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Abstract

The presented CFD investigations using ANSYS CFX) Hse focused on the “Phase | — Void
Distribution Benchmark, Exercise 1 — Steady-stategl® Subchannel Benchmark” of the
OECD/NRC PSBT benchmark. In this particular subeacof the entire benchmark flow
through a test section representing a central suimel of a PWR fuel assembly under nucleate
subcooled boiling conditions is investigated. Theestigations using ANSYS CFX had been
carried out for 10 different test conditions (witbspect to pressure, inlet fluid temperature,
power and mass flow rate) from the PSBT test maEmphasis had been given to a CFD best
practice guidelines oriented investigation of thbbmoled nucleate boiling flow through the
subchannel configuration of the test section. Bygaring CFD results to the benchmark data
reasonably good agreement could be observed. Deygend the applied CFD submodels the
results differ from the measured data 8% with respect to cross-sectional averaged void
fraction at the measurement plane, where the agdragid fraction varied between 0.038 and
0.62 for the test conditions under investigation.

1. Introduction

The investigation presented in this paper is aimedFD simulations for the international
OECD/NRC PWR subchannel and bundle tests (PSBT¢Hmeark [1] based on a database
provided by the Nuclear Power Engineering CorporafNUPEC), Japan from an experimental
campaign carried out at NUPEC from 1987 to 1995 hased on that time state-of-the-art
computer tomography (CT) technology for void meaments. The benchmark encourages
advancement in subchannel analysis of fluid flowod bundles with subcooled nucleate boiling
conditions under typical PWR conditions and themefbas very important relevance to the
nuclear reactor safety margin evaluation. The berack specification has been designed so that
it can systematically assess and compare numariodels and codes (CFD and subchannel
codes) used by different benchmark participantsttierprediction of detailed subchannel void
distributions to full scale experimental data goretotypical PWR rod bundle.

The PSBT subchannel void fraction and departuren frucleate boiling data encourages
advancement in understanding and modeling comjb@xtehavior in real bundles. Considering
that the present theoretical and CFD approacheddseribing such complex multiphase flows
with rather intensive heat and mass transfer dagively immature, the benchmark specification
is designed so that it will systematically assews @mpare the participants’ analytical and CFD
models on the prediction of detailed void distribns and DNB. The PSBT benchmark problem
includes both macroscopic/integral and microscapigasurement data. In this context, the
subchannel grade void fraction data are regardeth@smacroscopic/integral data and the
digitized CT computer graphic images are the mmopg data, which provide rather coarse
information on void distribution within a subchahn&nfortunately the NUPEC database
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provides the data for the subchannel void distiiloutests only in a single measurement cross-
section, so that no information is available fog Hxial flow development under the conditions
of nucleate subcooled boiling.

The presented CFD investigations using ANSYS CFX0 1&e entirely focused on the
“Phase | — Void Distribution Benchmark, Exercise- ISteady-state single subchannel bench-
mark” of PSBT. In this particular subsection of #rire benchmark flow through a test section
representing a central subchannel of a PWR fuadnalslty under nucleate subcooled boiling
conditions is investigated. For the PSBT Phase Xer&ise 1 experiments cross-sectional
averaged void fraction values and CT images ofsesestional void distribution (but with rather
poor spatial resolution) are available for comparigo numerical predictions.

The investigations using ANSYS CFX had been caroatl for 10 different selected test
conditions (with respect to pressure, inlet flledhperature, power and mass flow rate) from the
overall set of PSBT benchmark data. Emphasis had geen to a CFD best practice guidelines
oriented investigation of the subcooled nucleatértgpflow through the subchannel configura-
tion of the test section. Therefore a hierarchgaisecutively refined 3d meshes with 0.18, 1.4
and 11.5 Mill. hexahedral mesh elements had begitiedp Convergence of the steady-state
simulations on all three grid levels as well asithpact of the applied convergence criteria and
integration time scales on the target values wasotighly investigated. Furthermore the
influence of anisotropic turbulence and secondlowd in the cross section of the subchannel
test section on cross-sectional void distributioaswnvestigated by applying the shear-stress
transport turbulence model (SST) in comparison wite explicit algebraic Reynolds stress
model (EARSM). Furthermore the influence of interéh momentum transfer modeling in the
two-phase flow CFD setup has been investigatedlllyinthe obtained CFD results are cross-
plotted and compared to the data from the PSBThdatg where the investigated test conditions
cover a range in cross-sectional averaged steammeolraction from 0.075 to 0.62.

2. Nomenclature

A bubble influence factor Re  Reynolds number
A;  wall fraction cooled by single-phase rc Volume fraction of gaseous phase
convection

A, wall fraction cooled by quenching T.  near-wall liquid temperature

A c interfacial area density Tsat Saturation temperature

Co.  specific heat capacity of liquid Tsub =Tsar TL; liquid subcooling
temperature

Coc  specific heat capacity of vapor sl =Tw-Tsa; Wall superheating

ds bubble diameter in the bulk flow wl  wall temperature

dw  bubble departure diameter on the wall ww T liquid characteristic near-wall
temperature

f bubble departure frequency w t  bubble waiting time

g gravitational acceleration "y non-dimensional distance to the
wall

G mass flow rate vapour velocity

h.c interfacial heat transfer coefficient LU liquid velocity

H.c evaporation enthalpy
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ho  coefficient for heat transfer by
quenching

k. liquid heat conductivity

Ly length of the heated part of the
subchannel test section

Lm  height of the measurement cross
section

Lt length of the experimental test section

Na active nucleation site density

Nu  Nusselt number

Pr Prandtl number of liquid

Log Number: 085

Greek letters

pc density of the gaseous phase
p.  density of the liquid phase

tw  wall shear stress

Subsripts
G gaseous phase
L liquid phase
in inlet properties

g~  wall heat flux max maximum

Qc  heat flux due to single-phase ref  reference quantity
convection

Qe  heat flux due to evaporation sub  subcooling

Qo  heat flux due to quenching sup superheating

Qw total wall heat flux tot total

3. The PSBT Void Distribution Benchmark
3.1 PSBT Phase |, Exercise 1 — Steady-state Single Shhonel Benchmark

The PSBT benchmark consists of the following phag#sdifferent exercises [1]:
1. Phase I-Void Distribution Benchmark

