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Abstract

This study focuses on thermal-hydraulic simulatjatssub-channel scale, of a damaged
PWR reactor core during a Loss Of Coolant Accidgi@CA). The aim of this study is to
accurately simulate the thermal-hydraulics to pitevihe thermal-mechanical code DRACCAR
with an accurate wall heat transfer law. This lattede is developed by the French Safety
Institute “Institut de Radioprotection et de Sarstécléaire” (IRSN) to evaluate the thermics and
deformations of fuel assemblies within the core.e Tpresent paper first describes the
methodology considered to evaluate the capabilifesxisting codes CATHARE-3 and CESAR
to simulate dispersed droplet flows at a sub-chiarsecale and then provides some first
evaluations of them.

1. Introduction

This study focuses on the cooling capacity of a alggd PWR reactor core (Pressure
Water Reactor) during a Loss Of Coolant Accider®@A). During such an accident, as the
temperature of the fuel assemblies are very higl9-®00°C) and the clad external pressure
well below this internal pressure, some clad baling could occur jeopardizing the cooling
capability of the core during the following refland phase. During this accident phase, core
cooling is first provided by a hot vapour flow. Thes the quench front rises and gets closer to
the balloon regions, water droplets appear witlhia vapour. They experience evaporation,
deviation, break-up and coalescence and may imjpacballooned fuel cladding. Numerous
dynamical and thermal phenomena should be takenaotount to well describe the thermal
hydraulics of this dispersed droplet two-phase flamd thus the heat removed from the rods
(figure 1). As the quench front hits the balloomedions, the heat flux removed from the walls
reaches its maximum.

The French Institut de Radioprotection et de Sixetéléaire (IRSN) is currently developing the

DRACCAR code to simulate the thermal-mechanicabbetur of a rod assembly during LOCA

reflood phase with a 3D multi-rod description [1].

This code is a simulation tool for cooling asses#noé a geometry having experienced a LOCA.
This geometry could be either a complete assemibiglugding control rods, guide tubes,

instrumental tubes, spacer grids) or be reduceaigart of it or a test bundle surrounding by a
shroud. The application field of this tool gatharsy LOCA transients, different kinds of fuels

(UO2, MOX...) even simulated rods (using electricavides) and cladding material (Zircaloy-4,

M5 and Zirlo) as well as various burn-up. The ma@oal is to estimate the structures
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deformation, coolability and embrittliement beforelafter the reflooding. The results would be
transposed onto a reactor scale to carry out safatlies involving best-estimate computations
and uncertainties.

The thermal-mechanical approach is based on a @pcmodel at each axial level, with
boundary conditions (constraints) only due to presgwithout retroaction of the neighbour level
constraints). Four different modes of rupturescamesidered : total elongation, strain, stress and
temperature. In this way, thermal-mechanical behavof fuel cladding such as deformation,
bowing phenomenon and failure are simulated. Thealiy oxidation is also taken into account.
Models for fuel fragmentation and relocalisatioglease of fission gases and hydriding process,
which can change mechanical properties, are urelezldpment.

In the first version (DRACCAR V1), delivered in 2001], the thermal-hydraulics was a stand-
alone three-dimensional single-phase gas model avithulti-channel water level model. This
version was suitable to perform the interpretattbrmost of the strain and burst experiments,
which are generally carried out under vapour flowd af experiment with a reflooding phase.
DRACCAR V1 has been validated on the basis of abl experimental data (EDGAR,
PHEBUS LOCA, PERICLES, REBEKA, HALDEN, etc.)

However, fluid phenomena occurring during a typldaCA, as shown in figure 1, are complex
and require an advanced 3D sub-channel two-phasetilermal-hydraulic code [2]. Moreover, a
multi-field approach could be required to deal witlermal and dynamical out of equilibrium.
Possible coexistence and separated and dispemsedrfakes attractive the distinction between
two liquid fields (continuous and droplet field§jnally, closure models need to be suitable for
reflooding calculations. Two options are envisafpgdhe sub-channel code coupled to the next
version DRACCAR V2 based on code capabilities avallabilities: the CATHARE-3 and the
CESAR code. Both codes are able to handle reflgpdirsub-channel scale in intact assemblies
and the main features of these two codes will bektyurecalled in this paper.

Beside the development of such a thermal-hydraadide, a reflection has been conducted to
establish the specificities of the coupling of thermal-dynamical part of the DRACCAR code
to any suitable thermal-hydraulic code. The resgltApplication Programming Interface has
been achieved and released within the framewotkeoEuropean Project NURISP.

