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The Effective Heat Source (EHS) and Effective Momentum Source (EMS) models have been proposed to predict the development
of thermal stratification and mixing during a steam injection into a large pool of water. These effective models are implemented
in GOTHIC software and validated against the POOLEX STB-20 and STB-21 tests and the PPOOLEX MIX-01 test. First, the EHS
model is validated against STB-20 test which shows the development of thermal stratification. Different numerical schemes and grid
resolutions have been tested. A 48×114 grid with second order scheme is sufficient to capture the vertical temperature distribution
in the pool. Next, the EHS and EMSmodels are validated against STB-21 test. Effective momentum is estimated based on the water
level oscillations in the blowdown pipe. An effective momentum selected within the experimental measurement uncertainty can
reproduce the mixing details. Finally, the EHS-EMS models are validated against MIX-01 test which has improved space and time
resolution of temperature measurements inside the blowdown pipe. Excellent agreement in averaged pool temperature and water
level in the pool between the experiment and simulation has been achieved. The development of thermal stratification in the pool
is also well captured in the simulation as well as the thermal behavior of the pool during the mixing phase.

1. Introduction

Apressure suppression pool (PSP) is an important element of
a passive safety system in BWRs. It serves primarily as a heat
sink during a loss of coolant accident (LOCA) or when the
reactor is isolated from the main heat sink. The pool surface
temperature defines the saturation steam pressure in the
containment. Steam condensation creates a source of heat in
the pool. In case of low mass flow rate of steam, weak mixing
in the pool can lead to development of thermal stratification.
A significant increase in temperature of the pool’s top layer
can result in the reduction of the pool’s pressure suppression
capacity which can consequently aid in the increase of
containment pressure [1].Thus a reliable prediction ofmixing
and stratification phenomena is necessary for safety analysis
of pressure suppression pool operations.

Steam injection into a large pool of subcooled water is
a source of heat and momentum. The competition between

these sources defines whether the pool is thermally mixed
or stratified. Previous studies relevant to modeling and
simulation of suppression pool stratification and mixing
phenomena can be summarized as follows.

(i) There are numerous experimental studies on stratifi-
cation and mixing in a pool [2–5], but few are done
in large scale tests with steam injection [6–8]. The
experimental tests with steam injection have been
carried out mostly with small diameter pipes mainly
to clarify steam condensation regimes. In addition,
not all experimental data is readily available formodel
development and code validation.

(ii) The use of system thermal-hydraulic 1D codes is
generally unsuccessful in prediction of stratification
development unless calibrated models and closures
are implemented. Lumped-parameter and 1D models
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Figure 1: Schematic of Effective Heat Source (EHS) and Effective
Momentum Source (EMS) models.

based on scaling approaches were developed and suc-
cessfully used for modeling of thermal stratification
development [1, 9–11]. Unfortunately, applicability of
these methods is limited to stably stratified or well-
mixed conditions. The time scale of erosion of a
stratified layer leading to full mixing has not been
addressed with these models.

(iii) Thedirect application of fine resolutionCFDmethods
(e.g., RANS, LES, and DNS) in modeling 3D high-
Rayleigh-number natural convection flows in a large
pool, and,most importantly, direct contact condensa-
tion on the steam-water interface is not practical due
to large uncertainty and excessive computing power.

In [12, 13], two effectivemodels, namely, EffectiveHeat Source
(EHS) and Effective Momentum Source (EMS) models, have
been proposed and discussed in detail. These models can
be utilized to predict thermal stratification or mixing during
steam injection into a large pool of water.

The EHSmodel provides thermal effect of steam injection
in a form of a distributed heat source. Its purpose is to
conserve mass and thermal energy of injected steam. In
Figure 1 schematic of the EHS model is shown. It is assumed
that only hot saturated water flows out of the blowdown pipe;
that is, all steam is condensed inside the blowdown pipe. Such
approach correctly preserves the mass balance in the system
even if some fraction of injected steam is condensed outside
the pipe outlet.

The EMS model (Figure 1) provides time averaged
momentum source induced by steam injection.Thismomen-
tum creates large scale circulation in the pool which can lead
to erosion of thermally stratified layer and mixing of the
pool. Different regimes of steam condensation in the pool [15]

result in different dynamics of the free surface oscillations. It
was proposed [12, 13] to use “synthetic jet”model [16] in order
to predict effective momentum generated by the oscillations
of steam-water interface. Specifically, for a single harmonic
oscillation, the velocity scale based on the momentum flux
[17] is given as

𝑈
0
= √2𝑓𝐿, (1)

where 𝑓 is the frequency of oscillation and 𝐿 is the amplitude
of oscillation. The momentum rate is then given as

𝑀 =
𝜋𝜌𝑈
2

0
𝑑
2

4
, (2)

where 𝜌 is the liquid density and 𝑑 is the diameter of
blowdown pipe.

