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Abstract

The pressure suppression pool is the most important feature of the pressure suppression
system in a Boiling Water Reactor (BWR) that acts primarily as a passive heat sink during
a loss of coolant accident (LOCA) or when the reactor is isolated from the main heat sink.
The steam injection into the pool through the blowdown pipes can lead to short term dy-
namic phenomena and long term thermal transient in the pool. The development of ther-
mal stratification or mixing in the pool is a transient phenomenon that can influence the
pool’'s pressure suppression capacity. Different condensation regimes depending on the
pool’'s bulk temperature and steam flow rates determine the onset of thermal stratification
or erosion of stratified layers. Previously, we have proposed to model the effect of steam
injection on the mixing and stratification with the Effective Heat Source (EHS) and the
Effective Momentum Source (EMS) models. The EHS model is used to provide thermal
effect of steam injection on the pool, preserving heat and mass balance. The EMS model
is used to simulate momentum induced by steam injection in different flow regimes. The
EMS model is based on the combination of (i) synthetic jet theory, which predicts effective
momentum if amplitude and frequency of flow oscillations in the pipe are given, and (ii)
model proposed by Aya and Nariai for prediction of the amplitude and frequency of oscil-
lations at a given pool temperature and steam mass flux. The complete EHS/EMS models
only require the steam mass flux, initial pool bulk temperature, and design-specific pa-
rameters, to predict thermal stratification and mixing in a pressure suppression pool. In
this work we use EHS/EMS models implemented in containment thermal hydraulic code
GOTHIC. The PPOOLEX experiments (Lappeenranta University of Technology, Finland)
are utilized to (a) quantify errors due to GOTHIC's physical models and numerical
schemes, (b) propose necessary improvements in GOTHIC sub-grid scale modeling, and
(c) validate our proposed models. The data from PPOOLEX STR-06, STR-09 and STR-
10 tests are used for validation of the EHS and EMS models in this work. We found that
estimations of the amplitude and frequency based on available experimental data from
PPOOLEX experiments STR-06, STR-09, and STR-10 have too large uncertainties due
to poor space and time resolution of the temperature measurements in the blowdown
pipe. Nevertheless, the results demonstrated that simulations with variable effective mo-
mentum which is selected within the experimental uncertainty have provided reasonable
agreement with test data on transient temperature distribution in the pool. In order to
reduce uncertainty in both experimental data and EHS/EMS modeling, additional tests
and modifications to the experimental procedures and measurements system in the
PPOOLEX facility were proposed. Pre-test simulations were performed to aid in determin-
ing experimental conditions and procedures. Then, a new series of PPOOLEX experi-
mental tests were carried out. A validation of EHS/EMS models against MIX-01 test is
presented in this report. The results show that the clearing phase predicted with 3D dry-
well can match the experiment very well. The thermal stratification and mixing in MIX-01
is also well predicted in the simulation.
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Figure 47: 2D wetwell pre-test simulation with estimated momentum
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5.2 Post-test simulation against MIX tests

All 6 tests were performed in the PPOOLEX facility (please see [65] for more details).
A total of 17 thermocouples were installed in the blowdown pipe to measure the water
level change during the oscillation. The drywell wall is also equipped with insulated
material on the outside. Three tests were done according to the proposed group A tests.
The difference among them is the steam mass flow rate during mixing phase, which
can be seen from Figure 49, Figure 50, and Figure 51. The steam flow rate during the
clearing phase is about 200 g/s for the three cases and it takes about 500 s. The steam
mass flow rate during the thermal stratification phase is about 90 g/s and the time
period is a bit different between the three cases, in order to have same temperature
difference between the top and bottom layers.

