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A B S T R A C T

The enhancement of heat transfer from fuel rods to coolant of a Liquid Metal Fast Reactor (LMFR) decreases the
fuel temperature and, thus, improves the safety margin of the reactor. One of the mechanisms that increases heat
transfer consists of large coherent structures that can occur across the gap between adjacent rods. This work
investigates the flow between two curved surfaces, representing the gap between two adjacent fuel rods. The aim
is to investigate the presence of the aforementioned structures and to provide, as partners in the EU SESAME
project, an experimental benchmark for numerical validation to reproduce the thermal hydraulics of Gen-IV
LMFRs. The work investigates also the applicability of Fluorinated Ethylene Propylene (FEP) as Refractive Index
Matching (RIM) material for optical measurements.

The experiments are conducted on two half-rods of 15mm diameter opposing each other inside a Perspex box
with Laser Doppler Anemometry (LDA). Different channel Reynolds numbers between Re=600 and
Re=30,000 are considered for each P/D (pitch-to-diameter ratio).

For high Re, the stream wise velocity root mean square vrms between the two half rods is higher near the walls,
similar to common channel flow. As Re decreases, however, an additional central peak in vrms appears at the gap
centre, away from the walls. The peak becomes clearer at lower P/D ratios and it also occurs at higher flow rates.
Periodical behaviour of the span wise velocity across the gap is revealed by the frequency spectrum and the
frequency varies with P/D and decreases with Re. The study of the stream wise velocity component reveals that
the structures become longer with decreasing Re. As Re increases, these structures are carried along the flow
closer to the gap centre, whereas at low flow rates they are spread over a wider region. This becomes even
clearer with smaller gaps.

1. Introduction

The rod bundle geometry characterises the core of LMFBR, PWR, BWR or
CANDU reactors, as well as the steam generators employed in the nuclear
industry. In the presence of an axial flow of a coolant, this geometry leads to
velocity differences between the low-speed region of the gap between two
rods and the high-speed region of the main sub-channels. The shear between
these two regions can cause streaks of vortices carried by the stream.
Generally those vortices (or structures) develop on either sides of the gap
between two rods, forming the so-called gap vortex streets (Tavoularis,
2011). The vortices forming these streets are stable along the flow, contrary
to free mixing layer conditions where they decay in time. Hence the adjective
coherent . The formation mechanism of the gap vortex streets is analogous to
the Kelvin-Helmholtz instability between two parallel layers of fluid with
distinct velocities (Meyer, 2010). The stream-wise velocity profile must have
an inflection point for these structures to occur, as stated in the Rayleigh’s
instability criterion (Rayleigh, 1879).

Moreover, a transversal flow of coherent structures across the gap
between two rods can also occur. In a nuclear reactor cross-flow is
important as it enhances the heat exchange between the nuclear fuel
and the coolant. As a result, the fuel temperature decreases improving
the safety performance of the reactor.

Much research has been done in studying periodic coherent struc-
tures and gap instability phenomena in rod bundles resembling the core
of LMFBRs, PWRs, BWRs and CANDUs. Rowe et al. (1974) measured
coherent flow structures moving across a gap characterised by a P/D of
1.125 and 1.25. A static pressure instability mechanism was proposed
by Rehme to explain the formation of coherent structures (Rehme,
1987). Möller measured the air flow in a rectangular channel with 4
rods (Möller, 1991). The rate at which the flow structures were passing
increased with the gap size. The instantaneous differencies in velocity
and vorticity near the gap, responsible of the cross-flow, were asso-
ciated with a state of metastable equilibrium. Recently, Choueiri gave an
analogous explanation for the onset of the gap vortex streets (Choueiri
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and Tavoularis, 2014). Baratto investigated the air flow inside a 5-rod
model of a CANDU fuel bundle (Baratto et al., 2006). The frequency of
passage of the coherent structures was found to decrease with the gap
size, along the circumferential direction. Gosset and Tavoularis (2006),
and Piot and Tavoularis (2011) investigated at a fundamental level the
lateral mass transfer inside a narrow eccentric annular gap by means of
flow visualization techniques. The instability mechanism responsible
for cross-flow was found to be dependent on a critical Reynolds
number, strongly affected by the geometry of the gap. Parallel numer-
ical efforts have been made by Chang and Tavoularis with URANS
(Chang and Tavoularis, 2005) and by Merzari and Ninokata with LES
(Merzari and Ninokata, 2011) to reproduce the complex flow inside
such a geometry. However, the effects that the gap geometry has on
cross-flow, and in particular the P/D ratio, has been debated long since
and yet, a generally accepted conclusion is still seeked. Moreover de-
tecting lateral flow pulsations is yet an hard task (Xiong et al., 2014).

This work aims to measure cross-flow as well as the effects that
Reynolds and P/D have on the size of the structures. Near-wall mea-
surements in water are performed with the non-intrusive LDA mea-
surement system inside small gaps and in the presence of FEP.

2. Experimental setup

The experimental apparatus is composed by the test setup, CAMEL,
and by the Laser Doppler Anemometry system. The water enters the
facility from two inlets at the bottom and flows inside the lateral sub-
channels and through the gap in between. The outlets are located at the

top and the water is collected in an upper vessel. The flow rate is
manually adjusted by two valves at the inlet lines and monitored by two
pairs of magnetic flow-meters (for inlet and outlet lines). At the mea-
surement section, one of the two half-rods is made of FEP (Fig. 1). A
scheme of the loop is pictured in Fig. 2 FEP is a Refractive Index
Matching material since it has the same refractive index of water at 20
°C ( =η 1.338FEP (Mahmood et al., 2011); =η 1.333w (Tilton and Taylor,
1938) with 532 nm wavelength); it can be employed to minimise the
refraction of the laser light. To reduce the distortion of light even more,
the FEP half-rod is filled with water. The spacing between the rods can