In the current paper, the EHS/EMS models are imple-
mented and validated against POOLEX/PPOOLEX exper-
iments [7, 8]. Two tests, STB-20 and STB-21, from the
POOLEX series and one test, MIX-01, from the improved
PPOOLEX series are used in this study. In the succeeding sec-
tion, details of the implementation of EHS/EMS in GOTHIC
are provided. Next, some details of the POOLEX/PPOOLEX
facility are presented.Then it is followed by discussions of the
validation of EHS/EMS against POOLEX/PPOOLEX exper-
imental tests. First, validation of EHS against the POOLEX
STB-20 test with development of stratification is provided
and then validation of EHS/EMS against the POOLEX STB-
21 test with mixing of stratified layer is discussed. Lastly,
validation of EHS/EMS against the PPOOLEX MIX-01 test
with improved instrumentation for measurements of the
oscillations in the pipe is presented and finally conclusions
are given.

2. POOLEX/PPOOLEX Experimental Facility

A series of experiments on steam condensation, thermal
stratification, and mixing in a large water pool have been
performed at Lappeenranta University of Technology (Fin-
land) with POOLEX (POOL EXperiment) and later mod-
ified PPOOLEX (Pressurized POOLEX) facility [7, 8]. The
POOLEX/PPOOLEX series are among the few experiments
on water pool mixing/stratification at such large scales,
and the availability of data was very instrumental for the
validation of EHS/EMS models [7, 8].

The POOLEX facility is an open cylindrical stainless steel
tankwith an outer diameter of 2.4mand awater pool depth of
2.95m (see Figure 2(a)). The bottom is conical and the walls
are not insulated during the tests. Steam is injected through
a submerged vertical blowdown pipe that has a 214mm inner
diameter and is located close to the center of the tank. Three
vertical trains of thermocouples (with 16 thermocouples in
each train) were installed in the tank to monitor water tem-
perature during the test. Temperature inside the blowdown
pipe was monitored with 3 thermocouples (TCs) with 1Hz
measurement frequency. These TCs can be used to estimate
the level of water inside the pipe.The room temperature in the
lab is also measured during the experiments since the facility
is an open tank.
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Figure 2: (a) POOLEX and (b) PPOOLEX experimental facility [7, 8].

Heating (by steam injection through the blowdown pipe)
and cooling (after stop of steam injection) phases were
studied in the POOLEX tests. In the STB-20 test, the steam
mass flow rate was kept in the range of 25–55 g/s to make
sure that steam condenses inside the blowdown pipe. As

expected during the heating phase, strong stratification above
the outlet of the blowdown pipe was observed in the test,
whereas the part below the pipe remained cold. In the STB-21
test, thermal stratification in the pool was formed with steam
injection at a small mass flow rate similar to the STB-20 case.
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Figure 3: (a) EHS model scheme using GOTHIC of POOLEX STB experiment and (b) 2D axisymmetric mesh with 48 × 114 for the pool.

Then the steam mass flow rate was increased up to 210 g/s
which resulted in an erosion of the thermal stratification
layers and a uniform temperature (isothermal) distribution
in the pool was observed. After a period of mixing, the steam
mass flow rate was decreased to the level of 35 g/s and thermal
stratification started to develop again. In both experiments
the duration of the heating phase was about 4 hours while
the cooling phase was about 48 hours.

The POOLEX facility was later modified to become
PPOOLEX. It has both a drywell and a wetwell (see
Figure 2(b)) and is considered to be realistically closer to a
containment of BWRs than POOLEX. First, steam is injected
through a horizontal inlet plenum and then into the drywell,
and finally it discharges into the wetwell through a vertical
blowdown pipe which is installed close to the central axis of
the tank. A vacuum valve is installed between the drywell
and the wetwell in order to balance the pressure between the
compartments once the steam discharge is stopped. A series
of STR and MIX tests have been performed in PPOOLEX to
investigate thermal stratification andmixing. A single train of
16 TCs was installed in the wetwell at different elevations to
measure the temperature distribution in the pool. In theMIX
tests, a total of 17 TCswere installed inside the blowdownpipe
with 20Hz measurement frequency (as compared to only 3
TCs in the STB tests with 1Hz measurement frequency), and
the temperature readings were used to estimate the level of
water inside the pipe especially during the chugging regime.
The drywell wall was insulated while the wetwell was not
insulated. In the MIX-01 test, there was a clearing phase
which took about 500 s followed by development of thermal
stratification for about 2200 s. An increase in steam mass
flow rate resulted in thermal mixing that took about 300 s.
The pool remained thermally mixed until the end of the
test.

3. Validation of Effective Heat Source (EHS)
Model against POOLEX STB-20 Test

3.1. GOTHIC Modeling and Assumptions. In the POOLEX
STB-20 test [7], practically all steam condenses inside the
blowdown pipe and the steam-water interface stays close to
the pipe outlet. And since themass flow rate in the STB-20 test
is considered small, it is then assumed that the momentum
induced by the condensate flowing out of the pipe outlet is
negligible. In addition, the mass added into the pool due to
steam injection is neglected in the modeling since the water
inventory in the pool has only increased about 4% during the
entire heating phase. Thus, the EHS model is only used to
simulate STB-20 while both EHS and EMS models are used
in STB-21 since the effective momentum there is significant.

The EHS model scheme using GOTHIC 8.0 for the
POOLEX STB-20 test is shown in Figure 3(a). A large size
lumped volume (marked “1”) corresponds to the lab which
models the lab’s temperature with a ventilation system. In
addition, this lumped volume 1 is connected to a pressure
boundary (marked “1P”) to keep the pressure constant in
the lab. One 3D connector models the connection between
the gas space of the fully-open water tank and the lab. The
heat losses through the side wall and bottom of the water
tank are modeled by two thermal conductors, “2s” and “3s,”
respectively. The GOTHIC built-in heat transfer models are
chosen for the thermal conductors.

