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ABSTRACT

Safety analysis for Pressurized Water Reactors (P@¥Rently uses systems code like CATHARE. In
order to enhance the simulation of accidental tesms studied, such as Large Break Loss of Coolant
Accident (LBLOCA), 3D models have recently beenaleped. Although 3D modules for pressurized
vessels were initially considered very coarse, €B&t large decrease impulse a global refinemettteof
meshes used. In this way, if 3D nodalizations vealg able at the beginning to describe large phamam
like radial power profile in the core or water ligunass evolution in the downcomer during the Irpfibse,
meshes that are used today could give accuratespigdénformation on local scale like influencesptcer
grids or flows between the subchannels during #fload of the core. According to these new 3D
modelisations, a better description of the chimeffgct that could occur during the reflood phase of
LOCA accident could be given. Indeed, becausedibtgpower difference between the assemblies in the
core, liquid density, velocity and associated presén subchannels tend to modify the cross-flod thiis

the axial flow that ensure rods cooling.

A physical description of the chimney and divergiplienomena is first given, before analysing their
occurrences on experimental tests ran on PERICIHHR®OSA-2/LSTF facilities. At last, a simulation of
the influence of these phenomena for a dedicatetkhsation of the reflood phase during a LOCA aenid

in PWR is proposed.
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1. INTRODUCTION

System thermalhydraulics codes like CATHARE [1] &@8D modules in porous medium approach which
were initially devoted to the prediction of veryda scale 3D effects during LBLOCA. They were valat!

on the data of the 2D-3D experimental program peréal in UPTF, SCTF or LOFT facilities (see [2] [3]
[4] for the CATHARE validation against these faidg). 3D modules were used first with rather cears
reactor nodalization including only a few hundredsmeshes in the whole pressure vessel. Today the
increased computer power allows 3D simulations withuch finer nodalization for many transients.[A 3
vessel modelling with one mesh per assembly irctine is now available with the CATHARE code [5].
As 3D modules of system code are actually usedsddety studies [6] and will be used for real-time
simulators [7], their capabilities are analyzed §8H 3D effects predicted by the 3D modules became
safety issues.

This article will focus on 3D effects occurringtime dry zone of the core during LOCA. In fact, hewn

in this article, 3D effects have a direct impacttioa Peak Cladding Temperature (PCT) of the roulst, F
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part 2 gives an analysis of 3D cross-flow in PWRec@ hen, experimental effects of cross flow aash
in part 3. At last, part 4 presents CATHARE caltiolas that point out the impact of these 3D eftatthe
PCT.

2. ANALYSIS OF THE 3D CROSS-FLOWS IN PWR CORE

D. Bestion has already analyzed the 3D core Théwydedulics phenomena in PWR LOCA [9], [10], [11].
In this part, we will first describe the global pleenenology occurring in the core during a LOCA &iant,
introducing the “Chimney” and “Diverging” effect ithe dry zone. Then, we will revisit thi¢ number
proposed by Bestion to characterize the “Chimney ‘@iverging” effect [9]. Axial acceleration wibhe
considered too (it was not in the first Bestion lgpe). Then, we will identify the main parameters
influencing theF; number. To conclude, “Chimney” and “Diverging” &t at sub-channel scale will be
described.

2.1. Global Phenomenology

During LOCA transients, core uncovering phasesapected. Due to a lack of water cooling, there may
be a two phase mixture up to the swell level ammlire vapor flow in the upper part of the core. Such
configuration takes place after the SCRAM wherptver decay is below the 5% nominal power (5%NP).
Under the swell level, water is generally at theisdion temperature and boiling occurs due to powe
decay. Hot assemblies with high power regions prednore vapor than the other ones and gravity drive
natural circulation creates a radial flow from hjgbwer regions to low power regions. This phenomeno
tends to homogenize the void fraction. Due to thdial homogenization, swell level is almost unifior
This has been experimentally observed [13] [15]ekd, the vapor mass flux leaving the swell lesets
also to be homogenized according to radial flows.

