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Steam tables have been produced in which the physical properties of water
are available not only in the stable states, but also in the metastable
states. The properties of water in the metastable states have been obtained by
extrapolating the IFC formulation into the metastable regions. Two steam
tables have been generated for each phase. The steam tables contain the
thermodynamic properties such as temperature, pressure, specific volume,
specific internal energy, specific enthalpy, coefficient of thermal expansion,
isothermal compressibility and heat capacity at constant pressure. The tabular
data are used to determine other thermodynamic properties using input data of
pressure and enthalpy fo} each phase. For this determination the STH20 program
which is used in the RELAP4 code has been improved to be able to calculate the
properties of both stable and metastable states. Although the metastable
regions obtained by the extrapolations are limited, the metastability limits
from our calculations are comparable to the maximum liquid superheat and
maximum vapor supercooling which have been obtained by the experiments and to

the spinodal lines of van der Waals fluids.

Keywords: Steam Table, Metastable, IFC Formulation, Metastability Limit
Superheat, Supercooling, Spinodal Line, STHZ20O Program
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1. Introducticn

"Steam Table” is one of the most fundamental data of water to analyze
postulated light water reactor accidents. During the last several decades a
great deal of research concerning the thermodynamic properties of water has
been carried out in many countries. From 1925 to 1967 six international steam
table conferences have been held in order to analyze the existing experimental
data and investigate the empirical thermodynamic relations of steam. The 1967
International Formulation Committee (IFC) formulation (1987 ASME Steam Table
W is the most accurate equation of state for water until now. The

formulation is suitable to the stable liquid and vapor states.

Thermodynamic processes in transient two—phase flow phenomena such as
flashing® often lead to metastable states of water in which liquid can be
suddenly superheated or vapor subcooled. Existing knowledge of physical
properties of water is limited in the metastable states. The formulations in
the metastable region still remains under investigation in many countries. F.
Bakhtar and M. Piran’’ have given an equation of state for the supercooled
vapor by applying the virial equation of state by Vukalovich and the
distribution functions describing the concentration of the molecular clusters
which is obtained by nucleation theory. They have compared a number of
properties of water obtained from the equations using second virial
coefficient alone and the equations used by Keenan, Keyes, Hill and Moore
(KKHM) and Vukalovich. The differences among them are considerable for G, and
k. For specific enthalpy and specific volume the differences are relatively
small.

A. Karimi and J. Lienhard" have somehow simplified the KKHM fundamenial
equations for water to satisfy the Maxwell constraint. They have used the
equations in the region of the metastable states by extending the
thermodynamic properties beyond the saturation line. The KKHM equations of
state ‘are, however, obtained by fitting not to the caloric data such as §, «
and C,, but only to the stable liquid P-v-T data. It may not be suitable,

therefore, to use the KKHM equations in the computer code for reactor safety

analysis.

Recently some advanced codes have been developed to have unequal
temperature models. The models can predict the thermodynamic states of water

such as supercooled, superheated, saturated liquid or vapor. (Fig.1) Each code
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considers the equations of state in the metastable states in each vay. In the
RELAPS code® the properties in the metastable states are taken Dby
extrapolating linearly quantities at saturation along isobars. The properties
of C,, k and 3 in the metastable states are assumed to be evaluated at
saturation. In the TRAC computer code® , the thermodynamic properties are
calculated by the simplified polynomials. The polynomials are obtained by
fitting to the ASME steam table and used in the wide range of the stable and
metastable states. The equations used in TRAC provide a fast computation but

are so simple compared to the IFC formulation.

We have tried to improve the above problem by using the accurate ASME
steam table and calculating the properties of G,, xk and 3 1in the metastable
regions. We will show it in this paper. The tables of thermodynamic properties
of water which cover the stable and metastable states have been generated by
means of extrapolating the equations of state of the IFC formulations into the
metastable regions. The extrapolations have been performed by extending the
thermodynamic properties beyond the saturation line. The generated steam
tables are used to calculate other thermodynamic properties using input data
of pressure and enthalpy. We have extended the subroutine "STH20S" in the
"STH20" program’’ used in the RELAP4 code so as to be able to estimate the
thermodynamic properties in the metastable states. In our steam tables three
data libraries are available. Three correspond to the original steam table

the steam table for the vapor state and that for the ligquid state.

We will present how to produce the steam tables 1including the
thermodynamic properties in the metastable states in Section 2. In Section 3
the improvement of the STH20 program will be described . The usage of the

improved subroutines will be presented in 3ection 4.
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o CENERATION OF STEAM TABLES INCLUDING METASTABLE STATES