The water tank is modeled as a 2D axisymmetric volume
(Volume “2s”). GOTHIC supports only Cartesian coordinate
system so, in order tomake a cylindrical geometry for volume
2s, the porosities of volume and surface area of all cells are
adjusted. The spaces occupied by pipe and bottom conical
section are modeled by blockage and with assumption that
the bottom is flat. It is also assumed that the blowdown pipe is
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located at the center of the tank as opposed to a 0.3mdistance
between the center and the pipe.

The injection of steam is not modeled in GOTHIC.
Instead, the effect of steam blowdown is modeled by the
Effective Heat Source (EHS) model which is equal to the heat
brought by condensing steam and is distributed uniformly on
the surface of the blowdown pipe. The heat flux is imposed
by an internal thermal conductor which is spanned along the
pipe side surface from the water level to the pipe outlet level
and placed inside the cells adjacent to the submerged pipe
blockage not including the bottom.

There are 3mesh grids used for the water tank to deter-
mine the influence of grid resolution.The coarsest grid has 12
cells in the horizontal direction and a total of 34 cells in the
vertical direction, that is, 29 cells in the liquid part, 1 cell for
the liquid-gas interface, and 4 cells in the gas space.Themesh
cell sizes are 0.1m × 0.1m for the liquid part, 0.5m × 0.1m
for the cell with the liquid-gas interface, and 0.4m × 0.1m
for the gas space of the tank. The middle grid has 24 cells in
the horizontal direction and a total of 60 cells in the vertical
direction with distribution of cells similar to the coarsest grid
except for adding 26 cells to the liquid part. The finest grid
has 48 cells in the horizontal direction and a total of 114 cells
in the vertical direction with distribution of cells similar to
the coarsest grid except for adding 80 cells to the liquid part,
as shown in Figure 3(b).

The standard k-e turbulence model is used. A second
order difference scheme for spatial integration and first
order semi-implicit scheme for time integration are chosen
in GOTHIC. An adaptive time-step option is implemented
with minimum and maximum time-steps of 10−4 s and 1 s,
respectively.

3.2. Analysis of Results. Thecomparison between experimen-
tal and predicted liquid average temperature is shown in
Figure 4. In the STB-20 test, the initial temperature is around
30∘C and increases up to 52.4∘C during the heating phase. All
the simulations predicted the average temperature excellently
especially during the first half of the heating phase. The
coarsest grid has a difference of only about 1∘C near the end
of the heating phase of the experiment while the finer grids
have even smaller difference against the experiment. It can
be fairly stated here that the heat balance during the heating
phase is not sensitive to grid resolution.

Figure 5 shows the snapshot of temperature profiles in the
pool with the EHS model using 3 different grids, 12 × 34,
24 × 60, and 48 × 114 cells, at 𝑡 = 14000 s compared against
STB-20 experimental data. As expected all the simulation
cases predicted the cold bottom layer (30∘C) in the exper-
iment since no effective momentum has been imposed in
the modeling. High gradient in temperature is observed
in the vicinity of the level of the pipe outlet which is
captured by the simulations. Then the temperature increases
more slowly to about 66∘C in the experiments than in the
simulations. The finest grid captures better the temperature
of the upper layer with the maximum temperature at the
top at about 65∘C compared to about 64∘C with the coarser
grids.

0 5000 10000 15000

50

45

40

35

30

25

55

Te
m

pe
ra

tu
re

 (∘
C)

Time (s)

STB-20 test

EHS with 24 × 60 BSOUP

EHS with 24 × 60 FOUP
EHS with 48 × 114 BSOUP
EHS with 48 × 114 FOUP

EHS with 12 × 34

Figure 4: Average liquid temperature calculated with different grid
resolution compared to STB-20 experimental data. The acronyms
“BSOUP” and “FOUP” stand for “Bounded Second-Order Upwind”
and “First-Order Upwind” schemes, respectively.

Level of pipe outlet

STB-20 test

EHS with 24 × 60 BSOUP

EHS with 24 × 60 FOUP
EHS with 48 × 114 BSOUP
EHS with 48 × 114 FOUP

EHS with 12 × 34

3

2.5

2

1.5

1

0.5

0

H
ei

gh
t (

m
)

25 35 45 55 65 75

Temperature (∘C)

t = 14000 s

Figure 5: Snapshot of temperature profiles predicted by EHS using
different grids from a radius of 0.6m from the center (midline) as
a function of height at time 𝑡 = 14000 s in comparison with STB-
20 experimental data. The acronyms “BSOUP” and “FOUP” stand
for “Bounded Second-Order Upwind” and “First-Order Upwind”
schemes, respectively.



6 Science and Technology of Nuclear Installations

5

4

3

2

1

0
0 0.5 1

X

Z

65

60

55

50

45

40

35

30

T

(a) 𝑡 = 500 s

5

4

3

2

1

0
0 0.5 1

X

Z T

65

60

55

50

45

40

35

30

(b) 𝑡 = 10000 s

5

4

3

2

1

0
0 0.5 1

X

Z T

65

60

55

50

45

40

35

30

(c) 𝑡 = 13000 s

Figure 6: Temperature distribution at different times 𝑡 = 500, 10000, and 13000 s with EHS simulation of STB-20 test using 48 × 114 cells.

