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Abstract:

The present article provides an extensive analysis of the capabilities for Computational
Fluid Dynamics to estimate the fluctuating fluid forces exerted by the turbulent flow
with high Reynolds inside a fuel rod bundle with mixing grids. It benefits from high ac-
curacy experimental results obtained through an original device developed at CEA and
providing a direct measurement of the fluctuating pressure on the surface of the rods,
allowing the characterization of the turbulence scales and effects close to walls and
therefore representing a valuable reference for the qualification of turbulence models.
To perform in-depth comparisons between state-of-the-art numerical models (imple-
menting either Unsteady-RANS or LES), a first intermediate configuration implement-
ing one single rod and one grid equipped with mixing vanes is considered. It shall be
followed by advanced analyses in bundle configurations with numerical models follow-
ing the conclusion proposed hereby.

Keywords: Pressurized Water Reactor (PWR) , Fluid-structure interaction, Fuel rod
vibrations, Grid torod fretting wear, Turbulent flow, Computational Fluid Dynamics (CFD).

1. Introduction

Pressurized water streaming at high speeds (ofdemnus) is used as a coolant in the fuel as-
semblies of PWR nuclear reactor cores. Each fisgrably is made of a four meters height bundle
of rods containing the nuclear fuel. The main dtrree of the assembly is composed of vertical
guide tubes equipped with regurlarly spaced grahsuring the mechanical support of the rods
through a spring and dimple system allowing distandue to thermal constraints.

In assemblies, fluid flow is mainly axial, and thaslditionally to their structural role, grids
have a temperature homogenization role in ordaxtdd hot points. This function is guaranteed by
mixing vanes implanted on the downstream side efgid cells, generating turbulence and flow
redistribution between hydraulic sub-canals ofrtietbundle.

Burn-up rate improvement of the fuel leads assesslilh spend more time inside the core. Re-
laxation of springs can favor the rise of the vibra level of the rods which are subjected to the
fluid turbulence excitation.

Those vibrations are the source of fretting, the wear under small vibratory movements at the
contact points of the rods with the springs anddingples in the grid cells. In some extreme cases,



this may lead to the piercing cladding of the ftad, the first confinement barrier, with a conse-
quential dispersion of fission products in the igncircuit.

Carried out at théaboratoty of Core and systems Hydrodynanfédsreviated HC in the rest
of the paper)n CEA Cadarache, the research program involviegctirrent contribution comprises
two parts and its purpose is the determinatiornefuibratory excitation forces. Those are due to
the fluctuating pressure fields on the surfacehef tods of PWR fuel assemblies, in particular
downstream of retaining grids.

- The experimental part concerns the study of the flomockups of 5x5 rod bundles with
hydraulic reference configurations. Classical meassuhrough vibrometry and laser ve-
locimetry are combined with new measurement systethe pressure fluctuations directly
on the wall of the rods, which was developed at LIHIC

- The second part aims at validating the CFD simaatnethods that estimate the fluctuating
fluid forces exerted on rod bundles at high Reysofdne of the ultimate objectives is to get
a set of qualified tools and computation methodsatoulate the excitation forces. The other
one is to improve the understanding of hydraulieq@mena in areas that are less accessible
to measures.

A precise determination of the vibratory excitatgpectra is used as input for the computation
of the vibratory behavior of the rods under turbtiigow using a non-linear vibratory mechanics
code [2-3]. It is secondly relevant to compare ¢benputational results to measures of the rods
dynamics obtained by vibrometry, like those obtdifrem the full scale "Hermes" test loop hosted
at the laboratory.

The general aim of that program is thus to impritveedesign of the fuel assemblies to guaran-
tee the integrity of the first safety barrier andiimit the maintenance operations on the PWR re-
actors and to improve the plant availability rate.

In this context, the present article focuses ondharacteristics of the CFD simulation tech-
niques necessary to correlate the fluctuating presseasurement, especially in terms of turbu-
lence models and mesh sensitivity. Directly adressine 5x5 bundle configuration would lead to
very large computational models (around 200 milidluid cells for a standard accuracy) and
would not be compatible with the test of multiplergmeter combinations as it is expected in this
phase. A preliminary implementation of the fluctngtpressure measurement device is therefore
chosen for simulation/experience comparisons. Téwegtry is representative of the main issue,
but with only one rod, making it more appropriate fhesh sensitity analyses, with models from 7
to 15 millions cells, and tests of many turbulenezels.

2. Benchmark experience and computational models

2.1 Singlerod test loop

The single rod mockup, equipped with one grid aelil used for preliminary validation of the
new measurement system of the parietal pressuiesigibed in Figure 1.

Upstream and downstream of the grid cell, the fimvelops in an annular space between the
cylindrical confinement and the instrumented rodeTgrid cell with mixing vanes has been in-
cluded in the test bed to get turbulences thatrepesentative of those studied in the 5x5 experi-
mental facilities. The specific features of thectfliant pressure measuring system and the synthesis
of main most significant results are presentedran€is Moreno's article [1].

In each of the studied cases, we consider the lemband isotherm flow of an incompressible
fluid in steady state. The selected parameterthéomodelization are as follows:

- Test fluid: water (monophasic) Flow rate: 3m/s



- Fluid temperature: 20°C Pressure: 1,244 bar
- Density :p=f(P,T): 998,217 kg/m3 Dynamic viscosity: p= f(|P;T 1,0016.10-3 Pays
- Reynolds (current section): 87902
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Figure 1 : Schematic and photography of single egderimental setup

2.2 Modeled geometry

The modeled geometry focuses on the pressure @tictuarea in the range of 1.3 td 14 H,
respectively upstream and downstream of the ged ESgure 2).