» Exercise 1 — Steady-state single subchannel bemkhma

» Exercise 2 — Steady-state bundle benchmark

» Exercise 3 — Transient bundle benchmark

» Exercise 4 — Pressure drop benchmark

2. Phase Il — DNB Benchmark

» Exercise 1 — Steady-state fluid temperature bendhma

» Exercise 2 — Steady-state DNB benchmark

» Exercise 3 — Transient DNB benchmark
where the present CFD investigation focuses ondhaBxercise 1, while the other tasks are
mainly directed towards the investigation by sulncte/system codes. In Phase |, Exercise 1 the
underlying NUPEC experiments had been carried out4f different representative types of
subchannels — typical central (S1), central wituide tube (S2), side (S3) and corner (S4)
subchannel type of a typical 17x17 reference fusdembly. But due to the rather high
computational effort of CFD simulations it was dbsad at an early stage of the PSBT benchmark
to focus the CFD investigations on the center sydachannel (S1) experiments, test series 1.
The available experimental data include CT scansoreanents of the void fraction (subchannel
averaged) and images of the void distribution. @a& are provided to assess and improve the
current models for void generation (subchannelésysand CFD codes) and void distribution
within subchannels (CFD codes).
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3.2 The Test Section for Central Subchannel Void Distbution Measurements

A description of the test sections, subchannel gyged applied measurement technology is
provided in full detail in [1]. But in order to fditate the understanding of the further described
CFD simulations, a short outline of the experimetast facility will be given here.
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Figure 1 : System Diagram of NUPEC PWR Test Faciljt

Figure 1 shows the schematic diagram of the NUPBR Rest facility. The test section could
be used in the experiments either for installatafnthe different types of representative
subchannel test sections or for the investigatibra ©x5 rod bundle test section. For the
experiments carried out on the S1 subchannel t&sgsire 2 shows the schematic of the
corresponding subchannel test section with an wfeedieated length of I=1555mm and the
measurement cross section being locatpe1400mm downstream the horizontal inlet of the
coolant to the subchannel test section. As caneba from the schematic diagram, no special
measures had been undertaken in the experimeanhtmtflow conditions or level of turbulence
at the inlet cross section of the subchannel edim, e.g. flow straighteners, honeycombs or
similar, and it is hoped that the length of the sestion is sufficiently long (L/D~112) to prevent
too large influence from deviations of the necegsalet condition assumptions in the CFD
setup from the real but unknown experimental intatditions.
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Figure 2 : TestSection for Central Subchannel (S1) Void Distributbn Measurement.

The S1 subchannel consists of a typical centratisainel of a fuel assembly where all fi
adjacent walls of heater rods are homogeneousitetidrsy constant power over the total lel
of the heated part of the test section. The geacaétlimensions of the central subchannel
given in Figure 2Due to the 9° symmetry, only 1/4 of the geomeyr will be simulated in th
CFD simulations (see 5.1).

For the void distribution measuremeia gammaray transmission method was used to mea
the density of the flow, which was converted to Yoed fraction of the geliquid two-phase
flow. In the subchannel experime a narrow gammaay beam CT scanner was used to mesg
the subchannel avegad void fraction and a wide gam-ray beam was used to measure
chordal averaged void fractiocConsequently for each subchannel test conditiasscsectione
averaged steam volume fraction value and the deglitiCT scanner images with cross smal
void distribution are provide
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Table 1: Selected S1 subchannel test conditions fGFD investigations.

Testcase Pressure Inlet Power Mass Flux Measured
Temperature Steam
[MPa] [°C] MW m?] [kg m?2s?] Volume
Fraction [-]
1.2211 15.0 295.4 1.93 3031 0.038
1.2223 15.0 319.6 1.50 3031 0.311
1.2237 15.0 329.6 1.29 3031 0.440
1.4325 10.0 253.8 1.29 1389 0.335
1.4326 10.0 268.8 1.30 1389 0.531
Table 2 : Additionally selected S1 subchannel tesbnditions
Testcase Pressure Inlet Power Mass Flux Measured
Temperature Steam
[MPa] [°C] [MW m?] [kg m?2s? Volume
Fraction [-]
1.3221 12.5 294.9 1.29 3083 0.053
1.3222 12.5 309.5 1.29 3028 0.357
1.3223 12.5 319.7 1.30 3083 0.546
1.4121 10.0 274.1 1.51 3056 0.097
1.4122 10.0 304.5 1.50 3028 0.636

3.3 Selected Test Matrix

Test conditions of the S1 subchannel tests areactaized by the four main parameters:
pressure, inlet mass flux, thermal power and cdaidet temperature, the latter corresponding to
a certain liquid subcooling in correspondence tgéaturation temperature for the given pressure
level. In total 43 different test conditions hadebenvestigated in the NUPEC experiments.
From this large number of tests a subset of Sctastlitions had been selected during the PSBT-1
Workshop meeting in Pisa, Italy, 12.-13. April 2012] for investigation by participants
applying CFD methods. The selected test condittwmasummarized in Table 1.

For additional CFD investigations, parameter steidied in order to further broaden the range of
investigated flow regimes in terms of generatedrstgolume fraction the additional 5 testcases
as listed in Table 2 had been selected from [2].

4.  The Physical Model

The flow under investigation is described in thaniework of the currently most conventional
CFD approach to modeling two-phase flows with digant volume fractions of both phases - the
Eulerian two-fluid model derived under the assumptof interpenetrating continua. Material
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properties for both vapor and liquid had been d@etby defining material properties based on
IAPWS-IF97 water/water steam tables defined forgiven range of temperature and pressure of
the testcases. Phase distribution results fromiregplthe phase-specific continuity equations for
volume fractions, and separate sets of momenturatiemqs are solved for each phase, where
buoyancy and interfacial momentum transfer is taketo account. Momentum transport
equations are supplemented by turbulence modeltieqaa where the shear stress transport
model (SST) has been applied to the continuouseplaasl a zero-equation disperse phase
turbulence model together with the Sato bubble ecdd turbulence model have been used to
describe the turbulence effects arising from thegbibyiphase (for details see [3]).

For the steam—water bubbly flow an energy equasi@olved for liquid, while for the description

of the nucleate subcooled boiling processes undesideration the vapour is assumed to be
saturated at all time. The exchange of mass, mamemind heat between phases are modeled
using the correspondent source terms in the phassfie balance equations. For the dispersed
bubbly flow assumed for the nucleate subcooledirapiprocesses the interfacial momentum
transfer is modeled in terms of the Grace dragefahge to the hydrodynamic resistance and the
non-drag forces [3].

Regarding the consideration of the non-drag fotbescurrent framework in ANSYS CFX [3]
allows for the inclusion of the lift, the wall lubation, the virtual mass and the turbulent
dispersion force. Further forces can be added bgr-defined source terms. Previous
investigations have shown good agreement for simngladiabatic air-water bubbly flows [4],
polydispersed air-water and steam-water flows fvall as recondensing steam-water flows [6]
using the formulations of Tomiyama (1995, 1998) fbe lift force, the generalized wall
lubrication force formulation by Frank (2005) argk tFavre averaged drag turbulent dispersion
force formulation by Burns et al. (2004). In theeggnt investigation non-drag forces with the
exclusion of the wall lubrication and virtual mdssces have been applied.