In the dry zone, where cladding temperature exenrsiccurs the vapor flow is mainly axial. Higher
cladding temperature could be observed in the Bigh@ver assembly. Then according to the radialgpow
profile, cross-flow can occur between assemblieg Fituation could be observed: the “Chimney” effec
where cross-flow come from the lowest power assimlbd the higher power ones and “Diverging” effect
where cross-flows come from the highest power abesto the lower power ones. The cladding
temperature is linked to the local vapor mass fhigher cladding temperature are expected with fowe
mass flux. Thus cross-flows have an impact on tb&:PChimney” effect tends to decrease the PCT and
“Diverging” effect conduct to an increase of theTRgy providing or removing cooling to the highestyer
assemblies. Fig. 1 presents both situations.
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Fig. 1: Chimney (left) and diverging (right) effectphenomena (radial power profiles appear in
grey).
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2.2. Crossflows Direction Identification

In a single-phase flow situation in a steady situelike the dry zone), momentum equation is (tlebt
and dispersive effects can be neglecting in thadyae [10]):

p(VV.V)+ VP = pg+1, €))
First, we suppose that there is no radial cross-ffothe dry zone of the core. Thus, we will dentcate
that when there is a radial power profile in theegthe axial pressure evolution along the dry zen®t
the same between assemblies. Cross-flows betwesemhbbes are then necessary to equalize pressure.
If only axial flow is considered in the dry zonegmentum equation in the axial direction can betemit

av,\ 0P Kepr, Vi°
Vo2 )+ == —pg ——% p— 2
p<zaz)+ 0z Pg Dy, P 2

DHz X567 Cr, the axial friction loss coefficient (for rods amixing grids). The following

W|th Keffz =

AZSG
calculations will use Blasius law f@}, (Cr, = 0.316 Re~925); Ksq, = 1 (head loss coefficient for one
mixing grid) andAzg; = 0.52 m (the distance between two mixing gridB),, is the hydraulic diameter
and is taken equal to 0.011 My = 4}(—5).
The axial acceleration can be evaluate with thallbeat flux (for a constant mass flug,):

1
o, 93 —ca v wapor or 4 Py
=G e 2 — gl —sal, 3
0z 0z p? 0z p 0z p 0T 0z 0z Gy Cpy Dy,

Witha = — %g—i the vapor isobaric dilatation coefficient{ ®,,. the local wall heat flux (W/m?2);, the

vapor mass flux (kg/s/m2) ar@},, the vapor specific heat capacity (J/kg/K).
With (2) and (3), the axial evolution of the pregsgradients is:

K 4a ®
L a —pg—pV2[ =tz loc
9z~ ~PIT P (2 Dy ' Gy Cyy Dir.
The equation (4) is derivate with respect to thesig for a constant vapor mass flux,J:

aP
0= K ba @
dz - 2 [ Deffz loc
ap | S TI9t (2 Dy Gy Gy DHZ> ®
Gy

4)

Gy*

a(pV,2 9 _) Gy? _ _ 9K,
Thank to: (%)G = <([-)—Z> = —p—z = —szandCfZ"(sz) 0'25"’61} 0-259 (#)G =0
Gy

4

We assume neglecting vapor properies, C,,,) variations withp variation.
Considering/,, the axial gas velocity at the swell level, weidef; number:

2 8«a (I)l
Vo (Keffz *t73, Cpsc)

2g Dy,

F = (6)

Assuming that liquid phase under the swell levehtighe saturation temperatuig, (andG,) can be
evaluated with:

4 f:swell cb(Z)dZ (7)
B Psat AHl—m DHZ
With Hg,e, the swell level (m)p,,,, the vapor density at saturation (k§ymdH,_,,, the latent heat of
vaporization (J/kg) and(z), the wall heat flux (W/m2).