EHS simulation results showing the temperature distribu-
tion in the tank at different times 𝑡 = 500, 10000, and 13000 s
can be seen in Figure 6. In Figure 6(a) at 500 s, the heat source
starts to heat up the water surrounding the blowdown pipe
creating a buoyant plume that goes upward and circulates
and also heats up part of the gas space. At a later time
𝑡 = 10000 s (Figure 6(b)), the bottom layer remains cold and
heating of the upper layer including the gas space intensifies
withmaximum temperature reaching about 62∘C. Further at 𝑡
= 13000 s (Figure 6(c)), the build-up of thermal stratification
layers is more pronounced and the maximum temperature
even increases to about 70∘C.

The calculation time for the 14700 s transient took about
∼10 min with 12 × 34 cells on 1 core in an i5 3.2 GHz desktop
with BSOUP and direct pressure solution while it took about
∼2 h with 24 × 60 cells on the same desktop and the same
numerical methods. For the 48 × 114 cells with BSOUP, it
took about ∼14 h on 4 cores in an i7 3.4GHz desktop with
conjugate gradient method.

4. Validation of EHS and EMS (Effective
Momentum Source) Models against
POOLEX STB-21 Test

An important criterion in the erosion of a thermally stratified
pool by steam injection is the time needed to reach an
isothermal pool. Not surprisingly, this time scale of mixing is
also important in the operation of pressure suppression pools.
Thus, predictive capabilities of proposed models should be
assessed not only for averaged temperatures and thermal
behaviour of certain layers but also for the time scale of
mixing.

Figure 7(a) shows the vertical temperature distribution
measured in the test STB-21 of POOLEX experiment while
Figure 7(b) shows the corresponding steam flow rate from
the steam generator. The general behavior of the STB-21 test
can be divided into 6 phases. In phase A, mixing is observed
before 1800 s (line 0 in Figure 7(a)). At 1800 s of phase B,
thermal stratification begins to develop in the layer above the
pipe outlet. In phase C at 3250 s (line 1), the temperature of
the layer below the pipe remains steady at a constant value.
In phase D at about 4200 s (line 2), the injected steam flow
rate has been rapidly increased to about 210 g/s. Complete
mixing is achieved around 4900 swhen the pool is considered
isothermal around 41∘C. The pool remains isothermal with
increasing averaged temperature in phase E and finally in
phase F the pool starts to develop thermal stratification
again. For the validation of EHS/EMS models, we consider
the build-up of thermal stratification (phase C) and mixing
(phase D).

Figure 7(c) shows part of the data simulated with EHS-
EMSmodels while Figure 7(d) shows the corresponding heat
rates used in the EHS implementation. The main reason
behind this heat flux that changes from imposing it on the
pipe’s submerged surface to the pipe’s exit is the limited
wall condensation at high steam flow rates and most of the
energy release is expected at the pipe’s exit where direct
contact condensation occurs. In the succeeding section, we
also investigate the effect of heat flux distribution on the case
with uniform heat fluxes on the pipe’s submerged surface.

4.1. Estimation of EffectiveMomentum. Theeffectivemomen-
tum can be calculated based on the synthetic jet theory which
relates the thrust velocity to the frequency and amplitude
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Figure 7: (a) Vertical temperature distribution in STB-21 test, (b)measured steam flow rate, (c) part of data simulated with EHS-EMSmodels,
and (d) corresponding imposed heat fluxes that change from the pipe’s submerged surface to the pipe’s exit. Phase A: first mixing. Phase B:
onset of stratification. Phase C: stratification. Phase D: onset of second mixing. Phase E: second mixing followed by stratification.



8 Science and Technology of Nuclear Installations

Time (s)

Te
m

pe
ra

tu
re

 (∘
C)

120

110

100

90

80

70

60

50

40

30
4300 4320 4340 4360 4380 4400

0.1m
1.0m
1.9m

(a)

120

110

100

90

80

70

60

50

40

30
4600 4620 4640 4660 4680 4700

Time (s)

Te
m

pe
ra

tu
re

 (∘
C)

0.1m
1.0m
1.9m

(b)

0.1m
1.0m
1.9m

120

110

100

90

80

70

60

50

40

30
4800 4810 4820 4830 4840 4850

Time (s)

Te
m

pe
ra

tu
re

 (∘
C)

(c)

120

110

100

90

80

70

60

50

40

30

Te
m

pe
ra

tu
re

 (∘
C)

Time (s)
4860 4865 4870 4875 4880

0.1m
1.0m
1.9m

(d)

Figure 8:Thermocouplemeasurements inside the blowdown pipe during STB-21 test at representative time periods taken with 3 TCs at 0.1m,
1.0m, and 1.9m distances from the pipe outlet.

of water-level oscillation inside the blowdown pipe (see [12,
13] for more details). In the POOLEX facility, only three
thermocouples are installed inside the blowdown pipe which
can be used to determine the water level during a test.