Nomenclature

Latin symbol

A Flow area, mm2

DH GAP, Gap hydraulic diameter, m
d0 Laser beam diameter, mm
f Flow structure frequency, Hz
H, L Test section side dimensions, mm
L Flow structure length, m
l LDA probe length, mm
Ns Number of collected samples, –
P/D Pitch-to-diameter ratio, –
Ri Inner half-rod diameter, mm
Rrod Half-rod diameter, mm
S Frequency spectrum, s
t thickness, mm
U U, rms Mean and rms generic velocity, m/s

∗u friction velocity, m/s
V ̇ Flow rate, l/s
v Stream-wise velocity component, m/s
W Rod-to-rod distance, mm
X, Z Span-wise and normal-to-the-gap coordinates, mm

+z Non dimensional wall distance, –

Non dimensional number

Re Reynolds
Str Strouhal

Greek symbol

α Laser half beam angle in air, °
β Laser half beam angle through Perspex, °
γ Laser half beam angle in water, °
η Refractive index, –

λ Laser wavelength, nm
μ Dynamic viscosity, Pa·s
ρ Density, kg/m3

σ Standard deviation around the mean frequency, Hz
ε ε,m rms 95% conf. interval for mean and rms values, –
ξ ε ω δ, , , Angles pertaining to light refraction through FEP, °

Abbreviation

BWR Boiling Water Reactor
CANDU Canada Deuterium Uranium
CAMEL Crossflow Adapted Measurements and Experiments with

LDA
CFD Computational Fluid Dynamics
FEP Fluorinated Ethylene Propylene
PMMA Polymethyl Methacrylate
LDA Laser Doppler Anemometry
LMFR Liquid Metal Fast Reactor
LES Large Eddy Simulation
PWR Pressurized Water Reactor
RIM Refractive Index Matching
URANS Unsteady Reynolds-Averaged Navier-Stokes

Subscript

w Pertaining to water
BULK Bulk flow region
GAP Gap flow region
rms Root mean square
a Pertaining to air
p Pertaining to the LDA probe
sp Pertaining to span-wise component
st Pertaining to stream-wise component
infl Stream-wise velocity profile inflection point
min Lower limit of flow structure lengths
Max Upper limit of flow structure lengths

Fig. 1. Hollow half-rod of FEP seen from the outside of the transparent test section: of the
two half-rods the top grey one is the rod hosting the FEP section.
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be adjusted to P/D ratios of 1.07, 1.13 and 1.2. The measured quantities
are the stream-wise and span-wise velocity components and their
fluctuations. The dimensions of the test section are reported in Table 1.

2.1. CAMEL test setup

The test section is a rectangular Perspex box with two half-rods
installed in front of each other (Fig. 1).

2.2. LDA equipment

The measurement system is a 2-components LDA system from
DANTEC: a green laser beam pair ( =λ 532 nm) measures the stream-
wise velocity component and a yellow laser beam pair ( =λ 561 nm) the
lateral component with a maximum power of 300mW. The measure-
ment settings are chosen through the BSA Flow Software from DANTEC.
The flow is seeded with particles to scatter the light and allow the
detection in the probe volume. Borosilicate glass hollow spheres with
an average density of 1.1 g

cm3 and a diameter of 9–13 μm are employed.
In each beam pair one laser has the frequency shifted to detect also the
direction of motion of the particle. The LDA is moved by a traverse
system and, to provide a dark background, the whole apparatus is en-
closed by a black curtain.

2.2.1. Uncertainty quantification
The measurements are provided with a 95% confidence level. Their

evaluation has different expressions for mean velocities and root mean
square values. They are

= =ε εU
U N

1
2Nm

rms

s
rms

s (1)

where εm and εrms are the 95% confidence intervals for mean values and
root mean square of the velocity components, Urms is the root mean
square of a velocity component, U is the mean velocity and Ns is the
number of collected samples.

Each measurements point has been measured for a time window
long enough to achieve sufficiently narrow confidence intervals. At
high flow rates the recording time has been set to 30 s whereas, for low
flow rates, the recording time was set as long as 120 s.

εrms is determined by the number of collected samples only. The

most critical conditions are encountered at very low Reynolds numbers
and in the centre of the gap because the laser beams must pass the FEP
half-rod (see path A, Fig. 3). Here, the maximum εrms is 1.5%.

εm depends also on the mean velocity value U as well, thus the re-
quirement are even more strict than for εrms. The lower the Reynolds
number, the more samples are required. With a P/D of 1.2 (i.e. 3 mm
gap spacing, see Table 1), for example, =ε 0.8%m for the stream-wise
component and becomes =ε 0.5%m when measuring from the side (path
B). The span-wise velocity exhibits even more significant uncertainties
since it is always characterised by near-zero values. εm increases when
the measurement volume approaches the wall (lower data rate) and
when the gap width is reduced (reflection of light, see Fig. 3). In the
latter case, the issue of the light reflected into the photodetector can be
tackled to some extent (see Section 7.3).

2.3. Experimental campaign

The measurements are taken on two lines: along the symmetry line
of the gap, from one sub-channel to the other, and at the centre of the
gap along the rod-to-rod direction. For each P/D ratio different flow
rates are considered such that different Reynolds numbers are estab-
lished. The first series of measurements is done with the laser going
through the FEP half-rod (Fig. 3) and by mapping the symmetry line
through the gap.The second series of experiments is done with the light
entering the setup through the short Perspex side (Fig. 4) without
crossing the FEP; in the latter case the measurements are taken along
both the symmetry line through the gap and normal to the rods at the
centre. The Reynolds number of the bulk flow, ReBULK , is calculated
using the stream-wise velocity at the centre of the sub-channels as
follows:

=Re
ρ V D· ·

μBULK
w BULK H

w (2)

where ρw is the water density, μw is the water dynamic viscosity, VBULK

is the stream-wise bulk velocity calculated as =VBULK
V
A

̇
where V ̇ is the

total flow rate and A is the total flow area, ≡DH
A

P
4

H
is the hydraulic

diameter of the test section, being PH the wetted perimeter. The Rey-
nolds number of the gap, ReGAP, is calculated as:

=Re
ρ v D

μ
· ·

GAP
w GAP H GAP

w

,

(3)

where DH GAP, is the gap hydraulic diameter defined by the flow area
bounded by the two half-rod walls and closed by the gap borders at the
rod ends.

vGAP is the average stream-wise velocity through the gap region: the
velocity profile is measured over the area A shown in Fig. 5. The
average stream-wise gap velocity vGAP is calculated as:

∫=v
A
1 v (x,z)dxdzGAP

z

z
yx

x

1

2

1

2

(4)

Fig. 2. CAMEL test loop: the flow is provided by a centrifugal pump, it is regulated by 2
manual valves at the inlet branches and is monitored by 4 magnetic flow-recorders (FR).
The water flows out from the top of the test section and it is collected inside a vessel.

