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ABSTRACT

The need for a solution to the problem of pre-
dicting steam surge tark pressure transients, for prescribed
time variations in liquid level, has become particularly
acute with the advent of the Nuclear Power Reactor. These
pressure transients may causé unacceptable piping system
stresses. In addition, changes in coolant density associated
with pressure transients can cause serious alterations in
reactivity and thus interfere with reactor control.

The theoretical models and computational techniques
described in this thesis, are utilized for predicting pressure
transients during prescribed rates of increase or decrease

of tank level. The analytical approach is a rigorous one

&
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and is somewhat unique in that no empirical system constants
are required, Included is a documented digital computer
program which is based on the theoretical models and can be
used to predict pressure transients for any steam surge tank
containing light or heavy water. Experimental data obtained
from numerous tests on an actual heavy water reactor surge
tank, for both insurge and outsurge, is included. It is
found that the isentropic models for compression and
expansion of the vapor are highly inappropriate, and very
good agreement between experiment and predictions is obtained
with the above program. While the analysis and development

of computational methods is conducted primarily to solve
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liquid insurge and outsurge problems associated with
nuclear power plant surge tanks, it is obvious that the
results apply to any vessel where compression or expansion
of a vapor is brought abo;t by changes in level of the

liquid phase.
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NOMENCLATURE

A Vapor surface area
2n+1)2 7% «
2n = ' 2 =
42
*
a = a_°At
n n
CPf Liquid specific heat
pr Specific heat of wall material
e Specific internal energy of vapor
es Specific intermal -energy of liquid condensed out

of the system

G Constant defined in text-

H Constant defiﬁed in text

h Vapor specific enthglpy

hfg Specific enthalpy of evaporation

K . Seﬁsib;e heat transfer coefficient

2 Wall thickness

m Mass of wvapor

P Pressure of the system

Q Net heat input to the systeﬁ

sz' Heat cbntenﬁiof the liquid in the vessel per unit
. -area -at the end of the pth interval of time

QPw Heat content of the wall per unit area at the end

of thejpth interval of time
R(P,T) Modified universal gas constant
T Vapor.ambient temperature



Vapor saturation temperature

Time
Volume of vapor

Vapor saturation temperature at the end of

intervals of time - temperature at start of

compression

Time increment
Liquiditherﬁal diffusivity
Wall thermal diffusivity
Liquid density |

Density of wall material

n

|



COMPUTER INPUT SYMBOLS

Insurge Program

ALEVEL (I)

ALIM 1
ALIM 2
ALM
ALW

CK

CONW

CORWT
CPW
CPWT
DET
DIA
DP

DT

NU

P(1)
ROWW
ROWWT

THW

Liquid level at the begiazizng
I'th interval

Temperature convergence limit
Pressure convergence limit
Liquid level (tank half full)
Cylindrical wall upper level
Sensible heat transfer co-
efficient

Thermal conductivity of wall
material

Thermal conductivity of liquid
Specific heat of wall material
Specific heat of liquid
Temperature increment

Surge tank diameter

Pressure increment

Time increment

Totzl number of time intervals

+ 1

Initial pressure
Density of wall material
Density of 1liquid

wWall thickneés

0

h

I
(b )
0
i
m
0

inches

inches

BTG /hr/£t2/°F

ETU/hr/£t/°F

BTU/hr/£t/°F
BTU/1b/°F
BTU/1b/°F

Op

inches

psi

seconds

psia

1bs/£t>

1bs/ft>

inches




TYPE Type greater than 1.0 indicates
heavy water

VOLUME Total tank volume

Outsurge Program

ALO Initial level

ALIM Pressure convergence limit
ALLIM Lower level limit

ALM Liquid level (tank half full)
DIA Surge tank diameter

DL ) Level increment

DP - Pressure incremeﬁt

PO Initial pressure

" TYPE i Type greater than l.b indicates

heavy water

VOLUME Total tank volume

ft

inches

inches
inches
inches
psi

psia

ft




CHAPTER 1

INTRODUCTION

" Any closgd 1iquid system subject to temperature'
and volume changes must be protected from excessive pressure
build-up by a chamber capable of cushioping the volume
transients of the system. These chambers are generally gas-
or vapor—-filled, and are often called surge tanks. The lower
portion of the tank is filled with liquid while the upper
portion contains vapor. The outer surface of the tank is
insulated to minimize heat losses to the surroundings. I=n
a typical reactor design a steam surge tank, sometimes ;eferred
to as a pressurizer, is connected to the primary coolant
circuitias shown in Figure 1.

By means of heaters submerged in the liquid portion
of the tank, the vapor pressure'and hence the system éressure
may be adjusted to the desired levels for,steadj state |
operation. When the plant load is reduced the average
coolant temperature may ﬁe rai;ed. With therincrease in
aferage coolant temperature'tﬁe liquid volume increases,
thereby compressing the vapor in the pressurizer. The re-
sulting pressure rise in the entire liquid system can thus be
limited to.a small magnitude with a proper surge tank design.
In water-cooled nuclear reactor design, the surge tank-

pressurizer is a particularly important component of

-1 -
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appreciable size. Tﬁe optimization of this piece of equip-
ment can therefore effect substantial savings in weighf;
size and cost.

The surge tank thus serves & duzal function. It
provides a means -0of controlling the system éressure, as well
as taking care of iiquid thermal expansion by admitting fhe
liquid.

It becomes necessary to develop a’theoretical
approach for predicting pressure rise during insurge in
order to make provision for associated increases in systemn
piping stresses and changes in feactivity. Réactivity will
be effected by changes in coolant density. Furthermore, one
must have the capability of predicting éressure transients
during{outsurge so as to make sure tﬁat flashing does not
occur in the liquid cooled systems and reactivity effects
can be predicted for any system.

A number of theoretical models have been proposeé
for predicting pressure rise during insurge. All the
researchers agree at one point that the isentropic model is
inappropriate and. the pressures predicted on the basis of
this model are excessively high'comparea to those measured
during experiment. 'This discrepancy is related to the fact
that during insurge heat will flow from the hot compressed
vapor into the walls of‘the tank and also down into the
liquid;

Drucker and Tong [1,3] conducted a series of



experiments on a low pressure laboratory model surge tank
and tried to obtaimn a mathematiéal correlation between level
and pressure. They used a step-by-step time increment
approach and conducted the energy balance at the end of each
time interval.. The work done on the wvapor, as Qell ;s the.
heat flow from‘it, was also considered. The heat flow from
the vapor was calculated from an empirical heat-sink constant
for the vessel walls and liquid, which was obtained experi-
mentally.

Drucker and Gorman [2] described an analyticél
procedure for predicting pressure behavior, which was somewhat
similar to the procedure described by Drucker and Tong [1,3]
except that no émpirical constanté:were requifed. Good
agreemsnt between experiment aqd predicted values was
obtained. The above work was performed in the low pressure
range and was fér 6utside the range encountered in most
practical applications.. The constants evaluated were only
appropriate to calculate thermodynamic properties in the
low pressure region.

In a later'publication D;ﬁcker [4] has described
an ideal pressurizer and discussed different ways of
improving its performanée and decreasing thé vessél size.

Honert [5] described thé results of experiments
carried out on a 1 m3 water steam pre§surizer at 125 atm.

He studied the effects of outsurge, insurge} electrical

heating and spray injection.



Melker and Latzko [8] studied the response of a
pressurizer to multiple surges. A theoretical model of
the process of energy exchange within the pressurizer.was
established.

Nahavandi and Makkenchery [9] developed a
theoretical model based on the concepts of bubble rise and
condensate drop velocity. The continuity and energy equations
were applied and good agreement between experimental and
predicted values was obtained.

An outsurge méy be caused by the increased load
demand from a poﬁ;r plant. An increased load causes an
.increased heat removal from the primary coolant circuit
.which causes a decrease in volume of the coolant. To nake
up for the volume loss, liquid is extracted from the
pressurizer and a pressure drop generally results. This
type of surge is called an outsurge. Very little work has
'been done on pressure tramnsients during outsurge.

Honert [5] has described a very complex model in-
volving sub-cooling of the vapor. Such complications do not
appear to be warranted for the analysis of systems such as
that described in this thesis. (For example, the Nuclear
Power Demonstration reactor system of Atomic Energy of Canada
Ltd.). A relatively simple theoretical model has been utilized
by Gorman [6] to.ﬁredict pressure behaviour during outsurge
from an actual réactor surge tank at operatiﬁg pressures and
given surge rateg. The inadequacy of the closed isentropic.

expansion model has also been demonstrated.




CHAPTER 2

FORMULATION OF THE PROBLEMS

The Insurge Problem

The vapor in the surge tank is considered as an
open thermodynamic system and a2 set of equations has been
developed which relates the changes in vapor'properties to
the work done on it through compression and the heat given
Qp to the heat sinks, i.e, the vessel walls and liquid.
.When an insurge to the pressurizer occurs, the ‘vapor
pressure and temperature begin to rise. As a result, the
saturation temperature increases and vapor condenses on the
cooler boundary surfaces and heat ijs transferred through the
boundaries to the vessel walls and liquid. Any condensate
formed during insurge ceases to fe part of this systemn.
In addition, heat is transferred from ;he superheated vapor
to the boundaries as 2 result of sensible heat transfer due
to the superheat. It is assumed that the tank has perfect
exterior thermal_insulation, that the whole tank and its
contents are initially at uniform temperature, and that the
temperature of the incoming liquid does mnot affect the pro-
cess, i.e., mno significant mixing occurs. In the analysis
of the system no restrictive assumptions, such as saturation

process oOr isentropic process, are made.



In keeping with the first law of thermodynamics,

‘one ﬁay write for the vapor system [1]

8 _ 40 _ , 4V dm
dt(me)'dt Pact e ac
or
a _ 4Q aP dm ]
at (@) =g ¥ Vgt oes g (2.1)

Derivation of equation (2.1) is based on the
assumption that the work of compression is reversible, i.e.,
dW.= P4dV. This assumption is considered to be valid be-
cause of the fact that the compression is relatively slow.

The heat transfer to the vessel walls and liquid

can be written as

_ 80 _ - - dm ,
S = KA(T T.) heo dc (2.2)

The equation of state is written as
PV = m R(P,T)T (2.3)

Vapor dces mnot behave as a perfect gas iﬁ the
region of interest and the assumption that R(P,T) 1is
c&nstant can lead to seriﬁus error in the predictions.

The objective of the ;nalysis is to predict the
pressure behavior of the vapor for a given time rate of
liquid insurge. A solution is obtgined by using an
iteration method. The initial conditions of vapor at the

start of fnsurge to the pressurizer are considered to be




known. The dimensionsof the vessel and the material from

which it is fabricated are known. The vessel walls and

the liquid in the vessel are considered to be homogeneous
in temperature throughout.

The time of insurge is broken up into a finite
number of equal time intervals, each of magnitude At. The
vapor pressure 1is assumed to vary 1ineariy with time. The
vapor pressure and henée the saturation temperature is
estimated at the end of each successive time interval. The
work done on the vapor during the interval, due to com-
_prégsion, is calculated. By usiné ;he estimated temperature,
the heat flow to the heat siﬁks is-computed; The validity
of the estimated pressure is checked by carrying out the
energy balance. The estimate is corrected each time to

have the energy balance within specified limits and then

the computation is carried out for the next interval.

Heat Flow to Vessel Walls and Ligquid in Vessel

The inner surface of the ves;el walls in contact
with the vapor is assumed to follow the vapor saturation
temperature history at all times during the interval. The
heat content of the wall per unit wall area at the end of

1 \

p' intervals of time is computed by integrating the
temperature distribution across the wall at time t = p X At.