Area downstream from the grid
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Figure 2 : Geometry details

The geometry of the fluid domain is developed ughy CAD softwareSolidWorks Simplifi-
cations of external volume of pieces are necedsary



- remove details such as threaded holes receivingntimguscrews,
- remove welding points producing a pressure lossése range of 1-2%

- create fillet radius on the surface contact of naith springs or dimples to avoid points of
tangency with angles lower than 10°.

2.3 Mesh generation - Quality criteria

The different meshes of the domain are designeld witsys ICEM-CFD software. Tetrahe-
drons elements are used to match the requiremets TrioCFD software [4], used for all the
simulations.

To correctly solve the Navier-Stokes equations iwithe fluid domain at high Reynolds turbu-
lent flows, the mesh should address strong andamiotory constraints. It involves depicting the
geometry as faithfully as possible and setting mimmiim number of discretization points (15 to 20)
between opposite faces while controlling the minigize of the cells.

In turbulent flows at high Reynolds, the speed if@db the wall is very steep. A complete de-
scription of the boundary layer would lead to mseites with y close to 1, yielding a too large
computation time, so that an established analytisalis prefered to reproduce the behavior of the
fluid close to the wall. With URANS modelling, thiest mesh point must be placed instead in the
logarithmic layer (practically in the range 32 < ¢+#00). For LES modeling, particularly with the
WALE model (see Section 2.5 for details), theradscondition for locating the first mesh point.
We also chose y+ > 30 anyway, but the reason rstthémit the number of elements in the mesh-
es and to control the minimum time steps.

In the case of stagnation point (e.g. impact oral)wr of point of separation of the flow at the
wall, the use of a wall law may give poor resuisich patterns are found in the perimeter of the
grid, but a fine mesh of the boundary layer assediaith fluid velocities greater than 6 m/s within
the grid, due to the restriction of the cross-segtivould lead to calculation time steps of lessth
1.10"s, consequently compromises are necessary to tieathrbulent regime established over the
whole domain in an acceptable calculation duration.

Fortunately, the use of a wall law is well adaptedhe case of established flow when the
boundary layer is in equilibrium, which is the cas¢he zones along the rod located upstream and
downstream of the grid, where measurements of predtuctuations at the wall of the rod are
made. The Reichardt law [5] correctly reproducesdimensionless velocity profile fof % 4 and
y* > 32 and ensures the transition in the buffer zdhés law, valid in three zones of the boundary
layer in a wide range beyond y 500 (see Figure 3), is seen as the most suitalilee present
situation.
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With: Ut ==logy*) +C
k=0,415 Von Karman constant
C=5.32 or C = 5.5 (Nikuradse).
Ut = ui Dimensionless velocity
u* = %” Friction velocity with: 7,,: Wall shear stress
y*t = yl Dimensionless wall distance  withy* = ul
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Figure 3 : Comparison of Reichardt law with the bdary layer properties

2.4 Generation of theflow profile at theinlet of main domain

A periodic box (see Figure 4) is used to genematethe inlet of the computational domain, a
velocity profile and a turbulent intensity represgive of the cross-section of the flow. This sec-
ondary domain is constructed by extrusion of thela the inlet face of the main domain. In each
case, we use the same turbulence model and the mamerical schemes than those used in the
main domain.

At each time step the output profile of the peroblox is simultaneously applied as an initial
condition at the inlet of the main study domain aeshjected at the inlet of the periodic box to
calculate new initial conditions at the next tinteps To compensate the pressure drop of the peri-
odic box, the pressure gradient is corrected &t &ae step in order to maintain the flow rate in-
jected at the main inlet.

For URANS simulations, a box length of the orderlod to 2 H is sufficient not to au-
to-correlate the turbulent fluctuations betweendbtput and the input, which can generate unreal-
istic pulsating phenomena at the inlet of the ntlmimain. For Large Eddy Simulations (LES), 8 to
10 H; is necessary to overcome these disadvantages.

Recirculation of fluid

—= (Periodic box Inl Main Domain
Inlet utle nlet Outlet

box box \

Figure 4 : Operating principle of a periodic box

2.5 Turbulence models and numerical schemes

Two classes of models available in TrioCFD are nsuiged to the study of unsteady flows in
complex geometries. The present article proposggstematic review of the different models to
define which approach is the most adapted to theldgy of the flow specific to our configuration.

- Unsteady model URANS (k)
The URANS unsteady model [5], widely used in thdustrial field, has many advantages,

starting with its computational efficiency, as wadl some weaknesses. The turbulent kinetic energy
is overestimated in impact and attachment regiathde recirculations in swirl flow are underesti-




mated. This is mainly due to the diffuse naturéhefmodel, which represents the Reynolds tensor in
the form of a diffusive term. The reattachmentrafiidid detachment is generally wrongly predicted.
Some flow patterns of this kind are present ingemmetry due centering pads, dimples and mixing
vanes.

Unsteady URANS models do not require a high ordeneric time schemes, several schemes
can be used. For the URANS simulations, the expliciler scheme associated with the iterative
linear GMRES (Generalized Minimal Residual Methaith a convergence threshold of 1% @ave
the best compromise between stability and speedraputation.

In the finite volume element discretization implertezl in TrioCFD to solve scalar convec-
tion-diffusion equations and momentum Navier-Steckguations, the second order TVD scheme
EF_stab (see Kuzmin and Turek [8]) is the best wdhpcheme [4]. Computational convergence is
ensured by weighting the centered convection EB _Staeme with an upwind scheme through an
alpha factor taken between 0O (full centered schemd)1 (full upwind scheme). Thisfactor allows
to find a compromise between robustness and difugatures. EF_Stab with=1 is stable but
diffusive and it generally gives average resulte@wkhe forced convection flow has a preferred di-
rection, as it is the case like in bundle of rdg@s. the contrary, EF_Stab with= 0.2 is known to
give better results and it is required in complermetry (like grid area). It is less diffusive algo
less stable.