The pool temperature profiles in MIX-01, MIX-02 and MI1X-03 are shown in Figure
52, Figure 53, and Figure 54 [65]. The temperature behavior is similar in all three
cases. In case 1 with smallest steam flow rate, the mixing time is around 300 s; while
it is about 200 s in case 3 with biggest steam flow rate. In case 2, the mixing time is
around 250 s.
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Figure 49: Steam injection conditions in MIX-01
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Figure 50: Steam injection conditions in MIX-02
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Figure 52: Pool temperature in MIX-01 (Mixing time scale:~300 s)
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Figure 53: Pool temperature in MIX-02 (Mixing time scale:~250 s)
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Figure 54: Pool temperature in MIX-03 (Mixing time scale:~200 s)

Figure 55 shows the condensation map in the MIX-01, MIX-02 and MIX-03. The
pool liquid bulk temperature is represented by the temperature of T2508, which is
located close to the blowdown pipe outlet. The first small part with liquid temperature
increasing is the clearing phase. After that, the steam mass flow rate decreases during
the thermal stratification phase. Then, the mixing phase starts and the temperature
increases from around 17 °C to around 35 °C. Although the map shows that the
mixing phase is located in the transition region between regimes 1 and 2, strong
oscillation is observed in this phase indicating a chugging behavior.
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Figure 55: Condensation regimes of MIX-A tests (MIX-01, MIX-02, MIX-03)

The other three cases were done according to proposed group B tests. Compared to
group A tests, the temperature difference between the top and bottom layers is larger
in group B. In MIX-04, MIX-05 and MIX-06, the temperature difference between the
top and bottom layers at the end of the thermal stratification is about 22 °C. After the
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stratification development, the steam mass flow rate is about 300 g/s for MI1X-04, 350
g/s for MIX-05, and about 400 g/s for MIX-06. In MIX-05 and MIX-06, the tests
were continued after complete mixing, and development of thermal stratification is
observed again. The steam injected conditions and the measured pool temperature are
shown in Figure 56-Figure 61.
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Figure 56: Steam injection conditions in MIX-04
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Figure 57: Steam injection conditions in MIX-05
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Figure 58: Steam injection conditions in MIX-06
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Figure 59: Pool temperature in M1X-04 (Mixing time scale:~450 s)
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Figure 60: Pool temperature in MIX-05 (Mixing time scale:~500 s)
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Figure 61: Pool temperature in MIX-06 (Mixing time scale:~300 s)
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Figure 62: Condensation regimes of MIX-B tests (M1X-04, MIX-05, M1X-06)

Figure 62 shows the condensation map of MIX-04, MIX-05 and MIX-06 tests.
In MIX-06, the pool temperature increases to about 30 °C during the thermal
stratification phase, while it is less than 20 °C in MIX-04 and MIX-05. Except MIX-
04, the other two tests go to the condensation region 5 (transition region) at the end of
the mixing phase.

The post-test simulation will be done with measured experimental data. The steam
pressure, temperature and the flow rates will be used as boundary conditions in the
simulation, and the pressure, temperature in the drywell and the wetwell will be used
as initial conditions and for comparison as well.
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5.2.1 Post-test simulation of MIX-01

5.2.1.1 Lumped simulation

The input deck for MIX-01 is the same as in the STR tests simulation, except for the
boundary conditions of steam and the initial conditions for the drywell and the
wetwell. Figure 63 shows the predicted pool liquid temperature compared to the
averaged measured pool temperature. The predicted temperature increases much
faster than that in the experiment, especially for the thermal stratification phase. The
slope of temperature increase for the mixing phase in the simulation is similar to that
in the experiment.

A similar behavior is found for the water level of the wetwell pool. As shown in
Figure 64, the predicted water level is much higher than that in the experiment. It
increases faster in the simulation, especially for thermal stratification phase.

It is then hypothesized that the steam flow rate for thermal stratification measured in
the experiment is not accurate. To test this, an analytical calculation is done to
estimate the water level increment with measured steam flow rate. It is assumed that
all steam mass goes to the water pool. The analytical result also shows higher water
level increase than the measured data. Thus it confirms the problem of measurement
of the steam flow rate. A possible reason is that the flow meter designed for high flow
rates has large measurement error when it is used to measure low flow rates.
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Figure 65: Comparison of steam mass flow measured in the experiment and
estimation based on measured pool averaged liquid temperature.