An expression has been developed by Gorman {10] and is as

follows:



L E e
Qo = L, Vo Cemn) (2.4)
where
o ak -a*
o -c ax ) e B + n - 2
6. = 7e L B {= =5 b5 for ¢ 40
n=0 a_
o -ax
o 1 1 - 2n
6. = 7ZFc L ’a—{At'( - ).} ; for ¢ = 0
: n=0 n n

Similarly an expression for the heat content of
the liquid in the vessel per unit area at the end of the

pth interval of time has been developed [10] and is as

follows:

|
t~19
<

= H : v .
Uz = L Va Hp-n) (2.6)
where

4 p. Cp K, At :

B, = £ Pf "°f {(0_1)3/2 + (c+1)3/2 2¢cy3/2 };

: 3/ ' -
for C # O ' 2.7)

4 p. Cp K. At

H = . £ £ 3 for c =0

N 3T

At the start of the insurge the heat content of
the walls and liquid in the vessel, is considered t6 be
zero. The heat transfer during the interval is calculated
by subtracting the heat contanis at the beginning and end
of the time interval. It is interesting to note that the

constants Gn and Hn are to be evaluated conly once for any




particular vessel geometry and can be stored and are used

when required.

Solution of Equations

Consider a small time interval At = "t" - t'.
Assuming the mean values of tﬁe variables for the interval .
to be equal to the arithmetic average of the values at the
beginning and end gf ;he interval, the equations (2.1) and

(2.2) are integrated to give, respectively

(n"h" - m'h') - (Q"-Q') - V (2"-P') - e, (m"-m') = O (2.8)

and

-(Q"-Q') - K A(T-T) At + heg (u"-m') =0 ' (2.9)
< Where single and double superscripts refer to

values of the properties ét the beginning and end of the
time interval respectively, énd barred quantities represent
mean values of thée properties over the time interval. For
the equations (2.8) and (2.9)'to be valid the pressure and

mass must be monotonic functions of time.

Solution Procedure

A step by step procedure, used to obtain the
solutions, is described below. Computer sub-programs
required to calculate various thermodynamic properties and
other constants at various steps of the computation are

discussed in Chapter 3.
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1. Assume a value of pressure at the end of the first
time interval. The initial conditions of the system are
known.

2. To avoid overshooting of the actual pressure, the
assumed value of pressure should be sufficiently below the
pressure calculated on the basis of isentropic compression
and slightly above the inital pressure. -

3. Values.for saturation temperature, enthalpy of
saturated liquid, and enthalpy of evaporation associated with
the assumed pressure are computed.

4. Once the saturation temperature associated with the
gséumed pressure is known, the heat transfer per unit area

"to the vessel walls and liquid can be calculated by using

equations (2.4) and (2.6), respectively.

In the computation of heat transfer to walls the

mean exposed wall area throughout any interval is used.

5. Now the ambient temperature of the vapor is com-
puted. This temperature will be higher than the vapor
saturation temperature if superheating has occurred. To
sfart the computation the ambient temperature is assumed to
be equal to the saturation temperature, and then the gas
constant R(P,T) is comppted associated with the assumed
pressure and ambient temperature. By using equation (2.9)
the ambient temperature is computed;

The difference between the computed and assumed

temperature is designated as the error. The computed value




of temperature is used to calculate the gas constant R(P,T).

By using the recent value of'gas constant and equation (2.9),
a new temperature is computed. The difference in successively
computed temperatures is set equal to a new value of error.
'This procedure is repeated till the error changes sign. The
mathematically exact temperature lies between the two most
recent values of computed teﬁperatureg By selecting new
values of temperature, weighted according to the amount of
error associated with adjacent computed values, it is easy
to compute the exact temperature until the error is within
prescribed limits. It is important to note that while this
method will work for any system and pressure range, the

L

Euler convergence method utilized by Drucker and Gorman 2]

does not converge for the high pressure systems described
<

here.

6. Now all the necessary information is av;ilable to
evaluate the left hand side of equation (2.8). This quantity
is designated as the error. Now the assumed pressure is
given a small positive iﬁcrement and the enfire computation
beginning at step one is repeated. This procedure is
repeated until a change in the sign of the error is obtained.
The exact pressure is then converged upon in a manner

jdentical to that described in step five.

The initial conditions for the next time increment

and the final conditions for the last time increment will be



the same and therefore the initial conditions for each sub-
sequent time increment will be known. The pressure be-

havior for the entire insurge transient can therefore be

computed.

The Outsurge Problem

The tﬁeoretical model used to predict pressure
behavior during outsurge is a reiatively simple one. The
outsurge is.conéidered to bégin with the liquid and vapor
in the tank in a known state of thermodynamic equilibrium.
It has beén shown that the assumption of isentropic
expansion of the entire contents of the vessel is inappro-
priate [6]. This is because liquid rushing from the bottom
of theitank to the reactor circuit has no opportunity to
take up fhermodynamic equilibrium with the liquid-vapor
system in the tank. ) )

The mechanism of Heat transfer is considerably
different as compared to the insurge problem. Heat will
enter the vapor phase through sensible heat transfer only
and heat transfer through condensation is not available.
Because of the relatively poor mechanism qf heat transfer
and the amount of time involved, its effect is neglected
completely and the outsurge process is assumed to be
adiabatic.

The outsurge is considered to be broken up into

small increments, each increment corresponding to a drop in




tank level. The system consisting of the initial tank
content is considered to undergo a.closed isentropic ex-
pansion associated with the first incremental drop in level.
A solution for the pressure at the end of this expansion is
obtained. Now the new system consisting of the liquid.and
vapor in the tank is considered, at -the beginning of second
increment. Again, this system is_considered to undergo a
closed isentropic expansion, and a‘solutipﬂ for the pressﬁre
at the end of expansion is obtained. This analytical pro-
cedure is repeated until the pressures associated with the
entire level history during outsurge, are predicted. Thus
the outsurge is handled as a series of "stepped-open system"
isentropic expansions. The mass of the system reduces after
each expansion interval, i.e., at the end of each increment
<

a quantity of mass which has entered the piping ceases to
be part of fhe system of interest. )

The following step-by-step procedure is used for
computation during outsurge.

1. The initial thermodynamic properties of the tank
contents are computed, such as system quality, average
specific entropy and density. Thus, the starting point on
the temperature-entropy diagram is determined.

2. The contents of the tank are considered to under-
go an isentropic expansion associated with a small change in
liquid level and new properties at the end of level increment

are determined.



3. The system boundaries are redefined excluding
the liquid which has left from the bottom of the tank and
ceaseé to be part of the system of interest. Since some
liquid has left, the system quality has increased which
results in higher average specific entropy.

4, Steps 2 and 3 are repeated until the entire out-
surge is completed.

It is seen that the .analytical procédure generates

a stair-step type of path on the temperature entf0py diagram,
descending and moving outward in the direction of the positive
entropy axis. Initially there is a small vertical drop of
temperature at constant entropy associated with isentropic
expansion during level increment. This is followed by a
horizontal move to a point of higher average entropy but
unchanged temperature as the system boundaries are redefined
before starting the next increment.. Similar steps are

associated with each additional increment in outsurge.



CHAPTER 3

COMPUTING PROCEDURES

The Insurge Problem

The computer programs utilized for a}l insurge
gnd outsurge computation aré written in FORTRAN IV. A print-
out of these programs is included in the Appendix. All the
symbols utilized as input to the computer program are in-
cluded in the nomenclature. Variables which would normally
begin with a letter 1lying between I and N iﬁ the alphabet
_aré preceded by the letter A to meet the FORTRAN language
requirements. All sub-programs and the main program utilize
British Units, but the input and output can be easily changed
to the desired units using conversion factors at the input
and print-out stage.

The.insurge program is divided into six parts

which are discussed below.

Part 1

Orderly storage space is resérved for known pro-
perties as well as for those to be computed later in the
program. Since the computer cannot handle zero as a sub-
script, the space reserved is one more in number than the
number of time intervals. 1In the print-out the DIMENSION
statement is given in a generalized form, but in the actual
practice it has to be specified before the program can be

executed.



All data required to conduct the entire computation
is read in, for example, the initial pressure, total tank
volume, diameter of the tank, density, specific heat and thermal
conductivity of the wall material and liquid, thickness of the
wall, etc. (see programs. A 148 element digital array of con-
stants is also read in, which is to be used by éub—programs
for the computation of wvarious thermodynamic properties. This

array is included at the end of the Appendix. The insurge

level history is also read in.

The surge tank for which the program is written is
shown in Figure 2, but any tank geometry can be handled by
this program with slight modlflcatlons. The value of the
variable TYPE tells the computer whether to use light or
heavy water thermodynamic properties. The program is written
in such a way that if the value of the variable TYPE is

greater than one, heavy water thermodynamic properties will

be used.

Part 2

In this section some simple preliminary calculations
are performed. Wall thickness and time interval are converted
to feet and hours respectively. The volume per unit length
(ft3Yin.) of the straight section of tank and the area per
unif length of the tank as well as the area of the tank upper
dome are evaluéted. Thermal diffusivities of the water and
the wall are evaluated. The properties, used for the evalua-

tion of thermal diffusivities, are selected at approximately
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mezan transient temperature and are assumed constant through-

out the insurge.

Part 3

Total volumes of vapor are computed for the be-
ginning of each time interval and are stored. They are set
equal to half the tank volume, plus or minus the deviation

from this value ‘dictated by liquid level.

Part &

‘Equations (2.5) and (2.7) are programmed in the
form of sub-programs. Heat transfer constants for the walls
and liquid are evaluated and stored, by using these sub-

programs.

:
Part 5 -

Utilizing the a2ppropriate gub—programs the initial
thermodynamic properties for the beginning of first time
interval are evaluated.

For light water the saturation temperature (in oF)
is obtained from the known saturation pressure. Using these
two properties the enthalpies of the liquid, the vapor, and
hence that of evaporation are obtained. The modified gas
constant R{(P,T) is also obtained. In the CALL statement
some quantities which are not of immediate interest, such
as entropy, are also included to complete the statement.
These quantities are there because they are used by the out-

surge program.



For heavy water the saturation temperature (in oF)
is obtained from the known saturation pressure, but by using
a different sub-program. Using the temperature of saturation,
the three enthalpy quantities are called in one sub-program.
Modified gas constant R(P,T) is obtained by using pressure
and temperature of saturation and calling another sub-program.
Finally, for either case, the liquid intermnal energy is set
equal to the liquid enthalpy and the initial mass of vapor

is obtained from the equation of state.

Part 6

This is the main part of the program. Solution for
the properties of the vapor system at the end of each time
interval is obtained here. The first step is to compute
averagg wall area (cylindrical wall) and average total area
surrounding the vapor during the increment. A pressure, P1l,
is assumed for the end of the interval. Now, based Sn this
pressure, all of the saturation properties of interest such
as saturation temperature, enthalpies of the liquid, the
vapor and of evapqrétion are obtained, by utilizing the
appropriate sub-programs. The difference betwéen the satura-
tion temperature and the initial saturation temperature TS (1),
is stored. This difference is used for the computation of
heat contents of the wall and liquid at the end of increment.

Using the above temperature difference the heat

content, per unit area, above the initial heat content, is



easily evaluated for the wall and liquid. For the nth

interval n temperature differences will be involved. 1In any
case, the heat transferred from the vapor during the interval,
based on the assumed pressure, is readily established. Heat
transfer during any time interval is obtained by subtracting-;
the heat~contents per unit area at the end and beginning of - -
time interval and multiplying this difference by the-mean
exposed area during the interval.