The main characterics of the implemented URANS r®dee given in Table 2, where 3 dif-
ferent meshes are considered and described ir8ett.
Table 1 : URANS model parameterselk,

M eshing Tetrahedrons At least 15 to 20 calculation pointamnular space be-
tween the rod and tube

Discretization Finite Element Volumes  PO/P1 for the pressure (FEM®ubble elements)
P1NC non-conform for velocity
Time scheme Explicit 1%" order Euler backward
Momentum Convection - Upwind scheme for periodic box
transport - 2" order EF-Stab (mixed centered and upwind) with low
stabilization (with a=0,3)
Diffusion 2" order centered
Wall treatment Reichardt law y* > 32
Turbulence K- ¢ model with standard coefficient with temporally
correction of local high value of turbulent visdgsiluring
transient
Numerical solver Implicit GMRES solver
Time steps Box +Domain : URANS 1 : 5,3 10s; URANS 2 : 3,5 16 ; URANS 3: 2,4 165
Physical time Box alone before coupling : 1 s
calculated Box + Domain : URANS 1:0,8s; URANS2:1s;ARS3:1s

Our geometry exhibits two zones with opposite prigg, a regular geometry for the rod and
the zone of the grid with obstacles and suddenraciidn of flow. At the beginning of the simulta-
tion, before the transition to turbulence (betw8eand 0.25 seconds), the calculation is thus starte
with medium stabilizationo( = 0.5), andx is reduced up to 0.3 after. The vatre 0.2 does not fit
due to numerical instabilities causing divergence.

Achieved physical computation times in the randg®t0.1 s are such that fluid can travel the
domain at least five times. Transition to turbuleig complete all over the domain at approximately



0.25 s, this leaves sufficient time for post-preueg pressure fluctuation in temporal and frequency
domains.

- Unsteady model LES (WALE

The WALE (Wall Adapting Local Eddy-Viscosity) modg] is based on the Smagorinsky ap-
proach [7-8] for which the characteristic time gcaf the mesh scales is constructed with both, the
tensor of deformatiorfij and the tensor of rotatioﬁij. This new approach makes it possible to
take into account the turbulent regions where trticity is greater than the deformation rate and
to provide a good behavior of the turbulent visgodiending towards zero at the wall with the
correct diminishing rate (), without using damping function to reproduce tizeslip boundary.
Moreover the model predicts the laminar turbulesmsition.

LES (large eddy simulation) models need adaptedenical schemes. For explicit time integra-
tion scheme, LES require high order schemes. Ther@er Runge Kutta scheme thus appears as a
good compromise between the speed and the accofaojution and it retains the kinetic energy
[13]. Regarding the convection scheme in the VERit@ volume element) discretization, LES
WALE simulation require a second order TVD schentke $ab for solving the scalar convec-
tion-diffusion equations and the momentum Naviere®es equations [4].

In the same way of the previous URANS simulatidr® tomputation convergence of the cen-
tered numerical scheme was weighted by an upwihdrmse to ensure a better stabilization (for pe-
riodic box calculatiorn = 0.4 and for the domain calculation= 0.3). In these cases lower alpha
values provide numerical instabilities.

The main characterics of the implemented LES WAL&daits are given in Table 3, where 2
different meshes are considered and described ag8iection 2.6.

Table 2 : LES (WALE) model parameters

M eshing Tetrahedrons At least 15 to 20 calculation pointamnular space be-
tween the rod and tube

Discretization Finite Element Volumes PO/P1 for the pressure (FPN@ubble elements)
P1NC non-conform for velocity

Time scheme Explicit 3% order Runge-Kutta
Momentum Convection - Periodic box : ¥ order EF_stab (mixed centered and
transport upwind) with low stabilization (with a=0,4)

- Domain : 2% order EF_stab (mixed centered and upwind)
with low stabilization (witha=0,3)

Diffusion 2" order centered
Wall treatment Reichardt law : no condition oyt thickness
Turbulence LES Wale model with temporally correctaf local high
value of turbulent viscosity during transient
Numerical solver Implicit Petsc Cholesky solver
Time steps Box +Domain : WALE 1: 2,6 TGs; WALE 2:2,310s
Physical time Box alone before coupling : WALE 1:2,3s; WALE2,0 s
calculated Box + Domain : WALE 1:2,0s;URANS20s

The simulated physical time is set to 2 secondsigcase, which lets the fluid travel at least
eleven times the studied domain. Moreover, thelgation of the values is achieved (transient not
included) for the different probes placed all otlexr domain and it allows a sufficient duration for
the post-treatment in both time and frequency domai



Remarks on the Unsteady LES Smagorinsky-Lilly model

The Smagorinsky-Lilly turbulence model [10] has béested on the same meshes of the peri-
odic boxes than those used with the LES WALE mogkland 2). In both cases, no transition to
turbulence is observed after 0.3s of computatioe fi

By initializing the obtained velocity fields achiw with the previous LES WALE models in
established turbulent flow and by computing LES Gonesky-Lilly, we observe a rapid return
from the turbulent regime to a mean flow withouy dlluctuation. This model is consequently not
suited for both geometry and flow conditions of @mmular channel.

Dynamic LES Smagorinsky models (variation of Smaggiy-Lilly model) could not be tested
since they are not available in TrioCFD.

2.6 Mesh Configurations

Four meshes of the domain were realized for the ¢aiculation configurations (3 for URANS
and 2 for LES WALE). Some meshing details are giveRigures 5(a) and 5(b). The various mesh
and calculation configurations are summarized ibl@d. The first two URANS models have a 'y
value of 58 and 50, respectively 0.3 mm and 0.25tmak of first mesh layer.

