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Abstract

This paper presents the assessment of CATHARE3stgaiWR subchannel and rod bundle tests of the PSBT
benchmark. Noticeable measurements were the falpwivoid fraction in single subchannel and rod dien
multiple liquid temperature at subchannel exitad bundle, DNB power and location in rod bundld. tAkse
results were obtained both in steady and transigmditions.

Void fraction values are satisfactory predicted @¥THARE3 in single subchannels with the pipe module
More dispersed predictions are obtained in rod msdith the 3D module at subchannel scale. Sipgkese
liquid mixing tests and DNB tests in rod bundle also analyzed.

I ntroduction

CATHARE 3 is a new two phase thermalhydraulicseystode developed at CEA Grenoble (ref. [1]).
It is designed to expand the capabilities of CATHAR and to improve the simulation accuracy of
light water reactor accidents. New features incladditional fields, like a droplet field or a bubbl
field, and coupled equations of turbulence transfmra continuous field or interfacial area traoigp
for a dispersed field. Beside the unchanged chofoesnumerical schemes for time and space
discretization, a numerical solver gathering thiéedént modules of a circuit has been rewritten and
improved compared to CATHARE 2 in order to allowmneapabilities of coupling with external codes,
for example for neutronics, or detailed CFD. Theliprinary version V1 needs a wide validation
program. This paper deals with the 1D and 3D modwkdation of the code against various
experiments at subchannel scale.

Following the BWR Full-size Fine-Mesh Bundle te@$BT) benchmark, the PWR subchannel and
bundle tests (PSBT) benchmark (ref. [2]) is proposg OECD/NRC. Both are based upon a NUPEC
data base obtained in full scale subchannels addumdles and include detailed measurements of
fluid temperature, void fraction and critical powar DNB power in steady and transient conditions.
These experiments are useful to check and valihiateode closure laws in rod bundles, especiady th
turbulence dispersion coefficients for heat in Bnghase flow and void in two phase flow, the wall
and interfacial friction coefficients and the walHluid heat transfer models. The PSBT phase |
exercises are devoted to the void fraction measemésn performed in single subchannels and in 5x5
rod bundles in steady and transient conditionshénfirst exercise, phase Il features liquid terapae
measurements in all subchannels of a heterogenebeated rod bundle in steady conditions, and, in
the following exercises, DNB measurements takervarious rod bundles in steady and transient
conditions, i.e. power value and location of fatstected DNB.
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Single subchannel experiments are simulated byClWEHARE 3 pipe 1D module while rod bundle
cases are simulated with the CATHARE 3 3D modulshed at a subchannel scale, i.e. one cell per
subchannel in a horizontal cross cut.

Useful balance equations and closure laws arelyppegsented in the following section 1. Then, tessu
of comparisons between simulations and measurenwnt®id fraction for Phase | exercises are
presented in section 2. The results of temperaamce DNB simulations of Phase Il exercises are
presented in section 3.

1. CATHARE 3 balance equations and closure laws

Contrary to the preceding BFBT simulations (ref),[8aturing high void two phase flow, most of the
PSBT benchmark data base remain in the low voidigaand hence, simulations do not need an
additional droplet field beside the standard 6-&qunamodel.

For a given generation of steam along a singleeldeelhannel, the local void fraction is governed by
wall and interfacial friction. In a 3D flow insida rod bundle, cross-flows between adjacent
subchannels lead to void dispersion. Also turbutkspersion or diffusion may affect the temperature
map in the single phase region. The void disperpitnomena can be modelled by a mixing term in
the momentum balance equations. The temperatuperdien (caused by non random flow from one
subchannel to a neighbour) and diffusion (causedabgom fluctuations of flow between adjacent
subchannels) are modelled by a single term in itpeid energy balance equation. The velocity
diffusion is presently neglected in the momentumaiopn.