It is. now necessary to compute the ambient vapor
temperature compatible with the assumed pressure. The com-
putation is started by setting the ambient temperature equal
to the saturation temperature. nodified gas constant R(P,T)
is obtained by calling appropriate sub-program and based on
ambien} temperature, i.e., saturation temperatufe at the
start of computation and pressure Pl. Computed temperature -
is then evaluated using equaticn (2.9). The first value
obtained for the computed temperature is compared with the
saturation temperature. One can easily show, using the
perfect gas equation of state for simplicity, that if the
aésumed pressure is much too close to the pressuré at the
beginning of the interval the computed temperature may be
less than saturation temperature. For any real procéss it
must be equal or greater than saturation temperature, hence,
if it is found to be less, the assumed pressure is rejected
and computation is begun again with a higher assumed pressure.

When a pressure, for which»the fi:st computed




temperature is greater thanm saturation temperature, is
obtained the temperature iteration procedure can proceed.

It is known that the modified gas constant R(P,T)
increases with temperature in the region near saturation.
Because of this fact and due to the nature of equation (2.9),
it follows that the corrected temperature will lie between
the first permissible computed temperature and saturation
temperature. Accordingly, the first computed temperature
is given small negative increments and the iteration pro-
cedure described earlier in Chapter 2 is utilized to obtain
the corrected value of temperatuvre. It is mathematically
possible for the iteration procedure to carry the corrected
température down below saturatiomn again. This can only
happen{if the assumed pressure is again much too low. In
such a case provision has been made in the program to reject
this pressure and assume a higher one. )

Once a permissible assumed pressure and correspond-
ing temperature is obtained,.the final check is to test the
energy balaznce through equation (2.8).

For carrying out the energy balance it is first
necessary to evaluate the enthalpy of the vapor. The vapor
will in general have some degree of superheat and the
enthalpy and modified gas constant are evaluated utilizing
the appropriate sub-programs and the assumed pressure and

computed ambient temperature.



The mass of the vapor at the end of the time
interval is obtained by using the modified gas constant.

Now the left hand side of the equation (2.8) can
be evaluated. This is designated as error. The first time
thié error sﬁould be negative. If it is found fo be positivé,
a provision has been made in the program to stop all the
computations. This is becau#e the pressure increment, DP,

is too big. The programmer's response should be to use a

smaller pressure increment.

The error is stored and consecutive highef values’
of ‘pressure are assumed until the change in the sign of tﬁe
error is obtained. Using the iteration technique discussed
in Chapter 2, the pressure is then corrected to minimize
the error. A final value of pressure, correct within pre-
scribed limits, is obtained for the end of the interval.

The solution for subsequent intervals is then obtained.

The Outsurge Problem

The computational procedure for the outsurge pro-
blem is a much simpler one since the theoretical model is
much less involved. The computer program is divided into

three parts and is described as follows:

Part 1

All input data required for the computation are read

in here, such as the initial level, initial pressure,




diameter of the tank, and the total tank volume, etc. The

148 element matrix of digital values is also read in for the

use of sub-programs.

Part 2

In this part some preliminary calculations, to
evaluate volume per unit length (ft%in.) of the straight

section of tank, and initial liquid and vapor volumes, are

performed.

Part 3

In this part the main computation is carried out.
First the saturation temperature associated with the initial
preséure is obtained using the appropriate sub-program.
Initial values for specific volume and entropy, of the liquid
and vapor are obtained using either pressure and saturation
temperature for light wafer or saturation temperature alone
for the heavy water. The entropy of evaporation, masses of
liquid and vapor iﬁ the tank is then obtained. TUsing these
quantities, system quality and the average system specific
entropy are computed.

Next the initial level is given a small negative
increment and the conditions at the end of this increment
are considered. The new volume for the vapor phase at the
end of level increment is obtained. This volume dictates

a new and lower average specific density. A pressure,

slightly below the initial pressure, is assumed for the end
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of the interval. With this pressure there is an associated
liquid and vapor density. Following a.sequence of steps.
virtually identical to those described for the beginning of
the interval, a value is obtained for the system average -
specific entropy at the gnd of the interval. The &iffereﬁce
between this and the initial entropy is designated as error.
Using an iteration procedure.the same as that described for
the insurge problem,~the asgumed pressure is decreased in
further steps until the error changes sign. The value of
the pressure is then converged upon to give the associated
error within prescribed limits.

.Finally, the conditions obttained for the system at
the end of the interval are utilized as 'initial' conditions
for the subsequent interval. The procedure is repeated until

2

the entire outsurge is solved.

The Computer Sub-Programs

The first two ;ub-programs compute the constants
for the evaluation of heat content of the wall and liquid
respectively at the end of time interval. Expressions for
these constants are given by equations (2.5) and (2.7).
The constanis are evaluated only once for the entire insurge
and stored.

The remaining sub-programs pertain to the evaluation
of thermodynamic properties of 1light and heavy water respec-
tively. They are provided in the A?pendix and are described

below, in that order.



Light Water Sub-Programs

The source of all light water sub-programs utilized
here is to be found in reference [11l]. They are valid over
the-entire range of pressure and temperature upto the critical
values. These sub-programs are modified according to the
needs. The evaluation of specific heat, in the sub-program
SSWCH and SSVCH, is deleted. An additional calculation is
performed in the sub-program SSVCH for the evaluation of
modified g;s constant R(P,T).

The two sub-programs for volume, entropy and
enthalpy (called SSWCH and SSVCH) call a group of 5 auxiliary
sub-prograns between them (BETA4, SIGEP4, BETA3, SIGEP3,.
and iERO). The TSAT sub-program calls PSAT for saturation
valuess

The sub-programs for water can be used in the sub-
cooled or saturated phase. Similarly the vapor sub-programs
can be used in the superheated or saturated phase. For
saturation properties, in either phase, only one of either
pressure or temperature is required, since the corresponding
value of temperature or pressure respactively can be found
and these used in the appropriate sub-program. For sub-
cooled liquid or superheated steam, pressure and temperature

are independent and hence both must be given as input.

Heavy Water Sub-Programs

The saturated heavy water sub-programs used here




are given in reference [l12]. These are valid over a range
of pressure between one atmosphere and 2,240 lb/in.2 abs.
.There was some error found in the constants provided in
reference [12] for thg evaluation of vapor specific volume.
Using the property values given in reference [13] new
constants were evaluated. This sub-program appears in the
Appendix in the corrected form. The sub-programs for the
evaluation of en£ropy of saturated liquid and vapor were
also developéd qsing ghe property values tabulated in
reference [13], and are given in the Appendix.

In the main computation the enthalpy and specific
volume of slightly superheated heavy water vapor are needed.
No experimental data for the properties of superheated heavy
water vapor in the range of interest are available. Values

T
for these properties are obtained here by means of an
approximation which is considered to be admissible. _Pressure
and temperature, at which the properties are to be evaluated,
are known. The properties of the heavy water vapof at the
given pressure and assqciatéd saturation temperature are
first obtained. The degree of superheat for the heavy water
system is known. It is assumed that the change of properties
due to this superheat is the same as it would be for a light
water system of the same pressure and the same degree of
superheat. This latter change is computed and added to the

saturation values to obtain the properties in the superheated

region. There is a éub-program in the heavy water sub-programs
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to evaluate the modified gas constant for both superheated
and saturated vapor.

Finally, at the end of the Appendix, a listing

of the 148 element digital array .AK of constants, is given.



CHAPTER 4

RESULTS AND DISCUSSION

Comparison of Experimental and Analytical Results

The Insurge Problem

A series of experimental heavy water insurge
tests wefe conducted on the surge tank of the N.P.D. (Nuclear
Power Demonstrationjreactor of Atomic Energy of Canada Ltd.
The results are presented in reference [71. In order to
~verify the accuracy of the theoretical model and the com-
puting procedure described in Chapters 2 and 3 respectively,
a number of experimental test runs are compared with pre-
dicted results based on the insurge level histories. The
latter are obtained by executing the computer program on an
IBM 360/65-0S. Computer af H-level.

The comparison for a typical test run is presented
in Figure 3. It can be seen that the assumption of isentropic
compression would lead to extremely large error for insurges
of the magnitude shown. It is also obvious that very good
agreement between experiment and predictions is obtained.

The reason for the poor predictions, based on the isentropic
model as the compression proceeds, is because of the fact

that there is an increasing temperature gra@ient in the walls
building up in the early part of the compression. The amount

of work done on the steam during the later volume increments

- 29 -




is not much different from that done during the earlier
incregents, however, the amount of heat transferred from

the steam per interval is greatly increased. The predicitions
based on the isentropic model for these insurges is so poor
that they are not presented for further N.P.D. insurge

tests reported here.

In Figure 4 the accumulated heat flpw'bredictea to
the walls and the liquid is presented as a function of time.
It is seen that.the heat flow from the steam per time interval
increases rapidly for about 25 seconds. After this time the
wall temperature gradients have steadied out su%ficiently to
keep the rate of heat loss to the walls about constant.

'The comparison between the accumulated heat flow to the walls
and liquid is quite informative. it is seen that for all
practical purposes the heat flow to the liquid could be
neglected for geometries and pressures in the range under
study here.

Two of the tests discussed here (Figure 7 and 8)
were conducted while electric heaters in the iiquid phase,
of 15 KW capacity, were turned on. It is easily inferred
from Figure 4 that these heaters would have no appreciable
effect oh the compression process.

In Figure 5 predicted values of ambient wvapor
temperature and saturation temperatures are plotted for the
run of Figure 3. The accuracy of the computed ambient

temperature will depend considerably on the accuracy with




which the sensible heat transfer coefficient is selected.

It can easily be shown, however, using the perfect gas law

for simplicity and assuming the vapor to be polytropic, that
the value of this coefficient has very little effect on the
predicted pressure.

A typical level increment is considered. The work
done on the vapor, and heat gransferred from it, are deter-
mined by the rise in pressure. The difference in these two
quantities dictate a value for intermnal energy of the vapor
and condensate at the end of the interval. This internal
energy would be equal to the product of the mass of vapor,
the specific heat at constant volume and absolute temperature
of the vapor if we neglect internal energy of condensate.
Since the mass would vary inversely with the absolute

4 .
temperature, the total internal energy and hence pressure
would be independent of temperature.

The value of the sensible heat transfer coefficient
will therefore be crit;cal only if the degree of superheat
attained.is of interest. Drucker and Tong [11] used a value
of 0.074 Btu/hr/ftZ/OF for their work. It is shown in the
literature that the sensible heat transfer coefficient for
steady state free convection may be expressed as follows [141,

Cc K
L

£ m
K = (Gr x Pr) (4.1)

where

Kf = vapor conductivity

r-‘
I

Length of rectangular wall
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Gr = Grashof No.

Pr = Prandtl . No.

C and m are constants whose values depend on the
systen.

While the heat transfer problem of immediate
interest is a transient one and the walls are Cylindrical,
it has been considered appropriate to use the Drucker-Tong
value as a referénce and to modify it for the N.P.D. system
under study according tc the relationship of equation (4.1).
This practice has been followed in the work reported here
and a value of K equal to 0.25 Btu/hr/ftzloF has been
utilized.

The experimental data presented in Figure 6 are
obtained through private communication with the author of
reference [7], and are not contained in that reference. The
data are believed to be the moét accurate of all of that
taken during the entire test series. It is seen that while
the level history is far from being linearly related to time
the computation procedure gives excellent agreement with
experiment.

