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This brochure is an invitation to participate in the SESAME EOS library, an
effort by LASL’S Equation of State and Opacity Group to create a standard
computer-based data library for thermodynamic properties. This project is
supported by the DOE Division of Basic Energy Sciences. The data base is

available to all interested users free of charge. It is designed to be used in
hydrodynamic codes for energy and defense applications. The library is still in
its infancy and requires collaboration with users and other researchers to
make it a useful tool for a wide spectrum of research needs. We invite you to
send for the library, to use it, and to offer suggestions for improvement and ex-
pansion. The contents of this brochure will introduce you to the basic features
of the library and to the research effort at LASL that goes into generating it.
After reading this material, please let us know your interests and research re-

quirements by filling out the attached comment sheet and returning it to us. We
welcome your interest and participation.
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Standardizing EOS Data

The SESAME EOS library is a computer-based library of EOS data and
FORTRAN subroutines developed by LASL for internal and external use. With

cooperation from outside users the developers hope to make it a standard
reference for energy research analogous to the ENDF/B national nuclear data
base currently used in the nuclear industry.

Basic Features of the Library

The library contains EOS tables of pressure and internal energy as functions of
temperature and density for approximately 30 different materials. The tabular
format has several advantages: (1) it can represent phase transitions accurate-
ly, (2) it covers a wide range of temperatures and densities, and (3) it is easily

updated to incorporate new experimental or theoretical results in specific
regions of temperature and density.

Accurate schemes to interpolate on the tabulated data are contained in the
SESAME subroutine library as well as subroutines to preprocess the data into
a compact binary file, search this file for a given material, load data into a local
array, and compute thermodynamic functions by search and interpolation.
SESAME tables can be used with both LaGrangian and Eulerian codes in
problems that involve elastic-plastic flow, span, foams, nonequilibrium phase
transitions and radiation flow.

The contents of the library are listed on page 13.

User Experience

The library has been used in many LASL programs, and more recently, by

outside scientists involved in laser fusion research, reactor safety analysis, and
defense projects. Outside users include scientists at the Air Force Weapons
Laboratory, Physics International, England’s Atomic Weapons Research
Laboratory, Lockheed Missiles and Space, University of Rochester Laser
Energetic Laboratory, Sandia Laboratories, Oak Ridge National Laboratory,
Brookhaven National Laboratory, University of
Arizona.

Materials, Methods,

Wisconsin, and University of

and Applications

Recent EOS research for the SESAME library includes
● New techniques for constructing consistent multi phase EOS tables ap-

propriate for materials subjected to shock phenomena.
● New, more accurate EOS for laser fusion studies including EOS for

deuterium, and two-temperature EOS for nonequilibrium conditions in
laser pellet implosions.

● New, more accurate EOS for reactor safety studies including sodium and
uranium dioxide. A new theory of liquids was developed and applied to li-
quid sodium, and a refined treatment of thermal electronic excitations was
an important new feature of the UOZ EOS.

Executive
Summary



How to Send for the
Library
The SESAME library is available to users free of charge. A user should send
two or more magnetic tapes, a list of materials required, and a specification of
the tape parameters to

SESAME Library, MS-925
P. O. BOX 1663
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

Future
Developments of the Library
Future work will focus on adding new materials appropriate to nonnuclear
energy research, as well as improvement of existing tables where the need
arises. Eventually the library will be expanded to include transport properties
such as viscosity, diffusivity, thermal conductivity, and electrical conductivity.

Outside participation will be crucial to the establishment of the library as a
standard data base. This participation should include requests for data and
feedback on the usefulness of the SESAME tables and software packages, as

well as more detailed evaluation of the EOS data and suggestions and con-
tributions to the library.

You can begin this cooperative effort by returning the response form on p. 31.
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As national efforts in energy research continue to expand, there is an Standardizingincreased need to develop and maintain standard data bases. These libraries
focus attention on the data needed in the research programs and develop EOS Data
systems of acquiring and evaluating the data. They help to coordinate related
efforts and are useful in comparing research results. Equation-of-state data
and related material properties are in need of such standardization. These data
form the input to numerical hydrodynamics codes that are used to study a wide
variety of energy and defense related problems such as reactor safety, laser fu-
sion, studies of shock phenomena and detonations.

Depending on the specific application, these codes must model the effects of

material strength, fracture, viscosity, chemical reaction, heat conduction, and
radiation transport in order to make realistic predictions for the complicated
hydrodynamic flows involved. Frequently, the discrepancies among indepen-
dent hydrodynamic calculations occur because different equations of state and
related material properties are used in each calculation. A standard data base
for EOS and other material properties, along the lines of the evaluated nuclear
data file (ENDF/B), would end this unnecessary confusion. The ENDF/B has

been developed over the last 13 years through a coordinated effort of nuclear
scientists from many institutions and is the reference data set used in almost all
nuclear applications in the United States.

The SESAME EOS library, developed at LASL by the Equation of State and
Opacity Group, is a first step in the establishment of such a standard data base
for thermodynamic properties of materials. It is a computer-based library of
tabular data along with a set of FORTRAN subroutines, which adapt the library
contents to the user’s local computing system, and compute thermodynamic
functions for specific applications. The library has been in use for several years
at LASL and more recently by scientists at outside institutions. The develop-
ment of the library is supported by the DOE Division of Basic Energy Sciences.

The contents of the library are the result of a coordinated effort of many LASL
scientists over several decades to develop EOS data that agree with available
experimental data but extend to regions of temperature and density that are in-
accessible to direct laboratory measurement. Consequently, the contents of
the SESAME library are constructed largely from theory in contrast to the
ENDF/B nuclear data base. Initial EOS research at LASL was devoted to the
behavior of condensed matter during high compressions produced in ex-
plosively driven shock wave experiments. These experiments performed at
LASL were an important tool for constructing the EOS. Recent work has been
devoted to developing EOS for laser fusion and reactor safety studies in which
material behavior at lower densities and higher temperatures becomes more
important. In general, the SESAME EOS tables cover a very wide range of

3
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temperatures and densities as illustrated by the SESAME EOS surface for
Iithia-boria glass shown in Fig. 1. The tables are particularly useful for
hydrodynamics codes that model systems undergoing wide variations in these
variables.

