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USER’S MANUAL FOR PANDA:
A COMPUTER CODE FOR CALCULATING

EQUATIONS OF STATE

by

Gerald I. Kerley

ABSTRACT

PANDA is an interactive computer code that constructs equations of state (EOS) for
materials over a wide range of densities and temperatures. It provides several options
for such contributions to the EOS as the cold curve, lattice vibrations, fluid degrees of
freedom, electronic excitations, and intramolecular viiration and rotation. The user
enters parameters that define the EOS and makes calculations to test and study the
model. The code generates standard Sesame EOS tables that can be read in to other
codes or added to a data library for applications.
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I. INTRODUCTION

A. Equations of State: General Considerations

The equation of state (EOS) of a substance describes the dependence of its thermodynamic properties,
such as pressure and energy, upon density and temperature. The EOS and other bulk properties of matter
are needed for a variety of applications, particularly those that involve numerical simulation of dynamic

processes (hydrodynamic flow). The PANDA code is one member in a family of computer programs
developed at Los Alamos National Laboratory for computing tables of the EOS and related material
properties. These tables are made available to users through the computer-based Sesame hbrary.1-3

When an EOS is calculated over a wide range of densities and temperatures, many different physical
phenomena are encountered. At low temperatures, atoms and molecules are in the ground electronic
state, and the EOS is determined by the nuclear degrees of freedom: translation, vibration, and rotation.
At high temperatures, thermal excitation and ionization of the electrons become important and may
dominate the effects of nuclear motion. A rigorous treatment of the electronic contributions requires a
quantum mechanical model for hot condensed matter, Heating and compression also induce phase
transitions and chemical reactions, which are ofien accompanied by dramatic changes in the
thermodynamic properties.

At present there is no single model or computer code that can treat all of these phenomena
simultaneously and accurately. For this reason, a computational model that uses several computer codes
linked together has been developed at Los Alamos. The total problem is broken down into parts, each of
which can be handled by a separate code. The approach consists of the following steps.

(1) Begin with a single phase of a single molecular species. Separate the EOS into contributions from
different degrees of freedom (see Appendix A).
(2) Assemble data for the ground electronic state (cold curve) and thermal electronic contributions from
quantum mechanical calculations and experimental measurements.
(3) Combine cold curve, contributions from nuclear motion, and thermal electronic excitations into a
total EOS table.
(4) If chemical reactions are important, construct the EOS for a mixture of several chemical species,
using EOS tables for the pure species. Do a chemical equilibrium calculation to determine the
composition as a function of density and temperature.
(5) If more than one phase is present, compute the phase diagram and multiphase EOS, using EOS tables
for each of the phases.

B. Functions of the PANDA Code

PANDA is a code for constructing an EOS table in the standard Sesame format for a single phase of
a single moledar species. The phase may be either the fluid one (including the vapor, liquid, and
supercritical regions) or one of the solid phases. With one exception, the dimer model, chemical reactions
are not allowed. PANDA can also be used to construct a crude EOS for a more complex system, but
other codes have been developed to deal with the problems of chemical reactions and phase transitions.

When constructing an EOS, the user can-include the following contributions:

I-1

cold curve
solid lattice vibrations
fluid nuclear motion (translational)
vibration and rotation
electronic excitation and ionization

dimerization (fluids only).



The cold curve can be constructed from experimental static and shock wave measurements and from
band theoretical calculations or other models. PANDA provides several options for analyzing, fitting,
and extrapolating the data selected by a user. The cold curve can be put in as a table if desired.

For solids, the lattice vibration terms can be calculated using a Debye or Einstein model. The user must
select one of several options for the Debye temperature and Griineisen function and read in the required
parameters. If he desires, these models can be made to extrapolate to the ideal gas limit at high
temperatures and low densities, giving a crude description of melting and vaporization.

For fluids, contributions from center-of-mass motion of the molecules are computed using the CRIS
model,’-b which is based upon hard-sphere perturbation theory. Unlike other fluid theories that use a pair
potential, this model uses the solid cold curve to specify intermolecular forces. Hence the CRIS model
requires no input but the cold curve.

Vibrational and rotational contributions are calculated using the harmonic oscillator-rigid rotator
approximation.’ The user must supply vibrational frequencies and rotational constants, quantities
obtained from spectroscopic data.”s As a fwst approximation, perturbations to the vibrational and
rotational motion in fluids and solids can be included in the cold curve.9

Accurate calculations of the contributions from thermal electronic excitation require sophisticated
models, which involve large amounts of labor and computing time, Therefore, computation of these terms
is Iefl to separate codes, and the results are read in to PANDA in one of several tabular formats.

An option is available that corrects the EOS of monoatomic fluids for effects of diner formation, a
useful feature in calculations of metallic vapors. The POGO code (Sec. I.D) has been designed to deal
with problems where the chemistry is more complex.

In addition to the options listed above, all or part of the EOS may be read in to PANDA as a table in
the standard Sesame format. This tabular option provides a link between other codes and the computing
machinery provided by PANDA. For example, the user can write a separate program to compute part of
the EOS as a table and read in the results to PANDA in place of the standard option.

After entering parameters that define the EOS, the user can choose from many options to analyze the
predictions of his model and compare them with experiment. He can change parameters and study the
results of these changes. Calculations can be sent to a plot ffle for graphing with a separate program.
Finally, the user can construct an EOS table that can be either added to the Sesame library or read into
other codes.

C. Running the PANDA Code

PANDA is an interactive code. It has 42 commands that can be used to enter data for the models,
make and display calculations, and send tables to external fdes. These commands are independent of one
another; they can be entered in any order and repeated as ofien as desired. When PANDA receives an
instruction, it asks the user for any data needed, executes the specitled task, and prompts the user for the
next option. The command END is used to terminate a run.

Table 1-1 gives a list of the commands used to define an EOS model, their functions, and the sections of
this manual in which they are discussed. The code can construct models for both a solid and a liquid.
Both EOS models consist of up to five contributions, which the user selects by setting flags with the MOD
SOL and MOD LIQ commands. These two instructions are the most general ones because they
automatically call the other options if they are needed. (They do not call an option that has already been
executed.) The INPUT, MOD SOL, and MOD LIQ commands are discussed in Sec. II.

The other instructions in Table I-1 are used to select options and enter data for certain parts of the
EOS model. The options available under these commands are discussed in Sees. III-IX. Note that these
instructions merely enter data; they do not turn that contribution “on.” For example, the command
COLD CURVE can be used to select an option and enter various parameters, but the user must set a flag

●
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TABLE I-1. Commands Used to Define the EOS Model”

Command Function Section

●

●

INPUT
MOD SOL
MOD LIQ
COLD CURVE
LJ MATCH

SOL NUC

CRIS

ELEC
VIB ROT

DIMER

SOL TAB
LIQ TAB

enter basic material data
define ,solid model
define liquid model
define cold curve
revise cold curve at low

densities
define lattice vibration model

for solid
enter parameters for liquid

model
define thermal electronic terms
enter vibrational and rotational

parameters
enter parameters for

dimerization model
read in table for solid
read in table for liquid

ILA
ILB
11.c
m

111.G

IV

v

VI
VII

VIII

IX.B
IX.B

The INPUT command is automatically called at the start of each run.
The MOD SOL and MOD LIQ commands automatically call any other
options needed The other commands must be called to changeparameters
already entered.

with the MOD SOL command to add the cold curve into the total EOS. This feature of the code makes it
easy for a user to turn contributions to the EOS on and off without having to reenter data.

Table I-2 gives a list of the commands that make various calculations using the models (see Sec. X).
The results are listed at the teletype (TTY). The PLOT command can be used to send the results to an
external ffle for graphing. The instructions in Table I-2 should not be called until those in Table 1-1 have
been used to define a model, or part of it.

The instructions listed in Table I-3 are used to create EOS tables in the standard Sesame 2 format and
send them to external fdes. These tables can be read into display codes for evaluation, submitted to other
physics programs for calculations of phase transitions and chemical equilibrium, or incorporated directly
into a data library for use in applications.

Several examples of PANDA runs are given in Sec. XI.

D. Interface with Other Codes

As noted above, PANDA can accept input from and provide output to other codes. A brief description
of these programs and their functions is given below.

●

●

SES2D, SES3D, and DSPLX1 display data from an EOS library in the Sesame 2 format. SES2D,
written by J. D. Johnson, plots a variety of curves on a two-dimensional grid. SES3D, written by J.
Abdallah, graphs EOS surfaces in three dimensions. DSPLX, written by G. I. Kerley, makes many
kinds of calculations, including impedance matching of two materials, and prints the results at the
TTY.
CURVES,10 written by J. Abdallah, makes graphs from plot files like those generated by PANDA.

I-3



TABLE I-2. Computational Options

Command Function Section

EOS SOL
EOS LIQ

ISTH SOL
ISTH LIQ

ISCHR SOL
ISCHR LIQ

ISB SOL
ISB LIQ

ISEN SOL
ISEN LIQ

HUG SOL
HUG LIQ

VAP SOL
VAP LIQ

SPN SOL
SPN LIQ

CRIT SOL
CRIT LIQ

MELT

RDF LIQ
SFAC LIQ

XPT LIQ

PLOT

NO PLOT

compute EOS and sound speed for solid or liquid

compute an isotherm for solid or liquid

compute an isochore for solid or liquid

compute an isobar for solid or liquid

compute an isentrope for solid or liquid

compute a shock Hugoniot for solid or liquid

compute vapor coexistence curve for solid or liquid

compute spinodal points for solid or liquid

compute critical point for solid or liquid

compute melting curve

compute radial distribution function or structure
factor for liquid

compute transport properties for liquid

set flag to generate PLOT fde

turn PLOT flag off

X. B

x. c

x. c

X. D

X. E

X. F

X. G

X. H

X. I

X. J

X. K

X. L

X. A

X. A

?

