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Executive Summary

This document is a supplement to the previously published user s manual of
the CONTEMPT4/MOD4 computer code (NUREG/CR-3716). It describes the additional
modifications made to the MOD4 version of the code since its publication in
March 1984,

In order to improve its capability in the analysis of intermediate and
long-term transient problems, BNL has incorporated into the CONTEMPT4 computer
code an implicit routine for junction flow calculations. The implicit routine
provided in MOD4 works for all types of containment systems except for ice con-
denser containment systems. This restriction is removed in the most recent ver-
sion of the code, MOD5, by taking into consideration the special characteristics
of an ice condenser compartment.

This report describes the analytical model of the implicit routine and the
additional modifications required for MOD4 to upgrade its implicit routine for
ice condenser analysis. It also presents the analysis of a typical ice condens-
er containment problem, both with and without the use of the implicit routine,
to denonstrate the effectiveness of the implicit routine in the analysis of such
problems.

The problem analyzed is a four-compartment, three-junction ice containment

system with both vapor and liquid blowdowns. Results of this analysis show that
the explicit time advancement algorithm originally in the CONTEMPT4 code will
cause numerically induced flow oscillations and artificial mixing of gases be-
tween compartments., The mixing of gases between a compartment at a high temper-
a*re level (the blowdown compartment) with one at low temperature (the ice
compartment) will result in a lower predicted temperature in the blowdown com-
pariment, The artificial mixing also causes more steam to be transferred into
the ice compartment and condensed there and therefore results in an excessively
rapid pressure drop in all compartments. The results by the explicit algorithm
are unacceptable for the sample problem analyzed here even with the use of very
smali integration time step (e.g., 0.001 seconds). On the other hand, the use
of the implicit routine eliminates numerically induced flow oscillations com-
pletely and yields good results with the use of a time step size several orders
of magnitude larger.

The incorporation of the additional modification to the MOD4 code will not
affect the user's preparation of the input data as that described in the MOD4
manual. The CONTEMPT4/MOD4 user's manual will therefore remain valid for all
other program applications.
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1. Introduction

Appendix G of the CONTEMPT4/MOD4 user's manual (NUREG/CR-3716) has dis-
cussed the need of an implicit algorithm for junction flow calculation to sup-
plement the normal explicit time advancement algorithm which sometimes causes
unacceptable numerical oscillation and artificial flow mixing across a junc-
tion. Such an implicit algorithm has been incorporated into the CONTEMPT4/MOD4
computer code for standard junctions, as well as for BWR vapor suppression vent
junctions. However, its applicability to junctions involving an ice compartment
is restricted because of certain special characteristics of an ice compartment.

This report discusses the additional modifications made by BNL to extend
the applicability of the existing implicit routine to the ice condenser contain-
ment system. The report also presents analyses of a typical ice containment
problem, both with and without the use of the implicit algorithm, to demonstrate
the effectiveness of the implicit algorithm in the analysis of such problems.

2. Analytical Models

The analyticai model of the implicit routine for Junctions involving an ice
compartment is similar to that for standard compartments which has already been
incorporated into the CONTEMPT4/MOD4 computer code as discussed in the MOD4
user's manual.! The only difference between them is that all the energy trans-
ferred into a standard compartment contributes to its pressure increase, while
only the energy associated with the noncondensible gases transferred into an ice
compartment contributes significantly to the pressure increase in the ice com-
partment. This is because mcs* of the water vapor which enters in an ice com-
partment will immediately be condensed. Thus, for the ice compartment, the rate
of change of pressure with energy influx, which governs the implicit algorithm,
needs to be modified accordingly.

