3X3 ROD BUNDLE INVESTIGATIONS, CFD SINGLE-PHASE NUM ERICAL
SIMULATIONS

C. Lifante*, B. Krull*, Th. Frank*, R. Franz "and U. Hampel

" ANSYS Germany GmbH, Staudenfeldweg 12, OtteBi@3624, Germany

"Institut fiir Sicherheitsforschung,Helmholtz ZentrDresden-Rossendorf, POB 510 119,
Dresden, D-01314, Germany

Conxita.Lifante@ansys.com

Abstract

The aim of this work is to numerically investigatedetail a 3x3 rod bundle geometry. This
geometry has been chosen to reproduce the ROFHERyfat HZDR, that it is just starting up.
That facility has been constructed to develop a maiphase technique and to provide future
experimental information to validate boiling modelsSCFD codes. Therefore, a 3x3 rod bundle
geometry was built in the facility, which can bepnesentative of the real fuel assembly
geometries in nuclear reactors.

As a first stage the investigations here presemtere conducted, where CFD single-phase
simulations were performed. For the validationh®f humerical results PIV measurements were
used.

The simulation domain consists of a horizontaltipige entering in a chamber where the flow
turns up to the main (vertical) pipe. The main s of this inlet chamber is to ensure a flow
inlet into the rod bundle with as less as posdilol disturbances in this vertical arrangement
of the bundle and with the given space restrictimfithe laboratory. The main section of the rod
bundle is 978 mm long, contains 3x3=9 rods and itannected to another chamber and a
horizontal outlet pipe. The main pipe diameter4smdm and the diameter of the rods is 10.2
mm. As working fluid p-cymene was chosen for the Rleasurements. Experiments had been
carried out at normal temperature and pressureerfitrpnts and simulations were conducted
for three different inlet volume flow rates: 1.24,11.72 |/s and 2.14 I/s.

Different geometry models were considered: the wlgdometry or just the main vertical pipe
where the rods are included. Both cases in turre wesestigated with or without a grid spacer,
that means in total four different configurationsrev considered. Best Practice guidelines were
followed where possible and for this purpose twmarical grids were created using ANSYS
ICEM CFD Hexa for each geometry model. A refineméattor of two in each coordinate
direction has been applied for the regular mesmesfent of the hexahedral meshes. All
meshes were constructing keeping in mind that thely be used in further boiling
investigations.

Steady state and transient simulations were coaduct investigate the character of the flow.
Flow regions with strong streamline curvature shicamsient flow behavior, especially in the
mixing zone of the upper outlet chamber. This é¢ffeas diminished in the lower inlet chamber
due to the construction of a flow separator, wisicts as a flow straightener.

In addition an analysis of the influence of thebtuence modeling was performed, where the
isotropic SST (Shear Stress Transport) model ha&n lmempared to the anisotropic BSL
Reynolds Stress Model. Profiles of transient avedagelocity components were compared to
the ensemble averaged experimental data from tfiarfeasurements at different elevations in
the rod bundle and in different horizontal crosstisas through the rods and sub channels of
the 3x3 bundle array. Hereby the analysis of semgnflows in the sub channels of the rod
bundle is of particular interest.



1. INTRODUCTION

The current work was performed in the frameworkagbroject aimed to investigate boiling
processes in nuclear reactor safety applicatiohs. @xperimental and numerical analyses of
such phenomena under usual PWR conditions arentlyria a developing stage. The present
investigations were conducted in collaboration wither eight German research institutions,
among them HZDR, and funded by the German Minisfrizducation and Research. The aim
of the project is the investigation of modellingmalation and experiments for boiling
processes in PWR. Our final goal, beyond the safghis paper, is to be able to accurately
simulate those boiling conditions. To evaluatedapacities of current CFD solvers and validate
new models, HZDR is developing a new measuremehntque, which is able to measure gas
content in a non-intrusive way (in opposition tdet techniques like the wire-mesh sensor
techniques). Therefore HZDR built a new facilitalled ROFEX, to test new technique
(Hampel, 2012).