●

● SIM2M, written by G. T. Rood and S. P. Lyon, is the data manager for the Sesame library. This code
can be used to add tables produced by PANDA to the data fde.

● INFERNO, written by D. A. Liberman, 11calculates the electronic structure of condensed matter.
ERMA, written by G. I. Kerley, processes the results, which can be used for the cold curve and the
electronic excitations in PANDA. These codes are still under development. The thermal electronic
terms can also be computed from statistical atom theory, 12using a library created by J. D. Johnson.

● POGO, written by G. I, Kerley and S. P. Lyon, computes effects of chemical reactions on the EOS.

It uses PANDA EOS tables for several chemical species to calculate the thermodynamic functions of
the mixture and mities the free energy to determine the equilibrium composition. This code is still
under development.

I-4



TABLE I-3. Commands Used to Generate Sesame Tables

Command Function Section

●

SHIP SOL make Sesame 2 EOS Ix

SHIP LIQ table for solid or liquid

MESH SOL make density-temperature IX. E
MESH LIQ mesh for Sesame table 301

READ MESH read mesh for 301 table IX. E
from external file

SAVE MESH write mesh for 301 table IX. E
to external fde

TUTTI and SES2R, written by G. I. Kerley and G. T. Roo~ are used for problems involving phase
transitions. TUITI computes the phase diagram and muhiphase EOS from PANDA tables for
several distinguishable phases. SES2R is used to analyze shock-wave data for porous materials and
materials with phase transitions.

E. Conventions

L Energy Zero. The zero of energy is determined by the solid cold curve for both the solid and fluid
phases. The energy on the cold curve is chosen to be zero at zero pressure, solid density. In PANDA, the
solid cold curve does not include contributions from zero-point motion, which are part of the lattice
vibration model. The user can change the energy zero as desired, using the MOL SOL and MOL LIQ
options.

2. Thermodynamic Consistency. The EOS models in PANDA provide pressure, internal energy,
and Helmholtz free energy as functions of density and temperature. These three functions satisfy the
usual thermodynamic relations.

3. Symbols and Units. A list of the most important symbols and units is given in Table I-4.
Consistent units are used throughout the code, as well as for input and output. (One exception to this rule
is in calculation of the thermal electronic contributions to the EOS from the library of statistical atom
tables; in these tables, temperature is specitied in electron volts. See Sec. VI.)

4. Progr amming Features. PANDA is written fcw use on the Los Alamos National Laboratory

CDC 7600 computer, using the FTN/LTSS compiler. Standard Fortran is used throughout most of

the code, but system-dependent features include input/output and the use of large-core memory (LCM).
All numerical input from the ‘ITY and packed ASCII files is done using field-free READ statements. For
fdes in binary format, all input and output are isolated in two routines. Output fdes are made
monitor-mode by use of the SETMON routine. Direct addressing is used for all arrays in LCM.

I-5



TABLE I-4. Symbols and Units

Symbol Name units

P density gm/cm3

T temperature K

P pressure GPa

E internal energy MJ/kg

A Hehnholtz free energy MJAg

s entropy MJ/kg-K

DO dissociation energy eV

(dimer molecule)
o vibrational frequency cm-l

B rotational constant cm–l

F. Program Availabdity

Los Alamos users can obtain the PANDA code from the Common File System, using the MASS
utility.

MASS GET DIR = /PANDA/CODE FPAN APAN

FPAN is the Fortran source code, and APAN is the absolute binary. APAN can be executed as
shown in the examples of Sec. XI.

Users outside Los Alamos can obtain PANDA by writing to

Sesame Library, MS 925
Los Alamos National Laboratory
P. O. BOX 1663
Los Alamos, NM 87545

and providing a magnetic tape on which the Foman source code will be written.

I -6



II. DEFINING AN EOS MODEL

A. The INPUT Command

9

●

The instruction INPUT enters seven basic material parameters that are used in several places
throughout the code. This command is automatically called at the beginning of a PANDA run. The user
is prompted as follows.

ENTER NAME OF OPTION
‘?INPUT

ENTER Z~W,ECOH,RHOREF,TREF,GAMREF,DEBREF
?

z (total atomic number)
AW (molecular weight)
ECOH (solid cohesive energy)
RHOREF (reference density)
TREF (reference temperature)
GAMREF (Gruneisen parameter)
DEBREF (Debye temperature)

Use of these parameters varies slightly, and often some can be defaulted (set to O), depending upon the
EOS models specified by the user.

The atomic number Z is used in high-density extrapolations of the cold curve and the CRIS model, in
thermal electronic contributions, and in creation of the Sesame 201 table. For molecules, Z is set equal to
the total number of electrons in a molecule (sum of the atomic numbers for the atoms).

The cohesive energy ECOH is the experimental heat of vaporization of the solid at OK. (The code adds
a correction for zero-point energy, when needed.) This quantity is used when the cold curve is computed
from the Hugoniot or entered as a table and in the low-temperature extrapolation of the CRIS model.

The optional parameters RHOREF and TREF define a reference state for the solid under typical
experimental conditions. When the cold curve is computed from shock data, this state is used to specify
the initial conditions. These quantities are also used in the solid lattice vibration model and in making
guesses and setting bounds on variables used in searches.

GAMREF and DEBREF are the Griineisen parameter and the Debye temperature at the reference
state. These quantities are used for the solid lattice vibration model. In some cases the code will calculate
estimates for these parameters if they are set to zero on input (see Sec. IV).

B. The Solid Model

The solid EOS consists of up to five contributions, which the user selects by setting flags. The
Hehnholtz free energy A,, the internal energy E,, and the pressure P, are given by the following
expressions.

A~p,T) = EC(p)+ AL(p,T) + Ae(p,T) + An(p,T) + A~S@,T)+AE, , (11-1)
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E,(p,T) = E,(p) + E~(p,T) + E,(P,T) + ~~(P,T) + l&(P,T) + AE, ,

and

P,(p,T) = pip) + P&T)+ P,(P,T) + PvR(P,’f)+ PTs(P>’f) s

E&PCare the energy and pressure on the cold curve (Sec. III).
A~EuP~ are the lattice vibration terms (Sec. IV).
A@E@P,are the thermal electronic terms (Sec. VI).
AvR,EvR,Pn are the vibration-rotation terms (Sec. VII).

ATs,&~,pm are the tabular terms (Sec. 1~.
AE~ is the shifl in energy zero.

(II-2)

(II-3)

r

●

The command MOD SOL defines the solid model. The user is prompted as follows.

ENTER NAME OF OPTION
? MOD SOL

DEFINE SOLID MODEL - ENTER FLAGS FOR COLD
CURVE, NUC MOD, ELEC MOD, VIBRO, TABLE

I /

The user responds by entering five integer flags; a 1 includes the contribution and a O leaves it out. (The
flag for the tabular term can be either 1 or 2; see Sec. II. D.) Next the code prompts the user for needed
data that have not already been entered. For example, if PANDA needs data for the lattice vibration
terms, the user will receive the same prompts as if he had entered the SOL NUC instruction (see Sec. IV).
Hence the entire setup for a solid model can be accomplished with a single MOD SOL command, if
desired.

When all data have been entered, one last prompt is issued.

ENTER SHIFT IN ENERGY ZERO (SOLID)
t’

The user then enters the energy shift, AE,. This quantity is chosen to f~ the zero of energy at the desired
value.

Detailed discussions of the options available for the various contributions to the solid EOS are given in
subsequent sections. Examples using the MOD SOL command are given in Sec. XL

C. The Fluid Model

The fluid EOS can consist of up to five contributions selected by the user with the MOD LIQ
command. The thermodynamic functions are given by the following expressions.

A~p,T) = AcR(p,T) + Ae(P,T) + AvR(P,T) + %F(P>T) + ADM(P3T) + ~F s @14)
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%(P>T) = %R(P,T) + Ee(P,T) + &R(P,T) + &-F(P,T) + EDM(P>T) + A% ,

and

p4P,T) = PcR(P,T) + Pe(P,T) + PvR(P,T) + PTF(P,T) + PDM(P,T) .

ACR,ECR,PCRare the CRIS model terms (Sec. V),
A,,Ee, P, are the thermal electronic terms (Sec. VI).

AVR,AR, PVRare the vibration-rotation terms (Sec. VII).
ATwl&,pTF are the tabular terms (Sec. IX).
AD~,E~M,PD~ are the dimer terms (Sec. VIII).
AE~ is the shift in energy zero.

The CRIS model predicts the contrl%ution to the EOS from translational motion of the molecules,
using the solid cold curve to specify the intermolecular forces. Hence there is a close relationship between
solid and fluid models, although the two phases can have significantly different properties. The thermal
electronic and vibration-rotation terms are the same for both solid and fluid, but different tabular terms
can be entered for the two cases.

The MOD LIQ command is used like MOD SOL. The user is prompted as follows.

(II-5)

(n%)

ENTER NAME OF OPTION
? MOD LIQ

DEFINE LIQUID MODEL - ENTER FLAGS FOR CRIS,
ELEC MOD, VIBRO, TABLE, DIM MOD

?