The expressions for all thermodynamic properties in the IFC formulation
are derived directly by partial differentiation of the canonical functions,
Gibbs and Helmholtz functions, and maintain thermodynamic consistency.!? The
formulation is coded in the subroutine library "STEAM'®  in JSSL (JAERI
Scientific Subroutine Library)® . The formulation presented describes the
thermodynamic properties of water in the region that covers in pressure from
zero to 10° N/m2 (1.02 % 103 kg.f/cm?) and in temperature from 273.16 K
( 0.01 °C ) to 1073.15 K ( 8C0 °C ). The generation of steam tables including
the metastable states have been performed by extending the IFC formulation
beyond the saturation line into the metastable regions. The calculation scheme
for each steam table by using the subroutine "STEAM™ is presented in Appendix
1. It is assumed in this extrapolations that all thermodynamic relations used

in the stable states are satisfied in the metastable states(see Appendix 4).
The whole region in the pressure—temperature diagram of the ASME steam

table is divided into six regions which are shown in Fig.2. The different
subroutines in "STEAM™ are used in dependence on the regions. The names of
these subroutines are shown in the following list. The original array AA(l)
shows the steam table which is produced by the original subroutine “STEAM™.
Metastable values of the thermodynamic properties have been obtained by means
of changing the subroutines in each region in "STEAM" as follows:

Steam Table AA(IY BB(I) CC(I)

Subregion 1 SUBL SUB2 SUB1

Subregion 2 sSuB2 SUB2 SUBI (see note)

Subregion 3 SUB3 SUB3 SUB4

Subregion 4 SUB4 SUB3 SUB4

(note: SUB4 between T, /T. « T/T. < 1.03

The array BB(I) presents the steam table of vapor including the supercooled

state. The array CC{I' is that of liquid having the superheated state.
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The extrapolations of the IFC formulation lead to bad behaviors such as
negative values of volume, enthalpy or heat capacity, if they are carried out
much beyond the saturation line. We have stopped performing the extrapolations
before such behaviors start to occur. Figure 3 shows the region of metastable
states in the pressure-temperature diagram for the state of water. The
formulations cover the wide range in the metastable state except for the
region near the critical point. The lines, Py, (T) or T, (P) and Py, (T) or
T,, (P) describe the maximum vapor supercooling and the maximum liquid
superheat which have been obtained in our calculations. The line equations for

the metastablility limits are shown in Appendix 2.

We show in Fig.4 the line equations of the obtained metastability limits,
Ty, /T. and Ty, /T.. as a function of reduced saturation temperature, T,, . We
will compare these lines to the existing lines of the maximum vapor
supercooling and the maximum liquid superheat which are given by correlating

the experimental results.

The maximum liquid superheat and the maximum vapor supercooling of fluids
have been studied for‘the last two decades by many investigators. Recently J.
H. Lienhard's group has intensively made an ~investigation of these themes.
They have obtained a correlation line for the limiting liquid superheat from
the data of Skripov for 12 substances'® V.12 which will be referred as

Lienhard's correlation in Fig.4 , as follows. '3 142,15

Ty — T, =0.905 ~T, +0.095 T2
where T, 1is the maximum reduced superheat temperature and T, 1s the reduced

saturation temperature at a given pressure. They have also attempted to

represent P — v — T surfaces vith van der Waals  classic equation of state,

P, =8T,/(@v, — 1) - 3/v

The liquid and vapor spinodal lines of a van der Waals fluid , which are the
lines of the maximum liquid superheat and the maximum vapor supercooling, can

be given by combining the last equation with

Try = (Bv, - 1F/4v
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As for the limiting vapor supercooling the measurements of the vapor
nucleation temperature have been made in nozzle'® 1718 and shock tubes
tests'® and diffusion cloud chambers.®” It is shown that the data for the
nucleation temperature deviate much farther from the van .der Waals® prediction
toward the saturation line. In Fig. 4 , are shown the liquid and vapor
spinodal temperatures, T,fp and T,y as a function of T,. . As can be seen 1in
the figure, the metastability limits obtained from the IFC formulation lie in

the region enough to cover the existing metastability limits from the

experimental results.

The storage of each table is shown in Appendix 4. The original steam table is
stored in the array AA(I). The array BB(I) is a steam table for the vapor
state and contains the properties at Py (T) or T, ) instead of liquid
properties at P, (T) or Ts {P) in the original steam table. The array CC(I) is a
steam table for the liquid state and includes the properties at Py, (T) or

T., (P) instead of vapor properties at P, or Ty in the original steam table.

The physical properties which were obtained in our calculations are
sketched as a function of two independent variables, pressure and temperature,
in Figures 5-1 through 5-5. In these figures meshes of coordinate axes for

pressure and temperature have been used in the same way as in RELAP4T |
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3. EXPANSION OF THE STH205 SUBROUTINE FOR THE METASTABLE STATES

The original subroutine “STHP05™"?  uses the table to calculate the
thermodynamic properties in the stable states and at the saturation state. The
new subroutines "STHOBG™ and "STHOSL™ use the tables to compute the properties
of vapor and liquid, respectively, in the stable and metastable states. Each
subroutine has been made by improving the subroutine “STH205". "STHOSG™ or
"STHOSL® contains the interpolation routines corresponding only to the vapor
or liquid state, respectively. The processes of interpolation of the tabular
data and the thermodynamic relations are assumed to be equivalent in both
metastable and stable states for each phase. The subroutines calculate the
properties such as specific volume, specific internal energy, specific

enthalpy, 8, « and C,. using input data of pressure and enthalpy. Major flow

charts for these subroutines are shown as follows.

