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Abstract

KTH reports further development and validation of the Effective Momen-
tum Source and the Effective Heat Source (EMS/EHS) models for
spargers using source terms and boundary conditions approaches. Fluent
and GOTHIC codes have been applied in the analysis to design sparger
(H2P3) and integral (H2P4) test series in PANDA facility. Results of the
analysis suggest that proposed design allows to achieve test objectives
and obtain PIV data needed for model development and validation from
H2P3, and to reach prototypic levels of pressurization within a reasonable
time in H2P4. The progress on development of the image analysis for post
processing the data from the SEF-POOL tests is presented.

Nine steam injection tests in SEF-POOL facility at LUT University. Analysis
of the tests helps to understand the key effects and factors that can be
neglected in model development. Main findings are: both the Jacob and
Mach number have a significant effect; at large Ja effective momentum is
significantly recued; effective momentum has a maximum at Ja ~0.02-
0.04; injection hole diameter and chamfer have no significant influence on
the effective momentum except for the maximum value of C, which is
reached at larger values of Ja number for smaller holes.

Result of VTT work suggest that the EHS/EMS models could be imple-
mented in the Apros 6-equation model. The EHS/EMS models can in-
crease capability of Apros for computationally efficient simulation of pool
stratification/mixing phenomena in plant geometry. Simulation on thermal
stratification has been done with Fluent for an experiment performed in the
PPOOLEX test facility with steam injection through a vertical sparger. The
effect of steam injection was modelled by using the EMS/EHS. Qualita-
tively correct behavior of the thermal stratification was obtained, however,
pool temperature was lower than in the experiment due to the heat loss on
the pool surface. Further analysis is ongoing in order improve the results.
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Figure 10. Stereo video images from the SEF-S28 test with steam (from left) and air
bubbles (from bottom) injection. Images on the left are from the left-side camera and
images on the right are from the right-side camera.

22



‘\ LUT

University

5 CONCLUSIONS

Prediction of the effective momentum induced by the oscillatory bubble and oscillatory
cone jet regimes is necessary for the modelling of the pool behaviour. This is especially
relevant for BWRs, where the development of thermal stratification or mixing during a
steam injection through spargers can affect the performance of the suppression pool. In
order to directly measure the effective momentum, the SEF-POOL facility was built at
LUT University and an extensive test series is being carried out. The reference system for
the SEF-POOL facility is an SRV sparger pipe of a BWR plant. Hence the facility is
designed in such a way that discharge of steam through the injection holes at the sparger
lower end into the sub-cooled pool water can be simulated representatively.

Analysis of the previous tests by KTH has shown that oscillatory bubble motions are a
very efficient mechanism of transferring the force from the steam to the mean flow liquid.
The main goal of the SEF-POOL tests in 2019 was to provide data of the characteristics
of the small-scale phenomena, which affect the effective momentum sources in case of
steam injection through a sparger into a sub-cooled pool of water. This information will
then be used in the validation of the simplified EHS/EMS models for spargers by KTH.
Furthermore, the SEF-POOL tests support the validation effort of the DCC and interfacial
area models of CFD codes for steam injection through spargers at VTT and LUT.

Nine actual steam injection tests were performed in the SEF-POOL facility in 2019. The
following issues were addressed:

i.  Effect of high Ja number on the effective momentum, i.e. steam injection into
initially highly subcooled pool in sonic and sub-sonic regimes

ii.  Effective momentum in the transition regime, i.e. effect of transition from sub-
sonic to sonic flow conditions

iii.  Effective momentum at mass fluxes higher than 300 kg/m?s
iv.  Effect of nozzle chamfer

Preliminary analysis of the tests by LUT and KTH reveal that the results fit well with the
previous data and are very helpful for the understanding of the key effects and factors that
can be neglected when the EMS/EHS models are developed further [13]. Based on the
results, the following new findings from the SEF-POOL tests in 2019 can be summarized.

1) Both the Jacob and Mach number have a significant effect on the effective
momentum coefficient C (i.e. the ratio of the liquid momentum rate to the
theoretical value of the momentum rate of steam). New data provides a possibility
to quantify the effect of the Mach number, which was only qualitatively noticeable
in the previous data set.

2) In chocked flow conditions, except for the cases with a very large Ja number, the
steam mass flow rate (or theoretical Mach number) has no effect on the effective
momentum coefficient, which is close to ~0.8 in this regime.

3) The Ja number has a minor and nearly linear effect on the effective momentum
coefficient, which is increasing as the Ja number is decreasing.
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At very large Ja numbers (~0.16-0.2), the condensation rate is very large, which
leads to rapid reduction of the effective momentum coefficient. This effect can be
observed even at choked flow conditions (as mentioned above) when the
theoretical Mach number for steam is relatively small, ~1-1.3.

As the Ja number approaches to zero, the effective (time-averaged) momentum
coefficient behaves non-monotonically, i.e. it reaches a maximum value at Ja
~0.02-0.04 and then decreases.

There is no apparent dependency of the effective momentum coefficient on
chamfer in the injection holes.

Comparison with the previous data suggests that the hole diameter also doesn’t
have an effect on the effective momentum coefficient, except with the value of
the Ja number at which C reaches its maximum value.

Comparison of the earlier test results (the S3 and S17 tests with the @8 mm orifice)
indicate that the maximum value of C can be reached with larger values of Ja
number when the hole size is smaller. This can be an indication that the Weber
and/or Reynolds number might play a role in the transition.

Figure 11 below shows the effective momentum coefficient C as a function of the Mach
and Jakob numbers in a combined illustration from the steam injection tests in the SEF-
POOL facility in 2018-2019.
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Figure 11. Effective momentum coefficient C as a function of the Mach and Jakob
numbers in the steam injection tests in the SEF-POOL facility in 2018-2019 (Figure
composed by KTH).
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Bubble parameters, which have been estimated through the image processing of the high-
speed videos of the SEF-POOL tests by KTH, include the collapse and bubble life
frequencies, maximum bubble radius, bubble velocities, pressure gradient, and heat
transfer coefficients. A good agreement is observed in the data and proposed correlations.
Regarding the heat transfer coefficient, further tests are required to reduce the
uncertainties associated with its strong time-dependency and the steam flow entering the

bubble.
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Figure 1. Condensation pool.
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Figure 3. Sparger system and independent PC pipe of the current facility configuration.
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Figure 1. Measurements of the sparger system and PC pipe in the current facility
configuration.