The user enters five flags; a 1 includes a term and a O leaves it out. (The flag for the tabular term can be
either 1 or 2; see Sec. IL D.) Next the code prompts the user for data that have not been entered
previously. One last prompt is issued.

ENTER SHIFT IN ENERGY ZERO (LIQUID)
7 I

The solid and fluid models in PANDA have the same zero of energy. Hence the user should normally
enter the same energy shift for both models.

The options available for the fluid model are discussed further in subsequent sections, and examples are
presented in Sec. XI.

D. Two-Temperature EOS

In some hydrodynamic models, the EOS is “split@to two parts, an ion EOS and an electron EOS. This
approach, called the two-temperature approximation,13 is used to study problems in which the ions and

electrons are not in local thermodynamic equilibrium. In PANDA, separate tables for the ions and the

eleetrons can be generated along with the totalEOStable,usingtheSHIPSOLandSHIPIJQ
commands (Sec. IX. G).
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The two-temperature EOS is an ad hoc concept. At low temperatures and high densities, where the ions
and electrons are strongly coupled, deftition of the ion and electron terms in the EOS is partly arbitrary.
However, Zwanzig14 has shown how to treat the electronic and nuclear degrees of freedom separately in
the calculation of statistical mechanical averages. The two subsystems are coupled mechanfcah’y,because
the electronic free energy depends upon the nuclear coordinates. However, the electrons and the nuclei
can be decoupled in the calculation of thermal averages. Although these arguments apply rigorously only
in the case of thermal equilibrium, the result suggests an operational definition for the nonequilibrium
case. More detailed discussion of this problem is given in Appendix A.

In PANDA, the following prescriptions are used for the two-temperature EOS.
● The ion EOS is defined as a system in which the nuclear degrees of freedom are thermally excited but

the electrons remain in the ground state. It is calculated by subtracting the electron EOS from the
total.

. The electron EOS includes only those contributions to the EOS from thermal excitation and
ionization. Hence the electron EOS quantities go to zero at T = O.

● The therm~ el~tronic terms, denoted by A~, E~, and Pe in Eqs. (II- 1)-QI-6), are always included in

the electron EOS.
● If a tibular term is kcluded in the EOS, the MOD SOL and MOD LIQ commands must set the flag

to specify whether it belongs to the ion or electron EOS. For the ion EOS, the flag is set equal to 1;
for the electron EOS, the flag is set equal to 2.

Note that the solid curve is included in the ion EOS rather than in the electron EOS. One reason for
this decision is that the cold curve is not an additive term in the liquid EOS model; it is strongly coupled
to the nuclear motions. The liquid EOS does not extrapolate to the solid cold curve at T = O because the
molecular arrangement is disordered and therefore dfierent from the arrangement of the solid. Similar
changes in the structure occur when phase changes and chemical reactions take place at high
temperature. The definitions of the ion and electron EOS used in PANDA are preserved and consistent
when the results are used in the TUTTI and POGO codes.

,

,

●

A
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III. COLD CURVE OPTIONS

A. General

PANDA offers four options for constructing a cold curve for the solid from experimental or theoretical
data obtained by the user. In addition, it provides features for extrapolating to high densities [the
Thomas-Fermi-Dirac (TFD) match] and low densities (the LJ match).

The instruction COLD CURVE enters the data. If the code needs cold curve data, this command will
be issued automatically under several other commands, including MOD SOL, SOL NUC, MOD LIQ,
and CRIS. The user is prompted as follows.

ENTER NAME OF OPTION
? COLD CURVE

COLD CURVE - ENTER ICLD, RTFD, ZTFD, RLJ, FACLJ
?

ICLD
ICLD = 1
ICLD = 2
ICLD = 3
ICLD = 4

RTFD
ZTFD

FACLJ

(cold curve option)
(compute from Hugoniot)
(analytic LJ formula)
(analytic EXP-N formula)
(tabular cold curve)
(density for TFD match)
(atomic number for TFD match)
(density for LJ match)
(exponent for LJ match).

B. Cold Curve from Shock Hugoniot

In many applications, a good estimate of the O K curve can be made from shock-wave data by direct
calculation using the Mie-Gruneisen EOS. 1s-16In this case, the user must define a model for the solid
lattice vibration terms. Details of the calculation are given in Appendix B.

In PANDA, the experimental curve of shock velocity U, vs particle velocity UP is represented by a
polynomial,

U,= CO+ S1UP+S2U; , (III-1)

where CO is the bulk sound speed. When the user spetiles the cold curve option ICLD = 1, the code
checks to see if the lattice vibration model has been defined and requests these data, if necessary (see Sec.
IV), Next, PANDA issues the following prompt.

ENTER 3-PAIL4METER FIT TO US-UP CURVE
‘1
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The user responds by entering the three coefficients CO, Sl, and Sz in Eq. (III-l). The cold curve is
computed and saved as a table, along with interpolation coefficients. As explained in Appendix B, this
table covers a limited density range, and extrapolation procedures are used for low and high densities.

Note: The procedure described above is not always valid, and it should be used carefully. The
Mie-Griineisen approximation may break down if thermal electronic or vibration-rotation terms are
important or if melting occurs. The method should not be applied to porous materials or substances that
undergo phase transitions when shocked, unless the Hugoniot data are analyzed carefully and recentered.

C. Analytic Lemard-Jones (LJ) Formula

If ICLD = 2, the cold curve is calculated from the simple analytic formulas

E,(p) = alpaz – a~paq+ EB

and

PC(p)= p (alazpaz – a~a4p*d) .

PANDA prompts the user as follows.

(III-2)

(III-3)

ENTER L-J CONSTANTS, Al,A2~3;A4
‘1

The user enters the four constants in I@. (III-2) and (III-3). The code computes ~ to adjust the zero of
energy as required by the convention. Setting PC(pO)= O, E~pO) = O gives

(-)aqa, Ma2-a4Jp.=
alaz

(l@

This form of the cold curve is of interest because it can be derived from simple pair potentials that have
been studied with Monte Carlo and molecular dynamics techniques,s However, the repulsive part of the
potential is known to be unrealistic. Hence this option will not be useful at high densities unless it is used
along with the TFD match option.

D. Analytic EXP-N Formula

If ICLD = 3, the cold curve is calculated from the analytic formulas

EC(p)= al exp (–aJpl’3) – a3p*4+ ED

and

[

P.(p) = p =3P313 1al exp (—a~pu3) —a~a4p*d .

(III-6)

(III-7)
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As p ~ O, EC~ ED; hence ED is the binding energy of the solid (called EBZPE in the code). Using the

conditions P~pO) = O, EC(pO)= 0, constants al and aq can be written as follows.

3a~a4
al=— pO84+1/3 f3xp(aJp#3) . (III-8)

E~
a3 = @l-9)

p~i(l – 3a4p~/az)

In this way, al and a3 are eliminated so that the more convenient and familiar quantities E~ and pOcan be
used for input. PANDA prompts the user as follows.

ENTER EXP-N CONSTANTS, EBZPE,RZR0,A2,A4
?

The user enters E~, pO,az, and a4, as defined above.

The EXP-N form is much more realistic at high densities than the LJ form. However, it breaks down
drastically at extremely high densities where both EC and PC become negative. The TFD match option
should be used to correct this problem, especially when the CRIS model is used.

The EXP-N form is closely related to the Buckingham (exp-6) potential, for which a4 = 2. Calculations
using this form have been very successful for the rare gasesl’ and for molecular liquids.911*This option
also works well for metals when a4 is treated as an adjustable parameter in fitting data. The constant az
can be expressed in terms of the bulk modulus of the solid, as follows.

a2=—
; P:’3

“( )
Q + ~Q2 – 361301P0E33

and

()

dPC
$0= P= P. ,

(III-1O)

I

(III-1 1)

where Q = 1 + 3a4 + 3~~a4pOE~. If E~, PO,and 130are known, the cold Cwe can be determin~ by

adjusting ad until a good fit to experimental or theoretical data is obtained.

E. Tabular Cold Curve

If ICLD =4, the cold curve is entered as a table of pressure vs density. PANDA issues the following
message.

ENTER INPUT TAPE NUMBER OR ZERO FOR TTY
?
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If the user enters an integer number n >0, PANDA reads the cold curve from a fde called TAPEn.
(TAPES 1-5 can be used for this purpose.) TAPEn must bean ASCII fde containing one value of the
density p and the corresponding cold curve pressure PCper card. A minimum of 4 and a maximum of 75

p, PCpoints can be entered without sorting. The last point should be followed with a blank card.
If the user enters a value of n = O, input is from the TTY. PANDA issues the following message.

ENTER DENSITY AND PRESSURE, POINT BY POINT
7

The code reads from the ‘lTY just as it does from the external fde, except that it enters a prompt (?) for
each line of input. Data input terminates when the user enters a density of zero.

The code sorts the density-pressure points so that densities are monotonically increasing, and it
calculates the energy, which must obey the relation

dEC
Pc=p2— .

dp

The following interpolation formula is used. For p, s p < Pl+l,

EC= E,(i) + p,-l [PC(i)x+ Al(i)x2 + Az(i)x3+ A3(i)x4] ,

(III-12)

(III-13)

PC= (p/p)z [PC(i)+ 2 Al(i)x + 3 A2(i)x2+ 4 A@x3] , (III-14)

X= P–P1
PI

(III-15)

The coetlicients Al(i), Az(i), and A3(i) are chosen by fitting Eq. (III-14) to the pressure table, Equation
(III-13), together with the convention for the zero of energy, determines the quantities E~i). Note that the
procedure just described does not give continuous derivatives of the pressure.

