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Abstract: Heat exchangers are utilized ext ifferent industries and
technologies. Consequently, optimizing lieat exchangers has been a major
concern among researchers. Although various studies have been conducted
to improve the heat transfer rate, the use vy wall in the presence of
different types of heat transfer me isms has not been investigated. This

horizontal channel with hot, wavy wall. The fluid flow in
the channel is conside

height. The/minimum Nusselt number is calculated to be 0.7, whereas the
maximum Nusselt number is 27.09. The Nusselt number has only increased by
40% in the higher depths of the cavity, despite the Richardson number being
10,000 times larger. But this figure increases to 130% at lower depths. The
mean Nusselt number is thus significantly influenced by channel height and
cavity width. The influence of wave amplitude on the mean Nusselt number
is twice that of wavelength.
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1 Introduction

Free, forced, and mixed convective flow and heat transfer, due to their wide applications in
industry, have been studied extensively by several researchers. For instance, Ali et al. [1] studied mixed
convection numerically. The nano-fluid flow with an electromagnetic field was considered in their
study to improve heat transfer rates. Yang et al. [2] reviewed the experimental and numerical researches
conducted on mixed convection for non-newtonian fluids. The applied scheme was compared in these
researches. In another work, mixed convection was studied numerically by Qaiser et al. [3]. A written
code in MATLAB was used to simulate nano-fluid mixed convection. The heat transfer from cavities
and channels is currently receiving noticeable attention from scientists because of their extensive
engineering applications. Important applications of the channels are heat transfer rate enhancement
in heat exchangers, cooling systems, air conditioning, refrigeration, gas turbine combustor, dryer
machine, chemical mixer, nuclear reactors, internal combustion engines, aeroplane suction, industrial
heater, rocket nozzle, compact heat exchanger, and centrifugal pump et al. [4] numerically
studied mixed convection in a cavity. The SIMPLE scheme was used al simulations. Mixed
convection in the cavity was the subject of other research that was Nazari et al. [5]. The
simulations were done numerically by written code in FORTR . *wtonian nano-fluid heat
transfer simulations were performed in different Richardso
Eid et al. [6,7] proposed a new algorithm to solve mech s. Taher et al. [§] studied the
mixed convective flow of water in a horizontal chann

cavity with adiabatic circular blocks at its right nalyzed the effects of physical parameters
such as Reynolds number, Hartman Number, Ri number, and Nusselt number on the velocity
and temperature contours. They found that{the heat transfer rate decreases with rising of the
Hartman number. The effect of the er on the mixed convective flow in a horizontal
channel heated from the below surf: d by Sahraoui et al. [10] using the thermal Boltzmann
method, The Prandtl number sigfl ected the flow and temperature field, and heat transfer

increased in the range of 0.0
effects.

3, while the Prandtl numbers higher than 0.3 had negligible

Using waves and all that has been studied by researchers is one of the passive
methods for enhancixn t trangfer, which is based on increasing mixing, creating vortices, circulating
motions, and increasinggdurbtilence. Li et al. [11] performed a three-dimensional numerical work to
survey the effect of helicalrib roughness on heat transfer rate. The mixed convection was simulated
in different Grashof numbers in this work. Xie et al. [12] carried out a three-dimensional numerical
study on mixed convection. The influence of rib on heat transfer rate was surveyed. The ribs were
controlled dynamically in this work. Another three-dimensional numerical work was conducted by
Razavi et al. [13]. The effect of different ribs and fins on Nusselt number was surveyed and the optimum
shape of ribs and fins was proposed by the authors. The mixed convection in the heat exchanger was
simulated in different Reynolds numbers. The channel with wavy walls is the other way to improve
the heat transfer rate that the researcher worked on it. Tang et al. [14] analyzed heat transfer and
pressure drop inside a channel with zigzag baffles. One of the most significant findings of the study
was that a zigzag baffle with a rectangular section exhibited the highest efficiency compared to other
baffle shapes. Yousefzadeh et al. [1 5] simulated the mixed convective heat transfer in a square cavity. In
the considered geometry, the cold stream enters the cavity, which contains an isothermal heat source
at its center. The authors reported that as Reynolds number increases, temperature gradients near
the hot surface are reduced, velocity gradient and boundary layer expansion are amplified, and the