Momentum balance

akpk[%vk +V, -kaj| =-a,UP+pla, +(_1)kti +tpk +a,0.9

Wall frictions of both phases are calculated usheBlasius friction coefficienifmultiplied by a

phase-dependant multipliey. c
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Interfacial friction in bubbly, slug and churn viedl flow is given by
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The mixing term pis calculated from an assessment of the turbldeetic energy.

For a single phase flow in a tube or a subchariaefrfom a spacer grid), the turbulent kinetic gysds
can be assessed by:

k =0.0367V, Re™® (see ref. [4])

The associated turbulent viscosity can be assessed

v, =0.5D,, /k

and the dispersion termy: p
_ VI

p = 04 My D_H

The coefficient 0.4 comes from an order of magrattat the velocity gradients between subchannels ;

the velocity difference is evaluated at 40% ofdR&l velocity, which is close to the velocity mdelu

At the end, it comes :

p. =0.038 p, V,’Re™' 2

The coefficient 0.5 in they; formula has been adjusted so as to better matehvdind fraction
measurements in the PSBT Phase | tests. This ceeffiappears to be several orders of magnitude
above the figure calculated using simple turbulgneg [4] and [5]) ; the void dispersion due t@ss
flows (and not only diffusion) seems to be the ndriming phenomena (see ref. [6]).

Continuous liguid energy balance

It is written in internal energy for the 3D moduale follows :

%(al pe)+0{a peV,)
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r

t

The molecular diffusion is neglected compared &tthibulent diffusion term.

The departure from nucleate boiling appears ontavhth when the heat flux towards the fluid exceeds
the so called “critical heat flux”, which is assegsn six equation model of CATHARE 2 and 3 using
look up tables, given the local values of massailppressure and steam quality.

Nomenclature for equations

Roman letters
C wall friction phase multiplier
e internal energy

f wall friction coefficient

g gravity

H enthalpy

k turbulent kinetic energy

K interfacial friction coefficient
14 Laplace length

P

pressure
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pi void dispersion coefficient
Pr Prandtl number

q heat flux

t time

ti interfacial stress

tp wall stress

q heat flux

T temperature

\% velocity

Greek letters

phase volume fraction

boiling/condensation rate

friction area (or heated area) over control volume
molecular heat conductivity

dynamic viscosity

kinematic viscosity

phase density

surface tension

QO < T >»X 71Q

Indexes
[ interface

k any phase

I liquid phase
p wall

t turbulent

2. Void fraction in PSBT Phase| exercises

2.1 Exercisel.l Steady statein single subchannels

Four different geometries of single subchannelscémtral, side and corner locations (side anderorn
are relative to a rod bundle in a square box) heeen tested, resulting in void fraction measurement
at 1400mm level inside a 1555mm long heated sub@aihey fit to standard PWR rod bundle
subchannel geometry, with an additional test seatarresponding to a central subchannel heated by 3
and not 4 contributing rods, one rod being repldned thimble. The CT scanner gives for every stead
run a detailed void fraction array through the meiag section. Results can be compared with CFD
simulations or averaged over the cross sectiomdarparisons with 1D module simulation by system
codes.
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Figure 1 : Test section for void measurement irrgral subchannel

A set of 39 tests is proposed in the benchmark gnaolarge data base of 126 tests. We calculated the
whole data base and we compared the simulatioftsesith the measurement data.

Calculations were performed using a nearly unif@rcell meshing.

The results are gathered in the figure 2. One earasgood coherence, but yet a light bias, negative
any series, and a medium dispersion of the pratlicadues. The depicted experimental error bar-s +/
4%. Some rare points are outside the range +/- T0%.result statistics is presented in the table 1,

given in % of void for the difference “predictednmas measured fraction”.