For low densities, p < pi, the code extrapolates. An LJ match can be used to guarantee that the cold
curve has the correct behavior in this region. For high densities, the TFD match is done automatically. If
the user sets RTFD = O, the match is made at RMAx the highest density entered. The user can specify
another value for RTFD, but the code takes RTFD = RMAX as the upper limit for the match.

F. The TFD Match

PANDA offers an analytic formula for extrapolating the cold curve to arbitrarily high densities. To
obtain this option, the user enters a finite value of RTFD. The extrapolation procedure is automatically
used for ICLD = 1 and ICLD = 4. The other parameter in the TFD match, ZTFD, is normally set = Z
or defaulted = O (which the code resets to Z), It can be used to modify the formula slightly, a step that
may be necessary for molecular systems.

The high-density formula is based upon the TFD statistical model of the atom. The TFD theory is
believed to be accurate at pressures above 103 GPa. To interpolate from the cold curve at p = RTFD to
the TFD formula at high densities, the following expressions are used.

E,(p) = [E-@ – E~(RTFD)] y(p) + AEC , (III-16)
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P,(P) = PT(P) Y(P) + P[ET(P) – ET(RTFD)] ~ , (III-17)

and

Y(P)= l+:+$+-# , (111-18)

where ET and P~ are the TFD energy and pressure. The quantities zlEC,bl, bz, and bq are determined by
requiring that the energy, pressure, and two pressure derivatives be continuous at p = RTFD.

In PANDA, the TFD energies and pressures are represented by the formulas

1505.2125
%(P) = ~x, z e-Nx)

9

P~p) =
1003.475 _F(x)
—e

()

X dF——
X5 1+2dx ‘“

(III-19)

(111-20)

and

F(x) = Clx + Czxz + C~x2h x , (III-21)

where x = (W/Zp)u3, Z is the atomic number, and W is the molecular weight. The quantities C ~,Cz, and
C are

Cl= 0.703473 + 1.130622 (ZTFD)V3 , (III-22)

c~ = 0.3 –
0.00245 (ZTFD)5’2

1 + 0.0028 (ZTFD)Z

and

C~ = 0.6 I- 0.0386 (ZTFD)4n .

> (III-23)

(III-24)

These formulas agree with numerical results* to better than 2V0for pressures above 100 GPa. At lower
pressures they are accurate enough for interpolation.

The parameter ZTFD in @s. (111-22)-(111-24)can be adjusted to change the numerical results. For
molecules, a value of ZTFD < Z gives the best fit to results obtained by additive volume mixing of the
TFD data for atoms.

G. The LJ Match

A low-density extrapolation formula** can be obtained by entering nonzero values for the parameters
RLJ and FACLJ. These quantities can also be entered separately, using the command LJ MATCH.
PANDA prompts the user as follows.

*Numerical data were generated using unpublished TFD codes of R. D. Cowan and D. A. Liberman, Los Alamos
National Laboratory.
**The idea for the LJ match was furnished by B. I. Bemet4 LOSAlamos National laboratory.
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ENTER NAME OF OPTION

? LJ MATCH

LJ MATCH - ENTER RLJ, FACLJ
?

For p= RLJ, the following expressions are used.

EC(p)= flpfz– f3pFAcu+ E~

and

( )
Pc(p) = p f1f2pf2– f3f4pFAcu .

(III-25)

(III-26)

These formulas are similar to Eqs. (III-2) and (III-3), but the LJ match is a completely separate option
and can be used with any value of ICLD. The parameters fl, f2, and f3 are determined by requiring that
the energy, pressure, and fust derivative of the pressure are continuous at p = RLJ. E~ is the solid
binding energy, which is available from previous computations.

The LJ match is useful for making adjustments to the cold curve in the tension region, where no
experimental data are available. The critical point and liquid density on the coexistence line may be
sensitive to these adjustments.
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IV. SOLID LA’ITICE VIBRATION MODELS

A. General

PANDA offers five models for computing the contributions from lattice vibrations to the EOS. there

are three options for the Griineisen function and Debye temperature used in these models. In addition,
the code provides an extrapolation formula the virial match, which can be used for low densities.

Data are entered using the command SOL NUC. This instruction will be issued automatically, if the

code needs the data, under several other commands, including MOD SOL and COLD CURVE. The user

is prompted as folows.

ENTER NAME OF OPTION
? SOL NUC

LA’ITICE MODEL - ENTER INPT,IGRN,FT, SPSN,RV

I ?

INPT
INPT = 1
INPT = –1
INPT = 2
INPT = 3
INPT = –3

IGRN
IGR.N = 1
IGRN = 2
IGRN = 3

FT
SPSN
RV

(lattice vibration option)
(Debye model)
(Debye model with cutofl)
(solid-gas formula)
(Einstein model)
(Einstein model with cutofl)
(Griineisen parameter option)
(cold curve formula)
(Sesame formula)
(Thompson formula)
(used in Gruneisen formula) (see Sec. IV.E)
(Poisson’s ratio) (see Sec. IV. E)
(density for virial match).

The above parameters completely define the lattice vibration model. The user will receive no additional
prompts, unless cold curve data are needed (for the case IGRN = 1).

B. THE DEBYE MODEL

PANDA provides two versions of the Debye model. In the standard model (INPT = 1), the Hehnholtz
free energy, internal energy, and pressure are given by the following expressions.19120

[

R 90+3 Ttn(l–eAfl)&(P,T)= ~ ~ 1–T D (9/T) ,

[ 1‘L(P~~=# ;o+3TD(o~) ,

(IV-1)

(Iv-2)
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[ 1PL(p,T) = # PY(P) ; 0 + 3 T D (e/T) >

and

‘i
J

D(x)=; ~ ~dy o

(Iv-3)

(IV-4)

6 is the Debye temperature, y is the Grfieisen parameter, W is the molecuh weight, and R is the gas
constant (8.3 144 x 10–3MJ/kg-mole/K). Note that these formulas include the contributions from
zero-point motion. Therefore, the cold curve in PANDA should not include these terms.

In the modified Debye model (INPT = –1) the sum over the lattice vibration levels is cut off when the
amplitudes of vl%ration become comparable with intermolecular distances. The harmonic approximation
breaks down for these high vibrational states, where the lattice becomes mechanically unstable. The
standard Debye model, which includes these levels, gives an unreasonable prediction of the free energy at
very high temperatures, and erroneous results occur in the calculation of melting phenomena. The cutoff
corrections overcome these problems.

Formulas for the cutoff model are discussed in Appendix C. Corrections to the standard model are
very small over the entire range where the solid is thermodynamically stable (relative to the fluid phase).
When the temperature is raised well above the melting curve, corrections become important and the solid
becomes mechanically unstable. At still higher temperatures, PANDA uses the ideal gas formula.

Note: The very high temperat&e region of the solid is fictitious and artifkisl. For best results, the fluid
model should be used in this region. PANDA generates separate EOS tables for the fluid and solid
phases, and the TUITI Sode constructs the multiphase EOS. For a crude treatment of melting, the
solid-gas interpolation formula, discussed below, may give better results than the cutoff mcdel.

C. Solid-Gas Interpolation Formula

For INPT = 2, PANDA provides a formula that smoothly interpolates between the Debye model, at
low temperatures or high densities, and the ideal gas law, at high temperatures and low densities. This
model should not be confused with the virial match, which is described in Sec. F.

The Helmholtz free energy is given by the following formula.

where x = O/T,

f.= 11L56(p/W)~/(WT) ,

,1= .513417x2 +,010855x3 + .052934x4 ,

and

,Z= 1 + .687497x .

(Iv-5)

(IV-6)

(Iv-7)

(IV-8)

8

b

t

b

IV-2



If fO= O is set in Eq. (IV-5), the result agrees very well with the Debye formula, Eq. (IV-1). When the fO
term is included, Eq. (IV-5) goes to the ideal gas limit19as T ~ m or as 0 ~ O (low densities).

The internal energy and pressure are found from thermodynamic relations.

IL=&-T(#,‘${:,+T (3/2)fo + 3fJx)

}[fo+ f,(x)] [f,+ f,(x)+ f,(x)] ‘
(IV-9)

and

f.= 0.513417x2 + 0.192769x3+ 0.1 13331x4+ 0.054588x5 . (IV-11)

This model can be used either with or without the virial match. The latter is preferred if IGRN = 1.

D. The Einstein Model

PANDA provides two versions of the Einstein model. 20 In the standard model (INPT = 3), the

thermodynamic functions are given by

and

PL=$py [~’+-+$1

(IV-12)

(IV-13)

(IV-14)

(The Einstein temperature 0 is identical with the Debye temperature as discussed in Sec. E.)
In the modifkd Einstein model (INPT = –3), the sum over the lattice vibration levels is cut off for large

amplitude vibrations. The qualitative features of the model are the same as those for the Debye model
with a cutoff. Details are given in Appendix C.

E. Options for the Griineisen Function

For IGRN = 1, PANDA provides an expression that relates the Griineisen function y to the pressure
and its derivatives on the cold curve.

(IV-15)
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where

pc=p~, (IV-16)

and

(IV-17)

Here FT is specihl by the user, as mentioned above. Equation (IV-15) represents three well-known
relations.

