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Abstract

Within the OECD/NEA PKL-II project, experiments lebeen carried out aimed at investigating the
flow mixing in the downcomer and lower plenum ofpeessurized water reactor (PWR) in the
buoyancy driven mixing regimes. The experimentshasen performed at the ROCOM test facility, a
1:5 scaled representation of a KONVOI type pregsarwater reactor (PWR). The facility is equipped
with advanced instrumentation (i.e. wiremesh ses)sallowing a detailed measurement of flow mixing
in the downcomer annulus and at the core inletomputational fluid dynamic (CFD) model has been
developed at the Paul Scherrer Institute within ST&RS project [1], employing the STAR-CCM+
code. The CFD model has been validated again®@@@OM experimental results. It has been shown
that the developed model provided a good agreemsht experiment. In order to evaluate the
difference between momentum driven and densityedrimixing regimes, calculations were performed
assuming no density difference, and with 12% higlesity in one of the loops respectively.

I ntroduction

With the current growing rate of availability of mputational resources, and the improvements in
turbulent modelling, the applications of CFD codesreactor safety issues are increasing. CFD
codes have become a valuable tool in order to ghiysical insight in single-phase mixing
mechanisms and accompanying effects [2]-[6]. In field of nuclear engineering, single-phase
mixing in the downcomer of the reactor pressures&kegRPV) of a nuclear reactor plays an
important role in nuclear power plant safety. Tybiccases are boron dilution scenarios,
characterized by a lower boron concentration in dfffected loop, or main steam line breaks
(MSLB), where the affected loop is characterizedabipwer fluid temperature. Depending on the
particular transient scenario, the dominant factioas influence the mixing in the downcomer and in
the lower plenum of the RPV can have different reatin transient scenarios where no or small
temperature differences (i.e. no or small densiffergnces) are experienced in the flow-rate
entering the RPV from different loops, the miximgthe downcomer and lower plenum will be
mainly driven by momentum. However, in case of $rants where large temperature differences
occur between the loops (i.e. in some MSLBs), tldng can become buoyancy driven. Various
experimental studies have been performed in ordeevaluate mixing three-dimensional (3D)
phenomena for different reactor types. At this alifferent experimental facilities have been
employed: ROCOM (Research Center Rossendorf-Dres@armany), VATT-02 (Vattenfall
Utveckling AB, Alvkarleby, Sweden), BOMIX (Korea éic Energy Research Institute, Daejeon,
Republic of Korea), VVER scale model (OKB “GIDROP&E’ Podolsk, Russia).
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1 Experiment description

The ROCOM test facility models the primary circafta German KONVOI-type reactor in a linear
scale of 1:5. The reactor pressure vessel was metouéd from acrylic glass and it forms the main
part of the test facility. The geometrical simitaribetween the model and the original reactor liy fu
kept from the region upstream of the cold legs bemdchich are closest to the reactor inlet, to the
core entrance. The geometry of the inlet nozzles wieir diffuser segments and the curvature
radius of the inner wall at the junction with thegsure vessel were modeled in detail. Similasity i
also taken into account for the core support plaieh the orifices for the coolant. The original
KONVOI reactor has a perforated drum (flowskirtdselthe core barrel), which is also placed in the
lower plenum of the vessel in the ROCOM test facilir]. The experimental facility layout is
indicated in Fig. 1.
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Fig. 1 Experimental facility layout.

The facility is operated with de-mineralized was¢room temperature. Salt water or brine is used to
alter the local electrical conductivity of the fiuin order to label a specific volume of water ands
simulate an under-borated slug of coolant. Theidigion of this tracer in the test facility is nsesed

by special wire-mesh electrical conductivity sessdeveloped at the Forschungszentrum Dresden-
Rossendorf (FZD), which allows a high-resolutionasirement both in space and time of the transient
tracer concentration [8]. One sensor is integrated the lower core support plate providing one
measurement position at the entry into each fuskrably. The downcomer is equipped with a
measuring grid of 64 azimuthal and 29 axial posgif9]. In total more than 4000 measurement points
are present in the facility.

In order to scale the buoyancy effects as in alP&R RPV, the dimensionless similarity Froude
criteria was adopted, in order to select the apjat®p coolant flow rate. The Froude number is
expressed as:



The 14™ I nter national Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

2
- |[PW
" oae @

where g is the gravitational acceleratignthe water density, andp is the density difference
between pure and salted water; w and L are theanboalelocity and a characteristic length,
respectively. On the basis of the expression gingf), and taking into account the linear scalifig

1:5, the velocity in the ROCOM facility was redudega factor ofy/5 [7]. The boundary conditions
of the experiments discussed in the present wortespond to the transients analyzed within the
OECD/NEA PKL-II project for MSLB scenarios, and axemmarized in Table 1.

