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a b s t r a c t

We performed experiments to measure a single-phase upward flow in a 5 � 5 rod bundle with spacer
grids using a particle image velocimetry, focusing on the crossflow. The Reynolds number based on the
hydraulic diameter and the bulk velocity is 10,000. The ratio of pitch between rods and rod diameter is
1.4 and spacer grid is installed periodically. The turbulence in the rod bundle results from the combi-
nation of a forced mixing and natural mixing. The forced mixing by the spacer grid persists up to 10Dh

from the spacer grid, while the natural mixing is attributed to the crossflow between adjacent sub-
channels. The combined effects contribute to a sinusoidal distribution of the time-averaged stream-
wise velocity along the lateral direction, which is relatively weak right behind the spacer grid as well as
in the gap. The streamwise and lateral turbulence intensities are stronger right behind the spacer grid
and in the gap. Based on these findings, we newly defined a modified mixing coefficient as the ratio of
the lateral turbulence intensity to the time-averaged streamwise velocity, which shows a spatial varia-
tion. Finally, we compared the developed model with the measured data, which shows a good agreement
with each other.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pressurized water reactor (PWR) is one of the widely distributed
types of a nuclear reactor in the world, of which the process is
characterized by the emission of a heat generated during the re-
action into the pressurized water that acts as a coolant. Geomet-
rically, the reactor is assembled with more than 200 fuel rods for an
efficient heat transfer, and the water is pressurized (above 150 bar)
to prevent the circulating water around the fuel rods from evapo-
rating at high temperature. In this configuration, thewater is mixed
by the flow structures caused by the interaction with fuel rods,
which affects the thermal-hydraulic performance and safety of the
reactor [1,2]. While the fluid dynamics aspects in the flow between
fuel rods (i.e., in the sub-channel) are considered to be very
important, the geometrical complexity like a difference in the rod
configuration, grid spacer, and so on, makes it difficult to perform a
rigorous flow analysis and propose a reliable model as that of ca-
nonical internal flows in fluid dynamics like Poiseuille or Couette
l Engineering, Seoul National
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type flows. Rowe [3] proposed a sub-channel flow analysis, which
divides the channel with a rod bundle into a matrix of sub-
channels. The individual sub-channel was treated as a single cell
and the transfers of mass, momentum and energy between cells
were numerically solved in a steady state using the COBRA code. It
was shown that the sub-channels exchange momentum and en-
ergy while maintaining the total fluid mass even if there occurs a
flow between adjacent ones, so-called a crossflow. In this regard, it
is necessary to understand the interaction between adjacent sub-
channels on the fluid mixing in the rod bundle geometry.

The fluid mixing in the rod bundle geometry can be divided into
two categories of forced and natural mixing (Table 1). The former
represents the artificial (geometrical) influence from a spacer grid
or mixing vane. The spacer grid is usually used to provide a me-
chanical support for the fuel rods in a long straight channel, but it is
also possible to avoid the hot spots and control the flow-induced
vibration (FIV) [4]. Mixing vanes that are sometimes attached to
the spacer grid also introduce a swirling motion in the flow, by
which the mixing in the sub-channels is passively enhanced [5e9].
Shen et al. [5] conducted a laser Doppler velocimetry (LDV)
experiment to measure the time-averaged velocity and root-mean-
square (r.m.s) of velocity fluctuation in a 4 � 4 rod bundle flow at
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Table 1
Classification of the fluid mixing in a rod bundle geometry.

Mixing type Causes Relevant studies

Forced mixing � Spacer grid
� Mixing vane

Shen et al. (1991) [5]
Yang and Chung (1996) [6]
In et al. (2001) [7]
McClusky et al. (2003) [8]
Chang et al. (2014) [9]

Natural mixing � Pressure gradient in axial or lateral direction
� Turbulent mixing between adjacent sub-channels

Rehme (1992) [10]
Moller (1992) [11]
Castellana et al. (1974) [13]
Seale (1979) [14]
Lee et al. (2013) [15]
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Re ¼ UbDh/n ¼ 1.42 � 104 where Ub is the axial bulk velocity, Dh is
the hydraulic diameter, and n is the kinematic viscosity of the fluid.
It was shown that the mixing vanes play an important role of
swirling the flow in each sub-channel. Yang and Chung [6]
measured the velocity and turbulence intensity distributions in a
5 � 5 rod bundle flow at Re ¼ 6.25 � 104 using a LDV technique.
They found that the forced mixing induced by the spacer grid
persists up to 20Dh along the axial direction. In et al. [7] performed
a numerical simulation to optimize the mixing vane angle for
specific vane designs. They also showed that a swirling flow due to
the mixing vane is gradually reduced from the spacer grid down to
10Dh downstream. McClusky et al. [8] carried out particle image
velocimetry (PIV) experiments to measure the lateral flow fields in
a 5 � 5 rod bundle at Re ¼ 2.8 � 104. They identified that a co-
rotating vortex pair, starting from vane tips, merges as the flow
develops beyond 6.3Dh from the vane. Chang et al. [9] performed
two-dimensional laser Doppler anemometry (LDA) measurements
in a 5 � 5 rod bundle with two types of mixing vanes at
Rez 5.0 � 104. They showed that mixing performance of the split-
type vane is better than the swirl-type vane by calculating their
swirling and mixing factors.

