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In this study, the forced convection of a stationary laminar flow over two heated wall-
mounted perforated cubes are presented. These two cubes are placed in a tandem
arrangement on a flat plate. The equations of continuity, momentum and energy are solved
using the finite volume method based on the Rhie and Chow method for velocity-pressure
coupling. The influence of the perforation volume of the cubes is studied and compared
with the case of obstacles without holes for a constant heat flux subjected to the solid part.
The results of mean Nusselt number and drag coefficients are presented at the levels of the

two obstacles and the plane plate for different Reynolds numbers and different distances
between them. The results showed that the insertion of holes in the cubes improves heat
transfer from the diameter D/H=0.62, and this transfer rises with increasing diameter of
the perforation of the cubes. The results showed also a decrease in the drag coefficient for
the first obstacle with rising volume of the perforation.

1. INTRODUCTION

The flow around obstacles represents a major axis of
research that touch the domains of fluid mechanics and heat
transfer as these obstacles create vortex zones in the
surroundings, which implies an increase in thermal
performance and therefore the efficiency in various
application fields such as flat plate solar collectors and heat
exchangers.

Several numerical and experimental studies have been
carried out for the three-dimensional flow around a surface-
mounted bluff body for different flow regimes and with
different shapes and orientations of obstacles [1-11]. The
researchers visualized several types of generated vortices by
the separation of the boundary layer, in particular; the
horseshoe vortex, side vortices, vortex on top of obstacles, arc-
shaped vortex, hairpin vortices in downstream wake regions of
the bluff body, the recirculation zone, the saddle and
reattachment points as well as studying the influences of the
vortex shedding on it.

Meinders and Hanjali¢ [12] conducted an experimental
investigation of heat transfer in a turbulent flow around two
cubes surface mounted in a channel, using the Laser Dopler
Anenometry,  Oil-film  visualization and Infrared
Thermography. The results showed that the distribution of the
heat transfer coefficient is a function of the dynamic field of
the flow and this distribution is symmetrical for the tandem
arrangement. On the other hand, for the staggered arrangement,
it is asymmetrical.

A three-dimensional numerical study of a laminar flow
around two cubes mounted in a tandem and staggered
arrangements for a Reynolds number varying between 100 and
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500 was presented by Eslami et al. [13]. Discussion was made
based on the results of vortex structures, separation and
reattachment points. The authors showed that the presence of
the second cube modifies the flow field and the vortex
structures compared to the case of a single cube. Hence, in the
tandem arrangement, when the distance between the two cubes
is fewer than 3, 5H (H: is the height of the cube), a single
horseshoe vortex wraps around the two cubes. On the other
hand, beyond this distance, two separate horseshoe vortices
are formed and the wake behind the first cube is separated
from the second.

Nakajima et al. [14] performed numerical simulations of
laminar flow in a channel around rectangular obstacles using
3 rows with a staggered arrangement for a Reynolds number
varying between 100 and 500. The results revealed that the
heat transfer varies with the Reynolds number at the diverse
lateral surfaces of the blocks. Thus, the heat transfer is affected
by the flow structures and the temperature field around the
blocks of the third row and it is different from the first and
second rows. The laminar flow around two obstacles placed in
tandem and staggered positions with different distances for the
two arrangements was analyzed by Mousazadeh et al. [15].
This study was carried out for a Reynolds number varying
between 150 and 300 using the Open FOAM code using the
finite volume method. The authors revealed that the drag
coefficient in staggered arrangement is greater than in tandem
and the heat transfer around the second cube is less than the
first cube. Moreover, with the increase of the distance in the
streamwise direction, the average Nusselt number (Nu) of the
second cube becomes the same as that of the first cube. Karwa
etal. [16, 17] conducted an experimental study in a rectangular
channel with smooth, perforated and half-perforated baffles.