Some more experimental results are compared-with
the predicted values in Figures'7, 8 and 9. In the analysis
in Figure 7 it has been necessary to depart slightly from
the experimental level history. It has been discussed in
Chapter 2 that there must be a monotonic increase in

pressure with time 1if the c0mputationa1 procedure is to be
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utilized. Since this condition is not always satisfie& in
‘Figure 7, beyond the 70 second point in time, the level
history was adjusted to that shown by the dashed line for
the purpose of computation. This has contributed to some
discrepancy between experiment and analysis beyond this
point. Otherwise the agreement is quite good.

It.is observed in Figures 8 and 9 that there is
fairly good agreemenf for most of these insurges. The study
of the experimental level and pressure curves reveals that
there are some small anomalies in the experimental data.
Without these anomalies, the discrepancies between experi-
mental and predicted values would be even less.

In Figure 10 the experimental data from reference
[2] are compared with the predicted pressures obtained using
k :
the computer program described here. This figure is pre-—
sented fo demonstrate the versatility of the program. The
experimental data for this run was obtained with a small, low
pressure tank using light water. It can be seen that the
isentropic model is inapprdpriate and the agreement between
experiment and analysis is very good. Therefore, the program
has no difficulty in handling heavy or light water systems
of high or low ﬁressﬁre ranges.

It is seen that near the end of the insurge the

predicted pressures are slightly higher than the experimental.

There are two factors in particular which tend to explain this

behavior.  First the tank is considered in the calculations to
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be perfectly insulated whereas in the actual experimental
tests some heat is certain to be.lost through the iﬁsulation.
.Secondly, in the calculations heat flow axially down the
vessel wall is neglected. It is inevitable that near the

end of the compression when the temperature of the vapor is
relatively high there will exist a temperature gradienﬁ down
the wall and some heat will be lost in this mannér. Both of
these copditions will contribute towards é small discrepancy
near the end of the insutge but, the incorporatiom of these

effects into the analysis is not warranted.

~

The Outsurge Problem

The comparison between the experimental and
analytically predicted outsufge results for a typical N.P.D.
surge ;ank test run is made in Figure 11. The outsurge level
history is also 1ncluded in the same flgure. It has_been
shown in reference [6] that the much higher predlcted
pressures}are obtained if the entire initial contents of the
tank are assumed to undergo a closed isentropic expansion.

Very good agreement between thé experimental and
analytical data for almost the eptire outsurge 1is obtaiﬁed
using the computational procedure described in Chapter 3;
It can be seen that the predicted values are slightly_lower
than the experimental near the end of the outsurge. This

can be explained by noting that mno account for the heat-in-

flow from the tank walls has been made in the analysis.



There is some slight anomaly im the experimental data. The

pressure curve tends to flatten out more quickly than would

be expected on studying the level curve. .The effect of heat
in flow woculd be much more significant if the ouésurge had

to occur over a longer period of time. This can bé taken
into consideration by using the procedure described in the
insurge problem. I; is noted, that the computational
technique described herein is highly appropriate for the ére-

diction of outsurge pressure behavior for systems and pressure

ranges of the type encountered in the N.P.D. surge tank.

Discussion and Conclusions

- If is evident that the theoretical models a=d

computational procedures described in this thesis provide a
<
powerful means for predicting the performance of steam surge
tanks during both insurge and outsurge of liquid. The
anélysis is virtually unique in that no empirical constants
are required. Though the experimental data have been examined
for a limited Trange, the,iﬂclﬁdéd:computer program can be used
for analysis over a wide range of pressures. It is reasonable
to expect that good agreement between the experimental and
analytical values would be obtained over a fairly large range
of pressure and for most steam surge tanks of interest.
Theugh the computer program has been written for

the vertical cylindrical tank with hemispherical domes,

there would not be any difficulty in introducing modifications



to handle any particular geometry. Furthermore, while the
study has been restricted to the performance of light and
heavy water systems, the performance of any single component
liquid-vapor system can be analyzed once the appropriate
thermodynamic property sub-programs have been provided.

The work could be extended by considering the
effect of in-sﬁray of liquid.¢rop1ets to the steam region.
This in-spray is sometimes used to decrease the pressure rise
during insurge. It has been shown in reference [2] that
upon making cerfain assumptioﬁs, the heat lost to the drop-
lets can be added to other heat losses in the analysis
described here. A compafison between the experimental and
the predicted values can be done, provi&ed accurate experi-
mental data are available for this purpose. The predicted

-
-~
-

values can be obtained by using the same computational pro-
cedure, but incorporating the appropriate modificatiqns.

Another problem which can be considered for the
extension of the present work inQolves tanks f;bricated from
laminated walls. There wili not be any'difficulty in making
appropriate modifications to the analysis. Another area of
interest which does not appear to have been explored involves
the insurge and outsurge éf liquid to systems where the
vapors contain non-condensable gases. This problem may be-
come of more interest to nuclear design people if non-

condensable gases are used extensively in fuel channels to

promote the heat transfer in nominally liquid cooled systems.
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c TITLE-COMPUTATION OF STEAM SURGE TANK TRANSIENTS DURING INSJRGE
c PART 1-ENTER INPUT DATA

IMPLICIT REAL®8{A-H,0-2})

DIMENSION P(“U)’ALEVEL(NU’,Q"(NU)’QL(NU)'TVSLU(NU‘QGW(NU)QHC(NU,’
ZTSF(NU},HN(NU)yR(NU),H(NU)yHFG(NJ),TS(NU),T(VU],HS(NU’,EF(“U),
3AM{NU ), VINU) , TE{NW) .

CCMMON AK (148)

READ NU,TYPE,DIA:VULUME,AL*,ALdePdT,CQVﬂT,RjHJT,C’WsCDVH'QJNNQ
ZTHw'DT’CK'DP’DET,ALIMIQALIMZ

READ P{1)

READ (AK{I),1=1,148)

READ (ALEVEL({I)I=1,NU)

c PART 2-PRELIMINARY CALCULAT IONS

THA=THW/12.0

DT=DT /36000

PI=4, OEDATAN{ 1, 0DOO)

VPUL= (PI%DIA*DIA) /(4. 0%¥172840)
AT=(PI*DIA®DIA)/ (2.0%1644.0}
AL={PI*DIA®DIA) /{40 0¥ 144, O}
TDIFWT=CONWT/ (ROWWT*CPWT)
TDI F=CONW/ { ROWK*CPW)
ALFA=2o0%*CONW/THW

QW(1)=0.0

QL{1)=0.0

c PART 3-CALCULATION OF VAPOR VOLUMES

DO 10 J=1.NU
10 TVDLU(J)=VULUME1290+(ALM-ALEVEL(J))*VPUL

t PART 4-CALCULATION OF HEAT TRANSFER CONSTANTS

DO 20 I=1,NU :
GW(I)=GHF(I,THW1PI,DTQTDIFyALFA)
20 HC(I)=HCF(I,CPHT.PI,ROHHT:DT,TDIFNT}

c PART S5~-CALCULATION OF INITIAL T HERMODYNAMIC PRI® ERTIES

IF(TYPE.GT.1.0) GO TO 30
TSF(11=TSAT(P{1))
CALL SSHSH(P(11oTSF(l),SPVOLHvSNvHW(l))
CALL SSVCH(P(!),TSF(I),SPVDLvlel)vSVvH(l”
HEG {1 )=H{1)-HuW(l) .
G0 TO 40
30 TSE(1)=TSATH(P (1)}
cALL HWFSG(TSF(I)9Hw(1)7HFG(1)vH(1)’
CALL G&SCON(P(l).TSFil’,t(I))
&0 TS{1)=TSF{1)+459.67
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T(1)=TS(1)
HS (1) =H(1)
EF(1s=HW(1)
AMC1)=(P( 1¥*TVOLU(1}) /(R(1) *T(1))

C PART 6-MAIN CCMPUTATICN

DO 280 I1=2,NU
ICOUNT=0
CTR3=00
CTR4=0.0
TVOLAV=(TVOLUCII+TVOLU(I-1))/2.0
AVELEV=(ALEVEL{I)+ALEVEL(I-1))/2.0
AW={ ALW-AVELEV )I*¥PI*DIA/144.0
AR=AT+AL+AW
Pl=P(I-1)
50 P1=P1 +DP
60 IF(TYPE.GTe2o0) GO TO 70
TSF(I)=TSAT(P1)
CALL SSWCH(PI,TSF(I),SPVDLW95H,HH(Il)
CALL SSVCH(PI,TSF(I),SPVDLV,RR,SV,HS(I))
,HFG(I)=HS(I)-HN(I)
GO 10 80
70 TSF(I)=TSATH(P1)
CALL HHFGG(TSF(I),HW(I),HFG(I);HS(I))
80 TS{I)=TSF(1)+459.67
EF(I)=41W(])
HEGAV=(HFG(I)+HFG(1-1))/2.0
V{I)=TS(1)-TS (1}

c CALCULATION JF HEAT CONTENT OF LIQUID AND WALL

QUW{1)=D.0
QL(YI)=0,0
DO S0 N=2+1
M=1+1
QW(I)=QW(I)+VIN)*GKH(M=N)
30 QL{ I)=QL{ I)+V{N)*HC(1-N)

c CALCULATION OF HEAT TRANSFER DJRING INTERVAL
DQ=(QW(I)-QH(I'l))*(AN+AT)+(QL(I)-QL(I-1))kAL
c ITERATION FOR TEMPERATURE COMPATIBLE WITH ASSUMED PRESSJRE

Ti=TS (I}
CTR=0,0
CTR1=0.0
CTR2=0.0
100 T11=T1-459%. 67
IF(TYPE.GT«lo0) GO T3 110
CALL SSVCH(PI'TII’SPVOLVQR(I)1$V'H(I’)
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GO TO 120

CALL GASCON(P1l,T11l,R(I})
A=CK¥ ARXDT/2. O
B=A®{T(I=1)-TS(I)=TS( I-1) )+HFSAV*AM{I-1)-DQ
== (HFGAV*PL:=TVOLU(I))I/RI(I)

D=DSQRT{B®B=-4o CXA*L)

T2=(—-B+D)/ (2. 0%A)
IF(CTR.GT«0.0) GO TO 130
IF(T2.LTeTS(I)} GO TO 50

T1=T2

CTR=1. 0

cc To 100

ERRR=T1-T2

IF(CTR1.GT-0, 0) GO TO 150

CTR 1= 10 0

ERRRO=ERRR

T1=T1-DET

IF(TlelLToTS(I)) GO TO 50
GO TO 100

IF(CTR2.5T« 0 0} GO TO 160
IE{ {ERRR¥ERRRD 1+GTo0.0) GO TO 140

‘ERRA=ERRR

TA=T1

ERRB=ERRRO

T8=T1+DET

CTR2=1.0

GO TO 180

IF((ERRRX*ERRAYeLTe0e 0} GO 7O 170
ERRA=ERRR

TA=T1

G0 TO 180

ERRB=ERRR

T8=T1
T1=TA+(TB-TA)*DABS(ERRA)/DABS(ERRB-EQK&)
IF(DABS{ERRR) c GTo ALIML} 60 70 10d
T(I1)=T1

TE(I)=T(1)1-459.67"

ENERGY BALANZE AND EVALUATI ON OF ERROR

IF(TYPE.GT.1.0) GG TO 130

CALL SSVCH(PI,TF(I)7SPVDLV;R(I!1$V¢H(I))
GG 7O 200

CALL GASCON{P1,TF(I),R(I))