FT = O is the Slater formul%zl
~ = 1 is the Dugdale MacDonald formula~z

and
FW = 2 is the free volume formula.23

In PANDA FT can have noninteger values in addition to the above. If the user enters a nonzero value of
GAMREF on input, the code solves for FT from Eq. (IV-15) and ignores the value specified by the user.
In this case, the code does not allow FT to exceed 2.5, a choice that gives poor results at high densities; it
sets FT = 2.5 and resets GAMREF. If the user sets GAMREF = Oon input, PANDA takes the specified
value of FT in Eq. (IV-15), and any value can be entered.

The Griineisen function and the Debye temperature are related by

dtn O

Y=w “

For IGRN = 1, Eqs. (IV-15) and (IV-18) require the following relation.

o = c [Pc– (FT) (2/3) PC]l’2
P1’6

(IV-18)

(IV-19)

The constant C is determined from the values of RHOREF and DEBREF put in by the user.
Note: Equation (IV- 15) fails when (3Cs (FT) (2/3) PO which typically occurs in the tension region,

below the normal solid density range. At these low densities, the code sets y = 2/3 and 9 = O, but the
model should not be used in this region.

PANDA also offers two simple analytic options for y and 0. Setting IGRN = 2 specities the so-called
Sesame formula.

Y=l’o ();+;1–; ,

and

()

Z3

0=00 ~
PO

exp [(YO– 2/3) (1 – PJP)] .

Setting IGRN = 3 specifies the following formulas, from Thompson.’9

(IV-20)

(IV-21)

t

J
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.

and

0=00 (IV-23)

In both of the above cases, the quantities pO, yO, and 00 are equated to the parameters RHOREF,

GAMREF, and DEBREF, respectively.
As noted in Appendix B, there is one case for which the user does not have to specify a value for

DEBREF. If the cold curve is determined from the Hugoniot (ICLD = 1) and if the user sets
DEBREF = O, Eq, (B-14) is used. This option requires a value for Poisson’s ratio, SPSN. (If the user
sets SPSN = O, the code automatically resets it to a default value of 1/3.)

F. The Viiial Match

For densities p < RV, PANDA provides a smooth interpolation formula between the solid model and
the low-density ideal gas law (Ref. 24).* The user obtains this option by entering a nonzero value for RV
when specifying the lattice vibration model.

Formulas for the thermodynamic functions are as follows.

(IV-24)

EL(P,T) = EL(RV,T) + W(T)V + DZ(T)IL2 + D3(T)w3 , (IV-25)

and

RTp
‘L(p,T) ‘—

w +6
[ 1C1~) + 2 CJT)II + 3 CJT)V2 ,

where v = p/RV — 1. Continuity of the pressure at p = RV requires

P~(RV,T) RT
C,(T)= . Rv –~ .

At low densities, the free energy must approach the ideal gas limit.

(IV-26)

(IV-27)

(IV-28)

PANDA also requires that the frost derivative of the pressure be continuous at p = RV. These three
conditions determine C ~, C2, and C~. At low densities, the internal energy must approach the ideal gas
limit.

~+3RT
L ——

2W
as P-O . (IV-29)

*’he idea for using the ideal gas free energy to extend the two-parameter virial match of Ref. 24 to a three-

psrameter formula was taken from B. I. Benne~ Los Alamos National Laboratory.

Iv-5



In addition, the fwst and second derivatives of the energy must be continuous at p = RV. Hence there are
three relations for Dl, D= and DJ. Thermodynamic consistency requires that

dC~
D~(T) = C~(T) – T= , where k = 1,2,3 . (IV-30)

The above requirements on continuity of the derivatives automatically insure that these conditions are
satisfied.

The virial match can be used with any of the lattice vibration models, but it gives best results with
INPT = 2, the solid-gas formula. In this case, it gives a smoother interpolation to the low-density ideal
gas limit than the model does without a match. At high temperatures, the virial match does not give good
results when used with the Debye and Einstein options, because the free energy in these models agrea
very poorly with that for an ideal gas, Both Eqs. (IV-1) and (IV-12) give

(IV-31)

.

,

Matching Eq. (IV-24) onto this result is found to give unphysical loops in the pressure at high
temperatures. The cutoff models, INPT = – 1 and INPT = – 3, also give poor results because the
pressure and internal energy do not have continuous derivatives everywhere (see Appendix C).
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V. THE CRIS MODEL

+

.

A. General

The CRIS model~c describes the contributions to the EOS from translational degrees of freedom over
the entire fluid range: the liquid, vapor, and supercritical regions. At low temperatures, isotherms
calculated using the model display Van der Waals loops, indicating a vapor-liquid coexistence region and
a critical point. When the CRIS model is used with one of the solid models discussed in Sec. IV, the code
can predict the melting curve. Finally, the fluid model also provides estimates of the structure factor and
radial distribution function, the bulk and shear viscosities, and the difiisivity.

The thermodynamic properties are computed from an expansion about a hard-sphere fluid reference
system, in which the hard-sphere diameter is chosen by a variational principle. The model uses the
zero-temperature isotherm of the solid to define an expression for the energy of a molecule in the field of
its neighbors. In PANDA, the cold curve is constructed as described in Sec. III. This quantity contains all
the information about intermolecular forces needed for the model; the user does not have to specify a pair
potential.

Parameters needed for the model are entered using the command CRIS. This instruction will be issued
automatically, if the code needs the data, under the command MOD LIQ. When the user specitles the
CRIS model, the code checks for a cold curve and prompts the user if data have not been entered. Next,
the code prompts the user to enter nine parameters, all of which can be defaulted (set= O).

ENTER NAME OF OPTION
? CRIS

CRIS - ENTER NGS,NZI,EPSQKDT,XG,BEXP,EFAC,QFAC
?

NGS
NZI
EPS
DR
DT
XG
BEXP
EFAC
QFAC

[number of primary quadrature points (1000)]
[number of secondary quadrature intervals (l)]
[error criterion (1 x 10-’)]
[step for density derivatives (0.01)]
[step for temperature derivatives (0.01)]
[initial guess for search (0.4)]
(used in expression for number of free electrons)
(energy shift)
(quantum correction factor).

The fwst six parameters apply to numerical procedures and are usually defaulted, the default value being
given in parentheses. Hence only NGS and NZI, which are used in the calculation of integrals, are
discussed. Use of the parameters BEXP, EFAC, and QFAC is discussed in Sec. V. B.

The CRIS model requires computation of several integrals of a single variable, which can be done by
either Gauss or adaptive qua&ature. For NGS Z 60, the adaptive scheme* is used: the integrand is
evaluated a maximum of NGS times or until the error check is satisfied. For 1 s NGS S 59, the range of

*The adaptive quadrature option calls routine QNC7, written by D. Kahsner and L. Rathmann, Los Alamos
IWtivnal Laboratory,

I
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integration is divided into subintervals and a 10-point Gauss quadrature formula is used. NGS = 10 gives
enough accuracy for most work, and it saves computing time. There is one integral of two variables in the
model. The outer integration is done as just described, whereas the imer integration is always done using
the 10-point Gauss formula on NZI subintervals. NZI = 1 is usually sufficient, but higher values are
needed occasionally. The user may want to make spot checks.

B. The Equations

Equations for the CRIS model are discussed in detail in Ref. 5. The formulas in PANDA have been
generalized slightly, to include quantum corrections and to permit the user to make empirical adjustments
that improve agreement with experiment.

In the CRIS model, each fluid molecule is assumed to be located in a spherical cage formed by its
neighbors. The radius of the cage R and the coordination number ~ vary from molecule to molecule. The
solid density p~,which corresponds to a radius R, is given by

Wfi

‘s= NOR3
(v-1)

The coordination number varies with R in such a way that the volume per molecule is constant
throughout the fluid and equal to the macroscopic value. If the macroscopic density is p, the coordination
number is

(v-2)

The energy ~ of a fluid molecule in a cage of radius R is equal to the cold curve of the solid at density
p, times a correction for the coordination number. A fluid molecule has a fraction ;/12 of the bonds that
it had in the solid lattice. To a fust approximation,

N-A = : J%(Ps) . (v-3)

Equation (V-3) is valid only if the bonds are nearly additive. This result breaks down at very high
2’3 In PANDA, Eq. (V-3) is reviseddensities, where the electrons are completely delocalized and Ec a p, .

as follows.

‘0’=[(1-~:+f(i9”31[EJPJ-EFAC10
(v-4)

Here f is the fraction of electrons that are delocalized. It is assumed to have the following form.

f= exp (–BEXP/p~’3) , (v-5)

where BEXP is entered by the user. If the user sets BEXP = O, the code resets it as follows.

BEXP = (0.23 + 0.6544ZV3) (W/Z)”3 . (V-6)

t

+

Thii result was obtained by making a rough estimate of the number of free electrons from the TFD
theory. Calculated properties are not very sensitive to this parameter. The reason for using Eq. (V-4) is
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that at high densities, all the electrons become delocalized and the leading term in the energy is
independent of the positions of the nuclei. As p ~ m and p~a co, Eq. (V-4) gives

()
2/3

NO$~ ~ E.(PJ ~ E.(P) .
P,

(v-7)

Hence Eq. (V-4) provides an extrapolation to the correct limit.
The parameter EFAC in Eq. (V-4) has been introduced for empirical reasons. It can adjust the free

energy of the liquid so that the calculated melting point agrees with experiment. Liquid metals usually
require EFAC to be z3-5 L?40of the solid binding energy to match the melting point. Such a small factor
has very little effect upon any of the other calculated properties. The need for such an empirical factor
shows that Eq. (V-3) is not completely satisfactory for metals; corrections for delocaiization of the
electrons should be taken into account. However, these corrections are fairly small, because the CRIS
model gives very good results for liquid metals.

