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This study aims to investigate fluid flow and heat transfer behaviors under laminar mixed
convective conditions in a vertical heated channel with plates attached to the heated wall in
order to enhance the cooling channel. Simulations were conducted using the finite volume
method through the OpenFoam © open-source code. The analysis focused on three key
physical parameters: Reynolds number varying from 200 to 1400, Grashof number set at
105 and 2x105, and three plate tilt angles (y = 30°, 60°, and 90°), with a fixed plate height of
hy = 0.3 and a constant plate spacing of D = 1. The objective was to assess their effects on
thermal and flow behaviors in both steady-state and self-sustained oscillatory flow. The
results were presented as dimensionless isotherm contours and streamlines, accompanied
by the Nusselt number and friction factor ratios. Findings indicate that both the friction
factor and Nusselt number ratios increase as Reynolds number and plate tilt angles increase,
while they decrease as the Grashof number increases. The flow translates to a self-sustained
oscillatory state at moderate Reynolds numbers (below 1000 for y = 60° and 90°, below
1200 for y = 30°). Moreover, as the flow bifurcates to an unsteady state, the Nusselt number
significantly increases and can reach up to 18%, 54% and 60% for y = 30°, 60° and 90°,
respectively, compared to the channel without plates. The unsteady flow pattern
contributes to enhancing the heat transfer by disturbing the near-wall region. Notably, the
plate tilt angle of y = 30° achieves an optimal balance between enhancing heat transfer
efficiency and reducing flow resistance. From these results, it can be concluded that this
study is useful for the design efficiency of electronic cooling systems and heat exchangers
that can provide maximum heat transfer with minimum flow resistance.
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This is an open access article under the CC-BY-NC 4.0 license. (https://creativecommons.org/licenses/by-nc/4.0/)

1. Introduction

applications such as compact heat exchangers,
solar collector systems, chemical reactors, air

Heat transfer enhancement refers to the
methods and techniques used to increase the
rate of heat exchange between a fluid and a solid
surface or between two fluids. These methods
are crucial for conserving energy and optimizing
the use of energy resources. Enhancing heat
transfer is essential for achieving high efficiency
while reducing the size, weight, and cost of
systems. Additionally, the heat transfer process
has been widely applied in thermal systems
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conditioning, power generation, and electronic
cooling. From previous work, much effort has
focused extensively on developing economical
methods to improve the efficiency of thermal
systems. Different approaches, including active,
passive, and compound methods, are used to
improve heat transfer. Active methods require
external energy input to improve the process,
whereas passive methods do not need any
additional energy to improve the thermal
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efficiency of the systems. Passive and active
techniques can also be combined together, called
compound techniques, to achieve a higher gain
than using either approach independently.
Passive methods require modifications to the
geometry or surface of the flow channel in order
to augment thermal performance. Plates, ribs,
fins, baffles, and rough surfaces are used to
promote fluid mixing and improve heat transfer
rates. Active methods are more complex in
design and application than passive methods
due to the necessity for external energy to adjust
fluid flow and increase thermal efficiency. The
difficulty of supplying external energy in various
applications limits the use of active methods in
scientific fields. Passive methods, which perturb
the near-wall region using vortex generators,
and active methods that employ moving objects
or modulated flows have been cited by [1, 2, 3,
4]. Various numerical and experimental studies
have been performed to analyze how the
different parameters can enhance the efficiency
of thermal systems while simultaneously
reducing their size and energy consumption.
Garimella and Eibeck [5] conducted
experimental research on the effect of vortex
generator prostration on heat transfer from an
array of discrete heat sources. They reported a
maximum heat transfer improvement of
approximately 40%. Roberts [6] carried out both
numerical and experimental investigations of
fluid flow and heat transfer in a channel with
baffles arranged in series and periodically along
both walls. The results demonstrate that at low
Reynolds numbers, the flow remains steady and
symmetrical, with recirculation bubbles forming
after each baffle. However, as the Reynolds
number approaches a critical value of around
100, the flow becomes asymmetric and
unsteady. The two-dimensional numerical
results for laminar flow are closely aligned with
both steady and unsteady experimental results.
In the turbulent regime, however, the
experimental results reveal a secondary
transition to three-dimensional behavior. In
another study conducted by Wang et al. [7], it
was observed that in the inline configuration,
the flow becomes unsteady at a critical Reynolds
number of approximately 110. However, for the
staggered configuration, this critical value
increases to 200. Their results indicate a
significant increase in the heat transfer rate as
the flow translates to an unsteady state.
However, this increase is consistently
accompanied by a higher pressure drop. Yuan et
al. [8] conducted an experimental investigation
into heat transfer and flow dynamics in a
channel with periodic rectangular fins aligned
with the main flow direction. Their
findings highlight an increase in heat transfer

