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ABSTRACT

The present paper describes the results of thécapiph of
the FLUENT code in the analysis of rod bundle ogunfations
proposed for high pressure supercritical water togac The
model considers a 1/8 slice of a rod bundle. Thaidefrom
CFD calculations offer predictions of the circunefietial clad
surface temperature and of the effect of axial powe
distribution on the mass exchange between subclsane
on the maximum surface rod temperature. Geomety an
boundary conditions are adopted from a previouskvibat
made use of subchannel programs, allowing for actir
comparison between the two techniques. Both thedatdk-&
model and the Reynolds stress transport model aesl.u
Conclusions are drawn about the present capabilitie
predicting heat transfer behavior in fuel rod besdbroposed
for supercritical water reactors.

INTRODUCTION

Supercritical water reactors (SCWR) are considered
Generation IV as one of the promising nuclear @act
concepts to be commercialised in the next dec&tedies are
ongoing worldwide in order to establish the mospanmtant
design choices of a proposed plant whose main gergoto
achieve higher efficiency in power conversion.aatf the use
of water at supercritical pressures will benefinfr using the
well established PWR as well as fossil-fired suptcal
steam generator technologies in the developmenmtgaiat
increasing the electrical power produced at thees#irermal
power [1-6].

Nevertheless, the presence of large variationsluid f
properties in the vicinity of the pseudocriticalmigerature
poses new problems to be tackled by detailed apslydeat
transfer phenomena, like heat transfer enhancenagit
deterioration, observed at sufficiently low andthigeat flux
to mass velocity ratios, respectively, challenge dhpabilities
of both engineering correlations and CFD model$]}-

Predictions of thermal-hydraulic conditions insttie fuel
assembly of SCWRs are essential for providing infation in
support to design responding to safety requirements
Subchannel codes have been used to study therrdedtiic
parameters for the complex fuel bundle configuratidn
SCWRs [12, 13]. The well-developed subchannel cades
treat complex geometries with flexibility to add détbnal
channels such as moderator tubes. The effect efaledesign
parameters on thermal-hydraulic behaviour in déffer
subchannel configurations was investigated for bsjbare
and hexagonal fuel assemblies. Later, Waata et[14]]
developed a neutronic/thermal-hydraulic couplingcedure
using the subchannel code STAFAS [12] with the Mont
Carlo Code MCNP [15] to study the effect of watensity
variation on the neutron physics. This couplingngortant
due to the sharp decrease of water density betimenand
outlet and its strong link with the neutronic beioav. They
identified regions of higher and lower moderationthie fuel
assembly and areas for design modifications, sackduction
of enrichment in corner pins.

Subchannel codes have anyway limited capabilitees t
handle two- and three-dimensional effects and ased on
one-dimensional balance equations instead of spltime
complete balance equations; heat transfer, turbalefniction
and mixing are evaluated from empirical closurereations.
On the other hand, CFD is considered as a powgsfll to
overcome these deficiencies, by simulating reabd
complicated three-dimensional geometries of fuehdbes.
Yang et al. [16] used the STAR-CD commercial cadg pnd
adopted the standakde turbulence model with wall function
treatment to simulate the subchannels of the rautlles. A
great non-uniformity of the cladding temperaturesi@und in
the results of the square pitch assembly and itattabuted to
the non-uniform distribution of the coolant withithe
subchannel cross section. They proposed a remeadthi®
problem from the heat transfer point of view, bgadrporating
a spacer structure to make more uniform the flowhecross
section area.
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Laurien and Wintterle [18] simulated the flow inshort
section of the High Performance Light Water Reactor
(HPLWR) assembly using a second order closurepmderice
the secondary flows. The strength of the mean skogrflow
vortices and the inter-channel mass transfer waetified.