The modeling approach for wall boiling will be debed in a separate section. Once the steam is
produced at the wall, it will be assumed, thatsteam is at local pressure dependent saturation
temperature at all time. Further the steam condessa the bulk subcooled liquid (K Tsa)

with the mass transfer rate per unit volume:

m:max[hLG(Tsat ~T)As ,0] (1)
HLG
With superheated liquid, fluid is evaporating & thte:
m:max[hLG(TL ~Ta)As ,0] )
HLG

A c is the interfacial area, anddis the interfacial heat transfer coefficient, cddted according
to Ranz and Marshall (1952):

he =d—Nu=§—L(2+O.6Ré’2 P?) (3)
B B

This relationship is valid for mass transfer at itterface of rather small bubbles with diameters
well below 0.5mm, which is assumed here for thesguazed conditions in PSBT tests. To close
the phase transition model in the bulk bubbly flawphasic characteristic length scale for the
mean bubble diameterg dhas to be provided. This can be obtained fromyapgla population
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balance model like homogeneous/inhomogeneous MUgi@lel or a DQMOM model. Here in
this study we follow the simplified approach of piding a local mean bubble diameter as
proposed by Kurul and Podowski [7] as well as Argkt al. [8], where both proposed to
calculate the local bubble diameterak a linear function of liquid subcooling,§
_ dg; (Tsub _Ts.lb,z) + dBZ(Tsub ,l_Tsub) (4)
TSJb,l_TSJb,Z
For typical nuclear energy applications these astlpzoposed for subcooled nucleate boiling
under PWR conditions (so, high pressure conditioe&rence bubble diameters at the two
reference subcooling conditionss; & 0.1mm at Typ1= 13.5K and g> =2mm at Ty = -5K. The
bubble size in the bulk has a direct influence be tnterfacial area density and on the
condensation respective evaporation rate in thk. liuis clear, that these assumptions cannot be
applied without reconsideration to the nucleate ceoled boiling under normal pressure
conditions, since already the experimental obsematshow, that Sauter mean bubble diameters
of up to 4mm occurred in the experiments under sofibe operating conditions. Therefore this
relationship (5) was a first candidate for necessandel modifications for bulk and wall boiling
under low pressure conditions, as will be discussedlater section.

d;

4.1. Modeling Nucleate Subcooled Boiling at Heatéthlls

The current implementation and exposure of the walling model in the graphical CFD
preprocessor of ANSYS CFX had predecessors ineeardirsions of ANSYS CFX as beta model
capabilities. Therefore more detailed descriptiohghe wall boiling modeling approach exist
from earlier publications, referring to Egorov ét [] and Krepper et al. [10]. All this model
development follow the general outline of the stlechwall heat flux partitioning algorithm
developed by Kurul & Podowski [7]. Since this ialtmodel development was aimed more on 1d
thermohydraulic modeling of the phenomenon, mod#haacements and adjustments were
necessary in various places of the model algoriibrmulation in order to accommodate for the
specific requirements of an implementation inteeaeyal 3d CFD solver.

Subcooled boiling is observed at heated surfacegnwhe heat flux applied to the wall is too
high to be transferred to the core flow of liquig the single-phase convective-conductive
mechanisms. The term “subcooled” means, that theageon temperature is exceeded only in a
local vicinity of the wall, whereas the average pemature in the bulk is still below saturation.

The point, where the local wall temperature readhessaturation temperature, is considered as
the onset of nucleate boiling. Steam bubbles arerg¢ed at the heated surface at nucleation
sites, with the surface density of these sites widipg on different factors, including the wall
superheat. With increasing wall superh®a$,=Tw-Tsathe attached bubbles grow and then leave
the wall at certain critical size. This criticaksj called bubble departure diameter, may depend on
the surface tension and on the forces acting obubéles from the surrounding fluid.

Heat transfer from the wall is then described asdoearried by turbulent convection of liquid, by
transient conduction due to the departing bubbieslay evaporation. Distribution of the entire
wall heat flux between these mechanisms (wall paaitioning) can be calculated by modeling
each mechanism in terms of the nucleation site igernthe size of departing bubbles, their
detachment frequency, and waiting time until thextnbubble appears on the same site

! MUSIG — Multiple Size Group Model
2 DQMOM - Direct Quadrature Method of Moments
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(mechanistic modeling approach). This mechanistmdeting approach of the wall boiling
process is required in the framework of the CFDe¢@ihce for technical applications it is mostly
impossible to fully resolve the micro-phenomenorsigfam bubble formation at the heated wall
on the underlying numerical mesh and with the &gblime scale of integration. Instead the
resulting steam production and enhanced heat atsfthe liquid is taken into account by the
mechanistic model of wall boiling based on the wedhat flux partitioning algorithm. Once the
steam bubbles are released from the nucleatios, sitey move through the subcooled liquid and
condensate, releasing the latent heat again iegmondence to eq. (1).
Following the modeling approach of wall heat fluarfitioning, the applied wall heat flux on the
heated surface is split into 3 partsg, @he turbulent convective heating of the liquidy, @he
quenching heat flux andgQthe evaporative heat flux:

Qv =Qe +Q + Qe 5)
As already mentioned, in this model vapour is agslito be saturated everywhere, and no part of
the wall heat flux is arranged for superheatinghef vapour phase. The heat partitioning model
considers the whole heated wall surface as beipgrated into two fractions: a) fraction, A
influenced by the vapour bubbles, formed on thd armd b) fraction A being the remaining wall
surface area with A1-A,. The wall area fraction Al represents the pathefwall surface that is
not affected by the growing steam bubbles. Theeefioe wall heat flux for this part of the surface
is modelled in a similar way as for the single-ghasnvective heat transfer into pure liquid, by
using the turbulent wall function procedure asioet in [9]. Given that, the convective heat flux
can be written as:

Qc = Alhc (TW _TL) (6)
where k¢ is the turbulent heat transfer coefficient, whidpends on the velocity field and is
modelled using the turbulent temperature wall fiorct(see [9]). The wall area fraction, A

represents the remaining part of the surface, wliatanges heat with both phases. The already
mentioned evaporative heat flux @@ consumed for evaporation of the initially sublea liquid:

Q= m(hG,sat _hL) (7)
with:
3
m= o, 7y N, f
.2
= PoPoe gdwf (8)
242
= Os min( rrad, ,5]zdW N, f
3
resulting in:
2 _( ma*d?
QE zgpedvv mm( 4 = ’SJ Naf hLG (9)

where m is the evaporation mass transfer rate per unitavah, Ay is the non-limited wall area
influenced by vapour bubble formation; f4;and h are the specific enthalpies of the saturated
vapour and subcooled liquid respectivelyy s the bubble departure diameter, I8 the
nucleation site density arids the bubble detachment frequency. The quendmgag flux due to
transient vapour bubble departure and cooling efwhll area A by substituting fresh subcooled
liquid is modelled as:
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Q = Ay (T, —T) (10)
where Iy is the quenching heat transfer coefficient. In di®ve relationships the areg A
influenced by the growing vapour bubbles is relatethe nucleation site density and the bubble

departure diameter:
242

A= min(zTa j‘”

[N,.1) (11)

where @y is the bubble departure diametl, is the nucleation site density aads a influence
factor introduced by Kurul & Podowski [7] and issamed to be=2.
In order to arrive at a closed model formulationtfee above wall heat flux partitioning scheme, a
larger number of closure models have to be providiedse are required for the following model
parameters:

* N, wall nucleation site density

* bw, bubble departure diameter

» f, bubble detachment frequency

* ho, quenching heat transfer coefficient

* bubble waiting time
The required closure relationships are providedanfiaorrelations, following in most cases the
used correlations in the original model formulatioh Kurul & Podowski [7], but providing
alternatives or the possibility for the model usemtroduce his own model correlation as a user-
defined relationship instead. For more detailstendifferent submodels please refer to [3].
One particular and rather important correlationdusethis model closure is introduced for the
bubble departure diameter. Here Kurul & PodowsHKi ddopted a correlation established by
Tolubinski & Kostanchuk [11]:

—mi _Alap
d, = mln(d,ef Eéxp( AT ] ,dmaxJ (12)

ref

The parameters of the original model are dimensi@@ha.=1.4mm, ¢=0.6mm,AT=45K) and
ATsyprefers to the local liquid subcooling. These matih are specific for the model application
to nucleate subcooled boiling under pressurizeditions and need to be revised in case of
model application to different operating conditions

4.2. Boundary Conditions for the Wall Boiling Model

The implementation of the wall boiling model forahkeate subcooled boiling in ANSYS CFX
supports the specification of either a prescribedl hieat flux or a prescribed wall temperature at
the surface of the heated wall. Eq. (6) providebath cases the relationship to predict either the
resulting wall temperature in dependence on thegpiteed wall heat flux or vice versa.

Another, and in practical cases even more intergstapability, is the specification of a
volumetric energy source in the solid materialtef heater and the prediction of the heat transfer
due to conduction in the solid material using cgaje heat transfer (CHT) prediction. In this
case both the wall heat flux and the wall tempeeatare part of the solution from a coupled
simulation of CHT in the solid material and muligste flow CFD in the fluid domain of the
application. ANSYS CFX supports this type of sintida with both 1:1 and non-conforming
meshes at the fluid-solid interface. In the presgRD investigation the constant wall heat flux
boundary condition was applied, using the specifiedl heat flux values for the individual test
conditions as listed in Table 1 and Table 2.
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5. CFD Simulations of Void Distribution in Central Subchannel Test Section (S1)

Formerly the wall boiling model, described in theepous section, was already thoroughly
validated [10] for nucleate subcooled boiling ungezssurized (PWR) conditions using the data
from vertical channel or pipe experiments with ldatouter walls for comparison, e.g.
experiments published by Bartolomej et al. [128][

In a further investigation [14] the wall boiling mhel was applied to non-pressurized (BWR)
conditions, using the testcase configuration frbm éxperimental test facility and experimental
data of Lee et al. [15], [16] and [17]. To identitye range of validity of applied boiling model
and undertaken model parameter changes the cadu&tam volume fraction and steam/water
velocity profiles were compared with the large sétmeasurements at different operating
conditions.

Finally the RPI wall boiling in ANSYS CFX was susséully coupled with the homogeneous and
inhomogeneous Multiple Size Group Model (MUSIG),[418] in order to overcome the
limitations and uncertainties arising from the a$eorrelations for the bulk bubble diameter in
boiling flows and in order to account for changestie steam bubble size distribution due to
evaporation, condensation, breakup and coalescéltus. new coupled approach [18] was
validated against the experimental data of Roy.4f8] for nucleate subcooled boiling of R-113
refrigerant flowing upward in a concentric circukmnulus with central heated rod. Due to the
rather new implementation of this coupled appraauth the higher computational demands of the
MUSIG model, for the present PSBT benchmark ingasions the Kurul and Podowski
correlation from eq. (4) was still used.

All of the above investigations had been carried so far for geometries showing radial
symmetry and which can basically simulated in 2dcdntrary in the present study the underlying
geometry of the central heated subchannel of a&Bundle represents dedicated 3-dimensional
flow geometry with a curved heater surface. Exp@stecondary flows in the cross-section of the
subchannel geometry and their possible influenctherwall boiling process at the curved heater
surface of the subchannel required closer attetntidzhe CFD setup configuration and turbulence
modeling. To identify the range of validity of apga multiphase flow and boiling models, the
calculated steam volume fractions were comparel wilarge set of measurements at different
operating conditions.

Grid 1 Grid 2 Grid 3
xy x z Grid resolution 1.160 x 155 4.640 x 310 68.% 620
Grid size (hex elements) 179.800 1.438.400 11.507.200
Min. grid angle 42.618 42.621 42.623
Min. determinant 0.89 0.94 0.97
Y' max ON heater surface ~161 ~81 ~41

Table 3: Mesh hierarchy for the CFD investigation.
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5.1 CFD Geometry and Applied Mesh Hierarchy

The geometry of the central heated subchannel ¢64)5x5 rod bundle geometry from PSBT
benchmark Phase I, Exercis§l] as shown in Figure 2 is of {)&ymmetry, since heater sections
on all four sides are heated for this configuratiBor geometry creation, meshing and post-
processing reasons the geometry had been buillCEMICFD for 1/4" of the subchannel
geometry, so using the 98ymmetry. A hierarchy of consistently refined hesdral meshes have
been generated in ICEM/CFD Hexa, where a refinenfieetor of 2x2x2 in all 3 coordinate
directions has been applied. Mesh cells in horiorrbss-sections of the subchannel and in axial
direction were almost homogeneously distributed.irSparticular no near wall refinement has
been applied on the heated or adiabatic walls ef geometry. But in order to interpret the
predicted near wall liquid temperatures and wathgerature in a physical manner (so, not
affected by different grid spacing across the hesteface) the near wall mesh sizing was firmly
controlled by introducing a cylindrical control age in a distance of about 0.5mm to the heater
surface, therefore allowing for a controlled O-Guith constant grid spacing all along the heater
surface.