SESAME MATERIAL 7250

,

Fig. 1. EOS surface tor lithia- As with the ENDF/B system when it began, the contents of the SESAME library
boria glass, SESAME vary in accuracy. In many cases, the tables were generated for specific applica-
Material 7250, over densities tions, using the best data and theory available at the time. Of course, in their
1P to 1(Y gm/cm3 and tem-
peratures 1(Y-107 K.

present form, they are all useful for a variety of applications; however, effort

are continuing at LASL to improve the contents as new theoretical tools an(
models are developed. Since the library is being developed to serve the need

of modern research for energy and defense, it is important for users to makl
known their experience with the library, their needs with regard to more ac
curate or extensive treatment of specific materials, and their requests for thl
addition of new materials to the library. Contributions to the data base fron
scientists outside LASL, in the form of new experimental data or theoretic:
models, are also welcome and should increase the pace of library develop
ment. H is hoped that a coordinated effort among all those involved will result il
improvement of the current data base and expansion of the library to includl
materials of interest to nonnuclear energy sources.



Basic Features of the
SESAME Library

The choice of a tabular format for the library was made after long experience of Advantages ofaproviding EOS for a wide variety of problems at LASL.

Tabular Library
This format allows EOS data to be represented accurately over many orders of
magnitude in temperature and density. The SESAME library contains tables of

pressure and internal energy as functions of temperature and density. Since all
thermodynamic quantities of interest in hydrodynamic calculations can be
calculated from the tabulated functions and their first derivatives, internal con-
sistency among the various quantities computed from the tables is maintained
for all points on the EOS surface. The tables, when used in conjunction with the
accurate interpolation scheme developed at LASL, provide a convenient, ac-
curate, and easy-to-use standard package for hydrodynamic and other ap-

plications of EOS data. The flexible format of the library will also allow inclusion
of other thermodynamic quantities (e.g., the Helmholtz free-energy and two-

temperature EOS) as well as opacities and transport properties within the ex-
isting structure for data storage, acquisition, and interpolation.’ This expansion
is contemplated.

At present, analytic formulations of the pressure as a function of density and
energy are often used in certain types of hydrodynamic applications. However,
analytic formulas are not essential; the SESAME tables were specifically
designed for use in such calculations and, in fact, work quite well. Moreover, a
single analytic expression cannot accurately represent an entire EOS surface

including melting, vaporization, solid-solid phase transitions, and large

amounts of electronic excitation and ionization.
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For example, a typical and popular analytic form is the Tillotson equation of
state. It works well for many applications but does not account for phase transi-

tions. The plot of the iron Hugoniot for low pressures (Fig. 2) compares the
results from the Tillotson analytic equation of state for iron and the SESAME
EOS No. 2140 with experimental data. The data show a two-wave shock struc-
ture that is known to result from a phase transition in iron at about 130 kbar.
The SESAME EOS, which explicitly accounts for the phase transition, agrees
well with these data, whereas the Tillotson EOS smears out the phase transition

giving a single shock wave. In general, the tabular format is superior to analytic
formulations in regions where the thermodynamic functions are rapidly vary-

ing, e.g., phase transitions and regions of dissociation and ionization.

Fig. 2. Experimental data for
the iron Hugoniot compared
with predictions from the
SESAME tables (solid line)
and the Tillotson analytic
EOS (dashed line).
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Another advantage of tables is the relative ease with which entries can be ad-
justed as new experimental data become available. The adjustment in one
region of thermodynamic space will not disrupt the representation of proven
data in another, as often happens when analytic fits are used. For example,
typical analytic fits to the experimental data for the vapor pressure of UOZ have
had the form ,Ih?P = (A/T) + B + C ,h T. However, a fit of this form to the new
high-temperature data for UO, is inaccurate when extrapolated to low
temperatures. (See U02 vapor pressure curve on page 25.) Incorporation of the
new vapor pressure data on UOZ into the tabular format poses no such dif-
ficulties.

Finally, and most important, the developers of the SESAME library have the in-
terest, the knowledge,’ and the expertise to make the necessary changes and to
maintain a library that is as accurate as available knowledge allows.
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The feasibility of a tabular EOS library depends crucially on an accurate RationalFunction
interpolation scheme. Since the tables cover a wide range of temperatures and

densities, the mesh points are often quite coarse. Also, thermodynamic func- Interpolation
tions are not smooth in the neighborhood of phase transitions, and frequently,
the user needs to determine first derivatives of these functions (sound speeds,
specific heats) that are rapidly changing or discontinuous in this region. The
rational function method of interpolation, developed to handle these problems,
is part of the SESAME search and interpolation subroutine.z

For functions of one variable, the method uses a ratio of two polynomials to es-
timate the function and its first derivative between mesh points, plus a special
prescription for computing the first derivative at the end points of the tabulated
set. In Fig. 3 several standard interpolation schemes are applied to a function
with a discontinuous derivative, in this case, the intersection of two straight
lines tabulated at five points. This problem is a trivial one, and the rational func-

tion algorithm gives the exact answer, whereas the other methods introduce
unwanted oscillations. The rational function method has been tested on many
other problems as well. In general, the method is competitive with other
schemes for smooth functions and is significantly better for functions that have
discontinuities or rapid changes in the derivatives.

LAGRANGE
(CUBIC)

e-%/
*--

LAGRANGE
(QUADRATIC)

0 -
\
~- / /’

AKIMA

o A

Fig. 3. Interpolation schemes
applied to the intersection of
two straight lines. The
tabulated points are shown
as circles.



Fig. 4. Interpolated pressure-
density-temperature sur-
face.
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The rational function algorithm has also been generalized to functions of two
variables. This latter scheme is satisfactory for a wide range of applications.
For some, however, spurious oscillations are introduced as shown in the inter-
polated pressure-density-temperature surface in Fig. 4. The isotherms inter-
polated along the tabulated points (solid lines) have the correct behavior, but
the interpolated isotherms at intermediate temperatures (dashed lines) have
negative slopes in a small region indicated by arrows. The pressure should be
a monotonically increasing function of density to satisfy thermodynamic

stability. Additional work needs to be done, but the problem can be minimized
by a good choice of mesh. [n general, the mesh must always be tailored to the
problem.