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.400119&domain=pdf

The results demonstrated that the highest values of the Nusselt
number concern solid baffles and half-perforated baffles.
Coefficients of friction for fully perforated baffles are the
lowest. So, baffles with the largest perforation diameter give
the best performance. In the same context, some researchers
[18-28] have examined the orientation, shape and position of
perforated baffles in rectangular or circular channels by
improving thermal and dynamic performance in solar
collectors and heat exchangers.

Salem et al. [29] made an experimental study in order to
investigate the behavior of the fluid flow and the heat transfer
in the annular space of the heat exchangers that are provided
with perforated single segment baffles (SSPBs). They sought
to compare the efficiency of the perforated and non-perforated
baffles and the different geometries of SSPBs at different
water flow rates and inlet temperatures for a Reynolds number
varying between 1,380 and 5,700. The results revealed that the
mean Nusselt number of the ring rises with increasing SSPBs
hole spacing ratio and the angle of two inclination.
Additionally, the authors provided new correlations for heat
transfer and pressure drops. Kok et al. [30] explored
experimentally and numerically the fluid flow with a coaxial
jet around the perforated obstacles in order to control the
behavior of the thermal mixture. A test bench was built to do
several tests that were numerically simulated using the LES
turbulence model. The results showed that the perforated
obstacles improve the performance of the mixture especially
for obstacles with high permeability. In another line of
research, Esfe et al. [31] implemented a numerical study of the
forced convection of nanofluids around two obstacles in a
channel using three thermophysical models and their effect on
the Nusselt number. They found that the Nusselt number
increases with increasing concentration of nanofluids,
decreasing Richardson number as well as decreasing height or
width of obstacles. In the same field, some studies [32-36]
have been reported on the heat transfer by convection with
nanofluids using different forms of obstacles and channels.

Benzennin et al. [37] investigated the convective laminar
flow in a channel around a single obstacle with different
perforation volumes using the FLUENT code. Their results
showed that the use of perforated baffles improves heat
transfer by 0.03% to 14.52%. Rostane et al. [38] analyzed
numerically the turbulent fluid flow around a wall-mounted
perforated cube. The study was carried out for several
diameters for a Reynolds number of 10°. The study focused on
the change in the dynamic behavior of the flow with different
diameters of the holes inserted by studying the streamlines
particularly the recirculation zone downstream of the obstacle.
The results showed that increasing the perforation diameter
resulted in the increase of the number of vortices downstream
of the bluff body.

In view of the above cited studies, the present research is
conducted with the aim to combine all the works
forementioned. The contribution is therefore to carry out a
numerical study of the convective laminar of three-
dimensional flow around two wall-mounted perforated cubes
with a tandem arrangement, in order to analyze the heat
transfer, the vortex structures and the relationship between
them. This study intends to assess the impact of inserting holes
in these obstacles on the performance of heat transfer.
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2. FUNDAMENTAL EQUATIONS AND NUMERICAL
PROCEDURES

2.1 Geometry and computational domain

The geometry of this study is summarized in two perforated
or solid cubes of height H, with different diameters of holes:
D/H=0.32, 0.42,0.62, 0.73, 0.88, placed in tandem position on
a flat plate at the distance 3H at the inlet and 8H at the outlet.
The equivalent diameter corresponding to D/H is calculated as
follows: for D/H=0.32, D=0.32H=0.8cm when H=2.5cm. The
dimensions of the studied system are shown in Figure 1. The
height and the width of the computation domain are
respectively 6H and 10H. The distance between the 2 cubes is
equal to L which varies according to the case studied.

(@)

cube (solid) D/H=0.32 D/H=0.42
D/H=0.62 D/H=0.73 D/H=0.88
(b)
Figure 1. Geometry of the configuration with the various
obstacles

2.2 Mathematical model

In this study, the continuity (Eq. (1)), momentum (Eq. (2))
and energy (Eq. (3)) equations are used for three-dimensional
steady state, laminar and incompressible flow:
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The dimensionless variables used in the previous equations
are:




With Uin, Tin are respectively the average of axial velocity
and the temperature at the inlet.