The present paper describes the results of theécafiph
of the FLUENT code [19] in the analysis of rod blend
configurations proposed for high pressure supéatitvater
reactors. The model considers a 1/8 slice of ebrodlle. The
details from CFD calculations will offer predict®rof the
circumferential clad surface temperature and offifect axial
power distribution on the exchange of mass between
subchannels and on the maximum surface rod temperat
which is of great importance for safety considersi
Geometry and boundary conditions are adapted fraamat#/et
al. [14] allowing for direct comparison between th&o
models.

PHYSICAL SYSTEM

Different assembly configurations were studied evibus
studies for the thermal reactor option. Dobashiakt [3]
devised a hexagonal assembly with coolant flowipgards,
containing hexagonal water tubes with moderatowifig
inside in the downward direction, to avoid mixinfitioe cold
moderator with hot coolant in the upper plenum twvauld
decrease the outlet core temperature. These wates tare
important to compensate for the large decrease aterw
density with heating. Control rods are insertedrnfrthe top
into the water tubes. However, non-uniform radialwpr
distribution resulted when this assembly design imakided
in the reactor concept by Squarer et al. [2].

On the other hand, Yamaji et al. [20] devised aasgu
assembly design with square water tubes to solsgthblem.
In their design some rods contains Gadolinia wischsed as
a burnable poison to compensate for the excessaotivity at
the beginning of the cycle. A recent design whishalso
addressed in the European community is the oneopeapby
Hofmesiter et al. [21], which is based on the pple that
each fuel rod should be neighbour to a moderatanmél; the
moderator to fuel ratio should be close to thaaifPWR to
optimize the power density, and the ratio of stmait
materials to fuel should be minimum to minimize thel
enrichment.

One-eighth of this assembly is shown in Figuretlisl|
divided into seven fuel rods and nine subchanneds a
illustrated in the figure. The same geometry patanseand
operating conditions as in Waata et al. [14] arepéed in the
current study to allow for direct comparison betwethe
detailed models of CFD calculations and the sirigalif
subchannel code adopted in their study. They can be
summarized as the following:

* Assembly: 7x7 fuel elements

*  Fuel element diameter: 8.0 mm

»  Pitch between fuel elements: 9.2 mm

e Gap between fuel rod and wall: 1 mm

* Active height: 4.2 m

e System pressure: 25 MPa

* Inlet temperature: 28tC

e Total mass flow rate in one assembly: 0.167 kg/s

* Mass flow rate in the water tube: 0.0139 kg/s
* Mass flow rate between assembly boxes: 0.0278 kg/s
* The water tube in Figure 1 replaces nine fuel eteme
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Figure 1. One-eight of the SCWR fuel assembly
addressed in this work.

The linear power distributions in each one of thel fods,
as obtained by the coupled calculations of Waatal.eft14],
are shown in Figure 2.
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Figure 2 Linear power distribution along each figel
(Waata et al. [14])

COMPUTATIONAL METHODS

In the work by Yang et al. [16], wall functions weeused
to address the problem of heat transfer at supiesdri
pressure, making comparisons with experimental data
Yamagata et al. [7] for circular tubes. It was fduhat the
wall function approach is able to reproduce the |wal
temperature fairly well when the buoyancy force nist
significant. On the other hand, the wall functiggpeoach is
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not able to predict the deterioration in heat tfansvhen
buoyancy effects become important [22].

In this work, due to the large computational domaire
wall functions approach is adopted to avoid usiegyvine
mesh in the near wall region. Two turbulence modsmis
considered; the Standardekmodel and the Reynolds stress
model (RSM) both with the wall functions approagtthough
the power peaks shown in Figure 2 are large enowigfin
respect to the mass velocity to lead to heat teansf
deterioration, this effect will not be consideredtie current
study.

The whole bundle geometry shown in Figure 1 is
discretized using a mesh having the dimensionletarsey”*
of the first node beside the wall greater thant80ughout the
domain. A cross sectional view of the grid for dudmnel SC5
is shown in Figure 3. This mesh topology is repateevery
subchannel; 160 uniform grid points are used in akal
direction. Each subchannel can be treated as aasep@lume
that interacts with other subchannels through comfaces.