The rational function interpolation scheme can be used with confidence for
most applications. This scheme does use somewhat more computing time than

some simple analytical formulations for the EOS, but as a percentage of
problem running time the increase is small. Recently, modifications in the sub-
routines have been made that greatly increase the speed of the interpolation
subroutine when applied to numerical hydrodynamic calculations. In addition,
a very fast linear interpolation option is available as part of the SESAME inter-
polation subroutine for those problems not requiring greater accuracy.
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I
The SESAME subroutine library was developed to simplify use of tabular EOS SES~E
data. SESAME tables are transmitted to users on magnetic tapes in a card
image format that can be read and interpreted by the user’s computing system. Subroutine Library
The user is also supplied with FORTRAN subroutines that preprocess the data
into a compact binary file. For specific applications, the user is supplied with
subroutines that search this file for a given material, load data into a local array,
and compute thermodynamic functions by search and interpolation. These
routines provide for computations involving several SESAME tables, for the
use of the tables along with other EOS options, and for the specification of the
same table in more than one region. All the necessary bookkeeping is internal
to the routines. SESAME tables can be used with both LaGrangian and
Eulerian codes in probiems that invoive eiastic-piastic fiow, spaii, foams, non-

equiiibrium phase transitions, and radiation fiow.

A brief description of some of the subroutines in the library is given beiow.
Detaiis concerning their use are given in the instructions provided with the
tapes and in comment cards at the beginning of each routine.

To preprocess the data tapes, a user caiis a singie subroutine named UPDATE.
This routine wiil create a binary file or add new data to an old file. The user
must write a simpie driver program to caii UPDATE and perform certain
system-dependent functions such as creating and opening fries. This driver
can also cali a routine named CKLi B, to test the binary fiie for internai con-
sistency, and a routine named TPRB1, to run a test probiem. Once established,
the binary fiie shouid be saved on a disk file, tape, or other mass storage
device where it can be used again and again.

Routines S2GET and S2EOS are used to compute

energy as functions of density and temperature.

pressure and internai

P = F1(p,T), E = F,(p,T) .

These routines require a iocal array for storage of the tables and a COMMON
biock for a directory to this array. Routine S2GET is called to load data from the
binary library and set up the directory for each material specified by the user.
Storage for the data can be aiiocated dynamically if desired. Once the data
have been loaded, routine S2EOS can be tailed over and over to compute the
EOS. This routine computes not oniy pressure and energy but also the density
and temperature derivatives as weii.

For many applications, it is desirable to compute an “inverted” EOS, in which
internai energy is the independent variabie.

P = G,(p,E), T = G,(p,E) .

These calculations are carried out using subroutines S2GETi and S2EOSI.
When ioading the data, routine S2GETi reformats the EOS tabies into a struc-
ture that is more efficient for energy-based computation. Usage of these two
routines is similar to those discussed above.

9



I The subroutine library also contains routines for calculating Hugoniots and
isentropes, vapor-liquid coexistence curves, and other specialized functions.

The routines described above have proven to be particularly useful for
hydrodynamic code calculations. In working with local users of the SESAME
tables, LASL scientists have learned severai techniques for reducing storage
requirements and computing time by significant amounts in hydro codes.
These newest methods will be made avaiiable in packaged form and wiil be
discussed in future reports.



Two codes have been written for performing certain computations and Di~~l~~ COd~~
displaying data from the SESAME library. Both are interactive and contain
system-dependent features. Although documentation of these programs is
limited at present, they may be of interest to some users.

DSPLX is a program that computes Hugoniots, isentropes, isobars, and other
information. When running this code, the user enters commands and receives
output listings at a computer terminal. DSPLX is useful for examining a small
region of the EOS surface, for making idealized shock wave and isentropic flow
calculations, and for comparing results with experimental data. Although
system-dependent, it has a modular structure and could be converted to
another interactive computing system without a major effort. Output from this
code is shown in Fig. 5.
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SES2Dis asophisticated graphics code that produces plotsof EOSdataona
variety of output devices. The heart of this code isa plotting module that can
produce graphs using three different methods inuseat LASL. Mostofthe plot-
ting subroutines are independent of the hardwareto be used in graphing.
Those routines that refer to aspecific output device are Iimited to elementary

graphing operations (plotting apoint or drawing avector). Consequently, the
code can be made to plot on new output devices without major revision.

The datato begraphed by SES2D aregenerated byanothermoduie that uses
thesame interpolation routinesasthose inthesubroutine library. With relative-
Iy few commands, ausercan generate isotherms, isentropes, and Hugoniot
curves. Data can be plotted on either linear or logarithmic axes, and the user
canzoom inon aspecific region ofinterest. Many curvescanbe plotted onthe
same figure with each curve labeled for identification.
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Figure 6 is an example of a graph produced by the code SES2D.

The three-dimensional plots of EOS surfaces on the cover and in Fig. 1 were
generated from the SESAME Library with a third code, called SES3D. This
code is still under development.
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Fig. 6. Graph of aluminum energy-density-isotherms produced by the SES2D code.
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The SESAME library contains unclassified EOS for about 30 materials. In the Contents of the
table following, these materials are listed along with comments on the range of
applicability. There is no universal method for calculating EOS that is valid for SESAME Library
all temperatures, pressures, and chemical compositions. The EOS in the
library at present were generated in response to user requests and are based
on models and experimental data available at the time of request. All tables
have been used in specific applications and have been found satisfactory for
those situations. Improvements are possible in many, and are being made as
the need arises.