2.3 Boundary conditions and numerical model

For the boundary conditions at the inlet of the computation
domain, the velocity and the temperature are uniform. The
axial velocity is chosen according to the Reynolds number
varying from 150 to 300 and Pr=0.7. At the outlet, atmospheric
pressure was imposed. No-slip condition is assumed on the
wall surfaces (the flat plate and obstacles) that are heated
under a uniform heat flux. The symmetry condition has been
employed in both side faces of the domain and the free flow
condition is applied on the upper plane. The hexahedral
structured with O-grid meshes is employed to solve the
previously cited equations. This structure has been refined
close to the solid walls.

The equations of continuity, momentum and energy are
solved using the finite volume method with the code ANSYS
CFX. To solve the convection terms, the second order Upwind
scheme is utilized. The method of Rhie and Chow [39] is
employed for the pressure-velocity coupling.

3. RESULTS AND DISCUSSION
3.1 Grid independency study

In any numerical study, the precision of the sought-after
solution strongly depends on the quantity of the mesh.
Therefore, mesh sensitivity tests are essential to guarantee a
solution independently of the chosen calculation grid. In the
present study, for hexahedral meshes of 945,323, 1,658,160,
2,268,080 and 2,754,151 cells are tested with respect to the
mean values of the Nusselt numbers (Figure 2). These grids
have distances of 0.00929H, 0.00391H, 0.000821H and
0.000821H respectively between the first nodes and the solid
walls. The study shows that the grids of 1,658,160, 2,268,080
and 2,754,151elements have similar results. Therefore, the
grid of 1,658,160 cells offers the best compromise between
precision and calculation time.
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Figure 2. Mesh sensitivity test
3.2 Code validation
For validation, the results of the present study are compared
with those found by Nakajima et al. [14] and Moussadak et al.

[15], for the variation of the mean Nusselt number as a
function of the Reynolds number, for a distance between

obstacles of L/H=4.5 and assuming that the flat plate is
adiabatic. The results found showed a good agreement
between them (Figure 3).
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Figure 3. Mean Nusselt comparison chart between the
present study and those of Nakajima et al. [14] and
Mousazadeh et al. [15] for different Reynolds number with a
distance between the two cubes: L=4.5H

3.3 Variation of mean Nusselt number

For all cases of distances between obstacles (L/H=1, 2 and
3.4), comparison of different results of the mean Nusselt
number (Nu) as a function of the Reynolds number was carried
out for the different configurations and obstacles with or
without holes (D/H=0.32, 0.42, 0.62, 0.73, 0.88) (Figure 5). It
was found from these figures that the Nusselt number
increases with the increase in the diameter of the holes and also
with increasing Reynolds number.

By comparing the case of the obstacles without holes with
the other cases and for the case L/H=1, the values of Nu for
the cube as a function of Re are the same by comparing them
with the values for the obstacle with diameter D/H=0.32, while
for the distance L/H=2, the values are greater than the latter.
Finally, for the case L/H=3.4, the values are almost identical
to the case of an obstacle with diameter D/H 0.62 (Figure 5).
In order to display more details about these results, the mean
Nusselt number curves have been shown for obstacles 1 and 2
(Figures 6 and 7). Regarding obstaclel, the results are
practically the same whatever the distance between the two
obstacles (Figure 6), namely that the values of Nusselts are
greater in the case of obstacle with hole of diameter D/H=0.88
and the cube has smaller values regardless of the Reynolds
number. Here, the values of the mean Nusselts numbers
decrease with decreasing in the diameters of the holes and it
can be explained as follows in Figures 8(c), (d) up to 13(c), (d),
it is observed that the perforated obstacles create the flow
inside the perforation. Therefore, the heat transfer enhances
compared to the solid obstacle. In the axial velocity contours
figures, the velocity is greater for large diameter perforations
which increases the convective transfer coefficient.