Figure 8 shows thermocouple measurements inside the
blowdown pipe in the STB-21 test at representative time
periods. The oscillation patterns are different in each time

period due to varying pool temperature and steammass flow
rates. In Figure 8(a), TC measurements between 4300 s and
4400 s are shown where changes happen mostly at the 0.1m
level whichmakes the estimation of amplitude and frequency
of water level oscillation highly uncertain. However, it can
be discerned from the figure that the water level (with
obviously the water having much lower temperature than
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Figure 9: Improvement in space and time resolution of temperature measurements inside the blowdown pipe during the chugging regime
in MIX-01 test as compared to STB-21 test.

the steam) is oscillating inside the blowdown pipe. Roughly,
the amplitude and frequency of oscillation are estimated to
be between 0.3-0.4Hz and 0.1–1.0m, respectively. Clearly,
more thermocouples installed inside the blowdown pipe are
necessary in order to providemore accurate assessment of the
amplitude and frequency of oscillation. Such improvement is
implemented in the PPOOLEX MIX-01 test and an example
is shown in Figure 9.

In Figure 8(b), TC measurements from time 𝑡 = 4600 s
to 𝑡 = 4700 s are shown. Temperature at the 1.9m level also
reaches lower temperature implying that the water level oscil-
lates with peaks reaching that level. In addition, the frequency
is lower in this time period than in the previous period and
is roughly estimated to be between 0.18 and 0.25Hz while the
amplitude is estimated to be between 1.0 and 1.9m. Similarly,
frequency and amplitude of oscillations have been estimated
for the time periods 4800–4850 s (Figure 8(c)) and 4860–
4880 s (Figure 8(d)) and summarized in Table 1. Given the
frequency 𝑓 and amplitude 𝐿 of water level oscillation in the
blowdown pipe, we can calculate the effective momentum
based on the synthetic jet (see (1), (2)). Due to uncertainty
in the estimated values from TC measurements, different
cases were parametrically studied (to be discussed in the next
section). They correspond to the minimum, maximum, and
somewhere in-between values and are also summarized in
Table 1.

4.2. EHS-EMS Models Validation and Parametric Studies. As
mentioned in the previous section, differentmomentum rates
are chosen as momentum sources for the validation of EMS
against the STB-21 test. In the GOTHIC implementation, a
pump component is used to impose the effective momentum
rates with actual input values of volumetric flow rates as
shown in Figure 10 for the cases. Ideally, a component
(momentum source) could be created in a tool like GOTHIC
which can be used to impose effective momentum given the
steam mass flux, pipe diameter, and pool bulk temperature.

Figure 11 shows the comparison of different cases
of EHS/EMS simulations against the STB-21 test (see
Figure 7(c)). Case 1 (Figure 11(a)) corresponds to the
minimum momentum rate with uniform heat flux on the
pipe’s submerged surface. Case 2a (Figure 11(b)) corresponds
to a chosen momentum rate between the minimum and
maximumvalues (as shown in Table 1) with also uniformheat
flux on the pipe’s submerged surface. Case 2b (Figure 11(c))
is the same as Case 2a except that the heat flux shifts from
the pipe’s submerged surface to the pipe’s exit (as shown in
Figure 7(d)). Lastly, Case 3 (Figure 11(d)) corresponds to the
maximum momentum rate with uniform heat flux as in the
other cases.

In Case 1, a build-up of thermal stratification is also
observed similar to the stratification phase in the experiment
but in this case the stratification prolongs for another 500 s
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Table 1: Estimation of effective momentum given the frequency and amplitude of water level oscillations inside the blowdown pipe in STB-21
test.

Estimated frequency and amplitude of oscillations based on TC
measurements in STB-21

Velocity based on synthetic jet theory and chosen momentum
rates within the estimated range of velocity

Time Period Frequency Amplitude Velocity Momentum rate [kg⋅m/s2]
[s] [s] [Hz] [m] [m/s] Case 1 Cases 2(a) and 2(b) Case 3
4300–4400 2.5–3.3 0.303–0.4 0.1–1.0 0.043–0.57 0.066 10.32 11.5
4600–4700 4–5.6 0.18–0.25 1.9–3.8 0.48–1.36 8.43 54.4 67
4800–4850 2.5–3.3 0.3-0.4 1.9–3.8 0.81–2.18 23.4 151 171.5
4860–4880 2–3.1 0.33–0.5 1.9–3.8 0.88–2.73 27.55 177.7 268
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Figure 10: Input volumetric flow rates for the pump corresponding
to different effective momentum rates as shown in Table 1.

and the upper layer remains stratified with increasing tem-
perature until the end. In Case 2a, a similar behavior to Case 1
is observed with the main difference of having a thinner layer
at the top that remains stratified with increasing temperature.
In these two cases, the temperature at the top layer increases
significantly and does not mix with the pool which means
that the heat source dominates over the momentum source.
In Case 2b, however, when the heat flux at high flow rates is
shifted from the pipe’s submerged surface to the pipe’s exit
(where most heat releases occur due to significant contact
condensation), the clockwise flow circulation in the pool
due to buoyant plume directed upwards is counterbalanced
by the momentum source causing a counterclockwise flow
circulation in the pool. Although the momentum source is
the same as in Case 2a, complete mixing is observed in
Case 2b as opposed to Case 2a. The time scale of mixing
for Case 2b is about 600 s compared to about 550 s in the
STB-21 experiment.With themaximummomentum rate and
uniform heat flux, complete mixing is observed a bit later at

about 950 s. This is mostly due to apparent higher resistance
to mixing in the top of the stratified layer. However, mixing
of the bottom layer occurs faster than in Case 2b with lesser
momentum rate.

