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ABSTRACT

The vibration of rods is of prime importance to estimate their wearing due to the frictions with grids’
elements. To predict this wearing, the forces exerted on the rods need to be identified and quantified.
Pressure fluctuations are explored using an instrumented rod centred within a 5x5 rods bundle. Two
configurations of spacer-grids are used: with and without mixing vanes respectively noted WMV and
NMV. The position of the measurement point is rotated over 360° and its distance from the grids is
varied from 0.5Dy to 20Dy. The results show the non-homogeneity of the azimuthal distribution of the
pressure fluctuations in the near wake of the spacer-grids for both configurations. The return to a
homogeneous azimuthal distribution of the pressure fluctuations is faster without mixing vanes than
with mixing vanes. The intensities of the pressure fluctuations are (in average) higher for WMV than
for NMV: higher by 13% and 136% respectively at distances 0.5Dy and 20Dy, from the grids. Power law
approximations show decreases of (P/,<)g like (y/Dy)~%*¢ and (y/D;)~%¢8 respectively for the
configurations WMV and NMV. The profiles of mean velocity and velocity fluctuations are explored
around the instrumented rod using LDV. Results show oscillation of the profiles and a damping with the
distance from the grids. Power law approximations show decreases of <'|71’«ms):psq /Veiow like

(y/Dp)7 %38 and (y/Dy)~%*® respectively for WMV and NMV. Between 2Dy and 15Dn, the
dimensionless ratio of “pressure fluctuations to velocity fluctuations” (P/ms)g/ %p(vr’msz)gpsq is found
to increase by 70% and 100% respectively for the configurations NMV and WMV. This increase

demonstrated by the combination of pressure and velocity measurements further reveals the complexity
of the turbulent flow in the wake of spacer-grids.
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1 INTRODUCTION

The vibration of rods is of prime importance to estimate their wearing due to frictions with grids’
elements. To predict this wearing, the forces exerted on the rods need to be identified and quantified. To
this aim, an experimental study tailored for the validation of CFD simulations is performed with the
support of the “FUEL ASSEMBLY Project” (AREVA, CEA, EDF). In addition, it is expected that the
combination of such refined experiments and CFD simulations will support the characterisation of the
hydraulic performance of the grids.

Previous works addressing the flows within rods bundle in the near wake of spacer-grids include
research using PWR spacer-grids, e.g. [1], and analytical spacer-grids, e.g. [2, 3, 4, 5]. Here the
experiments are performed with analytical spacer-grids.

The experiments are performed with the rig CALIFS which is a water experimental rig (low-pressure,
20°C) dedicated to the study of turbulent flows within rods bundle. The experiments are performed using
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a 5x5 rods bundle. Two sets of different grids, with and without mixing vanes, are used to mount the
rods bundle.

This manuscript focuses on Reynolds number 66000 where refined pressure and velocity measurements
are performed. The experimental rig and measurements are described before discussing results.

2 EXPERIMENTAL RIG AND MEASUREMENTS

2.1 DESCRIPTION OF THE EXPERIMENTAL RIG
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Fig. 1 (a) 3D illustration of the rig CALIFS 5x5; (b) photo of the test section with the 5x5 rods bundle
and grid without mixing vanes; (c) schematic of flow cross-section with the rods bundle. The central
(blue) square shows the perimeter P, and the central segments (light blue) the LDV measurements
lines of 2D; length. The reference position 0° and 90° for the pressure measurements are also
indicated close to the central rod; (d) schematic with the positions of the grids along the test-section.

CALIFS 5x5 is a water rig working within the ranges 0-400m>/h, 10°-70°C, 0-10bar. Fig. 1a gives a 3D
schematic of CALIFS 5x5 and Fig. 1b shows a photo of the test section. The length of the test section is
about 2.5m. The flow cross section is a square of 184mm side. A 5x5 rods bundle, using rods of diameter
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Drod=26.9mm, is placed within the test section using four spacer-grids. The hydraulic diameter, noted
Dy, is 27.7mm and is used as the reference length scale.

The geometry of the test section and the distribution of these grids are illustrated in Fig. 1c and Fig. 1d.
The grids number 1 and 4 are without mixing vanes. Both grids 2 and 3 are without or with mixing vanes
for the cases respectively noted NMV and WMV for No Mixing Vanes and With Mixing Vanes.