compared to the results from a similar channel
without baffles. Fu and Tong [9] carried out a
numerical simulation to examine the effect of an
oscillating cylinder on the heat transfer of
heated blocks in channel flow. The results
demonstrate a significant improvement in heat
transfer when the oscillation frequency of the
cylinder falls within the lock-in region. Mousavi
and Hooman [10] confirmed that increasing the
Reynolds and Prandtl numbers results in a
higher Nusselt number along the isothermal
channel walls in a horizontal configuration with
alternating Dbaffles. Ko and Anand [11]
conducted experimental measurements to
investigate fluid flow and heat transfer in a
heated rectangular channel with porous baffles
installed on both walls. Their results showed
that the use of porous baffles increased the heat
transfer rate by over 300% compared to a
channel without baffles. However, this increase
in heat transfer rate was accompanied by a
significant increase in flow energy. Guzman and
Del Valle [12] conducted a numerical study to
investigate the transition scenario and heat
transfer characteristics in grooved channels as
the flow regime progresses from laminar to
transitional. They found that the average heat
transfer rate remains largely constant during the
laminar steady regime, but it consistently
increases during the transitional regime. The
heat transfer enhancement is greater in a quasi-
periodic flow regime than in a periodic one. This
enhancement is twice as significant in the
periodic flow regime and can be two and a half
times higher in the quasi-periodic regime
compared to a smooth channel. Fu et al. [13]
carried out an experimental study to determine
the heat transfer data in a rectangular channel
with an aspect ratio (AR = 2:1) with discrete and
V-shaped baffles. Their findings revealed that
both V-shaped baffles and discrete V-shaped
baffles exhibited greater heat transfer
improvement compared to 45° angled baffles
and discrete 45° angled baffles for both rotating
and non-rotating cases. In another study, Liu et
al. [14] discovered that as the rib pitch-to-height
ratio of the channel decreases, the Nusselt
number ratios tend to increase. Moreover, when
the rib pitch-to-height ratio decreases to 3, there
is a decrease in the friction factor. Wright and
Gohardani [15] utilized V-shaped ribs in
rectangular and trapezoidal cooling passages
with coolant ejection. Their conclusion was that
the entrance condition is borderline when both
V-shaped ribs and coolant extraction are taken
into account in the trapezoidal channel. The use
of porous and solid baffles attached to both walls
in an offset manner in a rectangular channel for
the laminar steady-state condition has been
carried out by Santos and Lemos [16] and Zhang
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et al. [17]. Their results confirmed that the
baffles cause flow separation/attachment, which
affects the local heat transfer efficiency.
Furthermore, both studies concluded that
similar rates of heat transfer enhancement can
be achieved with both solid and porous baffles.
Nonetheless, the use of solid baffles results in an
increase in the friction factor.

Promvonge et al. [18] conducted numerical
investigations on the periodic laminar flow and
heat transfer properties within a square channel
featuring 30° inline angled baffles attached to
the opposite channel walls. Their results
revealed that the angled baffles generated
streamwise main vortex flows, which facilitated
impingement flows on the channel walls,
thereby significantly enhancing the heat transfer
rate. Promvonge et al. [19] in another study
found that the presence of 45° angled baffles
causes a remarkable improvement in the heat
transfer rate by 150 to 850% over the blockage
ratio range of 0.05 to 0.3. However, in the case of
45° angled  Dbaffles, the heat transfer
improvement is approximately 100 to 200%
higher than that of 90° baffles, while also
providing a reduction in the friction factor of
approximately 10 to 150%. Peng et al. [20]
conducted experimental and numerical
investigations on the heat transfer improvement
in a channel with different types of baffles. Their
findings indicate that the use of 45° V-shaped
baffles provides a higher improvement in the
heat transfer rate. Lopez et al. [21] numerically
analyzed the dynamic and thermal effects by
varying the location of regular baffles in a 3D
channel. Their results revealed that the three-
dimensional influence on the friction factor
becomes increasingly significant at higher
Reynolds number values. Guo and Anand [22]
studied the three-dimensional convective heat
transfer flow in a channel with a single baffle
placed near the inlet region. Their overall
observations indicated that as the Reynolds
number and the dimension of the baffle
increased, both the separation length upstream
of the baffle and the length of the recirculation
zone downstream of the baffle also increased.
Tsay et al. [23] examined the heat transfer
improvement due to the insertion of a
transverse baffle in a channel with a backward-
facing step. The effect of baffle size, thickness,
and spacing of the baffle regarding the
backward-facing step on the flow characteristics
is investigated for Reynolds number values in
the range of 100 to 500. Their findings proved
that the placement of a baffle in the channel can
increase the global Nusselt number by up to
190%. Moreover, they illustrated that the heat
transfer rate and fluid flow patterns are greatly
dependent on the baffle position. Tehrani and

Abadi [24] presented a study on the dynamic
and thermal behavior of flow in a duct equipped
with a series of baffles. Their results revealed
that baffle-type obstacles are rather ineffective
for large values of blockage ratio.