This paper focuses on the validation methodologthee sub-channel thermal-hydraulic code,
that should handle at the same time vapour coreetigat transfer, phenomena upstream the
guench front and the quench front itself. As nalaxperimental results are available until now,
this validation methodology is based on the assesswf sub-channel code results on spatially
averaged CFD results. The proposed validation ndeflogy is described in the first section
pointing out the chosen parameters for comparisorpgse. Then, some exploratory and
preliminary results of this validation will be pesged; the features of the two module candidates
to be coupled to DRACCAR code (CESAR and CATHAREa) described, as well as the input
deck, and first result comparison for, on one hamdjsothermal two-phase flow and, on the
other hand, super-heated vapour flow carrying asdrdroplets.



The 14" International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

Vapor
zone

Droplets-charged

Radiation

zZone
“betwesnTods eConvection
.
@ Evaporation DRACCAR
v CELL
@
Entrained ‘ °
droplets ’ @
o Impact Tate Quench front zone

Figure 1 : Thermal-hydraulic phenomena occurringrdyuthe reflood phase of a LOCA which
need to be modelled at the sub-channel scale @ARCCAR cell.

2. Validation methodology for advanced sub-channel THoftware

Currently only global tests of intact assemblyaetling have been considered for the validation
matrix of the CATHARES3 and CESAR codes. The valmlatis achieved by comparisons
between measured and simulated clad temperatucegj@@nch front motions. This analysis
validates to a certain extent the global wall hestsfer in the dispersed flow region and does not
allow to identify the relative contribution of hetansfer modes and to extrapolate to ballooned
configurations.

Unfortunately no local measurements downstreangtieach front in balloon regions (i.e. two-
phase flow temperature, droplet diameter and dpatistribution ...) are actually available for
validation purpose. At present time only globaladate available (pressure at the exit, average
flow rate, collapse liquid level, cooling rate em)d do not allow to accurately validate the
effects of droplet diameters and difference of gitles between the two phases on the cooling
capability of such dispersed droplet flow in balied regions.

Thus, a validation methodology was proposed by IRStlie framework of a wide Research and
Development Program on LOCA, launched in 2006. Mie¢hodology is based on the adaptation
of the CFD code Neptune CFD (mainly devoted to bulind separated-phase flows) to the
simulations of dispersed droplet two-phase flow®ining steep thermal gradients and thus heat
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transfers. Neptune_CFD code is a three dimensiovafluid code based on the classical two-
fluid one pressure approach, including mass, moamerstind energy balances for each phase [7],
[8]. The final goal of this task [6] is to develap operational tool in order to, on one hand, study
the cooling capability at CFD scale of various tplease flow features and, on the other hand,
provide adequate closure laws for the study oboefing phase in such LOCA conditions at a
component scale. To achieved this adaptation ofd¢ke Neptune_CFD, each main heat transfer
process, influencing the global heat transfer ldahas been independently studied, modelled
and validated on IRSN’s separated experiments (asdests of droplets impacting on very hot
plates or radiation attenuation through a spraypdaié]. Furthermore, at the end of this
development task, the Neptune CFD results will bédated against a global experiment
providing local two-phase flow measurements. Thibgl experiment, called COAL, is foreseen
to be performed within the framework of the IRSE¥CLADES program.

The validation methodology of the thermal-hydraudidh-channel codes is then planned to be
achieved against the CFD simulations of Neptune_@FbBallooned configurations and under
LOCA conditions. Results of candidates sub-chammmeles, CATHARE-3 and CESAR, are
compared to these CFD results which are spatiaityaged over a sub-channel horizontal flow
section. The comparisons are performed betweenptvase flow features obtained with
Neptune_CFD and the sub channels codes. Alongithelaged domain elevation (fig.2), the
spatially averaged adopted parameters for compansopose are vapour and liquid axial
velocities, void fraction, phase temperature andrfacial heat fluxes, evaporation rate and wall
to phase heat transfers. The radial velocity (cflsgs) would be also investigated downstream
and upstream the ballooned regions.

The assessment methodology considers increasirgicghgomplexity of the flow in a realistic
LOCA geometry (four ballooned rods as presentddyime 2):
» first isothermal dispersed droplet two-phase flows,
» then dispersed two-phase flows including saturdte@lets and superheated vapour with
adiabatic wall.
The preliminary results of these two former steflshve presented in this paper.
* Inalatter stage, not yet achieved, wall heatstier will be considered.

At the same time, reflooding of two-phase flow glbtests including ballooned regions will be
carried out (CEGB [9], CODEX[10]). But this will hde presented in this paper.