0
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Ll 52P
Expression (5) sign depends Bnvalue:F; <1 = <aipz> <0;F;>1 = <aipz) >0
G G

v v

As p variations are the most important in the highestgr assembly (due to the heatin‘?gp),variations are
most important too. Because of the swell levelrisost uniform, the pressure is radially homogenguosis
above it. Moreover, one can see t%iéts always negative (equation 4) in the dry zoneusThn the dry
zone, to compensate different pressure gradietigeka assemblies, cross-flows must take place leetwe
highest power assembly and others. The cross-flmetibn depends oif; value

aP

. F1<1=><Zi_z) <0=>0>6—P) ) a—P)_

P Gy 0z/ 10w power assemblies 0z high power assembly
The pressure loss is more important in the highester assembly than in the others, pressure is
thus lower in the highest power assembly.
=>» Cross-flows are going from the low power assembéieo the higher power ones.

o2 ap
e Fi>1>(-2%2) >0=>—
Gy

0P)
ap aZ)low power assemblies 0z/ high power assembly

<0

The pressure loss is less important in the highester assembly than in the others, pressure is
thus higher in the highest power assembly.
=>» Cross-flows are going from the higher power assenrtibs to the low power assemblies.

To conclude, evaluating, value just above the swell level gives an indaratf the cross-flows direction
in the dry zone.
F; <1 Chimney effect; F; > 1 Diverging ef fect

2.3. Main Parameter Influencing Cross-Flows Phenomenologin the Dry Zone

From the expression &f (equation 6) ant, (equation 7), one can see that the main paraniefemsncing
cross-flows phenomenology in the dry zone are:

» The pressure (mainly through,; variations)

e The power decay heat flux

* The swell level elevation
Fig. 2 gives an overview of th§ number sensibility to these parameters. One canatdeft, the swell
level elevation influence, and at right, the pressnfluence. Decay power heat flux level influense
visible on both curves. AF; humbers are calculated with a nominal power (NB)La3kW/cm2 and axial
power profile is a cosine. For the pressure infhggalculation have been made with a swell |elestion
at 2.5m (the core is 3.66 m high).

Swell level elevation influence on F1
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Fig. 2: The swell level elevation influence (lefand the pressure influence (right) onF,
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From the Fig. 2, the following tendencies can bitten:

« “Chimney” effect could be observed at high pressulnen “Diverging” effect can only occurs at low
pressure,

» Low power decay heat flux favors “Chimney” effect,

» “Chimney” effect can occur at low pressure and lggtver decay heat flux when the swell level is low,

» The axial power profile have also an influenceFpmumber, when the swell level reach the top of the
core,F; decrease due tb;,. contribution which reach O.

2.4. “Chimney” and “Diverging” Effect at Sub-channel Scale

In the dry zone, at sub-channel scale, radial tieagijradients are higher at the boundary regidwemn
the highest power assembly and the others. Thoss¢tows occurring during “Chimney” and “Divergihg

effects mainly impacts the boundary layers betwassemblies. Specific behaviors may then be spatted
sub-channel scale:

« In case of “Chimney” effect: cross-flow are goingrh the low power assemblies to the high power
one. External regions of the high power assemlagive more steam than the central region. The PCT
may thus occurs at the center of the high powesraklky. Moreover, the vapor received by the high
power assembly from the others is cooler that emeehe benefits of “Chimney” effect on PCT.

« In case of “Diverging” effect: cross-flow are goifigm the high power assembly to the others. Exlern

regions of the high power assembly receive lesasthan the central region. PCT may thus occur at
the periphery of the high power assembly.
Fig. 3 presents both cases.
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Fig. 3: Chimney (left) and diverging (right) effecs phenoména at sub-éhannel scale in the dry zone
3. EXPERIMENTAL EVIDENCES OF DIVERGING AND CHIMNEY EFF ECTS

In this part, experimental evidences of diverging ahimney effects during core uncovering phasdls wi
be shown. First, “Diverging” effect will be obsedren low pressure experimental tests: PERICLES-2D

BOIL-UP. Then, “Chimney” effect is spotted on highessure core uncovering phases during test 3 of
ROSA-2 Project.
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3.1. Diverging Effect Evidences

The PERICLES 2D experimental program was partlyeshded in the Shared Cost Action Program (SCA)
of the European Communities (CEC) on Reactor SaRsgearch Area No. 4, concerning the analysis of
experimental data on LOCA and emergency core cgdlli2]. Experimental facility is first described,
before analyzing experimental data that lead tergjing effect observation.