The effect of buoyant assisted flow on the
heat exchange and fluid dynamics structure in
an asymmetrically heated channel containing a
series of identical conductive equidistant baffles
has been numerically analyzed by Cheng et al.
[25] and Cheng and Yang [26]. Their results
unveiled the appearance of a sequence of
vortices near the cold wall when the wall is
heated sufficiently, and an opposite pressure
gradient can be developed in the downstream
channel. Moreover, they observed that heat
transfer is improved as baffle heights or the
space between the baffles is increased. On the
other hand, Fung and Lazaridis [27] found that,
in addition to the flow recirculation that occurs
downstream of each fin/baffle, the buoyant flow
effect induces a vortex near the cold wall that
tends to reduce heat transfer. The primary
vortex behind the fin on the hot wall expands as
the Reynolds number increases, while the
secondary vortex near the cold wall is
suppressed. This phenomenon reduces heat
transfer at the hot wall and changes the
evolution of temperature profiles. The
degradation in heat transfer became
increasingly noticeable as the Prandtl number
increased. In addition, the geometric parameters
affect both heat transfer and the friction factor at
the channel's walls. The effect of a baffle
installed on the unheated wall of a vertical
channel on mixed convection under opposing
effects and pulsating flow has been examined by
Chang and Shiau [28]. The influence of pulsation
frequency, Prandtl number, and baffle position is
examined across various Richardson number
(Ri) values. The results highlight that the use of a
baffle and pulsating flow leads to improved heat
transfer. Moreover, the global Nusselt number
shows a notable increase for large values of
Reynolds number, pulsation amplitude, and
Prandtl number. Fu et al. [29] conducted a
numerical examination of heat transfer
enhancement in a three-dimensional vertical
channel experiencing mixed convection flow by
introducing a moving thin block. They observed
that a higher Reynolds number leads to an
improved heat transfer rate when the GurRe?
ratio is low. However, when the buoyancy force
becomes substantial, the heat transfer rate
diminishes. A numerical study of upward mixed
convection in a channel with a sequence of
baffles attached to the heated wall has been
analyzed by Nemitallah and Zohir [30]. Their
results proved that the radiation of heat transfer
becomes significant and cannot be neglected if
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the wall heating is strong enough. Furthermore,
a positive pressure gradient is developed along
the channel axis and triggers the formation of
recirculation zones near the cold wall beyond a
critical value of Gr/Re® The size of these
recirculation zones increases with increasing
heating intensity.

Chang [31] presented a numerical study on
laminar mixed convective flow in a three-
dimensional square channel with the presence
of one baffle attached to the unheated wall. He
observed that under high buoyancy effect
conditions, a recirculating region forms near
both the top wall and the hot surface. However,
the restricted flow zone induced by the baffle
can accelerate the flow, resulting in an enhanced
heat transfer rate. The author also noted that the
enhancement of heat transfer is contingent upon
both the position of the baffle and the presence
of recirculation zones. Henniche and Korichi
[32] conducted numerical estimations of laminar
heat transfer enhancement in a vertical baffled
heated channel. Their analysis revealed that this
baffled channel leads to approximately 2.8 times
heat transfer augmentation when the non-
dimensional baffle height is 0.25. However, they
noted that this specific non-dimensional baffle
height provides a favorable balance between
heat transfer enhancement and pumping power.
Thermal exchange, pressure drops, and
thermohydraulic behavior inside an airflow
channel with many V-type baffles have
been studied experimentally by Kumar et al.
[33]. Their outcomes effectively showed that the
optimal improvement of overall thermal
efficiency has been obtained when the discrete
distance is 0.67, the blockage ratio is 0.5, the gap
width is 1, the baffle spacing is 10, and the attack
angle is 60°. The influence of baffles positioned
in various configurations with distinct ratios of
perforation on thermal exchange, flow friction,
and thermal efficiency through a rectangular
channel within Reynolds numbers in the range
of 12000 to 32000 has been numerically and
experimentally reported by El Habet et al. [34].
Outcomes  proved that the  different
configurations of baffles lead to an increase in
the heat transfer rate by 15 to 310% compared
to the same no-baffles channel. However, the
case of staggered arrangement has less flow
friction and significant thermal efficiency than
the case of inline arrangement within the full
interval of Reynolds numbers. Kurian et al. [35]
examined an experimental investigation on flow
behavior in jet impingement systems employing
segmented and perforated baffle arrangements.
Their results have shown that the highest rate of
heat transfer is obtained for the segmented
structure compared to that of the perforated
structure. However, the segmented

configuration has given a high pressure drop in
spite of the augmentation in heat transfer. Also,
the louvered shape decreased pressure drop and
heat transfer comparatively with the segmented
shape. They concluded that, as the jet to baffle
distance decreases, thermohydraulic
performance increases considerably. Recently,
Henniche and Korichi [36] conducted a review of
heat transfer improvement in mixed and forced
convection in baffled channels. Their findings
highlighted that the inclusion of baffles
significantly improved the extent of heat
transfer. However, this extent was influenced by
the specific shape of the baffles.

The analysis of the above literature indicates
that most studies focus on pure forced
convection, while only a few address mixed
convection, which treatsthe steady-state
phenomena or employs a steady-state algorithm
that eliminates all fluctuations (see [10, 16, 25]).
The presence of plates, along with buoyancy
forces, creates significant interactions that push
the flow into the unsteady regime. Additionally,
the unsteady behavior and the interaction
between inertial and buoyancy forces create a
challenging simulation task that demands
substantial hardware resources and time. Thus,
this study fits within this domain and attempts
to improve the understanding of the unsteady
phenomenon by closely approximating the
reality of the problem. However, the unsteady,
laminar, incompressible, and mixed convective
flow of a Newtonian fluid in a vertical channel
with inclined plates, which occurs in heat
exchangers, electronic cooling equipment, etc,,
has not received enough attention. This
observation motivates the present investigation.
The main aim of this study is to carry out
unsteady simulations of assisting mixed
convective flow in a vertical channel with
inclined plates attached to the active wall. It
should be noted that this study is within the
scope of previous works and aims to study the
way to improve heat transfer in a vertical
channel with inclined plates as vortex
generators installed on the heated wall by using
passive techniques, as these are economical and
do not require any external additions. This
method of improving heat transfer by changing
the flow direction towards the walls and
activating the self-sustained oscillatory flow
using inclined plates can be used in the cooling
air of electronic systems and heat exchangers
because the passages in these systems are often
narrow, and the flow velocity is usually low [7];
therefore, laminar flow simulations have been
performed for low and intermediate Reynolds
numbers in the range of 200 to 1400. The
influence of operating parameters such as
Reynolds number, Grashof number, and
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geometric parameters such as plate tilt angle on
heat transfer and flow behavior in steady-state
flow as well as in self-sustained oscillatory flow
under buoyancy effect was analyzed.