Table 1. Instrumentation of the SEF-POOL facility

Figure | Data Sensor type Manufacturer/ Measurement | Measurement
code | code type frequency range

A P2600 | Pres. transducer | Wikatronic 2 Hz 0-1 MPa
A T2600 | TC, K- type @3 mm? 70 Hz 0-200 °C
B T2601 | TC, K- type @1 mm! 70 Hz 0-200 °C
C P2601 | Pressure sensor? | Kyowa PHS-B 7 KHz 0-1 MPa
D P2602 | Pressure sensor? | Kyowa PS-2KC3 7 kHz 0-0.2 MPa
E 12602 | TC, K- type @ 0.5 mm! 70 Hz 0-200 °C

F T2603 | TC, K- type @ 0.5 mm! 70 Hz 0-200 °C
G T2604 | TC, K- type @ 0.5 mm! 70 Hz 0-200 °C
H X2600 | Force sensor? Kyowa LUX-B-50N | 7 kHz +50 N

I X2601 | Force sensor? FUTEK LRM200 7 kHz 1222 N

1 Diameter of the sensing element
2 These are used in conjunction with a Strain/Bridge Input Module
3 Type used depends on the range, the number denotes the measurement range in bars
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1. Introduction

The Boiling Water Reactor (BWR) Nuclear Power Plants are equipped with a suppression
pool system to manage the containment overpressurisation. During the accidents, opened
Safety Relief Valves (SRVs) discharge steam from the primary coolant system through the
SRV lines to below the surface of a wetwell pressure suppression pool where the steam is
condensed. Interconnecting blowdown vent pipes are also provided between the drywell and
suppression pool to discharge the steam and water mixture in a LOCA from the upper
drywell into the suppression pool. The possible formation of thermal stratification in the pool
is of safety concern since it has an influence on the steam condensation and pressure
suppression capacity of the pool compared to completely mixed pool. In addition, some
safety related systems such as emergency core cooling and containment spray systems
use suppression pool as a water source. The development of stratification leads to
higher pool surface temperature, and thus higher containment pressurization compared
with complete mixed pool. The real example of this is the Fukushima accident (Jo et al
2016; Mizokami et al 2016.)

The numerical modelling of pool mixing/stratification have been widely studied e.g. at
KTH Sweden (Gallego-Marcos et al. 2016a; Gallego-Marcos 2018; Li et al. 2014a). The
extensive experimental work has been done, e.g. at Lappeenranta-Lahti University of
Technology LUT (LUT university) (Li et al. 2014b; Laine et al. 2009; Laine et al. 2014).
KTH has developed and validated the Effective Heat Source (EHS) and Effective
Momentum Source (EMS) models which are a middle ground approach, between the
lumped parameter and CFD approach, providing computational efficiency and sufficient
accuracy in the modelling of pool stratification effects (Gallego-Marcos 2018).

The goal of this work is to summarise the current pool stratification modelling of Apros,
and assess whether the EHS/EMS models could be implemented in Apros to improve
the calculation speed and stability of stratification calculation. Both the Apros lumped
parameter containment model and the six-equations thermalhydraulic model are
considered. The principles of the EHS/EMS models are also shortly described. This
report focuses on the cases where steam is injected through the spargers into the
suppression pool. Effects of non-condensables are not treated in this report.
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2. Effective Heat Source (EHS) and Effective Momentum Source
(EMS) Models

Lumped parameter codes cannot be used for simulating complex phenomena related to e.g.,
direct contact condensation (DCC) and mixing and thermal stratification in the pool. Use of
CFD codes for realistic plant analyses is challenging due to calculation resources needed.
Royal institute of Technology (KTH) has developed a simulation approach based on the
Effective Heat Source (EHS) and Effective Momentum Source (EMS) models which is a
compromise between a simple approach and CFD modelling providing computational
efficiency and sufficient accuracy in simulating pool mixing/stratification phenomena
(Gallego-Marcos et al. 2016a; Gallego-Marcos 2018; Li et al. 2014a). The model has been
validated for flow chugging and internal condensation flow regimes of blowdown pipes,
spargers, and mixing nozzles. KTH has implement and tested the approach in the GOTHIC
8.1 and ANSYS Fluent 16.2 computer codes.

The goal of the EHS/EMS models is to predict the pool stratification and mixing without direct
modelling of complex DCC phenomena. Instead, the EHS/EMS models introduce the DCC
effects as appropriate boundary conditions (momentum and heat source) which can be
implemented in the CFD or system codes for modelling of transient thermal stratification and
mixing in pool (Figure 2-1).

The EHS/EMS models calculate the time-average of instantaneous variations of the heat and

momentum sources induced by different steam condensation regimes. The effective heat Qe
and momentum Mes Source are calculated as

Qerr(0)= 3 fi_p QD) (2-1)
Mepr ()= 1 i o M()dt (2-2)

where At is the considered time period.

Blowdown pipe Sparger
Condensation @ [3 E&
inside the | __L
pipe | —
| 3 |8
Heat source { ‘
(EHS) \&.\ | Pool circulation
| ‘ ! Q AZ %~ 100 §
i X~1Im
f O
ok
Ab—4
/ Heat source
Momentum source (EHS)
(EMS)

Figure 2-1. Schematic picture of location of the heat and momentum sources induced by a
steam injection through blowdown pipe (left) and spargers (right) (Gallego-
Marcos 2018).
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2.1 Blowdown pipes

In case of blowdown pipe, the injection hole is large and steam injection mass flux is
relatively low leading often to chugging or complete condensation regime inside the pipe. As
a consequence, flow and pressure oscillations may occur in the pool.

KTH has studied the pool behavior during a steam injection through a blowdown pipe in
series of PPOOLEX experiments at Lappeenranta University of Technology LUT (Li et al.
2014a; Li et al. 2104b). They showed that a complete condensation inside the blowdown
pipe produces insignificant momentum which allows the development of thermal
stratification, whereas chugging regimes were able to mix the pool. They developed the EMS
model for chugging regime based on the synthetic jet theory (Smith&Swift 2003), where the
effective velocity of the synthetic jet is given by

Uesr = fAV2 (2-1)

where, in the chugging regime, fand A are the frequency and amplitude of the steam-water
interface (liquid level) inside the pipe, respectively. The effective momentum induced by
chugging is

— md? 2
Mers = p () - Uy (2-2)

The frequency and amplitude in Eq. 2-1 are measured experimentally assuming the
chugging oscillations behave as a harmonic of the type z = (A/2)sin(2 r f t). Some analytical
and numerical models are also available to asses these variables as described later, but the
models are derived from small scale esperiments mostly in limited condensation regimes.

The effect on non-condensables are not addressed in the current EHS/EMS models.
Especially, in the initial stage of transient, also non-condensable gas (air) may flow through
the blowdown pipes into the pool. Further experiments are needed to provide correlations for
the frequency and amplitude in cases where non-condensables exist in the steam flow
(Gallego-Marcos 2018). Therefore, this report mostly focuses on cases where pure steam is
injected through multi-hole spargers into the suppression pool.

2.2 Spargers

The spargers of Nordic BWR inject steam directly from the primary coolant system through
the multi-holes pipe system into the suppression pool. In the upper ring of the pipes, the
holes are facing downwards, where in the lower part of the pipes (in sparger head) the steam
injection takes place radially (horizontally).