Given the uncertainties in the input conditions, the above
discussion demonstrates the robustness of the EHS and
EMS models which captures interplay of competing effects,
heat and momentum sources, and allows getting reasonable
agreement with the experimental data. All results obtained
with EHS/EMS are in fact not far off from reality. In the next
section we discuss application of EHS-EMS models which
yield even better predictions when experimental measure-
ment uncertainties are significantly reduced.

5. Validation of EHS and EMS Models against
PPOOLEX MIX-01 Test

TheMIX-01 test consists mainly of three phases, namely, the
clearing phase, stratification phase, and finally the mixing
phase (see Figure 12) which are related to the steamflow rates.
During the test, the steammass flow rates aremeasured in the
steam line and not in the inlet of the blowdown pipe. Thus,
the measured steam flow rate is not necessarily the same as
the steam flow rate from the drywell to the wetwell through
the blowdown pipe.This is especially true during the clearing
phase as the drywell is initially cold (about 28∘C) and filled
with noncondensable gases. During the clearing phase, steam
pushes all the noncondensable gases from the drywell to the
wetwell first while steam condenses on the drywell walls and
heats up the drywell compartment. For example, at ∼200 g/s
steam mass flow rate, a transient time of ∼500 s (which is the
time period that is set for the clearing phase) is more than
enough to push all the gas to the wetwell. After the clearing
phase, it is expected that the steam flow rate in the steam
line is almost the same as the steam flow rate to the wetwell
and this is found in GOTHIC lumped simulations taking into
account the insulated drywell.

AGOTHIC lumped calculation has confirmed that at low
steam mass flow rates, less than 100 g/s (typically during the
stratification phase), the flow meter in the PPOOLEX facility
provided inaccurate readings. This corroborates also with
estimation of the water level in the pool. Using the measured
steam mass flow rates during the stratification phase, the
predicted average temperature as well as the water level in
the pool increases much faster in the lumped simulation
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Figure 11: Comparison of different cases of EHS/EMS simulations: (a) Case 1 corresponds to the minimum momentum rate with uniform
heat flux on the pipe’s submerged surface, (b) Case 2a corresponds to a chosen momentum rate between the minimum and maximum values
with also uniform heat flux on the pipe’s submerged surface, (c) Case 2b is the same as Case 2a except that the heat flux shifts from the pipe’s
submerged surface to the pipe’s exit, and (d) Case 3 corresponds to the maximum momentum rate with also uniform heat flux on the pipe’s
submerged surface.
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Figure 12: Measured steam mass flow rates with (i) flow meter and
(ii) water level in the pool, during the MIX-01 experiment.

than in the experiment. To resolve this issue, the steam mass
flow rates are estimated based on the collapsed water level in
the pool (which takes into account the variable water level
in the blowdown pipe and dependence of the densities on
the increasing temperature in the pool); see Figure 12. The
estimated flow rates during the stratification phase and the
measured steam flow rates during the mixing phase are then
used as input for the EHS-EMS simulation.

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.Themeasurement
frequency is much higher (20Hz) than before. Compared to
the STB-21 test, the oscillation pattern inside the blowdown
pipe can be well captured (see Figure 9). Thus the estimation
of the water level position inside the pipe is more accurate in
MIX-01 than in STB-21.

It should be noted from this point forward that the initial
time 𝑡 = 0 s in the simulations (as evident in succeeding
figures) corresponds to time 1100 s in Figure 12. The start
of the mixing phase in the simulation is at time 𝑡 = 1573 s.
Figure 13 shows the effective momentum rates based on the
water level oscillations in the pipe during the mixing phase
in MIX-01 test. Described briefly, the TC measurements
are converted to water level positions and then velocities
can be calculated by taking time derivatives. Effective (jet)
velocities are calculated based on the synthetic jet theory.
Finally, effective momentum rates can be directly calculated.
As shown in Figure 13, the nonconstant momentum rates are
between 12 and 21 kg⋅m/s2 which are based on effective jet
velocities between 0.59 and 0.77m/s.

The GOTHIC model schematic is shown in Figure 14(a)
while the 48× 75mesh of thewetwell is shown inFigure 14(b).
A thermal conductor is used to provide heat transfer through
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Figure 13: Effective momentum rates based on the water level
oscillations in the pipe during the chugging (mixing) phase inMIX-
01 test.

the bottom wall of the drywell and is used in boundary
conditions at the top of the wetwell gas space. The floor
surface temperature of the drywell is measured during the
experiment and this is used as boundary condition at the top
of the wetwell. The clearing phase has resulted in complete
mixing in the pool and has also generated a strong circulation
flow that took time to stagnate, about ∼600 s after the steam
flow rate has been decreased. The EHS-EMS calculation only
includes part of the thermal stratification and mixing phases
and excludes the clearing phase as mentioned above. The
calculation time is about 3 hours on 4 processors of an i7
3.4GHz desktop.