2. Model Description

2.1.Model Structure

The flow structure examined in this study is
depicted in Fig.1. It consists of a two-
dimensional vertical channel with a length L and
a width (H). Five adiabatic inclined plates with
angle (y) are regularly attached to the heated
wall to investigate the laminar mixed convective
flow. Each plate has a thickness of 0.02H. The
dimensionless plate height, defined as
(hp=h/H= 0.3) corresponds to the blockage ratio
for the channel width of unity. However, all the
smooth walls remain adiabatic and the
dimensionless plate spacing is D = d/H, which is
equal to one. In this study, plate angles of
vy = 30° 60° and 90° are adopted to examine
unsteady heat transfer behavior. Preheating (Lin)
and post heating (Lout) lengths are carefully
selected to prevent any unrealistic boundary
conditions at the inlet and outlet. Therefore,
Preheating, heating and post heating lengths are
Lin = 6H, Ln = 6H and Lour = 12H respectively, as
indicated in Fig.1. Therefore, the total channel
length is L = 24H. A uniform upward airflow
enters the channel from the bottom with a
constant velocity and temperature (Uo, 60) and
exits from the top of the channel. Thus, the
convection occurs within the assisted flow
regime. The fluid flow (air, Pr = 0.71) is assumed
to be laminar, incompressible; the fluid is
viscous, Newtonian; viscous dissipation and heat
source terms are not taken into account in the
energy equation. All thermo-physical properties
of the fluid remain constant, except for the fluid
density in the buoyancy term, where the
Boussinesq approximation is adopted.

2.2.Governing Equations

Given the above assumptions, the governing
Egs. (1)-(4) of continuity, momentum, and
temperature for unsteady two-dimensional
mixed convection flow can be expressed in their
dimensionless form as follows:

e Mass:

ou av
= 1
%y 0 (1)
e X-momentum:

au ou oU _ -0Py, 1 (OZU azu) Gr
61+U6X v = ox Tre\oxz T ove +Re29 (2)

e Y-momentum:

T Y Ay
ot +U ax +V ay oy Re \3x2 ' 9y2 (3)
e Energy:

20 20 20 1 (3%6 = 926

SrU V= (Gate) (4)

These are the equations that describe the
evolution of velocity and temperature fields over
both space and time.

Lin
LI
..... __
tttttttt
Up=1,6,=0

Fig. 1. Diagram of computational domain

The dimensionless variables used to derive
the governing transport time-dependent
equations mentioned earlier are defined as:

x=2y=X u=2v==>
H’ H’ ug’ U
¢ (p+p0gx) (T-To) (2)
Ug P+pogx —1o
T=— P = ) =
g’ m poul (Tw—To)

where u and v represent the velocity
components, x, y represent the Cartesian
coordinates, po the pressure, po the density, T the
temperature, and Tw is the wall temperature, H
is the channel width, uo and To represent the
velocity and temperature at the inlet conditions,
respectively. The subscript ‘O’refers to the inlet
condition and ‘W’ refers to the wall.

The dimensionless parameters are the
Reynolds number (Re = uoH/v) which measures
the ratio of inertial to viscous forces; the Grashof
number (Gr=gpB(Tw—To) H3/v?) which defines the
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ratio of buoyancy to viscous forces acting on a
fluid. The Prandtl number (Pr = v/a) which
defines the ratio of momentum and heat
diffusion. Thus, Richardson number
(Ri=Gr/Re?), provides a measure of the
influence of free convection (buoyancy forces) in
comparison with the forced convection (inertial
forces) and Péclet number (Pe = Re Pr) defines
the ratio of inertial forces to thermal diffusivity.

Here, v = £ is the kinematic viscosity and a is
Po

the thermal diffusivity (——).
PoCp

2.3. Physical Quantities

Heat transfer is evaluated by the use of the
local Nusselt number, which represents the ratio
of convective heat transfer to pure conductive
heat transfer in the fluid phase. The local Nusselt
Number at the heated wall of the channel is
defined as:

aT
_RHW
v M _men _omp H 06 (6.2)
*“ kT kT oyl,T,-T, orl,

where h denotes the heat transfer coefficient
determined by the local temperature gradient at
the heated wall as follows:

k2
B — (6)

TW _TO

The mean Nusselt number over the heated
part of the channel is expressed as:

1 (Ln
Nu=— f Ny dX %
Ly Jy

For the unsteady flow, the time-averaged
local Nusselt number by period is expressed as:

— 1 (%
Nuy = —f Nuy dt (8)
Tp Jo

The time-averaged mean Nusselt number is
given as:
1 (in

Nu=—| NuydX 9)
Ly Jo

The friction factor is determined using the
pressure drop (4p) across the dimensionless
length of the heated part of the channel (Ly) as:

2 ApH 2 Ap 2 Ap

21 [T 2
Polioln u2  pougly
Pollo 4

(10)

The performance factor is defined as the
ratio of heat transfer enhancement (Nu/Nus) to
the increase in flow energy (f/fs). It is
determined using the following expression:

(11

where Nus and fs represent the Nusselt number
and the friction factor for the channel without
plates.

The Strouhal number, which characterizes
the oscillatory behavior of the fluid flow, is
defined as follows:

_FH

St = (12)

Uo
where F is the dimensional frequency or the
vortex shedding frequency.