Due to the complexity of the phenomena involveeas decided to perform a pre-investigation
on the same geometry of the ROFEX facility keepmgin characteristic values (as the
Reynolds number), however in a single-phase cordigan. These investigations are aimed to
provide a feedback to the experimentalists on #wstbn of final construction details.

Therefore numerical and experimental single-phasesstigations were conducted. The
measurement values, obtained using the well-esteddi PIV techniques, were used to validate
the CFD results.

The investigated case consists, as in the ROFEKtyaof a bundle containing 9 vertical rods.
They are arranged in a 3x3 distribution with aatise between their centres of 13 mm. They
are enclosed in a main vertical pipe of 54 mm diamand 978 mm height. It was intended to
reproduce characteristic flow patterns observea RWR and to be able to predict effects like
secondary flows. It is well known that their presemmproves the mixing effect of both phases
(in a multi-phase configuration) leading to a daseeof the fluid temperature near the rods. The
flow homogenizing effect of the grid spacers fastgrihe rods has been analyzed in the current
single-phase approach as well. The final objease transfer the acquired know-how to future
boiling simulations.

In order to assure the reliability of the numerisathulations, Best Practice Guidelines (Casey
2000) were followed where possible. Grids witheli#éint refinement were applied.

Since we are interested in information such as reday flows, a comparison between an
isotropic turbulence model (SST) and an anisotramdel (BSL RSM) was also conducted.
Finally, the character of the flow was investigateyl running steady state and transient
simulations. In this case transient averaged vakee compared to the steady results and data.

2. EXPERIMENTAL FACILITY

A representation of the experimental facility wh#re experiments were conducted can be seen
in Fig 1 left. During the experiments P-Cymene askimg fluid was flowing through a bottom
inlet pipe towards an inlet vessel. Previous CFBlyaes, conducted before the construction of
the facility, showed that this is, in addition withe outlet vessel, one of the zones with highest
level of turbulence, making the flow in the mairpgistrongly transient. Steady conditions
would simplify both numerical and experimental istigations. Therefore a flow divider was
built into the inlet vessel trying to direct thdehflow into the main pipe in a less transient
manner. The flow then hits the 9 equally disposets rof 10.2mm diameter, and after 978 mm
bends again towards the outlet pipe through theuplenum vessel.

PIV data for the velocity components at five diffiet vertical cross sections were provided by
the experimentalists. Each measurement plane (ggel)Fis 400 mm high and they are
uniformly distributed in the main pipe in paralldirection to the inlet flow. Three of the
measurement planes, planes 1, 3, and 5, are gabsrcentres of the vertical rods, while the
other two measurement planes, 2 and 4, are intargaghe centres of the sub channels between
the rods. For comparison between numerical and rempetal results Plane 2 and 4 were



chosen (see Fig 1). Due to their intersection ef gaps between the rods and sub channels
centres, planes 2 and 4 provide the most experahénformation for this CFD model
validation exercise.

Experiments were conducted for three differenttim@ume flows: 1.20 I/s; 1.70 I/s and 2.14 I/s,
which correspond to 1.732 m/s; 2.454 m/s and 3rBR9inlet velocity respectively. Flow was
kept isothermal at 28 C under 1 bar pressure.

The selection of P-Cymene as working fluid was tluéts optical properties. This fluid has
matching refractive index with the glass wallstté geometry. Under these conditions it has the
following properties: a density of 850.79 kdra dynamic viscosity of 0.761 x $&g/ms and a
molar mass of 134.2 g/mol, which are about 85%efwater properties.

The measurement error in axial direction was evatlby the experimentalists to be 6 %.
Further details regarding the measurements techsigund the experimental facility can be
found in (Dominguez-Ontiveros, 2012).
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Fig 1: Left: Representation of the experimentallitgcRight: Location of the measurement
planes and elevations chosen for comparison.