Fig. 2 illustrates the grids with and without mixing vanes. The grids are made with 1.2mm thick plates
of stainless steel 304L. The height of the plates is 93mm they are assembled perpendicularly to design
a mesh with 25 cells. Within each cell, the rods are sustained radially using dimples and springs-blades.
The dimples are made of TEFLON and the springs-blades are made with Imm thick blades of stainless
steel 301 T4.
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Fig. 2 (a) top row, schematics of the grids without mixing vanes; (b) bottom row, schematics of the grid with
mixing vanes

The origin of the coordinates is set as the centre of the central rod at the exit of the grids. y is the
vertical direction and x and z are horizontal as illustrated in Fig. 1c.

Experiments are performed with a flow rate velocity, noted Vo, of 2.4m/s and a flow temperature
about 20°C. The Reynolds number, Rep, , of the experiments is then about 66000.

2.2 PRESSURE MEASUREMENTS

Pressure drops and unsteady local pressure measurements are performed. Local pressure measurements
are realised by instrumenting the central rod of the 5x5 rods bundle. The distribution of pressure around
the rod circumference is obtained by turning the instrumented rod: increment of 10° are performed over
360°. As illustrated in Fig. 1c, the angular positions, noted 6, are referred clockwise. The 0° and 90°
correspond respectively to the measurement point positions (z/Dyn=-0.97, x/Dv=0) and (z/Dy=0,
x/Dy=0.97). The pressure distribution is measured at various longitudinal positions from the grid by
translating the instrumented rod: 0.5Dy, 1Dy, 2Dy, 3Dy, 4Dh, SDh, 10Dy, 15Dy and 20Dy,
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Two pressure devices' are used. For the first campaign (grid without mixing vanes, NMV) a pressure
sensors is mounted on a cavity within the rod with a 2 mm diameter pipe linking the cavity to the flow
[6]. For the measurements’ accuracy, the whole pressure device (including sensor, cavity and 2mm pipe)
is calibrated. For the second campaign (grids with mixing vanes, WMV), a smaller pressure sensor of
diameter 1.9mm is mounted flush to the rod so as to be in contact with the flow. It can be noted that the
diameter of the last sensor (or the hole) is about 44 times smaller than the rod’s perimeter.
Each local pressure measurement is performed during 20s at 1600Hz using a 400Hz low pass analogue
filter. The uncertainties of the vertical and angular positions of the measurements points are respectively
+1mm and +1°.

2.3 VELOCITY MEASUREMENTS

The velocity measurements are performed using LDV (Laser Doppler Velocimetry) and translating the
measurement point. The first point is set at 1.33mm from the wall and consecutive points are 1.33mm
spaced. The largest length of the measurement volume is about 0.94mm. The LDV acquisition rate
depends on the rate of the particles (4um NYLON beads) crossing the measurement volume. The LDV
statistics rely on 10 000 valid events for each measurements points. The uncertainty on the position of
the measurement volume is about £0.5mm whilst the displacement uncertainty is of the order of 0.0 lmm.
On Fig. 1c, the light blue lines (combined with the blue square) show the segments on which the LDV
measurements are performed and discussed in this manuscript. These segments correspond to x/Dj, =
+0.54 for -1 <z/D, <1 and z/D, = £0.54 for —1 <x/Dj, < 1.

3 RESULTS AND DISCUSSIONS

The Fig. 3 gives the azimuthal distributions of the root mean square (rms) of the pressure fluctuations,
noted P/,s, measured for the configurations with and without mixing vanes at different distances from
the grids.

For y/Dy, =1, Py is larger for the configuration with mixing vanes than for the configuration
without. Moreover, for y/D, =5 the pressure fluctuations are about 2 times higher for the
configuration WMV than for NMV. At the vicinity of the grid, i.e. y/D;, < 2, the distributions of P/,
are non-homogeneous with 6. Extrema of pressure fluctuations can be attributed to the effect of the
dimples, spring-blades, and mixing vanes. For y/D; > 2, the pressure fluctuations of the flow evolve
faster toward a quasi-homogeneous distribution for the configuration without mixing vanes than for the
configuration with mixing vanes. In fact, the distribution of the pressure fluctuations is quasi-
homogeneous for y/D,, = 5 for the configuration without mixing vanes whilst such homogeneity can
still be discussed at y/D;,, = 20 for the configuration with mixing vanes.