The linear power distributions shown in Figure 2 ar
applied as wall boundary conditions for the enexgyation at
the surface of the fuel rods. This is implementedaiuser
defined function file which is linked to the Flueebde.
Adiabatic boundary conditions are assumed at tisenaisly
box and the water tub&niform profiles of all the dependent
variables are assumed at the assembly inlet. THmulént
intensity at the inlet is set to 7%, as a reas@abkumption
having low impact on heat transfer along the chhnAe
pressure boundary condition is applied at the bptene. The
NIST standard reference database 23, version 7i28%ed to
generate tables of density, specific heat, theoabuctivity
and viscosity as a function of temperature. Thedtes are
used within the FLUENT to account for the variatioifluid
properties with temperature. The variation with sstee is
ignored in this work since the pressure drop aldhg
assembly is small.

Figure 3 Plane view of the mesh for the SC5

The SIMPLEC algorithm is adopted for the pressure-
velocity coupling together with the body force wwied
discretization scheme, which is particularly recoenched for
the case of buoyant flows. Dependence of the soiuin the
convection scheme has been checked by consideuwitngthe
first and the second-order upwind scheme. The cgewee
tolerance was set to be 1@ased on the normalized residuals
for all the dependent variables.

RESULTS AND DISCUSSIONS

The mixing between different subchannels can be
visualized by plotting the mass velocity in eactvcdannel.
Figure 4 and Figure 5 show the mass velocity distion in
each subchannel as predicted by khemodel and the RSM
model, respectively. It can be noted that, althotlgh same
mass velocity is provided to subchannels at thet,itthe mass
velocity of subchannel SC9 decreases largely coadpdn
other subchannels due to the high flow resistahtieeacorner.
In addition, no significant difference between gredictions
from the two different turbulence models are obsdrv
suggesting that the secondary flow that can beigieztiby the
RSM model does not play a significant role in thxing
between subchannels. The secondary flow near thietou
section of SC5 is depicted in Figure 6 showingfirenation
of eight confined vortices inside the subchannel.

The distributions of the bulk temperatures as ptedi by
the two adopted turbulence models in each subchamee
shown in Figure 7 and Figure 8. It is seen thasigaificant
difference is observed in the prediction by the twdbulence
models. The average clad surface temperature ih eac
subchannel as predicted by the standasdurbulence model
is shown in Figure 9. The same predictions fromWaeeata et
al. [14] calculations for the bulk and clad surfaemperature
are shown in Figure 10 and Figure 11, respectively.
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Figure 4 Mass velocity distribution in each subateln
as predicted by thiee model.
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Figure 6. Secondary flow distribution as predicted
by the RSM model for SC5
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Figure 7 Bulk temperature distribution in each subchannel as
predicted by th&-¢ model
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Figure 9. Average clad temperature distribution
as predicted by thiee model
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Figure 10. Bulk temperature distribution in eachchannel

(from Waata et al. [14])
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Figure 11. Clad temperature distribution in eadickannel
(from Waata et al. [14])

The peak on the clad temperature predicted by the
subchannel model appears also in the local digioibs of the
clad surface temperature (not shown here); howatvdras
been smoothed out in the averaging process andftiermot
clear in the CFD averaged distributions. The distibns
from the two codes have the same general trendt isseen
when the wall temperature approaches the pseudatrit
temperature, the increase of the clad surface tempe
becomes very low indicating enhancement of heatstea
effectiveness as a result of the sharp peak irspleeific heat
at the pseudocritical temperature. On the othed htre clad
surface temperature of the rod number 9 achiewaenahigh
value (partly shown in the figures) due to the rsraecrease
in the mass velocity. The subchannel code predittedSC9
to be the hottest channel, however, the increasthefwall
temperature is not as large as in the CFD calaumsti This
suggests that the exchange of mass between differen
subchannels is represented in a rather differeryt myathe
subchannel code.