Number Name fw-mk) Density Range Temperature Range Comments

1540 Uranium 18.983 .15SPS4X1O’ OSTS4X1O’K General Purpoee
2020 Beryllium 1.845 1.4xlo-*</J<4xlo’ OSTS4X1O’K General Purpme
2140 Iron 7.85 6.lxlo-%psl.6xlo’ OSTS4X1O’K General Purpose
2145 Iron 7.91 0SpS12.b OST<1.2X1O’K Reactor Safety (Temporary)
2448 Sodium 1.011 ospsl.3 OST<1O’K Reactor Safety (Temporary)
27111 Gold 19.3 .15sp<3.9xlo’ OSTS.4X1CPK General Purpoee
2980 Molybdenum 10.2 8X10 -’SP<2X10’ O<TS4X1O’K General Purpoee
3100 Nickel 8.882 6.9 X10-’SPS1.8X10’ O<TS4X1O’K General Purpose
3200 Lead 11.34 8.8 X10-1$P<2.3X10’ OST<4X1O’K General Purpose
3330 Copper 8.93 7X10 -2SPSL8XIO’ OSTS4X1O’K General Purpose
3710 Aluminum 2.7 2.1 X10-’SP<2.7X11Y OSTS4X1O9K General Purpoee
3730 Platinum 21.419 .17SpS2.lXl& OSTS4X1O9K General Purpoee
4100 Braes 8.45 6.6 X10-’<P<1.7X10’ o< T<4xl@K General Purpose
4270 Stainless Steel 7.896 6.2 X10-’<P<1.6X1V OSTS4X1O’K General Purpose
5268 Deuterium 1.766 oS.ps3.5xlo’ OSTS4X 10’K General Purpose
5410 Neon 1.44 1.1 X10-’<P<2.9X11Y I3<T<4X1OBK General Purpose
5760 Helium .23372 1.8X10-SSpS4.7X100 CI~T<lX1OBK General Purpoee
7081 Boron Carbide 2.45 2X10 -’P3.2 OSTS6X1O’K Reactor Safety
7111 Nev. Alluvium 2.35 1.8X10-2 <P<4.7X10’ OST<4X1O’K General Purpose
7150 Water .9882 2X10 -%pS4X10’ 2go.#lJ<l.&3xl(yK General Purpose
7151 Steam .9982 osp<.9 290. <T<1300K Steam Tables—

Limited p,T Range
7170 Polyethylene .917 7.2 X10-”SPS1.8XIO’ osTs4xl&K General Purpose
7240 ‘LiD .8 6.2 X10-’SP<I.6XIO’ OSTS4X1O’K General Purpose
7250 Li/B Glaee 2.215 lo-’”< p<4xlo’ 0ST<4XI0’K General Purpose
7370 ‘LiH .684 5.3xlo-’spsl.4xlw OST<4X1O’K General Purpoee
7380 SiO, 2.204 1.7xlo-’sps4.4xlcP 0STS4XI0’K General Purpose
7390 Granite 2.627 2.1 X10-’SPS5.3X11Y OST<4X1O’K General Purpose
7410 A1,O, 3.97 3.lxlo-’sp<4xl@
7432 UO,

13~T<4xlo9K General Purpoee
11.00 osps14.3

7520
osTs3xl@K Reactor Safety (Temporary)

Vermiculite 2.7 2.1 X10-Z< P<5.4X10+’ o< T<4xl&K General Purpose
7580 Urethane 1.265 9.9 XIO-’SP<2.5X104 0sT<4x 10”K General Purpose
7590 Polystyrene 1.044 8.2 X10-’< P<2.1X1CF ()< T<4X1OSK General Purpose
8180 High Explosive 1.84 1.4xlo-’<p<3.7xl@ 0< T<4XI0’K EOS for Detonation Products

General remarks

- In all cases, the temperature grid is too coarse to reproduce detailed structure below room temperature. Not intended for
cryogenic studies.

- In many cases, the lower limit on p needs to be extended. Improved grids for going to very low densities have been constructed
for materials 2145, 2448, 5263, 7150, 7151, 7432.

- Tables marked “Reactor safety” cover the region below normal density. They are intended for problems in which only slight

compressions occur.

- Tables marked “Temporary” are of very preliminary nature and will be replaced in the near future.

- Tables marked “General Purpose” are suitable for shock wave calculations, high temperature and high density applications as
in laser fusion, and problems in which expansions are encountered, at either high or low temperature. However, see the above
comment on the low density limit.
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User Experience
The library has been in use for several years at LASL and more recently has

been exported to users at outside institutions with considerable success. Ac-
cording to outside users, the incorporation of SESAME data into
hydrodynamics codes has been a relatively easy and painless task. The con-
venience is multiplied many times for cases in which many materials
(sometimes as many as 10) are involved in a given problem. Applications of the
SESAME library have included defense problems, reactor safety analysis, and
inertial confinement fusion studies at LASL and elsewhere. In some instances,
special packages were developed to meet individual user requests. In all
cases, users are encouraged to consult with LASL developers of the SESAME
library. Jerry Kerley, coordinator of the library development, is shown offering

suggestions to Charles Cranfill, a member of LASL’S laser fusion research ef-
fort (Fig. 7).

For defense applications, users include scientists at the Air Force Weapons

Laboratory, Physics International, England’s Atomic Weapons Research
Establishment (AWRE), Lockheed Missiles and Space, and the University of
Rochester, as well as Staff Members at LASL involved in weapons effects, new
measurements of EOS, and experimental shock wave studies of material
behavior.

SESAME tabies are also useful for analysis of hypothetical accident sequences
in fast breeder reactors in which the behavior of UOZ, Na, and steel over wide
ranges of temperature and density must be considered. Temporary EOS data

for these materials have been developed and incorporated into the SESAME
library for use in the SIMMER code, a fast-reactor accident analysis code un-
der development at LASL. (Development of more accurate EOS for these
materials is progressing rapidly as discussed below. ) The SIMMER code
solves coupled sets of hydrodynamic equations for the solid, liquid, and a
vapor mixture of varying chemical composition. A speciai SESAME EOS
package written for this problem includes an algorithm to calculate the EOS of
the vapor mixture as a function of its chemical composition from EOS tables for
the pure components. The tabular package also provides liquid-vapor coex-
istence quantities that are used in computing evaporation and condensation
rates. These specialized routines are not included in the SESAME subroutine
library, but they can be made available to interested users.

SESAME EOS tables have also been requested by the European reactor safety
effort at AWRE and by scientists at Sandia Laboratories performing EOS ex-
periments for reactor safety applications. Scientists at LASL are also in contact
with the effort at Oak Ridge National Laboratory to develop the SACRD Data
Base for reactor safety analysis. Recent work at LASL on the UO, EOS
(described below) should be of considerable interest to those involved in
development of SACRD.