Table 1
CAMEL main dimensions. Rrod: half-rod diameter, L: Perspex boxlong side, H: Perspex box
short side, tPMMA: Perspex wall thickness, tFEP: FEP half-rod wall thickness, W: gap spa-
cing.

Quantity Value [mm]

Rrod 7.5
L 58.2
H 26
tPMMA 8
tFEP 0.3

P/D=1.07 1
W P/D=1.13 2

P/D=1.20 3
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where x x z z, , ,1 2 1 2 are the coordinates defining the area A. Flow rate,
ReBULK and ReGAP for the three P/D ratios are reported in Table 2.

3. Stream-wise RMS along the GAP (path A; no-FEP)

The stream-wise velocity component v and its root mean square vrms
are measured along path A (no-FEP) (Figs. 6 and 4). The data are then
corrected for the refraction of light through the Perspex wall (see 7.1).

The measurements are normalised by the bulk velocity calculated as
V Ȧ / . The two main sub-channels are located at =X D| / | 1, where the
stream-wise velocity profile reaches the highest value. The centre of the
gap is at =X D/ 0, where the minimum occurs. The relative difference
between the velocity in the bulk and in the gap becomes more evident if
either the Reynolds or the P/D decrease. Fig. 7 compares the results
obtained with the present geometry and the geometry used by Mah-
mood at similar Reynolds numbers (Mahmood et al., 2011). The re-
lative velocity difference between the bulk region and the gap centre is
larger in the two half-rods geometry (squares) than in the one con-
sisting of only one half-rod, especially at a low flow rate. The vrms
profile shown in the following figure corresponds to a P/D of 1.07; the
horizontal coordinate is normalised to the half-rod diameter. The vrms
profile of Fig. 8 presents two peaks at the borders of the gap (X/
D=±0.5) and a dip in the centre. As the measurement approaches the
walls of the Perspex encasing (X/D > 1) the vrms increases like in
common wall-bounded flows. The water enters the facility from the
bottom via two bent rubber pipes next to each other leading to an
unwanted non-zero lateral momentum transfer among the sub-chan-
nels. This results in the asymmetry of the vrms profile visible at the
borders of the gap in Fig. 8. At lower flow rates the vrms is symmetric
with respect to the gap centre (Fig. 9). With P/D of 1.13 and 1.2 the
profile is found to be symmetric at all the investigated flow rates
(Fig. 10). Flow oscillations are damped by the gap region (Gosset and
Tavoularis, 2006), especially for smaller gaps where the confinement of
lateral momentum within the sub-channel is more dominant. If the gap
size is increased, such transversal components may redistribute among
the sub-channels and this can be the reason of the symmetric vrms
profile. The vrms profiles are shown in Figs. 8 and 9. Due to the re-
fraction of the laser light through the Perspex wall (see Section 7.1) the
measurement positions could be corrected by using Eq. 20. Never-
theless, due to Perspex thickness tolerance (10% of the nominal thick-
ness tPMMA) and the spatial resolution of the measurement volume a
slight asymmetry remains in the plots.

4. Stream-wise RMS normal to the walls (path B; no-FEP)

The wall-normal stream-wise velocity component and its root mean
square vrms are measured at the centre of the gap for each P/D ratio with
different flow rates along path-B (no-FEP) (Figs. 11–13). The results for
each ReBULK are measured along the centreline between the two rods,
from wall to wall. The velocity profile changes from fully turbulent at

=Re 29,000BULK to laminar with =Re 2400BULK . The flow shows some
analogy with common channel flows since the vrms has two near-wall
peaks where the viscous stresses equal the Reynolds shear stresses
(Pope, 2000) and the turbulent production reaches a maximum. A dip
occurs in the centre (Fig. 12, =Re 29,000BULK , 20,000 and 12,000). vrms
decreases closer to the walls due to the effect of the viscous sub-layer:
velocity fluctuations can still occur inside this region but they are
caused by turbulent transport from the log-layer region (Nieuwstadt
et al., 2016). With the ReBULK of 12,000 and P/D of 1.07 a weak third
peak in the vrms appears between the rod walls. As ReBULK is decreased to
6500, this additional peak becomes clearer and dominant over the near-
wall peaks. The vrms with P/D of 1.13 and 1.2 do not display such a peak
as ReBULK is decreased from 29,000 to 6500, although the near-wall
peaks become less sharp. The vrms measured at lower ReBULK is shown in
Fig. 13. The vrms measured with ReBULK of 3600 increases towards the
centre for P/D of 1.07 and 1.13 whereas the vrms with P/D of 1.2 still
displays a weak dip there. If ReBULK is further decreased to 2400 the
three P/D ratios have the same increasing trend towards the centre.
With ReBULK of 1200 and 600 the different P/D ratios cause major dif-
ferences in the corresponding vrms profile. The central vrms peak can be
originated by the transport of turbulence from the borders (where the
production is higher) towards the centre by means of cross-flow. This
hypothesis could be in agreement with previous numerical and ex-
perimental works (Chang and Tavoularis, 2005Guellouz and

Fig. 3. Top view of the measurement crossing the FEP. The ellipsoidal measurement
volume is represented as well; the solid green line represents the laser beam (Figure not
drawn to scale).

Fig. 4. Top view of the measurement without crossing the FEP. The measurement paths
are the dashed lines.

Fig. 5. Top view of the flow area over which the gap Reynolds number is estimated.