Main meshing parameters are listed in Table 3, whbe dimensionless wall distancé ig
evaluated at the heater surface of the S1 subchemmigguration. Resulting cross-sectional mesh
resolution for grid 1 to grid 3 is shown in Figl8e

Figure 3: Cross-sectional mesh resolution of Grid, 1Grid 2 and Grid 3

5.2 Initial and Boundary Conditions, Single-phase FlowPre-Investigations and Finally
Investigated CFD Setup Configurations

Figure 2 shows the schematic of the central subeia®l where 1/2of the geometry will be
simulated in the CFD simulations due to symmetiye Tength of the subchannel in the CFD
simulations was ,=1.55m, where the numerical results for compartedASBT benchmark data
where obtained from the location of the measureromgs-section aty=1.4m from the inlet of
the subchannel.

Due to the assumed 1/4ymmetry of the flow in the subchannel, the twaresponding sides of
the computational domain were set to symmetry bagndonditions. In accordance with the
experimental setup, the side walls of the subcHaame the non-heated part of the subchannel
wall representing the heated rod in the rod bunaiee set to adiabatic and hydraulically smooth
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walls. The heated part of the curved wall of thbchiannel was set to be hydraulically smooth
wall as well, but with the prescribed wall heatxfim accordance to test condition specifications
from PSBT (see Table 1 and Table 2). The outlessgection was set to an averaged static
pressure condition of p=0 [Pa], while the referepmssure of the computational domain was set
to the specified pressure level of the correspan®8BT test condition. In the experiments this
pressure level was adjusted based on pressure pnebsurements close to the inlet cross-
section of the subchannel, where pressure andtangberature had been monitored. But it was
hereby assumed, that the hydrostatic pressureeirstbchannel geometry over the height of
Ly=1.55m has a neglectable contribution in comparieothe high-pressure conditions of the

PSBT benchmark cases.

Mesh 2, SST, WaterVeI_oqity Mesh 2, EARSM, WaterV_eIgc_ity
e INNSYS te MNNSYS
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Figure 4: Single-phase flow velocity fields at theocation of the measurement cross section
Lm=1.4m for test conditions 1.2211 as predicted frol8ST and EARSM turbulence models.

Due to the construction of the PSBT test sectioth \fow inlet from the side and the rather
limited experimental information about the fluisw profiles and turbulence properties at the
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inlet cross section to the heated part of the $estion, these inlet boundary conditions are
subject of a major uncertainty. In the lack of kiedge it was assumed, that fully developed
inflow conditions can be applied for the CFD inwgations. In order to allow for a best possible
flow initialization and inlet boundary conditionswas decided, to first carry out a single-phase
CFD simulation for the test section with adiabdbicundary conditions on all solid walls
including the heater section on the rod surfacees&hsingle-phase flow CFD predictions had
been carried out on Grid 2 for corresponding pressevel of the test, with assigned inlet
boundary condition corresponding to the specifiednbgeneous liquid inlet temperature and
specified mass flow rate of the tests. Thereforehssingle-phase flow predictions have been
carried out for the 10 different investigated teshditions and for each of them by applying 3
different turbulence models, namely the $HARSM' and BSL RSM turbulence models (see
[3], [20]). Due to the similarity of the EARSM aB5L RSM solutions, for the later multiphase
flow investigations the BSL RSM model was droppeaider to reduce the test matrix. Figure 4
shows the representative single-phase flow veldatgs in the measurement cross-section at
Lv=1.4m for the test conditions of 1.2211 test. WHilés rather hard to observe substantial
differences in distribution for the absolute valokethe fluid velocity, Figure 4 shows clear
differences between the SST and EARSM single-pHasg field solutions, if the x-y-
components of the fluid velocity are plotted in timeasurement cross section a={L.4m in
order to visualize the secondary flows induced gy turved wall of the heater surface and
resulting anisotropic turbulence. It can be sdeat, &n isotropic turbulence model like SST is not
able to predict these secondary flows (almost peogs-sectional velocity components), while
EARSM or BSL RSM Reynolds stress models resuleroadary fluid flow in the cross section
of the subchannel with maximum amplitude of abatn®s. In the case of boiling at the heater
surface it can be expected, that these secondams flvill have certain influence on the steam
volume fraction, liquid temperature and wall tengtere distribution across the heater surface,
which might be even a safety relevant design oraifmn criteria for the fuel rod bundle flow.
Consequently the applied CFD simulation and flosidfiinitialization methodology followed the
following individual steps:

1. Single-phase CFD simulation for the subchannel ®tnwgtry with corresponding
pressure level, inlet fluid temperature and masw ftate and with adiabatic boundary
conditions on all solid walls

2. Extraction of u-v-w velocity profiles and all tudemce properties of the applied
turbulence model (SST: k arnd, EARSM: k ande, BSL RSM: all 6 Reynolds stress
components ana) at the outlet cross section atd41.55m

3. Application of these xy-profile data for inlet balary conditions and for CFD domain
initialization for all subsequent multiphase flonegdictions

4. Additional specification of an inlet steam voiddt@n of r,=10" at the inlet cross-section
in case of multiphase flow prediction. The velodigid for the gaseous phase (water
steam) is initially set equal to the velocity fiedfl the fluid phase (water) as determined
from step 2).

5. Multiphase flow computation for the subcooled natde boiling flow under the
corresponding test conditions with applicationtué torresponding wall heat flux to the
heated section of the rod surface of the subchannel

3 SST — Shear-Stress Transport model

* EARSM — Explicit algebraic Reynolds Stress Model

® BSL RSM -w-based Baseline Reynolds Stress Model
(14/25)
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As mentioned in section 4, in both the single- amdtiphase flow simulations the material
properties for steam and water had been speciffediefining the material properties based on
IAPWS-IF97 water/water steam tables defined fordhen range of temperature and pressure
of the testcase conditions. Thereby it is assutet, the correct thermodynamical properties of
the working fluids are used at any time in the GdHulation.

For the investigation of the nucleate subcoolediragpilow through the S1 subchannel geometry
there were unfortunately besides the inlet boundamyditions and the required turbulence
modelling even additional uncertainties or unresdldegrees of freedom in the CFD simulation.

