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ABSTRACT

During a Loss Of Coolant Accident (LOCA) in a Prassed Water Reactor (PWR), direct
contact condensation (DCC) on a stratified flow ntalge place in the cold leg when the
Emergency Core Cooling (ECC) system injects coltewalhe condensation modeling of the
system thermal-hydraulic code CATHARE-2 is compa@dhe experimental results from the
new TOPFLOW-PTS tests, tests dedicated to condensand mixing phenomena in cold leg.

This is an opportunity to test and improve the isgatapabilities of the current model of the
code.

The reference CATHARE condensation model was base@OSI data analysis and was then
validated against various experimental data indgdiSTF and UPTF. This wide validation

matrix covers a volume scaling factor from 1/100 1tp includes both Large Break and

Intermediate Break LOCA conditions and is now egghto TOPFLOW-PTS.

The present work revisits the physical mechanismslved at the ECC injection and presents an
improved condensation model with better scalingabdjties.
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1. INTRODUCTION

During a loss of coolant accident (LOCA), in a Rueized Water Reactor (PWR), direct contact
condensation occurs due to the Emergency Core iigp¢iCC) injection. Sub cooled water is injected
into the cold legs in presence of a stratified fléwllowing Bestion & Gros d'Aillon, 1989, Janich®92
and Janicot & Bestion 1993, three main condensatoes are identified:
i. Ontothe ECC water jet itself , before impacting ffee surface,
ii.  On the free surface in the vicinity of the ECC imipaith enhanced mixing due to jet induced
turbulence
iii. On the free surface far from the jet influence.



Based on the previous works on the subject, thidysproposes a new modeling of geometrical scale
effects on the direct contact condensation in tieanity of the ECC jet which provides better scglin
capabilities for the whole validation matrix. TR THARE's reference validation matrix contains COSI,
UPTF 8 and 25 and LSTF ROSA 1.1 tests.

The TOPFLOW-PTS tests, specifically dedicated tealicontact condensation and mixing study in the
vicinity of the jet impinging, are added to thissbaThis large experimental condition range alltowsee
both integral and separate effect tests with amehlpower-flowrate scaling from 1/100 to 1 and itifgt
flow rate values corresponding to small to largeakrL OCA.

The model developed in this study has been implésdeim CATHARE 2, the French system code for
nuclear thermal-hydraulic studies developed by GfA joint effort with AREVA, EDF and IRSN. It is
based on the 6-equations 2-fluid model.

2. THE TOPFLOW-PTS TEST FACILITY

The Helmoltz-Zentrum Dresden-Rossendorf TOPFLOW-PH&uraud, 2011) test facility is designed to
investigate the mixing and Direct Contact CondeosatDCC) phenomena inside cold leg and
downcomer during injection of sub-cooled ECC in tframe of Pressurized Thermal Shock
investigations. The French CPY 900 MWe reactor used as reference plant. The geometrical scale of
the test facility is 1:2.5.

The experimental facility is composed by:
i. apump simulator,
ii. a cold leg,
iii. an ECC nozzle
iv.  a flat downcomer portion which represents 90° efrémactor downcomer,
v. awater level regulation,
vi. apressure regulating boiler.

The test section is installed in a pressure vesiselso-called “diving tank” (Péturaud, 2011) toibe
pressure equilibrium with its environment. Thedesin be operated up to 5 MPa, the pressure iteshe
rig being controlled by steam injection. The wdéel is regulated at constant values (0, 25, 50ard
100% of cold leg diameter).

The condensation model development used the stattysteam-water (sssw) tests which cover differen
operational condition for pressure, injection floate, and sub cooling.

The instrumentation includes thermocouples, ind@d-@amera, flow meter, pressure sensor and wirl mes
sensor. With the aim of analyzing the mixing pheeoon and the cold leg condensation, thermocouples
lances are arranged in the cold leg at differecti@es. Thanks to these measurement points, thiméie
behavior in the cold leg can be studied.

The condensation flow rate for each test is detsgnhiby an energy balance applied to the steam
regulation system. Several measured parameterssacefor the condensation flow rate calculatiofetin
and outlet steam flow rates, pressure and temperatihe circuit.

3. THE DATA BASE USED IN THIS MODEL DEVELOPMENT

The condensation model developed in this paper tieed OPFLOW-PTS data and all other data of the
CATHARE validation matrix listed here below (seebleal).