On the other hand, the natural mixing, i.e., turbulent mixing,
results from a pressure gradient in the flowalong the axial or lateral
direction between adjacent sub-channels, which induces a cross-
flow in gaps between rods, i.e., through the borders between sub-
channels. As mentioned above, the crossflow leads to the mixing
of heat and mass between sub-channels, which contributes to the
thermal-hydraulic performance of the system. Thus, many re-
searchers have tried to understand the crossflow phenomenon and
to establish a predictive model [10e15]. For example, Rehme [10]
and Moller [11] used a model of mixing factor, Y, which is the
approximated eddy viscosity in the rod-bundle flow or tempera-
ture gradient between sub-channels, and showed that it is
inversely proportional to pitch-to-diameter ratio (P/D) of the rod
bundle geometry. On the other hand, a turbulent mixing coefficient
(b), originally derived from the sub-channel analysis, has been used
in many previous studies, since it represents the ratio between the
axial bulk velocity (Ub) and effective mean mixing velocity (veff) at
rod gaps (boundaries between sub-channels) [12e15].

b¼ veff
Ub

(1)

Most of the previous studies have adopted the turbulent mixing
coefficient model [12] of

b¼CRe�0:1 (2)

regardless of the arrangement of sub-channels, and tried to define
the pre-factor, C (see Jeong et al. [16] for a review). For example,
Castellana et al. [13] performed experiments in a 5 � 5 rod bundle
(P/D ¼ 1.334) at Re ~ O(105) by measuring the temperature (to
calculate the sub-channel enthalpy) at the exit of each sub-channel
and found out that the turbulent mixing coefficient is modeled as
b ¼ 0.0027Re�0.1. Based on wind tunnel experiments, Seale [14]
confirmed that the turbulent mixing coefficient follows the form of
CRe�0.1 where C increases as 0.00923, 0.0168 and 0.0297 with the
pitch-to-diameter ratio of P/D ¼ 1.833, 1.375, and 1.1, respectively.
As can be seen, these previous approaches considered a constant
pre-factor and the Reynolds number and P/D dependency has been
considered. From a different point of view, this implies that these
models may have limitations in predicting the spatial variation of
the mixing coefficient in a complex rod bundle geometry, such as
the effects of the sidewall (location of the sub-channel relative to
the wall), the distance from a spacer grid in axial direction, and the
arrangement of fuel rods. It is clear that the mixing (crossflow)
effect would be highly affected by the position where the sub-
channel actually locates, and we think that the current model
that has been widely used needs to be refined to incorporate the
spatially varying physics of the sub-channel flows.

In the present study, we perform two-dimensional particle
image velocimetry measurements with an index matching tech-
nique to investigate the distribution of time-averaged and fluctu-
ating velocity distributions in a vertical 5 � 5 rod bundle at
Re ¼ 1.0 � 104. Based on the velocity fields, we propose an
improved mixing coefficient model that can predict the locally
varying crossflow phenomenon, which is also compared with the
measurement data.Whether the single sub-channel is treated as an
individual cell or the flow inside each sub-channel is fully simu-
lated in a finer grid system, we think that the present results will
provide a more robust hydrodynamic model for the crossflow
phenomenon, which is expected to be useful in developing a high-
performance thermal-hydraulic analysis software for the nuclear
power plants.

2. Experimental setup and procedures

2.1. 5 � 5 rod bundle in a vertical square duct

The experiments are performed in a circulating-type water
tunnel system including a 5 � 5 rod bundle geometry in a square
duct (Fig. 1). Tap water at room temperature is used as a working
fluid that is circulated by a pump at a flow rate of 9.60 m3/h, and its
flow rate is measured with an electromagnetic flowmeter (KTM-
800, Kometer). In actual applications, the fuel rods typically operate
at a high temperature; however, the heat conduction through the
coolant is negligible compared to the heat transfer due to turbulent
mixing of a coolant [16]. Therefore, likemost of the previous studies
[5,6,8,15,17e21], we think that the present experimental condition
can more or less reflect the flow characteristics of actual situation.
The test section (cross section is shown in Fig. 2) is a square duct
made of an acrylic resin (15 mm thick) and its side length (W) is



Fig. 1. Experimental setup for a 5 � 5 rod-bundle circulating channel system. In the figure, the dashed box denotes the area of measurement.
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70 mm. With the fuel rods (twenty-five in total) are installed, the
hydraulic diameter (Dh) is about 11 mm. The considered Reynolds
number based on the bulk velocity and the hydraulic diameter is
Re ¼ 1.0 � 104. Along the streamwise direction, there are four
spacer grids located periodically, and the test sections are divided
Fig. 2. Plan view of a 5 � 5 rod bundle geometry: sub-channels are highlighted with a gray
also shown as a rendering image). Crossflow between adjacent sub-channels are noted wit
into three sections (each height of about 355 mm (¼ 32Dh)). The
measurements are performed at the highest section indicated by
the dashed box in Fig.1. The spacer grid is in the form of meshmade
of stainless steel plates (0.5 mm thick and 50 mm high, detailed
geometry is shown in Fig. 2), which occupies about 27% of the
area and a spacer grid is shown with gray dotted lines (three-dimensional geometry is
h open arrows.



Fig. 3. (a) Experimental setup for a particle image velocimetry measurement. (b) Locations of velocity measurement planes. In (b), the detailed information about the measurement
locations are provided in Table 2.
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cross-sectional area (¼ 2.94 � 103 mm2). This indicates that, even
though additional geometrical features like mixing vanes are not
included, the spacer grid disturbs the flow sufficiently as well as
firmly supports the rods vertically in parallel. Detailed geometry of
spacer grid is illustrated in Figs. 2 and 3. To measure the velocity
field behind a rod, fluorinated ethylene propylene (FEP) tube with
an outer diameter (D) of 10mm (inner diameter of 8 mm) is used as
a fuel rod and its inside is filled with the same tap water (see
Section 2.2 for the details). The rods are arranged in a 5 � 5
configuration with a pitch (P) of 14 mm and thus the spacing be-
tween the adjacent rods is 4 mm (Fig. 2). The pitch-to-diameter
ratio is P/D ¼ 1.4 that is similar to that of previous studies
[5,6,15,17e19,21e24].