Table 2
Test matrix of the experiments. Each value of the flow rate corresponds to a Reynolds
number of the main sub-channel (ReBULK ). The Reynolds number of the gap (ReGAP) is
measured for the three P/D ratios.

V ̇ [l/s] ReBULK Exp. ReGAP

P/D = 1.07 1.13 1.20

0.96 29,000 3000 3800 5000
0.68 20,000 2160 2750 3400
0.38 12,000 1100 1500 1760
0.22 6500 580 880 930
0.12 3600 310 400 600
0.08 2400 130 200 470
0.04 1200 100 100 190
0.02 600 30 50 130

F. Bertocchi et al. Nuclear Engineering and Design 326 (2018) 17–30

20



Tavoularis, 2000Merzari and Ninokata, 2011). An analogous additional
peak in the root mean square has been found in the middle of the gap,
which is attributed to the lateral passage of structures. Moreover, an-
other numerical work by Merzari and Ninokata highlighted that such
structures grow in importance as the Reynolds number decreases. For a
Reynolds of 27,100 they are found to be missing, whereas with
Re= 12,000 they become more dominant in the flow field (Merzari and
Ninokata, 2009).

5. Velocity profile normal to the walls

In this section an hypothesis about the physical meaning of the
central peak measured in the vrms profile (Section 4) will be tested: the
assumption is that this peak is caused by the two near-wall vrms maxima
which migrate towards the centre of the gap as ReBULK is decreased,
close enough to merge. In a very small channel, like the gaps studied
here, the two near-wall vrms peaks, by approaching each other, could
merge together to form the central peak observed in Figs. 12 and 13.
The reasoning behind this assumption is described and then it will be
experimentally investigated by comparing the velocity profile and the
vrms profile normal to the half-rods (path B; no-FEP). In wall-bounded
flows, if Re decreases, the viscous wall region extends towards the
centre of the channel (Pope, 2000). This would imply that the two near-
wall peaks in the vrms profile move closer to each other. The buffer layer
is usually the region where the near-wall peak in the vrms occurs because
most of the turbulent production takes place here (Nieuwstadt et al.,
2016). In the hypothesis that the central vrms peak is produced by the
two merging near-wall vrms maxima, the buffer layer should also extend
to the central part of the gap channel. The analysis of the velocity
profile normal to the half-rod walls (path B, no-FEP), plotted against the

Fig. 6. Stream-wise velocity component against the nor-
malised horizontal coordinate along the gap for ReBULK of
29,000, 12,000, 6500 and 2400. The data are normalised
by the bulk velocity.

Fig. 7. Comparison between the stream-wise velocity
profile with P/D=1.13 (2mm gap spacing) and experi-
ments from Mahmood et al. (2011). 7(a): stream-wise
velocity normalised by the bulk velocity at =Re 3600BULK

compared with data obtained at Re= 3440. 7(b): stream-
wise velocity normalised by the bulk velocity at

=Re 12,000BULK compared with data obtained at
Re= 15,400. Data from Mahmood et al. (2011) are
measured with a similar geometry consisting of one half-
rod.

Fig. 8. vrms profile along the gap; P/D=1.07. The asymmetry is due to the lateral mo-
mentum component of the flow in the main sub-channels.

Fig. 9. vrms profile along the gap; P/D=1.07. As the flow rate is decreased, the effects of
the lateral momentum component disappear.

Fig. 10. vrms profile along the gap; P/D=1.2. The profile looks symmetric even with the
highest flow rate: the larger gap, here, allows the lateral momentum component of the
flow to redistribute between the two sub-channels.
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non dimensional wall distance +z , helps to verify whether or not the
buffer layer actually grows in extension enough to move the near-wall
vrms peaks close enough to merge. The following plots show both the
velocity profile and the vrms normal to the half-rod walls (line B, no-FEP;
Fig. 4). The results along path B are represented with a pair of plots for
each measurement. The top one refers to the half of the gap spanning
from the centre to the Rod 1 wall ( =+z 0); likewise the bottom one
involves the Rod 2 wall ( =+z 0). Fig. 14 refers to P/D=1.07 with

=Re 12,000BULK , which corresponds to the highest flow rate where the
central vrms peak is found. It shows two near-wall vrms peaks ( =+z 11)
and a flat plateau in the centre of the gap channel. The near-wall peaks
are clearly located within the buffer layer (i.e. where the velocity
profile changes from linear to logarithmic) close to each half-rod wall.
Fig. 15 shows that with P/D=1.07 and a lower ReBULK of 6500 the
central dominant peak of the vrms profile cannot be caused by the near-
wall maxima merging together: the two buffer regions are located close
to the respective half-rod walls, which proves that the consequent near-
wall peaks have not migrated towards the centre of the gap. When the
flow rate is further decreased to =Re 3600BULK , only one broad peak in
the vrms profile is present at the centre of the gap (Fig. 16); nonetheless
the (weak) transition between linear and logarithmic velocity profile,
which individuates the buffer layer, can still be located far from the
centre of the gap channel. At lower Reynolds values the buffer layer
cannot be found anymore because of the laminarization of the flow
inside the gap.

Fig. 17 refers to an higher P/D ration, i.e. P/D=1.13 and

=Re 6500BULK . The vrms profile presents two near-wall relative maxima
( =+z 40) corresponding to the location of the buffer layers; a dominant
plateau in the vrms profile is found to occupy the centre of the gap
channel outside the buffer regions. The above findings discard the hy-
pothesis of the central vrms peak as a result of the union of the two near-
wall maxima since the buffer layers remain close to the walls, far apart
from being merged. Therefore a second hypothesis is investigated: the
central vrms peak at the centre of the gap can be originated by cross-flow
pulsations of coherent structures moving from one sub-channel to the
other, across the gap. The signature of their passage, therefore, is
searched in the span-wise velocity component data series, which will be
described in the next section. The analysis of the frequency spectrum of
the span-wise velocity component can clarify this assumption: the
periodical lateral flow would appear as a peak in the spectrum (Möller,
1991; Baratto et al., 2006).