MAJOR FLOW SCHEME OF "STH205"

P, h, as input
|
l

|——> T = T; (P)

|
|
| yes

hy (T, P)} > h, ——> NSTATE =1 (Liquid)
l
i no
| yes

h, (T, ®¥) < h, -——> NSTATE = 3 (Vapor)
|
| no

l

NSTATE = 2 (Saturation)



P, h, as input
|
|

|4§> Ts

i

T, (P)
l
Ty, P)
|
hy (T (P)) <

|

| no

|
hy T, P)) <
|

}1'10

i

ERROR

T

P, h; as input

|—> T, =T, P)
{
Ty, = T, (P
|
h (T, Py >

|
| no
|

h (T, (P)) >
|

| no

ERROR

JAERI-M 83-116

hy

hy

MAJOR FLOW SCHEME OF ~STHOSG™

yes

——> NSTATE = 3 (Vapor)

yes
——> NSTATE = 5 (Supercooled Vapor )

MAJOR FLOW SCHEME OF "STHOSL™

yes
——> NSTATE

H

1 (Liquid)

yes

—~~—> NSTATE = 6 (Superheated Liquid)

il
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Figures 6-1 through 6-6 show the physical properties of water at input
data of pressure and enthalpy which are calculated by these subroutines. The
figures show that the IFC formulation can be extended smoothly into the
metastable liquid. As for the metastable vapor, the formulation behaves well
for the properties of specific volume and specific internal energy. It is not
so good, however, for C,, B and K specially in the region of pressure above

1.4 x 100 N/m®. The IFC formulation can not be well extrapolated in this

region of vapor.
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P-H-BETHA DIAGRAM OF WATER OERIVED BY STH205
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P-H-CP DIAGRAM OF WATER DERIVED BY STH205
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4. USAGE OF THE STH20 PROGRAM INCLUDING STHOS5G and STHOSL

The "STH20" programﬂ has several subroutines that use the tables to
calculate water properties. The subroutine, "STH205", "STHOSG™ or "STHOBL" is

called as follow:
CALL STH205, STHOSG or STHOBL (NSTATE, S)

NSTATE :States ID (Return Value)
=1  Subcooled Liquid
=2 Saturated
=3  Superheated Vapor
=4  Supercritical
=5  Supercooled Vapor
=5  Superheated Liquid

S :Steam Table's Argument Values

For STHO5G For STHOSL For STH205

S(1) Tg T | T
S@) P P P
S(3) vy Vi v
S(4) Uy w u
S®) hy, hy h
S(é) Bq B B
S{7) Kg K K
58 Cpg Cot G
S(9) X
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S{06) Ts or Ty, Ts or Ty, T,
S{11) Vis
S{12) Vgs
S5(13) Uys
S(14) : Ugs
S(15) : hy
S(16) | hgs
S(17) Bis
S(18) Bys
S(19) Kis
5{20) | Kgs
s@1) Gots
S(22) Coas
S5Z23) Indexes Indexes Indexes

In "STHOSG™ and "STHOSL®, S(9) and S(11) through S(22) are not defined. The

indexes in S(23) are used to start the table search.

The subroutine “STH20I" retrieves the table needed by the subroutines
"STHO0S", "STHOSG™ and "STHOSL" and is called by the following fortran

statement.
CALL STHPOI (AA, BB, CC, N, NUSE, NUSE1 )

AA, BB, CC :Steam Table Data Array
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N ‘Steam Table Data I,/0 Reference Number
NUSE, NUSEl1 : Array Size

On entry, NUSE and NUSEl must be greater than or set equal to the length of
the generated table(NTOT). On return, NUSE and NUSEl are the number of words

used in the arrays (NSIZE and NSIZE1 ).

5. CONCLUDING REMARKS

It has been presented as an application to reactor safety analysis that
the physical properties of water in the metastable states are given by
extrapolations of the IFC equations of state into the metastable regions. The
obtained steam tables contains the wide range of thermodynamic states of
water: subcooled, superheated, saturated liquid and vapor. Our steam tables
can be used in unequal temperature models for transient two—phase flow. The
extension of the subroutine “STH205" gives the relatively short time of
computation to determine the thermodynamic properties at 1input data of'
pressure and enthalpy using the tabular data. Only the subroutine "STH205" has
been improved, but it is possible to further improve the other subroutines
which compute the thermodynamic quantities using other given properties as
input. It has been shown that the IFC formulation behaves badly near the
critical point in the metastable states. The data of B3, k and (G, are not
extended smoothly into the metastable vapor in the region of above pressure
1.4 x 1070 N/ . It is necessary that the formulation will be improved in this
region. The values of the properties in the metastable states should be tested

by the experimental results (for example, experimental flashing data).
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N ‘Steam Table Data I1,/0 Reference Number
NUSE, NUSE1 : Array Size

On entry, NUSE and NUSEl must be greater than or set equal to the length of
the generated table(NTOT). On return, NUSE and NUSE!1 are the number of words

used in the arrays (NSIZE and NSIZE1).