The PERICLES 2D experiment had been carried oimvestigate multidimensional effects which can
occur in a PWR core where heating power is notathdiniform during core uncovering phase (relative
SBLOCAS) and also reflooding phase (relative to OBLAs). The experiment consists of a vertical
rectangular section containing three differentasdemblies, denoted here by A, B and C. Each assemb
contains 7* 17 = 119 full length heater rods. Theahsions of the assemblies are indicated in Figlett.
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Fig. 4: The PERICLES 2D experiment (dimensions in mm) — left — and the BOIL-UP tests — right

The assemblies are heated by two independentieidgower sources, giving the possibility of ireseng
more the central assembly B power (‘hot’ assemthigh the two lateral ones A and C (‘cold’ assea#)li
The heated length of the rods is 3656 mm and ttheiameter is equal to 9.5 mm.

Rods power is not uniform, but depends on the gaaition (elevation). All rods have the same axial
heating profile, with higher flux density at midalgth. The nominal heat flux densiti¢sin the lateral
assemblies A and C are identical which allow uddfine (B)/¢(A,C) as the radial peaking ratio. In the
different tests investigated, the nominal valueshef heat flux densities ranged from 2.45 W/cm? to
5 W/cm?, with given values of the radial peakingtfa Fy between 1 and 1.85. Pressure at the exit of the
section was equal to 3 bar. The cladding temperatumeasured by means of thermocouples; in each
assembly, the cladding temperature is measured diff2rent elevations.

In the BOIL-UP tests of the PERICLES 2D experimesaime subcooled water (60 °C under saturation
temperature) enters into the section at the botRwds are electrically heated and some vaporizatioors
along the channel. Flow is successively a singkespHiquid then two-phase mixture and finally siagl
phase vapor flow. The transition between the twasghzone and the dry zone (single-phase vaporjsccu
at the elevation of the swell level ZG (Fig. 4 ghti).

The liquid flow rate @;) at the injection is regulated in order to havgiven stationary elevation of the
swell level. The controlling parameters were thenimal values of the wall to fluid heat flux densgiin

the three assemblies and the inlet liquid flow teresponding to a stationary elevation of thelldereel

ZG (Fig. 1-right). The swell level elevations hetdifferent tests ranged from 2.20 m to 3.45 mwserk
approximately the same for the three assemblies) gvadial peaking factor is not equal to 1.

In order to simulate LOCA transient CATHARE code leen validated against these tests using a coarse
radial meshing of one mesh per assembly [13]. Ritig discussions will next focus on three testswit
the same swell level elevation (2.74m), with difierrradial peaking factors¥: 1, 1.43 and 1.85. In order
to analyze measurements of the cladding temperiattiie dry zone of the hot assembly (B). Fig. é&spnts

its horizontal section and the localization of thermocouples at two elevations (3.2m and 3.4mg Th
thermocouples next to the lateral walls were nkeriainto account.
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Fig. 5: Horizontal section of the hot assembly witlthe thermocouple positions (dimensions in mm)

Cladding temperature differences (between the maxirand the minimum temperature for each test) in
the central assembly are shown in Fig. 6 for tvewaions in the dry zone: 3.2m and 3.4m.
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Fig. 6: Cladding temperature differences in the hoassembly of the PERICLES-2D Boil-Up tests
for two elevations of the dry zone

For a radial peaking factor of 1 (grey dots on Big.the differences are not relevant, with a maxmof
10°K which is explain by the fact that no crossaflare expected due to equal power in the 3 assesabli
It shows that the experimental data dispersalisdnough to draw conclusion for the other tests.
Magnitude of thé-1number for the tests with higher peaking factordadde evaluated this way (assuming
all the water vaporize in the wetted zone):

« the order of magnitude of the inlet flowratg ) is 0.5kg/s,

» Sis the test section,
Vy=—2_ =~89m/s
Which lead us to (according that local heat fluxhat swell level is about 5W/cm? in the hot assginbl
F, =30
“Diverging” effect is then clearly expected is thdests, with cross-flows going from the hot asdgrth
the cold as detailed in part 2. Moreover, theseszflows should create boundary mixing layers aogige
a maximum temperature (for both vapor and claddimtf)e periphery region of the hot assembly (dge F
3 - right). This phenomena is observed on claddémgperatures plotted on Fig. 6 for both elevations.
Moreover, total power injected in the test sect®about 15% higher in the testvE1.43 than in the test
Fxy=1.85. This also leads to a valuelgfabout 15% higher and then a value Fenumber about 32%
higher. This can explain why temperature differenae more important in the test/E1.43 than in the
test ky=1.85. Analysis we have made of the results praligethe BOIL-UP tests of the PERICLES 2D
experiment tends to constitute a clear evidentbkeofDiverging” effect occurrence.
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3.2. Chimney Effect Evidences