2.4. Boundary Conditions

At the inlet channel, the flow has a uniform
velocity (Uo = 1) and a constant temperature
(6o = 0) as the inlet condition, with a zero
gradient for pressure. At the outlet channel, a
zero gradient of the physical quantities (U, V and
0) is maintained along with atmospheric
pressure (Pm = 0). At the plates surfaces and the
channel walls, the typical no-slip condition
(U =V = 0) is used. The first plate is positioned
at 7H from the inlet to allow for the
development of the velocity profile, while the
last one is located at 13H from the outlet. This
placement ensures that the reattachment point
after the recirculation zone downstream of the
last plate is included within the computational
domain and prevents any influence from the
inlet and outlet on the physical quantities being
studied. The heated wall of the channel is
maintained at a constant temperature (6w = 1),
while all other channel walls are kept adiabatic.

3. Solution Method

The governing transport equations (1)-(4)
and their associated boundary conditions
presented previously were solved using
OpenFOAM®), an open-source code built on the
finite volume formulation. The PIMPLE
(Pressure-Implicit Method for Pressure Linked
Equation) algorithm, which combines the
SIMPLE and PISO algorithms introduced by
Patankar [37], is used to couple velocity-
pressure fields. All the governing equations (1) -
(4) are discretized with a second-order implicit
scheme for the time integration. To discretize
the spatial domain, second-order schemes are
used to compute the gradient, divergence, and
Laplacian terms. The simulation is validated by
comparing it with the pertinent experimental
data of Armaly et al. [38] for the laminar
separated flow occurring in a backward-facing
step at X=0and Re = 100.
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The results show good conformity, with the
maximum difference does not exceed 0.5%, as
shown in Figure 2(a). Further, the simulation of
an inclined surface with a uniform wall heat flux
for laminar mixed convective flow was carried
out at (=1.31. Here, ( is the buoyancy parameter,
defined as (gBqwx*)/(uox/v)*> in [39], where
qw and x are the wall heat flux and the
longitudinal  location,  respectively.  The
distribution of the dimensionless temperature is
depicted in Figure 2(b). Very good agreement
between the current numerical simulation and
the experimental data of Abu-Mulaweh [39] was
observed.

To check the independence of the results
from the grid resolution. A typical case of
unsteady flow (Re = 1400, Gr = 2x105, hp = 0.3
and y = 90°) has been examined. A series of
simulations was performed using four different

1.0

0.9F

0.8F

0.7¢

0.6

0.5%

y/H

o Armaly etal

0.4f

Present calculations
0.3}

0.2F

0.1¢

0.0 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

u/U
(a) backward facing step

1.6

mesh configurations (300x60, 400x80, 500x100
and 600x120). Table 1 shows a change of less
than 0.2% in the time-averaged mean Nusselt
number between the two last mesh sizes. Hence,
the grid size of 500x100 has been chosen
adequate for all simulations of flow and thermal
gradient throughout the current study and offers
a favorable balance between computational cost
and precision. In this work, the time-dependent
computations are begun with the fluid at rest,
and a small dimensionless time step (At = 0.002)
is used for all simulations. This ensures that the
maximum Courant number in the flow field
remains less than 0.5. It is noted that the time
step relies on the configuration and flow velocity
to precisely capture the intricate unsteady flow.
Calculations are considered complete when all
residuals for mass, momentum and energy
equations fall below 10-7.

1.2

present calculations
o measured by Abu-Mulaweh

1.0

y (u, /xv )0'5
(b) Inclined surface
Fig. 2. Comparison of velocity profile and dimensionless temperature for backward facing step and inclined surface

Table 1. Effect of grid on the mean Nusselt Number at Re = 1400, Gr =2 105 and h, = 0.3

Grid 60x300

80x400

100x500 120x600

Nu 14.29

14.38

14.44 14.47

4. Results and Discussions

In this study, the dimensionless parameters
that characterize the flow field and heat transfer
behavior in a vertical channel are: the Reynolds
number defined as a function of the channel
width is in the range of 200 to 1400, while the
Grashof number takes two values, 105 and
2x105. For the geometric configuration,
calculations were performed for a blockage ratio
or plate height of hy = 0.3. However, the distance
between two adjacent plates is assumed to be
constant

(D = d/H =1). To study the effect of inclined
plates in the flow direction, three angles of
inclination y = 30°, 60°, and 90° were used. The
thickness of the plates is not included as an
additional parameter in the flow field analysis
because it is considered negligible in relation to
the plate spacing. A series of numerical
computations was performed under unsteady
conditions until either steady-state flow or
periodic/chaotic flow is achieved. The effect of
inclined plates is examined a crossdiverse
combinations of Reynolds number (Re) and
Grashof number (Gr) to gather quantitative
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insights into different flow structures. These
combinations provide Richardson number (Ri)
between 0.1 and 5 to simultaneously account for
both buoyancy and inertial effects. Particular
focus was given to the analysis of flow structure
and heat transfer features within the studied
Reynolds number range to avoid the onset of
turbulent flow.