2.2. Particle image velocimetry measurement with an index
matching

To measure the flow velocity in the sub-channels, we use a two-
dimensional particle image velocimetry (2D-PIV), as shown in
Fig. 3a. Hollow glass spheres (HGS-10, Dantec Dynamics) with a
mean diameter of 10 mm are seeded into the water as seeding
particles. As an illumination, we use Nd-Yag laser (EverGreen,
Quantel) that produces a laser sheet whose thickness is less than
1 mm, and a CCD camera (pco.1600, PCO) equipped with a 180 mm
lens and a green optical filter captures the reflected light by par-
ticles. The frequencies of laser pulses and camera captures are
synchronized at 15 Hz through a timing hub (Motion Pro X, IDT).
The size of field of view (FoV) is 1.3e1.4P (¼ 1.65e1.78Dh) and
Table 2
Location of PIV measurement planes in a rod bundle (see Fig. 3b).

No x/Dh y/P z/P

1 0.6e1.9

�0.6 - 2.5 1.0

2 4.5e5.8
3 8.1e9.3
4 9.7e10.9
5 11.7e12.9
6 13.5e14.7
7 15.2e16.5
8 17.2e18.5
9 19.0e20.3
10 22.5e23.8

Fig. 4. Raw particle images around FEP tubes. The dashed boxes denote the regions
where the velocity vectors are not reliably evaluated due to the light scattering on the
curved edge.
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1.2e1.3Dh in the lateral (y) and streamwise (x) directions, respec-
tively, while the streamwise locations are varied from the lower
spacer grid as shown in Fig. 3b and Table 2. Since the pixel size of
the present camera is 1600 � 1200 pixels, the spatial resolution is
12 mm/pixel. With the streamwise position fixed, the velocity fields
are measured in three sections along the lateral direction to see the
effect of sidewall of channel. All the measurements are performed
at the plane of z/P ¼ 1.0, i.e., in the sub-channels located one pitch
apart from the channel sidewall. Instantaneous vectors are evalu-
ated from a pair of successive particle imageswith a time interval of
100 ms through a cross-correlation based on a fast Fourier transform
algorithm (32 � 32 pixels interrogation windows with 50% over-
lap). To obtain fully converged data, 10,000 instantaneous velocity
fields are collected and averaged in time. Outliers are detected with
a normalized median test [25], and less than 2% of total vectors are
excluded from averaging.

As we have explained above, FEP tubes of which index of
refraction (n ¼ 1.34) is very close to that of water (n ¼ 1.33), are
Fig. 5. Instantaneous vorticity contours in a rod bundle. Vertical dashed lines denote the bord
due to the unreliable velocity caused by the curvature of rod.
utilized to capture the particle images behind the rods. This tech-
nique is called as matching index of refraction (MIR) and has been
used in previous studies as well [18e20,26]. Even though the FEP
tube reduces the errors from the refraction, there is a loss of images
at the edge of rods due to the interference by tube thickness (1mm)
and the light scattering at the curved edge (Fig. 4). We havemasked
this area where the evaluated velocity vectors are not reliable and
thus they are excluded from the post-processing. In addition, the
scattered light including the background noise is eliminated by
applying the Laplacian of Gaussian (LoG) filter to the raw image
before evaluating the velocity vectors.

For a typical particle image velocimetrymeasurement, a velocity
vector (upiv) at each interrogation window can be calculated by the
relation of:

upiv ¼Ds=MDt (3)

where Ds, Dt andM is the displacement in the particle image, pulse
er between adjacent sub-channels, and the gray area without data were masked region



Fig. 6. Time-averaged velocity profiles in a rod bundle along the lateral (y) direction at selected streamwise (x) locations: (a) streamwise (axial) velocity (u); (b) lateral velocity
(v). � , x/Dh ¼ 1.0; , 5.0; , 9.0; , 12.8; , 18.0.
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separation, and calibrated magnification, respectively [27,28]. By
considering the uncertainty of Ds, Dt and M, thus the percentage
error (d) of the measured velocity can be written as:

d
�
upiv

�¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dðMÞ2 þ dðDsÞ2 þ dðDtÞ2

q
(4)

as addressed in previous studies [29e31]. In Eq. (4), d(a) means the
percentage error of the parameter a. M is related to the trans-
formation from the length scale in image plane to that in laser sheet
plane, obtained from the calibration. By considering the distortion
of the light, the uncertainty in M is two pixels (the rod diameter
corresponds to 800 pixels), which is d(M) y 0.25%. In the case of a
pulse separation (Dt), the timing hub has a resolution of t¼ 20 nsec
so that d(Dt) ¼ 0.02% in 100 ms time interval. For the particle image
displacement (Ds), the error results from the cross-correlation
method, affected by the size of an interrogation window, particle
density, particle displacement and so on. Since the particle
displacement is constrained to be less than one-quarter of the
diameter of the interrogation window, in the present experiment,
the uncertainty d(Ds) is estimated to be less than 1% based on the
result of Keane and Adrian [27]. Therefore, the velocity measured in
the present experiment has an uncertainty range of d(upiv) ¼ 1.03%.

3. Results and discussion

3.1. Variation of the velocity distribution depending on the position
of sub-channel

In this section, we first discuss how the flow inside the sub-
channel is affected by its location, especially depending on the
distance from the spacer grid and sidewall of the channel. In Fig. 5,
we show the contours of instantaneous transverse vorticity (uz)
distribution depending on the streamwise (x) and the lateral (y)
positions. The transverse vorticity is defined as uz ¼ vv/vx - vu/vy. It
is noted that each flow field at different FoV was measured at
different times. Here, the streamwise and lateral positions are
normalized by the hydraulic diameter (Dh) and pitch (P), respec-
tively, and the bulk velocity (Ub) is used to normalize the measured
vorticity. The gray colors in the contour denote the regions where
the data is lost due to the interference from the rods on the front of
the measurement plane or the distortion by a sealant on the edge
(2.4 < y/P < 2.5) of the test section. The vertical dashed lines (drawn
at y/P ¼ 0, 1.0, and 2.0) indicate the gaps between adjacent sub-
channels. As shown in the figure, the upward flow through rod
bundles shows a quite turbulent motion, especially strong in the
vicinity of the spacer grid (x/Dh < 1.5) and gaps (y/P¼ 0,1.0 and 2.0).
As the flow develops further, the perturbation due to the spacer
grid tends to be reduced at x/Dh > 10, but still the flow shows
complex vortical motions near the sub-channel gaps. Compared to
the sub-channel centers (y/P¼�0.5, 0.5, and 1.5), the fluctuation of
the flow in the gap is relatively large, which implies that the
crossflow through the gap results in the turbulence generation,
which leads to the natural mixing. This evidence for natural mixing
is consistently observed along the streamwise direction, even right
behind the spacer grid (x/Dh ¼ 1.0).