Table 1
Experiment boundary conditions.
Loop 1 2 3 4
Normalized volume flow rate [-] 3.876 1.00 1.00 a.o
Relative density [-] 1.12 1.00 1.00 1.00

2. Mesh

Two different types of meshes were developed, deoto create a full CFD model of the ROCOM
facility. The first mesh type is hexahedral, white second employs polyhedral elements (see Fig. 2)
To simplify the development of a hexahedral melsé,entire volume of the ROCOM facility included

in the CFD model was divided into parts which cobll meshed separately. Those parts were then
duplicated by exploiting the symmetry or periodiatharacteristics of the different parts. This &l

for example to the perforated drum (shown in Figpi@sent in the lower plenum, with more than 300
identical cylindrical holes, and to the reactorecohannels, with 193 identical vertical pipes (B&g

4).

Fig. 2 Computational CFD mesh: hexahedral (left)ypedral (right).
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Fig. 3 Perforated drum Fig. 4 Reactor core mock-up

Both hexahedral and polyhedral meshes exhibit lowenerical diffusion than a mesh with tetrahedral
elements [10]. In a previous work [11], it has dddion been shown that for complex flow field such
as the one which develops within the RPV, wherdlthe field does not present a dominant direction.
polyhedral meshes yield better results than hexaheteshes. The fact that polyhedral and hexahedral
meshes are affected by lower numerical diffusiorfisadvantage for the correct prediction of the
temperature field in the lower plenum, since itvergs the smoothing of the temperature gradients.
However, for the test 1.1 analyzed in the presamtys(test 1.1), the temperature at the core iislet
almost uniform, and therefore numerical diffusioitl wot play a significant role. On the other hand,
the reduction of numerical diffusion is importaor fother cases when the amount of injected cold
(heavier) water is lower and the temperature §itation in the lower plenum is more evident.
Following the Best Practice Guidelines for the oBEFD in Nuclear Reactor Safety Applications [12],
mesh sensitivity studies should be performed byyampone refining factor for the entire mesh ih al
directions. This guideline is still of not easy hpgbility when the overall size of the CFD modsl i
large, due to the lack of appropriate computatioaaburces. Therefore the influence of the ceils si
on the solution was examined separately for diffeparts of the CFD model.

Some parts of the experimental facility do not p&y role for the CFD simulation, and can be
neglected (e.g. all the piping behind the vertichlannels which are replaced reactor core).
Nevertheless, all geometric simplification shoukel ¢arefully made: for example the vertical pipes
which are replacing the reactor core do not neetletanodeled in their full length, nevertheless a
minimum length should be preserved in order to éwtbe impact on the temperature values at core
inlet of the boundary condition imposed at the airannels outlet.

The final polyhedral and hexahedral meshes comtpproximately 6 millions and 10 millions of cells
respectively (i.e. the polyhedral mesh is consiolgramaller than the hexahedral one). As a matter o
fact, in some regions fewer amounts of polyhededisacan provide a more uniform cell distribution
than hexahedral cells (see Fig. 5).
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Fig. 5 Mesh in perforated drum section: hexahe(ieét), polyhedral (right).

3. CFD mode

All the calculations discussed in the present wake been performed by employing the realizalde k-
two-layer turbulence model [13]. The buoyancy dffecas modeled adopting the Boussinesq
approximation. In this case, buoyancy source ternthe momentum balance equation is written as
follow:

f,=mBT.-T) o)

where: T, - T is the temperature difference, gids the coefficient of bulk expansion. The valugGof
was selected such to take into account a 12% hidhesity in the first loop with respect to the
remaining three loops. The Boussinesq approximasiealid when:

ﬁ'-rref _T‘<<1

Inlet boundary conditions with imposed mass flote naere used for all the four loops. For the 88t
seconds of transient, no flow was circulating iodal. After 30s of transient, the injection of cold
water in loop 1 was started. A scheme of the bogynclanditions applied to the CFD model is reported
in Fig. 6.

Mass flow inlet

\
\
Pressure

Loop 2 Loop 3

Fig. 6 CFD model.
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4. Calculation results

In order to investigate buoyancy effects in the imgxpatterns in the downcomer and lower plenum,
two different cases were calculated:

* No density difference between loops flow (mixingnementum driven);

* 12 % density differences (mixing is mostly buoyadayen).

First order discretization scheme in time and sdamder upwind discretization scheme in space were
adopted for the calculation with a constant timepsif 0.01 s. The simulations convergence of the fu
CFD model was first analysed by performing steadjescalculations. The boundary conditions for the
loops flow-rates were imposed according to the erpmntal values. The results of the converged
studies are presented in Fig. 7 (left and cenltiecan be noticed that the polyhedral mesh resales
higher level of residuals compared to the hexahexnira. However, the convergence of the polyhedral
mesh solution improved considerably when the CFBecis executed in transient mode (see Fig. 7,
right), with 20 internal iterations per each tinteps

Steady-state hexahedral Steady-state polyhedral Transient polyhedral
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Fig. 8 Flow streamlines with no density differerfledt) and 12% density difference (right). The aolo
bar represents the velocity magnitude.