4.1.Flow Patterns and Thermal Behavoir

Figure 3 presents the streamline patterns for
different plate tilt angles (y = 30, 60, and 90°) at
Re = 600, Gr = 105, and hp = 0.3. These figures
illustrate that the dimensions of the
recirculation zones behind each plate are
relatively increase as y increases. Additionally,
for y = 90° a smaller secondary recirculation
zone is observed on the opposite side of the
larger vortex formed behind the last plate. This
secondary recirculation zone arises from the
rapid change in axial velocity on the opposite
side after the last plate, leading to an
unfavorable  positive  pressure  gradient.
Consequently, this recirculation zone produces a
significant pressure drop due to the reduced
velocity gradient near the right wall in the
secondary backflow region.

y=30° Y =60° ¥=90°
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Fig. 3. Streamlines at Re = 600, Gr = 105and h, = 0.3
for various plate tilt angles y.
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Figure 4 displays the corresponding
dimensionless isotherm contours. As the tilt
angle of the plates increases, the density of the

isotherm contours at the reattachment point
also increases, leading to an increase in the
thermal gradient and consequently an
improvement in heat transfer. Conversely, as the
tilt angle of the plates decreases, the isotherm
contours at the reattachment point become
sparser, leading to a reduced thermal gradient
and a lower heat transfer rate. Additionally, the
recirculation zones behind each plate are
confined, directing the fluid near the wall toward
the core flow, allowing heat to diffuse away and
be evacuated to the outlet.

v =30° vy = 60° y=90°
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Fig. 4. Thermal patterns at Re = 600, Gr = 105 and h, = 0.3
for various plate tilt angles y.

Figure 5 illustrates the flow structure for
three Reynolds number values (200, 400, and
600) at Gr = 105 and hp = 0.3. From the figure, it
is evident that the flow exhibits steady-state
behavior, with streamlines remaining parallel
throughout the entire channel, except in the
regions situated before and after the plates,
where a backflow zone develops due to the
pressure variation resulting from the abrupt
change in passage section. In addition, the
vortices are sharper and more concentrated
directly behind each plate. This happens because
the plates obstruct the fluid flow, which restricts
the recirculating region from extending further
downstream of each plate.

At low Reynolds number (Re = 200), the
vortices are smaller and adopt an oval shape.
These vortices are increasingly influenced by the
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main flow and become larger as the Reynolds
number increases. The length of these vortices
increased as the Reynolds number increased,
particularly for the one located behind the last
plate, due to the lack of specific constraints. In
this Reynolds number range and at a constant
Grashof number, buoyant forces dominate the
flow and cause it to circulate around the plates
before entering the cavity locations. As the
Reynolds number increases, inertial forces
become more pronounced and inhibit the main
flow from entering between the plates. In
addition, behind each plate, the vortices are
steeper and more densely packed. This behavior
is expected because the plates act as
impermeable barriers to the fluid flow, which
causes the recirculation zones to remain
concentrated near the plates and not be blown
farther downstream of every plate.
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Fig. 5. Streamlines versus Reynolds number
at Gr =105 hp= 0.3 and y =30°

The isotherm contours under the identical
conditions are depicted in Figure 6. This figure
shows that the addition of plates alters the flow
structure and thermal patterns. Consequently,
the flow velocity profile is disrupted by the
plates. The vortices formed by the backflow
zones after each plate consist of almost the same
fluid particles; So they act effectively as
stagnation regions that trap and insulate the
warm fluid. In these low-velocity areas, the heat
transfer is occurred mainly by diffusion, showed

by a low Nusselt number. At the reattachment
point, the isotherms become compressed and
represented by a thin near-wall layer. This thin
near- wall layer increases the temperature
gradient, which leads to an increase in Nusselt
number. As the Reynolds number increases, the
isotherms extend further downstream behind
each plate. This is because at high Re, thermal
diffusion remains significant relative to the
convective heat transfer, which contributes
noticeably to the overall heat transport.

Re =200

16

Re =400

16

Re =600

16

6 6 6
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Fig. 6. Isotherm contours versus Reynolds number
at Gr =105 hp= 0.3 and y =30°

As shown by the previous illustrations
(Figures 5 and 6), the flow is in a steady state at
low Reynolds number, even though the
calculations are performed using an unsteady
scheme. The time-velocity history at a control
point (X = 11.5, Y = 0.5) for the case of Re = 600
and Gr = 105 reveals that the flow velocity
oscillates before converging to a stable value, as
depicted in Figure 7(a). The steady state
disappears at Re > Re, and the flow translates to
the unsteady regime, and a self-sustained
oscillatory flow settles down.

The unsteadiness increases as the Reynolds
number increases. The results indicate that the
unsteady state exhibits a time-periodic self-
sustained oscillatory flow. At Reynolds numbers
exceeding the critical value (Re > Re(), the flow
becomes unsteady and undergoes periodic
oscillations over time. This behavior is evident in
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the time evolution of the U-velocity component
at the control point, where the velocity
asymptotically converges to a periodic state with
the same oscillatory amplitude after a certain
elapsed time, as illustrated in Figure 7(b).

This oscillatory flow is induced by the
initiation of  Tollmien-Schlichting waves
activated by Kelvin-Helmholtz shear-layer
instabilities spanning the plates, caused by the
periodic contraction and expansion of the flow
due to the geometric topology. In addition, this
phenomenon is driven by the continuous
rotation and deformation of vortices along the
walls. Notably, the dimensionless time period, 1),
is approximately 1.02 units.

The Fast Fourier Transform (FFT) diagram of
the U-velocity component time evolution is
plotted in Figure 8 at Re = 1200, Gr = 105,
y = 30° and hy, = 0.3. One can see a single
fundamental dominant non-dimensional
frequency wave with St = 0.973, where
St = FH /u. is the Strouhal number.