The steam mass flow rate through the blowdown pipe can also be estimated based on
the averaged measured pool temperature, if the heat loss through the wetwell wall is
ignored. Since the drywell wall is insulated for experiment, it can be considered that
the steam mass flow rate through the blowdown pipe equals that injected from the
steam line. The steam mass flow rate used for following simulation is shown in Figure
65. It can be seen from figure that only the flow rate for the thermal stratification
phase is estimated. The clearing phase and the mixing phase have the same flow rate
as measured value. It is because the steam flow rate for the clearing phase cannot be
estimated based on the pool temperature change; while for the mixing phase, the heat

70



Validation of Effective Momentum and Heat Flux Models for Stratification and Mixing in a Water Pool

loss through the wetwell wall is big due to large temperature difference between the
pool and the lab and cannot be ignored.

In order to eliminate the measurement error on the thermocouples, the pool average
liquid temperature is averaged each 100 time-steps data, to get the reasonable steam
flow rate. At about 1100 s, the estimated steam flow rate is negative since the pool
temperature decreases in that period for some unknown reason in the experiment.
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Figure 66: GOTIHC simulation with estimated steam flow vs. measured data. a) for
pool liquid temperature, b) for pool water level

A simulation with estimated steam mass flow rate is done and compared to the
measured experimental data. It should be pointed out that in the facility the flange
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connecting the blowdown pipe and the drywell is about 4 cm in height above the
drywell floor. This is considered in the simulation by increasing 4 cm for the top
elevation of flow path connecting the drywell and the blowdown pipe.

Figure 66 shows the comparison of simulation with estimated steam flow rate and the
measured data. The behavior of the liquid temperature and the water level in the
simulation can match the measured data well (see Figure 65), although there is slight
difference on the magnitude. One reason for over-prediction on the liquid temperature
is deficiency of the lumped model during the clearing phase.
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5.2.1.2 Simulation with 3D drywell

It is noted that the lumped simulation cannot predict the clearing phase well, since it is
assumed that in the lumped model the air and the injected steam are well mixed in the
drywell. A simulation with a 3D drywell while the rest is lumped is performed in
order to obtain more accurate boundary conditions for 2D wetwell simulation. As
described in the pre-test simulation, the volume for the drywell is subdivided into
10x%10x10, based on the input deck of lumped simulation.
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Figure 67: GOTIHC simulation with 3D drywell vs. measured data. a) for pool liquid
temperature, b) for pool water level
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Figure 67 gives the comparison of simulation and the experiment on the liquid
temperature and the water level in the pool. As shown in Figure 67a, the pool liquid
temperature is predicted well for the clearing phase and the thermal stratification
phase but there is still a bit of over-prediction in the mixing phase. The water level
predicted in the simulation can match the measured data in the clearing phase. It is
under-predicted in the stratification phase, as shown in Figure 67b. At about 1100 s,
the water level decreases since the steam mass flow decreases to 0 and small part of
water is sucked from the pool to the blowdown pipe. However, the water level
matches the measured data in the mixing phase well again.

5.2.1.3 Simulation with 2D wetwell

In the MIX tests, more thermocouples are installed inside the blowdown pipe to
monitor the water level change during the oscillation in the mixing phase. The
measurement frequency is much higher (20 Hz) than before. The temperature inside
the blowdown pipe is shown in Figure 68.

It can be seen that in the clearing phase (first 600 s in Figure 68 with TC01), small
oscillation occurs near the pipe outlet. In the thermal stratification phase, the
oscillation almost disappeared and the water level in the blowdown pipe is maintained
below the position of TCO1. In the mixing phase, the oscillation is strong due to
chugging in the blowdown pipe. Figure 69 shows the temperature change in the
blowdown pipe between 3201 s and 3211 s. The water level during the oscillation
sometimes can reach the location of TC15, which is about 0.999 m above the pipe
outlet. The frequency of oscillation can also be estimated based on this figure.

