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ABSTRACT

A large scale pulsation that oscillates in a narrow gap that
connects two rectangular channels is observed. The
phenomenon is similar to the mixing of cooling fluid in rod
bundles of power plants from one sub-channel to another
through the gaps between the rods.

The fluid mixing in rod bundles has been studied from
1960s to the present time to predict the temperature
distributions of the rods and the cooling fluid in a nuclear
reactor that were used when a power plant was designed for
its safety assessment. The nature of the fluid mixing has been
accounted for by turbulence and secondary flows, which also
occur in the turbulent flow field. Recently, hot wire
measurement revealed that the fluid mixing was periodic and
coupled with Reynolds number and the gap geometry. In
addition, the visualization of the flow in a rectangular
channel containing a cylindrical rod showed the existence of
a vortex in the narrow gap between the rod and the channel
and it also accounted for the fluid mixing. The amplitude of
the visualized vortex seems to become larger as it flows
downstream, however the cause of the amplitude increase has
not discussed yet.

In this study, a numerical analysis has been performed in a
composed channel consisting of two rectangular channels
which are connected by a narrow gap near a wall. An
algebraic Reynolds stress model is used to predict Reynolds

stresses in the channel precisely. Calculated results for axial
mean velocity, streamwise and gap-parallel turbulence
intensities are compared to the experimental data to validate
the proposed numerical model. The proposed model can
predict characteristic isocontours of axial mean velocity,
streamwise turbulence intensity and gap-parallel turbulent
shear stress, although quantitative differences are observed in
several predictions from experimental data. Calculated planar
turbulent shear stress and secondary flows near the gap are
shown to compare with the result by large eddy simulation. In
the gap region, velocity vectors show the large scale
pulsation that is also observed in the experiment. Streamwise
variations of axial mean velocity and axial velocity
fluctuation, turbulence intensity and turbulent shear stresses
of the gap center are discussed as an indication of the leading
point of the large scale pulsation.

1. INTRODUCTION

The flow behavior in a channel has been of major interest
for researchers. Lots of experimental and analytical reports
have been presented and they have been applied to the
designs and safety assessments of the nuclear power plants.
Meyer (2010) reviewed the flow mechanism in the channel or
in the rod bundles of the experimental investigations and
code applications. In the case of the flow through the rod
bundles, inter-channel mixing rate is observed that flows
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from one sub-channel to another. Guellouz et al. (2000)
observed the same mixing rate in the small gap in the
rectangular channel containing a cylindrical rod. It seems that
the gap connects two large channels and that the mixing flow
is inter-channel mixing. It is called large scale pulsation and
its periodicity is confirmed. Biemdller et al. (1996) also
found the large scale pulsation in the gap connecting two
rectangular channels in the wind tunnel experiment and the
LES analysis although the cross-section is assumed to be
infinite in the horizontal direction for the simulation. Near the
corners of the rectangular channel without cylinders, the
contour lines of the averaged axial (streamwise) velocity
were bulged and Meyer introduced the explanation by Prandtl
that the reason for the bulged lines was the fact that the
turbulent mixing parallel to walls was stronger than the
perpendicular one to them. The mean velocity of the flow
near the gap connecting the two rectangular channels was
larger than that near the other corners. The inter-channel flow
through the gap was suggested to stretch the line towards the
gap. Sugiyama et al. (2014) calculated the flow of a
rectangular channel containing a cylindrical rod and showed
the relationship between the horizontal instantaneous velocity
profile and the averaged one.

In this paper the result of numerical prediction is presented
for the turbulent flow in two rectangular channels with a gap
connecting one to another, as reported by Biemdller, in order

to estimate the validity of an algebraic Reynolds stress model.

In addition, the effect on the flow behavior of the turbulent
energy of the inlet flow is discussed. The vorticity field is

visualized in the gap plane and quasi-periodicity is
confirmed.