TASC, 2023, vol.37, no.1 149

friction coefficient reaches its maximum value. This paper evaluated the fluid-heat behavior of airflow
inside the open cavity in presence of a horizontal channel and geometrical changes in the bottom wall.
Control parameters for the simulation focused on the geometrical and flow changes. Parameters that
are considered for the wavy wall include the length and amplitude of the wall wave. In the channel and
cavity, the height and width of the cavity change, and fluid flow experiences variations in Richardson
and Reynolds numbers. Flow is laminar according to the variation range of the Reynolds number.

Ullah et al. [16] studied the heat energy transfer phenomenon of a rotating surface using a 3D
water-based nanofluid. They considered the simultaneous effects of couple stress and thermal radi-
ations. The velocity component experienced a decrease with increasing nanoparticle volume fraction
and rotation parameter. Khan et al. [1 7] examined the hydrodynamic flow of an isotropic and incom-
pressible Casson fluid via a yawed cylinder. When the Casson parameter, yaw angle, and convection
parameter increased, the heat transfer rate, skin friction, and fluid velocity declined. Ullah et al. [1§]
analytically evaluated hydrothermal features of a laminar, incompressjls d unsteady nanofluid
motion via a porous capillary. In their study, the hybrid nanofluid

the generalized Hirota—Satsuma coupled system of Korte
that it was a more explicit, reliable, and efficient an

nanofluid migration. The temperature of the fluid wagenhanged in the study by increasing the Eckert
number, heat source strength, nanomaterial conggntrat on-steadiness, and radiation parameters.
Considering the influence of mass transfer, ‘t’ diation, and Hall current, Khan et al. [21]
examined the 3D Carreau fluid stream jaa a sti€tching and porous sheet. The concentration field

over a revolution’s paraboloid were” analyzed. They demonstrated that the convective heat
i Brownian motion. Arifeen et al. [23] presented a numerical
study for the solutions of *order linear and nonlinear boundary value problems. In nonlinear
cases, quasilinearizatiog i

o . Bilal et al. [24] studied the computational and theoretical aspects
fluid encompassing radiation characteristics over a linearly moving
sheet implanted in a stratifjed medium. They concluded that concentration distribution increases with
the magnitude of the solutal stratification parameter. Bilal et al. [25] analyzed the thermal features
of Carreau liquid flowing on variably thickened non-uniformly rotating disk. It was reported that
radially and tangentially directed wall drag reduces with increasing magnitude of the power-law
exponent index. Akbar Qureshi et al. [26] carried out a numerical study to show the flow behavior
of non-Newtonian fluid via orthogonal porous surfaces. Higher boundary layer thicknesses in the
presence of single-wall carbon nanotubes contributed to the increased heat transfer rate. The quality
of a water-based hybrid nano liquid stream with scattering of single-wall carbon nanotubes was
recently discussed by Shah et al. [27], who used a thermal conductance model that comprises the
characteristics of nanolayer formation, particle size, and shape. The thermal conductance of the base
fluid was improved as the particle radius and nanolayer thickness increased. Microchannels with
optimal thermal performance were achieved by Shah et al. [28] by utilizing a triangular cavity with
varying aspect ratios. To prevent excessive energy loss in heat exchangers and micro heat sinks, a cold
cylinder was installed within a triangular enclosure. As reported by the authors, the Rayleigh number
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increased local heat transfer coefficients and kinetic energy. Shah et al. [29] investigated the double
diffusive natural convection regime for the Casson fluid flow. They also measured kinetic energy and
other important terms relative to dimensionless involved parameters.