The COSI experiment (separate effect test) is ¥permment which was used to develop the CATHARE
reference condensation model. It was especialljcdtat to condensation at ECC injection in the cold
leg. It was scaled at 1/100 for volume and powemfa 900 MWe water reactor. The facility consisiéd

a scaled cold leg and a downcomer, simulated byeréical pipe. Two test sections, one for the
FRAMATOME cold leg design and another for the WEHSBGHOUSE cold leg design were used.
Different injection pipes were used.

LSTF (Large Scale Test Facility) is an integrakefffacility, operated by JAERI in Japan. It is bbdps
reactor scaled at 1/48 for volume and 1 for heihe ROSA 1.1 tests consist of different injectitages

in the cold leg in order to study the condensatind the thermal stratification in the cold leg. IDgrthe
different stages of the ROSA 1.1 experiment, cad level and injection flow rate are adjusted.
Thermocouple lances are put at the cold leg ourtletder to track the liquid temperature, influethdsy
condensation and mixing between ECC and cold ldg fraaw.

UPTF (Upper Plenum Test Facility) facility (intefedfect test) is a full scale 4-loops reactor dasi by
SIEMENS and operated by KWU. It is based on a 180 design. The tests 8 and 25 study the refill
and reflooding processes. Each test is split iursr A and B which have very close experimental
conditions. In each run, there are 6 ECC injectionrate stages where the injection flow rate ie told

leg is modified in order to analyze the temperahebavior at the downcomer inlet. As for LSTF ROSA
1.1, the test facility supports thermocouple lanegsthe cold leg outlet for liquid temperature
measurement.

Table |. Experimental conditions for the condensatin model design

ECC flow | ECC Saturation ECC  sub- ECC diameter | €014 le8
Pressure . Cold leg level diameter
rate temperature temperature cooling (dEecc) (Dh)
[ke/s] [°c] [Mpa] [°cl [°cl [%] [m] [m]
. . . ) [187,3 i, [0,006 ;
cosl [0,1;06] |[18,5;84] 2,1;71) [212,3 ; 285,8] 263,8] [0;0,6] 0,038] 0,118
TOPFLOW [0,7;2,51 |[113,7;243,9] | [3;5] [233,8; 264] [5;120,2] [0;0,8] 0,053 0,279
UPTF [80;600] |[29;38] [0,3;0,4] [127,4 ; 142,7] [97,4;108,7] | [0,1;0,5] 0,349 0,75
LSTF [0;1] [37; 266] [15,4;15,4] | [344,1;344,1] [78;307,1] |[0,5;0,8] 0,025 0,207
decc / Dn Reynolds number Froude number | Prandtl number
cosl [0,05;0,32] [13942 ; 443395] [0,4;13,7] [0,7;0,8]
TOPFLOW 0,19 [139845 ; 502807] [03;1] [0,7;0,8]
UPTF 0,465 [1208 ; 10560000] [0,001;3,2] [1,2;1,3]
LSTF 0,121 [6839 ; 42522] [0,4;3,2] [0,6;0,7]

4. DIRECT CONTACT CONDENSATION PHENOMENA

The initial COSI data analysis and condensationetiog was presented by Janicot & Bestion
1993. The flow in the cold leg is stratified. ThEE injects and three main condensation zones
are identified (see Figure 1). This zone segmemtdtias been introduced by Bestion and Gros



d’Aillon 1989. The ECC injection impacts the stfigil free surface. This creates strong
perturbations on the water-steam free surface acdeases the local condensation. Some
important DCC phenomena were pointed-out:

i.  The amount of vapor condensed depends stronglyheninjected mass flow rate, the
water level in the cold leg and the ECC sub-cogling
ii. Some sub-cooled liquid is present upstream of theciion point. It testifies to a
recirculation cell upstream of the injection,
iii.  Animportant part of the condensation occurs inviag vicinity of the injection.

The DCC modeling includes three terms:

i.  Condensation on the jet itself due to sub coolegmajected in a vapor flow (Zone B),
ii.  Condensation at the free surface enhanced by thelémce created by the ECC jet when
it impacts the free surface of the main flow (Z@)e
iii.  Condensation at the free surface in Zone C.
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Figure 1. Condensation zones in the cold leg — From [1]

In the zone A upstream of injection, since theraasnet flowrate in steady state, a 1D model cannot
predict the condensation as it cannot represenettieulation.