5. CONCLUDING REMARKS

It has been presented as an application to reactor safety analysis that
the physical properties of water in the metastable states are given by
extrapolations of the IFC equations of state into the metastable regions. The
obtained steam tables contains the wide range of thermodynamic states of
vater: subcooled, superheated, saturated liquid and vapor. Qur steam tables
can be used in unequal temperature models for transient two-phase flow. The
extension of the subroutine °STH205" gives the relatively short time of
computation to determine the thermodynamic properties at input data of
pressure and enthalpy using the tabular data. Only the subroutine "STH203" has
been improved, but 1t 1is possible to further improve the other subroutines
which compute the thermodynamic quantities using other given properties as
input. It has been shown that the IFC formulation behaves badly near the
critical point in the metastable states. The data of 3, « and G are not
extended smoothly into the metastable vapor in the reglon of above pressure
1.4 x 107 N/n* . It is necessary that the formulation will be improved in this
region. The values of the properties in the metastable states should be tested

by the experimental results (for example, experimental flashing data).
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Nomenclatures

The nomenclatures used in this paper and the units of the properties are:

T Temperature K

P Pressure N,/m?
v Specific Volume . w/ke
u Specific Internal Energy J/ke
h Enthalpy J/kg
3 Coefficient of thermal expansion 1/K

K Isothermal compressibility e /N
G Heat Capacity at Constant Pressure J/(kg K3
X Quality

1 Liguid Subscript

g Vapor Subscript

s Saturatéd Quéntity Subscript

m Mixture Subscript

c Critical Qﬁantity Subscript

r Reduced Quantity Subscript

bior2 Metastability Limit Subscript

sp Spinodal Line Subscript

M Maximum Superheat Subscript
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Appendix 1 Flow Scheme of Subroutine "STEAM"™ for Three Steam Tables

FLOW SCHEME OF "STEAM" FOR STEAM TABLE AA(I)

P, Tas input {( T =T, )
|
l
| ——> Subroutine "STEAM’
|
I

| -—> NSTWAT=2 — Physical Quantities of Liquid State
| at P, (T) or T, (P)

| vi, uw, Bre ks G

|

|

| —> NSTWAT=1 —— Physical Quantities of Vapor State
| at P, (T) and T; (P)

| Voo U Bgr Koo Cpg

|

|

| —> NSTWAT=0 -— Physical Quantities in Subcooled Liquid
and Superheated Vapor State
vi, w, Bi,» ki, G and
Vgr Ugs Bgr Kg» Cog

FLOW SCHEME OF "STEAM" FOR STEAM TABLE BB(I)

P, Tas input (T =T, )
I
|
| ———> SUBROUTINE "STEAM®
|
|

| > NSTWAT=! — Physical Quantities of Vapor State
| at P, (T) and Ts (P)

| Vg Ugs Bgs Kg»r G
|
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| —> NSIWAT-0 — Physical Quantities of Vapor State
| at Py, (T) and Ty, (P)

| Vg Uy Byr Kg» Cg

|

|

| —> NSTWAT=0 - — Physical Quantities in Supercooled Vapor
and Superheated Vapor State
Voo Vg, Bgs Kg» Gy and
Vi, W Bgs kg, g

FLOW SCHEME OF "STEAM™ FOR STEAM TABLE CC(I)

P, Tas input ( T =T )
l
|

|———> Subroutine "STEAM"
|
|

| —> NSTWAT=2 - — Physical Quantities of Liquid State
| at Ps (T) and T, (P)

| vie W, Brs ki G

|

|

| —> NSTWAT=0 - — Physical Quantities of Liquid State
| at Py, (T) and Ty, (P)

| vi, w, By K1y Gy

|

|

|——> NSTWAT=0 — Physical Quantities in Subcooled Liquid
and Superheated Liquid State
vi, w, B, ki» G and

vi, ul, 81, <1, G
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Appendix 2 Equations of the Metastability Limits Obtained by
the Extrapclations

(note: The units for temperature and pressure are here Celsius and kg.f/cn?,

which are used in the subroutine “STEAM".)
For the boundary of supercocled vapor
0.00 < T < 100.0 °C

P, (T)=0.16T + 4.0 kg.f/cn

.
1000 < T < 180.0

P,, (T) =0.3126T - 11.25
180.0 < T < 245.0

P, (T) = 0.6185 T - ©5.7485
245.0 < T < 290.0

P, (T)=0.8880T - 132.781
200.0 < T < 810.0

P, (T)=20T - 485.0
310.0 < T < 354.0

Py, (T) = 175.0
354.0 < T < 374.15

Py, (T) = saturation line

For the boundary of superheated liquid
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0.00 < T < 30.0 °C
P,, (T} = 0.0 kg.f /o
326.0 < T < 345.0
Py, (T) = 4.70909872 T - 1535. 995584
3450 < T < 360.0
P, (T) =10/3T - 1030.0
3600 < T < 374.15

P, (T) = saturation line
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Appendix 3 Arrays of Steam Tables

ARRAY OF STEAM TABLE AA(I) (I=1, NSIZE)

NT = the number of temperatures entered as def ined

NP

the number of pressures entered as defined

NS = the number of input temperature not above the critical temperature.