In order to improve heat transfer, the sinusoidal channel is one of the channels that has minimal
effect on the pressure drop along the length of the channel. However, in the previous studies, the mixed
convection with a wide range of Reynolds and Richardson numbers in a channel with a sinusoidal
channel has not been studied. The mixed convection with a wide range of Reynolds and Richardson
numbers in a channel with a sinusoidal channel has been studied in this work for the first time. In
each wave of a sinusoidal channel, a very complex flow is formed that proceeds with high intensity.
The other novelty of the present work is using a novel multi-dimensional characteristics-based scheme.
In this scheme, artificial wave propagation is considered. This scheme is based on compressible flow
schemes, and in incompressible flows, artificial waves propagate at pseudo sound speed. This method
has superior convergence speed and stability compared to other schem incompressible flows.
, wavelength, channel
height, and cavity width on flow and heat transfer are also assess, ] sed. The outcomes of
the present study will help mechanical engineers and heat excha i §in achieving the optimal
design of systems containing a channel and an open cavity. T stry could use the findings
to enhance the performance of its systems.

2 Governing Equations of Flow and Numerical Methods

In the present research, two-dimensional, 1 mlna cady flow is considered. The Boussinesq
approx1mat10n is employed in the momentum n to account for the density variations. Conti-
nuity (Eq. (1)), momentum in two directions (Ec nd (3)), and energy (Eq. (4)) equations are as
follows [30].

ad ad
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The governing equations of the flow can be written as follows [30].

5 5 NEAYRT,
2 on+ (5) (pud) = (5) (Fa) LS, 5)

where ¢ is a physical variable like temperature. In the above equation, I' is the diffusion coefficient
and S is the source term. Table | represents the governing value of the flow in the general form.
The following non-dimensional variables are used to non-dimensionalize the governing equations:
X y u v P T-T. u.t

x=2",y=2 v=2 =L p= T g % (6)
H H U, U pucz ﬂz_Tc H
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Table 1: Different parts of governing equations of flow

Equation 1) r Sy
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In these relations, H is the characteristic length and «, is the refer . y (inlet velocity). The

non-dimensional forms of the governing equations are as follow
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The non-dimensional numbérsm the above equations, i.e., Reynolds number, Grashof number,
and Prandtl number, are defip€d as thcpllowing. Richardson number is defined as a combination of
Grashof and Reynolds nu in Eq. (5) to determine the type of convection.

L I
Re = "L G — &P
v

= Ri= . (11)

Reynolds number refigsents forced convection and Grashof number represents natural convec-
tion. Therefore, the Richardson number denotes the interaction of natural and forced convective flows.
In other words, when simultanecous effects of forced and free convection exist the Richardson number is
in the order of unity. When the Richardson number is much lower than one effect of forced convection
is dominant and if the Richardson number is much larger than one the convection is natural and forced
convection is negligible. In this section of the paper, the geometry of the boundary value problem is
described in detail. The sinusoidal wave of the wall is as in Eq. (12).

H 2
y=-3 —ASIN |:(X—L1)L—n:| L<x<L (12)

where the geometrical parameters include H the channel height, L, inlet length, L, inlet length to the
end of the wave, and L, distance between peaks of two waves. The amplitude and length of the wave
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in the channel are non-dimensionalized by using the half of height of the channel as follows:
L a
= — 13
H2Y T H)2 (13)
Boundary conditions of the problem at the inlet, sidewall, bottom wavy wall, and outlet are given
in Table 2.

Table 2: Boundary conditions of the simulated physical problem

Boundary Applied boundary condition

Channel inlet u=U,, v=0, T=T,=293.15K
Channel outlet P=P,,

Top insulated wall u=v =0, d7/dy =0

Wavy wall u=v=0, T=T, =333.