The sparger experiments performed in the PPOOOLEX and PANDA facilities are mostly
performed in the sub-sonic oscillatory bubble regime (Gallego-Marcos 2018). In this regime,
the effective momentum is expected to be dependent on many different condensation
parameters such as frequency of bubble collapse, bubble radius etc. Unfortunately, these
parameters are not measured in the sparger experiments. Therefore, KTH has developed
approach, where the effective momentum of the EMS model for sparger injection is
estimated with (Gallego-Marcos 2018)

Meff =C- Mth (2‘3)

where C is the coefficient which is dependent on the condensation regime and My, is the
theoretical steam momentum at the injection holes defined as

Mg, = psA;UE + A;(P; — Pp) (2-4)
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where p; is the steam density, A4; is the sparger hole area, Usis the steam velocity at the
sparger holes, P; is the pressure in the sparger hole and Py, is the hydrostatic pressure. For
sub-sonic regimes, P; becomes the hydrostatic pressure Py. In the KTH study, the calibration
of M.sr was done by varying the C coefficient (in Eq. 2-3) and comparing the corresponding
CFD results to the pool temperature and velocity fields measured in the PPOOLEX and
PANDA experiments until a good agreement was obtained. The following correlations for C
coefficient were developed. For sub-sonic regimes with certain steam mass flux G the EMS
correlations are (Gallego-Marcos 2018)

For G < 120 kg/m?/s

10.58 nd?
G = g (n)

AT 042 4

0.07

For 150 < G < 300 kg/m?/s
2.70 nd?
(2= arost (n T)

For 120 < G < 150 kg/m?/s

-0.13

C3 = (05 — S)Cl + (05 + S)Cz (2'5)
where

G — 135
s=0.5 tanh( )

For sonic regimes the EMS correlation is

2+ 0.34
€= 26704 (n™2) (2-6)

AT0.03 4

Since the liquid momentum induced by steam condensation have not been measured in any
previous works/experiments, Separate Effect Facility (SEF-POOL) was built at LUT
University (Gallego-Marcus 2018, Gallego-Marcus et al. 2019). In these tests, the liquid
momentum was measured by specific force sensors. Based on the SEF-POOL data, new
correlations were proposed for the EMS model. Also another approach based on the Kelvin
Impulse theory was proposed based on the bubble dynamics. The set of experiments
showed that the theoretical momentum My calculated from Eq. 2-4 could capture the order of
magnitude of the measured effective momentum Mex, but corrected C coefficient is needed to
take into account the effects of condensation regimes. A new fitting based on Jacobs number
Ja alone showed good agreement with the SEF-POOL data in the sub-sonic regime. The
correlation is

C = 048-Ja1/3 (2-7)
Another simplified correlation as a function of water subcooling AT showed a similar
accuracy

C = 4.28-AT7035 (2-8)

In the sonic jet regimes, only a quasi-constant value for the C coefficient could be given,
since all SEF-POOL tests performed at the regime where the Mach number is greater than
one were run at similar steam mass flux of about 320 kg/(m?s). The value for the C
coefficient for sonic jet regimes is
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Ce=320kg/(m2s) = 0.84 (2-9)

The study related to SEF-POOL experiments showed that further experiments are needed to
study the C coefficient at higher steam fluxes and Ja numbers (Gallego-Marcus 2018).

Another approach based on the Kelvin impulse theory takes into account the momentum
transfer of oscillatory bubbles. The C coefficient (Cx here) becomes

G001

Chr = 348—— (2-10)

d0-08AT0.41

where d is the hole diameter and G is the steam mass flux.

If some thermal stratification in the pool is formed, the codes should also be able to calculate
possible re-mixing or erosion of stratification in the pool. In mixing, the momentum is
sufficient to mix the cold and hot layers. Blowdown pipe with vertical steam injection
downwards is more effective for mixing of horizontal layer than radial (horizontal) injection
through the sparger holes (Gallego-Marcos et al. 2018). In the erosion, the injected
momentum is not sufficient to mix the layers perfectly, and instead, only slow erosion of the
layer interface takes place. If the stable thermally stratified pool is formed, the stratified layer
can be eroded by shear or shear-free flows (Fernando 1991). Fernando and Hunt (1997) and
McGrath et al. (1997) verified that the erosion mechanism of shear-free flow can be
expressed by the Richardson number.

. AbD
RlS = vz (2-11)
where
Ab = 9Pc=Pn) (2-12)

Pc

where D is the mixed layer thickness, U is the velocity above the thermocline, and p. and pj,
are the densities of cold and hot layers, respectively. Fernando (1991) also showed that the
vertical erosion velocity Ug at which the cold layer is displaced can be predicted based on the
Richardson number as

E=C.Rig" (2-13)
where C and n are experimental coefficients.

Gallego-Marcos et al. (2018) analyzed and interpreted the pool stratification experiments
performed in the PPOOLEX and PANDA facilities. In the tests, steam was injected through a
sparger into the pool. They assumed that the horizontal injection through the sparger holes
behaves like a shear source and distributes the momentum along the cross section of the
pool. The velocity U in Eq. 2-13 can be then calculated as

U=u, |24 (2-14)

PLAp

where Us is the steam injection velocity in the sparger hole, Aiis the injection hole area, A, is
the pool cross section area, and p; and p; are the densities of injected steam and pool water,
respectively. Gallego-Marcos et al. (2018) showed that the velocity ratio according to Eq. 2-
13 was in good agreement with the erosion velocity of the experiments. Suitable constants
for Eqg. 2-13 were estimated to be C = 0.7 and n = 1.2. The thickness of the thermocline layer
(D in Eq. 2-11) was about 50 mm during the stratification and slow erosion phases.
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3. Modelling of Water Stratification in Apros

3.1 Lumped Parameter Containment Model

The containment model of Apros uses a lumped parameter (LP) approach where water pool
is normally assumed to form single-phase, homogeneous liquid (Silde & Ylijoki 2019).
However, a separate temperature of infinite small surface layer is solved iteratively due to its
strong influence on the combined heat and mass transfer. An alternative parametric
approach called a pool stratification model allows to divide the pool to two vertical layers
(zones) (Figure 3-1).

Tg
A A A
y 1 " n i
Qrad! m,"h"{ {a(Ts-Tg)
v VoV / Ts
. 1
TR . m."ht | G(Tm-Ts)
s Vo z
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Tm b
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Qs Y
Ty = bulk gas temperature
Ts = pool surface temperature
Tm = pool mean temperature
T:  =temperature of the lowermost pool layer
T, =temperature of the uppermost pool layer
H = user-specified elevation of boundary layer from pool (node) bottom
Qrad = radiation heat flux
me” = condensation/evaporation mass flux
h” = specific enthalpy of saturated steam
h’ = specific enthalpy of saturated water
o = convective heat transfer coefficient
G = thermal conductance of water
mi2”’= mass flux between the pool layers
iz = heat flux between the pool layers
ms = mass flow of external sources/sinks
gs = heat flow of external sources/sinks

Figure 3-1. Schematic picture of the LP pool stratification model.

Elevation of the stratified layer (H) between the pool layers (location of thermocline) is user
specified and fixed value, and does not change during the simulation. If the pool elevation
drops below the specified boundary layer, only one homogeneous pool layer remains and the
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pool stratification calculation is stopped until the pool elevation exceeds again the determined
boundary layer.