The average over 0 of Py, noted (Prpys)e, decreases with y/Dy,. Fig. 4 gives (Prns)g versus y/Dy
and highlights two power law trends ~(y/D,)~ %% and ~(y/D,) %% respectively for the
configurations WMV and NMV. Between y/Dy, = 0.5 and y/Dj = 20, so within 20Dy, the values of
(Prns)e are divided by about 10 and 5 respectively for the NMV and WMV configurations.

To investigate the frequency domain of the pressure fluctuations the energy spectra of the temporal
signal of the pressure fluctuations, noted €(k*), where k* = fDp/Vfioy, is computed and made
dimensionless using the total energy C€;p¢q; S0 as Y, C(k*)dk*/Crorar = 1.

Fig. 5 provides the dimensionless energy spectra averaged over 0, (€(k*))g/Ctotra, for the distances
from the grid 0.5Dy, 1Dn, 2Dy, 3Dn, 4Dy, SDh, 10Dy, 15Ds, 20Dy, and the two configurations NMW and
WMV. For all distances, the WMV configuration shows more energy at large scales, i.e. k* <0.5, than
the NMV configuration. At 0.5Dy both energy spectra present a similar peak around k* = 0.8. In
addition, for the configuration with mixing vanes a damping of the intensity of the peak around k* =
0.8 is observed whilst for the configuration without mixing vanes this peak persists from 0.5Dy, to 20D..

! Both pressure transducers are amenable to perform at frequencies higher than 10kHz.
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Fig. 3 azimuthal distributions of the rms of the pressure fluctuations Py,,s [in Pa] for the cases of
grids with mixing vanes (WMYV) and without mixing vanes (NMV) for different vertical distances
from the grids, i.e. 0.5Dy, 1Dy, 2Dy, 3Dn, 4Dy, 5Dy, 10Dy, 15Dy and 20Dy,

(Pr’ms)e

400.0

40.0
0.5

A WMV
NMV

y/Dy,

Fig. 4 azimuthal average of the rms of the pressure fluctuations (P/,s)g [in Pa] for the cases of grids
with mixing vanes (WMV) and without mixing vanes (NMV) versus the vertical distance y/D;, from
the grids. Grey lines indicate power law trends.
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vertical distances from the grids, i.e. 0.5Dy, 1Dh, 2Dh, 3Dn, 4Dp, 5Dp, 10Dy, 15Dy and 20Dy
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The average velocity (over time), noted V, is explored around the central instrumented rod. This
measurement region is illustrated by the light blue segments on Fig. 1c.

The Fig. 6 shows the ©¥/Vf,, dimensionless velocity profiles for x/Dy = £0.54, —1 <z/D <1
and z/Dy = £0.54, —1 <x/Dy, <1 and y/Dy, distances from the grids of 2, 3, 4, 5, 10 and 15.
The configuration without mixing vanes presents oscillations of the velocity profiles at y/Dy, = 2.
These oscillations are attributed to the upstream presence of the dimples and spring-blades. With the
increase of y/Dy, the number and the amplitude of these oscillations tend to diminish. Although, the
persistence of a main oscillation can be observed.

The configuration with mixing vanes also present some oscillations. Although they tend to be of weaker
amplitude than for the configuration without mixing vanes. The number and amplitude of these
oscillations decrease with y/Dy,. In addition, apart from x/D, = 0.54, the persistence of a main
oscillation is much less pronounced for the case with mixing vanes than for the case without mixing
vanes at y/Dy = 15.

To complement the velocity profiles, the root mean square of the velocity fluctuations, noted vy, is
quantified. The Fig. 7 gives the dimensionless profiles Vins/Vaow for x/Dy = £0.54, z/Dy, =
+0.54, and distances y/Dy, from the grids equals to 2, 3,4, 5, 10 and 15.

Both configurations with and without mixing vanes show oscillations of Vin,s/Viow in agreement with
the oscillations observed for 7/Vf,,,,. With the increase of the distance from the grid the amplitude of

the oscillations and the intensity of v},s/Viow reduce. The persistence of a main oscillation is also
observed.
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Fig. 7 profiles of the root mean square of velocity fluctuations velocity vy,,s/Vsiow for x/Dp, =
—0.54, x/Dy, = +0.54, z/D,, = —0.54, z/D;, = +0.54 (columns from left to right) and y/Dj,
equals to 2, 3,4, 5, 10 and 15 (rows from top to bottom).