Nb tests| Average Standard dev,
Series 1 : standard central subchannel 43 -2.3%
Series 2 : central subchannel close to thimhle 43 1.8%
Series 3 : lateral subchannel 20 -3.00%
Series 4 : corner subchannel 20 -5.4%
All series 126 -2.7%

Table 1 : Distribution of deviations : « calculatmthus measured void fraction» in the differenteser

of single subchannel PSBT tests
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Figure 2 : PSBT single subchannel test comparidomble means a central subchannel close to an
unheated thimble)

2.2 Exercisel.2 Steady statein rod bundles

Several types of rod bundles were tested, mogtevhtincluding a 5x5 matrix of rods settled with 17
spacer grids of 3 different types, with uniformamsine power profile and with or without a central
thimble instead of a heated rod. The heated lewgih 3658mm, the rod diameter and pitch were 9.5
and 12.6mm.
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Figure 3 : Power distribution in the bundle B7d r&00%, orange :85 %, blue : unheated thimble

The heated part of the rod bundle was modelled 8§ grid, with 6x6 cells in the x-y directions (one
cell per subchannel). In the vertical directiore treight of each of the 17 spacer grids correspbtale
a cell and the height between two following gridaswdivided into 3 cells, giving a total of 66 axial
cells. The 3 different kinds of spacer grid weredeited by giving their porosity, hydraulic diameter
and pressure loss coefficient due to the accueateécted area in every subchannel.

An array of void fraction values in the differentbghannels was measured at 3 different levels along
the upper part of the heated length, reconstrubted chordal averaged values in x and 6 iny
directions. Only the averaged value of the 4 cérstdchannel void fractions was available in the
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benchmark data base and this is the compared degasvthe void calculated by CATHARES hereafter
for all the tests of the benchmark.
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Figure 4 : PSBT rod bundle test comparison ofigted and measured void fraction at 3 different
elevations along the heated length ; lower : 221mmadium : 2669mm ; upper : 3177mm

The points are more dispersed than for the singleclgannel tests. The statistics of the results
(difference : computed minus measured void fracgimen in absolute %) is presented in the following
table 2 :

series 5 6 7 8 all mixed
Power profile uniform cosine cosine uniform
Central thimble no no yes no
Nb tests 11 11 12 11 45
average -0.22% -2.39% 1.13% -6.65% -1.96%
standard deviation 4.27% 5.43% 5.64% 6.73% 6.32%

Table 2 : PSBT rod bundle comparison statisticwvfod fraction tests

The series number correspond to 3 different bundtbe series 8 is tested with the same bundle as
series 5 as repeated cases, which appear to beatesfging.

2.3 Exercisel.3 Transient inrod bundlesfor void fraction prediction

A set of 12 transient tests is proposed in the ek, including power increase, flow reduction,
temperature increase and depressurization in datie @ same tested bundles as in the steadydksts
the exercise 2. The void fraction was also measatdtle same 3 elevations during the transient. An
example of comparison is given below for the t&3®I7in the bundle B7 (with a central thimble and a
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cosine power profile and given a linear increaspafer, keeping constant the flow rate, pressude an
inlet temperature. The void fraction is slightlydenpredicted at the upper location but is satisfgdn
front of the 2 lower void measurement elevationise Dther tests show less satisfactory results, the
upper and medium level void often remaining uncdedtmted.
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Figure 5 : Comparison of void fraction transierggicted by CATHARE 3 and measured in PSBT
7TTPI test

3. Departurefrom Nucleate Boiling in PSBT Phasell exercises

3.1 Exercisell.l Steady statefluid temperaturein rod bundles

This exercise is particularly useful to assessctige capabilities for turbulent dispersion andudiibn
in single phase flow.