For further quantitative analysis, the lateral (y) distributions of
time-averaged streamwise (u) and lateral (v) velocities are shown
for the selected streamwise (x) positions in Fig. 6. The shaded areas



Fig. 7. Time-averaged streamwise velocity profiles in a rod bundle along the streamwise (x) direction: , y/P ¼ �0.5; , 0; , 0.5; , 1.0; , 1.5; , 2.0.

Fig. 8. Root-mean-square of velocity fluctuation profiles in a rod bundle along the lateral (y) direction at selected streamwise (x) locations: (a) streamwise (axial) velocity, u’rms; (b)
lateral velocity, v’rms . � , x/Dh ¼ 1.0; , 5.0; , 9.0; , 12.8; , 18.0.
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in the figure indicate the fuel rods on the front of or behind the
measurement plane. Except very near the spacer grid (x/Dh ¼ 1.0),
the streamwise velocity shows an oscillating distribution (with a
pitch (P) as a period, approximately) along the lateral direction; it
has a local minimum near the gap (y/P ¼ 0, 1.0 and 2.0) due to the
increased resistance by a narrow passage while the velocity around
the center of each sub-channel (y/P ¼ �0.5, 0.5, and 1.5) is accel-
erated, which accounts for the turbulent mixing phenomena
(Fig. 6a). The slight deviation from the periodicity seems to be
caused by the experimental uncertainty. The sinusoidal distribution
of the streamwise velocity along the lateral direction was also re-
ported by Xiong et al. [17] for Re ¼ 6.6 � 103e7.03 � 104 with the
rod-bundle geometry of P/D ¼ 1.33. It is further noted that the
evolution of streamwise velocity varies depending on the location
of sub-channel (gap). As the flow develops away from the spacer
grid, it increases and becomes saturated around y/P ¼ 0 (center
location). However, as the distance to the sidewall becomes shorter,
this trend is reversed; the streamwise velocities become quite
comparable at y/P ¼ 1.0, and decreases around y/P ¼ 2.0, along the
streamwise direction. It is also seen that the streamwise velocity is
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decelerated toward the sidewall of the channel. At x/Dh¼ 1.0, on the
other hand, the disturbing effect of the spacer grid is still visible
such that the relatively higher axial velocity is induced near the
spacer grid downstream due to the sudden change in the cross-
sectional area through the spacer grid. Xiong et al. [17] explained
that the axial velocity becomes faster right after passing through a
spacer grid due to the nozzle effect (increase of cross-sectional
area), and Cheng et al. [24] attributed it to the adverse pressure
gradient behind a spacer grid in a small region caused by the in-
crease of flow area and loss of kinetic energy. Thus, the velocity
distribution near the spacer grid is greatly affected by the geometry
of spacer grid and mixing vane.

In order to analyze the streamwise velocity distribution along
the axial direction, especially at the gap (y/P ¼ 0, 1.0 and 2.0) and
sub-channel center (y/P ¼ �0.5, 0.5 and 1.5), their variations are
compared in Fig. 7. As shown, it is roughly identified that the
reduction of streamwise velocity after sudden increase due to the
spacer grid persists up to x/Dh ¼ 10.0 and the streamwise velocity
becomes saturated at x/Dh > 10.0. It can be seen that the velocity in
the gap is in general slower than that in the sub-channel center due
to the turbulent mixing. In the below, we try to consider this trend
while refining the mixing coefficient model (see Section 3.3).

Although its magnitude is quite smaller than the streamwise
velocity, it is interesting to see that there exists a non-negligible
lateral velocity component inside and between sub-channels
(Fig. 6b). Similar to the streamwise velocity, the lateral velocity
distribution has a similar profile at x/Dh > 10.0. That is, near the gap,
the lateral velocity becomes a local maximum but is reduced near
the sub-channel center. As the flow develops, the lateral velocity
gradually decreases. Such phenomenon that the lateral velocity
converges to zero demonstrates that there is no net (time-aver-
aged) mass transfer between adjacent sub-channels despite the
presence of the crossflow.

Fig. 8 shows the lateral distribution of streamwise (u’rms) and
lateral (v’rms) turbulence intensities at the selected streamwise
positions. In both components, the turbulence intensity profile
shows the shape of a sinusoidal function with a pitch as a period
such that the turbulence in the gap is much higher than that in the
sub-channel center due to turbulent mixing. A similar trend of the
lateral turbulence intensity was also reported by Lee et al. [15], at
Re ¼ 2.7 � 104 with P/D ¼ 1.08 and 1.35. Right behind the spacer
grid (x/Dh ¼ 1.0), the turbulence level is very strong but it decreases
and converges in all sub-channels, as the flow goes downstream.
Also, along the lateral direction toward the sidewall, the turbulence
level is slightly reduced but increases sharply very near the wall.
Thus, the sidewall is expected to generate a strong wall-shear
Fig. 9. Root-mean-square of lateral velocity fluctuation profiles in a rod bundle along t
turbulence in the sub-channel right next the wall (e.g., 2 < y/
P < 2.5), but has little effect on the flow of the sub-channels away
from the sidewall. This would be similar to the real fuel assembly in
reactor core inwhich the number of rods is much larger and there is
no sidewall. Compared to the time-averaged velocity, it is inter-
esting to see that the lateral turbulence intensity is quite compa-
rable to the streamwise turbulence intensity (Fig. 8b), indicating
that the lateral turbulence intensity may represent the crossflow
reliably shown in Eq. (1). The similar ratio between streamwise and
lateral turbulence intensities were measured by Dominguez-
Ontiveros et al. [26] in which similar flow conditions to the pre-
sent study were considered. To see the variation of the crossflow
between adjacent sub-channels, the lateral turbulence intensity
along the streamwise direction is plotted in Fig. 9. Along the
streamwise direction, the turbulence intensity tends to decay
exponentially; similar to the time-averaged velocity distribution,
the effect of the spacer grid shows up at x/Dh < 10.0, but the tur-
bulence level is saturated at x/Dh > 10.0. It is again confirmed that
the turbulence intensity in the gap is stronger than that in the sub-
channel center.