NOMENCLATURE

D hydraulic diameter

k turbulent energy

P mean pressure

p fluctuating pressure

Pk production term of turbulent energy

uu; Reynolds stresses

Uy bulk velocity

Ui velocity in the direction of the X;-axis

U, friction velocity

X location of the X;-axis

t time

Si Kronecker delta

£ turbulent dissipation

v kinematic viscosity

2. ANALYSIS

2.1 Numerical Object and Definition of the Coordinate
System

Figure 1 shows the cross-section of the two rectangular
channels connected by the small gap that is selected as
numerical objects and the coordinate system in this study.
Biemdller et al. measured the turbulent flow in these channels
by using a hot wire anemometer. The experimental
sub-channels had a width of 145.5 mm, a height of 180 mm
and a length of 7 m. These sub-channels were connected by
the gap that had a width of 40.6 mm and a height of 10.2 mm.
The measurements were performed at 6.97 m from the inlet.

The Reynolds number was 2.0x10° based on the hydraulic
diameter, D = 166.3 mm, and bulk velocity, U, The
coordinate systems used in the calculation are also defined in
this figure. In the rectangular channel, the axial flow direction
is represented by the X;-axis and the secondary flow
directions are denoted by the X,- and Xsz-axes, which
represent the horizontal and vertical directions, respectively.

2.2 Governing Transport Equations
The transport equation of momentum is expressed in the
following form through the ensemble-averaged operation and
is indispensable in solving the Reynolds stresses that appear
in the transport equation in order to completely obtain the
velocity fields
DU, 1P 0 ( au, —]
— ==t | v —uuy; | (1)
Dt pOX; X OX,

In this calculation, the transport equation of Reynolds stresses
has been adopted to predict the anisotropic turbulence
accurately. The transport equation of Reynolds stresses is
expressed exactly as follows:

Duiuj —GUJ- — 0U. p( ou éuj
=~ U;U, FUU |+ Ly —
Dt Xy X, ) ploX. oOX,

It is impossible to solve Equation (2) directly and numerically.
Therefore, it is necessary to rewrite several terms of the
Reynolds stress equation by introducing the concept of the
turbulent model. Moreover, in numerical analysis, the
convection term on the left-hand side and the diffusion term
on the right-hand side are obstacles in obtaining a numerical
solution because these terms are required to carry out
iterative calculations to obtain the stable results. These terms
are modeled by adopting the approximation by Rodi (1976)

X3
! —1.084
—1.022
Xa2/D
Xz

X |
0 0.122

|
X /D 0.988

Fig. 1

connected by the small gap and the coordinate system
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Table 1

Modeling of the pressure-strain correlation term
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in this study. As a result of this approximation, these two
terms are transformed into an algebraic form. Therefore, the
convection and diffusion terms in Equation (2) were modeled
as follows:

] uu.
Diff. . =—1
2k

ij

Du;u; B

Dt 3)

(Pk _5)

where Diff;j corresponds to the third term on the right-hand
side of Equation (2) and Py represents the production term of
the turbulent energy equation.

A particularly problematic task here is the modeling of the
pressure-strain correlation equation term, which is also
defined as the redistribution term and is shown as the second
term on the righthand side of Equation (2). The
pressure-strain term is composed of three parts, which are the
interaction of the fluctuating velocities (7 1 + 7 1), the
interaction of the mean strain with the fluctuating velocities
(mj 2 + 7i,2), and the wall proximity effects (7} w + 7 w). In
the present calculation, we have adopted Rotta’s linear return
to isotropy mode for the (7 1 + 7 1) term, as shown in
Table 1.