The mesh of the third URANS modelization with*aof 50 is more refined inside the grid. The
fourth modeling uses the previous mesh but thig tivith a LES turbulence model. The last mesh
used for the second LES calculation has a valyé af the wall of 32 or 0.15 mm of thickness of
the first meshing

Table 3 : Main characteristics of the studied mesh

Models Meshing parameters Domain Periodic box
Domain Y* Wall Nb. Tetrahedrons/ Length /
Maximum sizein mm Number of layers/ Nb. processors Nb. Tetrahedrons/
and Growth ratio mesh thicknessesin mm Nb. processors
URANS 1 1,2/1,2 58 3/(0,3]0,36]0,432) 7.833./ 352 1 4/540.480/ 26
URANS 2 llet1,2/1,2 58 3/(0,3]0,36|0,432) 8.242.119/ 448 1,5H 829.500/ 40
URANS 3 1,1/1,2 50 3/(0,25|0,3|0,36) 8.695.8248 2 H/1.722.000/ 80
LES WALE 1 1,1/1,2 50 3/(0,25]0,3]0,36) RB25 /448 8 ki/ 6.888.000 / 336
LES WALE 2 0,9/1,1etl1,2 32 3/(0,15|0,195254) 14.667.867 /496 8 12.619.864 / 496

The optimization efforts on the meshes mainly fooasompliance with the general criteria re-

lated to the minimization of numerical errors whiésspecting growth ratios of maximum size var-
ies from 1.1 to 1.2 between two neighboring meshbsughout the domain, the ratio between the
maximum and minimum mesh volumes must not be grelase 1000. Particularly in the case of
the LES models, the aim is to get a range of vostees representative of the frequency content of
the turbulent flow, and to respect the characieaby propagation times of the convection phe-
nomena of the turbulence and diffusion relatedhéoviscosity.

The control of the criteria on the maximum and minm angles (mesh distortion) and on mesh
elongation makes it possible to avoid the propagati numerical calculation error.

The quality of the different meshes is checked @y garison with results of publications [6-7]
for the periodic boxes and with the experimentaults obtained in the laboratory [1].



(a) Cut in the current section and boundary laydl wa (b) Vertical cut section in the grid
Figure 5 : Details of the mesh of LES WALE 2model

2.7 Boundaries conditions

The modeling consists of two associated domaires:réicirculation box (whose role has just
been presented) and the main computational dofb&boundary conditions are as follows.

- For the periodic box:
o0 Periodic input and output sides: imposed flow raid a source term to conserve

the moment
0 Speed condition: 3 m/s
0 Pressure condition: Free inlet and outlet pressure.
o Wall condition: No-slip conditions for central rathd outer pipe.

- For the main domain:
0 Non-periodic input and output sides;

0 Pressure condition: Free inlet pressure and netlfat the outlet.

0 Speed condition: At each time step, the speedi@iaiposed at the input of
the main domain is equal to the output speed profithe periodic box.

o Wall condition: No-slip conditions for central roeixternal pipe and grid.

2.8 Signal processing probes

Probes are identically arranged for all simulatjdosated at the same axial and azimuthal co-
ordinates as the measurements of the parietalypeesensor. Comparing the results of each model
with the corresponding measurements allows a @etaihalysis of the reproduction of the forces at
the wall along the rod.

The probes for local evaluation of the pressurettiations are placed every 10° round the pe-
rimeter of the rod on 6 planes located at: 1, 23,23, 4 and 5 jifrom the grid top edge.

The evaluation of the pressure resultant is caiedlan 41 rings of identical height {8) along
the central rod. The three components of the predsuces F and the three components of the
shearing forcesFare spatially integrated on each ring to deterntingeresultant of the pressure
forces in the transverse plane XY per unit areathadesultant of shear forces per unit area along
the longitudinal axis Z.

Samples of the pressure fluctuation signals amctsd after the transition to turbulence, when
the ergodicity criterion is reached. Analysis anthparisons of the signals of the probes make use
of classical functions of signal processing [14ht® processing and plotting of the curves were
realized withMatlab software [15].

The signals are analyzed in the frequency domdie.ASD (Power Spectral Density) gives the
energy distribution of a signal as a function of fhequency. The calculation of the PSD is ob-



tained from the discrete Fourier transform S(kptigh :
N-1 )
PSD (k) = . IS (k)12 with : S(K) :NZ §(nT,).g 2 kN
n=0

N : number of samples, n : current sample, SJampling time, s(ngJ : discretized signal.

The analysis FIX vibration tests [13], induced bybulent flows in rods bundle or in internal
flows J. M. Clinch [14], led to the establishmehteference spectra. Adimensioning these spectra,
allows comparisons on a common basis of results fiifferent experiments, over a wide range of
Reynolds by adopting the following scaling factors:

Pref = Po-V§s frer = % with : p, : fluid density, V,, : flow rate velocity, D : rod diameter

The dimensionless PSD ;,0.f) is linked to the physical PSD S@x) in Pa2.HZ by the rela-

tion: S,qa(x,6,f) = f)(zxfgg with reduced frequency f,. = ’;—D and V,: bulk velocity
070 - 0

Our single-rod test bench has hybrid charactesi¢i@tween a flow around a rod equipped with
a grid and an internal flow in a circular pipe; ug&e as a basis of comparison two types of dimen-
sionless spectrums :
- PSD wall pressure spectrum of axial flow inside boddles FIX [13] (see figure 6(a)), they
are of the form :@¢ (f,*) = a. £P, with a change of slope at the reduced frequencatéd
at f, =0.2
OF (M) =2x1070.£70° for: f, <0.2 et ®f (f*) = 1.5x 1078.£73° for: £ 2 0.2
- PSD wall pressure spectrum of axial flow insidetre internal wall of cylindrical pipe
Clinch [14], they are also of the form®¢ (£,%) = a.f, P, with three different slopes. A
first slope to power -1/4 for f, < 1, a second slope to power -5/3 fol :< f < 10 and
a third slope to power -9/2 forf,. > 10 (see figure 6(b)).
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Figure 6 : Dimensionless reference PSD spectrum

3. Computational results and comparison methodology

In this section, the analysis of simulation residtgrovided along six topics.