At the obstacle 2, it is found that the heat transfer is less
intense than in the obstacle 1 (Figure 7) and this can also be
seen on the temperature contours (Figures 8(a) to 13(a)) where
it is greater at the second obstacle. This is because the dynamic
field is less intense due to the position of the first obstacle
(obstacle 1 protects obstacle 2 from axial flow). This position
also creates a recirculation zone downstream of the obstacle 1
(Figures 8(d) to 13(d)) which decreases the velocity in the
surroundings and maintains the temperature at the level of the
wall.
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Figure7. Number of Nu on obtacle2 for different distances
and perforation diameters
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(a) temperature contours (flat plate)

(c) velocity contours (xy plane: symmetry plane)
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(d) streamlines (xy plane: symmetry plane)

Figure 8. Streamlines, temperature and velocity contours
around obstacles for the case D/H=0.92, L=2H, Re=300
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(a) temperature contours (flat plate)

~ (b) streamlines (xz plane: y/H=0.004))
u/Uin
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(d) streamlines (xy plane: symmetry plane)

Figure 9. Streamlines, temperature and velocity contours
around obstacles for the case D/H=0.73, L=2H, Re=300
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(a) temperature contours (flat plate)



(d) streamlines (xy plane: symmetry)

Figure 10. Streamlines, temperature and velocity contours
around obstacles for the case D/H=0.62, L=2H, Re=300

In addition, Figure 7 shows that the curves of the average
Nusselt number at the obstacle 2 are almost the same when
comparing them to the curves of the obstacle 1, namely that
Nu increases with the increase in the perforation diameter
except for the cube where the values are greater than the
D/H=0.32 diameter case regardless of the number of Reynolds
and in the case of diameter D/H=0.42 for Re values below 200.
This finding can be explained as follows in Figures 8(d) up to
13(d), from the diameter D/H=0.42 and for Re=300, there is a
continuous flow which crosses the two obstacles through the
perforations. This jet cuts the recirculation zone in half, one
above the jet and the other below. This flow through the
perforations promotes heat transfer and therefore the Nusselt
number increases. For the diameter D/H=0.32, it was found
that the jet does not reach the obstacle 2 (Figure 12(c), (d))
because the low flow rate that comes out of the perforation of
the obstacle 1 (small diameter) will allow the stagnation of the
fluid in the perforation of obstacle 2. It implies, consequently,
a large increase in the temperature at the level of the wall of
the hole (Figure 12(a)).

At the flat plate, Figures from 8(a) to 13(a) illustrate that the
dimensionless temperature is greater at the wake level at the
sides and downstream of the obstacles, especially the obstacle
2 which implies a reduction in heat transfer at these places due
to the presence of counter-rotating vortices and recirculation
areas where the dynamic field is weak. In these figures, it can
also be noted that the temperature decreases upstream of
obstacle 1 precisely in the horseshoe vortex. This reduction is
greater for the solid obstacle (greater vortex volume) and less
important with the increase in the volume of the holes (less
important vortex volume). Figure 11(a), (case (D/H=0.42))
depicts that the thermal field is more important than that of the
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other cases due to the appearance of two additional counter-
rotating vortices (Figure 11(b)) that will widen the
recirculation zone (Figure 11(d)) and moving the reattachment
point away from obstacle 2.

Regarding the streamlines (Figure 4), there is the
appearance of several vortices due to the presence of obstacles
in the flow. These vortices consist of a horseshoe vortex (A),
vortices in the proximity of the side surfaces (B) and hairpin
vortices in the wake region downstream cubes (C).
Furthermore, there is the presence of a line of symmetry for
the downstream wake region of each cube, separation (D) and
reattachment points (E). The figures show an overlap of the
vortex regions of each cube with respect to the other, which
decreases when the distance between the two cubes increases.
Thus, for the space L/H=1 (Figure 4(a)), the horseshoe vortex
region of the first cube (obstaclel) is also wrapped around the
second. However, for the space L/H=3.5 (Figure 4(b)), the
independent horseshoe vortex appears only partially around
the second cube (obstacle2). The figures of this study and
those of Moussadak et al. [15] are almost identical.