1.4

U- velocity component

1.0p

0 10 20 30 40
non dimensional time

@

U-velocity component

The Strouhal number quantifies the balance
between inertial forces from local flow
acceleration and those from convective
acceleration. In simpler terms, it represents the
dimensionless frequency at which vortices are
shed. A harmonic frequency with low amplitude

is observed. This harmonic frequency
corresponds to the combination of two
Tollmien-Schlichting waves. However, the

dimensionless frequency of the oscillatory flow
is associated with the traveling Tollmien-
Schlichting wave. One harmonic can be
identified. The amplitude of this harmonic is just
to the right of the fundamental frequency.
Ultimately, it should be noted that the precise
value of the critical Reynolds number (Rec) that
corresponds to the transition from the steady
state to the unsteady state is not considered in
this study; it seems that Rec is highly dependent
on plate tilt angle and flow velocity. An exact
value would be difficult task and requires a
special technique like linear stability analysis.
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Fig. 7. Time history of the U-velocity component at the reference point (X=11.5,Y = 0.5) for
Gr =105, hp= 0.3 and (a) Re =600 and (b) Re =1200
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Fig. 8. FFT analysis of the U-velocity component history
for Re =1200, Gr =105, h, = 0.3 and y=30°
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4.2. Effect of Reynolds and Grashof Numbers

Heat transfer rate is quantified by calculating
the local Nusselt number along the heated part
for various combinations of Reynolds and
Grashof numbers. Furthermore, the time-
averaged mean Nusselt number is evaluated
versus the Reynolds/Grashof number for each
configuration.

The mean Nusselt number ratio Nu/Nus
versus Reynolds number for hpy = 0.3 at different
baffle tilt angles (y = 30, 60, and 90°) and two
Grashof number values is depicted in Figures
9(a)-9(c), where Nus represents the mean
Nusselt number for a channel with no plates.
These figures show that the heat transfer rate in
steady-state flow, which occurs at low Reynolds
number and across all Grashof numbers, can
reach values of 1.05, 1.1, and 1.15 for y = 30°,
60°, and 90°, respectively. In unsteady flow, a
significant increase in heat transfer is observed
and can attain 1.18, 1.54, and 1.6 at high
Reynolds number for y = 30° 60° and 90°,
respectively. Notably, the improvement in heat

1.2
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(@)

transfer is more pronounced at low Grashof
number due to the weaker influence of buoyancy
forces relative to inertial forces. Nearthe plates,
the flow velocity increases, which induces more
interaction between the main flow and the
plates. Thus, the residence time of fluid particles
is reduced, leading to a greater decrease in its
temperature gradient.

This reduction in the fluid temperature
enhances heat transfer in these areas. Due to the
slow flow velocity and the stronger buoyancy
forces at high Grashof number, the aiding flow
near to and just below the plates disrupts the
main flow from coming into direct contact with
the heated surface. In unsteady flow, heat
transfer enhancement is the result of the
continuous disruption and deformation of the
boundary layer caused by flow oscillations. This
effect is more intense as the Reynolds number
increases. The emergence of self-sustained
waves further improves fluid mixing, which in
turn reduces the temperature near the heated
wall.

—=—Gr=10"

——Gr=2x10°
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(0
Fig. 9. Variation of Nusselt Number ratio versus Refor h,= 0.3 and various Grashof
numbers: (a) y = 30°, (b) y = 60°and (c) y =90°.
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As stated in the literature, the improvement
of heat transfer results in increased energy flow.
Consequently, a higher heat transfer rate is
associated with greater pressure loss. Therefore,
to quantify the flow energy required in this
context, the variation in the friction factor ratio
(f/fs) is presented under identical conditions in
Figures 10(a)-10(c).

These figures indicate that the friction factor
ratio (f/fs) increases as the Reynolds number
increases, while it decreases as the Grashof
number increases. At high Reynolds number, the

25
—a— Gr= 10°
—e—Gr=2x10

2.0F

Ny

~

L.5f
1o}

Re
(a)

1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400

ratio (f/fs) can reach 2.4, 4.7, and 5.4 times for
vy = 30, 60 and 90°, respectively, compared with
the channel without plates. The use of plates
enhances fluid mixing in the boundary layer but
also involves more interactions between fluid
and plates, as well as among the fluid particles.
As a result, there is a higher pressure drop. At
high Grashof number, the reduction in the
friction factor is attributed to the buoyancy
forces, which help to diminish flow interactions
and reduce the friction factor even at high
Reynolds number.
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Fig. 10. Variation of friction factor ratio versus Re for h,= 0.3 and various Grashof numbers: (a) y = 30°, (b) y = 60° and (c) y=90°

4.3. Effect of Plate Tilt Angle

To have a clear and comprehensive insight
into the impact of plate tilt angle on heat
transfer efficiency, a series of calculations was
conducted for various geometric configurations
under various combinations of Reynolds and
Grashof numbers. Figure 11 illustrates the
variation of mean Nusselt number and friction
factor ratios for different plate tilt angles at

Gr = 2 x 105 and hp = 0.3. The mean Nusselt
number ratio increases as both Reynolds
number and plate tilt angle increase. The flow
remains in a steady-state condition at low
Reynolds number for all plate tilt angles, with
only a slight augmentation in heat transfer
observed. However, as the Reynolds number
increases, an unsteady flow regime occurs,
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which is characterized by self-sustained
oscillations whose intensity depends on the
Reynolds number. This oscillatory behavior
significantly enhances heat transfer, which can
reach 1.5 times for y = 90° and Re = 1400, as
shown in Figure 11(a).