The temperature measured inside the blowdown pipe can be translated into water
level oscillation. The water level change in the blowdown pipe is shown in Figure 70.
In the mixing phase, most of the amplitude of oscillation is between 0.492 m and
0.553 m. Hence, the amplitude of oscillation is set as an average value between them,
which is 0.5225 m.

The momentum is then estimated based on the synthetic jet model. The value of the
velocity and the momentum is shown in Table 7.
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Figure 68: Temperature measured inside the blowdown pipe in MIX-01
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Table 7: Estimated frequency, amplitude and the momentum rate
Estimated Frequency and Amplitude from TC | Momentum rate
measurements in MI1X-01 estimated with
synthetic jet model

Time(s) Period | Frequency | Amplitude U M (kg-
(s) (Hz) L (m) (m/s) m/s?)
2700-3500 1.16 0.86 0.5225 0.635 14.525

The 3D drywell simulation includes calculation of the heat transfer between the
intermediate floor between the drywell and the wetwell, gas, steam and liquid mass
flow rate through the blowdown pipe. The heat source is calculated based on the
steam mass flow rate from the drywell to the blowdown pipe. All calculations are
used to set the boundary conditions in 2D wetwell simulation. The 2D modeling
schematic is the same as that for STR test, which is shown in Figure 25.

The clearing phase is not included in the simulation and only experimental part after
600 s is simulated. So the time 0 here corresponds to time 600 s in the actual data, and
the figures are adjusted to make better comparison. Figure 71 shows the comparison
of pool temperature in the post-test simulation and experiment. It can be seen that in
the first 500 s of the experiment, mixing is obtained in the pool, while this is not the
case in both post-test and pre-test simulations (Figure 47b). This is attributed to the
clearing phase which generated a strong circulation flow responsible for thermal
mixing.

At the end of the thermal stratification phase, the top layer temperature in the
simulation (1.969 m) is around 25 °C, while the measured temperature in the same
level (T2515) is about 28 °C. A possible reason is that the heat transfer through the
pipe surface is not uniform in the experiment. It can be seen from Figure 71b that the
temperature in the layers below 1.43 m increases less than 3 °C, but it is more than
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5 °C in the simulation. The heat rate could be higher in the part above 1.43 m than the
part below.

Complete mixing is predicted in the simulation and the time for mixing is about 200 s.
It is shorter than in M1X-01 which took 300 s to attain complete mixing. Part of the
reason is the under-prediction of temperature difference between the top and the
bottom layer at the end of the stratification phase.
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Figure 72: Comparison of predicted pool temperature in the post-test simulation with
measured data provided by LUT.

Figure 72a shows comparison of the temperature distribution between the experiment
and GOTHIC simulation at three different locations. We found in the simulation that
the temperature at 0.34 m during the mixing phase is higher than the rest. This is
caused by the downward momentum with heated water from the pipe outlet (see
Figure 73d). In the simulation the bottom of the tank is modeled with a flat plate in
order to simplify the calculation of the heat transfer between the lab and the bottom
wall with GOTHIC built-in model. But in this case the layer at 0.34 m is almost at the
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bottom of the tank. In the experiment, the bottom of the tank is at 0.07 m, and in this
layer we also observed a higher temperature (although fluctuating) than in the layers
above it (Figure 72a).

In Figure 72b, the temperature is plotted against height at t = 2000 s which shows that
the GOTHIC simulation captures reasonably well the temperature profile from the
experiment during the development of thermal stratification.

Figure 73 shows the predicted temperature and velocity profiles at different times.
The flow pattern during the thermal stratification phase at times t = 250 s and 1500 s
can be seen in Figure 73a and Figure 73b, respectively. The circulation is in the
clockwise direction with the magnitude of the maximum velocity at 0.07 m/s at
t = 1500 s. The flow pattern and temperature profile during the mixing phase at times
t = 2020 s and 2100 s can be seen in Figure 73c and Figure 73d, respectively. A high
momentum is directed downwards with the magnitude of the maximum velocity at
0.457 m/s at t = 2100 s and the circulation is in the counter-clockwise direction.

a)t=250s

C)t=2020s d)t=2100's

Figure 73: Temperature contour and velocity vector in the simulation at different time.