6. Autocorrelation analysis

The study of the autocorrelation function and of the frequency
spectrum of the span-wise velocity is a powerful method to determine if
a periodical behaviour is present in the flow. The spectrum is computed
with Matlab from the autocorrelation of the span-wise velocity com-
ponent.

The statistical characteristics of a signal can be determined by
computing the ensemble average (i.e. time average, for stationary
conditions) (Tavoularis, 2005). However, this is not possible with the

Fig. 11. Stream-wise velocity component against the
normalised wall-normal coordinate at the centre of the
gap for ReBULK of 29,000, 12,000, 6500 and 2400. The
data are normalised by the velocity in the centre at

=z W/ 0.

Fig. 12. vrms at the centre of the gap (path B; no-FEP),
between the half-rod walls; the measurements are taken
with =Re 29,000BULK , =Re 20,000BULK , =Re 12,000BULK
and =Re 6500BULK with P/D ratio of 1.2 (black), 1.13
(red) and 1.07 (blue). As Re decreases, a weak peak ap-
pears first with P/D=1.07 ( =Re 12,000BULK ) and it also
interests also P/D=1.13 at lower flow rate
( =Re 6500BULK ). (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)
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output signal of the LDA system due to the randomness of the sampling
process (i.e. the samples are not evenly spaced in time). The slotting
technique is the alternative method used here.

6.1. The slotting technique

Sample pairs with inter-arrival time falling within a certain time
interval (lag time) are allocated into the same time slot . Then the

ensemble average is calculated, in each slot, by computing the cross-
product of the sample velocities of each pair (Mayo, 1974; Tummers
and Passchier, 2001; Tummers et al., 1996). The effect of the (un-
correlated) noise, embedded within the velocity signal, is evident when
the first point of the autocorrelation function is evaluated at zero lag
time: here the autocorrelation would present a discontinuity and the
spectrum would be biased by the noise at high frequencies. The slotting
technique omits the self-products from the estimation of the auto-
correlation function. The effect of the noise bias, which are strong in the
centre of the gap, are reduced.

6.1.1. Velocity bias
Generally the spectrum can also be biased towards higher velocities

(i.e. higher frequencies) since the amount of high speed particles going
through the measurement volume is larger than the one for low speed
particles (Adrian and Yao, 1986). Consequently their contribution to
the spectrum will be higher than the real one. The slotting technique
used in this work adopts the transit time weighting algorithm to weight
the velocity samples with their residence time within the measurement
probe. This diminishes the velocity bias influence on the spectrum,
especially with high data rate.

6.1.2. Spectrum variance
The randomness of the sampling process contributes in increasing

the variance of the spectrum, which can be reduced by increasing the
mean seeding data rate through the probe. However, this is not always
possible, especially in regions with very low velocity such as the centre
of the gap. Consequently, the so-called Fuzzy algorithm is used. Cross-
products with inter-arrival time closer to the centre of a slot will, thus,
contribute more to the autocorrelation estimation (Nobach, 2015;
Nobach, 1999).

6.2. Cross-flow pulsations

The span-wise velocity is measured across the (path A, FEP) FEP
half-rod (see Fig. 3). The spectrum is calculated at each measurement
point from the bulk of the left sub-channel to the centre of the gap, for
all the studied flow rates and P/D ratios. A peak in the spectrum ap-
pears for ReBULK below 6500 and at different measurement points close
to the centre. The frequency spectrum with ReBULK of 6500 and a P/D of
1.07 at three locations near the gap centre is shown in Fig. 18. The peak
in the power spectra proves that the span-wise velocity component of
the flow near the centre of the gap oscillates in time with a low fre-
quency. This frequency corresponds to the abscissa of the spectrum
peak reported in the plot. This behaviour can be induced by large co-
herent flow structures near the borders that periodically cross the gap.

Fig. 13. vrms at the centre of the gap (path B; no-FEP),
between the half-rod walls; the measurements are taken
with =Re 3600BULK , =Re 2400BULK , =Re 1200BULK and

=Re 600BULK with P/D ratio of 1.2 (black), 1.13 (red) and
1.07 (blue). As the Re is further decreased
( =Re 3600BULK , 2400), the P/D=1.2 also leads to an
increase of turbulence between the rod walls, in the centre
of the gap. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

Fig. 14. Stream-wise velocity profile (blue) and vrms (red). P/D=1.07, =Re 12,000BULK ,
=Re 1100GAP . The vrms peak is located within the buffer layer of the velocity profile. (For

interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 15. Stream-wise velocity profile (blue) and vrms (red). P/D=1.07, =Re 6500BULK ,
=Re 580GAP . Although a central vrms peak is present, this is not caused by the near-wall

peaks; they are still close to the respective walls, within the buffer layer. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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The spectral peak is fitted with a Gaussian bell and the standard de-
viation σsp around the mean value is calculated. For each ReBULK and P/
D ratio the average frequency is taken and the average standard de-
viation is used to include also the span-wise frequencies falling within
the spectral peak. The following figures show the dependency of the
average span-wise frequency of cross-flow of structures on P/D and
ReBULK . As for the Re dependency, Fig. 19 shows that the frequency of
the span-wise velocity component decreases with ReBULK , and that this
occurs for all the P/D ratios. Moreover at =Re 1200BULK , a P/D=1.07

shows a steep drop in the frequency and at ReBULK of 600 no peak in the
spectrum is found; P/D=1.13 and P/D=1.2, however, display low
frequency behaviour with =Re 600BULK . The values of Fig. 19 are used
to express the span-wise frequency in non-dimensional terms. The
Strouhal number is thus defined as:

=Str
f D

v

W· ·rod

infl

sp

(5)

where fsp is the average frequency at which the structures cross the gap,
Drod is the half-rod diameter, W is the gap spacing and vinfl is the stream-

wise velocity at the inflection point ( =∂
∂

0v
x

2

2 ) of the velocity profile
(path A, no-FEP Fig. 4), where the velocity gradient is the largest
(Goulart et al., 2014). Fig. 20 confirms only in part what has been
observed by Möller (1991), where the Strouhal number was reported to
be independent on the Reynolds number and affected only by geome-
trical parameters. However, at low Reynolds numbers, this trend is
maintained only for a P/D=1.2. P/D=1.13 and P/D=1.07, instead,
exhibit a decrease in Str as the flow rate is lowered. This asymptotic
behaviour of Str for high Re is also found by Choueiri and Tavoularis in
their experimental work with an eccentric annular channel (Choueiri
and Tavoularis, 2015). Given the importance of two parameters such as
the rod diameter Drod and the gap spacing W in rod bundle experiments,
the characteristic length scale of the Strouhal number includes both, as
shown by Meyer et al. (1995). Our findings and those of Möller are
reported in Fig. 21. Note that Möller used a different definition for the
Strouhal number, namely

= ∗Str
f D

u

·
τ

rodsp

(6)

where ∗u is the friction velocity. Fig. 21 confirms that the Strouhal is
independent of the Reynolds. However, at very low Re the trend ex-
hibits some variation. As for the P/D dependency, Fig. 22a highlights
that for ReBULK of 6500, 3600 and 2400 the frequency of cross-flow
decreases with increasing gap spacing. This seems to contradict a pre-
cedent work (Baratto et al., 2006) where a different geometry, resem-
bling a CANDU rod bundle, is used. The data from Fig. 22a are reported
in Fig. 22b in terms of Strouhal number, defined in Eq. (5). In this Re
interval, Str appears to be inversely proportional to the gap spacing W
(or to the P/D), as found also by Wu and Trupp (1994). The following
correlation is proposed:

= +Str W D1/ 31.232· / 6.6148rod (7)

where W is the gap spacing. Eq. (7) describes the overall trend of the
experimental points measured for three P/D values in the range

⩽ ≤Re2400 6500BULK . Note that this correlation is an estimation of the
overall trend. However, if the data series corresponding to the three P/
D ratios are considered separately, the dependence between Str1/ and
P/D is not necessarily linear.

Fig. 16. Stream-wise velocity profile (blue) and vrms (red). P/D=1.07, =Re 3600BULK ,
=Re 310GAP . A broad vrms peak occurs in the centre of the gap. The buffer layers, and the

corresponding vrms peaks, are still located close to the rod walls, not being the cause of the
central increase of turbulence. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 17. Stream-wise velocity profile (blue) and vrms (red). P/D=1.13, =Re 6500BULK ,
=Re 880GAP . The vrms profile features a central plauteau which is not caused by the two

near-wall peaks. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 18. Spectral estimator of the span-wise velocity component; =Re 6500BULK , P/
D=1.07 for three locations near the centre of the gap (the horizontal coordinate X is
normalised to the half-rod diameter D). A peak is evident near 3.8 Hz.

Fig. 19. Average frequency of periodicity in the span-wise velocity component against
ReBULK for the three P/D ratios.
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6.3. Stream-wise gap vortex streets

The stream-wise velocity component has been studied with the same
method to calculate the average frequency and the standard deviation
of cross-flow pulsations as in the previous section. The stream-wise
velocity data series measured at in the left-hand side of the gap (path A,
no-FEP Fig. 4) are used to calculate the frequency spectrum. Where a
periodical behaviour is confirmed by a peak in the spectrum, the
average frequency is plotted at the corresponding location within the
gap. By plotting, in the same graph, the value of the frequency and the
location where such periodicity is detected, one can have an idea of
both the value of the frequency and of the spatial extension of the
structures within the flow. The results obtained with the three P/D
ratios are reported in the following figures along the normalised hor-
izontal coordinate (gap centre at =X D/ 0; left gap border at

= −X D/ 0.5). A periodical behaviour has been found for all the P/D
ratios at different locations within the gap and inside the main sub-
channel close to the gap borders, which is characteristic of the presence
of gap vortex streets moving along with the stream. Fig. 23 refers to P/
D=1.07. This case shows that the frequency at which the flow struc-
tures pass by increases with ReBULK . For =Re 600BULK the periodical
flow structures stretch out into the main sub-channel whereas, as the
Reynolds increases, they become more localised within the gap. Fig. 24
refers to a larger P/D ratio, i.e. P/D=1.13. This case shows again that
the frequency increases with ReBULK but, differently than with P/

D=1.07, the spatial distribution of points appears more scattered at
high Reynolds. This finding indicates that the periodical flow structures
generally cover a larger region of the flow, extending from the centre of
the gap towards the main sub-channel. The locations where these
structures are found tend to move closer to the gap centre as the

Fig. 20. Average non-dimensional span-wise frequency versus ReBULK for three P/D ra-
tios.

Fig. 21. Str1/ against the Reynolds number for the three P/D values compared with
Möller (1991).

Fig. 22. (a): Average span-wise frequency against P/D for
three Re numbers. (b): Str1/ against P/D: experimental
results and proposed correlation.

Fig. 23. Average stream-wise frequency of the flow structures and their locations for the
investigated Re; P/D=1.07. As ReBULK increases the structures move further inward into
the gap and they appear less scattered.

Fig. 24. Average stream-wise frequency of the flow structures and their locations for the
investigated Re; P/D=1.13.

Fig. 25. Average stream-wise frequency of the flow structures and their locations for the
investigated Re; P/D=1.2. Even at high ReBULK the flow structures are detected over a
broader region of the gap than with P/D=1.07 and P/D=1.13.
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Reynolds increases, similarly to what has been observed with P/
D=1.07.

Fig. 25 refers to the largest P/D ratio, i.e. P/D=1.2. This case leads
to periodical flow structures spread over the gap and the main channel
even more than smaller P/D ratios; as ReBULK increases the structures do
not exhibit the tendency to move toward the centre of the gap.