From y/Dy, = 2 to y/Dy, = 15, the intensity of turbulent fluctuations (Vims/Vaow) is decreasing from
about 0.2 to about 0.08. The Fig. 8 gives the variations (vr’ms)psq /Viow versus y/Dy,. (U;ms>:p5q is the
average of vy, along Py, which is the measurement perimeter close to the instrumented rod as
illustrated by the blue square on Fig. 1c. Fig. 8 also gives an approximation with power laws and shows

trends (y/Dp)~%38 and (y/Dy) %*® respectively for the configurations with and without mixing
vanes.
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Fig. 8 <'|71’<ms):psq /Vfiow for the cases of grids with mixing vanes (WMV) and without mixing vanes

(NMYV) versus the vertical distance y/D;, from the grids. Grey lines indicate power law trends.

The decrease with y/Dy, of velocity fluctuations is then faster for the configuration without mixing
vanes than for the one with mixing vanes. The contrary was observed for pressure fluctuations.
It is interesting to compare the decrease of pressure fluctuations with the decrease of velocity

fluctuations versus y/Dy,. The dimensionless ratio (Pl,s)g /%p(vr’msz)?sq compares these values. If

the pressure fluctuations were strictly related to the velocity fluctuations, one would expect this
dimensionless ratio to be about a constant.

Fig. 9 gives (Pins)o /%p(vr’msz)psq versus y/Dy. The dimensionless ratio (Pr,s)g /%P(Ur'msz>?sq is
not constant with y/D;,. Significant increases are observed between y/D; = 2 and y/D;, = 15. The
increases are about 70% and 100%, respectively for the configurations without and with mixing vanes.
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Fig. 9 (Plms)e/ %p(v;-m52>:psq for the cases of grids with mixing vanes (WMYV) and without mixing
vanes (NMV) versus the vertical distance y/D; from the grids.

Such increases of the ratio (P/ps)g/ %p(vr’msz)psq can be due to the persistence of coherent structures

responsible for the main contribution to the pressure fluctuations whilst the non-coherent part of the
turbulence generated behind the grids damps more rapidly with y/Dy. (Prns)e would be sustained by
these persistent pressure structures that can be related to the presence of a peak in the pressure spectra
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of Fig. 5. %p(v§ms )g)sq will be more affected by the damping of the turbulence downstream the grids.

To the knowledge of the authors, such quantification and observation are new results. It provides a new
insight about the physic of the flow and highlights the possibility to get persisting pressure structures
whilst the velocity fluctuations are more affected by the damping of the turbulence downstream the grids
with and without mixing vanes.

4 CONCLUSION

Pressure fluctuations are explored using an instrumented rod. The orientation of the measurement point
and the distance from the grids are varied to explore the flow region surrounding the instrumented rod
between 0.5Dy and 20Dy, downstream the grids. The azimuthal distribution of the pressure fluctuations
is then explored for different distances. This shows the non-homogeneity of the pressure fluctuations for
both configurations without and with the mixing vanes. It is observed that the return to a homogeneous
azimuthal distribution of the pressure fluctuations is faster for the configuration without the mixing
vanes than for the configuration with the mixing vanes. Moreover, the intensities of the pressure
fluctuations are (in average) higher for the configuration with mixing vanes than for the one without
mixing vanes: higher by 13% and 136% respectively at distances 0.5Dy, and 20Dy, from the grids. Power
law approximations shows decreases of (P/s)g like ~(y/Dp)™%*¢ and ~(y/Dp,) %68 respectively
for the configurations with and without mixing vanes.

The profiles of mean velocity and velocity fluctuations are explored around the instrumented rod using
LDV. The results show oscillations of the profiles and a damping with the increases of the distance from
the grids. Power law approximations show decreases of (Pns)g like ~(y/Dp)" %38 and
~(y/Dp)~%4% respectively for the configurations with and without the mixing vanes.

To study the persistence of the pressure fluctuations compared to the velocity fluctuations,

(PimsYe/ %p(vr’msz):psq is plotted versus y/Dy,. It is shown that this ratio is not constant with significant
increases between 2Dy and 15Dy: 70% and 100% respectively for the configuration without and with

mixing vanes. To the knowledge of the authors, this new and original result highlights the complexity
of the pressure and turbulent structures in the wake of the grids with and without the mixing vanes.
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