The Hehnholtz free energy of the fluid is given by

AcR(P)T) = Ao(P!T) + ‘HS + QFAC * ‘QM + ‘o <$>0 + @ + ‘AZ ~ (V-8)

where AOis the free energy for an ideal gas.

Ao=~[7.0719-tn(~) -~tn(wT)] . (v-9)

AH~ is the excess free energy for a classical hard-sphere fluid, NO <~>0 is the fust order perturbation
term, and AAl and AAz are higher order terms (Ref. 5). The additional term, A~~, is a quantum
correction to-the hard-sphere free energy. (To obtain this correction, set QFAC = 1 on input.) The
formula of Singh and Sinha2Sis used.

where

Cl= 4.24264(k/aO) + 1.27324(k/ciO)2

and

C2 = 3.21645 (A/cO)2 .

Here 1 is the thermal wavelength,

()
hz 112

2.= —
2zWkT “

(v-lo)

(V-n)

(v- 12)

(V-13)

The packing fraction is q = N07t~W/6p, agd 00 is the effective hard-sphere diameter. These quantities
are determined from the variational principle:

* A~~ + NO<@>~O,T= O .& (AHS + QFAC (V-14)
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The corresponding energy and pressure formulas are

EcR(P>T) = ; ~ + QFAC * EQM+ N. <4> O+AE1 +A%

and

RTp

()

a <+>0
‘CR(p$q = ~+ P~s + QFAC * P~~ + NOp2 —

ap
+ API +AP2 ,

v,T

where

‘QM=WC3’+C2’2)9

pQM=~PEQM ,

and

(V-15)

(V-16)

4

<

(V-17)

(V-18)

C3 = 2. 12132(A./aO)+ 1.27324(k/aO)2 . (V-19)

The above treatment of quantum effects on the EOS gives good results when applied to H2 and Dz
Rosenfeld2c’27has developed another model for computing quantum corrections to the CRIS model, but
his approach is not included in the code at present.

C. Low-Temperature Extrapolation

The CRIS model gives good results over the entire fluid range and most of the supercooled region as
well. However, there is a region near normal solid density and very low temperatures where the model has
numerical problems and gives absurd results. Although this region has no physical significance, PANDA
provides a thermodynamically consistent extrapolation formula that eliminates pathologies and enables
the user to generate a rectangular table for the fluid, including a T = O curve. For temperatures T < T~,
it sets

A(P,T) = # [A(P,TL) – WP,TJI + JXP,’f’J , (V-20)
L

MP,’O = JXP,TJ , (V-21)

and

P(P,T) = P(P,TL) + (T – T~
()

ap
=TL, (v-22)

where A, E, and P are the excess thermodynamic quantities (deviations from the ideal gas values). The
extrapolation temperature TL is chosen from the cohesive energy,
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RT~
— = 0.020786 ECOH .

w
(V-23)

Equation (V-23) should put the extrapolation region well below the melting point for all materials.

D. Radial Distribution Function and Structure Factor

The CRIS model can be used to calculate the first peak in g(R), the radial distribution function of the
fluid: The structure factor is defined by

NP
S(K)=l+~

J
[g(R) – 1] eR”Kd~ . (V-24)

It is convenient to write S(K) as the sum of two terms.

S(K) = SO(K)+ AS(K) . (V-25)

AS(K) = ~ j MN – g@)] e~’~ d~ . (V-26)

The hard-sphere structure factor SO(K) is given by the equations of Verlet and Weis~a using the
hard-sphere diameter predicted by Eq. (V-14). The terms g(R) and gO(R)ditTer primarily in the nearest
neighbor peak, where gO(R) has a sharp cutoff for R < 6.. Hence the most important contribution to
AS(K) can be calculated from the fluid model predictions for g(R) and gO(R). There is, however, one
problem with this procedure. Because the expressions for g(R) and gO(R)have a cuto~ for large R, Eq.
(V-26) gives erroneous oscillations for small wavelengths. However, the results are satisfactory for the
fust peak in S(K) and for larger wavelengths. In general, the corrections AS(K) are small.

E. Viscosity and Diflhsivity

Dymond and Alder29 proposed a hard-sphere model for calculating transport coefficients in simple
liquids. They asserted that repulsive forces play the dominant role in transport phenomena. To a rough
approximation, the molecules are in free flight between collisions when they are in attractive regions of the
potential. If perturbation theory is used to expand the transport coefficients about a hard-sphere reference
system, fust order terms in the expansion should be less important than they are for the EOS, Dymond
and Alder estimated the hard-sphere diameter from the EOS,29 thereby making a correlation between the
equilibrium and transport properties.

In PANDA, the viscosity and &ffusivity are calcdatd from the hard-sphere formulas, using the
hard-sphere diameter computed from the CRIS model. Dymond’s fit30 to the molecular dynamics
results31 is used for the shear viscosity vs.

6.1525q

Vs=vo 1 – 1.869q ‘
(V-27)

where VO= 1.237 x 10s (WT)l’2 (p/Wq)v3 poise. Numerical res~ts for the bulk viscosity Vb are not as

accurate as those for v,. Hence PANDA uses the Enskog formula$ 1

v~= 16,2975 Vo~2 &(CTo) , (Y-28)
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where gO((3.) is the hard-sphere radial distribution function at contact. Molecular dynamics results for
hard spheres31 and soft spheres32 indicate that v~ is less than the Enskog value at high densities. The
ditTusivity d is also computed from Dymond’s fit~”

d = dO1.271(1 – 1.869q) , (V-29)

where

()dO= 1.484 )( 10-’ ‘w?’” p “3
~

(cm’/s) .
.

(V-30)
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VI. THERMAL ELECTRONIC CONTRIBUTIONS

A. General

There are many models for calculating contributions to the EOS from thermal electronic excitation and
ionization. Some of these models are so complex and require so much numerical computation that it is
impractical to include them as options in the PANDA code. Therefore, the thermal electronic terms are
calculated by separate codes and put in to PANDA in tabular form.

Electronic tables can be read in to the code using the general-purpose tabular oj.tion (Sec. IX) or the
spaial purpose instruction ELEC. If the code needs data, the ELEC command will be issued
automatically under the commands MOD SOL and MOD LIQ. The user is prompted as follows,

ENTER NAME OF OPTION

7 ELEC

ELECTRONIC TERM - ENTER TABLE ID, TL(EV), RL

?

ID (material number of electronic table)
TL (low-temperature extrapolation boundary)
RL (low-density extrapolation boundary).

If the user specifies ID = O, PANDA reads an ASCII file called EMMIN, containing entropy tables

supplied by the user, and the parameters TL and RL are not used. This option is discussed in Sec. VI. B.
If the user spec~les a nonzero value for ID, PANDA reads a binary file called TFDELS, containing a
library of scaled electronic tables. The parameters TL and RL are used in an optional extrapolation
procedure. The TFDELS library is discussed in Sec. VI. C.

B. The EMMIN Entropy Tables

For the case ID= O, PANDA computes the entire EOS surface from a table of the electronic entropy,

S,(P,T). The Helmhokz free energy, internal energy, and pressure are given by the following relations.

A,(p,T) = –
J

T S,(p,T*) dT*
0

E,(p,T) = ~(p,T) + T S,(p,T)

and

()

8A,
Pe(p,T) = pz ~ .

T

9 (VI-1)

9 (VI-2)

(VI-3)

This method guarantees thermodynamic consistency in the use of tabular EOS data. The numerical
procedure was developed for the ERMA code, which constructs the thermal electronic contributions to
the EOS using data from the INFERNO code of Libermanll and other theoretical models. EmA

generates the EMMIN fde that is put in to PANDA.
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The entropy data are tabulated at discrete densities covering the range of interest. A minimum of four
densities is required. The mesh is arbitrary, but best results are obtained if h p is spaced at approximately
equal intervals. For each density in the mesh, several lines of input are required to tabulate the entropy as
a function of temperature on the isochore.

● The fiwstline is RHO, NT. RHO (real) is the density for the isochore, and NT (iteger) is the number

of temperatures that are tabulated. Field lengths are arbitrary.
● The following lines are T(l), S(I) for I = 1,2, ...NT. T(I) is the Ith temperature on the isochore and S@

is the corresponding entropy. There are no designated fields, so that more than one pair of T,S points
can be entered on a single line.

The EMMIN file consists of several decks as described above, one for each isochore. Note that each
isochore can have a dtiferent temperature mesh if desired. PANDA sorts the input dat% so that densities
and temperatures can appear in any order. An example of the fde EMMIN is displayed in Table VI-1.
This fde was generated by ERMA from INFERNO calculations for aluminum. (The original file had 27
isochores, of which only 4 are shown.)

The following procedure defines a continuous EOS surface from the discrete entropy data points. First,
a rational function method33 interpolates for the entropy as a function of temperature along each
isochore. Using Eqs. (VI-1) and (VI-2), the entropy is integrated (analytically) to give the free energy and

internal energy. In this way, Se, A~, and E~ are specified as continuous and consistent functions of
temperature at discrete densities.