Both layers have an own mass and energy balance calculation, and hence, they may be in
thermal non-equilibrium and have a different temperature. Heat transfer between the pool
layers occurs through heat conductance which can be affected by varying the heat
conductance thickness term. Mass flow between the layers takes place only, if the mass or
density of the lowermost layer changes. Water flow between separate pools is calculated from
the Bernoulli mechanical energy balance equation. Because pool can be divided only into two
vertical layers, its clear that 2D/3D flows, and concurrent pool mixing/stratification phenomena
inside a pool cannot be modelled.

The LP approach is a parametric model, i.e., pool stratification or mixing calculation should
be actuated as input boundary conditions. The current model is not suitable for predictive
analysing purposes. If the user activates the stratification calculation with the specific input
option, the mass and energy balances are updated separately for both layers during the
simulation. If the user inactivates the stratification calculation, the layers will mix
instantaneously forming a uniform pool with one temperature. One alternative option allows
the automatic actuation of the stratification/mixing calculation according to the velocity of
steam-gas mixture inside the blowdown pipes or forced feed injection. When the velocity of
gas-steam mixture drops below the certain user-given threshold velocity, the stratification
calculation is started. If the velocity exceeds the threshold value, the stratification calculation
is stopped, and the pool layers become fully mixed instantaneuosly.

3.2 Six-Equation Thermalhydraulic Model

The six-equation model of Apros is a one-dimensional two-fluid model which simulates the
behaviour of a system containing gas and liquid phases (Hanninen 1992). It is based on the
idea shown in reference (Siikonen 1987). The system is governed by six partial differential
equation, from which the pressures, void fractions, phase velocities and phase enthalpies are
solved.

Technical Research Centre of Finland VTT and Lappeenranta University of Technology LUT
studied passive Core Make-up Tank (CMT) behaviour during small-break loss-of-coolant
accident. The simulations with conventional one-dimensional thermalhydraulic codes using
the upwind discretisation scheme and averaged enthalpy in node showed that accurate
simulation of thermal stratification in CMT is not possible (H&nninen 2009; Vihavainen et al.
1999). The sharp enthalpy distribution is unphysically smoothed when the fluid proceeds
over several calculation meshes, i.e., numerical diffusion smoothens the temperature
distribution inside the tank. The phenomenon can be attenuated by using a dense
nodalisation and small time step, but the basic problem cannot be fully removed.

Later on, a new alternative discretization scheme has been applied in Apros, where the liquid
first order upwind enthalpy transported from node to node in the area close to the thermally
stratified layer was defined using information from three consecutive nodes. The calculation
results showed that the numerical diffusion can be largely eliminated and temperature
distribution in the CMT becomes much closer to the distribution in the experiment.

The following description of the discretization schemes is take from reference (Hanninen
2009).

In case of liquid enthalpy, the following equation is obtained from energy conservation
equation of the Apros 6-eq model
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(3-1)

where subscript refers to liquid, o« is the steam volume fraction, u is the velocity, h is the total
enthalpy, and S describes the enthalpy sources of energy and pressure derivate.

The staggered mesh scheme and subscript used in the following equations are show in
Figure 3-2.

i-1/2 it1/2 —  junction

O—_O—_O O node

il i i1
Figure 3-2. Staggered grid discretisation scheme.

321 First order upwind discretisation

Using the standard upwind discretisation of the equation 3-1 in respect of time and space by
using staggered grid gives

: t-At
Vi[(l— o)py ihy; —((1-0)py iy ) ] _
: =+ Ajpi2((1-opy), ;_1.,-;_[“1,i+1f2s(}]hii

At
—Ain((- (l)pl)i ..L,-Q[ul,i—l_Q:OJh{l,i—] +Ai(0 *&}Dl)j 1;2[* ULi-1/2 ,Olh‘f,j
= App((1- “}PE);H_,-Z[_ ul,i—i.-'?.w[}lh?._i—kl =S
(3-2)

Subscript i for the node and i - ¥2 and i + %2 are the junctions to and from the node i. Subscript
i-1 and i+1 are for nodes before and after the node i. The notation [uii+1/2,0] means that the
maximum of u;+12 or O is used. The superscript n means that a quantity is to be solved in the
new iteration step, the variables with no superscripts are referring to the current value and
the variables with superscript t-At are referring to the values of the old time step.

3.2.2 Higher order upwind model

In the new higher order upwind model, the liquid enthalpy hy is defined with three latest
iterated enthalpies hy; , hii.s and hyi.1 and hy is calculated as follows

if u>0

hy = hyisa+H(hiea, i, hiien)(Chiaa- hiisa) (3-3)
or if u<0

hx = hiia+f(hia, b, i) (Cheies- hiia) (3-4)

The function f defines the behaviour of the change of enthalpy to be transported from node i.
If velocity u is positive, h;; changes from h;.1 to hii.. and if velocity is negative, h;; changes
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from hy;.1 to hi+2. The desired function f is selected so that it delays the change of the upwind
enthalpy.

If the velocity is positive, the following function is used

f= [ hii=hyiva ]4 (3-5)

hll. 1_hll.+1
The function changes from 0 to 1 when the enthalpy h;ichanges from hy.1 to hyj.1.

If the velocity is positive, the following function is used

hll 1_hl i+1

f = [t | (36)

The function changes from 0 to 1 when the enthalpy hiichanges from h;;.; to hi+1. Because
the transported enthalpy is a solved quantity, the equations 3-3 and 3-4 cannot be used
directly in the enthalpy solution. The desired enthalpy change is obtained by manipulating the
convective term in the equation 3-2. If the flow velocity is positive, the convective term of
junction i + %2 is modified as

hy
EAi+1/2((1_“)p)i+1/2ui+1/2h£i (3-7)

where hy is calculated from the equation 3-3 and hy; is the latest iterated enthalpy.

The higher order upwind model is developed to model thermal stratification in vertical pipes
and tanks. It can also be used for simulation of a hot or cold water pulse in a horizontal or
vertical pipeline. The user has to define the flow path where the sharp stratification is to be
occurred, but one nodes can be connected to several junctions. Sufficient dense nodalisation
is needed to capture the real sharp stratification, because the temperature is calculated as
function of the solved enthalpy which still represents the average enthalpy of node. The
model assumes that hia < hii < hijsa or hijwg < hij < hiia. Otherwise the pulse faints away. If
the pulse shape enthalpy changes are to be calculated, the pulse length should be at least
two nodes or more.
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4. Adoption of EHS/EMS Models to Apros

4.1 Lumped Parameter Containment Model

In the Apros LP containment modelling, a pool can be divided into two vertical zones. The
pool internal circulation flows induced by momentum and/or buoyancy cannot be not
modelled. Exchange of energy between the zones can be modelled using so called heat
conductance term which can be affected by the user. The only way in the current model to
control the mixing of the two pool zones would be controlling the interconnecting flow
between the zones with given boundary conditions. On the other hand, the EHS/EMS models
rely on the principal, where the determined momentum and heat sources are added to
certain cell(s) in the pool calculation grid, and code then calculates internally the flow field
and corresponding stratification and mixing phenomena inside the pool. In conclusion, the
EHS/EMS models are not directly applicable for the Apros LP model.