3. Reference results

3.1 Studied geometry

The geometry consists of three sub-channels, dkfasethe fluid space between eight adjacent
fuel rods (fig. 2). To simulate flow across paftiadleformed assemblies, the first and second
sub-channels are constricted due to the balloowiirfigur adjacent fuel rods, while the third sub-
channel has a constant cross-sectional area atenghole length. The considered ratio of
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ballooning is 61% in the first sub-channel. For this rattee rods touch each others and there
are no cross-flows between adjacent sub-chann#igwhe balloon region. The total length of a
sub-channel is about the typical distance betwaenhorizontal grids (350 mm), and the length
of the balloons is 196 mm (figure 2). The CFD meglof this geometry consists of 78732 cells.

0.04845 m

—

6.11 mm

Outlet

0.346 m

Ballooned rods

8.08 mm 0.156m

+ %4

Section of
ballooned part

Inlet

Figure 2: Studied geometry: the four ballooned masound the sub-channel denoted 1.

Two-phase flow inlet conditions are imposed atlib&éom of the calculation domain. Range of
values for droplets and vapour velocities (), temperaturesT(, T,) and liquid volumetric
fractions @), are representative of a flow downstream a qudrmit during LOCA reflooding
phase\j: 1-5 m/s vy 1-10 m/s,ai: 10-10?, T, around saturatiorl, from saturation to 1000 °C)
[9]. Symmetry boundary conditions are consideredhansub-channels vertical boundaries. The
rods wall could be adiabatic, as for the test qa®sented in this article, or heated. Outlet
boundary condition is an imposed level of pressiitee mesh convergence of the different
simulations has been checked.

3.2 Spatial average

CATHARE-3 and CESAR involve a porous approach nousate the rods. When using them at
sub-channel scale, there is one cell per sub-chéiignere 4).

To compare CFD results from Neptune_ CFD with bath-shannel results (CATHARE3 and
CESAR), CFD variables are averaged on sub-chanmelzdmtal surfaces located at
corresponding cell elevations of the CATHARE-3 &HESAR meshes. As these two codes deal
with staggered meshes, the elevations considerextédar or vectorial variables are different.

! This ratio is defined as (113Smba) Soal, rESP. $oas being the cross section in the ballooned, regpct , region.
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Figure 4 : lllustrations of CATHARE-3 and CESARBIls and the porous approach.

lllustrations of surfaces used forrageng the vectorial variables within the

Figure 5 :
first sub-channel and overview of the CFD mesh.

4. CATHARE-3

4.1 Current status of CATHARE-3 code

CATHARE-3 [11] is a system code developed by CEAhimi the NEPTUNE multi-scale
thermal-hydraulic platform [12]in addition to the two-fluid 6-equation model allgaused in
CATHARE-2, an “advanced” three-field model has bémplemented in CATHARE-3 [11],
featuring a set of balance equations for mass, mameand energy for the liquid droplets, the
continuous liquid and the vapour fields. This molda$ been developed in order to improve the
flow simulation when liquid droplets and continuoliguid flow at significantly different
velocities as during the reflooding phase of a LBQA. It has already been assessed in 1D and
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3D modules of CATHARE-3 against global refloodingperiments [14]. Some other evolutions
of CATHARE-3 concern additional equations for iféeral area transport or two-phase
turbulence models [13], the improvement of the 3Ddale of CATHARE-2 whose physical
assessment will be extended, and finally the remisif the numerical methods to deal with non-
conforming meshing of the vessel. A complete retkidin of the junction data structure and a
new solver to optimize computing efficiency arectgen. Therefore, CATHARE-3 with its sub-
channel approach, is a good candidate for the DR @ermal-hydraulics.

4.2 CATHARE-3 input deck

The CATHARE-3 input deck, mainly consisting of a 8dule, has been built to enable result
comparisons with Neptune_CFD simulations. Ballognmatio, height, rod diameter of the
geometry define the CATHARE-3 meshing and corredpancell and faces properties (surfacic
and volumetric porosities and hydraulic diameteis)the version V1.250 of CATHARE-3 used
in this study is a prototype, the symmetry boundeondition is not available yet. The
CATHARE-3 calculation domain is thus enlarged amuhe 3 sub-channels of the initial
geometry with symmetrical neighbouring sub-chanrssde figure 6.

Figure 6: Full view (left) and Horizontal cut (h) of the CATHARE-3 geometry, the
three sub-channels studied are in the dashed box .