Based on the velocity distribution in sub-channels located at
different positions, it is found that the forced mixing due to the
spacer grid affects the flow by decreasing the streamwise velocity
and increasing the streamwise and lateral turbulence intensities at
x/Dh < 10.0. Beyond that, the effect of spacer grid decreases grad-
ually and the flow statistics tends to saturate. Previous studies have
also shown that the flow passing through the spacer grid recovers
its original state after a distance of x/Dhy 10.0 [21,32]. On the other
hand, the effect of upstream spacer grid is not visible in the flow at
x/Dh y 23.0 (Figs. 7 and 9), which is about 10Dh upstream from the
next spacer grid. This is consistent with Yang and Chung [6], in
which the streamwise velocity fluctuation upstream of a spacer
grid remains to be a constant. Moreover, Conner et al. [18] per-
formed PIV experiments on a 5� 5 rod bundlewithmixing vanes at
Re ¼ 2.8 � 104 and reported that the streamwise velocity is quasi-
uniform before the spacer grid. Therefore, it is understood that the
forced mixing induced by the spacer grid does not propagate up-
stream of it.

In a narrow channel including the gaps between adjacent sub-
channels in a rod bundle, periodic large-scale vortices (so-called
flow pulsation) have been attributed to cause the transfers of mass,
momentum and energy between sub-channel [11,33]. This phe-
nomenon is affected by the gap thickness (i.e., P/D in a rod-array
geometry). As P/D becomes smaller (e.g., P/D ¼ 1.1), the frequency
of the flow pulsation increases and thus the mixing between
adjacent sub-channels increases [14]. In the present study, due to
he streamwise (x) direction: , y/P ¼ �0.5; , 0; , 0.5; , 1.0; , 1.5; , 2.0.
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the relatively larger gap (P/D ¼ 1.4), the effect of flow pulsation is
not significant and thus is not captured in the measured velocity
fields, which is consistent with Lee et al. [15] (P/D ¼ 1.35), and the
natural mixing in this study is rather caused by the fluctuating
nature of the turbulent flows.
3.2. Short review on previous models for turbulent mixing
coefficient

Although we have briefly explained in Section 1, it would be
useful to give a short review on the previous attempts to model the
turbulent mixing coefficient, before we explain our approach. By
Rowe and Angle [12] a turbulent (fluctuating) crossflow (w’) was
suggested as:

w0 ¼rUbsb (5)

where r, s and b are the density, gap spacing and turbulent mixing
coefficient, respectively. The turbulent crossflow denotes a turbu-
lent mixing rate or fluctuating transverse mass flow (rveff ) rate
between adjacent sub-channels through the gap, which can be also
expressed as below.

w0 ¼rveff s (6)

Eq. (1) was obtained from Eqs. (5) and (6). To determine the
effective mean mixing velocity (veff) in Eq. (1), Moller [11] showed
that large eddies at the gap produce a quasi-periodic flow pulsa-
tion, which has to do with the turbulent mixing. For this reason,
quasi-periodic turbulent fluctuating velocity as a mixing velocity is
calculated as:

veff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F
�
fp
�
Be

r
(7)

where FðfpÞ is the energy spectrum of the lateral fluctuating ve-
locity in the gap at the peak frequency (fp) and Be is the bandwidth.
However, this approach cannot be applicable if P/D is large (P/
D � 1.35) because large-scale eddies does not occur as explained in
Section 3.1. This restriction is overcome by Lee et al. [15] by
assuming that veff is proportional to the root-mean-square value of
lateral velocity (i.e., lateral turbulence intensity) and b is defined as
follows.
Fig. 10. Distribution of modified mixing coefficient in a rod bundle along the lateral (y) dire
present model (Eq. (15)).
b¼ v0rms
Ub

(8)

On the other hand, the eddy diffusivity of heat transfer through
the gap is similar to that of momentum for a round duct in terms of
mathematical form [12], which results in

εq � Ubd

ffiffiffi
f
8

r
(9)

where d and f are the diameter and the Darcy friction factor of the
duct, respectively. Based on the eddy diffusivity model, the turbu-
lent crossflow is also written as

w0 ¼ εqsr
Dy

(10)

where Dy is a characteristic mixing length. From Eqs. (5), (9) and
(10), the power-law scaling relation of

b � Re�0:1 (11)

or Eq. (2) can be derived by considering that the friction factor is
estimated as a form of Re�0.2 when Re > 2.0 � 104 [34]. Previous
studies have adopted this model and proposed the pre-factor C for
various rod bundle geometries as shown in Section 1. These ap-
proaches considered b to be constant at a given P/D and Re because
mixing in the gap is uniform for fully developed turbulent flows. As
discussed in Section 3.1, however, the flow in the rod bundle is not
uniform due to forcedmixing as well as the effect of sidewall so that
the further coefficient should be suggested to explain these
phenomena.
3.3. Modified mixing coefficient model