Applications of the SESAME Library in inertial confinement fusion studies are
many and include studies recently reported in Physical Review Letters3 and
Nuclear Fusion.4
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Physical Review Letters reported observation of a group of energetic ions
produced as long laser pulses ablate the surface of planar targets. This abla-
tion structure was observed for targets ranging from aluminum to uranium. The
SESAME EOS tables for the target materials were used in two-temperature
numerical simulations of the ablation process. These calculations reproduced
the formation and the velocity structure measured for the fast-ion group.
Models were also developed to estimate from the SESAME tables the average
ionization stage for a given velocity; calculated results were in good qualitative
agreement with measured values.

In Nuclear Fusion, LASL scientists reported use of the SESAME tables to com-
pute the rapid implosion of compressible metal liners for plasma he&ing and
fusion-energy production. Copper, nickel, and gold liners were investigated.
The interactive effects of liner compressibility and cylindrical convergence
were emphasized in the analysis. Realistic EOS were needed to model the in-
crease in sound speed with increasing pressure. In the several-megabar range
of interest, the “cold pressure” due to repulsive forces between atoms
dominates by far the thermal (lattice vibrational pressure) and electronic ther-
mal pressure, and is primarily responsible for the increase in isentropic bulk
modulus with pressure for a number of metals. The compressibility behavior
was calculated from the SESAME tables and the tables were accessed by the
numerical hydrodynamic code to calculate the instantaneous compression
profile of the liner.

Other users of SESAME tables for laser fusion studies include Sandia
Laboratories, University of Rochester, Brookhaven National Laboratories,
University of Wisconsin, Physics International, and University of Arizona, as
well as members of the appropriate Divisions at LASL. Researchers at
Rochester, representing one of the Nation’s largest efforts in laser fusion, are
not only using the SESAME library to model laser-target interactions, but their

experiments using lasers to measure EOS will have an impact on the further

development of the SESAME library for laser and other applications.

Fig. 7. Chuck Cranfill (left), a
member of LASL’S laser fu-
sion effort, and Jerry Kerley
(right), project leader of the
SESAME library confer on
the two-temperature EOS
that was designed for study-
ing laser-pellet implosions.
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EOS forShock
Wave Studies

Materials, Methods, and
Applications

In order to convey some understanding of the theoretical work that goes into
constructing the SESAME tables, a number of materials being studied are dis-
cussed below. These materials are grouped according to the type of applica-
tion for which they are being developed—namely, shock wave studies, laser fu-
sion, and reactor safety. The need for more accurate EOS in these areas has
led to new developments in the theory of liquids, the phenomenological treat-
ment of phase transitions, the construction of two-temperature EOS, and more
refined treatments of thermal electronic excitations. These theoretical develop-
ments are discussed in the context of specific materials.

Shock wave studies at LASL are the experimental basis for generating many of
the SESAME EOS. These EOS, in turn, can be applied to the prediction of new
shock wave experiments. Densities from solid density at room temperature to
10 times solid density, and temperatures from 102-105 K are relevant to these
experiments.

The data from shock wave measurements yield the locus of states that can be
reached in a single shock process from a given initial state. This locus is called

the Hugoniot and is frequently plotted in terms of shock velocity (u,) vs particle
velocity (UP). These data are combined with thermodynamic relationships and

empirical models to generate the EOS.

Lithia-Boris Glass

A new SESAME table for Iithia-boria glass has been developed recently based
on shock data obtained by the Dynamic Testing Group at LASL. The construc-
tion of the EOS for this material illustrates some of the techniques employed for
many materials in the regions of temperature and density achieved in shock
wave work.

The experimental Hugoniot data for Iithia-boria glass are plotted in Fig. 8. The
data have a region of roughly constant shock velocity (us -6.0 km/s) over a
pressure range from -90-260 kbar. The data indicate that the glass undergoes
a phase transition at -90 kbar. The region of constant shock velocity corres-

ponds to the arrival of the first of two shock waves present in the 90- to 260-
kbar range. Above 260 kbar, a single shock is stable and corresponds to the
high-density phase of Iithia-boria glass.
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Fig. 8. Experimental Hugoniot data for
Iithia-boria glass compared with predic-
tions of the SESAME EOS (solid and
dashed curves). For particle velocities
below .8 kmlsec there is no phase transi-
tion and a single shock wave k stable. For
particle velocities greater than 2 kmlsec,
the substance transforms to the high den-
sity phase and a single shock wave is
stable. For intermediate velocities, calcula-
tions predict two shock waves. The leading
wave corresponds to the 10w density phase
and has (JO = .8 kmlsec, Us = 6 kmlsec.
The calculated locus of the second shock is

1. 2. 3. 4. 5. 6 shown by a dashed Ik?e; this wave has not
Particle Velocity (km/see ) been studied experimentally.

A new technique based upon the free energy was used to take the phase tran-
sition into account. To model the EOS including the Helmholtz free energy for
each phase, a form for the Grilneisen parameter was assumed, and the cold
curve was computed from the shock data using the Mie-GrLlneisen EOS. For
the contribution from nuclear vibrations, the Debye model was used, but
modified to go to an ideal gas at high temperatures and low densities. The
Thomas-Fermi-Dirac (TFD) statistical model of the atom was used for
electronic excitations.

The separate EOS tables for each phase were input to a code that computes
the phase boundaries and constructs a multiphase EOS table by minimizing
the Gibbs free energy at constant pressure. This method ensures ther-
modynamic consistency.

The shock Hugoniot calculated from the multiphase tables is compared with

experimental data in the figure and agreement is good, showing that the
analysis is internally consistent. The multiphase EOS table gives a realistic
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description of the shock behavior in the region where two distinct shocks are
generated. The locus of the second shock calculated with the DSPLX code
(described under “Dispiay Codes”) is shown in Fig. 8. This prediction must be
checked by new experiments.

The details of the Iithia-boria glass EOS in the region of phase transition are

I0°

shown in Fig. 9.

1 4. 0

RHC ~MGlV3J

Fig. 9. Pressure-density isotherms for LiB glass in the region of phase transition.
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EOS for laser fusion and other applications in which materials are subjected to EOS for
radiation-induced shock waves must cover density ranges from 0.5 times nor-
mal density to 10 or 100 times normal density and temperatures up to 104-107 Laser Fusion
K. At these high temperatures, the materials are partially ionized. The problem
is complicated by the fact that equilibrium between the electrons and the ions
cannot be assumed in some cases.