First, the flow in the recirculation box, repressiie of an unobstructed flow in annular sec-
tion, can be compared with the results of the @rpartal work of JM Nouri (et al.) [16] and the
DNS simulations of SY Chung (et al.) [17].

Then, the results of the five simulations are camgavith the Moreno experimental data [5]



and [6]: the comparisons concern the azimuthatidigion of pressure fluctuations at the rod wall
in different planes spaced after the mixing grid &tal measurements of the spectral power den-
sities.

The topology of the flows in the fluid domain iscsinctly presented because the single-rod test
bench does not allow measurements of velocity diddg LDV laser velocimetry. However the
presented visualizations of the streamlines andtbgs sections of axial and transverse velocities
in different planes, shed light on the distributiohobserved pressure fluctuations. Finally, the
computations of the resultant pressure forces iiated onto the wall of the different models will
be compared with the data of the literature [1&] HI9].

These cross-comparisons, although partial, givesfust insight to discriminate between mod-
els on the basis of qualitative criteria derivashirthe literature and more objective criteria dediv
from the experimental results.

3.1 Mean velocity profilein recirculation boxes

The works of Nouri (and al.) [16] and Chung (andl |I7] deal with flows in concentric annular
spaces. The experiments and calculations are psgtbin turbulent flow (Re = 8900) with a ratio
between the inner radius on the outer radius,0.5. This work gives the mean velocity profiles
normalized with respect to the flow velocity andtpd as a function of the dimensionless distance
between the walls, we note2: § = R, ter — Rinner- IN OUr geometry = 0,478 is very close to
the reference. The flow is turbulent, but in ouseghe Reynolds number of 87902 for a velocity
flow rate of 3 m/ s in the section is higher.

It is observed that the five models (see Figurgivg very close results in the central part. They
are between the measurements of Nouri and thectdatdd values from the Chung model and the
LES WALE 2 model is the closest to the values ofil@h

Mean velocity distribution in annular section of the periodic box
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Figure 7 : Velocity profile in the annular section

In the zone near the wall of the outer radius Q), the two models LES WALE 1 & 2 are those
which have the profiles closest to those of Nowmd &hung. The profiles of the URANS 1 & 2
models are very steep and not very detailed neanuker wall. We note the influence of the choice
of turbulence model between the cases URANS 3 &f8l WALE 1 which share the same mesh
and the same wall law, the LES modelization giv@sadile of speed more in conformity with the
references profiles.



In the zone near the wall of the inner raditis @), the LES WALE 1 & 2 models are again the
closest to the values of Nouri and Chung, with thebeesolution of the WALE 2 model. The three
URANS models are much less resolved near the imakr Here again, as near the outer radius, we
note the best resolution of the LES WALE 1 modetl@mURANS 3 model using the same mesh.

It is noticeable that these profiles are reprodecdver the entire circumference of the section
in different horizontal planes along the verticmédtion of the box.

The measurements in the computational domain dldeethe configuration of the barrier-free
periodic box correspond to the zones of the lomatied in the plane 54Hipstream of the mixing
grid. Averaging the experimental pressure fluctuadi over the 36 azimuthal measurement points
spaced every 10° in the -5 Hlane before the grid gives a reproducible valug3oPa over a period
of 100 s. The model LES WALE 2 gives an averagee/alf pressure fluctuations at the wall of 51.3
Pa, representing an accuracy of 3.2% with the nmeasnts. This value is calculated from the mean
of the standard deviation over the 72 pressuregz@ranged every 5° in the plane located ag 1 H
before the output of the box over a period of 2 s.

As a first conclusion, we find that the turbulemeedel LES in the case WALE 2 with & gf 32
to the wall is the one which has the most averamgedn velocity profile with respect to the measure
and the literature. It should be added that theofislee periodic boxes is well adapted to the gaener
tion of turbulent unsteady profiles at the inlet.

3.2 Comparison of simulation results with measurementsin the main domain

- Azimuthal pressurefluctuations at different altitudes

The first topic of comparison concerns the spdlistribution and the amplitude of the pressure
fluctuations at the azimuthal probes located orrdldewall for different altitudes.

0 Measurements of fluctuations of azimuthal pressures at the wall

At the level -5 H upstream of the grid, the measurements, carrie@ary 10° at different al-
titudes, show a uniform distribution of the unifopressure fluctuations over the entire circumfer-
ence (see Figure 8). The mean amplitude of theudtions calculated over all the probes is 53 Pa.
At the distance 1 jddownstream of the grid, the azimuthal distributadrihe pressure fluctuations
is strongly influenced by the eddies in the wakehaf mixing vanes and by the jet effects at the
grid outlet. These phenomena induce significarfed#hces in amplitudes according to the angular
position. The maximum amplitudes are 500 Pa andPsbih the wake of the fins respectively for
the angles of 40° and 220°, secondary maxima asereéd at 160° and 310°. At level g #bwn-
stream of the grid, the distribution is less irfaguthe mean fluctuations are around 200 Pa, and
there are two maximums at 290 Pa (azimuth 50°)2&@dPa (azimuth 220°). The angular offset of
the maximums is about 10° compared to the leve}.JAD+3 D, downstream of the grid the max-
imum amplitudes are 160 Pa and 220 Pa, the angtit®t compared to the previous level is be-
tween 5° and 10°. At 5 Hevel, the maximum amplitude is about 110 Pa,dis&ribution of the
fluctuations is almost circular again.



CALIFS : Transducer 701A + GC ; V=3 m/s, T =20 °C
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Figure 8 : Fluctuation pressure profiles at diffatdevels

0 Fluctuations of smulated azimuthal pressures
In the simulation results presented in Figures 93pothe azimuthal digital probes are spaced at
5° with a positioning accuracy of £ 0.3 °.
The first URANS 1 model (Figure 9) gives globaléyder fluctuations than the measurements at
altitude 1 H. But for the following levels, the values of theximum fluctuations are underestimat-
ed by about 30%. The dissipation is globally fathan in the experiment and the angular orientation

of the maxima is not reproduced correctly by thided.