As introduced, themixing coefficients that have been used so far
do not reflect both the spatial variation of sub-channel position and
the forced mixing induced by the spacer grid. Thus, to improve the
model that can incorporate these spatially varying effects, we
define themodifiedmixing coefficient (bm) as the ratio of the lateral
turbulence intensity to the time-averaged streamwise velocity,
which varies along streamwise (x) and lateral (y) directions.
ction. , x/Dh ¼ 5.0; , 9.0; , 12.8; , 18.0. Solid lines denote the estimation by the



Fig. 11. Distribution of modified mixing coefficient in a rod bundle along the streamwise (x) direction. , y/P ¼ �0.5; , 0; , 0.5; , 1.0; , 1.5; , 2.0. Solid lines denote the
estimation by the present model (Eq. (15)).
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bmðx;yÞ¼ v0rmsðx;yÞ
uðx; yÞ (12)

This definition indicates that the mixing in a local position in-
creases as lateral turbulence intensity increases or the streamwise
mean velocity decreases. As we have explained, we use the lateral
velocity fluctuation as an effective mixing velocity, which repre-
sents the natural mixing better in a rod bundle [15]. The lateral
distribution of mixing coefficient (Eq. (12)) at the selected
streamwise locations is plotted in Fig. 10. The mixing coefficient
shows a trigonometric distribution along the lateral direction in
which it is higher at the interfaces between sub-channels and lower
at the sub-channel center. Compared to the sub-channels at the
center, the mixing coefficient tends to decrease at the sub-channels
near the sidewall. Interestingly, the influence of sidewall is larger in
wake region behind the spacer grid, i.e., where the forced mixing
occurs. As the flow develops, the difference between sub-channels
along the lateral direction is reduced, as shown also in Fig. 11. As
shown, the mixing coefficients at both in the gaps and sub-channel
centers are larger at x/Dh < 10.0, mostly due to the forced mixing
caused by the spacer grid, and decreases sharply along the
streamwise direction and becomes roughly saturated at x/Dh > 10.0.
It is thus understood that the forced mixing acts strongly at x/
Dh < 10.0, while the natural mixing in the gaps between adjacent
sub-channels affects the whole region. Therefore, the present
mixing coefficient can represent the forced mixing induced by the
spacer grid as well as the natural mixing induced by the crossflow,
which differs largely depending on the position within the rod-
array.

Reflecting the spatial variation of bm along the streamwise and
lateral directions, we propose that it should have the form of Eq.
(13).

bm ¼ v0rms
u

¼ Re�0:1
�
AðyÞ

�
x
Dh

��n

þBðyÞ
��

1

� CþCcos
�
2py
P

��
(13)

Here, A(y) and B(y) are varying along the lateral direction and C
is a constant. As one can see, there are three terms in the model.
First term indicates the Reynolds number (Re) dependency and we
follow Eq. (11) [12e15]. Due to the fact that the streamwise mean
velocity is proportional to the axial bulk velocity, it is reasonable to
assume that the modified mixing coefficient also follows the
power-law scaling of bm ~ Re�0.1. The second term is about the
forced mixing caused by the spacer grid. In terms of physical
background, we have noticed the similarity between flow behind
the spacer grid and turbulence decay behind the grid or screen [6].
Comte-Bellot and Corrsin [35] proposed that the decay rate of
turbulent energy in the flow passing through the grid is expressed
as a power law of

�urms

U

�2
¼A

�x� x0
M

��n
(14)

where x (x0 is the location of the grid) and U are the displacement
and the velocity in axial direction, respectively, and M denotes the
grid spacing. A and n are empirical constants. As we have shown in
Figs. 8 and 9, both the streamwise and lateral turbulence intensity
decay in a similar manner after the spacer grid, and we think the
turbulence decay model (Eq. (14)) can be extended toward the
present problem. While the original model does not consider the
variation in the lateral direction, the influence of sidewall to reduce
the mixing coefficient changes with the distance from the wall.
Thus, in addition, we employ the functions A(y) and B(y) that are
expressed as an exponential function. The last term, which is a
function of y only, describes the periodic variation of natural mixing
by the crossflow, and we use a trigonometric function to model this
feature. As a result, we propose the modified mixing coefficient
model as shown in Eq. (13).

For actual implementation of themodel, one needs to determine
the empirical coefficients and we have used a least-square regres-
sion method to have the best fit to the present measurement data.
The resulting model for the present is written as below.

bm ¼1
5
Re�0:1

2
4

�
0
@6:1þ 10:7e

�2:0
			yP
			
1
A�

x
Dh

��3:4

þ
0
@0:1þ 0:005e

�3:0
			yP
			
1
A
3
5

�
�
4þ cos

�
2py
P

��

(15)

In Figs. 10 and 11, we have compared the variations of modified
mixing coefficient predicted by Eq. (15) and the measured data,
along the lateral and streamwise directions, respectively. As shown,
our model agrees quite well with the measurement data and also
clearly shows the spatially varying mixing (due to forced and
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natural mixing) behavior in a rod-bundle channel flow, which was
not possible by previous models. On the other hand, it is noted that
the empirical coefficients were not determined tomatch the data in
the sub-channel right next to the sidewall, due to the poor accuracy
of the measured velocity data at very near the wall. Since the flow
right behind the spacer grid (e.g., x/Dh < 5.0) is strongly affected by
the type of spacer grid and mixing vane, additional modification
might be required to consider the specific spacer grid geometry.
These issues are to be solved in a separate future study. Again, it
was not possible to predict this kind of spatially varying crossflow
with previous models and for the best of our knowledge, this is the
first attempt to achieve it.