CALL HSUPH(P1,TF(1),4(1))
AM(I)=(P1*TVDLU(I))/(R(I)*T(I))
EFAV={EF(I)+EF({I-1)1/2.0
E1=(AM(I)*H(I)~AM(I—1)*H(I-1))
€2=DQ
E3=TVOLAV*(P1—P(I—1))*144.0/778.3
E4=EFAVH{AM(I)—AM(I-1))
ERR=E1+E2-E3-E4




210
220

230

240

250

260
270

280
290

IF( ICOUNT.GT. 0} GO TO 210
ICOUNT=ICOUNT +1

IF(ERR) 210,210,290
IF{CTR3.6T.0.0} GO T3 230
CTR3=1,.0 .
ERRO=ERR

Go To 50

IF(CTR4.GT«0.0) GO TO 253

IF{ {ERR¥ERRD) « GTa 0. O} GO TO 220

CALCULATION OF CORRECTED PRESSURE

ERA=ERROD

PA=PL-DP

ERB=ERR

PB=P1

CTR4=140

P1=PA+(PB-PA) *DABS{ERA}/DABS (ERB-ERA)

GO TO 60

IF( (ERR*ERA}«GT o0+0) GO TO 260
ERB=ERR

PB=P1

GO TO 270

ERA=ERR

PA=P1

IF(DABS (ERR)« GTLALIM2) GO TO 240
P(1)=pP1

CONT INUE

RETURN

END

TITLE-COMPUTATION JF STEAM SUIGE TANK TRANSIENTS DURING DUT 3 JRGE
PART 1-ENTER INPUT DATA

IMPLICIT REAL¥8{A-H:0-Z}

COMMON AK({(148)

READ TYPE,ALO,PO,DP,DL,DIA,VOLUME,ALM9ALLIMyALIM
READ {AK{I},I=1,148)}

PART 2-PRELIMINARY CALCULATIONS
Pl=4¢, 0%¥DATAN(1.0D003)
VPUL=(PI*DIA*DIA)/(4.0*1728.0)
VL0=VOLUME/200+VPUL*(ALO—ALM)
VVO=VOLUME-VLO

PART 3-MAIN COMPUTATION
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CALCULATION OF INITIAL THERMODYNAMIC PRDPERTIES

CTR1=0.0

CTR2=0.0 '
IF(TYPE.GTo1le 0) GO TO 20
TSFO=TSAT (PO} -
CALL SSWCH{PO,TSFO,VFOsSFOsHW)
CALL SSV:H(PO,TSFOQ V50: SGO¢HS)
GC TO 30

TSFO=TSATH{PO)

VEO=VFHS{TSFO)}

VGO=VGHS(TSFO}

SFO=SFHS( TSFO)

$SCO=SGHS{TSFO}

SFGO=SGO-SFO

AMLO=VLO/VFD

AMVO=VVO/ VGO

QO0=AMVO/ (AMVO+AMLO)
'S0=SFO+Q0*SF30

CALCULATION OF FINAL THERMODY NAMIC PROPERTIES

AL1=ALO-DL

IF(AL1.LTLALLIM) GO TGO 130
VV1=VV0*(AL0°AL1)*VPUL

P1=PO

P1=P1-DP .

IF(TYPE.GTol.0) GO TO 60
TSF1=TSAT{(P1)}

CALL SSNCH(PI1TSF19VF1,SF11HW’
CALL SSVCH{PlfTSFlQVSltR’SGlyHS)
GO 0O 70

TSF1=TSATH(P1}

VG1=VGHS{TSF1)

SF1=SFHS({TSF1)

SG1 =SGHS{TSF1)

SFG1=SG1-SF1

AMV1=VV1/VGl
Q1=AMV1/(AMVO+AMLO)
S1=SF1+Q1*SFG1

ERR=S0-5S1

IF(CTR1.GTo 0e 0) GO T0 90
CTrl=1.0

ERRO=ERR

GO T0O 40

JIF(CTR2.6T.0e 0} GO 70 100
IF((ERR*ERRO).GT.0.0) GO TD 80

CALCULATION OF CORRECTED PRESSURE

ERA=ERR
PA=P1

AND ERRIR
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ERB=ERRO N
PB=P1 +DP
CTR2=1.0
GO TO 120
100 IF{(ERR*TZRA}eLTa040) GO TO 110
ERA=ERR
PA=P1
GO 70 120
110 ERB=ERR
PB=P1
120 P1=PA+(PB-PA)*CABS(ERA)/DABS (ERB-ERA)
IF(DABS({ERR)GToALIM) GO TO 50
P=P1
PO:P
ALO=AL1
VVv0o=VV1l
VLO=VOL UME-VVO
G0 T0 10
130 RETURN
END

c PART T-LISTING OF SUBPROGRAMS
FUNCT ION GWF(I,THW,PI,DT, TDIF,ALFA)
c THIS SUBPROGRAM CALCULATES HEAT TRANSFER CONSTANTS FOR WAL_

IMPLICIT REAL*8(A-H,0-2)

J=l1-~1

IF{JeGTo0) GO TO 60

CTR=0.0

SUM:O.O

X=0.0 .

- 10 AN=( (2 OFX#+1 e 0} % (2.0%X+1e0) yRPIXPI*TDIF/ {4 I *¥THARTHA)
ANS=ANXDT :

IF{ANS.GT <1700} GO TO 20

X1=(1lo O-1lo O/DEXP{ANS) ) /AN

GO TO 30
20 X1=1/ AN
30 X1=(1e O/ANY € {DT=X1)

SUM=SUM+X1
IF(CTR.EQele0) GO TO 40
X0=X1
X=X+1.,0
CTR:CTR+100
GO TO 10
40 X=X+1.0
IF{DABSIX1/SUM}.LE. 0, 0001) GO TO 50
G2 70 10
50 SUM=SUM*ALFA/DT



60

70

80

S0

100

[ ]

i0

20

GWF=SUM

GO TO 100

CTR=0.,0

SuM=0.0

X=0.0
AN=((2.0*X+1.0)*(2o0*x+1o0))*PI*PI*TDIF/(G.O*THH*THH)
ANS=ANXDT

X1= (DEXP{ANS ) +1,0/DEXPIANS i—2e 07 (ANX*AN)
ARG=J*ANS

IF(ARGeGTe170.0) GO TO 90

X1=(1 40/ DEXP{ARG) }*X1

SUM=SUM+ X1

IF{CTR.EQo1le0) GO TO 80

X=X+1 00

CTR=CTR+1. O

GO TO 70

X=X+1.0

IF(DABS(XI/SUM).LE.0.001) G0 T0 30

GO 0 70

StM=SUM*ALFA/DT

- GWF=SUM

RETURN
END

FUNCT ION HCF{ 1y CPHT 4P IsRIWWT, DT, TDIFUHT)
THI S SUBPROGRAM CALCULATES HEAT TRANSFER CONSTANTS FOR

IMPLICIT REAL*8{A-H,03-Z)
J=1-1

1F{J.GT.0) GO TO 10

A=4, 0%ROWKT*CPWT/340
B=TDIFWT*DT/P1
C=DSQRT(8B)

HCF=A%*C

GC 10 20

A=4, O*ROWWTECPWT /3.0

B=TDIFWT*DT/P I

C=DSQRT(B)}
D=(J-1)**1.5+(J+1)**1.5°2.0*(J**I.5)
HCF=A%*C*D

RETURN

END

LIGHT WATER SUBPROGRAMS

FUNCT ION TSATI(P)

-IQJID

THIS SUBPROGRAM FINDS SATURATICN TEMPERATURE IN DEGREES F FROM

PRESSURE IN PSIA FOR LIGHT WATER




IMPLICIT REAL¥8(A-1,3-2)
CCMMON AK(148)
Y=P
X0=117.0936*%P *¥%,222536
EPS=10~07*P '
I1T=0
YO=PS AT (XOy AK )
IF(DABS({Y-YO) o LEcEPS) GO TO 106
X1=X0+X0*5D-5
Y1=PS AT (X1 ,AK}
DIF1=Y-YLl
SLOPE={Y1-Y0) / {X1-XO0}
X2=X0
100 Y¥2=PSAT{X2 4AK) .
DIF2=Y-Y2
IF(DABS (DIF2)«LE.EPS) GO TO 107
IT=IT+1l .
IF(1T.GT.30) GO 70 108
"SLOPE=(Y2-Y1}/ (X2-X1)
IF(DIF1*DIF2) 101,101,105
101 X3= (X1+X2}/2.0
Y3=PS AT {X3 4 AK)
DIF3=Y-Y3
IF{DABS{DIF3),LELEPS) GO TO 109
IF(DIF1*DIF2)102,102,103
102 DIF2=DIF3
Y2=Y3
X2=X3
103 IF(DIF2*DIF3) 104,104,100
104 OIF1=DIF3
Y1=Y3
X1=X3
GO TO 100
105 X1=X2
Yl=Y2
DIFl=CIF2
X2=X1+DIF1/SLOPE
GO TO 100
10¢ TSAT=X0
RETURN
107 TSAT=X2
RETURN
108 TSAT=XO
RETURN
109  TSAT=X3
RETURN
END

FUNCTION PSAT(TF)

THIS SUBPROGRAM FINDS L IGHT WATER SATURATION PRESSURE IN PSTA AS A
FUNCT ION OF T EVMPERATURE IN DEGREES F

oo
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IMPLICIT REAL*8({A-H,0-2)
COMMCN AX({148)
PCON=26212D7% 2654%2654D-4/{9.80655%D,45359237)
TCON=€4T¢3%1e 8
THETA=(TF+459.¢67}/TCON
THET=1, O-THETA
SIGK=0.0
00 10 J=1,5
10 SIGK=SIGK+AK(J)* ( THET**J)
A=1o0+AK () XTHET+AK (7 Y*{ THET**¥2,0)
AA=S ICGK/ (THET A%A)
B=AK( 8) *{ THET*®*2, 0) +AK(9)
BB=THET/B
BRAK=AA-88B
BK=DE XP (BRAK)
PSAT= BK*P CON
RETURN
_END

SUBROUTINE SSWCH(PsTFsVOL,SH)

"THIS SUBPROGRAM CALCULATES THE SPECIFIC VOLUME, ENTR/IPY, ENTHALPY JF
LIQUID LIGHT WATER AS FUNCTIONS OF PRESSURE IN PSIA AND
TEMPERATURE IN DEGREES ¥

OO0

IMPLICIT REAL#*8{A-H,0~-Z)

INTEGER V
COMMON AK{148)
PCON= 24 21 2D 7% 2e 54%2, 54D-4%/( 9o 80665%0, £5359237)
VCON=3, 17D-03%¢ 45359237/ (<3 048%%¥3)
SCON=2,212D07%30 1 72-03/{ 6470 3%4]1 86, 8)
HCON=2.212D07*3,17D-037/2326.0
T=TF+4590,67
BETA=P /PCON
THET A=T/TCON
THET=1,0-THETA
DO 100 J=1,5

100 SIGK=SIG K+ AK( J}* {THET*%J)
A=1.0+AK( 6} ¥THET+AK( T)*{ THE T¥%240)
AA=S I GK/ (THET A*A)
B=AK(8) % { THET*%2, O} +AK(9)}
BB=THET/B
BRAK= AA-BB
BK=DE XP ( BRAK)
IF(BK~-BETAeLE-1D0~7) GO TO 102

101 VOoL=1,0D24
S-—-lo 0024
H=1,0D24%
RETURN

102 THE T1 =0, 9626911787
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IF(THETALLELTHET1) GO TO 200
IF(THETALGTele0) GO TO 101
DF=0.25

IF(THETA.LT<1.0) G3 TO 103
GO TO 104 '
Pl=BK-2D-7

GO TO 105

IFIBETA.LT«P1) GO TO 106

GO TO 107

VO=0. 3% (TF+459, 6T}/ P

GO TO 108
vo=(o.o77+92.8/?1*(TF-482.0)/(TF+58.0)
CHI 4=V0/VCON

ICOUNT=0

Vv2=V0

B3CHI =BETA3(CHI4,THET A)
B4CHI=BETA4({CHI4&4, THETA)

"BET4=B3CHI+B4CHI

ICOUNT=TICOUNT +1

IF{ICCUNT.GT5C} RETURN
IF(DABS((BETA-BET4)/BETA),GT.10-07) co To 110
GO TO 116

P2=BE T4*PCON

IF(ICOUNT.EQe 1) GO TO 111

GO TO 112

P1=pP2 .