The deuterium EOS and the two-temperature EOS for SiO, described below
are of particular interest to laser fusion studies and illustrate some of the com-
plex physical phenomena that are being tackled theoretically in modern EOS
research.

Deut erium

The thermodynamic properties of deuteriums have been calculated for

densities ranging from 10-3 to 103 g/cm3 and for temperatures from 2 X 102 to
108 K. This information is needed for the design and analysis of thermonuclear
energy applications. The theory developed is also applicable to tritium and
hydrogen and therefore useful in studying the planets Jupiter and Saturn,
which contain large concentrations of dense hydrogen.

Although it might seem to be a simple substance, deuterium poses nearly all
the difficulties that arise in EOS theory including fluid and solid theory,
molecular and metallic binding, phase transitions, molecular vibration and
rotation, and chemical reactions (dissociation and ionization). The EOS
calculated for deuterium includes two solid phases—a molecular solid
calculated to be stable at pressures below 2 Mbar and a metallic solid stable at
high pressures—as well as a liquid phase (see phase diagrams in Fig. 10).
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Fig. 10a. Phase diagram for deuterium (from Ref. 5).
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Fig. 10b. Specific volumes on the phase lines
of deuterium (from Ref. 5).
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In the October 1978 issue of Physical Review Letters,” a group at Lawrence
Livermore Laboratory claims to have seen the transition to a metallic solid in
hydrogen at 2 + 1 Mbar and a density of 1.06 + 0.18 g/cm3 for the metallic
phase. This transition for H, may be calculated from the SESAME deuterium
EOS and is found to be at P = 2.8 Mbar and p = 1.26 g/cm3, satisfactory agree-
ment with the Livermore results.

The treatment of the liquid phase of deuterium has received special attention.
The CRIS model developed at LASL was the basis for calculating the ther-
modynamic properties of the atomic and the molecular fluids for deuterium.
This model is a thermodynamic perturbation expansion about a hard sphere
fluid in which the energy of a fluid molecule is determined from the zero-
temperature isotherm of the solid. (This new model for fluids is described in
more detail in the section on liquid sodium.) The effects of molecular dissocia-

tion, vibration-rotation and thermal electronic excitations, and the transition to
the metallic state were also included in the EOS for the liquid phase of
deuterium. Recent measurements by Mills et al.’ of pressures and sound
speeds in liquid H, and Dz up to 20 kbar agree very well with the SESAME EOS
for the liquid phase (see Figs. 11 and 12).

A detailed presentation of the theoretical methods used to construct the EOS
for deuterium can be found in Ref. 5.

lo2 L I I I I I -i 51 , , i I 1 { 1r 1 t i , , 1 , I z 1
L

Pressure vs Density
J

On Fluid n- D2 Isotherms

10:

~
n*

~
3mm~
a-

1.0~

i
0.2 0.3 0.4 0.5

Sound Speed vs Pressure
On Fluid n-D2 Isotherms

, 4 , , I 1 9 t I I , r , I
I Lo 10

1
Pressure (kbar)

Fig. 12. Deuterium sound speed vs. pressure. Experimental
data’ are compared with theoretical prediction (solid curves).

1
Density (g/cm3)

Fig. 11. Deuterium fluid isotherms. Experimen-
tal data’ are compared with theoretical predic-
tion (solid curves) for pressure vs. density.
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Silicon Dioxide and the Two-Temperature EOS

Glass microsphere filled with deuterium and tritium gas are the typical targets
used in laser fusion studies. The lasers deposit their energy preferentially in
electronic excitations. Since the time scales for implosion of the microsphere
are too fast to achieve local thermodynamic equilibrium between the electrons
and ions, the system is usually modeled as a quasi-independent system of
electrons at some temperature T. and a second quasi-independent system of
ions at some lower temperature T,. This concept is called the two-temperature
approximation. EOS suitable for use in two-temperature hydrodynamic

calculations consequently require separate EOS for the ions and the electrons.
A new EOS for SiOz was generated in order to allow a consistent separation
into electronic and nuclear (ionic) parts.

As with many EOS, the SiOz EOS WJS constructed from three distinct contribu-
tions, (1) a cold curve due to electronic forces at T = O K, (2) thermal electronic
excitations, and (3) thermal nuclear excitations. A TFD model was used to
generate the thermal electronic part, and an analytic model of R. D. Cowan,
which interpolates between an ideal gas at low densities and a Debye model at
high densities, was used for the nuclear or ion part. The total pressure, for ex-
ample, can then be written as:

P(p,T) = pCOl,(p)+ P~E’MAL(FI,T)+ P,T”ERMAL(P,T)

= ‘old(P) + P:”(P,T) + P,cOwAN(p,T)

This EOS for SiOz was fitted as accurately as possible to all available ex-

perimental data and includes some phase transitions.

The pressure in the simplest two-temperature approximation for the EOS is

then defined to be

P6(P,T.) = pCOl~(P)+ p;”(PtTa)

= IJTOTAL(P,T6) – PIcOwAN(p,T~)

P,(P,T,) = P,cOwAN(P,T,),

where T, and Ta are not necessarily equal and the ion contribution is indepen-
dent of electron temperature and vice versa. Isotherms for separate electronic

and ionic contributions to the SiOz EOS are shown in Figs. 13a and 13b.

Two-temperature EOS for other elements maybe generated from the SESAME
library in a similar manner. However, since most SESAME tables were con-
structed before interest in two-temperature EOS and did not use the Cowan
model, separate ion contributions to the tables are not readily available.
Consequently, the use of the Cowan model to separate the electronic and ionic
>arts may not be consistent, although it may be good enough for some studies.
n the future, when new tables are constructed or old tables redone, separate
luclear tables will be stored along with the usual EOS tabulation. [n many
:ases tables are needed rather than the analytic Cowan model to represent ac-
curately the nuclear contribution to the EOS.
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Fig. 13a. Ionic contribution to
pressure-density isotherms
of silicon dioxide over the
temperature range 0.0-5.4 X
IV K.
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Fig. 13b. Ionic contribution to
pressure-density isotherms
of silicon dioxide over the
temperature range 0.0-5.4 X
10” K.
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thermal electronic excitations used in the SiO, EOS, and
neglects the effects of discrete electronic energy levels.