The OECD/NEA ROSA-2 Project [14] was performed tive key safety issues of PWR Thermal-
hydraulics by means of LSTF experiments condudtadks to the Japan Atomic Energy Agency (JAEA).
The core component of the experimental facilitfirit described as the Test 3, then, experimert dre
analyzed, and point out a chimney effect occurrence
LSTF is a full-pressure and full-height integrasttéacility using a full-height core composed 0080
simulated fuel rods with 10 MW electrical power 266 m heating length. Rods are gathered in 24
assemblies with a radial power profile split indhes (high, mean and low). The radial peaking faisto
1.5 for the high power assemblies, 1.0 for the npEaver assemblies and 0.66 for the low power drigs.
7 gives an overview of the radial power distribatidll electrical fuel rods have the same cosinagshl
axial power profile. Test 3 is a Hot-Leg SB-LOCAursient during which core uncovering phases takes
place two times:

» The High Pressure phase that longs for about 26@soand 7MPa, during which, the maximum

measured cladding temperature was 780K [14].
* The Mean Pressure phase that longs for about 408sand 4MPa, during which, the maximum
measured cladding temperature was 822K [14].

For both cases, liquid level drop down to half tieéght of the core by boiling-of and core tempematu
excursion occurs in the dry zone. Experimental gatzkage provide heating rods cladding temperatures
(localized at the center of the assemblies) andegaperatures (localized at the corner of the asBesn
on non-heated rods) for several elevations in tiyezdne. We will focus only on a quarter of theegor
thanks to the symmetrical radial power distributiodle thus manage to regroup all temperatures
measurements in the same quarter considering ttee leghavior is symmetrical. Fig. 7 presents the
thermocouples localization (TW for the wall cladglitemperature and TE for the fluid temperatured in
quarter of LSTF core at two different elevationshia dry zone.
At elevation 7, TW287, TW341 for clad and TE283,2V& for fluid thermocouples come from different
quarters of LSTF core and are localized on the sadi@al corner thanks to symmetrical considerations
(same process is applied for TE293 and TE226 thevopdes at elevation 8). This test has been used to
validate the 3D module of CATHARE at the assembbles[15].

High Power Assembly Low Power Assembly

80008

K 5

—a ¥
o) Q0

aYaYay,

Fig. 7: Thermocouple localization in the high poweassembly for elevation 7 (left) and 8 (right) of
the LSTF core — High Power Assemblies are in red, &an Power ones in yellow and Low Power
ones in green
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Let's compute an order of magnitude of henumber for the two core uncovering phases. Thé potaer
(Py) in the LSTF core is about 1.4MW for the High Ree phase and 1.2MW for the Mean Pressure
phase, which lead us to (with S is the core seaimhwe assume that swell level is at core midHigig

Vo = SPPW% = 0.11 m/s for the high pressure phase dfyd= 0.15 m/s for the mean pressure phase.
sat l-v

At mid height, the axial power peak factor is eqodl.5, which led us tofe. number of 0.006 for the high
pressure phase and 0.012 for the mean pressure. jadsmney” effect is thus clearly expected inghe
cases with cross-flows coming from the low poweseasblies to the high power ones.
Fig. 8 and Fig. 9 show the experimental temperaguotutions for elevation 7 and 8 during both plkase
ROSA2 Test 3 - Experimental Core Temperatures ROSA2 Test 3 - Experimental Core Temperatures
Higl‘l ;’re‘ss‘ml‘e Plhals? - Hlig‘h IP(mI'eT 1I\sse’m'bl‘y - Pos. 7 MefflsPreISSl‘lre; Phalse'- I‘-Iigh IPolwefr As‘sel‘nb‘ly - Pos.7