2.1 The Analytical Model for Standard Compartments

The implicit routine in the CONTEMPT4/MOD4 computer program is based on the
algorithm presented in References 2 and 3. It is used to predict junction flows
whenever the use of the explicit time advancement algorithm will result in
physically unrealistic pressure reversal, and consequently numerically induced
flow oscillation conditions. The implicit routine uses a finite difference form
of a first order Taylor expansion of compartment pressure in terms of its
energy-pressure derivative:

n+l _ o oon O [dp n+l (1)
Py P *}, (ds)i oy

oin



= pressure in compartment 1 at the end of the time step
pressure in compartment i at the beginning of the time step
pressure derivative with respect to energy for the mixture
partment i, evaluated at the beginning of the time
enerqgy flow across junction K during the time step
. summation over all junctions that are connected to compartment i
As pressures in adjoining compartments approach each other, which is likely
to occur during an intermediate or long term transient analysis, numerically in-
duced flow reversal will occur, irrespective of the time step used 1n the analy-

sis. It is therefore more realistic tn assume pressure equilibrium between com-
partments at the end of the time step:

pressure in the left-hand side compartment of jurction j at the end of
the time step
pressure in the right-hand side compartment of junction j at the end

of the time step

Substitution of Eq. (1) into Eq. (2) feor all junctions will yield a system

141

of simultaneous equations which can be solved for energy flows, ~t:' , aCross

a

all junctions,

n

n . -
where ap . Pip 18 the pressure differential at the beginning of the time

‘1 ]
v dy.” : :
step. The nk' ¢ are function of ((ﬂ' j whose functional forms depend on the

compartment - junction arrangement of & particular problem.




The above procedure will yield dependent equations in the system of simul-
taneous equations if there are multiple junctions connecting the same two com-
partments. In this case, the following relations for the parallel junctions are
used to replace the dependent equations in Eg. (3).

AE AEn (4)
Rm Rn TR

where m and n are parallel junctions and Rm and Rn are the path resistance coef-
ficients for junctions m and n, respectively. The junction path resistance de-
pends on pressure difference along the path, the flow area, and the junction
loss coefficient.

Once the energy flows are obtained from solution of Equation (3), the mass
flows cin be obtained by the following relations:

AmJ = ch/(chTD) (5)

where

Am = mass flow across junction j

J
AEj = energy flow across junction j
CpD = specific heat at constant pressure for the noncondensible gas and

steam mixture in the donor compartment
TD = absolute temperature for the noncondensible gas and steam mixture in

the donor compartment

An analytical form of the pressure-energy derivative can be defined if one

?ssumes that the gas mixture in the compartment atmosphere obeys the ideal gas
aw,
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gas constant for the nuncondensible gas and steam mixture in the com-

partment vapor region

specific heat at constant volume for the noncondensible gas and steam

mixture in the compartment vapor region

volume of the compartment vapor region

In Eq. (6) it is also assumed that both R and Cv are independent of the en-
flow because of the small flow associated with this approach.

2.2 The Analytical Model for Ice Compartments

The ice condenser in a PWR ice condenser plant is a completely enclosed,
refrigerated annular compartment formed between the crane wall and the contain-
ment shell., The CONTEMPT4/MOD4 ice condenser model is based on a user input
table which specifies the performance of the ice chest and assumes that thermo-
dynamic equilibrium is estabiished instantaneously within the ice compartment.
The steam transferred into an ice compartment is therefore condensed instanta-
neously, with only noncondensible gases contributing significantly to its pres-
sure variation. The derivative of compartment pressure with respect to junction
energy flow is therefore different for an ice compartment than that for a stan-
dard compartment., The derivative for an ice compartment is

gas constant for the mixture of noncondensible gases in the ice
partment
absolute temperature of the gas mixture in the ice compartment
volume of the ice compartment vapor region

= mass of noncondensible gases in the donor compartment vapor region
total mass of the gas mixture in the donor compartment vapor region

= specific heat at constant pressure for the gas mixture in the donor
compartment vapor region
absolute temperature for the gas mixture in the donor compartment va-

por region.




It is noted that the pressure-energy derivative in an ice compartment de-
pends on the flow direction which is not known prior to the solution of the si-
multaneous equations. Although normally the flow is from a compartment at high-
er pressure to that at lower pressure, it may not be the case for a multicom-
partment-multijunction containment system. Iteration riy therefore be needed if
the assumed flow direction is not consistent with the final solution.