5. CESAR

5.1 Current status of CESAR code

The CESAR thermal-hydraulics modelling is basedadrD 2-fluid 5-equation approach. Up to
N=5 non-condensable gases are available. As a feshl differential equations and 1 algebraic
equation are solved:
- 2+N mass balance equations (for the vapour phaseliquid phase, and the N non-
condensable gases),
- 2 energy balance equations (one for the gas mizngleone for the liquid phase),
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- 1 mixture (liquid and gas phases) momentum balagoation,

- 1 algebraic equation, which models the interfadralg between the liquid phase and the
gas phase. It must be underlined here that thefastal drag is a complex model, which
has been assessed on a large number of experirdatddB].

Thermal non-equilibrium is considered between phaséh the possibility of sub-cooled liquid
and superheated steam, and mechanical non-equitilvetween phases is considered too, with
the possibility of counter-current flows and sfiad flows. Most of the CESAR physical
constitutive laws are issued from the correlatiavisich are included in the French best-estimate
thermal-hydraulics CATHAREZ2 code. The different thieansfer processes all along the boiling
curve are modelled. Moreover a droplet projectiadet is implemented which enables CESAR
to simulate the quasi-intact core reflooding.

The numerical method follows the finite volume teicjue. The space is discretized using a
staggered grid with the use of the donor cell ppilec The time integration is performed using a
Newton’s method and a fully implicit scheme is us&de Jacobian matrix inversion is based on
a highly optimized Lower Upper (LU) algorithm thaiakes CESAR a fast running and at the
same time stable module. Moreover, a special cogpbased on a prediction-correction method,
is applied between the CESAR and DRACCAR modules.

5.2 CESAR input deck

The CESAR input deck consists of cells
connected through vertical and horizontal
junctions. Each of the three sub-channels is
modeled by a column of 14 cells. Ballooning
ratio, height, and rod diameter define the
horizontal and vertical junctions and
modules. Furthermore, singular head losses
model the flow cross-section variations in
the first and second sub-channels. The
geometry is displayed in figure 7 where the
sub-channel of the left hand side presents
61% of ballooning ratio. The cross-flows
around the balloons are illustrated by arrows.

Figure 7: CESAR mesh of 3 sub-channels

6. Comparison of Results

6.1 Single —phase flow

Isothermal single-phase vapour flow simulationshwidifferent ballooning ratios (61% and 90 %)
and lengths (148 and 58 mm) have first been simdlatith CATHARE-3 and CESAR code.
The simulated vertical vapour velocities in each-shannel have been compared to analytical
evaluations from a head losses model inspired bp&ia et al. [15] but also to surface averaged
results obtained with CFD softwares; the NeptundD Glad CFX codes. Table 1 gives the
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results obtained for a ballooning ratio of 61% ankéngth of 148 mm, at atmospheric pressure
and an inlet vapour velocity of 10 m/s.

analytical | Neptune CFD CFX CATHARE-3 CESAR
balloon 11.6 13.8 12.6 11.8 9.5
bypass 14 14.3 13.9 16.2 16.6

Table 1 : Vertical velocity in the ballooned suimanel (first sub-
channel) and the bypass (third sub-channel) [m/s] .

The different codes at the various scales (CFD sutmtchannel) reproduce the vapour flow
deviation. The surface averaged velocities giveBp codes in the bypass are very close to the
analytical value, whereas the velocities in thedoal are a little bit over-estimated. On the
contrary, the sub-channel codes largely over-edérthe velocities in the bypass. CATHARE-3
well predicts the velocity in the balloon and CESARter-estimates it.

6.2 Two—phase flow with adiabatic wall

Two-phase flow simulations have also been perfornida presented results are obtained at
atmospheric pressure, for the following inlet caiotis: vi=1m/s, vy=10 m/s T;=372.15 K,
T,=573.15 K,0;=0.01. The droplet diameter is d=%00.

The vertical pressure profiles along the three chdmnels obtained with CATHARE-3 and
Neptune_CFD are very similar: the pressure withahkallooned sub-channel remains a little bit
higher than in the other sub-channels. On the apntthe pressure calculated by CESAR in the
ballooned sub-channel drops rapidly at the inlghefrestricted sectiomP ~75 Pa) well below
the pressure evaluated inside the other sub-chandelvever, the overall pressure loss obtained
along the geometry is of the same order of magejtd@0 Pa with Neptune_CFD, 200 Pa with
CATHARE-3 and 170 Pa with CESAR.