A remedy for this problem can be achieved by ratythe
power of the comer rod (Rod9). In the current gtuithe
power distribution used for Rod9 in Figure 2 is tiplied by a
factor of 0.5. This is found sufficient to redude tmaximum
clad temperature below 620C which is the design
temperature limit for the cladding material [1].€rbulk and
average clad surface temperatures at these nevitiooscare
shown in Figure 12 and Figure 13, respectively tribigtions
of the transversal velocity contours at differexibhlocations
are shown in Figure 14 and Figure 15. Some diffegerin the
mass velocity distributions with these new conditioare
observed because of the change in the densityibdistm;
however the distributions are not repeated here.
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Figure 12. Bulk temperature distribution in eachchannel as
predicted by thé&-e model

600

500 +——=— scs

Clad temperature, °C

Z,m

Figure 13. Average clad temperature distributiopraslicted
by thek-¢ model

Figure 14. Transversal velocity contours at 0.Zemfthe inlet plane
as predicted by the standded turbulence model
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Figure 15. Transversal velocity contours at 2 nmftbe inlet plane
as predicted by the standded turbulence model

The distributions of heat transfer coefficient al®wn in
Figure 16 indicating clearly the heat transfer emement at
the location where the wall temperature exceeds the
pseudocritical temperature. The SC9 shows a hidieat
transfer coefficient due to the tendency of ke turbulence
model with wall functions to overestimate the he&ansfer
coefficient at high heat flux to mass velocity oati
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Figure 16 Heat transfer coefficient distributioremch subchannel as
predicted by thé&-¢ model

The local distribution of the circumferential swréaclad temperature
for different fuel rods and at different axial Ildicas are
shown in

Figure 17to Figure 19. The angle is measured starting fifwen
positive x-axis and in counter clockwise direction. Strong

temperature gradients are observed with the maximum
temperature occurring close to the tight gap betwes fuel
rods. The temperature variations increase withinthease of

the distance from the inlet section. The Rod3 shitvedowest
temperatures on the side that faces the water tilse. for
Rod6, on the side that faces Rod7, the temperasulewer
because of the lower power generation by Rod7. Rsbawvs
high temperature distribution in the gap of SCOwéweer its
surface temperature distribution on SC8 is lowee dw its
lower power.
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Figure 17 Circumferential clad temperature distidms at 0.5 m
from the inlet plane as predicted by the stan#leartlrbulence model
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Figure 18 Circumferential clad temperature distiitms at 2 m from
the inlet plane as predicted by the standasdurbulence model
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Figure 19 Circumferential clad temperature distiitms at 3 m from
the inlet plane as predicted by the standesdurbulence model

CONCLUSIONS

The calculations performed in this work showed t&&D
predicts details in mass flux distribution amongchannels in
a different way with respect to predictions by el
approaches. This requires careful analyses to lofe g both
techniques in order to discuss the relevant aspeftiencing
heat transfer from fuel rods.

As it was seen, the use of the standazinodel and of the
Reynolds stress model with wall functions provigedgrly the
same results for flow distribution and rod cladding
temperature. This shows that, within the limitatiaf the wall
function approach, details of the secondary flowsuaring in
the cross section of the subchannels have a linmbpact on
mass transfer between the subchannels.

Previous experience in the use of low-Reynolds bem
models, even in simple configurations, showed thatonset
of heat transfer deterioration can be correctlydjuted,
though the consequent wall temperature rise is rgéne
overestimated. In the case of rod bundles, theicgjan of
low-Reynolds number models is interesting, thougird is a
basic uncertainty about the relevance of heat feans
deterioration in the presence of turbulence geiteraby
spacer grids.

Clarifying these aspects is necessary for a prdesign of
fuel bundles for supercritical water reactors amalvigles the
matter for further studies.
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