3. Program Implementation

The CONTEMPTY computer program uses primarily an explicit time advancement
algorithm for problem solution. The flow across a junction is calculated
explicitly by either an orifice or a nozzle model according to user's selec-
tion. This remains the first approximation even with use of the implicit rou-
tine. The implicit routine is actually used to predict junction flow only if
the flow predicted by the explicit algorithm will result in a pressure reversal
condition at the end of the time step.

In CONTEMPT4/MOD4, the flow across a junction during a time step is first
calculated by the nozzie or the orifice model. The pressure drop across the
junction resuiting from this explicitly predicted junction flow is then esti-
mated by the pressure-energy derivative given in Equations (6) and ‘7).

BPgst =  Mayp CopTp At [(gg)n + (gg)n] (8)

where

Apest = estimated pressure drop across the junction due to the predicted Junc-
tion flow for this time step

A = pressure multiplier whose theoretical value is unity

&exp = mass flow rate across the junction by orifice or nozzle mocel

CpD = specific heat at constant pressure for the gas mixture in the donor

compartment
TD = absolute temperature in the donor compartment
At = integration time step

pressure-energy derivative for the gas mixture in the donor compart-

—

(=8

=
"

ment

d
(EE)R = pressure-energy derivative for the gas mixture in the receiving com-

partment




If the predicted pressure drop is greater than the pressure differential at
the beginning of the time step, it indicates that the use of the explicit method
will cause a pressure reversal condition at the end of the time step and the im-
plicit routine is therefore needed for this particular junction.

The estimated pressure drop obtained from Eq. (8) is only an approximate
indicator because it is derived from a simple two-compartment case. In order
assure the elimination of numericaliy induced flow oscillations, a pressure mul-
tipiier greater than one is used in Eq. (8) to provide a conservative estimate
of the pressure drop by the explicit algorithm. This may cause the use of the
implicit routine to predict the flows for sume junctions where the use of the
explicit algorithm provides acceptable and probably more accurate results. The
effect of this overprediction is not a concern, however, because the pressure
differentials between compartments are small to begin with,

The value of the pressure multiplier employed in the computer code 1s a
function of the pressure differential across the junction at the beginning o
the time step. It is 69 at 0.015 psi, 1.5 at 0.5 psi, 1.5 at 1.0 psi and 1.1 at
10 psi and greater. Linear interpolation is used for pressure differentials be-
tween the above values and implicit routine is always used for pressure differ-
entials less than 0.015 psi. Large values are used for small initial pressure

1
differentials to assure the avoidance of numerically induced flow oscillations

for multicompartment-multijunction containment systems where tq. (8) may be a
poor approximation. The code will identify all such junctions and the associ-
ated compartments as discussed above and construct from them the simultaneou

1

2
>
equations, Eq. (3), to be solved for junction flows that will result in pressure
b )
,

equilibrium among all involved compartments.

The use of the ideal gas law in the problem solution, Fquations (6) and
(7), may cause a slight over- or underprediction of the flow across the junc
tions To avoid overprediction, which is the origin of numerically induced
osciliacLions, the mass and energy flow rates obtained by Eq. {3) may be slight
reduced by use of a flow reduction factor. The effect of this underprediction
on the accuracy of solutions will be negligible for the same reason as discussed
above.

The flow reduction factor used in the computer code is also a function of
the initial pressure differential across the junction, with greater flow reduc-
tion for smaller pressure differential. Its values are 10 for pressures of
0.0015 psi and less, 5 for 0.01 psi, 1.5 for 0.1 psi, 1.l for 0.5 psi, and 1.05
for 1 psi and greater. Linear interpolation is used for pressure differentials
hetween these values. Large reduction factors are used for small pressure dif-
ferentials because clearly defined flow directions are lacking for multicompart-
ment -multijunction containment systems with small pressure differentials.