3. GEOMETRY MODELS

The original geometry was slightly simplified fdret CFD investigations by neglecting some
small details like screws or simplifying the shagfepipe connections. In total four different
geometry models were considered. They were evasetlconsequence of the obtained results.
The first model contained the whole geometry, wheraddition to the first simplification the
three grid spacers designed to support the rode marincluded. As it will be discussed in the
results section, the first results indicated thednef simulating the effect of the grid spacers.
Only one is located inside the measurement aredtemdfore only this grid spacer was added
to the geometry for the second model. This improtieel qualitative comparison with the



experiments, however, some quantitative disagreeeethem could be observed. Possible
causes for those differences could be a possibdenatch with the provided inlet conditions
and/or with the pre-history of the flow in the aircdirecting the flow towards the measurement
area, which made it impossible to capture all meigmas taking place in the inlet vessel.
Therefore the next step was to focus the analysie the fully developed flow area (less
influenced by the pre-history). For this purposgeametry model containing only a z-periodic
slice of the main pipe was created. In the last ehdbe inlet and outlet vessel were not
considered, however the same grid spacer as udbd second geometry model was included.
In this way further comparisons at different eléstas inside the domain could be conducted.
CFD Results obtained with the third model couldydré compared with the experiments at the
uppermost position, since they correspond to fudlyeloped conditions.

In the further description of the work these foanfigurations will be named &ase 1Case 2
Case 3andCase 4respectively.



Fig 2: Geometry models applied in the CFD the satiohs: Upper left: whole geometry
without grid spacers, including lower and uppenpla vessel (case 1). Upper right: whole
geometry with first grid spacer (case 2). Bottoftt le-periodic slice of the main pipe (case 3).
Bottom right: Full main pipe with the rod bundleinding the first spacer (case 4).

Fig 3: Representation of the grid spacer includetthé geometry models of cases 2 and 4

A schematic representation of the four geometry et®atan be seen in Fig 2, while the
geometry details of the grid spacer included irecasnd case 4 are shown in Fig 3. Only some
very minor simplifications to the original geometf/the spacer were introduced.

These four configurations allowed to evaluate tifeuénce of the inlet vessel, the turbulence
generated there and the effect of the presendeeddrid spacer in the flow further downstream
the rod bundle.

4. CFD SETUP

4.1. Numerical Grids

In order to ensure the quality of the numerical Bations Best Practice Guidelines were



followed as much as possible. Therefore not onfiedint models were investigated but also
different grids were considered. ICEM CFD Hexa (AfESInc, 2011) was the tool employed
for the generation of the numerical grids. In aluf cases a coarser grid was created and by
applying a refinement with a factor of 2 in eaclorciinate direction a finer grid was created.
They were labelled with the names Mesh1 and MeBh&2.same spatial discretization was used
for all geometry models; however, the grids werapded for each specific case. Special
attention was paid to the quality of the grid reagha minimum grid angle of 34 degrees and a
near wall mesh resolution of an average~y4 on the refined mesh. The grids have been
constructed to be suitable for further multiphasastigations, not presented here.

Main characteristics of the grids for all casessan@marized in Table 1.

Number of Number of Min. grid Max.
elements elements angle aspect ratio
Mesh 1 Mesh 2
Case 1 1.0 x10° 8.0 x10° 36° 98
Case 2 1.4 x10° 11.2 x10° 34° 120
Case 3 0.6 x10° 38° 1
Case 4 1.0 x10° 8.0 x10° 35° 120

Table 1: Main characteristics of the numerical gricc employed.

4.2.  Boundary Conditions, Numerical Parameters and Turblence Models

For all simulations ANSYS CFX 14.0 (ANSYS Inc, 201dvas used. Simulations were
performed for the three given inlet conditions bty results corresponding to the lowest inlet
velocity are presented and discussed in this pdper. CFD results for other inlet boundary
conditions followed an equivalent pattern and kethe same conclusions.

Due to the intrinsic different nature of the fowonsidered geometry models, inlet and outlet
boundary conditions were set in slightly differerstys.

