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Abstract

Full scale HDR containment experiment series pointed out that the previous containment analysis
models have a number of shortcomings. One of them is on the calculational model of short term
(0~2sec) pressure difference. The pressure differences between subcompartments are dependent on
the flow rate, fluid density, head loss coefficient, and flow area ratio. It, however, is not known
that any of them is largely attributed to the disagreement of pressure difference between the
measured and the calculated values. In this study, the head loss coefficients are expressed with
another form to improve the analytic model. The pressure and the pressure difference are evaluated
by using COMPARE code with new correlation, and the results show better agreements with
experimental values for V. 42 test, but overestimate the measured values for V. 43 and underestimate
for V.44,
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be designed to withstand the consequences of

I. Introduction any postulated accidents including LOCA (loss-

of-coolant accident) to ensure that radioactivity

In nuclear power plant, the containment must does not leak to the environment. Hence pressure,
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temperature and loadings on equipments in the
containment should be known to evaluate the
consequences of postulated accidents. Homoge-
neous containment analysis model gave rise to
some problems such as local pressure buildup
due to complex geometry inside containment and
its large scale. So it requires the subcompartment
analysis in which the states of each subcompart-
ment are calculated. The previous models,
however, are based on the results obtained from
the experiments performed under simple geometry
and restricted conditional variables. In order to
solve these problems, Battelle-Frankfrut contain-
ment experiment which succeeded CVTR exp-
eriment was performed in Germany with large
scale to improve the previous analytic models in
1975. But the application of these data was
limited owing to its 1/10 scale of the actual
nuclear power plant. Hence full scale Heiss-
Dampf Reaktor (HDR) containment experiments
were performed for more practical understanding.
These tests revealed that several modeling defects
still remained. In previous model for calculation of
short term pressure difference, the flow resistance
was not assumed precisely due to the complex
geometry, droplets deposition and effective flow
density. The pressure differences between sub-
compartments are dependent on the flow rate,
fluid density, head loss coefficient, and flow area
ratio. It is not known that any of them is
dominantly attributed to the disagreement of
pressure difference between the experimental and
the calculated values. Up to date, we have
simplified the head loss coefficient, K, as some
constants depending on vent geometry, flow
velocity and area ratio. But it may not be
constant because the head loss coefficient has
relation to the flow rate and the pressure differ-
ence which are rapidly varying during acci-
dents transient. If head loss coeflicient is not
precisely defined, it may lead to the inaccurate

pressure difference in the subcompartment anal-

ysis. So in this study, key parameters to
influence the head loss coeflicient are examined.

II. Problem Descriptions

1.1 General Flow Descriptions

The flow geometry between subcompartments
is appropriately modeled in figure 1;
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Fig. 1. Simplified Flow Geometry

For the above flow geometry we can obtain
the following equation from momentum balance,

i dm,- _p _ 7hj2
Ai dt —Pl PZ'—K 2PjAj2 (l)
or,
dmy; Ky
B Ry v @
where,

I=L/A; (junction inertia) and
p;=effective flowing density.

In the derivation of equation (2), it is assumed
that the pressure gradient can act only through
available opening A;. The time dependent mo-
mentum balance equation (2) is influenced by
four parameters;

i) vent flow area (4)),

ii) effective path length (L),

iii) head loss coefficient (K),

iv) effective density (p;).

In other words, experimental pressure differ-
ences can be generated analytically not by a
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unique set but by a whole range of combina-
tions of the noted parameters. Thus these para-
meters can be specified within a physically