1. The PSBT benchmark specification does not provigeiaformation about the steam
bubble size spectrum which was observed or prasedér the individual PSBT test
conditions. The interfacial area concentration was measured as well, so that it is
almost unknown, which particular multiphase flowiree is realized in one or the other
test. Since the test conditions vary over a vergewiange from only some percent of
steam volume fraction up to about 70-80%, this esponds to flow transition from
dispersed bubbly flow through churn-turbulent ahdy flow regimes up to dispersed
droplet flow with or without existing liquid wallilms. Today no existing multiphase
flow CFD model is able to deal with this kind obW morphology transition in a
predictive manner and with high accuracy.

2. Due to the not measured bubble size spectrum amtéfacial area concentration we
have to rely in our CFD simulation on the Tolubin&kKostanchuk correlation in its
unmodified form (see section 4) for the bubble depa diameter and an adapted and
smoothed Kurul & Podowski correlation with a maximububble diameter of
ds max=0.65mm for the bubble diameter in the bulk flow,@mmonly used for PWR
conditions.

3. Furthermore the interfacial mass, momentum and tnaasfer is heavily depending on
the multiphase flow regime due to changing intaglaarea concentration. Since no
further information is available, we decided tottéwo different setups for the
interfacial momentum transfer (see below).

As a result of this uncertainties for the multiphd®w modelling to be applied for the CFD
simulation of the boiling subchannel flow, for eaelst condition in total three different CFD
setup configurations had been applied on two @ethilifferent meshes.
1. CFD setup configuration — SST_TD:
* Turbulence model: SST
* MPF model: Eulerian multiphase flow model for disgeel flow but with blended
law for interfacial area concentration for verylingteam volume fraction
» Drag force model: Grace drag law
* Non-drag force models: FAD turbulent dispersiorcéor
2. CFD setup configuration — SST_NDF:
This CFD setup corresponds to the SST_TD setupadthitionally added non-drag force
formulations:
* Turbulence model: SST
* MPF model: Eulerian multiphase flow model for disgmel flow but with blended
law for interfacial area concentration for verylhigteam volume fraction
» Drag force model: Grace drag law
* Non-drag force models: FAD turbulent dispersiorcé&rTomiyama lift force and
Antal wall lubrication force

(15/25)



The 14" International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14)
Hilton Toronto Hotel, Toronto, Ontario, Canada, Segember 25-29, 2011.

Log Number: 085

3. CFD setup configuration — EARSM_NDF:
This CFD setup corresponds to the SST_ND setup wiéh difference of changed
turbulence model from SST to EARSM:
* Turbulence model: SST
* MPF model: Eulerian multiphase flow model for disgssl flow but with blended
law for interfacial area concentration for verylingteam volume fraction
» Drag force model: Grace drag law
* Non-drag force models: FAD turbulent dispersiorcé&rTomiyama lift force and
Antal wall lubrication force Wall Boiling Submodels
As already mentioned in section 4, the RPI wallibgimodel depends on a larger number of
submodels and model parameters, where most of thadh been derived for wall boiling
processes under pressurized conditions and arenadsto be applicable for PSBT benchmark
conditions without further changes. In the presenestigation the following settings for the
submodels of the wall boiling model have been used:
* Wall nucleation site density: Lemmert & Chawla miode
» Liquid quenching heat transfer coefficient: Dellgekenning model
e Bubble detachment frequency: Cole model, derivednfterminal bubble rise velocity
over the bubble departure diameter
* Bubble waiting time: Tolubinski & Kostanchuk modeihich sets the bubble waiting time
to 80% of the time between bubble departures
* Bubble diameter influence factor: default value df
+ Fixed y for evaluation of liquid subcooling temperaturenir turbulent wall functions:
default value of 250

Max Res 10° Max Res 10' Max Res 10°
No. of iterations 377 456 502
rv @ Domain 0.03556 0.03655 0.03658
p @ Inlet [MPa] 15.03834 15.03830 15.03830
rv @ Measurement Plane 0.0994 0.1032 0.1033
T. @ Measurement Plane [K] 608.31 608.57 608.57

Table 4: Change of values for PSBT test 1.2211 withcreasing strength of convergence
criterion based on MAX residuals. Tests had been prmed on Grid 1.

Grid 1 Grid 2 Grid 3
rv @ Domain 0.03658 0.03685 0.03689
p @ Inlet [MPa] 15.0383 15.0371 15.0363
m_@ Inlet [kg m-2 s-1] 3027.587 3027.758 3027.818
rv @ Measurement Plane 0.1033 0.1014 0.0993
T. @ Measurement Plane [K] 608.57 608.21 607.66

Table 5: Change of integral values for PSBT test 2211 with increasing mesh resolution.
Convergence criterion was set to Max Res=10

For details of the named submodels please refi8]t&pecial attention has to be directed to the
modelling of the bubble diameter in the bulk liquig the bubble departure diametgy dnd the
maximum area fraction of bubble influence#. For the bubble diameter in the bulk liquigl d
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we use the formulation of Kurul & Podowski in acdance with eq. (5). Following a suggestion
of Egorov et al.[10], the original piece-wise line&lationship of Kurul & Podowski [7] was
additionally smoothed by applyinggnh functions as smoothing function. Based on expe&en
from former investigations for PWR conditions [108] the default model parameters from eq.
(5) were slightly changed to the following referenbubble diameters at the two reference
subcooling conditions:gd = 0.15mm at J,,; = 13.5K and g, =0.65mm at I, .= -5K. Thereby
the bubble diameter in the bulk fluid is consislediefined in the vicinity of the heated wall in
correspondence to the law of Tolubinski and Kodtake eq. (13) for the bubble departure
diameter using the default model parameter set. tRer maximum area fraction of bubble
influence A max NO limiter was applied, i.e. the maximum areatf@acA; max IS set to 1.0. The
above RPI wall boiling model settings were appliedall following multiphase flow CFD
simulations without change.

5.3 CFD Results and Comparison to PSBT Experimental Dat

5.3.1 CFD Solver Convergence and Mesh Independence

Upfront the evaluation of the 3 different CFD cagpuiiations for the established test matrix of
PSBT benchmark test conditions, detailed investgaton PSBT test 1.2211 on Gridl, Grid2
and Grid3 had been carried out with regard to tlvestigation of mesh independence of the CFD
solution and required numerical parameters anthgstfor reaching a reliable convergence level,
where the CFD solution is no longer dependent enapplied convergence criteria. All CFD
simulations for these investigations had been @adrdut in steady-state, applying the ANSYS
CFX high-resolution scheme"®order TVD scheme) as advection scheme for theduyaramic
system of equations and Jrder upwind scheme for the turbulence model éopmt For
convergence control a MAX residual criteria of"lifas been applied. Additionally global mass,
momentum and energy as well as fluid temperatudevatume fraction data in 6 representative
monitoring point locations have been monitored amte found to finally result in stationary
values. Additionally the volume averaged and oudeiss-sectional averaged steam volume
fraction was monitored. Furthermore it was investtegl and found, that the steady-state solution
algorithm requires for the desired level of conesrge integration time scales in the range of
At~0.2,...,100ms, which is dependent on the test ¢mmdi and the mesh resolution. For Grid 2
and test 1.2211 operating conditions an integrdtme scale of 1.0ms and about 500 iterations of
the steady-state CFD solver were required in dileratch the convergence criteria.