The adoption of the Taylor’s hypothesis (i.e. assuming the vortices
as frozen bodies carried by the main flow) enables to estimate the
average length of the vortices, moving in trains along the stream-wise
direction. Although this assumption may become inaccurate with very
long structures (Marusic et al., 2010), experiments in bundles show that
these vortices move with a convection velocity which is independent of
the position inside the gap (Meyer, 2010). The structure length is cal-
culated as:

=
v
f
infl

st
L

(8)

where fst is the average frequency at which the structures pass by the
measurement volume and vinfl is their stream-wise convection velocity
taken at the inflection point of the velocity profile through the gap
(path A, no-FEP Fig. 4). The non dimensional stream-wise frequency is
expressed in terms of Strouhal number, as presented in Section 6.2.
Similarly to the span-wise frequency, the Strouhal number shows an
asymptotic trend at high flow rates (Fig. 26), whereas it presents a
strong dependency on the Reynolds number when the flow rate de-
creases. The standard deviation σst around the average stream-wise
frequency is used to calculate the lower and upper limit around the
mean structure length

=
+

=
−

v
f σ

v
f σ

infl

st st

infl

st st
min MaxL L

(9)

The average, minimum and maximum stream-wise lengths of the
coherent structures are shown for each considered ReBULK in the fol-
lowing figure. As for Re dependency, the periodical structures become
longer with decreasing ReBULK ; this is in agreement with the findings of
Mahmood et al. (2011) and Lexmond et al. (2005) for compound
channels. With increasing ReBULK , the stream-wise length tends to reach
an asymptotic value, as observed by Gosset and Tavoularis (2006). As
for geometry dependency, an increasing P/D (i.e. larger gap spacing)
causes the structures to lengthen; this is observed within the range

⩽ ≤Re2400 29,000BULK . At lower Reynolds values this tendency appears
to be reversed. From Fig. 27 it appears that with ⩾Re 2400BULK the
length of the periodical structures is merely affected by geometrical
parameters such as the gap spacing; this confirms what has been stated
by Meyer et al. (1995) for compound rectangular channels and by
Guellouz and Tavoularis (2000) for a rectangular channel with one rod.
However, for ≤Re 2400BULK ReBULK has a strong influence on the
stream-wise structure size are evident. According to Kolmogorov’s
length scale, tha ratio between the largest and smallest vortices, dMax
and dmin respectively, is proportional to Re3/4 (Kolmogorov, 1962).
Assuming that, for ⩾Re 2400BULK , the scale of the large flow structures
is constant

== =d Re d Re[ · ] [ · ]min min
3/4

Re 2400
3/4

Re 29,000 (10)

The Kolmogorov microscale dmin is given by −ν ε· d
3/4 1/4 where ν is the

kinematic viscosity and εd is the energy dissipation rate. Eq. (10) gives

=−
=

−
=ν ε Re ν ε Re[ · · ] [ · · ]Re Re

3/4
d

1/4 3/4
2400

3/4
d

1/4 3/4
29,000 (11)

which leads to the more general form

=Re
ε

cost.
3

d (12)

From Eq. (12) it follows that the dissipation rate at the largest
considered Reynolds number is 1750 times higher than the dissipation
rate at =Re 2400BULK .

The lengthening of the structures at low flow rates (Fig. 27), and the

widening of the range where they are found (Figs. 23–25) seem to in-
dicate that coherent structures grow both in length and in width as the
Reynolds is decreased.

7. Parameters affecting the experiment

The vrms measured along path A for the FEP and no-FEP cases (see
Figs. 3 and 4) are compared to study the effects of the light refraction
and reflection.

7.1. Light refraction

In one case (Fig. 3) the refraction occurs when the laser crosses the
FEP rod and in the other case (Fig. 4) it is caused by the Perspex wall as
the probe volume moves further inside the test section. Both cases have
been corrected for the refraction. The half beam angles through the
Perspex wall β and in water γ (Fig. 29) are calculated. Referring to
Fig. 28

=δ Rsin x/ i (13)

where δ is the angle of incidence of the light ray with respect to the
normal to the half-rod inner wall, =R 7.2 mmi is the inner radius of FEP
and x is the lateral distance from the centre of the rod.

=ε δ
η

η
sin sin w

FEP (14)

where ∊ is the angle of the refracted light ray through the FEP and
=η 1.338FEP is the FEP refractive index (Mahmood et al., 2011). Con-

sidering the triangle AOB and applying the law of sine twice

⎧

⎨
⎩

=

= +
° −

ω
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ξ

ω
R t

ε

AB
sin sin
AB

sin sin(180 )

i

i FEP
(15)

Hence,

=
+

γ ε R
R t

sin sin i

i FEP (16)

= °− +ω γ ε180 (17)

Applying the law of cosine to the triangle AOB

= + + − +R R t R R t ωAB ( ) 2 ( )cosi i FEP i i FEP
2 2 2 (18)

The horizontal distortion of the light ray due to the presence of FEP
is

= −δ εΔ x ABsin( ) (19)

Considering Fig. 29, the position of the probe volume inside the
setup, corrected by the refraction due to the Perspex wall, is given by

=
−

−
x t β

γ
LX(x)

tan
tan 2
PMMA0

(20)

where x0 is the position of the probe volume without refraction, tPMMA is

Fig. 26. Average non-dimensional stream-wise frequency versus ReBULK for three P/D
ratios. A strong dependency on the Re appears at low values of ReBULK .
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the Perspex wall thickness and L is the length of the long side of the
Perspex encasing box (see Table 1).

Eqs. (19) and (20) are applied to the measured series of data. The
vrms measured through the FEP half-rod (path A, FEP) and from the
short side (path A, no-FEP) are shown in the following figure. (Fig. 30).

The two vrms profiles are still slightly shifted with respect to each
other after the refraction correction is applied: Eq. (19) and (20) depend
on t t,PMMA FEP and on Ri which vary due to the dimensional tolerance of
the material. This introduces a source of uncertainty in the refraction
calculation. Moreover, when the laser reaches the FEP borders
( = ±X/ D 0.5), the light is not transmitted anymore and the signal drops
to zero.