CALIFS : URANS 1 simulation of single rod mock-up, V=3 m/s, T=20°C
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With the URANS 2 model (Figure 10) the maximum atoples are 500 to 550 Pa in the wake
of the fins at altitude 1 § which is comparable to the experimental values.tke following lev-
els 2 H and 3 H the values of the maximum fluctuations are undenesed by approximately
20% to 25%. At the distance of 5 Hhe levels are correct. In all planes the angot@ntation of

the maxima is not correctly reproduced by this nhode



CALIFS : URANS 2 simulation of single rod mock-up, V=3 m/s, T=20°C
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Figure 10 - URANS 2 - Azimuthal fluctuations puessat different levels

The following model URANS 3 (Figure 11) gives catréuctuation levels at altitude 14HThe
amplitude maxima of 530 Pa in the wake of the fipproximate the experimental values. They are
oriented at 35° and 210° and are less angularlgaspbout than in the two previous models. For the
following levels 2 H and 3 H the values of the maximum fluctuations are undenesed by ap-
proximately 30% to 40%. At 5 {ithe level is correct. The angular orientationtted maxima is
again not correctly reproduced here.

CALIFS : URANS 3 simulation of single rod mock-up,V=3m/s, T=20°C
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The first LES model WALE 1 (Figure 12) gives sliyhtverestimated fluctuation levels of 10%
to 15% at 1 Haltitude. For the following levels 24tdnd 3 H the values of the maximum fluctua-
tions are correct, and then at the distance of,,3H2 level is overestimated by 30%. The angular
orientation of the maximums is correctly reprodueg¢@iltitude 1 K| But for the following levels
more elongated azimuthal profiles are observedpthentation of the maximums of level 2, i$
shifted by 30° with respect to the measurementanHevel 3 H we note a rotation of the maxima



of 10° between each level, not observed on the mnea®nts.

CALIFS : LES WALE 1 simulation of single rod mock-up, V=3 m/s, T=20°C
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7 =4 Hd

Figure 12 - LES WALE 1: Azimuthal pressure fluthraat different levels

The second LES model WALE 2 (Figure 13) gives flation levels slightly overestimated
from 10% to 15% at altitude 14HFor the following levels 2 jHand 3 H the values of the maxi-
mum fluctuations are correct but at § e level is still overestimated by 30%. With tinisw
modeling, the angular orientation of the maximums\wven better reproduced at the altitudeyl H
But at the higher levels we observe (as for the \HALmodel) a 30° offset of the orientation of the
level 2 H,. and then from 3 Jthe distributions are more elongated than thogheofmeasurements
with a rotation of 10° between each level.

CALIFS : LES WALE 2 simulation of single rod mock-up,V=3m/s, T=20°C
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Figure 13 - LES WALE 2: Azimuthal pressure fluttbraat different levels

This first comparison step shows that the URANS ef®depresent rather roughly the azimuth-
al distribution of the pressure fluctuations: tmepditudes of the maximums are correct at the dis-
tance 1 H and then underestimated in the following plandse Two LES WALE models yield
results whose fluctuation levels are more accuildte.LES WALE 2 model, with the most refined
mesh, reproduces more accurately the azimuthalkidion on level 1 Has well as the decrease
in pressure fluctuations along the rod wall after grid. However, we observe on both LES models



an orientation shift of 30° of the azimuthal distriions from the level 2 Hwvhich is not measured
experimentally.

It is observed that with identical meshes, the URABIland LES WALE 1 models give very
different results, illustrating the greater depamayeof the results to the numerical scheme than to
the discretization. More generally, the comparisaheve show that the LES WALE numerical
scheme is less dissipative than the URANS scherg (k

Note: The transverse velocity cut-views providedifierent levels downstream of the grid fins
(see section 3.3 - figures. 15 to 17) show revecseghled swirls. These four swirls create a trans-
verse fluid circulation in the section. These flflmvs create on the rod surface an alternating of
close zones where the transverse velocity of 8bahges very rapidly between 0.7 m / s and 0.002
m / s, over short distances. The impact of thekeie fields on the rod surface is at the origih o
the azimuthal profiles of pressure fluctuationsestisd.

The angular offsets of the pressure fluctuatiorfifg® observed between the modeling and the
experiment can be partially explained. Indeed fientical locations (axial and azimuthal), the
fluctuating pressure values measured are averagethe rod surface over a diameter of 2 mm,
while on numerical models the pressure value ismd®d on a single node (closer to the center of
the measuring point). This results in a greaters#dnty of the digital probes to the spatial distr
bution of the pressure fluctuation field at thefage of the rod. The geometric definition of the
local digital probes will therefore have to be irped in the next simulations in order to remove
the indeterminations that exist in our comparisons.

3.3 Topology of flows and streamlinesin the fluid domain

The visualizations of the streamlines and the gestiof the velocity field downstream of the
mixing grid of the model LES WALE 2 are providedRigures 14 to 17. They allow a better under-
standing of the topology of the flow and illustraéite causality of the flow structure on the locatio
and amplitude of the pressure fluctuations obseatede rod wall.

The streamlines (Figure 14), whose colors are &eocwith the intensity of the fluid velocity,
show the deviations and restrictions of sectiothatgrid due to the centering pads, the springs and
the dimples in the Grid cell. A maximum velocity@B6 m/s is observed locally while the flow rate
is 3 m/s. At the output of the mixing grid two ploemena are observed, a general winding of the
flow due to the inclination of the two fins and radocally the creation of "swirls" in the respeetiv
wake of each mixing vanes.

Figure 14 : Flow lines downstream of the mixing &sn

On the figures 15 to 17, the axial and transveestians provide the azimuthal distribution of the
pressure fluctuation maxima depending on the stiramalong the rod downstream of the mixing
grid.