1.4}

TE277-EXP
TE283-EXP
TE306-EXP
TW287-EXP
+ TW341-EXP

Normalized Temperature
=
Normalized Temperature
=

%1%00 1650 1700 1750 1800 1850 %800 4100 4200 4300 4400
Time (s) Time (s)

Fig. 8: Temperature evolutions at elevation 7 forlie High (left) and Mean (right) Pressure phases

ROSAZ2 Test 3 - Experimental Core Temperatures ROSAZ2 Test 3 - Experimental Core Temperatures
High Pressure Phase - High Power Assembly - Pos. 8 Mean Pressure Phase - High Power Assembly - Pos. 8
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Fig. 9: Temperature evolutions at elevation 8 forlie High (left) and Mean (right) Pressure phases

First, one can see that TE277 and TE283 evolutionBig. 8 as TW287 and TW341 evolutions on Fig. 8
and TE226 and TE293 evolutions on Fig. 9 are smaildich confirm the symmetrical behavior of theeor
during the core uncovering phases.

Moreover, all fluid temperature thermocouples aealized at a corner of the high power assemblg, on
row away from the assembly boundary. If cross-flietween assemblies does not exist, their evolutions
should be the same.

TE306 at elevation 7 and TE307 at elevation 8@salized next to one high power assembly and orsme
power assembly while the other fluid temperatuesgrtiocouples (TE283, TE277 at elevation 7 and TE293,
TE226 at elevation 8) are localized next to two jmawer assemblies. Asgradients between assemblies
are more important at the boundary of high/low poagsemblies than at the boundary of high/mean and
high/high power assemblies, “Chimney” effect isoaéxpected to be more important between high/low
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power assemblies. It should bring some ‘cold’ sté@m the low power assemblies to the high powex. on
This phenomena is clearly observed for both phasdsboth elevations on the experimental evolutions
with a steam temperature lower next to the low poagsemblies (TE293 vs TE307 at elevation 7 and
TE283 vs TE306 at elevation 8). Steam temperatitfierehces exhibits a value higher than 50°C nafiy
appears that analysis of data provided by LSTHifiaconstitute a direct evidence of the “Chimn&ffect

on the experimental Test 3.

3.3. Conclusion on Experimental Evidences

In this part, experimental evidence of “Chimneydadbiverging” effects have been shown. They confirm
that 3D effect are present during LOCA in the doye of the core and that analysis made in part 2 is
reliable. The impact of cross-flows on cladding pemature are not negligible: 40°C for PERICLES-2D
BOIL-UP test and more than 50°C on vapor tempeeaituirROSA2 test 3 core uncovering phases. For
system codes’ 3D modules it is then a safety igspeovide an accurate modelization of these phemam
CATHARE simulations at sub-channel scale of PERIGEID BOIL-UP test [11] and ROSA2 test 3 core
uncovering phases [16] have been made and they 8taavtwo points have an impact on the boundary
mixing layer between assemblies:

e The transversal wall friction modelling

e The turbulent and dispersive models
Unfortunately, the experimental data on PERICLES#&Ml LSTF are not sufficient to calibrate and
validate these models. Nevertheless, calculatibhl[[L6] show that CATHARE is able to reproduce the
right tendencies at sub-channel scale.
The experimental program METERO [11], which will beade at CEA, will provide more information
which are necessary for the development and thdatadn of turbulent diffusion and dispersion terass
for transversal head loss in rob bundle geometigTERO test section is composed by two half PWR
assemblies and has the objective to enhance tigatiah of the models involved in 3D simulationstioé
core behavior during PWR LOCA.