The TFD model for
other EOS as well,
However, these effects may be important at low densities in laser fusion

studies. In recent work, an ionization equilibrium (Saha-type) model which
takes into account the level structure has been used to construct the electronic
EOS for SiO, at low densities and results are being compared to the TFD

model. Eventually, we hope to merge the Saha-type model at low densities with
the TFD model at high densities in a thermodynamically consistent fashion.
Electronic models that agree well with Saha-type theories will then be consis-
tent with the opacity tables that are generated by LASL’S Equation of State and
Opacity Group and used in laser fusion and other applications in conjunction
with EOS data.
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The “temporary” SESAME EOS tables for UO,, Na, and iron are available for EOS for
reactor safety research, but will soon be replaced by more accurate treat-

ments. Recent progress on the UOZ and Na EOS is described below. Safety

Uranium Dioxide and Electronic
Contributions to the Gas EOS

A variety of methods, with varying degrees of phenomenology, are being used
to create the EOS for UO,. For the condensed matter region (densities greater
than the critical density), the known data and reasonable extrapolations of the
known data are being fit with the analytic form of the corresponding states
theory as formulated by Hirschfelder et al.* This procedure will yield (1) exact
fits, as functions of temperature, of the experimental enthalpy and density on
the coexistence curve both in the liquid and solid, and (2) very reasonable ex-
trapolations off the coexistence curve including the region of melting.

In the gas region, the EOS is constructed from theoretical models with a few
phenomenological parameters. The models are the van der Waals model for
the translational degrees of freedom, and simple rotational and vibrational
models.

The most important new physics is a new model for electronic excitations in the
gas. Analysis of the experimental vapor pressures and condensed enthalpies
suggests that electronic excitations make a significant contribution to the gas
EOS, in particular, to the internal energy and specific heat. For example, the

specific heat, CP, of liquid UOZ at -3200 K is approximately 134 J/mol” K.g. At
best, 75 J/mol” K can be explained by the translational, vibrational, and
rotational modes of the molecule. The remaining 59 J/mol” K must come from
electronic contributions.
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Fig. 14. UO, electronic den-
sity of states used in LASL
EOS studies (solid curve),
experimentally determined
density of states for uranium
(X), and RSCF calculation for
U02 (+).
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The new electronic model is essentially a Saha (ionization equilibrium) model.

Along the coexistence curve for T S 5000 K, where ionization can be neglected,

the electronic partition function is a product of single neutral molecule partition
functions Q. Since the levels in UO, are very dense, the sum over electronic
states can be replaced by an integral to obtain

Q = ~’= p(E)e-%E,

where p(E) is the density of electronic states for the molecule and ECis a cutoff.

The density of states that we use is shown by the solid curve in Fig. 14. Plotted
on the same graph are the experimentally determined density of states for
uranium’” and a theoretical density of states for UOZ obtained from a relativistic
self-consistent field (RSCF) calculation at LASL. We expect the solid curve to
be a more accurate representation of p(E) than the RSCF calculations for
energies above 15000 cm-’ since the RSCF results neglect some levels and
use the ground-state potential for all energy levels. Below 15 000 cm-’, the
area under our curve approximately equals the number of states found by the
RSCF calculation.

The gaseous model of UOZ for T S 5000 K is completed by adding in the other

degrees of freedom, translational, vibrational, and rotational modes of the
molecule. Using the ideal gas approximation, the enthalpy is

H = (7/2) NkT + He + Hvl~,

where Ha = (–kT2) (t3,tnQ/~T). Ha is the electronic enthalpy and Hvl~ is the
enthalpy of the vibrational modes. The resulting enthalpy for gaseous UOZ
calculated along the coexistence curve is shown by the solid curve in Fig. 15.
The result for no electronic excitations (dashed line) is significantly lower.

This increase in enthalpy due to electronic excitations tends to raise the high

temperature Pv, thus producing better agreement with the data than has been
obtained in the past. ” The vapor pressure was obtained by integrating an ap-

proximate form of the Clausius-Clapeyron equation that neglects the con-
densed phase volume relative to the volume of the gas and uses the ideal gas
approximation.

Fig. 15. UO, enthalpy (H) vs.
temperature along liquid- 500

vapor coexistence curve
calculated with electronic ex-
citations (solid curve) and 400

without (dashed curve).
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The resulting Pv is shown as a solid curve in Figs. 16a and 16b. The dashed

curve is the IAEA standard. ” Our curve definitely gives a better fit to the data
and, in fact, differs from a least squares fit for Pv by, at most, 5?40over the
temperature range 1500< T <5000 K.

All the various pieces of the UO, EOS are now being composed into a ther-
modynamically consistent EOS for reactor safety.
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Liquid Sodium and the CRIS Model of Fluids

26

The properties of liquid sodium are needed for the analysis of hypothetical

accidents in sodium-cooled fast breeder reactors. Padilla has made a very
good compilation of sodium data in the region of the vapor-liquid coexistence
curve.’z For detailed safety calculations, a complete EOS surface, including the

supercritical and metastable regions, is needed. Although several good EOS
models have been proposed, none has given satisfactory agreement with
Padilla’s tables.

The CRIS model of fluids, which is based on thermodynamic perturbation

theory, was used to compute an EOS for sodium. The effects of dimerization in
the vapor phase were also included. The calculated coexistence properties
compare well with Padilla’s data and in addition, our results agree with PVT
measurements and other experiments.

Recent work has shown that the structure of liquids is determined by repulsive
forces, and that the hard-sphere fluid provides a good model for this structure.
In first-order perturbation theory, the entropy of the liquid is estimated by as-

suming the molecules to be hard spheres, and the internal energy is deter-
mined by averaging the intermolecular forces over the hard-sphere distribu-
tion. The hard-sphere diameter can be estimated by minimizing the Helmholtz
free energy. In the CRIS model, it is assumed that each liquid molecule is sur-
rounded by a spherical shell of nearest neighbors and that the coordination
number and nearest-neighbor distance vary from molecule to molecule. In this
approximation, the dependence of the energy of a molecule on nearest-
neighbor distance can be determined from the zero-temperature isotherm of
the solid.