The vertical vapour velocity evolutions along thedht of the simulation domain are displayed
in figure 8. Results are given for each sub-chanbellooned (bal in fig. 8 or 1 in fig. 2),
intermediary (inter in fig. 8 or 2 in fig. 2), arypass (bypass in fig. 8 or 3 in fig. 2 . Global
evolutions are consistent for the 3 approachesthe ballooned sub-channel, the velocity
decreases upstream the ballooned region, remaifeemanalong the balloon, and decreases as
cross-section enlarges downstream. CATHARE-3 resaite the closest to the CFD in the
balloon region prediction whereas CESAR resultstheeclosest in sub-channel 2 (inter). And
the velocity in the bypass is largely under-estedaby CATHARE-3 and overestimated by
CESAR.
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Figure 8 : Vertical vapour velocity evolution atpthe height of the domain in the three sub-
channels (Neptune_CFD, C3 and CESAR results)
The CESAR model for the interfacial drag betweea liquid phase and the gas phase is not
adapted to configurations involving inclusions wittertia. From CESAR results, the droplet
vertical velocity (injected at 1m/s) quickly reashthe vapour velocity and then evolves in
accordance with it keeping a very low differenceabbut 0.05 m/s, whereas the droplet field
simulated with CATHARE-3 experiences an inertiadllastrated in figure 9.
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Figure 9: Liquid and vapour vertical velocity ewtibns in the bypass along the height of the
domain, CATHARE-3 results.

The void fraction profiles in the three sub-chasnelbtained with Neptune CFD and
CATHARE-3 are displayed in figure 10. Although, theid fraction at the bottom of the
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geometry is a little bit different (0,992 with Nepe_CFD and 0,988 in CATHARE-3), its
evolution along the different three sub-channels e same with Neptune_CFD and with
CATHARE-3. The void fraction decreases in the batl@and increases downstream.
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Figure 10 : Void fraction evolution in the thragbschannels along the height of the domain
(Neptune_CFD and C3 results)
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The second sub-channel is only a little bit affddby this void reduction. Finally in the upper
part of the geometry the void fraction increasesngwo saturated droplets evaporation in the
surrounding overheated vapour. The void fractifmamed with the CESAR code is quite
constant to 0,999 (although 0.99 is injected) altmggeometry height and is slightly lower in
the ballooned sub-channel. This gap is consistetit the 5 equation approach of the code.
Indeed, the inlet information of vapour and liquilocities as well of the inlet liquid fraction are
lost in the mixture velocity and interfacial dray.new dynamical equilibrium is found which
does not correspond to the non-equilibrium inletditon.

Finally the vapour temperature vertical profilee aompared in figure 11. The overall vapour
cooling-down is simulated by CATHARE-3 and CESAR! lthey are very less than CFD
predictions. The ballooned sub-channel is the roosted down. A finer investigation should be
carried out to understand this vapour temperat@&edse as the amount of liquid remains
constant to about 0.001. Also a further work wid b accurately evaluate the heat fluxes
between phases (through droplet interface) in CARHEA3 to understand the lower cooling
down with a higher amount of liquid than in Neptu@&D.

7. Conclusion and Perspectives

This paper summarizes the preliminary assessmetiteoCATHARE-3 and the CESAR codes
for sub-channel thermal-hydraulics treating dispérsiroplet flow in ballooned region of a
Nuclear Water Reactor core during the reflood phafsa LOCA. This thermal-hydraulics is
required for the DRACCAR code, devoted to the satiah of thermal-mechanical behaviour of
a rod bundle under LOCA with a 3D multi-rod destap. With respect to fluid phenomena
occurring in this region, the need is a 3D two gh#isw sub-channel thermal-hydraulics with
two liquid fields (continuous and droplet fields)damodels suitable for reflooding calculations.
CATHARE-3 gathers all these characteristics anddcdne a good candidate. CESAR is a 5
equations code with an algebraic equation modethegnterfacial drag between phases which is
not adapted to heavy particles in gaseous flow. él@r the CESAR code is a sub-channel code
including a reflooding model and already coupled DRACCAR. Furthermore no local
measurement is available on dispersed flow feanuesg a reflood phase. The validation of the
thermal-hydraulic sub-channel code for LOCA simolatpurpose is based on a methodology
involving, on the one hand, comparison result®tall surface averaged results obtained with the
adapted Neptune_CFD code [6] and, on the other, lghollal comparisons to experimental tests
with ballooned regions.

In this paper, the preliminary results of the lopalt of this methodology has been presented.
CATHARE-3 and CESAR input decks have been build tfos purpose. Preliminary results
underline that CATHARE-3 well fits to the requiremte for the DRACCAR thermal-hydraulics.
Its prediction of the void fraction evolution isryeaccurate and of velocity in the good order of
magnitude. The interfacial heat transfers wouldnoee further investigated before treating cases
with hot cladding. On the other side, this preliamynstudy has underlined the limitations of the
CESAR code, in particular in term of velocity andids predictions and an important work of
improvement of code capabilities (at least the anting of a second momentum balance
equation) should be considered.
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