Sample Problem Ana[yiLz

A typical ice containment problem was analyzed to demonstrate the effec-
tiveness cf the implicit routine that is incorporated into the CONTEMPT4 code.
Figure 1 presents the mathematical model of the problem and Figures 2 through 5
show the mass and enerqy discharge rates for both the vapor and the liquid blow-
downs. The problem is analyzed by CONTEMPT4 code both with arnd without the use
of the implicit algorithm cotion,




A total of five cases were analyzed. The difference between the cases was
n the selection of the implicit algorithm and the time step size. Table 1 de-
scribes the five cases in terms of these differences. Table 2 is the input
listing for Case 2. Input listings for other cases are similar except for the
values of the parameters controlling the use of implicit routine in Card 100 and
the time step sizes in Card 9001.

4.1 Case 1 - Explicit Algorithm, 0.01 Seconds Integration Time Step

Figures 6 through 14 present the results for Case 1, where the explicit
method and a 0.01 second time step size were used. Figure 7 shows the pressure
variation in all four compartments and Figure 8 to Figure 11 show the pressure
variations in individual compartments. It is observed from these figures that
the pressure differential between the lower compartment, where blowdowns origi-
nate, and the ice compartment changes sign from time step to time step after
about 15 seconds. This results in a severe numerically induced flow oscillation
and mixing between these two compartments as revealed by the mass flow rate be-
tween them exhibited in Figure 13. Numerically induced oscillation and mixing
also occur for the other two junctions as shown in Figure 12 and Figure 14, The
consequence of this numerically induced mixing 1s a spurious reduction in tem-
perature in the lower compartment and near thermal equilibrium between the lower
compartment and the dead-end compartment and between the upper compartment and
the 1ce compartment.

4.2 Case 2 - Implicit Algorithm, 0.01 Seconds Integration Time Step

Figures 15 through 19 present results for Case 2 which utilizes the implic-
it routine but the same time step size as in Case 1. Use of the implicit rou-
tine suppresses the flow oscillation as shown in Figures 17 through 19. The
temperature in the lower compartment is therefore much higher than that obtained
in the previous case and is the highest among all compartments, foliowed by that
in compartments 2, 3 and 4. The temperature in Compartment 1 starls to rise
more rapidly at about 25 seconds because superheated steam is being discharged
into the compartment at that time: the enthalpy of the blowdown steam 1s 1159
Btu/lb before 25 seconds and 1297 Btu/1b after 25 seconds.

At the onset of the blowdown, pressure in the lower compartment starts to
rise. This drives the steam and air mixture in this compartment to neighboring
compartments and causes the pressure and the temperature in the other compart-
ments to increase. However, because of the large enerqy removal capability of
the ice compartment, this trend is reversed at about 3 seconds and pressures 1in
all compartments begin to drop. Although blowdown continues at this time, the
energy sink provided by the ice condenser exceeds the energy input from the
blowdown. The flow direction is therefore reversed for all junctions (although
of very small magnitude) except for the junction between the lower compartment
and the ice compartment, The temperatures in the dead-end compartment and the
ipper compartment therefore remain about constant while the temperature in the
lower compartment continues to rise (due to the introduction of higher enthalpy
steam by vapor blowdown). The temperature in the lower anmpnrtmpn{ reaches a ‘
maximum value of 460°F at 61 seconds and starts to drop more rapidly at about 85
seconds due to a reduction in the enthalpy of the b.owdown steam (from 1259
Btu/1b at 84 seconds to 1159 Btu/lb at 100 seconds).




Because of the large cross-sectional flow areas between compartments, the
pressure differences between compartments after about 30 seconds are expected to
be smaller than that exhibited in Figure 16. This pressure difference of about
0.1 psi is caused by the use of flow reduction factor: in the implicit routine.
They are employed to intentionally underpredict the flow rate in order to assure
the avoidance of flow oscillation.