NS2= the number of input pressures not above the critical pressure.

NSIZE

=
~~
—
—
i
=3
—~~
3

AA(JPL +
AA(JPL +
AA(JPL +
AA(JPL +
AA(JPL +
A (JPL +

AA(JPL +

1

1

11

11

11

NT + NP + 11 x NS+ 11 x NS2 + 5 x NT x NP

, NT

=T )

..... , NT + NP

+ 1,000, ,NT + NP + 11 x NS
K-1)+1) =B, Ky =P (T)
K-1)+2) =B@, K =vi B (T))
K-1y+3) =B@G K} =uw F(T))

K—-1)+4) =B@, K) =g PsT))

K -1)+5) =B®G, K) =k (Ps(T))
X - 1)+8) =B®, Ky =Cu Ps(T))
K-1)+7) =B, K) =vg Ps(T))
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AMAUIPL + 11 x K- 1) +8) =B(@B, K) =u PB(T))

MOUPL + 11 x (K - 1) +9) =B@, K) =85 P:(TH
AJPL + 11 x (K — 1) + 10) = B0, K) = kg (Ps(T))
AMJPL + 11 x (K — 1) + 11) = B(11, K} = Cpu Ps(T))
.where JPL =NT + NPand K=1,..... » NS.

I =JPL+ 1T xNS+1,..... ,-JPL + 11 x NS + 11 x N32

AMUIPI + 11 x L - 1)+ 1) ca, Ly =T P

AMUPT + 11 x L - 1)+ 2) c@, L)y =vi TsP))

i

AP + 11 x L - 1) +3) C@E, L) =wu TP

C, Ly =81 (TsP))

MUPT + 11 x (L - 1)+ 4)

MUPL + 11 x L —-1y+5) =C6B, L) =K (Ts P))
AMUPL + 11 x (L - 1)+ 8) =C6, L) = Cu (Ts P)?
AMUPL + 11 x L - 1) +7) =C{, L) =vg (Ts (P))
AP + 11 x L -1)y+8) =C@B, L) =1y (Ts (P))
AMUJPL + 11 x L-1)+9) =C@O, LY =0 (T (P))
AA(JPl +11 x (L - 1)+ 10)=CU0, L) =g TsP))
AMUPL + 11 x L - 1)+ 11)=C{1, L) = Cpg (Ts (P}
where JP1 = NT + NP + 11 x NSand L =1,..... , NS2.
I =JP1 + 11 x NS2+ 1,..... , JP1 + 11 x NS2 + b x NT x NP
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AMUJPZ +5x N-1)+B5xNIx J-1)+1)=D (1, N, J)

=vi (P, T) or vy (P, T}
MUIP2Z +5x N-1)+5xNTx J-1)+2)=D & N, J)

=w P, T)or u, P, T}
MJP2 +B5x N-1)+BxN x (J-1)+3)=D (@&, N, I}

=B P, T)or 3P, T)
MIP2+B5x N-1)+5xNx J-1)+4)=D 4, N, J)

= P, T) or i, (P, T)
1)+5xNTx(J—I)+5)=’D(5,N, J)
=Cp P, Ty or Cog P, T)

AA(JP2 + B x (N

|

where N=1,..... , NT, J=1,..... , NP and JP2 = JP1 + 11 x NS2.
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ARRAY OF STEAM TABLE BB(I) (I=1, NSIZE1)

NSIZE1 =NT + NP + 12 x NS + 12 x NS2 + 5 x NT x NP

I =NT+1,..... , NT + NP
BB(I) =P
. I=NT+NP+1,..... ,NT + NP + 12 x NS

f
—
N
+
—
Nt
I

BR(JPL + 12 x (K B, Ky =P (T)

B2, K)

BB(JPL + 12 x (K vy (Py, (T))

|
—_
S
+
no
e
il

BBGJPL + 12 x (K-1)+3) =B@, K) =u P, T)

BR(JPL + 12 x (K — 1) + 4) =B@, K) = 5 Py (T))
BB(PL + 12 x (K- 1) +5) =BG, K} =K, Py, (T))
BBPL + 12 x (K = 1) 4+ 6) =B(®, K} = Cpg(Pp, (T))
BBUJPL + 12x (K - 1) +7) =BT, K) =vy (Ps(T))
BR(JPL + 12x (K- 1) +8) =B@®, K) =u, (P:(T))
BBGJPL + 12 x (K — 1) +8) =B, K) =B, (P (T))
BB(JPL + 12 x (K — 1) + 10) = B(10, K) = kg (P (T))

BBWPL + 12 x (K — 1) + 11) = B(11, K) = Cug(Ps(T))

BB(JPL + 12 x (K - 1) + 12) = B(12, K} = P, (T}
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where JPL =NT + NFand K=1,..... , NS.