The stream lines of the flow patterns for the caséh no density difference and 12% density
difference are shown in Fig. 8 respectively. Ieisdent that in case of non-buoyant flow the fluid
arriving from the first loop flows around the dovamser, before reaching the lower plenum at a certain
angular distance from the loop 1 inlet locationisTis caused by the higher mass flow-rate in loop 1
with respects to the other loops. The angular degtawill actually depend on the difference in mass
flow rate between first loop and its neighbors gdband 4). When the effect of density differersce
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dominant, as in the second case, the axial compaféne velocity is prevailing, enforcing the flae

go downwards into the downcomer annulus, as caoldserved in Fig. 8 (right). The normalized
temperature fields in the downcomer are presemtédg. 9. In the figure, the measured and calcdlate
temperature values along the elevation and theriference of the unwrapped downcomer are shown.
The location of the cold legs (CL1 to CL4) is inatied as well. The phenomenological difference of
temperature distribution in case of no densityeddhce and 12% density difference can be clearly
observed. The simulation results for 12% densiffedince is qualitatively in very good agreement
with the experimental trends, though differencetooal effects can be seen, especially in zonels wit
small perturbations. In addition, the temperatudrthe plume kernel is over predicted. The tempeeatu
distribution at the core inlet 34s after the inj@atof the cold flow is reported in Fig. 10. Botet
experimental values, as the corresponding simulatik®%) show an almost uniform temperature
distribution. This is not the case when a non-babflaw is considered (see Fig. 10, left): the mg
between the cold plume with the flows from the ottieee loops taking place in the downcomer and
lower plenum is not high enough to prevent coldatevfrom reaching the core inlet.
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| Fig. 9 Temperature in outer S|de of downcomer &tbad after coId water injection started).
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Fig. 10 Temperature at the core inlet (34 secoftds iajection started)

In order to provide a quantitative comparison ali, wWeee sets of measurement locations were sslect

at the elevation of the core inlet for comparisetween simulation results and experimental data. Th
first set of sensors (set 1) is selected in therawtgion of the core inlet, situated outside ttweezof the
perforated drum, the sensors belonging to set 2iarated in the core region just above the perdora
drum, while the sensors within set 3 are situatethé central region of the core. The selectedasens
are indicated in Fig. 11. The experimental timedsaof the temperature measured for sets 1, 2 and 3
are reported in Fig. 12 to Fig. 14 respectivelgether with the simulation results. Good agreement
with the experimental data is obtained. The CFDiltegpresent higher temperature fluctuations in the
proximity of loop 1 (the affected loop) and 2 (deg. 12) with respect to loop 3 and 4. Also, the
intensity of these fluctuations decreases whenagmhiing the core center. It can be concluded bt t
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strong temperature gradient in the region belovp ldcand 2 induces local temperature fluctuations.
The amplitude of those fluctuations decays appriogcthe center of the lower plenum. The cross-
section averaged core inlet temperature is pregenteig. 15. It can be seen that the CFD modetih(wi
12% density difference) is able to correctly capttive decrease of core inlet average temperature as
function of time. In Fig. 15, the temperature el in case the mixing would be momentum driven
(case with 0% density difference) rather than buooyadriven is also reported. In Fig. 16 the
measurements and corresponding simulation resoitsnonitoring points close to the outer wall of
downcomer are presented. These monitoring poirgsl@rated in the middle of the downcomer
elevation, as illustrated in Fig. 16 (left). Noki@mperature oscillations are captured by the @Giidel

Fig. 16 (right), especially for the monitoring ptarsituated below loops 3 and 4, indicating thaheo
local vortexes are not well captured by the turbcéemodel. Also from the data of monitoring point
situated below loop 1 could be concluded, thatyapgllower value of the time step may improve the
resolution of the calculation. Further investigasoon buoyancy induced turbulence production are
necessary.

oEE] Set 2

Loop 1

Loop?2 Loop 3

Set 3

Fig. 11 Sensors positions.
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Fig. 16 Downcomer temperature measurements.




The 14™ I nter national Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

5. Conclusion

In the present work a full CFD model of the ROCONperimental facility has been created,
adopting two different mesh types, a hexahedral apolyhedral mesh respectively. Computation
results obtained with the polyhedral mesh have shidvat the CFD model is correctly able to
capture qualitatively as well as quantitatively tiree evolution of the temperature distribution at
the core inlet, when considerable density diffeesnexist between the loops flow-rate. An
additional simulation carried out neglecting theyancy effects, shows significant differences in
the mixing mechanism when the mixing is momentuiedy, rather than buoyancy driven. The
average temperature at the core inlet has a sitnéad, but with a delay in time, for momentum
driven mixing. The local temperature distributian the other hand, is strongly affected by the
dominant mixing mechanism. The presence of temperaiscillations, especially the one detected
at the monitoring points situated in the outer mdrthe core inlet plane, are an indication that
vortexes generated in the lower plenum are not weddicted by the CFD model. In order to
improve the computational results, a more advariodollence model able to take into account
anisotropic effects should be adopted. This wilpbe of future investigations.
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