The main part of the condensation flow rate is gated in the vicinity of the jet impact (Zone Bydeed,

the liquid flow temperature measured one hydradiimeter downstream the injection is very close to

the temperature measured at the downcomer inlet.mMbdel developed here after concerns especially
this region B and models the heat flux due to tindulence created by the jet impact: the main

condensation term.

5. DCC MODEL IN THE VICINITY OF INJECTION
The reference model is the standard CATHARE-2 cddaeicot and Bestion 1993 model. The

TOPFLOW-PTS tests give the opportunity to improve tmodel scaling. Previous CATHARE 2
validation on LSTF ROSA 1.1 and UPTF 8 & 25 hadvehahat the scale effect in the reference model



could be improved. The matrix extension with difierr experimental scales will help understandingtwha
geometrical scales control the DCC phenomena.

The heat flux at the interface is function of texhtransfer coefficient h (WA#K), the interfacial ared;
(m?) and the main flow sub-coolimyfl’ = Ty, — T, (K)

@ = A;.h.AT (1)

The phenomena which may be induced by the jetaréotlowing:

i. The plunging jet creates an entrainment of fredasar water with converging streamlines
towards the jet (see Figure 2). This free surfaemoity may play a role in the enhanced
condensation efficiency in the vicinity of the jet.

i.  The jet splitting at the bottom wall may createebaund along the side walls with waves which
also create significant perturbations at the frgéase (Figure 2),

iii.  The jet below the free surface creates some upstama downstream flow at the bottom but also
some kind of circulation cells as shown in Figur@e®t). This may induce also a velocity at the
free surface over an axial distance equal to thdigeneter (Figure 3, right).

Looking for a model for the region B, the first gtien is to define what the free surface area tdteby

the enhanced heat transfer is. If the cold leg diam,,) is considered large enough compared to the
injection diameterd..), the heat exchange area influenced by the jetidlmmiindependent ob,, and
may only be proportional tdZ .

Ai“’dzzscc (2)

If the circulation cell mentioned above is the doamt effect, the affected free surface area might b
proportional taD, dgcc-

The heat exchange coefficient can be expressahaiidn of the Nusselt number:

ALN
h= th” (3)

With :

Ay : the liquid thermal conductivity (W/m.K)

Nu : the Nusselt number

l; : the turbulent length scale of the phenomena (m).

The subscript L refers to the liquid in the injectimesh which results from the mixing between thid ¢
leg flow and the injection flow.

As in surface renewal theory, the Nusselt numbarbeaexpressed as function of the turbulent Reynold
number Re; ) and the Prandtl numbeP«) of the flow:

__hl;

Nu—AL

= K.Re&.PrP (4)
With: Re, = 227k andpy = KLCPL

L AL
p.. - liquid density (kg/m)
V; : turbulent velocity scale (m/s)
l; : turbulent length scale (m)



u;, - liquid viscosity (Pa.s)

Cp,, : liquid thermal capacity (J/kg.K)
K: a constant

a : a constant

b : a constant

The turbulent length scald) is used in order to define both the Nusselt dredReynolds numbers. It
may be proportional tal,.. if the free surface entrainment is dominant orppréional to the liquid
height if the recirculation cell is dominant. Fallimg Janicot & Bestion 1993, it is assumed her¢ ttha
turbulent length scale is governed by the liquidjhiin the cold leg. The liquid height in the cdéd) is
approximated as a liquid fraction linear function:

l, =D,(1—a) (5)

With :
Dy, : the cold leg hydraulic diameter (m)

In case of a SBLOCA, the injection velocity is muilgher than cold leg flow velocity. The ECC
velocity prevails on the local turbulence closettie injection. That is why the injection velocity i
considered as the turbulent velocity scale. Thisrsevalid if the free surface entrainment is domirca
even if the recirculation cell effect is dominant.

Vi = Vice (6)

However some phenomena such as the jet bouncingavel formation along the side walls are not
modelled in the Nusselt formulation shown in ( A3.depicted in Figure 2and Figure 3, the mixing
consists of several phenomena:

i.  Turbulence development in the water height (velllitin the jet impinging vicinity,

i.  Aliquid layer flows from the bottom of the pipedarises up along the cold leg wall. This flow,
created by the injection, increases the heat exgharea because it flows above the free surface
(Figure 2 right). The height achieved by this flaleng the wall is called rebound heighg]).

iii.  The jet kinetic energy dissipation before bringbgk turbulence close to the free surface may
affect the efficiency of the condensation.