7.2. Probe volume length

The refraction of the laser beam pair affects the size of the probe
volume as well (Chang et al., 2014). The length of its long axis, in air,
can be calculated by

= =d
α

l
sin

0.9 mmp,a
0

(21)

where d0 is the laser beam diameter at the focal point, as given by
Guenther (1990). Applying the same relation but using the half-beam
angle in water γ (see Fig. 29) the axis length is

= =dl
sinγ

1.2 mmp,w
0

(22)

If the measurement is taken in the case of FEP (see Fig. 3), the probe
volume is oriented with the long axis normal to the rods. The increased
length of the probe makes it more difficult to fit in the centre of the gap
when the spacing is adjusted to 1mm (P/D=1.07); this implies also an
increased reflection of light from the rod wall. The vrms measured with
the laser light going through the FEP and from the free side of the setup
(red and blue data set respectively in the following plots) are compared
to assess the influence of the elongated ellipsoidal probe volume. The
vrms of Figs. 31 and 32 refer to P/D=1.07. Fig. 31 shows that the vrms
measured through the FEP rod is peaked at the centre of the gap. The
light reflected by the rod behind the probe volume is registered as
seeding particles with near-zero velocity next to the velocity given by
the real samples. The effect is the peak in the vrms (which is a measure of
the deviation around the mean velocity) in the centre, where reflection
is strong and the probe volume touches the walls. The vrms profiles
measured at lower flow rates are shown in Fig. 32. The vrms measured
through the FEP rod does not show the central peak found at higher Re.
Although the light reflection and the elongated probe volume still
contribute with near-zero velocity signals, the vrms is not peaked be-
cause the flow velocity closer to zero reduces the statistical deviation.
Fig. 33 refers to the case with P/D=1.2 (gap spacing of 3mm). With a
larger gap, the reflection becomes weaker and the probe fits the gap
well. The quality of the results improves as shown in Fig. 33 where the
two vrms match.

7.3. Light reflection

When measuring along path A in case of FEP (see Fig. 3) the mea-
surement is affected by light reflection from the second rod which is
behind the ellipsoidal measurement volume. As the probe is moved
further towards the centre of the gap the reflection becomes important,
especially for the P/D of 1.07. The problem of the light reflected into
the photo-detector from the wall behind the measurement volume can
be tackled by filtering out the near-zero velocity contribution. This

Fig. 27. Stream-wise coherent structures length versus ReBULK for three P/D ratios. The
experiments are compared with data from Mahmood et al. (2011). The length of the flow
structures tends to an asymptotic value as ReBULK increases, whereas they become longer
at low flow rates.

Fig. 28. Top view of the refraction of the green laser beam pair due to FEP. the light ray
goes through the FEP half-rod, filled with water, and it is refracted as it crosses its wall.
The refraction Δx can be calculated by geometrical considerations.

Fig. 29. Refraction of the green laser beam pair due to the Perspex wall. For reason of
symmetry with respect to the horizontal, only one laser beam is represented. α: LDA half-
beam angle, β: angle of the light through the Perspex, γ: angle of the light in water
(obtained by applying the law of Snell). The light ray arrives at the outer Perspex wall
inclined by half-beam angle α and it is refracted twice, through the wall and inside the
water.

Fig. 30. vrms against the position along the gap normalized to the rod diameter: com-
parison between refracted and corrected results. Path A, FEP (red series) and path A, no-
FEP (blue series). Rod borders at ≤X D/ 0.5, P/D=1.2. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version of this
article.)
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improves the results as long as the ellipsoidal volume fits the gap and
the flow speed is not too close to zero. The cases where the filter was
successfully applied are shown in Fig. 34. In Fig. 34(a) the filtered vrms
yet shows some dispersion close to the left border of the gap (X/
D=−0.5). The filtered vrms shows an improvement at the measure-
ment points where the raw data show some degree of scattering. It
occurs because FEP has the highest light attenuation as the borders of
the rod are approached: here the laser path inside FEP is much longer.

The data rate drops sensibly and the lower number of recorded samples
exhibits wider fluctuations.

8. Conclusions

The flow between two rods in a square channel has been measured
with three P/D ratios and channel Reynolds numbers. As the flow rate
decreases, an additional peak in the root mean square of the stream-

Fig. 31. Measurement of vrms along path A FEP (red
series) and along path A no-FEP from the second side
(blue series); P/D=1.07. The effect of a too small gap,
compared to the probe size, is the central peak due to
reflection of light and contact between the masurement
volume and the walls; it is interpreted by the software as
zero-velocity signal. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 32. vrms along the gap through the FEP (red series)
and from the second side (blue series); P/D=1.07. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)

Fig. 33. vrms along the gap through the FEP (red series)
and from the second side (blue series); P/D=1.2. The
measurement probe volume fits well the larger gap and it
allows for a correct measurement of the vrms. (For inter-
pretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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wise velocity is found at the centre of the gap; it becomes clearer and
occurs at higher Re as the gap spacing is reduced. The occurrence of the
peak can be related to the presence of coherent structures across the gap
which increase cross-flow. The power spectrum of the span-wise velo-
city exhibits a peak near the gap centre revealing the presence of such
periodical structures in the transversal direction. The frequency of
cross-flow decreases with Re. The study of the stream-wise velocity
component highlights the presence of coherent structures near the gap
border; their length is affected by the geometry and by the Reynolds
only when the latter reaches low values. Moreover, as Re is decreased,
these structures are found also further away from the border into the
main sub-channel; this points out that coherent structures may grow not
only in length, but also in width if Re decreases. When the laser beam
enters the setup it is refracted leading to an elongation of the LDA probe
volume. This intensifies the light reflection when measuring through
the FEP normal to the rods, especially in the middle of the gap. With P/
D of 1.2 and 1.13 reflection can be filtered out, whereas a P/D of 1.07
leads to biased measurements in the centre since the LDA probe comes
in contact with the rod walls. Moreover, FEP performs well while laser
goes through it and reflection of light can be tackled as long as the
probe volume fits the gap spacing, that is the case of P/D=1.13 and P/
D=1.2. This study provides an experimental benchmark for validating
innovative numerical approaches that have the main goal of reprodu-
cing the complex fluid dynamics inside the core of liquid metal reactors.

Future studies to investigate if the present findings depend not only
on the P/D ratio, but also on the half-rod diameter, are encouraged.
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