Table 4 shows the comparison of CFD results fofetéht applied convergence criteria and
corresponding changes of integral values for thBTP®st 1.2211 on Grid 1. Here it can be seen,
that the convergence criterion based on Max Re$5$0a sufficiently strong convergence
criterion and CFD results do no longer change witlieasing number of iterations and streng-
thened convergence criterion. Therefore this cayerere criterion was selected for all further
tests. Further Table 5 shows the change of intagidales for PSBT test 1.2211 with increasing
mesh resolution, while the convergence criteriors set to Max Res=10 Unfortunately here it
can be observed, that a mesh independent solutimmot yet be found in the very strong sense,
since by the change from Grid 2 to Grid 3 the irdkgalues of e.g. cross-sectional averaged
steam volume fraction and liquid temperature atntfeasurement plane location are still slightly
changing. The least affected integral value isvblemetric averaged steam volume fraction for
the whole computational domain. Due to the high potational effort for the three different CFD
setup configurations for 10 different PSBT testditians and at least 2 different mesh resolutions
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it was nevertheless decided to accept the smallerigad error, which is still persistent in the
CFD solutions on Grid 2, which is for the investaghcase 1.2211 in the order of 2% between the
Grid 2 and the Grid 3 result for the cross-secticaeraged steam volume fraction at the
measurement plane location. Therefore all subsedDED simulations had been carried out for
the meshes Grid 1 and Grid 2 with the applied cayerece criterion based on Max Res=Hhd
additionally observing global imbalances for massmentum and energy as well as the liquid
temperature and steam volume fraction monitoreeatlefined locations.

PSBT Testcase No]  SST TD SST NDF | EARSM NDE| ry (exp.)
1.2211 0.1014 0.1367 0.1433 0.038
1.2223 0.2445 0.2949 0.2753 0.311
1.2237 0.324( 0.3643 0.3484 0.440
1.4325 0.3875 0.4279 0.4211 0.335
1.4326 0.574( 0.5803 0.6107 0.531
1.3221 0.0758 0.1125 0.1207 0.053
1.3222 0.2923 0.3398 0.3264 0.357
1.3223 0.4626 0.4813 0.4848 0.546
1.4121 0.105( 0.1639 0.1918 0.097
1.4122 0.6134 0.6178 0.6273 0.636

Table 6: Comparison of measured and calculated cressectional averaged steam volume
fraction at L y=1.4m for the 10 investigated PSBT test conditions.

® While for the CFD simulation series SST_TD and SSDF the results for the cross-sectional steamnaelu
fraction at the measurement cross section are direem Mesh 2 results, for EARSM_NDF series the ltsslisted
in this table originate from simulations on MeshrThis is due to difficult convergence of the EARSMbulence
model in the given CFD setup on finer resolved rassiwhich could be related to a non-steady statawer of the
boiling flow with EARSM turbulence modeling. Thed@ number of required transient CFD computationilesh
2 turned out to be not feasible within the timefeaaf investigation, also individual transient siatidns had led to
reliably converged results with EARSM turbulencedsloon Mesh 2 as well.
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Figure 5: Comparison of measured and predicted crassectional averaged steam volume
fraction at L y=1.4m.
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5.3.2 Investigation of PSBT Test Conditions — Influencé Turbulence and Interfacial
Momentum Transfer Modelling (Multiphase Drag & NBmag Force Models)

Following the investigations related to the adheeeto CFD best practice guidelines, CFD
simulations had been performed for all the 10 $ete®SBT test conditions (see Table 1 and
Table 2) on Mesh 1 and Mesh 2 and by applyingh&l3 different CFD setup configurations as
discussed in section 5.2. For the more phenomemalodiscussion of the CFD results we will
focus here on the quantitative comparison of th® Ginulation results with PSBT data and on
three selected test conditions 1.2211, 1.2237 a4®P6 from the mandatory CFD investigations
from Table 1.

Table 6 shows the comparison of measured and e#éclicross-sectional averaged steam
volume fraction at 4=1.4m for the 10 investigated PSBT test conditidnsaddition to the 5
testcase conditions selected for mandatory CFDsiigegion on the PSBT-1 Workshop in Pisa,
Italy, April 2010 [2], we have selected 5 additibriestcase conditions where for a system
pressure of 100 bar and 125 bar the inlet fluiccenobng temperature was varied in a systematic
manner by leaving the inlet mass flow rate and pairmost constant. So it can be expected, that
with decreased fluid inlet subcooling temperatine $team volume fraction at the measurement
cross-section will systematically increase.

In order to visualize the CFD-to-data comparisontfe target variable of the cross-sectional
averaged steam volume fraction g=1.4m in a more representative way, we have criugted
these data in Figure 5. From this graphical consparit can be seen, that the CFD simulations
tend to overpredict the steam volume fraction asfigcfor cross-sectional averaged volume
fractions of less than 10%. For higher steam voldraetion cases, the CFD results from the
SST_NDF series, i.e. with inclusion of the lift awdll lubrication forces, tend to be in slightly
better agreement with data. Furthermore from thos ipseems that there is almost no difference
between CFD simulation results obtained with SS@ BARSM turbulence models, which is
guite in contradiction to the strong differenceghe cross-sectional fluid velocity distributions
(see Figure 4) and resulting differences in cresgignal steam volume fraction distributions
influenced by cross-sectional secondary flow pasidisee Figure 7, Figure 8 and Figure 9),
which necessarily influence the steam volume fosctnd liquid temperature distributions on
the heater surface.