DSLV=DF*VO*{P1-P}) /P

V1=VO #DELY

CHI 4=Vl /VCON

e 1O 109

1F((P-P2)%*(P-P11)113, 113,114

DF=0, 6%*DF

GQ YO 115

DF=1le 5%DF
DELV=DF*{V2-v11*(P-P2)/(P2-P1)

Vi=v2

V2=V1+DELV

CHI4&=V2/VCON

P1=P2

GO TO 109

vOL=CHI4&*VCON

CALL SIGEP3(CHI&,THETA,S1G3,EPS3)

CALL SIGEP4(CH14,TﬂETA,SI64,EPS4)
$={S163+S I1G4)*SCON

H=(EPS3+E PS4} *HCON

RETURN

THIS ENDS SUBREGICN 4 ~-FOLLOWING IS SJUBREGIIN 1
Y=1.O-AK(33)*THETA**2-AK(34)/THETA*#S
z=Y+DSQRT(AK{35)*y**z-Z*AK(36)#T4ETA+2*A<(37)#3&TA)
Y1=‘2*AK(33)*THETA+6*AK(34)*THETA**(—7)
FRAC==5,0/17.0



201

202

o0

CHI=AK(21 ) ®AK (3T ) *Z*%xFRAC+AK (22 ) +AK (231 :THETA4+AC (24 ) *THETAK &2
2+¢AK(25) «{ AK(38)-THE TAY%R%¥]1 0+ AK(26) /{AK(3I)+THETA¥¥13)
F-(AK (2T ) +2*AC (2B )*BETA+3#AK(29)*3ETA**2) /(AK{40) + THETA&K]11)
4—AK(30)* THETA®*18%( AK (41 ) +T HET Ax.2) % (=3%{ A {42)+BETA)Y**(-4&)
54AK(43) )+ 3*AK (31} *(AK{44)~THETA) ¢ BETA%*2
6 +4%AK (32 ) *BET A%»3/THETA¥**20

VOL=CHI # VCON

S1G=0.0

DC 201 I=12,20

SIG=SIG+{I-11)%2K(I)* THETA®::(1-12)
SIGI=AK(10)*DLOG(THETA)-SIG+&K(21)*((5.0*Z/lZ.D—(A((BS)-I)*Y)*Yl
2+AK(363)*Z**FRAC+(-AK(23)—Z*AK(ZQI*THETA+10*AK(25)?(AK(38)°T4ET&)
3**9*19*AK(26)*(AK(39)*THETA**19)**(-2)*THETA**lB)*BETA-lI*(A((40)
G*THETA**II)**(—2)*THETA**10*(AK(27)*3ET&*A((28)*BETA**2+AK12°)*
5BETA**3)+AK(30)*THETA**17*(18*AK(41)+20*THETA**2)*((AK(42)+35TA)
6**(-3)+AK(43)*BETA)+AK(31)*BETA*¥3+20#AK(32)*BETA*F4/THETA**21
S$S=SIG1*SCON

S16=0,0 :

D0 202 1=11,20

SIG=S IG+{I1-12 ) *AK(I)*THETA®*{1-11)
.EPS=AK(10)*THETA—SIG+AK(21)*(Z*(l?oO*(ZlZ?oD—Y/IZoD)*500*T*ETA*Y1/
2 lZoO’*AK(Bé)*THETA-(AK(35)-1)*T4§TA*Y*Y1)¥Z?*FRAC
3+(AK(22)—AK(24)*THETA**2+AK(25)*(9*THETA+A((38))*(5<(38)-T4ETA)¢r9
4+AK(26)*(20*THETA**19*AK(39))*(AK(39)+THETA**19)**(-2))*BETA
5-(12*THETA**11*AK(40))*(QK(40)+T457A**11)**(-2)ﬁ(ﬁ<(27)*357l+
6AK(28)*BETA**2+AK(29)*BETA**3)+AK(30I*THETA**IB*(17*AK(41)+19*
7THETA**2)*((AK(42'*BETA)**(-3)+AK(43’*BETA)+AK(31)*AK(@@)*BETA**3+
821%AK (32 ) %T HET A%* (—-20 }*BETA¥*4

H=EPS*HCON

RETURN

END

SUBROUTINE SSVCH{P,TF sVOL+RsSsH)

THIS SUBPROGRAM CALCULATES THE SPECIFIC VGLUME,G&S CONSYANT»
ENT ROPY,ENTHALPY FOR SATURATED O SUPERHEATED _154T WATER VvAPIR
FROM PRESSURZ IN PSIA AND TEMPERATURE IN DEGREES F

IMPLICIT REAL*8{A-H,0-2)

REAL L1,L2,11,NUM

INTEGER V

DIMENSION N(B’QL(S)72(893)1X(8,2)9515(14‘1F(313),G(3,3)
COMMON AK(148)
PC0N=Zo21207*2.54*2.540-4l(9080665*0.45359237)
TCGN=64703*1 8
VCDN=3o170—03*.45359237/(.3048**3)
SCDN=2.212007*3.17D-03/(64703*4186.8,
HCON=2.212907*3.170—03/2326.0

T=TF+459 ,€7

BETA=P/PCON

THETA=T/TCON

THET1=0.9626911787
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THET=14.0-THETA

SIGK=0. 0

CO 100 J=1,5

SIGK=SIGK+AK{ J)*{THET ** J)
A=1.0+AK(6)*THET+AK(7)*THET*THET
AA=S I GK/ (THET A#%A)
B=AK{8)* THET* THET+AK(9)
BB=THET/3

BRAK=AA-RBB

BK=DE XP{BRAK)

L1==-34,17061978

£2=19.31380707
BETL=15.74373327+L1*THETA+L2*THETA¥*Z
BETL1=L1+2%L 2*THETA

BETL2=2%12

N{l}=2

N(2)=3

N(3)=2

N(&4)=2

N(5)=3

-N(6) =2

N(7)=2
N({81=2
Z{l1,1)=13.0
2(2,11=18.,0
7(3,11)1=18.0
Z(‘Q, 11=25. 0
7(5911=32.0
21(641)=12,0
1(7,11=24. 0
2({8,11=24.0
{1 42)=3.0
Z(Z’ 2)=2. 0
72(3,21=10.0
Z(4323=1460

1(5,2)=28.0

7(692)=11.0
Z(T7+2)=18.0
2(842)=1%4e 0

2{(2543)=1,0

Z(5431=2400

Liey=1

L(T)=1

L(g)=2

X(6,11=14e O

X(7,1 1=19.0
X(8:1)=54.0
X(8,2)=27e0

B=AK (76
XC=DEXP(B*(1.0’THETA))
11=4,260321148
IF(THETALGELTHETY) GO TGO 102



IF(BETA-BKeLES1D-7) 50 TO 200
101 VOL=1.0D24
R=1le. 0D24%&
S=1.0D24
H=1 40 DZ‘I'
RE TURN
102 IF(BETALLESBETLY GO TO 200
IF(THETA.,GFEele0) GO TO 103
1F(BETA-BKeGTo1D-7) GO TO 101
103 DF=0425
IF(THETAelLTele0) GO TO 104
GO TO 105
104 P1=BK+2D-7
GO TO 106
105 Pl=1le. O
106 IF(BETA.LT.P1) GO TO 107
GC T0 108
107 VO=0s 3% ( TF+459, 67} /P
GO TO 109
108 V0=(0.077*92.8/?)*(TF-482.0)I(TF+5890)
109 CHI3=VO/VCON
ICOUNT=0
Vv2=VO0
110 BET3=BETA3(CHIZ,THETA)
ICOUNT=1COUNT +1
IF(ICOUNToGTe50) RETURN
IF(DABS((BETA-BET3)/BETA)°GT.10-07)~GB TO 111
GC TO 117
111 P2=BE T3 PCON
IF{ ICOUNT.EQe ) GO TO 112
GO 70 113
112 Pl=p2
DELV=DF*VOx(P1-P)/P
Vi=VO+DELV
CHI3=V1/VCON
GO 70 110
113 IF((P—PZ)*(P-PI))114,114,115
114 DF=0 «6*0DF
GO 70 116
115 DF=1e 5¥DF
116 DELV=DF*(V2-V1)*(P-P2)/(PZ-Pl)
vi=v2
v2=V1+4DELV
CHI3=V2/VCON
P1=P2
GO 70 110
117 VOL=CHI3*VCON
R=P%VOL/T
CaLe SIGEPB(CHI3,THETA1$31EPSB)
S=S3% SCON
H=EPS2*HION
RETURN
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THIS ENDS SUBREGION 3-FOLLOWING IS SUBREGION 2
1=50

J=76

CALL ZERO(SIGy14)

DO 202 MU=1,5

SIG(1)=0.0

NMU=N(MU)

DO 201 V=1,NMU

I=1+1
SIG(1)=SIG(1)+AK(I)*X0**Z(MUqV)
SIG(2)=SIG(2)+MU*BETA**(MU—1)*SIG(1)
D0 205 MU=6+8 :
SIG({3)=00

S1G{41)=0.0

AMU=N(MU)

DO 203 V=1,NMU

I=1+1
SIG(4)=SIG(4)+AK(I)*XO**Z(MU1V)
NUM= { MU-2) *BE TA%* { 1-MU) #S1G (4)
Ldu=t (MU)

DO 204 LAM=1,LMU

J=Jd+1
SIG(3)=SIG(3)*AK(J)*XO**X(MUvLAH)
DEN={BETA®k (2-FU) +SIG(3) 1 ¥¥2
SIG(5)1=SI1G(5) +NUM/DEN

DO 206 V=1.7

I=1+1 .
SIG(6)=SIG(6)+AK(I)*XO**(V—I)

CHI=II*THETA/EETA-SIG(Z)—SIG(5)+I1*(SETA/BETL)**10*SIG(6!

vOoL=CHI¥* VI ON

R=P%RVCL/T

CALL ZERO (SI1Gsl4)

=45

J=16

po 207 v=1,5

I=1+1
SIG(9)=SIG(9)+(V-2)*AK(I)*THETA**(V-I)
SIG(I)=$IG(1)+(V—1)*AK(I)*THETA**(V—Z!
D0 209 MU=1+5 :

S1G(2)=0e0

SIG({10)=0.0

AMU=N{ MU)

DO 2C8 v=1,NMU

I=1+1
SIG(IO)=SIG(10)+AK(I)*(1+Z(MU,V)*B*THETA)*XD**Z(WJ,Vl
SIG(2)=SIG(2)+Z(MU,V3*AK(I)*XO**Z(MU1V)
SIG(11)=SIG(11)+BETA**MU*SIG(10)
SIG(37=SIG(3)+SETA**MU*SIG(2)