For case 1 and case 2 the inlet boundary condiemintroduced by setting a normal velocity
and medium intensity level of turbulence (5%). F@mse 3, however, periodic boundary
conditions were applied for the upper and lowet péthe slice while the mass flow rate was
set to the specified mass flow rate of the corradjpg experiment, thereby obtaining fully
developed flow conditions in a rod bundle of infniength. From case 3 fully developed
profiles were extracted and introduced as inlenidlay conditions in the case 4 simulations.
The outlet boundary condition was set to zero inapressure for case 1, case 2 and case 4.
The rest of boundary conditions and setup parame&tere common for all configurations. No
slip smooth wall boundary condition was appliedhe rod walls, outer walls and flow divider.
This last one was considered as a thin wall of #eokness.

High resolution advection scheme was used in adlesafor all equations except for the
turbulence transport equations (k anéquations used first order numerics for stability)

In order to evaluate the influence of the turbuéenmdelling two models were analyzed. The
isotropic SST (Menter, 1994) model was comparetiecanisotropic BSL RSM (Menter, 1993).
Steady state and transient simulations were coadughd steady profiles were compared to
transient averages ones. Transient time averagedN3Rsimulations were finally necessary in
order to reach convergence in some cases. Usualstiep chosen for the transient simulations
was 5 ms.

Numerical solutions were accepted when maximumdueds were under 10Din the
measurement domain, imbalances under 1% and chuosertor points were stable. Under
some conditions residuals on the outlet vessel vemger than the specified convergence
criteria. However, since this zone is away from #xperimental zone and not affecting it,
results matching the criteria in the whole inled @amain pipe were treated as converged.



5. RESULTS AND DISCUSSION

Only results corresponding to the lowest inlet e#oare included here. Different plots are
presented to analyze the numerical results: vglacntour plots, velocity profiles at different
elevations, secondary flows and streamlines. Tipedeares allow us to perform a qualitative
and a quantitative analysis of the CFD simulations.

5.1. Experiments

Two of the measurement planes were used for thepadson. They are called Plane 2 and
Plane 4 and cross the sub-channels of the rod éwtdhe centre, providing more information
for comparison. The exact positions are indicateig 1

Different elevations along these planes are chémetine quantitative analysis of the numerical
results. They are located at 258 mm and 508 mneotisply above the top of the inlet vessel.

A detailed overview of the measured velocity pegfican be seen in Fig 4. Profiles plotted in
the pictures correspond to the measurements ofdlueity component in vertical direction
including the measurement error of + 6%. It carobeerved that for the lowest elevation the
profiles are flatter. It is also observable thaaswements at these two planes are different even
they are located in symmetrical positions, and ks the values at the front of the pipe
(negative x axis values) are larger than in th&lediche main vertical pipe (front and back with
respect to the inlet pipe to the lower plenum). thikse phenomena can be addressed to the
turbulent inlet configuration.

Picture on the bottom left of Fig 4 has no physioaglaning. The measurements in that location
were corrupted.
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Fig 5: Left: Streamlines in the inlet pipe and \&bsRight. Bottom view of the streamlines in
the inlet vessel, inlet flow from top.

Fig 5 left shows the streamlines in the inlet @pe vessel. Large vortices near the flow divider
can be observed. On the right hand side of Figig&w of the same flow detail from the bottom
is included, showing also the presence of smalhasgtrical vortices as well.

5.2.  Investigation of Case 1

The first investigation carried out was the stuflyhe influence of the grid refinement for the
SST simulations. It could be observed that ther@ ssgnificant change between them. Mesh1
results showed a strong asymmetry while the Mestglllts are in the contrary pretty
symmetrical (Fig 6). By changing the turbulence gilidg to an anisotropic one like the BSL
RSM we obtained the same symmetrical pattern asribegiven by the refined grid and SST.
Analyzing the axial velocity component at the meament planes it can be seen that its
distribution is qualitatively different in compamis with the experiments. The measurement plot
shows a regular distribution of velocity maxima anthima which cannot be observed neither
in the SST nor in the BSL RSM results (Fig 7)

In addition it can be observed in the experimergallts that the flow pattern is influenced by
the presence of the grid spacer. The grid spadeices the swirl in the circumferential direction
and accelerates the flow because of the cros®eaetluction and the high pressure drop. This
leads to a faster evolution of the developed velogirofiles and to a reduction of the
circumferential velocity.