To find the boundary conditions in numerical simulation,
Thus, velocities at the outlet and pressure at the inlet and o
this method. The non-dimensional Nusselt number is d
hot wavy wall [30].

ongd-ordgr extrapolation is employed.
soli ndaries are determined using
Eq.”(14), which is expressed for the

hL _ I:(Thq—Tc)j| L
k k
In the above equation, k is the fluid

¢ is the heat transfer rate on the hot s
hot wall can be calculated as follo

Nu = (14)

al c@nductivity, / is the local convection coefficient, and
ding to Fourier law, the heat transfer rate from the

q =-k— (15)
Y y—o
Local Nusselt number ¢ hat wall can be predicted from non-dimensional parameters as the
following [30].
1 20
Nu=-L _ — 16
R 0y, 0¥ (10
The average Nusselt number can be written as follows by integrating it on the wall [30]:
u—l/oae dX (17)
L), Y e

where /; is the non-dimensional length of the hot wall. To describe and draw the streamlines, the stream
function is defined as below, which is the relationship between stream function and mass conservation
and has the following relationship with velocity:

B By

=—, v=— 18
Ty VT T (18)
In this study, the focus is on mixed forced and free convection in a horizontal channel with an open
cavity in the middle part of the bottom wall. The bottom wall geometry is wavy. The sidewalls of the
cavity are cold and the bottom wall is considered hot and with a sinusoidal wavy shape. The location of
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the hot, cold, and wavy walls with the boundary conditions are illustrated in Fig. 1. The flow is laminar
and the main innovation of the research is on variations of various parameters such as Richardson
number, Reynolds number, wave amplitude, wavelength, cavity length, and cavity width. For numerical
solutions, an upwind scheme that is developed for two-dimensional incompressible flows is applied.
Time marching is performed using the Runge-Kutta method to accelerate the convergence rate In
addition, viscous terms are calculated using second-order averaging on the secondary cell [31]. For
more clarity, the flowchart of this work is shown in Fig. 2.

aTfdy =0, mv=0

L
£ |l
.| .
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1. Providing the governing equations.
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.
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T L AN SRS TAT 3
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Figure 2: Flowchart of current work
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Different cases of simulation and problem variables, which include Richardson number (R1), cavity
length (L), cavity depth (D), wave amplitude (A), and Reynolds number (Re), are given in Table 3. It
should be mentioned that the Reynolds number is calculated based on the inlet length of the channel,
and the length and amplitude of the wave are non-dimensionalized with channel height.

Table 3: Different cases of simulation with changing the parameters

Cases Variables Range of variations

1 Ri 0.1,1,10, 100
2 L 50, 150,250 mm
3 D 10, 30, 50 mm
4 A 4,7,10 mm
5 A 0.10,0.15,0.20 mm
6 Re 10, 100, 1000 P
Grid independence is crucial for every numerical reseafch. ation time and stability of
analysis face challenges with increasing the cell numberg] eforeychoosing the optimum grid is

important. In Fig. 3a, the variation of the average It n r in different grids is shown. In
Fig. 3a, the Richardson number is 10 and the lengthfand height’of the channel are fixed. The figure
shows that the 113565 cells are suitable for the simulatiod and there is no need to increase the
cell numbers to 224534 since the average Nus ecomes almost constant. The clustered
tetrahedron grid is used for numerical simulation stering factor is 1.05 in this work. Clustering

. Different works demonstrate the accuracy and stability
than the usual method such as averaging method [30,31].

simulation, they addr changes in the Reynolds and Richarson numbers, and the Reynolds
number was assumed in t nge of 1000 to 8700, and the Richardson number was considered between
30 and 110. The assumptions for the fluid flow were laminar, Newtonian, incompressible, and two-
dimensional flow. Variation of the average Nusselt number by changing the cavity length at different
Richardson numbers is shown in Fig. 3b, where the numerical results are compared with experimental
data by Manca et al. [32].
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3 Results and Discussion

The sinusoidal channel is one of the chan
effect on the pressure drop along the ¢
Reynolds and Richardson numbers i
work for the first time. Effects of ¢
wavelength, channel height, and
The output of this research assi

nhance the heat transfer while having little

ardson number, Reynolds number, wave amplitude,
flow and heat transfer are also assessed and discussed.

industries could use the results of this research to improve the
is section, changes in the depth of the cavity are analyzed for

considered for this case: his simulation Ri = 0.1 and Gr = 10°. The obtained streamlines and
temperature contours are

tained which are depicted in Fig. 4.

