NIB Method of generating m values: < 0, values are

read from card; = O, generated by addition;
> 0, values are generated by multiplication.

(IC 128)
NIH Number of T values on Hugoniot (last card).
NIFUE Index for which T = 1. (IC 128)
NITL Limit on number of iterations on reference (~ 10).

(1C 124)
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NIT2 Limit on number of iterations on the Hugoniot
(~25). (IC 124)

NT Number of T values. (IC 128)

NJB Method of generating T values (c.f. NIB). (IC 128)
NORUN Run number. (IC 112)

NPSER Serial number. (IC 112)

NPUNH Method by which (TM,P,E,T,S) are punched: < O no

cards punched; = 1, a card for every ', T will
be punched; = 2 a card for every other T, T will
be punched. (IC 125)

NSTK If £ 0 successive problems may be run. (IC 128)

NTDF Number of entries in Debye table. (IC 1)

RWT If > O, output quantities will be written on
output tape. (IC 125)

NXTRA Unassigned. (IC 128)

o Total pressure.

PC Pressure for T = Q.

PH Pressure on Hugoniot.

PﬁISM Measured value of Poisson ratio for comparison.
(1IC 121)

PREF P, reference pressure (dynes/sq em). (IC 117)

PTFC Pope = P(DTFC). (1ICc 116)

R Gas constant in ergs/gn.

RA 3R

RB 3R/2

RBAR R = v(%%)v (Equation 69)

REL Atomic number.

REOM Measured value of density (gm/cc), for comparison.

(1ICc 121)



RHBP

REPREF

RLFM

RIVM

TABT
TABTFC
TABTFS
TDIF
TH
TREF

TTEN

VARL

X,Y,%

-65=

P oo’ density at T = G, P = 0. If < O, code
will compute. (IC 116)

P density at reference temperature and
pressure. (IC 115)

Measured value of latent heat of fusion (cal/gm).
(IC 122)

Measured value of latent heat of vaporization
(cal/egm). (#122)

Universal gas constant; 8.31662 X lO7

ergs/mole.
Specific entropy.

Additive correction to specific entropy (erg/gm X deg)
(code assumes zero at T = 0). (IC 118)

Measured value of entropy of fusion (cal/gnm X deg).
(Ic 122)

Measured value of entropy at standard condition
(cal/gm X deg). (IC 122)

Measured value of entropy of vaporization (cal/gm X deg)-.
(1c 122)

Temperature (K.

Part of interpolation routine.

Table of Debye specific heat function. (IC 2 - 51)
Table of Debye specific entropy function. (IC 52 - 101)
Temperature interval of Debye tables.

Temperature on Hugoniot.

T, reference temperature (°k). (Ic 117)

Temperature (°K) at which substance will begin to
display negative pressure. (IC 119)

Set to value of p_ .
00

Dimensioned dummy variables.
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ZAIL, Empirical constant in Z factor (K in Equation 36).
If < 0, computed by code so that substance displays
negative pressure at TTEN. (IC 119)
p RTA
0
P

x (&)

ZH ZFAC on Hugoniot.

ZFAC 7 = (Equation 36)
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COMPUTED EQUATION OF STATE FOR ALUMINUM
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