In a 5x5 rod bundle featuring an heterogeneous pdigé&ibution (figure 4), a set of 36 thermocougple
measure fluid temperature in every subchannel Sluowve the top of the heated length.
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Nine tests at high pressure (from 50 to 170 baespeoposed for simulations in a wide range of mass
fluxes (between 2. and 17%Rg/nthr). The compared W/E profiles of temperaturesyayed in the

N/S direction, are presented in the following fig&. The x axis numbers correspond to the subchanne
columns 1 to 6. The shown temperature gradientiéstd the power distribution and is governed by the
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Figure 4 : Rod power distribution in fluid tempeen@ measurement tests ; red rod power 100%,
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The profiles of half of the proposed tests are axmity predicted. The other tests show unbalanced
measured temperatures at the outlet compared dbflolv parameters and bundle power and hence,

Figure 5 : Temperature profiles in 2 fluid temparatmeasurement tests

Test number Pressure Mass flu Inlet temperatufe  wePo
(kg/cnfa) | (10 kg/nt hr) (°C) (MW)

01-6232 1691 2.10 251.5 0.42

01-5252 150.0 1.95 113.9 0.41

Table 2 : Test parameters for temperature measumtsme

comparisons are not reasonable.
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In the preceding table 2, the parameters of twoecbtests are very close except the inlet temperat
(which obviously may have a slight effect on theyi#ds number). However, the temperature profiles
show unexplained different behaviours, which arepnedicted by CATHARE 3.

3.2 Exercisell.2 Steady state DNB in rod bundles

As for the void fraction tests proposed in the ghisdifferent bundles were tested. The DNB is
detected both in experiments and simulation bygaifstant rise of the wall temperature when the
bundle power is slowly increased.

We calculated 3 test series in the bundles A2, Ad A8, corresponding to a uniform power profile
(A2) and a cosine power profile (A4 and A8), A8tteang in addition a central unheated thimble. The
DNB location is given only in the A4 and A8 bundl€&nly the DNB power is available in the A2
bundle. All tests of series 4 and 8 were run atstmae pressure of 150 bars, while the range iess@ri
spreads from 50 to 170 bars.

Some statistics of the simulation results (relafesver : computed over data in % of experimental
data) are given in the following table.

Power Central average of calc. DNB  Std
Bundle profile thimble | Number of test§ power over data | deviation
A2 uniform no 11 87.8% 17%
A4 cosine no 20 78.4% 3.1%
A8 cosine yes 24 81.8% 8.7%

Table 3 : results of 3 series of DNB simulationsad bundles

The results in the bundle A2 are weakened by twts tat very low flow rate, which are over predicted
contrary to the 9 other tests ; this enlightenslainge value of the standard deviation for thisdlenA
similar behaviour exists in series 4 and serieh8re/the 2 tests at very low flow rate show sigatii
differences (larger DNB power) compared to the othsts. Generally speaking, the height of the firs
detected DNB matches better in the series 4 thémeiseries 8.

The general underprediction of the DNB power in bashdles may be linked to the use of look-up
tables in a 3D analysis ; such tables can preditf ©r DNB given 3 parameters : mass velocity,
pressure and steam quality. These tables were umiilg 1D analysis of numerous tests. But in a 3D
analysis, the code uses the locally calculatedegabf these 3 parameters : the steam quality and th
mass velocity must obey a local definition withdbwoid fraction and velocities and may display
wrong values. As a consequence, the code computaficdhe local CHF may deviate from the
recommended value. Better results can be expedied this point is improved.

4, Conclusion

The 1D and 3D modules of the CATHARE 3 system coeee used for the simulations of PSBT

benchmark tests. Results of void fraction, tempeeaimeasurements in Phase | and DNB power
measurements in phase Il have been compared tolat@n results. The void comparison show that
our models of wall and interfacial friction, cou@l&vith void dispersion lead to satisfactory results

with a slight bias towards void underpredictior, both single subchannels and full rod bundles.

The exercise 1 of phase IlI, devoted to single phageng and cross flows in liquid phase, show good
results as far as the experimental heat balantteedésts remain satisfactory.
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In the exercise 2 of benchmark phase Il, steady RNBulations in 3 different rod bundles show

significant underprediction of the critical pow@&0@6 bias), which could be partly due to a poorlloca
CHF assessment. Further analysis of transient &estplanned to complete the full set of benchmark
exercises.
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