» Cutting section at 1 pdownstream of the grid.

At the bottom of the vanes, Figures 15 (a) andb)Sliow the appearance of two "swirls" turning
in opposite directions, oriented at 30° and 210@fese swirls have transverse rotation speeds around
1.2 m/s and locally the axial velocity reachesm/6 The jet effect is visible at 135° and 315° tue
the restrictions in the grid section, the jets Bt dnd 225° being disturbed by the effect of tme.fi
These complex fluid movements explain the origithef irregular distributions of the pressure fluc-
tuations observed in different planes at the rolll dmvnstream of the grid (see Figure 8).
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Figure 15 : Axial and transverse average speedg ddwnstream of the mixing grid

» Cutting section at 2 fHdownstream of the grid.

At two hydraulic diameters (Figure 16) the jet effdecreases (from 4.6 m/s to 4.14 m/s). The
jets at 45° and 225° are still hidden by the swiflse speed of rotation of the swirls decreasea by
factor of 2 (from 1.2 m/s to 0.7 m/s). The symmedrgs of the swirls are now oriented at 40° and
220°, they have moved about is approximately 1@Qhénreverse trigonometric direction.
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Figure 16 : Axial and transverse average speedg @dwnstream of the mixing grid

» Cutting section at 5 fHdlownstream of the grid.

At the level 5 H downstream of the grid, the axial velocity fiekdrnow almost homogeneous
over the entire circumference (Figure 17 (b)), meximum axial velocity decreased to 3.47 m/s,




which is close to the maximum speed profile indketion before the grid. Considering transverse
flows (Figure 17 (a)), we note that the vorticesenalmost completely disappeared in favor of a
"square" circulation around the rod.
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Figure 17 : Axial and transverse average speedslafter mixing grid

Beyond 10 H, the decrease of the transverse velocity is ategdlwith the homogenization of
the profile of the axial velocity in the whole seat The distribution of the azimuth pressure fluc-
tuations becomes more uniform with a standard tiewiaquivalent to that observed upstream of
the grid.

3.4 Comparison between computational and experimental spectra of local pressure
fluctuations

This paragraph presents the comparison betweeRSBespectra resulting from measured and
simulated local pressure fluctuations of the LES M#A model, since it proves the most promis-
ing for the continuation of the current work.

To observe the impact of the choice of inlet canda for identical models, we present here the
results of two variants of the LES WALE 2 simulatidn the first case, the inlet conditions of the
fluid at the entry of the studied domain are geteetrat each time step by using a recirculation box
according to the methodology described previouslyhis article. Then a second calculation was
carried out with the same mesh and the same dggtidrns but by this time applying to the inlet
of the domain a constant average speed profilérautaat the outlet of the periodic box.

- LES WALE 2 model - Calculation coupled with the ipéic box
The most significant PSD spectra of the LES WALEB@&eling yield the following observations.

0 In the plane located 14tlownstream of the grid, compared spectra in thieeved the
vanes at 40° (Figure 18) and 210° (Figure 19) shakange of slope around 100 Hz.
The frequency peaks are reproduced with a frequefisgt of 4 Hz at 5 Hz and with a
magnitude overestimated by a factor 4 at azimu@?.21
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o0 Inthe plane located at 2yldownstream of the grid (Figures 20 and 21) thetspshow
good agreement, the calculated and experimentpeslbeing of the same order of
magnitude with still a slight frequency offset.
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Figure 21 — LES WALE 2 model - Comparison of PSiwvéen simulations and experience
(2 Hy, azimuth 210°)

As before, these comparisons must be put in petispdeecause of the difference between the
experimental probes giving spatially averaged pressalues over a diameter of 2 mm and the
modeled probes giving a value in a single node Jdtier being therefore more sensitive to local
effects of turbulent fluctuations due to swirls.eTbomparison shows nevertheless a realistic re-
production of the bandwidth and frequency peaks.

More generally, as one moves away from the griel flbw stabilizes and the turbulent intensity
decreases, the effect of which is to mitigate tiffer@nces between the experimental and calculat-
ed PSD spectra.

- LES WALE 2 model - Constant input speed profilehwitt periodic box

The DSP spectra of the LES WALE 2 calculation, shgva constant velocity profile at the inlet of

the studied domain, give very different resultarfrthose obtained with the same model coupled
with the periodic box.

0 In the plane distant 1 jtlownstream of the grid (Figures 22 and 23), theparison
with the DSP measurements of the probes locatedeirwake of the fins at 40° and
210° reveals a significant deficient levels of gree fluctuations at low frequency in
the range between 3 Hz and 100 Hz. Frequency @eeaksbserved around 200 Hz, this
100 Hz offset from the measurements is much grelser in the previous calculation
(Figures 18 and 19).
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0 In the plane distant of 2 Hlownstream of the grid (Figures 24 and 25), weenles
again low levels in the frequency range betweerz3ahd 100 Hz and the frequency
peaks shifted by 100 Hz by comparing with fluctogtipressure measurements is
greater than in previous calculation (Figures 20 2t).
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Similar results are observed on all the 360 paiabes of the LES WALE 2 model placed in the
10 measurement planes downstream of the grid. fifheence of the inlet conditions was tested
identically on the LES WALE 1 model. Here agaire ttalculation using the instantaneous speed
profile (updated at each time step) at the inlehefdomain gives the closest results to the experi
mental results.

This additional comparison allows us to validatpesss of the study concerning the generation
of the inlet conditions of the fluid in the contradlume.

3.5 Spectral analysis of the fluctuating for cesintegrated on the wall of therod

Since the measurements of the force fluctuatiomtspet the wall are not directly accessible,
the validation of the numerical models is primaritade, as we have just seen, by comparing the
results of the modelizations with local measuremeHbwever the objective of our modeling re-
mains the determination of the spectra of the tasulbf the pressure force fluctuations onto the
wall integrated along the axis of the rods.