To interpolate on density, functions F and G are defined by

A,(p,T) = T{a – exp [F(x,T)]} (VI-4)

and

E,(p,T) = [aT – Ae(p,T)] G(x,T) , (VI-5)

where x = tn p. An arbitrary constant a has been introduced so that F and G are well behaved functions
as T ~ O. (In the present version of PANDA, a = 10-20.) From Eq. (VI-3), the pressure is given by

()8F
P,= – pT exp [F(x,T)] ~ .

T

Thermodynamic consistency also requires

and

(VI-6)

(VI-7)

(VI-8)

The functions F and G are defined as piecewise cubic polynomials in x, with cmtinuous derivatives. In
the interv~ xi ~ x < ~+1, coefficients of the polynomial are determined from the vtdues of the function

and its fwst derivative at ~ and ~+ ~The derivative at xi is defined by fitting a quadratic polynomial
through the points q.l, xl, and X1+I,which insures that P, is a continuous function. (However, dp,/dp is
not continuous.) Furthermore, it can be shown that Eq. (VI-8) is satisfied. The proof of this result follows
from the fact that F and G are polynomials of the same order in x; the coetlicients of the two polynomials
have the correct temperature dependence because Eq. (VI-7) is satisfied at the tabulated values of x.
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TABLE VI-1. Example of Fde EMMIN

1
2
3
4
5

;
8
9

H
12
13
14
15
16
17
18
19
20
21
22
23
24
25

s
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

%
52

.64044127E+0 O 24
0. .62879125E-03

.32144465E+04 .71149175E-03

.61968030E+04 .75t?92616E-03
11929426s+05 ..92797646=-03

:22988515=+05 .15001124E-02
.44259563E+05 .23266906E-02
.85223448E+05 .32061402E-02

I6411084E+O6 .48632975E-02
:31599054E+06 .8408745!5E-02
.60842394E+06 .13521574E-01

11715091E+07 .19342109E-O1
:22557175E+07 .24006620E-O 1
.85412384E+0 O 24

0. 11836121E-03
.32144465E+ 04 :55578832E-03
.61968030E+04 .67180221E-03

11929426E+05 .87716083E-03
:22988515E+05 :i4066120E-02
.44259563E+O!5 .21662898E-02
.85223448E+05 .30631685E-02

16411084E+O6 .45642911E-02
:31599054E+06 .79306658E-02
.608423946+06 .12762359E-01

11715091E+07 .18344717E-01
:22557175E+07 .22982026E-O 1

11394855E+01 24
0: 0.

.32144465E+04 .36070573E-03

.61968030E+04 .54383383E-03
I1929426E+05 .79915029E-03

:22988515E+05 . 12975776E-02
.44259563E+05 .20039983E-02
.85223448E+05 .28418753E-02

16411084E+O6 .42666781E-02
:31599054E+06 .74570419E-02
.6t1842394E+06 .12034669E-01
.11715091E+07 .17355546~-01
.22557175E+07 .21958631E-01

15199704E+01 24
0: 0.

.32144465E+04 .23175948E-03

.61968030~+04 .411601?72E-03

. 11929426E+05 .69215445E-03

.22988515E+I’)5 11677605E-02

.44259563E+05 :18349136E-02

.85223448E+05 .26237903E- 02
16411084E+O6 .39701738E-02

:31599054E+ 06 .69921079E-02
.60842394E+06 .11336443E-01

11715091E+07 16401759E-01
:22557175E+07 :2094931OE-O1

.23092955E+04

.44677325E+04

.85989345E+04
16559622E+05

:31889166E+05
.61422619E+05
11826146E+06

:22771510E+06
.43846443E+06
.84426219E+ 06

16256048E+07
:31300702E+07

.23092955E+04

.44677325E+04

.85989345E+ 04
16559622E+05

:31889166E+05
.61422619E+05

11826146E+06
:2277151OE+ 06
.43846443E+06
.84426219E+06

16256048E+07
:31300702E+07

.23092955E+ 04

.44677325E+04

.85989345E+04
16559622E+05

:31889166E+05
.61422619E+05

11826146E+06
:22771510E+06
.43846443E+06
.84426219E+06

16256048E+07
:31300702E+07

.23092955E+04

.44677325E+ 04

.85989345E+04
16559622E+05

:31889166E+05
.61422619E+05
11826146E+06

:22771510E+06
.43846443E+06
.84426219E+06

16256048E+07
:31300702E+07

.69579789E-03

.72918883E-03

.80272827E-03
11672581E-02

:18922361E-02
.2794i?770E-02
.38740920E- 02
.64125419E-02

10789187E-O1
:16471897E-01
.21860790E-01
.26519658E- 01

.d908798f)E-f)3

.61471744E-03

.74564473E-1)3
11OO8O11E-O2

:17673767E-02
.25983316E-02
.36281374E-02
.60283956E-02

10186734E-O1
:15558303E-01
.20832340E-01
.25399190E-01

.27998983E-03

.44955936E-03

.65182003E-03
10137782E-O2

:16330583E-02
.24048576E-02
.33816479E- 02
.56517956E-02
.96053355E- 02
14686315E–01

:19810746E-fIl
.24294347E- 01

16953261E-03
:31207391E-03
.53456376E-03
.90095993E-03
14837275E-112

:22123815E-02
.31361870E-02
.52784003E-02
.90329999E-02
13838614E-01

It8801941E-01
.23214720E-01.

C. TheTFDELSLibrary

ThebinaryfdeTFDELS isalibraryofthermal electronic EOStables foroneormorematerials.* Each
EOS onthisfdeis identifledby amaterial number ID, which the user speciiles as noted above. The
scaliigprocedure forthesedatawas developedforuse withTFD tables, butthemethod doesnotdepend
on thesource of the data.

— ———
●The TFDELSlibrary and methods for scaling the dataweredeveloped by J. D. Johnson, Los Alarnos National

Laboratory,
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The TFDELS fde consists of one logical record containing 1882 words, for each material. The
structure of a material record is given in Table VI-2. Note that the atomic number given on the ffle is not
used in PANDA; the value of Z appearing in the following equations is obtained from the INPUT
command (Sec. II). The atomic weight from the file is used only to scale POwhen interpolations are made
on the tables. The value of W appearing in Eqs. (VI-12) through (VI-15) is obtained from the INPUT
command. PANDA obtains the data record for material ID from ffle TFDELS and interpolates for the
scaling functions, P~q,T), EX(q,T),and AX(q,T),using methods discussed elsewhere. i’2’33

The free energy, internal energy, and pressure are computed from the scaling functions as follows.

A,(p,T) = A~(p,T) exp [AJTI,T)]

&(P,T) = E(P,T) -p [MTI,T)]

and

P~p,T) = P8(P,T) exp [P.(n,T)]

9 (VI-9)

9 (VI-lo)

9 (W-11)

where A:, E:, and P: are the thermal contributions to the EOS of a homogeneous electron gas. These
functions have been tit to the following formulas.34

Td+%cfl ~A:=–:z‘T (VI-12)

~O=~z RT 1 + by/2
e 2

(VI-13)
~ l+ by+cyz ‘

TABLE VI-2. Structure of a Record on Ffle TFDELS

Words Symbol Description

1
2

3
4
5
6

7-32
33-62
63-82

83-682
683-1282
1283-1882

ID
NR
NT
z

P.

w

q(30)
T(20)

PJ30,20~
Ex(30,20~
AX(30,20)”

material number
No. of compressions
No. of temperatures
atomic number (not used)
normal density
atomic weight
not used
compressions (p/pO)

temperatures (in eV)
pressure scaling function
energy scaling function
free energy scaling
function

‘First index of arrays Pfi ~ and AX corresponds to compression,
second index to temperature.

(VI-14)
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I

and

21.5086

()

Zp “3
y=

T iv’
(VI-15)

where b = 0.71729, c = 0.2636, and T is in electron volts. The scaling functions PX,E=, and AX all
approach zero at high densities or high temperatures.

Equations (VI-9)-(VI- 11) sometimes give unsatisfactory results when extrapolating off the table at low
densities or temperatures. PANDA provides an optional extrapolation procedure for T < TL and p <
RL. (Defaults for these parameters are 1 eV = 11604.5 K and 10-6 gm/cm3, respectively.)

For p < RL, the following formulas are used.

()Ae(p,T) = A@L,T) + ~ Pe(RL,T) h ~ ,

(J‘(%9E.(p,T) = E@L,T) + tn ~

and

Pe(p!T) = & Pe(RLT) .

For T < TL, the following formulas are used.

(:)2 -c2(~3 ,A,(P,T) = Cl T

E,(p,T) = – C ~ (;)2+2C2(:)3 ,

and

Pe(p,T,=(;)2[Pe(P>TJ+c3( l-+)] ~

where

Cl= E,(P,T~ + 2 A,(P,T~ ,

CZ= Ee(P,T~ + Ac(P,TL) ,

and

()

8E,
Cj = Pe(P,TJ + p2 —

ap=”
L

It can be shown that Eqs. (VI-16)-(VI-24) are thermodynamically consistent.

(VI-16)

(VI-17)

(VI-18)

(VI-19)

(VI-20)

(VI-21)

(VI-22)

(VI-23)

(VI-24)
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VII. VIBRATIONAL AND ROTATIONAL TERMS

A. General

In PANDA, contributions to the EOS from rotational and vibrational degrees of freedom are
calculated from the rigid-rotator, harmonic oscillator approximation.’ Data for the model are entered
using the command VIB ROT. If the code needs data, this instruction will be issued automatically under
the commands MOD SOL and MOD LIQ. The user is prompted as follows.

ENTER NAME OF OPTION
? VIB ROT

VIBRATION/ROTATION - ENTER IROT,BROT,SYM,NVIB

I ?