In Figure 15(a), the averaged liquid temperature in the
pool predicted by the EHS-EMS simulation shows an excel-
lent match against the MIX-01 data. At time 𝑡 = 0 s, the
averaged liquid temperature is about 16∘C and it increases
to 19.5∘C during the stratification phase compared to 19.2∘C
in the simulation. The increase in temperature is more
pronounced during the mixing phase where it reaches 39.5∘C
while the predicted temperature is 39∘C. Even the predicted
increase in water level in the pool (see Figure 15(b)) shows an
excellent match.The initial water level is at 2.11m and during
the stratification phase increases to only 2.12m while the
predicted water level is also at 2.12m. And during the mixing
phase, the water level shows an abrupt increase to 2.2mwhile
the predicted water level is 2.19m.This also confirms that the
heat losses through the wetwell walls are modeled properly.

Figure 16 shows the comparison in pool temperature
between the MIX-01 measured data and EHS-EMS simula-
tion. In general, the predicted pool temperature agrees very
well with the measured data. Of course the small fluctuations
in the TC measurements are not captured in the simulation.
The development of thermal stratification in different layers
is well captured in the simulation except for the small region
in the vicinity of the pipe outlet (from heights of 1.16m
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Figure 14: (a) GOTHIC model schematic of MIX-01 and (b) corresponding 2D mesh with 48 × 75 for the wetwell.
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Figure 15: Comparison between EHS-EMS simulation results and MIX-01 test on (a) averaged liquid temperature and (b) water level in the
wetwell pool.

to 1.43 m) which is attributed to the uniform heat flux
distribution assumed in the simulation. A nonuniform heat
flux distribution due to nonuniform condensation inside the
pipe is a subject for further study. In addition, the temperature
behavior at the top layer of the wetwell pool (which is an
important quantity in plant safety that can affect operator
actions) is quite well predicted in the simulation. At the

end of the stratification phase, the predicted temperature at
the top layer is about 27∘C while the measured temperature
is about 28∘C. As a result of higher steam flow rates and
transition of the condensation regime to chugging, there is
a strong circulation flow in the pool which leads to complete
mixing. In the simulation, the time scale for mixing is about
200 s while in the MIX-01 experiment it is about 250 s. Part
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Figure 16: Comparison of pool temperature between (a) EHS-EMS simulation and (b) MIX-01 measured data. The level of the pipe outlet is
at 1.045m.

of the reason is the slight (∼1 degree) underprediction of
temperature difference between the top and bottom layers at
the end of the stratification phase. Another possible reason is
the small overestimation of the momentum rate during the
mixing phase.

A more detailed comparison of the temperature behavior
in the pool is shown in Figure 17. In Figure 17(a), the
temperature profiles of the middle (about 0.48m from the
bottom) and bottom layers in both the EHS-EMS simulation
and MIX-01 experiment are shown. In the simulation, the
bottom of the tank is modeled as a flat plate to simplify
implementation given that GOTHIC only supports Cartesian
coordinate system. For the comparison, the corresponding
locations of the bottom and middle layers are then adjusted
accordingly. As can be seen in the figure, the bottom layers
in both the simulation and experiment are higher than the
middle layers. This is caused by the downward flow of heated
water right from the blowdown pipe outlet (and can be
clearly seen in Figure 18(c)). The temperature at the bottom
layer though is 2-3 degrees higher in the simulation than in
the experiment. In Figure 17(b), a snapshot of the vertical
temperature profile near the end of the thermal stratification
phase (at time 𝑡 = 1500 s) is shown. Both the experiment
and simulation show that the layer below the pipe outlet
remains cold (about 16∘C, same as initial) while the upper
layer develops thermal stratification.

Figure 18 shows snapshots of the predicted temperature
and velocity profiles at different times 𝑡 = 1000 s (stratification
phase), 𝑡 = 1540 s (early mixing phase), and 𝑡 = 1600 s
(mixing phase). At 𝑡 = 1000 s, the upper layer develops a
thermally stratified layer mainly due to the heating of the
water surrounding the pipe creating a buoyant plume of hot
water circulating in a clockwise manner, while the lower
layer remains cold as mentioned earlier. The magnitude
of the maximum velocity at this time is just 0.06m/s. At
𝑡 = 1540 s, the development of thermal stratification can still
be observed but a jet directed downwards is clearly visible
and responsible for the developing counterclockwise flow
circulation. The magnitude of the maximum velocity at this
time has increased to about 0.46m/s. During the mixing
phase at 𝑡 = 1600 s, the counterclockwise flow circulation
becomesmore prominent due to the dominant effect of the jet
from the pipe outlet.Themagnitude of themaximumvelocity
at this time is also about 0.45m/s. As mentioned earlier, the
jet directed downwards transports hot water to the bottom
layer which is also observed in the experiment.