The first-order theory gave very good results when it was applied to the EOS of
argon and deuterium.s13 In calculations for liquid sodium and other metals,
however, terms beyond first-order must be included in order to give satisfac-
tory results for the vapor-liquid coexistence curve. The model has been ex-
tended to include these corrections and the improved theory gives very ac-
curate results when compared with computer simulations on model liquids.14 In
fact, this method can be used to calculate the radial distribution function
(distribution of neighboring molecules as a function of distance) and structure
factor of a liquid as well as the thermodynamic properties.

In Fig. 17, the calculated vapor pressure is compared with experimental data,
and Fig. 18 shows the liquid and vapor densities on the coexistence curve. The

calculation shows discrepancy with experiment, particularly near the critical
point, but the agreement is very good for a theoretical model. Since even better
results may be needed for practical applications of the EOS, agreement with
experiment may be forced by making relatively small adjustments to the
parameters used in creating the EOS. We plan to study this problem further.
The final EOS table will be included in the SESAME library.

We have also made some exploratory calculations of transport properties of li-

quid metals, using the hard-sphere approximation.’s In Fig. 19 we show
calculated and experimental viscosity curves for liquid sodium as a function of
temperature. ‘e The agreement is fairly good. We believe that even better
results can be obtained if corrections to the hard-sphere model are included as
we have done in the EOS theory.
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How To Send for the SESAME Library

To obtain SESAME EOS data and the subroutine library, a user should send
two or more magnetic tapes, a list of the materials required, and a specification
of the tape parameters to the following address.

Sesame Library, MS-925
P. O. BOX 1663
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

The subroutine library will be copied onto one tape and tabular data will be
written on the others. A set of instructions will be included when the tapes are
returned. These instructions explain how to preprocess the data tapes and how
to use the library routines. Users may send additional tapes for new data at any
time.

The tapes will be written in an 80-character card image format that is compati-

ble with the user’s computing facilities. Standard options include the BCD
character set for 7-track tapes and the EBCDIC character set for 9-track tapes.
The tapes are usually written unblocked, with either 800 or 1600 BPI. The user

should specify either 7-track or 9-track tapes, the character set, density, and
any other parameters that are appropriate.

The number of data tapes needed depends upon the tape format, the number
of materials requested, and the size of the tables. As a rough guide, allow

one 7-track tape, 800 BPI, for each 20-25 materials,
one 9-track tape, 800 BPI, for each 25-30 materials,
one 7-track tape, 1600 BPI, for each 40-50 materials,
one 9-track tape, 1600 BPI, for each 50-60 materials.

Consulting services are available to answer questions about the library and to
assist users with any problems.
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Future Developments of the
SESAME Library
Future work to expand the SESAME library will emphasize the needs of non-

nuclear energy research. EOS for new materials will be required to model com-
bustion and detonation processes and to study the safety of coal gasification
and Iiquification reactors. More accurate theoretical models for the liquids and
the liquid-vapor coexistence region will be needed, as well as accurate
descriptions of thermal conductivities and gas mixtures. We are hopeful that
the CRIS model of liquids described earlier can be applied to many materials
to calculate melting properties and liquid-vapor coexistence curves more ac-
curately. The liquid structure factor calculated from this thermodynamic per-
turbation expansion about a hard-sphere fluid can be used to calculate various
transport properties including viscosity, diffusivity, thermal conductivity, and
electrical conductivity. These transport properties will eventually be included in
the SESAME library.

A problem in immediate need of EOS research is the vapor explosion. Under
certain conditions, a cold liquid can become superheated and vaporize ex-
plosively when it comes in contact with a warm liquid. This phenomenon is im-
portant to the liquid natural gas (LNG) and metal casting industries and is also
important in safety studies of fission reactors.

The study of methane is already in progress and work on heavier
hydrocarbons, hydrocarbon mixtures and liquids that exhibit vapor explosions
are planned. In preliminary studies, the CRIS model of liquids developed at
LASL was tested for the metastable (superheated) region by comparing
calculated and experimental values for the superheat limiting temperature

(SLT) of the refrigerant R-12 (dichlorodifluoro methane). The SLT is the highest
temperature to which a liquid can be heated before it spontaneously explodes.
The results plotted in Fig. 20 indicate that the calculations are promising.
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Fig. 20. Estimated limit of
superheat temperatures
from equation of state for
dichlorodifluoromethane (R-
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In addition to new materials, improvements are required in the existing
SESAME tables, especially in the low-density, high-temperature regions.
Research is in progress to model the effects of shell structure and ionization
that become important in this region. As mentioned earlier, the revised EOS
tables will be tabulated in the SESAME library, along with separate tabulations
of the ionic or nuclear contribution so that consistent two-temperature EOS
can be generated conveniently.

The SESAME library can become a recognized standard only when the con-
tents of the library represent the best EOS possibie, based on existing theory
and experimental data. Moreover, objective evaluations must judge what
“best” means at any given time. Therefore the establishment and maintenance

of the SESAME library as a standard requires the involvement of users and
scientists other than the LASL developers of the library to evaluate its contents
and recommend improvements both in the data base itself and in the software
packages. The incorporation of experimental and theoretical results generated
outside LASL will bean important part of the evaluation procedure. A system of
objective evaluation is now under discussion and users are urged to offer sug-

gestions.

In general, the future of the library will be determined by user needs and in-

terests. Please let us know your present interests by filling out the form on the
following page and returning it to us.
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We would appreciate your response
Please tear out this form and mail to:

SESAME Library, MS-925

PO. BOX 1663

Los Aiamos Scientific Laboratory

Los Alamos, New Mexico 87545

User Response Form
Name

Address

1. Iam interested in using the SESAME library. Yes

No

Reasons:

2. Iam interested in the following materials and properties.

Materials and properties of interest Temp range Density range

Applications of EOS data. (Type of code etc.)
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Present source of data.

Computing facilities used.

3. Ihave already used the SESAME tables. Yes

No

Comment on advantages.

Comment on disadvantages.

4. I am involved in EOS research. Yes

No

Describe.

5. Are you interested in becoming a member of a SESAME library advisory
board to provide objective evaluation of library data and software? Yes

No

Do you have suggestions concerning the working procedures of such an advisory board?
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