T

Figure 4: Streamlines (right) and temperature contours (left) for different depths of the cavity at
constant amplitude

Asseenin Fig. 4, the penetration of the fluid flow into the cavity decreases by increasing the cavity
depth, so it is expected that heat transfer from the hot wall to the cavity outlet reduces, which is evident
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from the temperature contours. In Fig. 5a, variations of the average Nusselt number with increasing
depth at different amplitudes are illustrated. Fig. 5a shows that the deeper the cavity is smaller the heat
transfer from the hot surface becomes, which is shown by a decrease in the average Nusselt number. In
addition, by increasing the wave amplitude heat transfer from hot surfaces enhances. The increment
is negligible for the deep cavity since the velocity of flow inside the cavity is small. As the depth of
the cavity increases, the Nusselt number is reduced. For larger depths, the reduction of the Nusselt
number is more severe. The influence of amplitude on the Nusslet number is less than the influence
of cavity depth. Fig. 5b shows that the increase in the depth of the cavity decreases the horizontal
velocity along the central axis, and at the small depths of the cavity increasing the amplitude leads
to a rise in horizontal velocity in the cavity, while at the depths larger than 10 amplitude does not
affect the velocity significantly. The change in the depth of the cavity and the change in the amplitude
causes complex changes in the velocity profile. The velocity of the boundary layer decreases rapidly in
close-walled regions. Fluid particles move toward the center, thus increasi ass flow and velocity at
intermediate levels occur.

18
16}
14

12

5 i \ |
10k —8— D=10, A=4 '
- —&—— D=30, A=4
$ ———— D=50, A=4
gl ——p— D=10, A=7
B 3 D=30, A=T
i —©— D=50, A=7
6 ————— D=10, A=10
- D=30, A=10
— — — D=50,A=10

ErE BT BT B
100 200 300 400
X(mm)

L — 1
500

The Reynolds number and the channel width are both variables in this section. Reynolds number
varies in the range of laminar flow with values of 10, 100, and 1000, and the width of the channel
changes between three values of a small, medium, and large width. It is expected that flow behavior in
narrow channels appears as incomplete penetration of fluid into the cavity and increasing the Reynolds
number increases the flow velocity inside the cavity, which can affect the heat transfer too. Results for
variations of the average Nusselt number at different Reynolds numbers and widths are shown in
Fig. 6.
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Figure 6: Average Nusselt number with increasing the R

average Nusselt number, and in
addition, at different Reynolds numbers, an increasd|in the length rises the average Nusselt number,
which can be seen in Fig. 6. The Nusselt number mul@iplies by three as the length multiplies by three.
The heat transfer rate is also increased by a ee in this configuration. Therefore, this
technique has the potential to be an effective enhancing heat transfer. But the potential
costs of this approach need to be takensim

gth and wave at constant Richardson of Ri = 10 and Grashof
ig. 7 demonstrates that at low Reynolds numbers, flow inside the
channel with a deep ¢ not change with geometry variations, and increasing the wavelength
does not affect the flow pash. In Fig. 8a, variations of the average Nusselt number with increasing the
length and amplitude of the wave are shown.

W*

Figure 7: Velocity contours (right) and pressure contours (left) with changes in the wavelength at
constant amplitude
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Figure 8: (a) Variations of the average Nusselt number with
of the Nusselt number with changes in the richardson nu

eléeth and amplitude (b) Variations
and amylitude

Fig. 8a shows that at low Reynolds numbers, wit
decreases and at any wavelength increasing the amplitude rises the average Nusselt number. In this
section of results, changes in Richardson number are'Si ted for four cases by changing the wave
amplitude at three values. In this case, the dep e cavity is maximum so the effects of the free
convection are more evident. Variations

at increasing the Richardson number increases the
effects of free convection in hea decreases the effect of forced convective heat transfer;
therefore, at high Richardson increasing the wave amplitude does not significantly influence