DO 212 MU=6,8

S1G{4)=0.0

SIG{S5)}=0. O

SI1G{6)=0,0
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SIG(12)=0. 0
tMuU=L (MU)
DC 210 LAM=1,LMU
Jd=Jd+1
TERM=AK {J ) X0 **X(MU,L AM)
SI1G{5)=SIG(5) +TERM
210 SIGL &)=SIG{6) +TERMEX{MU;LAM)
CENOM=BETA*¥*(2-MU)+SIG(5)
NMU=N(MU)
D0 211 V=1,NMU
I=1I+1
SIG(lZ)=SIG(12)+AK(I)*XO**Z(MUoV)*(1+Z(MJ:V)*B*THETA-B*THET&*
2S IG( 6 )/DENOM)
211 SIG(4)=SIG(4)+AK(I)*XO**Z(MUyV}*(Z(WUyV)-SIG(6)/)EVDM)
SIG(13)=SIG{13)+SIG(12)/DENDCM
212 SIG(7)=SIG(T) +SIG{41/DENIM
DD 213 V=1,7
I=1+1 ’
SIG(14,=SIG(14)+(1+THETA*(10*8ETL1/3ETL+(V-1)*B§)*&K(I)kxo**(v—l)
213 SIG(8)=SIG(8)+(10*BETL1/BETL+(V—1)*B)*AK(I)*XO**(V-l)
SZ=-II*DL03(BETA)+AK(45)*DLOG(THETA)-SIG(1)-B*SIG(B)-B*SIG(?)+
2BET A% (BET A/BETL)**10*SIG(8)
$=S2%*SCON
EPS-‘-!\K(‘rSH"!’HETA—SIG(9)-51(;(11)*‘516(13)*'BETZH‘(B‘ETA/BETL)*"‘!)"c
2S1G(14)
H=EP S*HCON
RETURN
END

FUNCTION BETA4{CHI,THETA)
¢ THIS SUBPROGRAM IS CALLED BY SSWCH

IMPLICIT REAL*8(A~H0-Z)
INTEGER V
CCOMMON AK(148)
THET1=0.,9626911787
THET=1,0-THET1
YT={1le O-THETA) /THET
1=135
SIGMA1=0.0
SIGMA 2=0,0
DO 100 MU=3,6
D0 100 V=1,5
I=1+1
100 SIGMA1=SIGMA1+(V-1)*AK(I)*YT**WU*CHI**(-VI
DO 101 v=1 3
I=I+1 '
101 SIGMA2=SIGMA2+(V-1)*AK(I)*CHI**(V—Z)
BETA4=SIGMAL-YT#*x32xSIGMA2
RETURN
END
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SUBROUTINE SIGEP&4(CHI ,THETA,SIG,EPS)
C THIS SUBPROGRAM IS CALLED BY SSHWCH

IMPLICIT REAL *8(A-H,0-2)
INTEGER V

COMMON AK({ 148}
THET1=0.96269211787
THET=1,0-THET1
Y=(1eO-THETA}/THET
S1=0.0

S2=0. 0

5330. 0

S$4=0.0

1=135

DO 100 MU=3,%

DO 100 V=1,5

I=1+1

S1=S1+MU*AK(I )¥Yek{MU=-140)/ CHI**(V-1)

100 S3=SB+AK(I)*((1.0-"U*(V-1))*Y+MU/THET)*Y**(MU-1.D)/C41*¢(V“11
pC 101 V=1,3
I=I+1
S2=S2+AK( T ) %CHI**{V-1}

101 S4=S4+AK(I!*((31o0+(V-1))*Y—32o0’THET)*CHI**(V-l)
SIG=( S1+32, Ok Y¥kx31%S2) /THET
EPS=S3-Y%**%31%S2
RETURN
END

FUNCT ION BETA3(CHI, THETA)

c THIS SUBPROGRAM IS CALLED BY SSW:+4 AND SSVCH
IMPLICIT REAL*8{A~H,0-Z}
INTEGER V

DIMENSION COEF(4)
COMMON AK{148)

I=82
DO 100 Vv=2,11
I=1+1

100 SIGMA=SIGMA+(1.0-V)*AK(I)*CHI**(-V1
COEF{11=AK(82)+SIGMA+AK(93) /CHI

1=94
SIGMA=0. O

DO 101 V=256
I=1+1

101 SIGMA=SIGMA® (1o 0-V) *AK({I)*CHI** (~-V]) .
COEF(2)=AK {94 ) +SIGMA+AK({ 100} /CTHI
I=101
SIGMA=0°O
DO 102 V=27



102

103

104

105

<

100

101

102

I=1+1
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SIGMA=S IGMA+{ 1+ 0-V)%*AK( T)*CHI**(=V)
COEF(3)=AK(101)+SIGMA +AK(108)/CHI

1=109
SIGMA=0.0

DO 103 V=2,9
I=1+1

SIGMA=S IGMA+( 1 40-V)IHAK(T)FCHI**(-V)
COEF(4) =AK{109)+SIGMA+AK{118)/CHI

1=121
SIGMA=°.0

DD 104 V=1,5
I=1+1

SIGMA=S IGMA+AK {1} *¥THETA¥**(~1-V)

BET2=0. 0
DO 105 I=1,4

BET3=BET3-CDEF(I)*(THETA—I.O)**(I-l)
BETA3=3ET3*5-O*AK(IZO)ICHI**S/THETA*#23*(THETA-la

RETURN
END

SUBROUTINE SIGEP3(CHI +THETA,SIG4EPS)

THI S SUBPROGRAM IS CALLED BY SSWCH AND SSVCH

IMPLICIT REAL*8(A-H,3-1)

REAL LNX

INTEGER V

DIMENS ION COEF(4)
CCMMON AK(148)
LNX=DULOG({CHI)
THETM1=THETA-140
I1=94

$=0.0

DO 100 V=2+6
I=1+1
S=S+AK{TI)*CHI**(1-V)

CDEF(l)=AK(94)*CHI+S+AK(100)*LNX+AK(121)

1=101

S=060

DO 101 V=2,7

I=1+1
S=S+AK({I)%CHI**(1-V)
COEF( 2)=AK{101)1%*CHI+
1=109

S=0e0

DO 102 V=2,9

I=1+1
S=S+AK(I)HCHI**(1-V)
COEF{ 3)=AK(109)*CHI +
1=121

S=00

S+AK(108) *LNX

S+AK({ 11BY*LNX

D) -5 #CHIFE5=SIGUA




103

104

105

106

107

108

DO 103 Vv=1,5
I=1+1
S=S+ (V+# 1) ¥ AKU T )*x THETA** (-2-V]

COEF(4)=(AK(11S)+AK(120) /CHI*=5)%(22, O/T4ETA*¥23-23, O/THETAR*24) -

2AK({121)%DLOG(THETA) +CHI®*¥6*S
I=126

S=0.,0

DO 104 V=1 ,9

I=1+1
S=S+V*AK{ I )*T FETM1I**{V-1)

SIG=—COEF (1) -2%COEF (2 )*THET ML -3%COEF (3 }*THETML**2+4CJEF(4)-5

S1=0.0

S2=0+0

S3=0.0

I=82

D0 105 v=2,11

I=I+1
S1=S1+V*AK (1) *CHI*k{1-V)
I1=94

DO 10€ V=216

I=1+]1
TERM=AK (I )*CHI**(1-V)}
S2=S2+TERM
$3=S3+{V-1)*TERM

COEF(1)=AK(81}-AK(93)—AK(IZl)—AK(94)*CHI+SI-SZ+

2(AK{S3)-AK{100) )¥LNX
S$1=0,0

S$2=0. O

I1=101

DC 107 V=2,7

I=I+1
TERM=AK{ T ) *CHI%**(1-V)
S1=S1+TERM
S2=S2+(v-2¥*T ERM

COEF(Z)=-AK(100)—AK(121)-(AK(94)+2*AK(131})*CHI+53-2*51-2*&<(108)*

2LNX

S1=0.0

$3=0, 0

1=109

DO 108 V=2,9

1=1+1

TERM=AK (T )*CHI*%¥{1-V)

S1=S1+TERM

S3=S3+(V-3)«TERM

COEF (31=~AK{108)—{2%AK{101)+3%AKl(
2(AK{108) +2*AK (1181 *LNX

COEF{ 4)=-AK(118)=3%¥AK(109)*CHI+S3
S1=0.0

52=0. 0

1=121

DO 109 V=1+5

I=1T4]1

109} ) «C41+#S52-3%S51~

~2%¥AK{118) FLNX



109 $1=S1+{V-4) *AK(I ) * THE TA%#* (-1-V)
1=126 :
DO 110 Vv=1,9
I=I+1
110 SZ=SZ+AK(I)*(1+(V—l)*THETA)*(THETA—I)**(V-I)'
EPS=CGEF(1)+COEF(2)*THETM1+COEF(3)*THETHI**2+ZJEF(4)*T45TW1¢*3+
2(23*AK(119)*28*AK(120)/CHI**53/THETA**22—
3(24*AK(119)+29*AK(120)/CHI**S)/TﬂETA**ZBfC1I**6*51-52
RETURN )
END

SUBROUT INE ZERC(A,.N)
C THIS SUBPROGRAM IS CALLED BY SSVCH

IMPLICIT REAL*8(A-H,0-Z)
DIMENSION A(N)
DO 100 I=1l.N
100 A{131=0.0
RETURN
END

c HEAVY WATER SUBPROGRAMS
FUNCTION TSATH{P)

c THIS SUBPROGRAM CALCULATES THE SATURATION TEMPERATURE OF HEAVY
c WATER IN DEGREES F FRCM PRESSYRE IN PSTA

IMPLICIT REAL*8(A-H,3-1)
IF(PelLTo14,0000) GO 7O 10
IF({P.GT.2500.0C00) GO TO 10
Al=—6, 58561091C40D+00
A2=+1,87240384107D+01
A3=-1,295744098640+01
A4=+5,1008€61666€D+ 00
£5=-1,23565802067D+00
A6=+1,88794263773D-01
A7=-1.T778570782650-02
AS=49 .4554D0387910D-04
AS=-2,17388691161D-05
Y=DLOG(P}
TT=A1+A2*Y+A3*(Y**200)+A4*(Y**3.0}+AS*(Y**4.O)+A6*(Y**5o0)
2+A7*(Y**6oO‘+A8*(Y**7.O)+A9*(Y¥*390)
TSATH=DEXPI(TT)

GG TO 20
10 TSATH=1.0D24%
20 RETURN

END



OO0

SUBROUTINE HWFGG (T HW 4HFG,HG)

THIS SUBPROGRAM CALCULATES THEZ ENTHAL?Y JF SATUIATED HIAVY WATER
LtIQUID,ENTHALPY OF SATURATED HEAVY WATER VA2 3, SNTHALPY DF
EVAPORATI ON,FRCM TEMPERATURE IN DEGREES F

IMPLICIT REAL*8(A-H,0-2)
IF(ToGT. 650, 0DC0} GO TO 10
IF(T.LT-38,87DCOY GO TO 10
Al=+1,097556189545D+00
A2=—3.,65834284839C0~03
A3=45,992328070990-05
A4==5,28056826462D-07
AS5=42,68896315218D~09
A6=-8 ,20701662323D-12
AT=+1.,48661726141D-14
A8=-1,46721315339D-17
A9=+6,06444994345D-21
T1=300, ODOO

HO=260, 82000
HH=A1*T1*A2*Tl**2.0/2.0+A3*T1**3.Ol3o0+A4*T1**4.0/4.0

D¢ ASET 1KF S0 0/50 O+AGETL¥#600/60 O+ATHTLEXT 0D /T I+AS *¥T1 #5803/ 800
34A9*T 1%%9,0/9 0 _

HRZALAT $A2*T X% 2.0/ 24 0+ABFTH%3,0/3 o 0+A&#T#¥b o 0/ 44 OA SETHE 5,0/ 5, O
DA EETH® 6, 0760 OFATETEET o0/ ToO+ABETERS 0/ 86D +AI*T£¥943/900