For 7, », the correlation is approximated as

T _(6UIJami
ij2— oX 1j

and a,T‘ is the fourth-order tensor, which should satisfy the
following kinematic constraints:

(4)

aj =ay" =aj, )
a; ax; =0, (6)
aj =2u,u,. )

The above constraints arise from the symmetry condition, the
mass conservation law, and Green’s theorem, respectively.
Although the kinematic constraint of Equation (6) is different

from that reported by Launder et al. (1975), we adopted
Equation (6) because 7 j, , is defined as the production
between the fourth-order tensor and the mean strain, as
shown in Equation (4). Gessner and Eppich (1981) have also
reported these constraints and described them in detail. In
terms of the modeling of (7,2 + 7 2), the modeling process
is described in detail in a previous report by Sugiyama and
Hitomi (2005). In addition, Sugiyama et al. (2006) have
confirmed the validity of the presented model by the
calculation carried out for a turbulent flow in a meandering
open-channel flow. In this case, the boundary condition along
the free surface and the turbulent model are important factors
to precisely predict the open-channel flow because
anisotropic turbulence is produced near the free surface. A
method for establishing the boundary condition along the free
surface has been presented, along with the modeling of the
pressure-stain term. The interaction of mean strain with
fluctuating velocities (7 2 + 7, 2) is finally modeled as
shown in Table 1.

The wall effect term (7 w + 75i,w) On turbulent stresses is
modeled as shown in Table 1 by changing the model
constants. In Table 1, f (L/X,,) is a function related to the
dimensionless distance from the wall, and ¢, and x represent
the empirical constant and the wvon Karman constant,
respectively. The function f (L/X,) is that of a unit value near
the wall, which approaches zero with increasing distance
from the wall. The symbol X,, is the normal distance from the
wall, and L defines the length scale of turbulence. When f (L/
Xw) is zero, the model yields the correct Reynolds stress
components for the nearly homogeneous shear flow of
Champangne et al. (1970). In contrast, when f (L/X,,) is of
unit value, the magnitude of the stress components agrees
with the consensus of the near wall turbulence. The model
constants used in this analysis are summarized in Table 2.

The fourth term on the right-hand side of Equation (2) is
the homogeneous part of dissipation. The dissipation rate
everywhere in the computed flow was assumed to be locally
isotropic, i.e.
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Table 2 Model constants of the pressure-strain correlation term

ci ci 5 c; c; 3 c, «
14 0.44 -0.16 -0.35 0.12 -01 0.09 0.42

wall because the physical parameters change rapidly near the

ou, ou; 2 wall. The governing equations are discretized by the

&ij =2"Kaxk =§5ijg- (8)  differencing scheme and QUICK (a third-order up-wind

The transport equations of turbulent energy and dissipation
are expressed in the following form:

Dk 0 k—) 0s | —dU,
—— = VO +C— U [ Ul -&, 9)
Dt oX; &£ OX, oX,

(10)

Model constants ¢, , c,, ¢y, and c,, are 0.22, 0.18, 1.44, and
1.92, respectively.

2.3 Wall Function

In the proposed turbulent model, the wall function method
is used to set the boundary conditions for turbulent energy
and dissipation. Adopting the wall function method along the
walls, it is necessary to obtain the values of turbulent energy
and dissipation in order to assume the log-law velocity profile
over the walls. The following log-law velocity profile for a
smooth wall is assumed for this study:

U 1 (Uy
YU__t Y] 55
U 042 n[ v ]+ (11)

2.4 Numerical Analysis

Figure 2 shows the cross-section of the computational
grids. The computational sub-channels have a width of 0.876
D and height of 1.084 D. They are connected by the gap with
a width of 0.122 D and a height of 0.061 D. Although these
geometric lengths are the same as the experiment, they have a
length of 75 D, which is longer than the experiment, 42.1 D.
The computational measuring plane is also performed at X; =
41.96 D. The gap vorticity distribution is presented in the
gap-center plane at X3 = 1.053 D. These positions of the
measuring planes are also the same as the experiment.