T+

(a) temperature contours (flat plate)

(b) streamlines (xz plane: y/H=0.004)
u/Uin

1.211
1.068
0.926

,H Y ) N\ - ———
Lo,-' )| % - ‘»k-

(d) streamlines (xy plane: symmetry)

Figure 11. Streamlines, temperature and velocity contours
around obstacles for the case D/H=0.42, L=2H, Re=300



(a) temperature contours (flat plate)

(d) streamlines (xy plane: symmetry)

Figure 12. Streamlines, temperature and velocity contours
around obstacles for the case D/H=0.32, L=2H, Re=300

T+

(a) temperature contours (flat plate)
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(d) streamlines (xy plane: symmetry)

Figure 13. Streamlines, temperature and velocity contours
around obstacles for the for the cube case, L=2H, Re=300

3.4 Drag coefficients

For fluid flow around bluff bodies, the study of the
resistance is essential. Therefore, the drag coefficient was
calculated for both obstacles.

Figures 14 and 15 give the drag coefficients at both
obstacles for the different cases studied and also for different
distances. For obstacle 1, the drag coefficient increases with
the decrease in the hole diameter. Thus, the solid obstacle has
the greatest one. This can be explained by studying the
streamlines on the xz and xy planes (Figures 8(b), (d) up to
13(b), (d)). On the xz plane (y/H=0.004), the span of the
horseshoe vortex region wrapped around the obstacle 1 is
greater in the case without a hole and decreases with the
increase of the perforation diameters which generates a
decrease in the drag coefficient of the cases of obstacles with
holes. With regard to obstacle 2, there is an opposite effect.
The area of the horseshoe vortex region wrapped around the
obstaclel is smaller for the no-hole case. This area grows with
growing diameter of the holes. Hence, the drag coefficient
increases for large obstacles diameters. On the xy symmetry
plane and for the obstaclel, the recirculation zone downstream
of the obstacle is greater for the cases without hole and
D/H=0.34. From the case D/H=0.42, it is observed two zones
of separation and reattachment of the fluid or two vortex zones.
One of them is located above the jet and the other below. The
thickness of these zones reduces with the rise in the perforation
diameter. Therefore, it will reduce the drag coefficient. For
obstacle 2, the opposite is observed. The drag coefficient rises
with rising diameter of the holes (Figure 15) and this because
the fluid impact the force against the obstacle 2. This force
increases with increasing the flow rate of the jet coming out of
the hole of obstacle 1. For the case D/H=0.32 (Figure 12), the
jet does not manage to reach obstacle 2. Consequently, the
drag coefficient is the smallest compared to the other cases of
obstacles with holes.
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diameters

4. CONCLUSIONS

In this study, the forced convection of a stationary laminar
flow over two heated wall-mounted perforated cubes is
presented. These two obstacles are placed in a tandem
arrangement on a flat plate. The influence of five cases of
perforation of cubes is studied and compared to the case of
obstacles without holes for a constant flow for the whole solid
part. Several vortices have been appeared due to the presence
of obstacles in the flow of a horseshoe vortex; vortices in the
proximity of the side surfaces, hairpin vortices in the wake
region downstream cubes, with the vortex regions of each cube
overlapping with respect to the other, and recirculation zones
behind the two obstacles. With the increase in the diameter of
perforations and the Reynolds number and decreasing space
between the obstacles, there occurs an appearance of two
zones of separation and reattachment of the fluid or two
recirculation zones behind the obstacles. One of them is
located above the jet and the other below. These zones
decrease with increasing perforation volumes. There is an
improvement in heat transfer in the system with rising
diameter of the cubes holes compared to solid obstacles except
for small diameters.

The study revealed also a decrease in the drag coefficient
for the first obstacle with a growth in the volume of the
perforation. On the other hand, there is an opposite effect for
the second.
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