10

20

(%)

Hr=HO+HR-HR
HFG=FHFG(T }
HG=HW+HFG
GO TDO 20
Hi=1.0D24
HFG=1l.0D24%
HG=1.0D 24
RETURN

END

FUNCT ION FHFGIT)

THI S SUBPROGRAM CALCULATES ENTHALPY OF EVAPORATION OF HEAVY HWATER
VAPOR FROM TEMPERATURE IN DEGREES *

IMPLICIT REAL*8(A-H,0-2)
IF{T L Te38.87D00) GO TO 10
IF(TeGTo675,0000} GO TO 10
Al=+1,02241411330D+03
A2=—6,80619179830D-01
A3=41,28538007346D-03
AL4==8,320051977020-06
A5=41,436280920400-08
A6=+5,11995932468D-11
AT7=-2,631082888G5D-13

AR =+4 ,01240243092D-1¢€
AS=-2,14120030754D~-19



10
20

o0

10

20

10
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FHFG=A1+A2*T+A3*T**2.0+A4*T*¥3.0+A5¥T**4,0*A6*T**5.0+A7*T**500
2 +tAR KT *%7 O +AF *T*%*8,0

GO TO 20
FHFG=1.0D24
RETURN

END

SUBROUTINE GASCON(P+T+R)

THI S SUBPROGRAM CALCULATES THE GAS CONSTANT FOR SATJRATED 3R
SUPERHEATED HEAVY WATER VAPOR FROM PRESSUR: IN PSIA AND
TEMPERATURE IN DEGREES F

IMPLICIT REAL*8(A-H,0-1)
TSATU=TSATH(P)

IF(TeGT. TSATU) GO TO 10
V=VGHS (T}

TDR=T+45967

R=P*xV/TDR

GO TO 20

CALL VGHSUP{P,T4V)
TOR=T+459.67

R=PxV/TDR

RETURN

END

FUNCT ION VGHS(T)

THIS SUBPROGRAM CALCULATES THE SPECISIC VOLUME OF SATURATED HEAVY
WATER VAPOR FRCM TEMPERATURE IN DEGREES F

IMPLICIT REAL*8{A-H,0-Z1}

1F{T LT 200.0D00) GO TO 20

IF{T.GTe 700. 0OD0O0O) 50 TO 20

IF(T «GT «450,00001 GO TO 10

Al =+2,62026119912D+03

A2=—5,36239564580D+01

A3=44,983162545850-01

A4==2, T1660775487D-03

A5=+4+9,39161072325D~-06

A6==2,09832794292D-08

A7=+2,947189026850-11

AB8=—2,37253980530D-14

AG=4+8,36435551823D-18 .

VGHS=A1+A2*T+A3*T*#2.0+A4*T**3.0+A5*T¥*@°D+A6?T#¥5,0+A7*T*FS°0
24ABXT*%¥7 ,0+A9%T#%8,0

GC T0 30

Al=+ 0. 9648828579323569D+02 .

A2=—~0.T7407490357647125D+00

A3=+0.2250848578238486D-02

A4=—0o3047141245434164D-05

AS=+0.711275297521725€D-09

)



20
30

OO0

o O

A6=+0,293166819071994¢€0-11
AT=—033952435464798020~-14
AB=+0,1278556244024743D-17
A9=~0. 86395366316325546D-22
VGHS=A1+A2*T+A3*T**2.0+A4*T**3.0+A5*T**4.0*Aé*T**S,0+A7ka?5°0

2+A8ET*kXT o 0+AQXT**8,0

GO 10O 30
VGHS=1.0D2%4
RETURN

END

SUBROUT INE VGHSUP({Ps Ty VSUPH)

THIS SUBPROGRAM CALCULATES THE SPECLIFIC VOLUME OF SUPER4EATED

HEAVY WATER VAPCR FROM PRESSURE IN PSIA AND TEMPERATURE IV
DEGREES F '

IMPLICIT REAL*8{A-H, 0-2)
TSL=TSAT(P)

TSH=TSATH{P)

SUPHET=T-TSH

TL=TSL+ SUPHET

CALL SSVCH({P,TSLsVOLSAT,RE, S,HSL}
CALL SSVCH{P,TLeVOLSUP+REsS,HL)
VOL SH=VGH S{ TSH)
VSUPH=VOL SH+VOL SUP-VOLSAT
RETURN

END

SUBROUT INE HSUPH(Ps Ty HSUPHV)

THIS SUBPROGRAM CALCULATES THE ENTHALPY OF SUPERHEATED HEAVY WATER
VAPOR FROM PRESSURE IN PSIA AND T EMPERATURE IN DEGREES F

IMPLICIT REAL *8(A-H,3-1)
TSL=TSAT(P)

TSH=TSATH{ P)

SUPHET=T-TSH

TL=TSL+SUPHET

CALL SSVCH({ P, TSLsVOL s RRR ¢ Sy HSL)
CALL.SSVCH(P,TL:VOL,RRRsS'HL)
CALL HWFEGG (TSH yHWW,HFGG,HSH)
HSUP HV=HSH+HL ~HSL

RETURN

END

FUNCT ION VFHS(T)

THI S SUBPROGRAM CALCULATES THE SPECIFIC VOLUME OF 3 ATURAT ED HEAVY
WATER LIQUID FROM TEMPERATURE IN DEGREES F

IMPLICIT REAL®*E8(A-H,0-2)
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I1F(TLT50.0B00) G2 TO 10
IF(TeGT«700,0D000) GO TO 10
Al=4+5.23243221G63CD+ 01
A2=+T7.103807452200-01
A3=-1,20683565197D-02
A4=+1,02825317618D-04
AS=—4,96TT76568262D-07

A6=+ le 40552T7T76586D—-09
AT=—=2,30150062295D-12
AB=+42,01527475558D-15
AO=—Te 29128246400D-19
D=A1+A2#T+A3*T**2.0+A4*T**3.0+A5*7**4.0+A6ka*5.0+A7¥T**6.0

2+A8X Th%T o 0+AG ¥ T*¥8 40

VFHS=1. 0/D
GO To 20
VFHS=1.,0D24
RETURN

END

FUNCTION SFHS{T)

THIS SUBPROGRAM CALCULATES THE SPECIFIC ENTROPY 3= SATURATED H4EAVY
WATER LIQUID FRCM TEMPERATUREZ IN DEGREES F

IMPLICIT REAL*8{A-H,3-21}
1F(TelLT2200.0DC0) GO TO 10
IF(T.GTo650,0DC0) GO 7O 10
A1=+0.2878317591188482D+01
A2=-0, 6347302658C6833 0D-01
A3=40.56195401272562332D-03
A4=-0.3283315474458830D-05
AS=+C. 1060101 7897648230-07
A6=—Co 2142030176875057D-10
AT=4+0.2649743411013467D-13
A8=-0,1837161937234069D~-16
AS=+0,54726338€0322336D-20
SFHS=A1+A2*T+A3*T**2.0+A4*T**3.0+A5*T**4.0+&6*T**5.0+A7*T*F6’0

2+A8KTE%T7, O+A9* T¥*Bo0

GO T0 20
SFHS=1.0D24
RETURN

END

FUNCTION SGHS(T)

THIS SUBPROGRAM CALCULATES THE SPECIFIC ENTRIPY 3F SATURATZD HEAVY
WATER VAPDR FRCM TEMPERATURE IN DEGREES F

IMPLICIT REAL*8{A~H,0-7)

IF(TeLT.200.0000) GO TO 10
IF(T.GT.650,0000) GO T0 10
A1=~0.21778?5376959507D+01
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A2=40,86439395£550905CD-01

A3==-0.79450926158032950-03

A4=+0,3967370162043713D-05

A5=-0,12013411¢7339706D~07

A6=40.2271032544161674D-10

A7=—0s2625289727743114D-13

A8=+0.1700507035765807D-16

A9==0,4T736796226869078D-20

SGHS=AT+A2ETHAIRTRRD, Q+ALETHE3, 0+ ASE TR, 0+ A6 TE &5, 0+ AT*T*k5,0
2 +A8XT %7 ,0 +A9 ¥T**8, 0

GO 710 20

SGHS=1.0D024

RETURN

END



LISTING

-0.76912345640
-001189646225D
0 6CCCCCOOO0OD
00.3641286787D
0. £59C841667D
0.768269=-717D 01
0.242164T7003D 03
0, 1105710498D-08
0.8438375405D 00
0. 4975858870D-01
0.1418800CC0OD 00
0.1683599274D 02
-0, 65477116970 00
0.8290104328D-01
0.1069036614D 00
-0, 51593033730 00
0.1683598803D 0O
0.1936587558D 03
Oe 57459840540 04
0.4006073948D 00
-0. 68399000000 01
-0.,27€68C70380D Ol
0.11625036300 00
-0.43115770323D 01
0,5404374220D0 01
-0.42988509200 01
0. 15554632600 Ol
0,75484184200-05
0. 751 85595400 O1
-0.5465295660D0 00
0.2106363320D 03
-0, 259€415470D 00
0.222€723208D0 02
0o 454251 6630D 05
0. 35263858750 01
0,1301023613D 01
0. €27C860589D0-01

ol
03
01
05
05
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OF DIGITAL ARRAY AX (148),(R3W-WISE STORBSE)

~0.26080236°6D
04167117320D
0. 6824687741D
-066T733277739D C5
-0e4511168742D 05
-0e 26165718430~ 01
0.1269716088D-09
001293441934D 02
0e5262162162D-03
0.6537154300D 0O
0.7002753165D0 01
0.2856067796D 02
0.8565182058D-01
D0e 261467C853D~01
-05975336707D 0O
0.2075021122D 00
- 058094380010~ 01
-0.1388522425D 04
- 0.2653088365D 0%
0.8636081627D0-01
-0e1722604200D0-01
0,2104197C70D 01
-0 082090054400-01
D. 7C8636C850D 00
- 0,993865C4300 00
0.43143053800 02
~0,16656893500 01
0.8C88597470D 02
-01261606400D 02
0o, 83287541300 O1
0.5528935335D0-01
0. ©6828087013D-01
-0.1802039570D0 03
~0.7053556432D 05
- 0026908953730 O1
-02642777743D 01
063426663535D-03

02
01
04

-0, 16817065460
0,2097506760D
-0e 54220636730
0.9902381028) 05
0.1418138325D 25
0. 1522411790D-02
0.2074838328D-06
0,1308119072D-04%
0. 17200000002 01
0.1150000000D-05
0. 2995284925003
-0. 5438923329> 02
0.6570375313D-31
-0, 3373439453D-01
-0,8847535804D-01
0.1139513271D 20
0. 65523901250-02
0412660721390 04
0,5235718523D 03
- 0. 85323229212 GO
-0 77717503900 Ol
-0, 11464958800 0L
0.19412923900-01
0.1236734552D0 32
0. 6275231820)-0t
-001416193130D 02
0,-3248811580D 0)
-0, 8361533800D> 02
0.,10971745230 01
0, 275971L77603-05
-002336365955) 00
-0.2571500553D 03
0. 23570962200 0%
0.43281571428) 05
0, 9070932505D I3
0o 1996765362D 01
-0.1236521258D-02

03
02
03

0, 6423285504D 02
0, 10003000203 12

.=10022395555205D 05

-0, 10939117740 056
-3,2317271113D 04
0, 22842793054D-01
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