Three inlet values of the turbulent energy are assumed to
be k/U,> =1 x 107, 1 x 10 and 6 x 1072 All the figures
shown in this study except Fig. 10 are the results when k/U,’
= 6 x 107% The initial value of turbulent dissipation is
assumed to be &= k¥?/D. The wall function is adopted as the
boundary condition for the turbulent energy and dissipation at
the first grid point from the wall. Fine grids are used near the

differencing scheme) is used for the convection term. The
computational Reynolds number is 2 x 10° based on the
hydraulic diameter and the bulk velocity. The total
cross-section has 85 x 43 computational grid points, and 250
grid points are set along the axial flow direction. Therefore,
the total number of computational grids is 913 750.

3. RESULTS

The calculated results for the mean axial flow velocities are
compared with the data of the experiment at X;/D = 41.96 as
shown in Figure 3. The velocity is dimensionless by the bulk
velocity of the channel. In all four corners, the isocontours of
the axial velocity are bulged. In the experiment, the

isocontours were obviously stretched to the gap and there was
a large difference between the flow near the corner with the
gap and that near the other three corners. The experimental
result showed how the effect of the large scale pulsation was
large on the velocity distribution. However, the calculated
isocontours are stretched slightly, not as much as those of the
experiment.

‘ ‘x1

Fig. 2  Cross-section of the computational grids

Experiment by Biemdiiller (1996)

Fig. 3

Mean axial flow velocity contours
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The calculated isocontours of the axial (X;-direction)
turbulence intensity divided by the average friction velocity
are compared with the result of the experiment in Fig. 4. The
contours are in good agreement with the experiment
qualitatively and quantitatively. The minimum value of the
intensity is predicted less than 0.80 and the maximum is
predicted about 1.9 near the gap. The predicted values of the
axial turbulence intensity are less than the experiment in the
entire plane.

The calculated isocontours of the turbulence intensity in
the horizontal direction (X,-direction) are compared with the
result of the experiment in Fig. 5. The data are also made
dimensionless by the average friction velocity. The location
of the lowest value was measured in the center of the channel
in the experiment. While, the calculated location of the lowest
value is predicted on the left. The predicted maximum peak at
the beginning of the gap is about 1.5 near the top wall, but
that is less than that in the experiment. However, the
minimum is about 0.8 what is also detected in the experiment.

Figure 6 shows the isocontours of the dimensionless
turbulent shear stress by the square of the average friction
velocity. In the lower half of the channel, the result is in good
agreement with the experiment and also with the result
obtained in the experiment for the square duct with no gaps
by Melling (1976). As shown in the experiment, zero-line is
slightly transversed to the left in the upper half. The very high
peak observed in the experiment is not predicted at the
beginning of the gap. The maximum value at the point is
about 0.4 and is much lower than that in the experiment. In a
major part of the channel, the shear stress decreases from left
to right. That is usual as the distribution for rectangular
channels.

The calculated instantaneous vorticity distribution in the
gap-center horizontal plane is presented in Fig. 7 in which the
gap is indicated in gray on the left. The rotation axis of the
vorticity is parallel to the X3 axis. The clockwise vorticity is
painted in blue and the counter-clockwise in red. The positive
and negative shear layers start to wave where 15 < X,/D < 20.
Positive vorticity regions are predicted periodically on the
concave of the waving negative shear layers as well as
nagative ones. The centers of the vortices are outside of the
gap, although large eddy simulation by Biemller predicted
that the centers were within the gap.

Figure 8 shows the longitudinal vorticity distribution in the
plane at X,/D = 41.96. The rotation axis of the vorticity is
parallel to the stream direction and the counter-clockwise
vorticity is painted in red. In the three corners without the gap,
pairs of vortices induced by the secondary flow of the second
kind are predicted. Although the pair of the vortices in the
corner with the gap is also observed, the positive vorticity
region is larger than the negative one. The positive is induced
obviously by the flow from the gap, i.e. the large scale
pulsation.