I =JPL+12x NS+ 1,..... , JPL + 12 x NS + 12 x N&

BR(JPl +12x L-1)+ 1) =C{, L) =Ts (P)

BB(JPl + 12x (L-1)+2) =C@2, L) =vg (Tp,,(P))
BRB(JPl + 12 x (L-1)y+3) =C@, L) =u, (TpF)
BB(JP1 +12x (L - 1)+ 4) =C4, L) =8; (T P))
BB(JPl + 12x (L —1)+5) =CG, L) =xr; (T, P))
BRB(JPl + 12 x L - 1)+ 8) =C(@, L) = Cuu(Ty,, P)>
BB(PL +12x L —-1)+7) =C@T, L) =vg TP
BB(Pl + 12x (L—-1)+ 8y =C@®B, L) =y TsP))
BBWJPl + 12x (L-1)+98) =C@, L) -—f-Bg (Ts(P))

BB(JPI + 12 x (L - 1) +10) = C(0, L) = kg (Ts{P))
BEBWPL + 12 x (L - 1)+ 11y =C{1, L) = Cu(Ts P))

BR(JP1 + 12 x (L - 1)+ 12y =C(2, L} =T P)

where JPl = NT + NP+ 12 x NSand L =1t,..... , NS2.
I =Pl + 12X N2+ 1,..... U JPL + 12 x NS2 + 5 x NT x NP
BBUPZ + 5x NN-1)+5xNx J-1)+1)=D (1, N, J)

=vy (P, T) or vy P, T)
BBUP2 +5x N-1)+B5xNx J-1)+2 =D @ N, )

—y, ® T)or &®. T)
BBUP2 +5x N -1)+5xNTx J-1)+3)=D @ N, I

—p, . T)or 2P, T)
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BB(JP2+5x(Nf1)+5xNTx(J—I)+4):D (4, N, J)
=Ky P, T)or g, T)
BB(JP2 + 5x N—-1)+5B5xN x (J-1)+5)=D G, N, J)

Coy (P, T) or G2 (P, T)

where N = 1,..... , NT, J=1,....., NP and JP2 = JP1 + 12 x NS2.
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ARRAY OF STEAM TABLE CC(I) (I=1, NSIZEl)

I =NT+1,..... , NT + NP
Cc{I)y="P
I =NT+NP+1,..... ,NT + NP +-12 x NS

CCWUPL +12x K-1)+ 1) =B(, K) =P T)

I

CCJPL + 12x K~ 1) +2) B2, K) =v; Ps(T))

CCUPL + 12x K-1) + 3) B3, K) =u Ps(T))

CCUPL + 12x (K-1)+4) =B, K) =8 @EA(T))

|
I

CCPL +12x K-1)+5) BB, K} = .K1 P (T))

CCIPL 12 x (K= 1) + 6 =BG, K) = Cot (Ps(T))

i

CC{JPL + 12 x (K

l) + 7) BC?! K) = V] (Pbg(T>)

Il

CCWPL + 12x K- 1)+ 8) B@&, K) =uw P, (T))
CCWUPL + 12 x (K-1)+9) =B@, K) =8i P, (T))

CCUPL + 12 x K — 1) + 10) = B(10, K) = ki (Po, (T))

CCWPL + 12 x (K — 1) + 11) = B{11, K) = G (P, (T))

CCPL + 12 x (K — 1) + 12) = B(12, K) = P, (T)

where JPL =NT + NPand K=1,..... . NS.
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I =JPL+12x NS+ 1,.....

cCWPl + 12 x (L

b

ccWJPl + 12 x (L

ccdJPt + 12 x (L -

CCPl + 12 x L

CCWJP1 + 12 x (L

ccPt + 12 x (L

CCWJP1l + 12 x (L

ccupPt + 12 x (L

CCWJP1 + 12 x (L

ccpPt + 12 x (L

CC{JP1 + 12 x (L

CCWP1 + 12 x (L

where JP1 = NT +

I =JPl + 12 x NS2 + 1

ccapPz + 5x (N
ccupz + bx (N
CCUP2 + b x (N

cC{JP2 + 5 x (N

H+1) =

1) +2)

Il

il

1) + 3)

1) +4) =

1) +5) =

1)y +6) =

1y + 7)) =

1) + 8)

1) +9) =

il

1) + 10)

1y + 11) =

1y + 12} =

NP + 12 x NS

1y + 5 x NT

1Y + B x NT

1) + 5 x NT

1)+ 5 x NT

......

JPL + 12 x NS + 12 x NS2

cd, Ly =T, ®

c@, L) =v (TsP)»)
C@, L) =u (TP
Ci4, L)y =8 TP
C®, L) =x1 (TsP))
C®, L) =CuTs(P)
c, Ly =vwv; (Te,P))
c@, L} =u (Tp, (P))
C@, L)y =8 T, PN
CU0, L) = ki (Te, P))

C(11, L) = Cpi (Tp, (P))

c(z, LY = Ty, (P)

x

x (J

x (J

x (J

1

1y +1)

1)y +2)

1) + 3)

1y + 4>

o
O < O

1,
(P,
e,
P,
3,
P,
4,
P,

N, J)
T)or v (P, T)
N, J)
TYor ul (P, T)
N, J)
T) or g1 (P, T)
N, J)
T) or 7 (p, T
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D (B, N, I)
Cot Py Ty or GY (P, T)

CC(JP2+5x(N—1)+5xNTx(Jml)+5)