With the simplified geometry used in the presentgt it is only possible to perform qualitative
comparisons with the FIX spectra [18] and the makflow spectra from Clinch [19] and Axisa
[20] (see Figures 26 to 28), with numerical restritsen the LES WALE 2 case). In order to sim-
plify the comparisons and the reading of the curtles maximum amplitude of the internal flow
spectrum (Clinch, Axisa) has been recalibratedhat of the tube bundle spectrum (FIX) while
preserving the slopes and frequencies of the iblegoints of each curve. This recalibration is
carried out by applying a multiplier coefficient time coefficient "a" of the spectrum of (Clinch,
Axisa).

Since the flow is confined in an annular space sihaulated spectra show similarities with the
two families of reference spectra:

o a frequency bandwidth with a point of inflectiontlé reduced frequency fr = 1, simi-
lar to that of an internal flow in a pipe,

0 a slope of -3/2 for a reduced frequency ft , similar to that of a flow in a rod bundle.
The fluctuations in the spectra of the resultirangverse pressure forces decrease very rapidly

after 6 H, which results in a decline in the overall levétloe amplitude but the width of the fre-
guency band remains almost constant.
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To conclude this section, the overall analysishef41 spectra for each of the 5 proposed simu-
lations cases (which cannot be all displayed irptlesent paper), show that:

o the approach by spatial integration of the pres$orees components is relevant to
visualize spectra and compare them to theoretsallts,

o the LES WALE 2 model provides again the most adeuspectral content with respect
to the reference dimensionless spectra.

3.6 Decreasing of turbulent energy

It clearly appears on the plot of standard deunatibthe transverse pressure force drawn along
the rod (Figure 29), that the two kinds of turbwlenmodels used in the simulation produce two
families of curves independently from the mesh etremind here that the models URANS 3 and
LES WALE 1 share the same mesh).

We observe that:
o formodels URANS 1,2 &3:
o amplitudes of forces fluctuations comparable fer 3HURANS models,
0 decay is similar for the 3 meshes,

0 turbulence levels are overestimated after the gmnidithen a faster dissipation on the
rod height a for the 3 modeling URANS.

o formodels LESWALE1&2:
o on the modeling WALE 1 model {¥50): the force decay is regular between 0,2 H



and 13.5 J, and the resulting forces exerted on the rod #fiegrid are lower than
for the URANS models,

o on the modeling WALE 2 (¥32): one notices two inflection points at g &hd 5,5
Hq, it is also noted that just after the grid, theeleof the resulting forces exerted on
the rod is intermediate between the URANS And WALE

o for these two LES models, the dissipation is leggartant along the rod compared
to the 3 URANS models.

Based on the experimental data available at the ¢ifthe study and taking into account the re-
sults of previous comparisons, the LES WALE nunannodel seems to correspond best with the
needs of the next modeling of the 5x5 rods assemlolgkup (see the perspectives in Section 4).
Considering the singularities observed on the mddALE 2, the mesh will have to be refined
from inside the grid and up to a distance ofs@H downstream of it.
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Figure 29 : Resultant of the wall-forces integratddng the rod between 0.2 and 13.5 H

4. Summary

The cross-comparisons of the results of the sinmnatwith the measurements carried out on
the single-rod calibration bench focused on sewitria :

o0 the respect of the axial velocity profiles in amalar canal,

o0 the reproducibility of the order of magnitude amm tazimuthal distribution of the
pressure fluctuations at the wall,

o the quality of the comparisons of the simulatedcspewith the measurements of
pressure fluctuations at the wall,

o the comparison of the integrated force spectraetall with the experimental refer-
ence spectra and the literature, despite the liimits. due to differences in the geome-
tries considered,

o the decay of the turbulent energy associated \withdecay of the fluctuating forces at
the wall over the height of the rod.

The analysis shows that the LES WALE turbulence ehdtter captures the physics of the



flow. It is most promising for future modeling ofACIFS test experiments with 5x5 rod bundle
configuration.

Nevertheless, despite the differences observetiarsimulated fluctuating pressures with the
different models, resulting forces along the rddtieely close to the experiment are obtained in al
cases between 1 and 13 #bwnstream of the mixing grid. This shows thatredption of fluctu-
ating forces by 3D numerical modeling methods utdfinechanics is accessible and robust.

5. Futurework

The experimental CALIFS tests carried out in 20h&te two models of 5x5 rods assemblies
equipped with grids with (or without) mixing vanesovide a complete experimental database
combining measurements of pressure fluctuation$ afahe rods and complete measurements of
velocities by LDV in the fluid [1].

The simulation of the 5x5 bundle model equippechwgitids without mixing fins over a total
height of 25 H. is in progress. The two configurations are preskrereafter, a partial mesh
around the central rod with lateral periodicity diions at the vertical cutting section of the adja
cent rods and the complete model of the mockup.

(a) Partial model with lateral periodicity boundgi (b) Complete model 5x5 rods

Figure 30 : Configurations simulated in 2016

(a) Top view | (b) Detail of support springs
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the mesh of springs and dimples

(d Detail f
Figure 31 : Meshes of partial model (3x3) and caetpimodel (5x5)

The objectives of the real geometry modeling are :
0 the estimation of the singular and regular preskgses,

o the study of the spatial and temporal coherencgthesnthanks to a better geometric
definition of the point probes for comparison witle measurements,

the determination of the turbulent energy decay,

the determination of the integral scale of turbotetength and then of the turbulent
energy spectra as a function of the wave number,

o the realistic determination of the vibratory extda forces on the walls of the fuel
rods.

This next step should allow an in-depth compariaah the reference experiment and help to
validate the use of CFD simulations for the estiomabf the fluctuating fluid forces exerted at
strong Reynolds on the fuel rod bundles.
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