The predictability of the current LP pool model could maybe be increased by exploiting some
correlations (or other boundary conditions) to control the intercell flow between two pool
zones in order to reach the desired stratification/mixing regime in the pool. Development of
such empirical correlations would require a huge amount of experiments and/or simulations
where dependency of stratification on several important variables should be studied.
Ozdemir and George (2015) have developed such correlations for the GOTHIC code using
numerically generated data from the 3D simulations to be used to estimate pool mixing and
stratification effects with the lumped parameter pool model. The aim of the GOTHIC
simulations was to model a direct contact steam condensation without the need of any
alternative methods, such as the EHS/EMS models etc. The pool calculation model was
based on the geometric parameters of the MARK | type BFN nuclear power plant. The LP
pool was modelled with two vertical zones and a pump component with associated flow
connection were ncluded to provide desired mixing between the upper and lower pool zones.
The steam was injected into the upper zone of the pool. The pump mass flow between the
zones was controlled by correlations developed from the GOTHIC simulations. The pool
surface temperature (temperature of the upper zone) was considered the most important
target from containment pressurization point of view. The effects of steam injection rate, the
injection depth, the temperature difference between the condensed steam and the pool, and
the thermal expansion coefficient of the pool water were studied. Results showed that the
mixing correlations lead to a good agreement between the detailed 3D and LP simulations,
especially when the steam injection rate was small. In spite of the facts that the results rely
on the geometric data of one plant type and numerical GOTHIC simulations without any
empirical work, the described method could also be suitable for the Apros LP model.

Song et al. (2014) studied criteria of thermal stratification created by DCC using a
experimental setup of a suppression pool. The size of the pool was 500 mm x 300 mm x 50
mm. The inner diameter of a vertical blowdown pipe was 4.2 mm. Vertical temperatures were
measured and bubbles were visualized in order to examine bubble shape, frequency and
amplitude for different DCC regimes. It was found that the criterion for the occurrence of the
thermal stratification in the DCC regime could be determined according to the DCC
Richardson number which is the ratio of buoyancy to inertial force as

. 9B (Tsat=Tamp)L
Ripee = == 75" (4-1)

where g is the gravitational acceleration, £ is the thermal expansion coefficient, T,; IS the
steam saturation temperature, T,,,;, IS the temperature of ambient fluid (water), L is the
distance between steam injection pipe end and pool bottom, f is the frequency of the
oscillations of steam-water interface, and & is the corresponding amplitude. Their conclusion
was that if Ripcc is higher than 2,thermal stratification takes definitely place. When Ripccis
between 0.1 and 2.0, DCC should be in encapsulating bubble regime (ECEB) to get thermal
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stratification. If Ripcc is lower than 0.1, it would be difficult to get stratification and the pool is
fully mixed. Although the study was only based on the small-scale experiments, the used
method and the Richardson number relation could be maybe applied also in the LP
modelling. However, it is unclear whether the approach is suitable also for steam injection
through spargers.

If some stratification in the pool is formed, the equations from 2-11 to 2-14 could be exploited
also for the lumped parameter calculation to estimate the erosion velocity.

4.2 6-Equation Model

An example of implementation method of the EHS/EMS models to the GOTHIC containment
model is given by Gallego-Marcos (2018) and Gallego-Marcos et al. (2016b) (Figure 4-1).
Despite this example is only for the case where steam injection occurs through the blowdown
pipes, the similar principles can be used for sparger injection cases. The similar principles
could also be exploited when connecting the EHS/EMS models to the Apros 6-equation
model.

To obtain the steam pressure flowing out from the pipe outlet, the pipe is not connected to
the wetwell pool, instead, the connection is made to a pressure boundary condition ‘2P’. The
pressure and temperature of ‘2P’ correspond to the hydrostatic pressure and liquid
temperature at the injection hole level, respectively. As a consequence, the effective
momentum can be predicted from flow into cell ‘2P’ and is transferred into the pool with a
pump component ‘“1P’. Liquid and gas injection into ‘2P’ are directed into wetwell pool using
the boundary condition modules ‘3F’, ‘4F’ and ‘5F’. The steam coming out from the pipe
outlet (holes) is added in the EMS model always as liquid form into the pool. The latent heat
of the artificial steam condensation is added with a heater at the pipe outlet. Steam
condensation inside the pipe is also added as a liquid mass source in the EMS model. The
heat transfer through the pipe may be modelled internally by the code heat transfer and heat
structure models.

In Apros, ‘2P’ could be an external node which has the given pressure, enthalpies for liquid,
steam, and non-condensables, and void fraction. Heat transfer through the wall along the
pipe will be calculated internally with the code giving the relevant pipe inner temperature as a
boundary conditions. The important EHS/EMS variables, such as momentum and heat
sources, will be calculated using the Apros 6 SCL script. Finally, the heat sources are added
to the desired pool nodes. The velocities for liquid and non-condensables with specified
direction should be calculated from the desired momentum of the EMS model, and they are
transferred to the external branches (flow paths) between the desired pool nodes of Apros
model. The implementation of the EHS/EMS models in Apros 6 could be done purely with the
current module types and by means of the Simantics Contraint Language (SCL).
Development of an own Apros 6 user component for the EHS/EMS models should also be
consider. Significant code modifications are probably not needed.
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Figure 4-1. EHS/EMS model implemented in GOTHIC. Overview of the control volumes and
boundary conditions (left) and location of the source terms at the blowdown pipe

(right).

The GOTHIC simulation performed at KTH revealed that numerical oscillations takes place at
the blowdown pipe outlet. These oscillations may cause artificial pool mixing. Gallego-
Marcos (2018) minimized their effects by time averaging them before the flow is used for the
EHS/EMS model. It is still unclear whether similar order of magnitude of oscillations would
take place in Apros simulations and in simulations for steam injection through sparger holes.
But if needed, a similar averaging could be also applied for Apros using SCL.

There is lack of applications, where the Apros 6-equation model has been directly used for
pool stratification calculation. Hanninen (2005) calculated the POOLEX test STB-08-05 using
the Apros 6-equation model. The main goal of the work was to increase understanding of
different phenomena in the condensation pool during steam injection through a blowdown
pipe and verify the ability of Apros to calculate the steam condensation and possible
pressure oscillations in the pool. Although Hanninen’s work was focused on pressure
oscillations during steam condensation and was done only for a blowdown pipe, it provides
some important aspects how the Apros 6-equation model could be used for pool
stratification/mixing calculation. Therefore, it is shortly described here.

The test was started by the high steam mass flow regime in the blowdown pipe and then
water level did not flow back into the blowdown pipe. Thereafter, the mass flow rate was
decreased and the oscillation phenomena (chugging regime) started. Because the main goal
was to examine the behavior of the steam flow in the blowdown pipe and the steam
condensation in the pool, a very dense 1D nodalisation was used in the blowdown pipe
(Figure 4-2). The lowest part of the blowdown pipe was submerged in the pool. It was divided
into the nodes with length of 3.6 cm, whereas the rest of the pipe in water had nodes with
length of 5.2 cm. The pipe nodes above the water elevation have much larger dimensions. A
relatively simple 1D nodalisation was used for a pool because the main aim was not to study
stratification/mixing phenomena inside the pool. Relatively small node (node 1) was used in
the pool near the pipe outlet and the node was connected only to the larger node just below
(node 2), which had connections also to side nodes 4 and 5.
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Figure 4-2. Apros nodalisation in the pool and the blowdown pipe for test STB-08-05.