I}

where N=1,..... , NT, J=1,..... , NP and JP2 = JP1 + 12 x NS2.
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Appendix 4 Application of STHOSG and STHOSL to Separate
Energy Model for Two Phase Flow

The field balance equations are used to obtain the state dependent
variables changing with space and time 1in the flpw field. These field
equations do not constitute a closed equation system until an eguation of
state 1is specified together with the wall and interphase relationships. The
numerical solution methods such as a non-linear implicit methed also require
that the thermodynamic properties be linearized about a known iteration level
in order to solve for the dependent variables at the next iteration level. If
the separate energy levels for each phase in the mixture i1s introduced inte
the field balance equation, the metastable states of the fluid should be
alloyed. Thermodynamic property data, in general, are not available for these
states. As described in Section 2, thermodynamic propertlies for metastable
states are assumed to be obtained in terms of the extrapolation of the IFC
formulation within proper degree of metastable. Various thermodynamic
relationships such as the Maxwell relations are also assumed to be satisfied
in metastable states. In the present appendix, we outline the requirements of

the equation of state for separate energy model (2T medel ) with general

thermodynamic relations.
A4t General Thermodynamic Relations

Suppesing a thermodynamic variable Z which is a function of two other
thermodynamic variables: X and Y, we have the following relationships:

aY
Cg;)z ng)x 5% .

oM aN
oMy o g {2
Gy~ G, :
where
_ (32 YA
The first thermodynamic law gives
du = Tds - Pdv (dq = Tds), (3
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or dk = Tds + vdP . (4)

The specific heats at constant pressure and volume are defined by,

respectively,
_ /99y _ .98, _ (3h
CP BT)P T(BT (aT P ? (=)
_ 39y o op38y - 2u
Cv (BT)V T(BT)V (BT v ' (&)

Helmholtz and Gibbs free energies are defined by, respectively,

U - Ts , (N

s
Il

h - Ts . (8)

e
I}

Using the equations (3) and {4), we obtain the following expressions for the

first thermodynamic law:

df -sdT - Pdv , (M

]

dg = -sdT + vdP . | (20)

Using the equations 3y, 4), (8) and (10), we obtain both exact

differentials:
G =T=Go (11)
QY =-p= GO (12)
. (13)
Gp_ == Gh (14)

and the Maxwell relaticns:
&y - -&H (13)
av s ds v

9T, _ (9v 16
(ap)s as)p 13 ( )
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Js ap (17)
(= = Gz ,
av T aT v
ds 9V (18)
- = (=) .
ap T aT P

Using equations (), (6), (17) and (18), the dq (= Tds) can be expressed by
the following:

i

aq aq
dq (BT)P dr + (ap)T de >

3s
= dP
Cp dT + T(aP)T

c d'r—'r(a-v) dP ,
D an

(19)

]

or

3 20
do = gD A+ G v

¢ 4T +T(E) dv .
v BVT

(20)

oF
Cv aT + T(aT y dv

Equations (19) and (20) give other expressions of the first thermodynamic law:

ap
du = C_ dT+{T(a—T)V-P Pdv oo, (21)

dh

av
cp dr - { T(ﬁ)p - v } dp . (22)

Comparison of the relation:

3
du = (8—;‘—) dr + 3 dv
v T

with the equation (21) gives

duy _ 8Py 23)
(BV)T T(BTV P ¢

Similarly we obtain a relation:

ahy, Y (24)
(BP)T v T(BT)P
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Using the equation (24) and the relation (1) for v, h and T, we obtain a

useful relation:

N 1 o»,
(aV)T - V(aV)T + T(BT}V . (25)

A.4.2 Fluid States for 2T Model and Derivatives of State Variables

In a sophisticated two temperature model, we are interested in the
following fluid states:

Subcocled liquid,

Superheated vapor,

Saturated liquid,

Saturated vapor,

Superheated liquid,

Supercooled vapor,

Various mixtures of the above.

The thermodynamic state of fluid as mentioned is determined by the mass
and energy conservation equations applied to the mass and energy cells. Four
independent variables for the equation of state are basically required to
determine the fluid states for each phase under the assumption of equal
thermodynamic pressure between phases. Many combinations of four independent
variables are possible. The selection of independent variables is not too
important, as the inter-relationships among the phase and mixture quantities,
and the chain rule for partial differentiation, can be used. Namely, a set of
independent variables can be converted to many other possible sets of
independent variables.

The balance equations usually include other thermodynamic properties than
the selected basic variables. It is favourable that these properties are
determined explicitly by the functional relations.

In the present code packages: "STHOBG™ and "STHOSL™, the thermodynamic
quantities are available in the tabular form with the set of (P, hy) and (P,
h; ) as independent variables. Accordingly it is recommended to include P, Iy
and h; as independent variables in the use of the present code packages.

If, for example, the set of independent variables is (P, a., hy, hi ).