The turbulence development is translated by themémMNusselt number formulation ( 4 ), especially b
the Reynolds number.

The jet bouncing effect may be added by an effeatroude Number defined by (7) :

_ Vecc
Fr = Jat (7)
With:

g the gravity acceleration (m/s?)

The length scalé may be defined by ( 5), the rat{@ corresponds to the rebound height of the jet.
This Froude number is then the ratio between thewed height and the water height in the cold leg:

_ ’ hg
Fr = Dr(-a) (8)




An effect of Fr may translate the fact that the higher the rebaumdpared to the water height, the more
the exchange area is disrupted. The jet impingiages influence the exchange area or improve the
transfer coefficient. They may increase the heahange.

The jet kinetic energy dissipation before bringbagk turbulence close to the free surface is pigtab
complex function of the cold leg, the ECC geomsetiamd the water height. The jet turbulence will be
more effective if the ECC diameter is close to¢hkl leg diameter and if the water height is net lhigh

avoiding too much dissipation. One may expect ditieficy increasing withe, and with dgCC.This
h

effect is taken in account in the Nusselt humbezffadent by f(a, dgcc). The new general Nusselt
h
formulation is then supposed to be:

Nu = K.Rel.Pr?. Fr¢.a?, (%)e (9)
h

Front view Top view
Figure 2. Jet impact on free surface flow; entrainment of free surface water by the plunging jet (left
and middle) and creation of a wave on side walls (right) by jet bouncing on bottom wall

Circulationto
_ - free surface

——

A

N

] 1
H,=(1-a)Dy Circulation | ! Circulation
at bottom | : at bottom

Figure 3. Velocity induced by the jet along the cold leg walls : front view (left), side view (middle)
and top view (right)



The exponents a, b, ¢, d, e and the constant thdénequation ( 9 ) are defined in order to fit the
experimental data from the different facilities é¢akin account for this model definition: COSI
experiments (both WESTINGHOUSE and FRAMATOME testtion), TOPFLOW-PTS steady state
tests and UPTF 8 & 25. The general experimentaditions for these tests are introduced in Table I.

The Figure 4 shows the following expressigf% ~A;.Nu based on measured data.
LPL

The evaluation of the experimental value is madéh va rather high uncertainty since measured
temperature values do not give the energy flownatabsence of velocity measurements. But it was
supposed that the qualitative trends could be iifileoht

New condensation model evaluation
1
0,000001 0,00001 0,0001 0,001 0,01 0,1 1
¥ X
. x HHK
X 0,1
0,01
L]
4 COSI FRA
2 ‘ 3 COSI WH 0,001
|
* .’ a . ' ETOPFLOW
o »
929 * ¢ UPTF 8A
0‘.
b 2 UPTF 88 0,0001
UPTF 25A
UPTF 258
0,00001

Figure 4. Experimental versus calculated Ai.Nu
The assumption of;~d% .. was first used.

Surprisingly after several attempts, d=e=1 werepinvalues which provided good agreement. It is
consistent with two possible interpretations:

i.  Aj~diccande=1

i. Aj~dgccDpande =2

Then, the model is implemented in CATHARE 2 vV2.5n8d 3.1. The COSI, TOPFLOW-PTS, UPTF 8
& 25 and ROSA LSTF 1.1 tests have been calculated.

For the COSI and TOPFLOW-PTS, separate effect,tdbtss measured condensation flow rate is

compared to the calculated condensation with CATHAR he calculations with the reference

CATHARE model for COSI were already rather good.eThean relative difference between

experimental data and calculations was 9.4%. Whith iew length scale, it is reduced to 8.4%. For
TOPFLOW-PTS steam-water steady-state tests, thisnmelative difference between experimental

measures and calculation with the reference model4v.4%. This new approach reduces the difference
to 25% which is the value of the measurement uaiceyt (+/-25%).