Although the aim the study was not to model pool stratification/mixing phenomena, the study
gives an interesting insight into the code capability to model steam condensation inside the
pipe, DCC phenomena near the pipe outlet and pool behavior as well. The results showed
that the calculated pressure at the pipe outlet corresponded very well to the measured data
(Figure 4-3). The pressure oscillations appear both in the simulation and experiment after
500 s, when the steam injection rate becomes low enough. In order to model the oscillation
phenomena very short time step had to be used. Also the pipe nodalisation was very dense,
which increased also the calculation time. The oscillations cause often instability problems in
the calculation. However, the real oscillations depend strongly on the three-dimensional
phenomena near the pipe outlet such as bubble formation and collapsing, and therefore
these oscillations could not be calculated properly. Some oscillations can be seen also in the
calculated steam velocity inside the blowdown pipe beyond 550 s, but the oscillations are not
very severe (Figure 4-4). Unfortunately, the simulation time is only 600 s, and behaviour of
oscillations after that time instant remains unclear.

The calculated pool temperature near the pipe outlet were slightly higher and the upper
temperature much lower than in the experiments, i.e., the mixing of the pool seemed to be
smaller than in the experiment. This is understandable since the simple 1D nodalisation of
the pool cannot capture the pool mixing due to circulation flows. When using a more dense
2D nodalisation in the pool, the mixing (and stratification) process could be simulated better.
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Figure 4-3. Calculated and measured pressure in the blowdown pipe outlet in test STB-08-05
(Hanninen 2005).

Gas velocities in BDWN pipe

N3 I pipe top 4
450 | e - ipe mid  x .
N F;:ﬁ)e bot x

Velocity [m/s]

O A /| ' ’ | L
0 100 200 300 400 500 600

Time [s]

Figure 4-4. Calculated steam velocity in the blowdown pipe in test STB-08-05 (Hanninen
2005).
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Implementation of the EHS/EMS models is studied in the system or CFD codes for the
modelling of transient thermal stratification and mixing in pressure suppression pool. The
EHS/EMS models can be implemented in the Apros 6-equation model using the suitable
correlations, such as Egs. from 2-5 to 2-8, for the liguid momentum source. The necessary
output variables to the transferred from the EHS/EMS models to Apros can be determined
using Simantics Contraint Language of the Apros 6 environment.

The pool nodalisation in 6-equation model calculation should be denser than presented in
Figure 4-2 to model more accurately the pool stratification and mixing. Also possibility to use
2D nodalisation for pool to model water circulation flows should be studied.

The Apros calculations using the EHS/EMS models could be tested against the selected
POOLEX, PPOOLEX or PANDA experiments.

The sparger experiments performed in the PPOOOLEX and PANDA facilities so far are
mostly performed in the sub-sonic oscillatory bubble regime (Gallego-Marcos 2018) (Figure
5-1). However, from simulation point of view the chugging regime is probably the most
challenging and time-consuming due to relatively strong oscillations caused by direct contact
condensation near the pipe outlet. Simulation of this regime shows the most likely the
benefits of the EHS/EMS models. Figure 5-1 shows that the PPOOLEX test SPA-T2 is
mostly performed in the chugging regime, whereas the tests SPA-T3 and SPA-T5 are in the
chugging regime only during limited time. All other PPOOLEX tests and the PANDA tests of
Figure 5-1 are mostly in the sub-sonic oscillatory bubble or cone jet regime.
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Figure 5-1. Trajectories of the PPOOLEX and PANDA experiments with sparger and
expected condensation regimes based on Chand and Lee (1982) and Song et al (2012).

In summary, the recommendations for further work for pool stratification/mixing calculation
using Apros 6-equation model are as follows:
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1) The EHS/EMS models associated with steam injection through spargers will be first
implemented in the Apros 6-equation model.

2) The implementation could be probably made without code modifications.

3) Influence of nodalisation of the injection pipe on the simulation time should be
studied.

4) Possibility to use 2D nodalisation in the pool to allow circulation flows should be
studied.

5) The higher order upwind model should be tested for pool stratification calculation to
decrease numerical diffusion.

6) Selected PPOOLEX experiments should be calculate to verify/validate the new
modelling approach. The possible test which is mostly performed in the chugging
regime is SPA-T2. The suitable tests will be selected in consensus with the work
relating to the Fluent CFD calculations (Pattikangas 2019).

This work shows that adoption of the EHS/EMS model for Apros can be worthwhile. Pool
thermal stratification, as seen e.g. in the Fukushima accident, is typically a long-term
phenomenon, and an accurate modelling of stratification phenomena and associated steam
condensation regimes is challenging and time-consuming when using the current code
models. The EHS/EMS models increase capability of Apros for computational efficient
simulation of pool stratification/mixing phenomena in real plant geometry. In the future,
implementation of EHS/EMS models in Apros for blowdown-pipe case should also be
considered. Final goal is to enable the modelling of whole BWR containment parallel with the
Apros LP and 6-equation calculations so that pool stratification is calculated with the 6-
equation model, whereas other parts of containment use the LP approach. The possibility to
connect the Apros LP containment calculation with the pool CFD calculation using Fluent is
also of interest.
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6. Conclusions

Royal institute of Technology (KTH) has developed a simulation approach based on the
Effective Heat Source (EHS) and Effective Momentum Source (EMS) for simulating pool
mixing/stratification phenomena. The goal of the EHS/EMS models is to predict the pool
stratification and mixing without direct modelling of the complex and time-consuming DCC
phenomena. Instead, the EHS/EMS models introduce the DCC effects as appropriate
boundary conditions (momentum and heat sources) which can be implemented in the CFD or
system codes for modelling of transient thermal stratification and mixing in pool.

The main aim of this work was to assess the implementation of the EHS/EMS models in
Apros, i.e., whether the implementation is possible and worthwhile and how it should be
done. Both the lumped parameter containment model and six-equation thermalhydraulic
model of Apros are considered.

The EHS/EMS models are developed to be implemented in the CFD codes or system codes
using a single-phase liquid solver. Due to totally different approach used in the Apros lumped
parameter code, the EHS/EMS models cannot be directly used for LP simulation. However,
the work revealed some other interesting approaches which might be exploited in the Apros
LP modelling for pool stratification/mixing.

The EHS/EMS models could be implemented in the Apros 6-equation model using the
suitable C coefficient correlations for the steam momentum calculated by Apros. The
recommendations for future work are that the EHS/EMS models associated with steam
injection through spargers will be first implemented in the Apros 6-equation model. Possibility
to use 2D nodalisation in the pool to allow circulation flows should be studied. Selected
POOLEX experiments could be calculated to verify/validate the new modelling approach.
The suitable experiments are e.g. SPA-T2. The calculated tests should be selected in
consensus with the corresponding work with the Fluent CFD code.