4. Concluding remarks

In the present study, the velocity measurement of the flow in a
5 � 5 rod bundle geometry with spacer grids at Re ¼ 1.0 � 104 was
performed using PIV with MIR technique. We have observed that
the turbulent intensities in streamwise and lateral direction as well
as the time-averaged streamwise velocity show a trigonometric
function with a period of pitch along the lateral direction. This is
due to the fact that the high resistance and the crossflow between
two adjacent sub-channels result in decreasing streamwise velocity
and increasing turbulence at the narrow gap (y/P ¼ 0, 1.0 and 2.0)
compared to the center of sub-channels (y/P ¼ �0.5, 0.5, and 1.5),
which accounts for the natural mixing. The turbulence intensities at
the gap decrease along the lateral direction toward the sidewall,
from which it can be seen that the natural mixing largely depends
on the position with the rod arrangement. We also observed that
the streamwise velocity decreases after the sudden increase and
turbulent intensities are relatively high right behind the spacer grid
and found that the spacer grid plays a role as both a nozzle (in-
crease of cross-sectional area) and a grid disturbing the flow and
generating the turbulence. The disturbing effect due to the spacer
grid, which indicates the forced mixing, persists up to x/Dh ¼ 10.0
and the streamwise velocity and turbulence intensities become
saturated as the flow develops at x/Dh > 10.0. Next, we newly
defined the modified mixing coefficient (bm) as the ratio of the
lateral turbulence intensity to the time-averaged streamwise ve-
locity (Eq. (12)) and its model (Eq. (15)) and confirmed that the
model can represent the natural mixing as well as the forced
mixing with spatial variance.

The mixing coefficient is one of the important parameters for
estimating the performance of the rod bundle and performing the
sub-channel analysis numerically. We expect that the present study
provides a more robust mixing coefficient model for the crossflow
phenomenon including the effect of spacer grid, which are useful in
developing a high-performance thermal-hydraulic analysis soft-
ware for the nuclear power plants (it is also readily applicable to the
sub-channel scale codes by extracting representative values from
the model). Currently, we are extending this result to two-phase
flow conditions where bubbles are intentionally introduced, and
try tomodel the two-phasemixing coefficient with the information
of bubbles (void fraction, for example). Also, the extension of pre-
sent model to three-dimensional space would be quite interesting
as a future work. In addition to understand the details of the
complex crossflow phenomena, this will also make it possible to
draw a more accurate representative value at the face between
channels, which is more readily applied to the existing sub-channel
codes.

Acknowledgements

This research was supported by research Grants
(2016M2B2A9A02945068, 2017M2A8A4018482,
2020R1A2C22014510) through the National Research Foundation
of Korea (NRF), funded by the Korea government via SNU - IAMD.
References

[1] E.R. Rosal, J.O. Cermak, L.S. Tong, J.E. Casterline, S. Kokolis, B. Matzner, High
pressure rod bundle DNB data with axially non-uniform heat flux, Nucl. Eng.
Des. 31 (1974) 1e20.

[2] S.H. Ahn, G.D. Jeun, Effect of spacer grids on CHF at PWR operating conditions,
Nucl. Eng. Technol. 33 (2001) 283e297.

[3] D. Rowe, Cross-flow mixing between parallel flow channels during boiling,
Part I: COBRA: computer program for coolant boiling in rod arrays, Battelle-
Northwest, Richland, Wash, 1967. Pacific Northwest Lab.

[4] A. Moorthi, A.K. Sharma, K. Velusamy, A review of sub-channel thermal hy-
draulic codes for nuclear reactor core and future directions, Nucl. Eng. Des.
332 (2018) 329e344.

[5] Y.F. Shen, Z.D. Cao, Q.G. Lu, An investigation of crossflow mixing effect caused
by grid spacer with mixing blades in a rod bundle, Nucl. Eng. Des. 125 (1991)
111e119.

[6] S.K. Yang, M.K. Chung, Spacer grid effects on turbulent flow in rod bundles,
Nucl. Eng. Technol. 28 (1996) 56e71.

[7] W K, D.S. Oh, T.H. Chun, Flow analysis for optimum design of mixing vane in a
PWR fuel assembly, Nucl. Eng. Technol. 33 (2001) 327e338.

[8] H.L. McClusky, M.V. Holloway, T.A. Conover, D.E. Beasley, M.E. Conner,
L.D. Smith, Mapping of the lateral flow field in typical subchannels of a sup-
port grid with vanes, J. Fluid Eng-T Asme 125 (2003) 987e996.

[9] S.K. Chang, S. Kim, C.H. Song, Turbulent mixing in a rod bundle with vaned
spacer grids: OECD/NEA-KAERI CFD benchmark exercise test, Nucl. Eng. Des.
279 (2014) 19e36.

[10] K. Rehme, The structure of turbulence in rod bundles and the implications on
natural mixing between the subchannels, Int. J. Heat Mass Tran. 35 (1992)
567e581.

[11] S.V. Moller, Single-phase turbulent mixing in rod bundles, Exp. Therm. Fluid
Sci. 5 (1992) 26e33.

[12] D. Rowe, C. Angle, Crossflow Mixing between Parallel Flow Channels during
Boiling, Part II: Measurement of Flow and Enthalpy in Two Parallel Channels,
Battelle-Northwest, Richland, Wash, 1967. Pacific Northwest Lab.

[13] F.S. Castellana, W.T. Adams, J.E. Casterline, Single-phase subchannel mixing in
a simulated nuclear fuel assembly, Nucl. Eng. Des. 26 (1974) 242e249.

[14] W. Seale, Turbulent diffusion of heat between connected flow passages Part 1:
outline of problem and experimental investigation, Nucl. Eng. Des. 54 (1979)
183e195.

[15] C.Y. Lee, C.H. Shin, J.Y. Park, W K, An experimental investigation on turbulent
flow mixing in a simulated 3 x 3 dual-cooled annular fuel bundle using par-
ticle image velocimetry, Nucl. Eng. Des. 260 (2013) 134e144.

[16] H.Y. Jeong, K.S. Ha, Y.M. Kwon, W.P. Chang, Y.B. Lee, A correlation for single
phase turbulent mixing in square rod arrays under highly turbulent condi-
tions, Nucl. Eng. Technol. 38 (2006) 809e818.