JAERI-M 83-116

other thermodynamic properties such as specific volume: v and temperature: T

than the four variables can be obtained directly by

v, = v (P, hy) (26)
Tk = Tk (p, hk) (27)
where
k = g or %
As noted previously, partial derivatives of other thermodynamic

properties (i.e. vy, Vi, Ty, Tis etc. ) with respect to the basic variables (P,
«, hy, h) are required for linearization about a known iteration level. We

can obtain Jacobian matrix using the functional relations (26) and (275

/ N/ N\
aT aT
__E B
dTg (BP )hg , 0 s (ah )p ; t] 4ar
oT aT
) 2
dT2 C§§_)h£ ’ 0 . 3 , (§§; , do
= ' (28)
dv (325) o . cézg) , 0 dh
ov
av )
'8 0 0 , (=) dh
dv (=) ’ oh 2
) P g b
\ \

where non-zero entries of the above matrix can be expressed by the output
quantities of "STHOSG™ and "STHOOL™ as described in Section 4. The output
quantities include the following material properties: the coefficient of

thermal expansion:

cgf)P

1 .3v (29)
B =3 (

the isothermal compressibility:

- _ 1 8y (30)
K= V(BPT ’

and the specific heat at constant pressure:

= (on (31)
cP = (BT)P .
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The non-zero entries are now reduced to the forms which contain only the

output quantities using general thermodynamic relations described previously:

BTk ahk a’rk
(‘é”") = -('gf;-") (_a_h— (from the equation(l)),
P x Ty k p
ka 1
= -[v, - Tk(ﬁ—) ] E— (from the equation (24)),
kp pk :
v, (T, R, - 1)
e : (32)
pk
Sy oL
Bhk > Cpk
BVk ahk ka
Cg—‘) = - Qﬁ;ﬂ QﬁTQ (from the equation (1)) ,
F hye Vi k p
oh v, B
= - (_B—f’ﬁ) —lé‘—k (from the equation (5) and (293,
Yk Tpk
ah
k aP aP
(ﬁ;) - (ﬁz) v t (ﬂ) v, .
. Y Vi Vi L kCk
(g;) CPk
aTk
Vi
C v 3
- { 8 v + Vk } « 1(; k ,
Vk 3P pk
-(*g:f';)P (-a-—i
Ty
C .K v, 3
=—fﬂgk+vk]t§k . (33)
k rk
(BVk) _ (avk) (aTk
Qhk oT Bhk '
P P P
v, B .
= Ek * (34)
pk
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where

k =g or & .

and G, is also reduced as follows!: the differentiation of the equation (19)

with temperature at constant volume gives

av

k aP
c. =C, -0 (=) G s
k*aT aT
vk pk 3 K p K -
ERY av
= C + T C——E) (——E} éﬁlﬂ (from the equatijon (1)),
pk k “aT 3T d K
T, v 82
e - kE ko (35)
pk K :

It is very important to note that the functional relations (26) and (Z7)
can be applied to the metastable states of the phase of water that is present.
The derivatives of those functional relations are also available for the
metastable states.

If a set of independent variables does not contain P, h, and h; which are
independent variables of "STHOSG” and "STHOSL", a conversion of variables is
required. Some thermodynamic analysis codes such as RELAP4 adopt a different
set of independent variables from those of the steam table packages. A
conversion method, for example, will be presented below. A set contains the
mass and energy for each phase per mixture unit volume: M;, M, E; and E

which are represented by

M, = u/vg(P, hg) . (36)
_M’i = (1 - a) /VQI(P, hi) , (37)
B, = M, u, (P h) (38)
E, =M, u, (B, hy) (39
An inter-relationship of mixture quantities gives:
-E, =0 . (40)

Mg ug(P, hg) + MR ug(P, hg) - Eg 2
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In this example, the balance equations give M;, M . E, and E; - and all
other thermodynamic quantities must be determined with fixing these quantities
and using the functional relations: u = w (P, h¢ ). The equation (40} can be
used to determine P, h, and h; . These quantities, however, can not be obtained
explicitly from the present code package. Some iteration techniques such as
the Newton method is required because M;, M;, E, and E, are not included as
independent variables in the present code packages: “STHOSG" and “STHOSL™.
Once the P, h; and h; are obtained, other quantities such as specific volume
and temperature, etc. can be determined directly by the code packages,

The partial derivatives of various thermodynamic properties (i.e., P, «a,
hy, hy, Ty» Tt » ug, ui, ete.) with respect to the set M;, M, E;, E; ) can be
also obtained by using the equation (40) and the functional relations. The

form of Jacobian matrix is given by the following:

- ” - P
aP aP 3P ap h
d —_— i [ —_
P G @ G Gy ax,
8 3% Ja Gle
oy Py v Py
ol | @ @ GE ) aE,
ah ah ah ah
__& % __% __ 2
|| @) @) Em) ) aE,
aT
aT D) s, 3, ok
L oM 7 BM2 ? aEg 4 aE2
o o Mg
du gu du au
L ') % 2
du G, G, &, G
£ BMg BMQ asg BE2

where all entries can be also reduced to the forms which contain output

quantities of the code packages and the set of variables: M;, M;, E; and E; .
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When dependent variables are different from those of "STHOSG™ and "STHOBL™, a

user must provide some inter-relationships and Jacobian matrix.