This work shows that adoption of the EHS/EMS model for Apros can be worthwhile. Pool
thermal stratification, as seen e.g. in the Fukushima accident, is typically a long-term
phenomenon, and an accurate modelling of stratification phenomena and associated steam
condensation regimes is challenging and time-consuming when using the current code
models. The EHS/EMS models increase capability of Apros for computational efficient
simulation of pool stratification/mixing phenomena in real plant geometry.
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1. Introduction

In a Boiling Water Reactor (BWR), the operation of the pressure suppression pool is affected
by thermal stratification and mixing phenomena. In particular, thermal stratification can be
important in different hypothetical Loss-Of-Coolant-Accident (LOCA) scenarios, where steam
line breaks inside the containment or station blackouts. It has been suggested that thermal
stratification played a role in the pressure increase in the containment of Fukushima Daichi
Unit 3 (Jo et al., 2016). Validated numerical tools for the simulation of such accident scenarios
are necessary.

At the Royal Institute of Technology (KTH), the behavior of the pressure suppression pool has
been studied during a steam injection through blowdown pipes and spargers. Effective Heat
Source (EHS) and Effective Momentum Source (EMS) models have been developed to predict
the long-term thermal behavior of the pool (Gallego-Marcos et al., 2016; 2018a; 2018b; 2019a;
2019b; 2019c). At KTH, the EHS/EMS models have been implemented in the GOTHIC code.

At the LUT University, a set of experiments with spargers have been performed in the
PPOOLEX facility. The experiments were mainly focused on the oscillatory bubble regime, and
exploratory tests were done in chugging and stable jet regimes. The experimental data was
used by KTH to address important phenomena governing the pool behavior and validate the
computational models. A small-scale Separate Effect Facility (SEF-POOL) was built to
measure directly the effective momentum induced by steam injection through a sparger. The
experiments enabled the development of the effective momentum source correlations at KTH.

At VTT, Computational Fluid Dynamics (CFD) simulations have been performed for the SEF-
POOL experiments of LUT. The simulations have been done by using the commercial ANSYS
Fluent code and the open-source OpenFOAM code (Pattikangas et al., 2019). The work has
been done in co-operation with KTH, LUT and VTT through the COPSAR (Puustinen et al.,
2018) and THEOS projects, which have been funded by NKS.

In the present work, the EHS/EMS models have been used in the CFD simulation of thermal
stratification and mixing experiment performed at LUT with the PPOOLEX test facility. The
thermal stratification phase is calculated for an experiment, where steam is injected into
pressure suppression pool through sparger pipe. Steam is first injected at a low mass flow rate,
which leads to thermal stratification of the water pool. In the end, the pool is mixed by injecting
steam at a high mass flow rate.

The possibilities to implement the EHS/EMS based modeling approach in the lumped
parameter containment model of the Apros system code is studied in a separate report (Silde,
2019).
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2. PPOOLEX thermal stratification experiments

Thermal stratification and mixing experiments have been performed at the LUT University with
the PPOOLEX test facility (Laine et al., 2015). The PPOOLEX test facility is 7.45 m high and
its diameter is 2.4 m. The facility consists of dry well and wet well compartments, which models
a BWR containment. The present experiments are performed with the wet well compartment
of the facility, where steam is injected into a water pool through a sparger pipe. The PPOOLEX
facility is shown in Figure 1.

The sparger pipe is submerged in the water pool, where the water level is at 3 m. The bottom
of the 76.1x4.0 pipe is at level 1.2 m, i.e., the submergence depth is initially 1.8 m. The bottom
part of the vertical sparger pipe has 32 orifices having a diameter of 8 mm. The orifices are
arranged in four rows each containing eight orifices. The bottom part of the sparger pipe is
shown in Figure 2.

In the following, the PPOOLEX experiment SPA-T3 is modelled with CFD calculations. Before
the experiment the water pool was heated with steam to a uniform temperature of 21 C. In the
stratification phase of the experiment, steam was injected into the water pool for 4068 seconds
at a low mass flow rate of 120 g/s. The stratification phase was followed by mixing phase,
where the mass flow rate of steam was large, 260 g/s. The mixing phase lasted for about 500 s.
The parameters of the experiment are summarized in Table 1.

The behaviour of the steam jets injected into the water pool depends on two main parameters:
mass flux of steam and pool temperature. Condensation map determined by Gallego-Marcos
et al. (2018a, 2018b) and Laine et al. (2015) is shown Figure 3. At low mass flux, chugging
oscillations of steam jets occur at the orifices of the sparger pipe. If the pool temperature is
low, the oscillation occurs inside the pipe. If the pool temperature is high, oscillating steam jet
is located outside the sparger pipe. At high mass fluxes, oscillatory cone jet and stable cone
jet are observed.

In the present experiment, the initial pool temperature was 21 C. In the heating phase, the
mass flow rate of steam was 120 g/s, which corresponds to mass flux of 74.6 kg/m?s. In the
condensation map of Figure 3, this is on the borderline between internal and external chugging
regions and the oscillatory bubble region. In the mixing phase, the mass flow rate of steam
was increased to 260 g/s, which corresponds to mass flux of 162 kg/m?s. In the condensation
map, this is in the stable cone jet region.

Table 1. Parameters of the PPOOLEX experiment SPA-T3.

Time period [s] Mass flow rate [g/s]
Stratification phase 235...4303 120
Mixing phase 4303...5005 260
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Figure 2. Sparger pipe in the pressure suppression pool of the PPOOLEX test facility at
the LUT University (Laine et al., 2015).
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Figure 3. Condensation map obtained from PPOOLEX and PANDA data (Gallego-Marcos,
2018a).

3. Effective momentum and heat source models

In the Effective Momentum Source (EMS) and Effective Heat Source Model (EHS), the
condensation of steam in water pool is not directly calculated in GOTHIC or CFD simulations

models. Instead, momentum and heat sources are added in the simulation model in the region,
where the condensation of the steam jets occurs.

Gallego-Marcos et al. (2019a, 2019b) have formulated EMS/EHS models both for blowdown
pipes and sparger pipes submerged in water pools. These two configurations are illustrated in
Figure 4. The condensation of the heat jets provides the momentum source and the main part
of the heat source into the water pool. Some amount of heat is also transferred into water

through the uninsulated wall of the submerged steel pipe. This amount of heat must be taken
into account, when the effective heat source is determined.

The idea of the EMS model is illustrated in Figure 5, where a steam jet in a water pool is shown.
The picture is taken from the SEF-POOL separate effect test facility of LUT University
(Puustinen et al.,, 2018), where different condensation regimes have been studied
experimentally. Part of the momentum of the condensing steam jet is transferred to the water

pool as time-averaged momentum of liquid water. Another part of the momentum is converted
to turbulence, which is dissipated in the water pool.
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Figure 4. Effective Momentum Source (EMS) and Effective Heat Source models have
been developed for the blowdown pipe and sparger pipe at KTH (Wang et al., 2019).