4. CATHARE SIMULATIONS OF CHIMNEY EFFECT

CATHARE simplified simulations of the dry zone (gniwo assemblies modeled) have already been
presented [10], they show that the expected cilossdre well computed. In this part, a more complex
simulation (close to a real PWR core) is detaigmhwing “Chimney” effect and its impacts on the PCT

4.1. Main assumptions

Actual nodalizations used with CATHARE for core betor analysis, during a LOCA transient, is
composed by a 2D cylindrical mesh divided in thmesin crowns of various power (Fig. 10 at left). As
explained in part 2, cross flows are mainly du¢hte radial power difference between the crowns when
core is uncovered. In order to investigate thesftow that could occur in these specific reactorditions,

the modelisation had been simplified by cropping ¢lre in the radial direction. Thus, a new caatesi
mesh had been built in order to represent 8 assesndl the core radius (Fig. 10 at right). It hase
mentioned that this modelisation uses the same geimal parameters (hydraulic diameters, presase |
coefficient, porosities) and power discretizaticadfal and axial profiles) as the complete reacta. The
axial power is cosine distributed and it is dedrea$rom right to left (power factors: 1.6 in C199 in C2

and 0.94 in C3). In order to represent thermohyldraonditions of the PCT occurrence, a stabilizee||
level is first obtained by the injection in the lemplenum (under the 3D element) of the reactavriibe
associated to the core uncovering. It corresportti¢édOCA transient instant when system pressure is
almost 45 bar. End of calculation, which had been during thousands seconds to ensure results
convergence, leads to a stabilized state with ialhpthomogeneous swell level. Void fraction ob&dinat

this moment in the assemblies is shown on Fig 11.
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4.2. Liquid phase behavior under swell level

Before looking at the cross flow occurrence inglas phase, a short analysis of liquid behavior utide
swell level showed that it behaves the same aaglthie whole LOCA reactor transient calculationlded,
because of the higher power of the left assemldied,the lower of right ones, liquid tends to fldawn

at right to the lower plenum volume before beinigjeeted in the hot assemblies at left and staritisig
vaporization. Thus, it has to be noticed that tbevection structure created between hot and cold
assemblies crosses the lower plenum the same esafdior simulations.

[
Fig. 10: 3D representations of a PWR core —Left-essibility studies —Right—

Fig. 11 shows also that, as mentioned in parttBe2swell level is almost uniform at 1.9 m andphessure
is radially uniform for the gas phase at this efieva

-1,2 —8— AP cl-c2 gas
-14 —e— AP c2-c3 gas
-1,6
18 2 22242628 3 32 34 3638 4
z(m)

Fig. 11: Void fraction distribution at the end of calculation —Left— Pressure differential between
columns —Right—
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4.3. Gas phase behavior above swell level

In the simulated case, the fuel rod hot spot (wiR€& takes place) is located at around 3.5 m hefght
this point, cooling is only ensured by steam flohiat characteristics depend on “chimney” or “diveqj
effect. An evaluation ofF, number above the swell level have thus been mdueofder of magnitude of
the inlet flowrate @,) is 1.1kg/s which gives (assuming all the watgyorae in the wetted zone; S is the

test section), = 5 QPL = 0.26 m/s. It leads to (the local heat flux at the swelldeig about 2.5W/cmz in
* Psat

the hot assembly) the valée = 0.04. It could thus be observed on Fig. 12 (Left pastyy quickly above
the swell level, that cross flows from C2 to C1 drmin C3 to C2, representative of the chimney éffec
take place. They could mainly be attributed todlference of steam densities between the columes (
right part on Fig. 12). Nevertheless, if chimnefeef remains from the swell level to the top of tuee,
its intensity decrease as we come closer to theguit This effect is mainly due to cross flows ethiend
to equilibrate density gap between columns.

2,E-03 5,E-01
1,E-03 3,E-01 —o— Apcl-c2(gaz)
0,E+00 1,E-01 —8— Apc2-c3(gaz)
;: -1,E-03 \\ S _ -1,E-01 e % 0-0-0-0-0-0-0-0-00000
@ 2,E03 Do A ’ £ -3E-01 |\
S °-g-0-0 @ R
= -3,E-03 = 3 -5,E-01
& < \
g -4E03 | -7,E-01
-5,£-03 \s\,/ —e—gazflow C1-->C2 -9,E-01
-6,E-03 P - -
—e—gazflow C2 --> C3 4,540 o-o-0-0-0-0-0-00
-7,E-03 -1,E+00
2,1 2,3 25 2,7 29 31 33 35 21 23 25 2,7 29 31 33 35
z(m) z (m)

Fig. 12: Cross flows between columns —Left— Dengitlifferential between columns —Right—

These observations are confirmed by plotting thesnilux (see Fig. 13.): although for columns 2 &nd
mass flux keeps in between 5 and 6 K§sh it increases briefly to 7.5 kg:fis' for column 1 between
1,98 m and 2.74 m.