The friction factor ratio (f/fs) is presented in
Figure 11(b). As shown in this figure, this ratio
tends to increase as both Reynolds number and

1.6

o
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Nu/Nu

1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400
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plate tilt angle increase. It is found to be about
1 to 4.6 times that of the channel without plates,
for example, at y = 90°. In addition, the results
indicate that the (f/fs) ratio is strongly
influenced by both the Reynolds number and
plate tilt angle. According to these results, it can
be concluded that the presence of plates with
larger tilt angles plays a vital role in causing an
increase in flow energy.

1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400
Re

(b)

Fig. 11. Variation of: (a) Nusselt number ratio and (b) friction factor ratio versus Re at Gr = 2x105and various plate tilt angles

4.4. Performance Factor

In this work, the performance factor n is
defined as the ratio of heat transfer
improvement Nu/Nus to the increase in flow

energy (f/fs).

Figure 12 illustrates the variation of n with
the Reynolds number for different plate tilt
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angles and two Grashof number values
(Gr=2 x 10° and Gr = 10°).

As indicated by this figure, the performance
factor is high at low Reynolds numbers for all
plate tilt angles. However, as the Reynolds
number increases, a significant pressure drop
occurs for all plate tilt angles, leading to a
decrease in the performance factor.
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Fig. 12. Performance factor m versus Re at various plate tilt angles: (a) Gr =105 and (b) Gr = 2x10°
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The performance factor also decreases as the
plate tilt angle increases due to the negative
impact of the recirculation zone that forms
downstream of the heated section. In addition,
this negative impact increases as the Reynolds
number increases and as the plate tilt angle
increases.

As a result, the friction factor increases, and a
decline in the performance factor is observed.
Then, the performance factor increases as the
plate tilt angle decreases. Finally, it can be
concluded that a plate tilt angle of y = 30°
achieves a favorable balance between enhancing
heat transfer and reducing flow energy.

5. Conclusions

Numerical simulations of laminar fluid flow
and heat transfer in a vertical channel with five
identical plates regularly distributed on the
heated wall were carried out for 200 < Re < 1400
and two values of the Grashof number Gr = 10°
and 2x10° This investigation particularly
highlights the improvement of heat transfer by
modifying the direction of the flow towards the
wall to be cooled and by activating self-sustained
oscillatory flow using periodically placed plates.
The effects of Reynolds number, Grashof
number, and plate tilt angle at a constant plate
height were examined. Streamlines and
temperature contours were analyzed for
different combinations of Reynolds and Grashof
numbers. In addition, heat transfer and friction
factor were examined based on plate tilt angles,
Reynolds and Grashof numbers. The key findings
of this study are summarized as follows:

e The flow develops into a self-sustained
oscillatory pattern at moderate Reynolds
number values. These values depend on the
plate tilt angle.

e The Nusselt number and friction factor
ratios increase as the Reynolds number
increases, but decrease as the Grashof
number increases.

e The heat transfer rate can be up to 1.15
times greater for steady-state flow and 1.6
times greater for unsteady flow when
compared to a channel without plates at
high plate tilted angle and low Grashof
number.

e An improve in heat transfer rate can reach
up to 15%, 45% and 50% in terms of the
Nusselt number for y = 30°, 60° and 90°,
respectively, at high Reynolds number and
high Grashof number.
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The performance factor improves with the
Grashof number but declines with the
Reynolds number and plate tilt angle.

The performance factor reaches up to 52%,
34% and 31% for y = 30° 60° and 90°,
respectively.

The plate tilt angle y = 30° provides an
optimal balance between the heat transfer
improvement and the reduction in flow
energy.

Nomenclature

Cp Specific heat of air, ] /kg.K

d Plate distance, m

D Dimensionless plate distance, D = d/H =1

f Friction factor, f=24p/p jugL

fs Friction factor in smooth channel

F Dimensional frequency, Hz

h Plate height, m

H Channel width, m

hp Dimensionless baffle height or blockage
ratio, hp =h/H

K Thermal conductivity, W/m.K

Ln Dimensionless heated part length [L, = %‘]

Lin Dimensionless inlet length, L;, = l‘;”

Lout  Dimensionless outlet length, L, = l‘;;“

Nux Local Nusselt number

Nuy Time-averaged local Nusselt number by
period

Nu  Mean Nusselt number

Nus  Mean Nusselt number in smooth channel

p Pressure, Pa

Pm Dimensionless pressure,
Py=(p + pogx)/pous

Ap  Pressure drop, Pa

Pr Prandtl number, Pr =v/a
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uv
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Reynolds number, Re =u,H/v
Critical Reynolds number
Strouhal number, St = FH/uo
Temperature, K

Time, s

Velocity components in x and y-directions,
m/s

Dimensionless velocity components,
u v
U=—,V=—
Up U

Dimensional Cartesian coordinates, m

Dimensionless Cartesian coordinates,
X=x/HY=y/H

Greek letters

o Thermal diffusivity of air, m2/s
B Thermal expansion coefficient, 1/K
Yy Plate tilt angle
A Difference
At Time step
n Performance factor, (Nu/Nus)/(f/fs)
0 Dimensionless temperature,
0 =(T—-To)/(Tw—To)
1l Dynamic viscosity of air, kg/s.m
A Kinematic viscosity of air, m?/s
p Density of air, kg/m3
T Dimensionless time, T = tu,/H
Subscripts
0 At inlet conditions
p Refers to one period
s Smooth channel
w Wall
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