78



Validation of Effective Momentum and Heat Flux Models for Stratification and Mixing in a Water Pool

6 SUMMARY AND OUTLOOK

The presented work contributes to the development of expertise at KTH in the field of
modeling of containment thermal-hydraulics under the support of the NORTHNET
Roadmap 3 and NKS.

Main results of the present work can be summarized as follows:

(i)

(i)

(iii)

(iv)

The reliable and computationally affordable prediction of thermal
stratification development and mixing time scales in case of steam
injection into a large subcooled pool is a challenging problem for
contemporary simulation methods. Major problems are due to long time of
the plant transients, complex geometry, complex physics of mixed
(forced/natural) turbulent convection at high Rayleigh numbers, and
potential instabilities in direct contact condensation of steam in different
flow regimes.

In this work the Effective Heat Source (EHS) model and the Effective
Momentum Source (EMS) model are developed for the prediction of
thermal stratification and mixing dynamics in the pool. The EHS model is
used to provide thermal effect of steam injection on the pool, preserving
heat and mass balance. The EMS model is used to estimate momentum
induced by steam injection in different flow regimes. The EMS model is
based on the combination of (a) synthetic jet theory, which predicts
effective momentum if amplitude and frequency of flow oscillations in the
pipe are provided, and (b) model proposed by Aya and Nariai for
prediction of the amplitude and frequency of oscillations at given pool
temperature and steam mass flux. The ultimate goal of EMS model is to
calculate the effective momentum based on steam mass flux, pool
temperature, and design-specific parameters. EMS model implemented in
the containment thermal-hydraulic code GOTHIC enables prediction of
transient pool behavior and mixing time scales.

The data from PPOOLEX STR-06, STR-09, and STR-10 tests carried out
at Lappeenranta University of Technology (LUT) were used for validation
of the EHS and EMS models. Unfortunately, we found that estimations of
the amplitude and frequency based on available experimental data from
PPOOLEX experiments STR-06, STR-09, and STR-10 have too large
uncertainties due to poor space (~1 m) and time (~1 s for early tests and
~0.1s for late tests) resolution of the temperature measurements in the
blowdown pipe. Nevertheless, the results demonstrated that simulations
with variable effective momentum which is selected within the
experimental uncertainty have provided reasonable agreement with test
data on transient temperature distribution in the pool. For further
improvement of the Aya and Nariai model, more accurate experimental
data on the dynamics of the free surface would be necessary.

New set of experiments with high measurement frequency and more
thermocouples to be installed in the blowdown pipe were proposed, in
order to reduce the uncertainties for both experimental results and
analytical model for the prediction of oscillation. The pre-test simulation
with 3D drywell shows the temperature increase and time period needed
for the clearing phase.
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(v) The 6 MIX tests which were carried out at LUT in PPOOLEX facility are
used for validation of the EHS/EMS models. It is observed that the
measured steam mass flow rate in the MIX-01 experiment could have had
a significant uncertainty. Instead of the measured values, steam mass flow
rate is estimated based on measured pool temperature. The post-test
simulation with estimated steam flow rate can match both the pool average
liquid temperature and the pool water level better than the experimentally
measured values.

(vi) A 2D wetwell simulation against MIX-01 without the clearing phase is
performed and compared to the measured temperature profile of the pool.
The simulation can predict the overall temperature behavior in the pool.
The results show that the clearing phase has an effect on the first few
several hundred seconds of the thermal stratification phase. The
temperature difference between the top and the bottom layer is under-
predicted in the simulation. A possible reason is that heat rate distribution
used in the simulation is uniform, while it is not the case in the experiment.
In turn it causes the shorter mixing time in the simulation compared to the
experiment.
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