Vo, (kg.m2.s?

Column N°

Fig. 13: Mass flux at various height for the 3 calmns

Results provided by the simulation presented s phirt, based on the modelisation in use for PWRAO
transient analysis, confirm that chimney effectuwscduring core uncovering. Nevertheless it haleto
mentioned that cross flows, providing coolant te bot assemblies in this case, are mainly obsgustd
above the swell level and tend to decrease whendtmes up in the core. An equilibrium situatiornhias
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obtain up in the core when axial density variatiars almost the same in all assembly. As showrign F
12, cross-flows decrease whén between assemblies is almost constant with theeéde.

4.4. Transversal head losses sensibilities

In order to evaluate the influence of cross flovolowy on the PCT, transversal head loss have been
artificially modified by using a multiplying coeffient on the lateral faces of the mesh. It havédo
specified that transversal head loss coefficiemelamly been applied above the swell level in orasrto
modify liquid phase behavior. Head loss coefficcemsed and PCT obtained next are summarized in the
following table. As expected it, could be obsertleat transversal head losses have a direct infeienc
cross flow between the assemblies according teahation of

Head| /10 ref x10 | x10C | PCT. An increase of transversal head losses leaashimney
loss effect reduction that consequently limit the amanirthot spot
PCT | 837 | 847 85€ 89C | cooling gas that comes from cold assemblies. PG€&gard is
(°C) thus superior when head losses are increased.

5. CONCLUSIONS

It was found that for PWR safety issues like LOG#ident, studies of physical phenomena that occur
during uncovering phase of the core is of imporeamuring such situations a swell level tends tasate
core in two parts: one with a mixture of gas awngdill at the bottom and one with pure steam atdpe t
According to the heterogeneous distribution of poletween the assemblies in the core, accelerafion
steam and density decrease, along the axial direatould be different for high or low power regoiihis
unbalance introduce pressure difference and cortdube existence of cross flow between assemblies.
In order to characterize these cross-flolsnumber, introduced previously by Bestion, is takank on

the bases of momentum equation for the steam pliesdfinal form obtained is:

2 8a Pipc
Yo (Keffz+ Gy Cpv )

k= 29 Dy
It gives an indication of the cross flow directiaimove the swell level and appears also sensitigesgsure,
level elevation and heat flux, that is to say podesay. “Chimney” effect could occur either at haghow
pressure whether “Diverging” effect appears onlipat pressure. Indeed low power decay heat flugten
to favors “Chimney” effect. At last it have beeroam that the radial place of the hot spot in thé ho
assembly could change from center to peripheryrdaug to the type of cross flow established: chignne
or diverging.
By this theoretical considerations, analysis obdabvided by PERICLES 2D BOIL-UP test facility gav
us an evidence of the occurrence of diverging etfetween two low power peripheral assemblies and a
higher power central one for low pressure. On aoltand, Test 3 conducted on LSTF ROSA facility,
with higher pressure, have also been analyzed amdict to the observation of chimney effect aceaydi
to the analysis of thermocouple temperature locaged the interface of high/low power and high/roedi
power assemblies.
At last a simulation of a core slice, with boundeoyditions extracted from whole reactor LOCA tians
have been realized with CATHARE code. Results weiobd give an accurate representation of the
exchange between assemblies of various power. dihdiepiid phase under swell level behave in a
convective way and pure steam phase above exhisis dlows representatives of a chimney effect tvhic
is in good agreement with; number evaluation for this case. Nevertheleshas been observed that
chimney effect is not constant all along the assimland highly depends on transversal head loghid
way it can be expected that METERO experimentajganm, which will be carry on at CEA, will provide
more information to enhance our understanding anahddel with accuracy “Chimney” or “Diverging”
effects that should also been taken into accourCéwe Exit Temperature (CET) analyses [17].

with F; <1 Chimney effect; F; > 1 Diverging ef fect
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