At the gap center (Xo/D, Xs/D) = (0, 1.053), the horizontal
velocity U, changes periodically and the change is convected
toward downstream as shown in Fig. 9. The horizontal axis of
the figure is X,/D and the vertical axis is the dimensionless
time, t Uy/D. The velocity is painted in red when the direction
is from the left sub-channel to the right one and the

magnitude is more than 10% of the bulk velocity. The
velocity starts to fluctuate periodically in the X;/D > 20
region.

Prediction

Experiment by Biemiiller (199

6)
.

Fig. 4  Isocontours of the turbulence intensity in the

axial direction ( E /U,)

X

[

080
.L‘so‘fr 0.9

|
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Fig. 5 Isocontours of the turbulence intensity in the
horizontal direction ( E /U,)
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oo 000000
A = 0.

P
/
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&

Isocontours of the turbulent shear stress
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Fig. 6
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Figure 10 shows the rms value of the dimensionless
horizontal velocity, U,/Up, and the dimensionless axial
mean veloctity, Ujmean/Uy, at the gap-center for three inlet
conditions of the turbulent energy versus X,/D. U, is able to
be interpreted into the inter-channel mixing rate per unit area.
Therefore the rms value, Uym/Up, is the amplitude of the
inter-channel mixing rate. When k/U,” = 6.0x 1072, the mean
velocity has the minimum value of 0.275 at X;/D = 17.2.
From the inlet to this location, the pairs of the longitudinal
vortices induced by the secondary flow of the second kind
seem to become larger. However, in the corner with the gap,
the secondary flow can not turn at the corner but get into the
gap. Therefore, the pair of the vortices also gets in the gap. In
addition, the fluctuation has a small value of 0.00778 at the
location. These indicate that the secondary flows with larger

momentum from the left and the right channels get into the
gap and they are ballanced. From this location, the fluctuation
is increased to 0.0727 and the mean velocity is also increased
to 0.589. The secondary flows seem to make the mean axial
velocity increased and to lose the balance. It is suggested that
the secondary flow of the second kind induces the large scale
pulsation. When k/U,2 = 1.0x 10>, the mean velocity has the
minimum value of 0.269 at X;/D = 14.5. From this location
the fluctuation is increased from 0.0127 to 0.0709 and the
mean velocity is also increased to 0.586. It is suggested that
the large trubulent energy is able to make the beginning of the
large scale pulsation downstream.

4. CONCLUSIONS
A numerical analysis has been performed using an

20.0
Fig. 7
rediction
X3
Xz
Fig. 8
150
U, U,
0.1 l
t U, /D
-01
130 0 10
Fig. 9

Calculated instantaneous vorticity distribution in the gap-center horizontal plane

0.50

Longitudinal vorticity distribution in the plane where X;/D = 41.96

X, /D

Calculated horizontal velocity in the gap center vs. dimensionless time

Copyright © 2014-2015 by JSME



algebraic Reynolds stress model for a three-dimensional
turbulent flow in the two rectangular channels connected by a
gap. This turbulent flow is characterized by the inter-channel
flow through the gap, i.e. the large scale pulsation. The
calculated results are compared quantitatively with the result
of the experiment measured by Biemdiller to confirm the
validity of the proposed method. The following conclusions
are obtained based on the numerical analysis:

1. The present method can predict the isocontours of the
mean velocity, the axial turbulence intensity and the
turbulent shear stress qualitatively and quantitatively.
The predicted isocontours of the turbulence intensity in
the horizontal direction indicates a slight difference
from the experimental results qualitatively.

The calculated vorticity distributions show the periodic
large scale pulsation and the umballanced pair of the
longitudinal vortices.

In the center of the gap, the mean axial velocity and the
rms value of the horizontal velocity are increased at the
same location and it is suggested that the location
depends upon the inlet turbulent energy.

Algebraic Reynolds stress model is able to predict the
experimental feature qualitatively and quantitatively.
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Fig. 10 Axial mean velocity and horizontal velocity fluctuation versus X,/D
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