After about 10 seconds, all compartment pressures (Figure 16) are greater
than the corresponding ones obtained by the explicit algorithm (Figure 7). The
lower pressures are the results of excessive steam flow, caused by the numeri-
cally induced flow oscillation, into the ice compartment where it condenses.

It is emphasized that the implicit method should be used only when pressure
differentials across junctions are so small that clearly defined flow directions
are lacking or that the flow direction is changed after a time step due to the
combined effect of a small pressure differential and a large time step size. If
the pressure differential is large due to other sources such as steam blowdowns,
a small time step, consistent with the time scale associated with the blowdowns,
should be used. Such consideration in the determination of time step size
should eliminate any concern about the effect of the implicit routine on the ac-
curacy of the problem solution.

4.3 Case 3 - Explicit Algorithm, 0.002 Seconds Integration Time Step

Figures 20 through 24 present results for Case 3 which uses a smaller time
step size (0.002 seconds) and the explicit algorithm. Flow oscillations across
junctions are smaller than in Case 1 because of the use of the smaller time step
but they do exist as shown in Figures 22 through 24, They result in severe nu-
merically induced thermal mixing between compartments as revealed by the com-
partment temperature variations given in Figure 20. Pressures in all compart -
ments are lower than those obtained in Case 2 because of excessive steam
condensation in the ice compartment caused by numerically induced flow oscilla-

tion.

4.4 Case 4 - Implicit Algorithm, 0.1 Seconds Integration Time Step

Figures 25 through 29 present results for Case 4 which is the same as Case
2 except that a larger time step (0.1 seconds versus 0,01 seconds) is used for
this case after 25 seconds. Results of this case show very good agreement with
that of Case 2. The very minor difference in the predicted pressure profiles
between Figures 16 and 26 is attributed to the use of flow reduction factors for
the elimination of numerically induced flow oscillations,

4.5 Case 5 - Explicit Algorithm and 0.001 Seconds Integration Time Step

Figure 30 through 34 present results for Case 5 which is similar to Case 3
except for the use of an even smaller integration time step (0.001 seconds).
The pressure and temperature predictions are slightly improved over that of Case
3 but still show a significant effect of numerically induced flow oscillation.

4.6 Case Results Summary

Flow oscillations across junctions are observed in the calculational re-
sults for the sample problem analyzed in this report using explicit algorithm

-8-




These flow oscillations are numerically induced in nature because there is no
physical mechanism in the sample problem that will cause such oscillations,

The use of the implicit routine eliminates flow oscillations completely.
The maximum temperature obtained by the implicit method in the blowdown compart-
ment (460°F at 61 seconds) is closely related to the temperature of the blowdown
steam, which has a maximum value of about 520°F at 25 seconds, decreases to
460°F at 61 seconds and further decreases after 61 seconds. This is what would
be expected since no energy removal mechanism, such as heat structures, was con-
sidered in the blowdown compartment.

Table 3 presents the maximum pressure and temperature in the four compart-
ments for all five cases. It shows that the numerically induced mixing from the
use of a time step of 0.01 seconds and the explicit routine grossly underpredict
the maximum temperature in the blowdown compartment (Case 1). The pressure and
temperature profiles (Figures 6 and 7) are also quite different from the more
correct results (Figures 15 and 16). The use of a smaller time step (from 0.01
seconds to 0,001 seconds) improves the results, but the error introduced by the
numerically induced flow oscillation is still unacceptable (Figures 20, 21, 30
and 31). On the other hand, with the implicit algorithm, good results are ob-
tained, even with the use of a larger time step (0.1 seconds, Figures 25 and
26).