Figure 5. In the EMS/EHS model, correlations for the coefficient C for the momentum
transfer from condensing steam to liquid is determined for different mass flow rates and
pool temperatures (Wang et al., 2019; Puustinen et al., 2018).

In the EMS model, the effective momentum transferred to liquid water is described as
Mess = CpsA;US 1)

where p; is the density of steam, A4; is the area of the orifice and U, is the mean flow velocity
of steam. The coefficient C describes has been determined experimentally for different regions
of the condensation map of Figure 3 by using the data obtained from the SEF-POOL facility
(Gallego-Marcos, 2018a; Puustinen et al., 2018). The advantage of this approach is that the
details of the condensation process do not need to be modelled. In GOTHIC or CFD
simulations, this is advantageous in particular in the oscillating regime of the condensation
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map. The EMS/EHS approach makes possible to simulate long transients, which are relevant
to analysis of hypothetical accidents in BWRs.

In his Doctoral Thesis, Ignacio Gallego-Marcos summarized correlations for the effective
momentum transfer coefficients in subsonic regimes of the condensation map (Gallego-
Marcos, 2018a):

( 1058 / wd2\""’
€1 = S0 |\ G <120
2.70 [ md?\ o" ,
c={ C=1mm(n— 150< 6 <300 @
C3 = (05 — S)Cl + (05 + S)CZ
G —135 120 < G < 150
§ s = 0.5tanh (T)

Here, the momentum transfer coefficient depends on the mass flux of steam (G), the number
of orifices (n) and their diameter (d), and the subcooling of the pool water (AT). In the present
simulations, the values the coefficient were C = 1.0 in the beginning of the stratification phase
and C = 0.77 in the mixing phase.

Some other forms for the momentum transfer coefficient have recently been determined from
the SEF-POOL experiments in terms of Jacob number (Gallego-Marcos et al., 2019a; Wang
et al., 2019).

4. CFD model

Thermal stratification phase of the experiment SPA-T3 was modelled with CFD calculations by
using ANSYS Fluent version 19 R3. Single phase calculation with EMS/EHS model was
performed by using standard k-& turbulence model with “enhanced wall treatment”. In the
enhanced wall treatment of Fluent, the turbulence dissipation is calculated from an algebraic
equation in the regions where wall-distance based Reynolds number is small. This improves
the behaviour of the k- in the regions where turbulence level is small.

The SIMPLE scheme was used for the pressure-velocity coupling, where second order
discretization was used for the pressure. Second order upwind method was used for
momentum, turbulence and energy. Bounded second order implicit time discretization was
used, where the time step was 0.05 s in the stratification phase and 0.02 s in the mixing phase.
Therefore, 80 000 time steps were needed for 4000 s stratification phase.

The CFD mesh consisted of 537 000 hexahedral control volumes. The regions for the
EMS/EHS sources were implemented with user-defined functions of Fluent in the regions,
where the orifices of the sparger pipes were located. The CFD mesh is illustrated in Figure 6.
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Figure 6. Surface mesh of the CFD model of the bottom part of the PPOOLEX wet well.

5. CFD simulation of the experiment SPA-T3

The thermal stratification phase of the experiment SPA-T3 is illustrated in Figure 7, where
the temperature of the water pool is shown. In the beginning of the experiment, the pool is
fully mixed with homogeneous temperature of 21 C. The injection of steam heats the liquid
water near the bottom part of the pipe. In addition, the liquid water in the vicinity of the hot
pipe heats up. Gradually the temperature rises in the region above the pipe bottom. Later,
the temperature gradient moves downwards towards the bottom of the pool. The temperature
in the bottom part of the pool remains close the initial temperature of 21 C.

The mixing phase is started at time t = 4200 s by increasing the mass flow rate of the
injected steam. This increases the flow velocity and the return flow is formed, which returns
from the top part of the pool towards the thermocline in the bottom part of the pool. Mixing of
the cold water layer in the pool bottom starts. In the end of the simulation, the cold layer is
not yet fully mixed.

The magnitude of flow velocity is shown in Figure 8. In the stratification phase, the cold water
layer in the bottom part of the pool is still. The maximum flow velocities in the top part of the
pool are above 0.2 m/s, in some regions about 0.9 m/s. The circulation of the flow from the
top part of the pool makes the thermocline region to oscillate, which increases the mixing of
the bottom part of the pool.
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Figure 7. Calculated temperature in the pressure suppression pool of PPOOLEX test
facility during the stratification experiment SPA-T3. In the temperature scale, all
temperatures above 30 C as shown as red.
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Figure 7. Temperature of the pressure suppression pool. Continues from the previous
page.

At the end of the simulation, the calculation of the mixing phase is started by increasing the
mass flow rate of injected steam. The deterioration of the stratification is accelerated at this
phase as can be seen in the temperature field at time t = 4890 s. The condensing steam jet
drives flow that returns to the thermocline area as is seen in the flow velocity at time t =
4890 s.
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Figure 8. Calculated magnitude of flow velocity in the pressure suppression pool of
PPOOLEX test facility during the stratification experiment SPA-T3. All velocities larger than
0.2 m/s are shown as red.
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Figure 9. Calculated temperature along the vertical L1 measurement line at different
instants of time.

The calculated temperature during the stratification phase is shown in Figure 9 at different
instants of time. The results are shown along the vertical line L1 that is located at a distance
of 40 cm from the pool center and 82 cm from the sparger pipe. The temperature profile
behaves qualitatively in the expected manner. Thermal stratification occurs during the
simulation and the thermocline moves downwards during the experiment. The calculated
temperatures are, however, clearly lower than in the experiment. The heat loss at the pool
surface is clearly larger than in the experiment.

6. Summary and discussion

Test simulation on thermal stratification of pressure suppression pool has been done for an
experiment performed with the PPOOLEX test facility. In the experiment, steam was injected
into water through a vertical sparger pipe submerged into the pressure suppression pool. The
condensation of steam was not calculated directly but it was modelled by using the Effective
Momentum Source and the Effective Heat Source (EMS/EHS) models developed by Gallego-
Marcos et al. (2018a, 2018b). The calculation was performed with the commercial ANSYS
Fluent code, where the EMS/EHS model was implemented with user-defined functions. In the
EMS/EHS model, the momentum and enthalpy resulting from the steam condensation are
added as source terms directly into liquid water phase.

The CFD simulation resulted in qualitatively correct behaviour of the thermal stratification. The
calculated pool temperatures were, however, clearly lower than in the experiment. The reason
for this was the heat loss on the pool surface. The beginning of the mixing part of the stratified
layer was also calculated and the initial phase of the mixing was observed.

The present approach must be modified and a new simulation with modified boundary
conditions is in progress. It seems, however, that in future some major changes in the
simulations method should be made in order get improved results. During the present
experiment, the amount of injected steam is so large that the surface level in the pool changes
significantly. In order to take this properly into account, Volume Of Fluid Method should be
used were the evolution of the surface level can be calculated. This method would also properly
treat the problematic heat losses on the pool surface.
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