plausible range.
(1) Total head loss coefficient, K

As the head loss coefficient represents the
effective flow resistance between two points at
which pressures are measured or calculated,
it is considered as one of the most important
parameters. So far, in the subcompartment ana-
lysis, K has been evaluated by the flow resist-
ances of the flow opening itself. For example,
in short channels the friction is usually negligible
and the resistance is restricted to entrance and
exit losses. The maximum exit head losses have
been evaluated theoretically as I and the
entrance losses which depend on the entrance
shape and area ratio have the maximum values
of 0.5~0.6 according to Idel’chik. Therefore
K can have a maximum value of 1.6, But the
velocity of the flow opening calculated by such
model is usually lower than the real velocity.
Impact on the K within this narrow range on
4P values is small. Thus, openings would be
also interpreted as a sharp-edged orifices. Because
the fluid has to be accelerated to effectively
higher velocities through a “vena contracta”
produced by the momentum change imposed by
a sharp-edged orifices. This interpretation broa-
dens the range of justificable K values, 0~2.7.
But it is shown that this range is not able to
accomodate the resistances of the flow geometries
within the HDR containment. Generally the flow
between the subcompartments is regarded as
compressible flow in subcompartment analysis.
This is the case for the short term transients
with high quality fluid after break. If the fluid
is expansible, compressibility is important on the
down stream side of the flow openings because
it permits radial as well as longitudial expansion
to take place. And it can influence flow density

and vena contracta and can change the head

loss coefficient to about 20%. Therefore the
compressibility of the fluid is added to the
determination of flow coefficient through orifices

for the compressible flow.

(2) Effective path length for fluid acceleration,
L

Up to now, L has been evaluated according
to prescription developed for channel flow. But
it is not appropriate for the geometry as shown
in Figure 1. It is because only some portions
of the atmosphere which is in the vicinity of
flow junction must be accelerated in large
containment zones. Therefore, L is dependent
on the flow junction area, A, and not on the
total cross-sectional area of the control volume.

(3) Effective density of the flowing fluid, p

This parameter is important as much as head
loss coefficient because calculated P can be
influenced largely by the effective fluid density.
This is dependent on the two effects, the heat
transfer rate into structures (¢,;) and the effective
acceleration factor of the suspended liquid (&).
Heat transfer to structures produces water con-
densation. Since the condensed steam is mnot
accelerated to flow out of the break subcompar-
tment, condensation may increase the density of
a subcompartment atmosphere. So the density in
the momentum equation (2) should include only
that fraction of suspended water which is
accelerated to the same velocity as the steam.

IL. 2 Characteristics of V.42, V.43 and V.44
tests

The major differences between the three tests
are the liquid level within the pressure vessel
because these altered the blowdown energy and
duration. The level are 2.8m, 6m and 9. 2m for
V.42, V.43 and V., 44 tests, respectively. The
blowdon energy and mass can influence the
average density in subcompartments and alter
the pressure buildup. The second difference is
the flow geometry. In figure 2, a schematic of
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the flow junctions between subcompartments is
shown. Volume ] is a break compartment.
Junctions connecting break compartment with
adjacent compartments are classified into three
grades according to the complexity. Geometries
of junction 3 and junction 4 are complex. Other
junctions have relatively simple openings. V, 42
and V. 43 tests are performed with same geom-
etry, but for V, 44 test net area gain of Q. 74m?
is made from the area changes in the ceiling
and simple openings. It can alter the flow char-
acteristics (potential for momentum changes),
but may not influence much. Impingement plate
distances from the break nozzle are considered as
another factor. The distances are 1m, I1m and
1.5m for tests V,42, V.43 and V.44, respec-
tively. This plays an important role in determin-
ing the extent of break flow distribution, which
can change the acceleration of break compartment
atmosphere and the momentum of flowing steam-

water mixture.
HI. Modeling

1) Compartment Modeling

HDR facility consists of many subcompartm-
ents. The detailed descriptions of each subcom-
partment are listed in references 12-14. Subcom-
partments with similar physical conditions ecan
be lumped as a node for short computing time
within the allowable ranges. For this study, a
14 compartment model is used and schematic
representation is shown in Figure 2.

2) Vent Modeling

All vents can be considered to be in the one
of the following four categories;

i) convergent or divergent nozzle

ii) sharp-edged orifice

iii) short channel

iv) other miscellaneous vents

It is important to fit a given vent into one
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Fig. 2. Schematic of Compartments and Junc-
tions For HDR Compartment Model
of these categories and to select an appropriate
head loss coefficients. It is shown that the
measured pressure difference in the HDR expe-
riment describes the driving potential for most
of the fluid leaving the break compartment.
Thus, in this study all vents are considered as
sharp-edged orifices and the head loss coefficient

is expressed as one of the followings;

1
K= 3
(—0. 16—4l—,P-+0. 608)2
or
-7 a4-r»
K= @
(—o0. 16$+o. 608)2
or
K=2.7 01— a—7® (5)

where 7 is the area ratio between junctions.