5. Discussions and Conclusicns

The analysis of a typical ice containment problem shows that the explicit
time advancement algorithm of the CONTEMPT4 code produces undesirable numeri-
cally induced flow oscillations across junctions which diminish, but cannot be
eliminated, with reduced integration time steps. Results obtained from the ex-
plicit algorithm with a reasonably small integration time step of 0.001 seconds
are unacceptable for the sampie problem studied in this report. This is because
the numerically induced flow oscillation and artificial mixing are particularly
undesirable for the analysis of an ice containment problem where large differ-
ences in gas composition and thermal conditions exist in different compartments
and instantaneous steam condensing capability is assumed in the ice compart-
ment. Calculational results can be improved »ith reduced integration time step
sizes, but the convergence seems to be slow. Computer cost will therefore be
prohibitive if accurate results are to be obtained for an intermediate or long
term transient analysis.

Through the analysis of the sample problem, it has also been demonstrated
that the implicit routine incorporated in the CONTEMPT4 computer code by BNL
elimirates numerically induced oscillations completely. It produces accurate
results even with the use of a much larger integration time step (0.1 seconds)
:nd th:rcfore makes the analysis of the long term ice containment problem more

easible,
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Table

2. Input Listina for Case 2

ICE CONDENSER FROBLEM -~ CASE 2

SEC 0.0 100.0 O BRT 500000
0 0 0.0
SEC
10.00 0.01 0.0 20 1 0 1
50.00 0.01 0.0 S50 1 0 S
100.0 0.01 0.0 250 S 0 25 0
200.0 0.01 0.0 200 4 0 100 0©
500.0 0.01 0.0 50 O 0 20 0
1000.0 0.01 0.0 500 0 0 20 0
5000.0 0.01 0.0 500 0O 0 20 0
1.0E4 200.0 0.0 S0 0 0 20 0
S5.0E4 1.0E3 0.0 S50 o 0 20 0
1.0ES 2.0E3 0.0 S50 0 0 20 0
S.0ES 1.0E4 0.0 50 0 0 20 0
1.0E6 2.0E4 0.0 50 0O 0 20 0
MINOR EDIT
FRT 1 PRT 2 PRT 3 PRT 4 TG 1 T62 T63 TG 4
COMFARTMENT DESCRIFTIONS
FT3 FT3 DEGF LBF/IN2 FT2 FT SEC-1

‘LOWER COMFARTMENT”

‘DEAD END VOLUME’

‘UFFER COMFARTHMENT

“ICE COMFARTMENT NO. 4°
ALL ICE CONDENSER SFECIFICATIONS ARE IDENTICAL
EXCEFT COMPARTMENT VOLUME

DRY 289014.0 0.0 100.0 100.0
STD 94000.0 0.0 100.0 100.0
STDh 698000.0 0.0 85.0 85.0

ICE 111241,0 0.0 33.0 33.0 15.0

JUNCTION DESCRIPTIONS

FT
1 2
1 4
4 3

0
0
0

F12
4.20 4.20
1.16 1,16
1.16 1.16

b
. =

SC O

-

o 0O

15.0 0.1 8700.0
15.0 0.1 4100.0
15.0 0.1 1.5E4
1.0

1063.5

1

0
1.
1.

1

0
0O

1

v

0O 0, 0,25 1.0
1.0 0. 0,25
1.0 0. 0,25

1.0 0.0 0.25

000001
000002
000003
000004
000005
000006
000007
000008
000009
000010
000011
000012
000013
000014
000015
000016
000017
000018
000019
000020
000021
000022
000023
000024
000025
000026
000027
000028
000029
000030
000031

000032
000033
000034

000035
000034

000037
000038

000039

000040

000041



¥ 000042
¥ DRAIN DESCRIFTION 000043
X 000044
4000 LB BTU FT2 F7T QGO0N45
5041 3 1 2 0.0 0.0 1063.5 1063.5 120, 120, 120, 0.0000446 -1.0 0000446
031 3 1 2 0.0 0.0 2003.1 2003.1 30. 30. 30. 0.0000446 -1.0 Q00047
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Table 3. Case Results Summary

Maximum Pressure (psi) Maximum Temperature (°F)

Compartment No. 1

24.10 ] & ¢ I 212.6

23.4 . 3 186.5

23.7 ] 244.7
186.5

265 .6
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