wavy surface. In this section, the wavelength is varied at different
fbutions of free and forced convective heat transfer are determined
fnes and isotherms in Fig. 9 show the flow pattern and heat transfer
at a different wavelength¥and Richardson number of Ri = 100. It can be observed from this figure
that the dominant mechanism of heat transfer at different wavelengths is free convection, and the
location of the central vortex does not change with the wall wavelength, therefore heat transfer
rate with increasing the wavelength at maximum Richardson does not vary significantly, which is
evident in the temperature contours. Variations of the average Nusselt number with changes in the
wavelength are shown in Fig. 10, where the second variable is the Richardson number and the depth
and wave amplitude are constant. The figure demonstrates that increasing the Richardson number
and decreasing the contribution of forced convective heat transfer leads to a decline in the average
Nusselt number, which occurs at all wavelengths. In addition, increasing the wavelength at constant
Richardson number results in a decrement in heat transfer and the average Nusselt number.
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Figure 10: Variations of t
different wavelengths

sselt number with increasing the Richardson number at

In this section, f the Richardson number with increasing the depth of the cavity
are studied. Streamline 1sotherms in Fig. 11 show the changing trends at different depths and
Richardson number of 107 In this case, the amplitude and length of waves are fixed. As seen in the
figure, it can be deduced that at high Richardson numbers an increase in depth of the cavity leads
to the formation of vortices in the cavity, which are the main factors of heat transfer, while it does
not happen at low Richarson numbers where the forced convective heat transfer is the dominant
mechanism. Variations of the average Nusselt number at different Richardson numbers and depths of
the cavity are presented in Fig. 12. It shows that increasing the Richardson number and rising of free
convection heat transfer and vortex inside the cavity leads to a decline in the average Nusselt number,
and with increasing the depth at low Richardson numbers the heat transfer increases. However, at
high Richardson numbers changes in the average Nusselt number is smaller. The fluid velocity in the
cavity decreases as the depth of the fluid velocity increases. The heat transfer rate between the solid
wall and the fluid decreases as the fluid velocity decreases. As a result, The convective coefficient and
the Nusselt number are reduced. Despite 10,000 times the Richardson number, the Nusselt number
has only increased by 40% at higher depths of the hole. At shallower depths, however, this number
increases to 130%.
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Figure 12: Variations of the av '(&el number with Richardson number at different depths of
the cavity @

4 Conclusion

Heat transfer an ow were investigated for the mixed heat transfer in a cavity with
a horizontal channel andpbottom wavy wall. A second-order upwind scheme was employed for
discretizing the convection and diffusion terms. The results obtained through the investigation are
summarized below:

B Increasing the depth of the cavity at a constant Richardson number decreases the average
Nusselt number on the hot wavy wall.

B Increasing the amplitude of waves of the hot wall at a constant Richardson number increases
the heat transfer while increasing the amplitude in the cavity with large depth does not affect
the average Nusselt number on the wall significantly.

B At a constant Reynolds number, increasing the wavelength decreases the average Nusselt
number. While at any wavelength, increasing the amplitude rises the average Nusselt number
of the hot wall.

B By varying the Richardson from 0.1 to 100, the number and shape of the vortices inside the
cavity change, and the heat transfer mechanism inside the cavity shifts from forced to free
convection.
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B Increasing the wave amplitude at low Richardson numbers leads to an increase in the average
Nusselt number of the wall, while at high Richardson changes in the amplitude do not alter
the average Nusselt number of the wall significantly.

B Increasing the wavelength of the hot wall at the range of Richardson numbers decreases the
average Nusselt number.

B The minimum Nusselt number was calculated to be 0.7, while the maximum was 27.09.

B The mean Nusselt number is affected by channel height, and cavity width highly. The effect
of wave amplitude on the mean Nusselt number is twice the effect of wavelength on the mean
Nusselt number.

B The findings obtained from this study can be used by the HVAC industry to improve the
efficiency of their products.
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