Equation (5), which approximates the head

loss coefficient equation by Idel’chik, is used for
the comparison with equation (3) and (4).
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IV. Analysis

1) Calculational Procedures

A quasi-static method of analysis where the
properties are assumed constant at a given time
step is used to solve the equations in COMPARE
code. So that, the analysis is performed as
following procedures;

At a given time step,

i) Specified mass and energy through the

blowdown is addd to the break compartment.

ii) New thermodynamic conditions in the

subcompartments are calculated as follows;
a. Calculate the specific volume of vapor.
b. Determine whether the flow is twc-phase
or superheated by comparing the saturated
internal energy with the actual internal
energy.
Uir=C,M, (Ta1—491. 67) + M ttsa
¢. Calculate internal energy at T,
for two-phase,
U =M, C\(T,s
for superheated,
Ube=M,C,(T.s—491. 67) +M,u,

o

- 491- 67) +Msu5+Mu/uw

«10}
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d. Determine temperature by comparing U,
with actual internal energy
e, Calculate pressure from the determined
temperature.
for two-phase,

p= Mkl MRTL 11y £ p(ry)
for superheated,
_ MQR.T , MRT
P=—9"+—7,

where V. is the volume of the steam flow.
Here, step d and e are performed itera-
tively.

iif) Flow rates are calculated on the basis of

the existing pressure differential between

subcompartment':
L K w?
T AP 20

iv) Mass and energy are readjusted in each
subcompartment and new thermodynamic

conditions are detedmined.
2) Sensitivity for Time Step

In order to observe the variation of calculated
values for the short term subcompartment anlysis
of V. 42, V. 43 and V. 44 experiments accor-

i
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Fig. 3. Mass Flow Rate vs Time After Break
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Fig. 4. Enthaly vs Time After Break

ding to time step size, similar calculations are
performed repeatedly according to time step sizes;
0.01, 0.0075, 0.005, 0.0025, 0.001
the three tests, which are selected in consideration

sec for

in Figure 3 and
Figure 4. They show that the differences of
calculated values are insignificant. The param-

of blowdown rates shown

eters variations due to time step size are well
agreed within 0.2% on the basis of 0.005 sec
time step. Therefore the analysis will be carried
out with time step size of 0. 005 sec.
Y. Results and Discussion

In the subcompartment analysis, the largest
pressure and pressure gradient appear between
the break compartment to the adjacent compart-
ments. Hence the volumes related with junction
3,4 and 5 are mainly selected for the comparison
between calculated and measured values of in-
terests in consideration of the degree of geom-
etric complexity. The pressure difference and
the absolute pressure calculated by wusing the
suggested head loss coefficient expressions, equa-
tion (3) and (4), are illustrated in Figure 6 to

Figure 1. The calculated values are systematic-

®

and (5). These usually overestimate the measured

ally higher in the order of equations (3),

values for V. 42, V. 43 tests and underestimate
for test V. 44.
estimate calculations of pressure differences for
V. 42, V. 43 and V. 44 tests show tendencies

to underestimate the measured values. For ex-

Generally the pre-test best

ample, the pressure and pressure difference calcu-
lated by CONTEMPT-4 code with the head
loss coefficient of 1.6 and 10% liquid deposition
are compared with experimental values in Figure
5 along with the results of COMPARE code
with the same head loss coefficient of 1.6 and
no liquid deposition. Thus it may be considered
that head loss coefficient has been underestimated.
As shown the
blowdown rate and quality are similar to those
at about 1.4 sec for V. 42 and V. 43 tests.
The changes of effective density and flow rate
are regarded as very small but in V. 43
smaller than in V. 42. But pressure differences
for V. 43 test are clearly lower than for V.
42. Therefore it is concluded that the flow resis-

in Figure 3 and Figure 4,

is

tance is lower and the break flow distribution
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by the movement of the impingement plate
causes the difference. As shown in the figures,
more overestimation for V. 43 than for V. 42 is
attributed to the relatively diminished measured
values caused by further movement of imping-
ement plate from the break nozzle and lower

total blowdown energy. So it may be thought

0.44 0.65
L 1 1 1

'