Most of the times it was necessary to run trandifRANS simulations due to the recirculation
zones downstream of the flow dividers and the pardgts oscillating. However, it was
observed that in case of converging both the stetatg RANS and transient URANS
simulations, the obtained steady-state values hadtransient averaged results were almost
identical for both SST and BSL RSM, as it can bengda Fig 8.

5.3. Investigation of Case 2

On the basis of the conclusions drawn in case héloenetry model was modified and the grid
spacer was included. A comparison of the resultaioed with the new geometry model and the
previous approach are shown in Fig 9. A much betpealitative agreement with the
experiments can be observed. Experiments show hewegular distribution of maxima and
minima identified in the experiments. This qualitatimprovement applies for both SST and
RSM simulations.

Once the qualitative agreement was achieved a metaled quantitative comparison was
performed. For this, profiles of axial velocity cpament at different elevations were compared



to the experimental results. From all the elevatitwo were chosen for the further assessment:
H2=258 mm and H3=508 mm above the inlet vessely Tlerespond to a location close after
the grid spacer and an elevation close to the nppgtrmeasured position.

It must be noted that for the quantitative commarithe CFD results have been scaled. It was
noticed that all numerical velocity profiles showamhsistently larger velocity amplitudes at all
locations than the experiments which may indicatergcertainty in the provided mass flow rate
conditions or difficulties in keeping the inflow s&flow rate constant during the measurements.
For a fairer comparison CFD profiles were scalethvé reference factor calculated from
velocity maxima at fully developed conditions.

i ' \ 7
VCFD,scaled =f @CFD with f= r'nEXP ~ _ maxsubchanne| EXP_ 0 3: 0.924
rrl:FD Vmax,subchanne] CFD 078

Curves shown on the left hand side of Fig 10 represase 1 profiles and the ones on the right
hand side the case 2 profiles. Case 2 profiles shaansiderably better agreement regarding
the shape of the profiles, as it was already olesknv the qualitative comparison. There is still
a shift in location of the velocity maxima and miai, but they are more clearly defined in
comparison to the relative flat profiles of casdfie higher the elevation for comparison is, the
better the agreement to the experiments was achieve

The use of the second geometry model improved tiaditg of the numerical results after the
grid spacer. In the area below it was not posdibleapture all the mechanisms involved. To
overcome this problematic, further analyses wereuaoted by increasing the turbulence level
at the inlet and refining the grid at the inletgignd the inlet vessel. However, none of those
approached could improve the results comparisonallyi after these investigations these
differences had to be addressed to the not verlydeéihed inlet boundary conditions and the
pre-history of the flow in the real laboratory tesiction before the flow enters into the lower
plenum vessel.

5.4. Investigation of Case 3

As pointed out in the analysis of case 2, the axébcity values obtained in the numerical
simulations where larger everywhere in the domlaamtin the measurements. Therefore a new
goal was set, which was to be able to accurataeddipr the flow behaviour at the uppermost
position of the measurements, where fully develogmaitions are presumed. The influence of
the physics at that location should be less infteerby the vortices generated at the inlet vessel
where the flow enters the rod bundle configuration.

For this purpose the third geometry model was us@wnsists of a thin slice of the pipe, where
periodic boundary conditions in axial direction andpecified mass flow rate were applied. By
conducting this numerical simulation only profilengparison on the uppermost measurement
location is appropriate.

For this case, the simulations were run with oihlg finest mesh and allow us to derive a
correction (section 5.3) to fit the actually reatizmass flow rate in the experiments. As
reference point the RSM simulations where consitlere

Pictures in Fig 12 show that with this configuratiove were able to perfectly reproduce the
shape of the experiment profiles and the profiesesponding to the CFD results lie mostly
inside the measurement error band. It can be $edritte comparison is slightly better on one
Plane 4 than on Plane 2. This is due to the asymméthe flow in the experimental test rig
caused by the lower plenum vessel and the inletlistissed in section 5.1.The CFD results
however at the slice can only be symmetrical. Exjgains the better matching on Plane 4.