.

*

Equation (VII-2) agrees with the high-temperature expansion’ for large x, At low temperatures it is well
behaved and is approximately correct, although not exact. The internal energy for a linear molecule is

IROT
IROT = O
IROT = 1
IROT = 2

BROT
SYM
NVIB

(type of molecular rotation)
(no rotation)
(linear molecule)
(nonlinear molecule)
[rotational constant B (cm-’)]
(molecular symmetry number o)
(number of vibrational frequencies).

B. Rotational Terms

The rotational contribution to the Helmholtz free energy is

A,(T) = – ~ tn Q~ , (VII-1)

where Q~ is the rotational partition function. In PANDA, the formulas for Q~ are taken from
high-temperature expansions’ with miner modifications to insure reasonable behavior at low tem-
peratures.

For linear molecuks (IROT = 1) the formula is

QR = 0-’ (X3+X2+ I)”’ , (VII-2)

where

kT 0.69519T
“a= B“

(VII-3)

\
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E~(T) = ~ ~ 3X3+ 2X23 .
3 w 1+X*+X

(VII-4)

There is no contribution to the pressure in the rigid rotator approximation.
Nonlinear molecules have three rotational degrees of freedom, each of which can have a different

rotational constant. For this case (IROT = 2), B is defined to be the geometric mean of the three
constants,

B = (B1BZB3)1’3 . (VII-5)

At high temperatures all nonlinear molecules have the same partition function as the spherical top (BI =
Bz = B~= B), provided B is defined as above.’ In PANDA, the formulas are

( )
II*

Q,=:
1

7tx3+#+l (VII-6)

where x is defined by Eq. (VII-3). Equation (VII-6) agrees with the high-temperature result for x >>1 and
is well behaved, although not exac~ at low temperatures.

The above expressions, for freely rotating molecules, are good approximations at sufllciently high
temperatures. At low temperatures, it maybe necessary to include corrections for hindered rotation and
other effects of condensation (see Ref. 9).

C. Vibrational Terms

In PANDA the standard harmonic oscillator formulas’ have been moditied to include a cutoff in the
sum over vibrational states. This cutoff excludes excited states with energies far in excess of the molecular
dissociation energy. If a cutoff is not used, the harmonic oscillator gives an unreasonable prediction for
the entropy and energy at very high temperatures, causing problems in the calculation of dissociation.
When the cutoff is used, these very high temperature problems are eliminated without tiecting the EOS
at low temperatures where the molecules are stable.

The partition function for a harmonic oscillator (with a cuto~ is given by

(VII-8)

where o is the vibrational frequency. Note that ~ contains a contribution from zero-point motion. This
term is ignored in PANDA because it affects only the energy zero of the EOS.

The vibration contributions to the free energy and internal energy are

RT
Av(p,T) = ~

~[

1 – exp (–(ilhcq)
, g, t’n 11 – exp (–nl~hcri)J

(VII-9)

.

,

VII-2



and

%(P,T) = ~~ , gi phc~i F[ , (VII-1O)

where

Fi =
1 n,

exp (~hcwl) – 1 – exp (n#hco+) – 1 “
(-VII-11)

The sum is taken over the NVIB vibrational levels with frequencies O* degeneracies g,, and cutoff values
n,. PANDA allows the frequencies to be density dependent.

01,=(o:+qp , i=l , ...NVIB. (VII-12)

where m; are the frequencies for an isolated molecule and ~ are constants specifkd by the user. The
constants ai define the pressure dependence of the vibrational terms.

Pv(p,T) = : P~, Yi &Phc(q F, , (VII-13)

where

d t% q aip—_
“=dchp ‘~ “

(VII-14)

The user must enter four parameters for each of the NVIB frequencies specified using the VIB ROT
instruction. PANDA issues the following message.

FOR LEVEL 1, ENTER W,G,FN,AG
?

The user responds by entering o;, gl, nl (real), and al for the fwst frequency. The code issues additional
prompts until data for all NVIB levels have been entered.

For many molecules, the vibrational frequencies and degeneracies can be obtained from spectroscopic
data.7’8 An estimate of the cutoff nl can be made from the dissociation energy. In the absence of

experimental dat% the user should set al = O except to perform sensitivity studies.
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VIII.

A. General

DIMERIZATION MODEL

The PANDA dimerization model is used for fluids that are monoatomic in the condensed phase but
form some diatomic molecules in the vapor. A simple approximation is used to calculate the
thermodynamic functions for a mixture of the dimer and monomer components, and the free energy is
minimized to determine the equilibrium composition. The dimer molecules are treated as hard spheres,
rigid rotators, and harmonic oscillators. The POGO code can be used for problems where a more
sophisticated theory is needed,

The command DIMER enters data for the model. This instruction will be issued automatically, under
the command MOD LIQ, if the code needs data. The user is prompted as follows.

ENTER NAME OF OPTION
? DIMER

DIMER - ENTER RZRO,DZRO,WVIB,BROT,S,QEJ?ACN

I ‘1

RZRO
DZRO
WVIB
BROT
s

s =“1
S=2

QE
FACN

(hard-sphere density for dimer)
[dissociation of energy of dimer (eV)]
(vibrational frequency of dimer)
(rotational constant for dimer)
(symmetry factor for dimer)
(for heteronuclear molecules)
(for homonuclear molecules)
(electron factor for monomer)-
(cutoff factor for vibrational states).

Wkh the exception of QE, all of the above parameters are used to calculate the EOS of a fluid of dimer
molecules, as described in Sec. B. The factor QE (normally set = 1) is used in the chemical equilibrium
calculation, described in Sec. C.

B. EOS for Dimer Molecules

The free energy, internal energy, and pressure for a fluid of dimer molecules are given by

AD(P,T) = Ao(P,T) + AHS(P,T) + An(T) + AED ,

ED(P9T)= ; + + EvR~) + AED ,

and .

(-vm-1)

(VIII-2)

RTp
‘D(p!q = ~—+ l’Hs(p,T) ,

D

(VIII-3)

VIII-1



where W~ is the molecular weight (twice the atomic weight W, speeified using the INPUT command). AO
is the free energy for an ideal gas, as given in Eq. (V-9). AM~and P~~ are the excess free energy and
pressure for a hard-sphere fluid (Ref. 5). The packing fraction is defined by

Za:p 0.645 p
‘=K= RZRO ‘

(VIII-4)

where COis the hard-sphere diameter and RZRO is specified by the user. In this simple model, AD and P~
are infiite at p = RZRO, and no dimer molecules can form for p ~ RZRO. However, this fact should
cause no difficulties because the model is intended for problems where the molecules are stable only at
low densities. In such cases, the EOS is fairly insensitive to RZRO. As a rough approximation, GOcan be
taken to be twice the internuclear distance of the molecule.

The vibrational and rotational terms, Av~ and ~~, are calculated as descri~d in Sec. WI for a hear
rigid rotator with one vibrational degree of freedom. (The vibrational frequency is independent of
density.) The symmetry factor should be S = 2 in normal use of the mode~ because dimer molecules are
homonuclear. The cutoff in the sum over the vibrational levels is given by

DZRO
n= 8067 * FACN * —

WVIB ‘
(VIII-5)

where DZRO is in electron volts and WVIB is in centimeters ‘1. With FACN = 1, Eq. (VIII-5) excludes
all vibrational states with energies exceeding the dissociation energy. The parameter FACN can be varied
to study the sensitivity of the EOS to the vibrational modeL

The constant term AE~ is needed so that the energy zero for the dimer EOS is the same as that for the
monomer; it is the energy required to go from the monomer solid to the ideal dimer vapor at OK. Hence

DZRO
AE~=E~–R*~ ,

D

(VIII-6)

where EB is the binding energy of the solid, which is obtained horn the cold curve. (The gas constant is
R = 96.48445 for DZRO in electron volts.)

C. Chemical I?@iirium Calculation

Dimer corrections to the EOS are computed from a chemical equilibrium mode~ which is derived in
Appendix D. The Helmholtz free energy for a mixture of a monomer and dimer components is given by

[
A(p,T)=fA~(p,T)+(l –~ A.(p,T) + 1[~tn(QE) + 1+ ftnf+~(l–f)tn(l-f) . (VIII-7)

The monomer fraction f is given by

‘=+[--XI 9
where

12W
x = exp

1
~(AD–&J+2~n(QE)–l .

(VIII-8)

(VIII-9)

A

A
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The internal energy and pressure are

WP,T) = f E~(p,T) + (1 – f) %(P,T) (VIH-1O)

and

P(p,T) = f P~(p,T) + (1 – ~ P~(p,T) . (VIII-11)

The thermodynamic quantities for the monomer componen4 AM, EM, and PM are constructed from the
jlrstfour contributions specified by the user with the MOD LIQ command. The EOS for a monoatomic
fluid must include a translational term (CRIS model), and it may include an electronic term. The
vibration-rotation term should not be specified, because these degrees of freedom are present only in the
dimer component. The general-purpose tabular term can be used in addition to, or in place of, the
translational and electronic contributions in defining the monomer model.

The parameter QE is the electron spin degeneracy for the ground state of the atom. In principle, the
effects of spin degeneracy should be included in the electronic contributions to the EOS. Therefore, the
user should set QE = 1 when the electronic terms are specified for the monomer component. If an
electronic term is not included in the monomer EOS, the value of QE for an isolated atom should be
entered so that the model predicts the correct amount of dissociation.
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