189

the location and the geometry of pipe break
and the geometry in the immediate vicinity of
the break is important for the calculation of the
values of interest in the subcompartment analysis.
Unfortunately,it can not be explicitly represented
by the lumped parameter models. The calculated
results by using Equation (3) show generally

. COMPRRE

PRESSURE DIFFERENCE IN BAR
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Fig. 5. Calculated and Measured 4P Across Junction 3 For V. 44 Test
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Fig. 6. Calculated and Measured Pressures in Break Compartment For V. 42 Test
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better agreement with experiments through
Figure 6 to Figure 11 except Figure 11. As
shown in Figure 11, the difference between the
experimental and calculated values is larger for
junction 3, which has the most complex geo-
metry. On the other hand, values calculated by
using equation (4) are more closed to the

measured values, but it is not the case for the
&

1.46
2 1 H

1.17

0.58
1 1

2

PRESSURE DIFFERENCE IN BAR

other junctions. This is an explanation of the
necessity for introducing geometric factor into
equation (3) for very complex flow openings.
In practice, A and B are not constant in the
equation (3), expressed as the form of (A»fg—
+B)~%, but dependent on the geometric shape.
And another consideration is that the junctions

are nonconcentric orifice type. As the junctions

** Jegend:
1,2,3; refer to Fig 6
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Fig. 7. Calculated and Mesasured /P Across Junction 5 For V. 42 Test
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Fig. 8. Calculated and Measured Pressures in Break Compartment For V. 43 Test
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are considered as nonconcentric and flow diameter
increases, the head loss coefficient tends to

increase. For the above calculations, liquid
deposition in the subcompartment is not taken
into account, but physical observation and
experimental evidence suggest that liquid droplet
deposition does occur. This alters the averaged
density in a subcompartment and leads to lower

d

1.7 1.46
TR i

Nl

0.88
1

O.SIS

PRESSURE DIFFERENCE IN BAR

pressure difference than in the case of no liquid

deposition. Particularly, it is expected that
substantial liquid deposition will occur due to
flow resistance in passing through very complex
flow openings. Therefore, if droplet deposition
is considered in the calculation of HDR tests,
the overestimated values are expected to approach

the measured values for V.42 and V.43 tests.
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Fig. 9. Calculated and Measured 4P Across Junction 4 For V. 43 Test
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Fig. 10. Calculated and Measured Pressures in Break Compartment For V. 44 Test
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Fig. 11. Calculated and Measured 4P Across Junction 3 For V. 44 Test

But for V.44 test more underestimation is
expected. As illustrated in Figure 3 and Figure
4, the steam flows out up to about I1.3sec for
V.42 and V.43 tests when two-phase flow
starts, the influence of the liquid deposition
increases substantially and the effect of com-
pressibility in equation (3) will be smaller as
quality decreases. Thus equation (3) and (4)
also require the consideration for liquid de-
position model.

V1. Conclusion

As shown in the results, the pressure and
pressure differences calculated by wusing COM-
PARE code with revised model come to close to
the measured values for V., 42 tests, but over-
estimate the experimental values for V.43 and
underestimate for V. 44 tests. These trends may
lead that the suggested head loss coefficient
must be further modified for the very complex
vent and low quality conditions, for instance,
introducing proper shape factor and/or two-phase

multiplier. Since the pressure difference is closely
related to the head loss coefficient, flow rate,
effective flow density and flow area ratio, it
may be considered difficult to obtain satisfactory
results with the modification of head loss coeffi-
cient only. Among those parameters the effective
density turns out to have a large influence on
the calculation of pressure difference. Liquid
deposition, which U.S. NRC guideline does not
allow for the subcompartment analysis for the
conservatism, however, in reality reduces the
compartment density remarkably. Thus conside-
ration of suspended water transport is suggested
for more realistic and precise subcompartment

analysis.
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