5.5. Investigation of Case 4

The approach followed with the third geometry modkebwed the possibility to accurately
predict the behaviour of the flow under fully dey@éd flow conditions, but the intention was to
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be able to predict the flow in development in thd bundle at least in the domain downstream
of the grid spacer. Due to the described diffiegtiwith the inlet vessel, a fourth geometry
model containing only the main vertical pipe, thd bundle and the grid spacer was considered.
For the inlet boundary conditions in case 4 we uBedully developed velocity and turbulence
property profiles as they were obtained from thegtigations of case 3.

The velocity profiles at both planes 2 and 4 amVaions (Fig 13) show that SST results are
grid independent. An analysis of the turbulence efiody (Fig 14 and Fig 15) shows that for
these conditions, geometry and grid, SST and BSM R&vide qualitatively similar results,
reproducing the behaviour of the flow observedhim éxperiments. However BSL RSM shows
smaller amplitude in the velocity profiles, theredihyowing a slightly better agreement with the
measurements. This observation can be explainetthiéoyact, that the anisotropic BSL RSM
predicts secondary flows of higher amplitude in b bundle cross section, which leads to an
increased cross-sectional mixing and thereby taaed minima and maxima in the axial
velocity distributions.

6. SUMMARY & CONCLUSIONS

Single-phase CFD simulations were conducted in @ ®d-bundle geometry. Different
geometry configurations were investigated allowarganalysis of the influence of geometry
components like the inlet vessel and the grid spddese components play a main role in the
evolution of the flow due to the turbulence andtieas generated in the lower inlet plenum
vessel and at the grid spacer, which finally infices the symmetry of the flow along the main
vertical pipe and through the rod bundle. The spgad, on the contrary, reduces the swirl in
the circumferential direction and accelerates flosv,fleading to a faster evolution of the
developed velocity profiles and to a reductionhaf tircumferential velocity.

Best practice guidelines were followed as much @di@able. Therefore grid independency
analyses and turbulence modelling variations weréopmed.

The evolution of the four different considered getryn models led to an evolution of the
numerical solution in comparison with the measumsigrom a qualitative disagreement (case
1) to a qualitative and quantitative agreementg@gsn the domain above the grid spacer.

Flow mechanisms were not completely captured inithet vessel and would require further
investigations, as well as information about thed neflow conditions in the laboratory test rig.
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FIGURES

Fig 6: Secondary flows. Transient averaged. LeST.Right: BSL RSM. Top: Mesh1. Bottom: Mesh 2.
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Fig 7: Distribution of the axialelocity component near the inlet vessel. MeshOde(a Plane 4 Left: SS”

Middle: BSL RSM; Right: Experime

1.2+ - 1.2 f
- — 1 (— —
=0.8- = S0.8F ' -
> " i J
z B S %
§ 0.6~ - § 0.6~ o3 7l
*] r A g r “ |
” 04 , . 0.4 _ ‘.
* Experiment +/- 6% - Experiment +/- 6%
[ SST MeshOl i SST Mesh01
0.2 BSLRSM Mesh0l 0.2+ BSLRSM Mesh01
SST MeshOl trans SST Mesh01 trans
r BSLRSM Mesh0l trans [| [ BSLRESM Mesh0D1 trans |
(4] = \ l . \ . | | L 1] = l . \ . 1 ! , ! .
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 -0.03 -0.02 -0.01 0 0.01 0.02 0.03
X [m] x [m]

Fig 8: Distribution othe axialvelocity componentinfluence of turbulence modelling
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Fig 9: Distribution of the axialelocity componer near the inlet vessel. Mesh 1. Top: SST resultf.Case
1; Middle: Case 2; Right: Experiment. Bottom: BSERR results. Left: Case 1: Middle: Case
Right: Experiment.
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Fig 14: Distribution of the axial velocity comporefransient averaged. Influence of turbulence rioge Mesh
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Fig 15: Distribution of the axialelocity componet near the grid spacer. Mesh 1. Left: SST. Middlet. BSM.Right:
Measurements.
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