6. Summary and Conclusions

In this work, the Effective Heat Source (EHS) and Effec-
tive Momentum Source (EMS) models are implemented
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in GOTHIC and validated against the POOLEX STB-20
and STB-21 tests and also the PPOOLEX MIX-01 test on
thermal stratification and mixing induced by steam injection
into a large pool of water. First, the EHS model is vali-
dated against the STB-20 test which shows the development
of thermal stratification only. Different numerical order
schemes and grid resolutions have been tested. A 48 × 114
grid (5472 cells) is enough to obtain very good agreement
with the experimental data and a second order scheme is
needed to capture the vertical temperature distribution in
the pool. Next, the EHS and EMS are validated against the
STB-21 test. The space and time resolution of temperature
measurements inside the blowdown pipe is insufficient in
this test. However, an effective momentum selected within
the experimental uncertainty can still reproduce the mixing
details. In addition, the transition between different EMS
regimes corresponds to the transition to different conden-
sation regimes. Finally, the EHS-EMS models are validated
against the MIX-01 test which has much better space and
time resolution of temperature measurements inside the
blowdown pipe. Excellent agreement in averaged pool tem-
perature and water level in the pool between the experiment
and simulation has been achieved. The development of
thermal stratification in the pool is also well captured in
the simulation as well as the mixing phase. Moreover, the
heating up of the bottom layer due to the impinging jet
of hot water is also observed in both the simulation and
experiment.

For future work, the EHS-EMS models for blowdown
pipes will be improved further in order to reduce uncertain-
ties and improve accuracy in predictions. Specifically, mod-
ifications of the EHS model for nonuniform condensation
inside the blowdown pipe will be addressed. For the EMS
model, proper extension of existing models for prediction
of frequency and amplitude of oscillations (given only the
condensation regime and design specific parameters) will
be performed. It should be pointed out that experimental
data is limited for validation of such models. The only
available and sufficiently detailed experimental data are the
POOLEX/PPOOLEX experiments.

Appendix

Validation of Aya and Nariai for
Prediction of Amplitude and Frequency of
the Oscillation in PPOOLEX Tests

Prediction of the amplitude and frequency of the free surface
oscillations in the pipe for specific steam condensation
regime is necessary if such characteristics are not known
from an experiment. Aya and Nariai [14, 18, 19] have studied
experimentally and analytically the frequency and amplitude
of fluid oscillations in different condensation regimes. In
particular, Figure 19 shows a sketch of their analytical model
for chugging [14]. A 1Dmodel of the water level oscillation in
the blowdown pipe has been derived from conservation laws
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Figure 19: Analytical model for large chugging [14].
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and 𝑧 is the averaged water level taken as 𝑧 = 0.5𝑧max.
The densities of liquid and steam are denoted by 𝜌

𝐿
and 𝜌

𝑠
,

respectively. Also, 𝐺
0
, 𝑑, 𝑉
𝑠
, 𝑃, 𝜅, and 𝑙

𝑚
are the steam mass

flow rate, diameter of the pipe, volume of header, pressure,
ratio for specific heat for steam, and inertia length of pool
water, respectively. The particular solution when 𝑧 = 0 at
𝑡 = 0 is given as

𝑧 (𝑡) = 𝐶 ⋅ sin (𝜔
𝑐
𝑡) −
𝐷

𝜔
2

𝑐

𝑡, (A.3)

where 𝐶 is the maximum elevation of the interface. In
addition, Nariai and Aya [14, 18] have presented comparisons
of the above analysis against experimental data in small
systems (with blowdown pipe diameters around 18mm and
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Figure 20: (a) Amplitude and (b) frequency of oscillations in the pipe: comparisons between Aya and Nariai model predictions and
estimations based on TC measurements inside the pipe of the PPOOLEXMIX tests.

header volumes around 0.02m3). For a particular coefficient
𝐶 = 0.4m, they have found better agreement in frequency of
oscillations at lower temperatures between 20 and 30∘C and
in amplitude of oscillations at steam mass fluxes higher than
3 kg/(m2s).

In Figure 20, comparisons of the Aya and Nariai model
predictions against the PPOOLEXMIX tests are shown. Since
there is only one equation (A.1) governing the water level
position, the coefficient 𝐶 has to be chosen first and then
the amplitude and frequency of oscillations can be calculated.
In Figure 20(a), two values of 𝐶 = 0.6 and 1.0m have
been chosen while the rest of the parameters in (A.2) have
been set according to the PPOOLEX MIX tests conditions
and design parameters. The amplitude of oscillations in the
PPOOLEX MIX tests taken at certain time windows (with
steam mass fluxes around 10 kg/(m2s)) are scattered between
the 𝐶 = 0.6 and 1.0m analytical curves with Aya and
Nariai model. A similar increasing tendency is observed in
Aya and Nariai’s experiment [18] but for steam mass fluxes
lower than 3 kg/(m2s). In Figure 20(b), the corresponding
frequency of oscillations plotted against the steam mass flux
for both 𝐶 = 0.6 and 1.0m analytical curves with the Aya
andNariaimodel is shown.The analyticalmodel significantly
overpredicts the frequency of oscillations in the PPOOLEX
MIX tests. The main difference between the Aya and Nariai
experiments and PPOOLEX experiments is the characteristic
scale of the systems. In particular, the diameter of the pipe in
the PPOOLEX experiments is an order of magnitude higher
than in the Aya and Nariai experiments. Obtained results
suggest that further investigation of the scalability of the Aya

and Nariai model is necessary. Such task is beyond the scope
of this study but is currently being undertaken. Also other
models can be considered as candidates for prediction of
the amplitude and frequency of the oscillations in the EMS
model.
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