Further comparison is shown in Figure 6 for thecuated thermal equilibrium quality in
comparison with the thermal equilibrium qualitydetermined from experimental values in the
measurement cross section gt=ll.4m. For the S1 experiments from the PSBT bendkmha
mixture enthalpy was determined using the meastdeagity and pressure, since temperature data at the
measurement location was not available [1]. These fjarameters, along with steam table data, were
used to determine the fluid temperature at the oreasent location. The temperature and the given
pressure were then used to determine the mixtutelkgy. Once this mixture enthalpy was determined,
and the fluid and vapor enthalpies @nd h, respectively) were found assuming saturation gutigs at

the previously determined flow temperature, theildmium quality was evaluated using the following
equation:

X:(hmixture_hL)/(hG _hL)
where for the determination of the comparable gtyaritr the CFD simulation result the
enthalpies have been averaged over the measurerosatsection of the S1 subchannel. Here in

this diagram in Figure 6 the scatter is less proged and if one focuses on the more accurate
CFD results from Mesh 2 computations, than theegent with the thermal equilibrium quality
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calculated from measured data is quite accurate tivé exception again of PSBT test conditions
with rather low steam volume fraction (1.2211 &223).

SST TD SST _NDF EARSM _NDF
Mesh 1:

Experiment:

Figure 7: Comparison of cross-sectional steam voluenfraction distribution for PSBT test
1.2211 at elevation of jy=1.4m.

Further qualitative comparison of measured andigted cross-sectional steam volume fraction
distributions is provided in Figure 7, Figure 8 d@fdure 9 for three representative cases from
the PSBT test matrix with increasing amount of stgaroduction. From Figure 7 it can be
observed, that the applied three different CFD pelead to three remarkably different steam
volume fraction distributions, while the resolutiohthe computer tomography image in terms of
the observable steam volume fraction for this ¢esidition 1.2211 is so poor, that no reasonable
comparison to the CFD simulation results can bevdra&rom the CFD results it can be seen,
that the inclusion of the lift force leads with S§b secondary flows in the cross section of the
subchannel geometry) to accumulation of steam veldiraction along the heater and in the
nearest gaps between the heated rods, while tlkcfm@ secondary flows in case of EARSM
leads to a substantially different flow pattern atdam volume fraction with a maximum of
steam volume fraction in the middle of the heatefaxe (the stagnation point of the secondary
flows) and an increased mixing of the producedrstedio the core of the subchannel geometry.
With increased steam production in PSBT test canlit.2237 (see Figure 8) the accumulation
of steam volume fraction in the nearest gap betwbenheated rods increases with all three
variants of the CFD setup, while it is most pronmechwith the SST with inclusion of non-drag
forces in the interfacial momentum transfer betwpbases. With SST-NDF the core of the
subchannel geometry appears almost free from stieeento the acting lift force. With EARSM
turbulence modelling the steam volume fractionfenheater surface appears to be much higher
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Figure 8: Comparison of cross-sectional steam voluenfraction distribution for PSBT test
1.2237 at elevation of ly=1.4m.
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Figure 9: Comparison of cross-sectional steam voluenfraction distribution for PSBT test
1.4326 at elevation of y=1.4m.
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and the secondary fluid flow in the cross secteadb again to a stronger mixing of the produced
steam towards the centre of the subchannel. Theehgjeam volume fractions in the nearest gap
of the subchannel seems to be confirmed by thergmeetal flow pattern, but unfortunately no
further judgement about the accuracy of eitheramiie other CFD setup can be made on basis
of this computer tomography patterns.

This seems to substantially different for PSBT cast326 (Figure 9). In this case it can be
observed, that for such large amount of steam velfraction {|mea=0.61 the flow pattern in the
S1 subchannel qualitatively changes to a core maxirm the steam volume fraction, which
could not be predicted by either of the three CEis variations. The reason for this behaviour
is in the occurrence of strong coalescence of steabbles, slug formation and subsequent
change in the flow morphology and flow regime, whaannot be predicted by the applied CFD
modelling. A change in the CFD modelling towards tise of a population balance model with
strong coalescence terms would be required in thiere the reversing direction of the lift
forces for rather large bubble/slug sizes wouldllea an accumulation of the steam volume
fraction in the subchannel core. But the groundthar application of such a model would be
rather week and close to tuning results towardsemxygents because of the lack of any
information about flow morphologies/flow regimes REBT tests and the not yet sufficient
predictivity of multiphase flow CFD models with &g to flow morphology transition.

Finally it can be summarized, that the computerdgraphy data for steam volume fraction
distribution in the horizontal cross section of & subchannel geometry are unfortunately not
sufficient in order to decide about the appropriaied modelling for the given application over
the wide range of test condition parameters. Expamts with a much higher spatial and steam
volume fraction resolution would be required inartb allow for such a judgment. Furthermore
computer tomography measurements for differentatiens along the subchannel axis are
required in order to get more insight in the allialv development from onset of nucleate boiling
to fully developed boiling flow regimes. Despiteetlobservable discrepancies in the cross-
sectional steam volume fraction distributions tiggeament between predicted cross-sectional
averaged steam volume fraction and experimental idatevertheless remarkably good and in a
similar order to results obtained by system or bahoel codes, but with the additional
advantage to provide more insight in the intergctmechanisms of momentum transport,
turbulence and wall boiling. Much more detailedegsh will be required in order to make CFD
more predictive and reliable in the forecast antlieate prediction of changing multiphase flow
regimes and flow morphologies from single-phasalfflow up to almost full evaporation of the
coolant fluid.

6. Conclusions

The presented CFD investigations using ANSYS CFX0 Mas aimed on the prediction of
nucleate subcooled boiling flow of water and stesrder pressurized (PWR) conditions through
the S1 subchannel geometry as defined in the OERD/RSBT benchmark, Phase |, Exercise
1. The investigations had been carried out for Ifterént test conditions (with respect to
pressure, inlet fluid temperature, power and mdagw frate) from the PSBT test matrix.
Emphasis had been given to a CFD best practiceeljued oriented approach to the simulation
of the subcooled nucleate boiling flow through shébchannel configuration of the test section.
By comparing CFD results to the benchmark dateoregtdy good agreement with experimental
data could be observed for the cross-sectionalageer steam volume fraction and thermal
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equilibrium quality. Depending on the applied CFDbsodels the results differ from the

measured data §8% with respect to cross-sectional averaged vaickifsn at the measurement

plane, where the averaged void fraction varied betw0.038 and 0.62 for the test conditions
under investigation. Unfortunately the resolutiondaaccuracy of the provided computer
tomography data for the cross-sectional steam wvelftaction distributions were found to be too
poor in order to make a serious comparison withGR® simulations and in order to derive any
conclusion for improvement of the multiphase flowrbulence modeling or the applied

submodels for wall boiling, interfacial mass, momwen and heat transfer. Much more detailed
experimental investigations, especially with resgecmicro-phenomena in the boiling process
and axial development of the multiphase flow motpgwflow regime transition, seem to be

necessary in order to improve the underlying plajsimodels for the CFD simulation of

multiphase flows of the given complexity.
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