[17] J.B. Xiong, N. Yu, Y. Yu, X.L. Fu, X. Cheng, Y.H. Yang, Experimental investigation
on anisotropic turbulent flow in a 6 x 6 rod bundle with LDV, Nucl. Eng. Des.
278 (2014) 333e343.

[18] M.E. Conner, Y.A. Hassan, E.E. Dominguez-Ontiveros, Hydraulic benchmark
data for PWR mixing vane grid, Nucl. Eng. Des. 264 (2013) 97e102.

[19] S. Hosokawa, T. Yamamoto, J. Okajima, A. Tomiyama, Measurements of tur-
bulent flows in a 2 x 2 rod bundle, Nucl. Eng. Des. 249 (2012) 2e13.

[20] A. Tomiyama, Y. Nakahara, Y. Adachi, S. Hosokawa, Shapes and rising veloc-
ities of single bubbles rising through an inner subchannel, J. Nucl. Sci. Technol.
40 (2003) 136e142.

[21] K. Ikeda, M. Hoshi, Development of rod-embedded fiber LDV to measure ve-
locity in fuel rod bundles, J. Nucl. Sci. Technol. 43 (2006) 150e158.

[22] V.Y. Agbodemegbe, X. Cheng, E.H.K. Akaho, F.K.A. Allotey, An investigation of
the effect of split-type mixing vane on extent of crossflow between sub-
channels through the fuel rod gaps, Ann. Nucl. Energy 88 (2016) 174e185.

[23] H. Mao, B.W. Yang, B. Han, A.G. Liu, Modeling of spacer grid mixing effects
through mixing vane crossflow model in subchannel analysis, Nucl. Eng. Des.
320 (2017) 141e152.

[24] S.H. Cheng, H.D. Chen, X.Y. Zhang, CFD analysis of flow field in a 5 x 5 rod
bundle with multi-grid, Ann. Nucl. Energy 99 (2017) 464e470.

[25] J. Westerweel, F. Scarano, Universal outlier detection for PIV data, Exp. Fluid
39 (2005) 1096e1100.

[26] E.E. Dominguez-Ontiveros, Y.A. Hassan, M.E. Conner, Z. Karoutas, Experi-
mental benchmark data for PWR rod bundle with spacer-grids, Nucl. Eng. Des.
253 (2012) 396e405.

[27] R.D. Keane, R.J. Adrian, Optimization of particle image velocimeters: II. Mul-
tiple pulsed systems, Meas. Sci. Technol. 2 (1991) 963e974.

[28] N.J. Lawson, M. Rudman, A. Guerra, J.L. Liow, Experimental and numerical
comparisons of the break-up of a large bubble, Exp. Fluid 26 (1999) 524e534.

[29] N. Kim, H. Kim, H. Park, An experimental study on the effects of rough hy-
drophobic surfaces on the flow around a circular cylinder, Phys. Fluids 27
(2015) 23.

[30] J. Lee, H. Kim, H. Park, Effects of superhydrophobic surfaces on the flow
around an NACA0012 hydrofoil at low Reynolds numbers, Exp. Fluid 59
(2018) 18.

http://refhub.elsevier.com/S1738-5733(19)30517-0/sref1
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref1
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref1
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref1
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref2
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref2
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref2
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref3
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref3
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref3
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref4
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref4
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref4
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref4
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref5
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref5
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref5
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref5
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref6
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref6
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref6
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref7
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref7
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref7
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref8
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref8
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref8
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref8
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref9
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref9
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref9
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref9
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref10
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref10
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref10
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref10
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref11
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref11
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref11
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref12
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref12
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref12
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref13
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref13
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref13
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref14
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref14
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref14
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref14
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref15
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref15
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref15
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref15
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref16
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref16
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref16
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref16
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref17
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref17
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref17
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref17
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref18
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref18
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref18
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref19
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref19
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref19
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref20
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref20
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref20
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref20
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref21
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref21
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref21
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref22
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref22
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref22
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref22
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref23
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref23
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref23
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref23
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref24
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref24
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref24
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref25
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref25
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref25
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref26
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref26
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref26
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref26
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref27
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref27
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref27
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref28
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref28
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref28
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref29
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref29
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref29
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref30
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref30
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref30


J. Lee et al. / Nuclear Engineering and Technology 52 (2020) 2479e24902490
[31] D. Choi, H. Park, Flow around in-line sphere array at moderate Reynolds
number, Phys. Fluids 30 (2018) 20.

[32] E.E. Dominguez-Ontiveros, Y.A. Hassan, Non-intrusive experimental investi-
gation of flow behavior inside a 5 x 5 rod bundle with spacer grids using PIV
and MIR, Nucl. Eng. Des. 239 (2009) 888e898.

[33] L. Meyer, From discovery to recognition of periodic large scale vortices in rod
bundles as source of natural mixing between subchannels-A review, Nucl.
Eng. Des. 240 (2010) 1575e1588.

[34] N. Silin, L. Juanico, Experimental study on the Reynolds number dependence
of turbulent mixing in a rod bundle, Nucl. Eng. Des. 236 (2006) 1860e1866.

[35] G. Comte-Bellot, S. Corrsin, The use of a contraction to improve the isotropy of
grid-generated turbulence, J. Fluid Mech. 25 (2006) 657e682.

http://refhub.elsevier.com/S1738-5733(19)30517-0/sref31
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref31
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref32
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref32
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref32
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref32
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref33
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref33
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref33
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref33
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref34
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref34
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref34
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref35
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref35
http://refhub.elsevier.com/S1738-5733(19)30517-0/sref35