Experimental versus Calculated condensation flow rate - COSI FRA tests
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Figure 5. Experimental versus calculated condensation flow rate for COSI tests

Experimental versus Calculated condensation flow rate - TOPFLOW-PTS sssw tests
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Figure 6. Experimental versus calculated condensation flow rate for TOPFLOW-PTS sssw tests

About LSTF ROSA 1.1 tests, the CATHARE results witle reference model were already rather
accurate. The new model doesn't degrade the pielict The results are summarized in Figure 7 to
Figure 12.



Experiment versus Calculation - LST ROSA 1.1 Run AB5

283,0

2820 ——\,\

T ) ——

Température [°C]
g
°

——Mean experiment temperature - Cold Leg A

\/\/\\ ——Mean experiment temperature - Cold Leg B
~ ——Reference model - Cold Leg A
— g

278,0
~——Reference model - Cold Leg B
New condensation model - Cold Leg A
New condensation model - Cold Leg B
271,0
0,0 200 40,0 60,0 80,0 100,0 120,0 140,0

Temps [s]

Figure 7. Experimental versus calculated temperature in DC entry for LSTF ROSA 1.1 ABS test

Experiment versus Calculation - LST ROSA 1.1 Run AB6
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Figure 8. Experimental versus calculated temperature in DC entry for LSTF ROSA 1.1 AB6 test

Experiment versus Calculation - LST ROSA 1.1 Run AB7
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Figure 9. Experimental versus calculated temperature in DC entry for LSTF ROSA 1.1 AB7 test
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Figure 10. Experimental versus calculated temperature in DC entry for LSTF ROSA 1.1 ABS test

Experiment versus Calculation - LST ROSA 1.1 Run B9
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Figure 11. Experimental versus calculated temperature in DC entry for LSTF ROSA 1.1 B9 test
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The CATHARE calculations for UPTF 8A, 8B, 25A ansBcould be improved. Here after is an analysis
for each UPTF run studied for this model developimen

i. UPTF 8A (Figure 13): The difference between calidoteand measures is up to 30°C with the
reference model on the fourth injection stage. Mailsie is the maximum difference during 8A
test. The mean difference is around 20°C. Withribes approach, the calculation results are
much more accurate. The maximal gap between cédclind measured temperature is 9°C, the
mean difference with the new condensation modgligstly higher than 7°C.

Experiment versus Calculation downcomer entry liquid temperature - UPTF8A
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Figure 13. Experimental versus calculated temperature in downcomer entry for UPTF 8A test

ii. UPTF 8B (Figure 14): This run has more or lessstrae behavior than UPTF 8A. The reference

model results verify a maximum temperature diffeeeaf 20°C. The new model allows to reduce
this temperature difference to 8°C.

Experiment versus Calculation downcomer entry liquid temperature - UPTF8B
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Figure 14. Experimental versus calculated temperature in downcomer entry for UPTF 8B test



iii. UPTF 25A (Figure 15): From the first stage of thim, the difference between the reference
calculation and the measures is about 30°C. Ofotlmeving stages, the temperature difference is
around 20°C. With the model developed in this studg prediction performances are improved
a lot. The maximum temperature difference reach€sadid the mean difference is 5°C.

Experiment versus Calculation downcomer entry liquid temperature - UPTF25A

140,0 ‘
130,0 \
120,0

Temperature [*C]

——Experimental temperature
——Reference model

70,0

New condensation model

20,0 70,0 120,0 170,0 220,0
Time [s]

Figure 15. Experimental versus calculated temperature in downcomer entry for UPTF 25A test

iv. UPTF25B (Figure 16): The experimental conditions @ery close to UPTF 25A, that’s
why the results are nearly the same. With the eefsx model, the temperature difference
for the first stage is higher than 20°C and stagsirad this value during the rest of the

test. With the new model, the maximum temperatifferdnce doesn’'t exceed 7°C. The
mean difference is 5°C.

Experiment versus Calculation downcomer entry liquid temperature - UPTF25B
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Figure 16. Experimental versus calculated temperature in downcomer entry for UPTF 25B test



6.

CONCLUSIONS

The TOPFLOW-PTS data are used to improve the caadiem model at ECC injection of the
CATHARE-2 code. In order to better identify the gesirical scale effects on the local condensation in
the vicinity of the ECC, data at different scalesrgvconsidered including COSI, TOPFLOW, LSTF and
UPTF data.

A new model is proposed which is as good as oebdétian the current model in COSI and LSTF and
which is much better for TOPFLOW and UPTF.
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