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Abstract. Convective heat transfer of laminar forced convection in a wavy channel is studied in this paper. Numerical simulations of the 3D steady
flow of Newtonian fluid and heat transfer characteristics are obtained by the finite element method. The effects of the Reynolds number (10 < Re <

1000), number of oscillations (0 < N < 5) and amplitude of the wall (0.05 < A < 0.2) on the heat transfer have been analyzed. The results show that
the average Nusselt number is elevated as the Reynolds number is raised, showing high intensity of heat transfer, as a result of the intensified effects
of the inertial and zones of recirculation close to the hot wavy wall. The rate of heat transfer increases about 0.28% with the rise of the number of
oscillations. In the transfer of heat along a wavy surface, the number of oscillations and the wave amplitude are important factors. With an increment
in the number of oscillations, the maximal value of the average velocity is elevated, and its minimal value occurs when the channel walls are straight.
The impact of the wall amplitude on the average Nusselt number and dimensionless temperature tends to be stronger compared to the impact of the
number of oscillations. An increase of the wall amplitude improves the rate of heat transfer about 0.91% when the Reynolds number is equal 100. In
addition, when the Reynolds number is equal 500, the rate of heat transfer grows about 1.1% with the rising of the wall amplitude.
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1. Introduction simulation costs make this technique very attractive compared

to the cost of high-quality experimental equipment and
installations, particularly for geometrical optimization, where
several different configurations need to be investigated
(Adhikari et al. 2020). Computational techniques to complement
experimental results have also proved a viable alternative to
obtain reliable recommendations about design in thermal
devices. Concerning specifically the investigation of corrugated
or finned channels and design in channels subjected to
convection heat transfer, several interesting studies have been
reported. For example, Nishimura et al. 1989 studied convective
flows in symmetric wavy-walled channels. Later, Vasudeviah
and Balamurugan (2001) studied forced convective Stokes flows
in a wavy channel. Afterwards, Kim et al. (2013) investigated the
influence of different cross-sectional shapes of a printed circuit
heat exchanger (PCHE) on thermal performance and pressure
drop. Their results indicated that semi-circular channels gave
the best performance in the multi-objective analysis. Recently,
Jing et al. (2020) studied the hydraulic and thermal
performances of laminar flow in a fractal treelike branching
microchannel network with wall velocity slip. Lyu et al. (2020)
studied the flow of fluid and transfer of heat in a microchannel

A strategy that is usually employed to improve the transfer
of heat by convection in a channel is the application of wavy
walls. The undulation disturbs the hydrodynamics as well as the
thermal boundary layers, forming a recirculation zone between
the undulations. The point of reattachment leads to washing of
the channel wall, thereby raising the transfer of heat by
convection. A number of studies have investigated how fluid
and heat flow in a channel with wavy walls (cf. Alsabery et al.
2022; Alshukri et al. 2018; Bourouis and Prévost 1994; [zumi et
al. 1983; Leontini et al. 2007; Nishimura et al, 1993; Rush et al.
1999; Sheikholeslami et al., 2022; Wang and Vanka 1995).

The advance of computational technologies in recent years
has made numerical simulation an important tool to generate
results of great contribution to the engineering field, mainly in
fluid mechanics and heat transfer problems (cf. Abu Talib and
Hilo 2021; Eidan et al. 2021; Errico and Stalio 2014; Feijo et al.
2018; Jabbar, Alshukri, and Madlool 2018; Li et al 2022;
Miroshnichenko et al. 2017). Errico and Stalio (2014) considered
a direct numerical simulation of turbulent forced convection in
a wavy channel at low and order-one values of the Prandtl
number (Hajialibabaei and Saghir 2022). The numerical
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heat-sink using the fractal technique to define the microchannel
configuration inserted in a solid with internal heat flux and
considering a multiphase flow of water and kerosene. The main
purpose was to achieve uniform temperature distribution in the
studied domain.

Among the studies concerned with geometrical optimization
in blocks mounted in channel flows, Durgam et al. (2017) studied
the distribution of an array of heat sources under mixed
convection. Authors obtained specific distances as the
recommendation to improve the thermal performance. Alsabery
et al. (2020) studied the impacts of the two-phase nanofluid
approach on convection heat transfer in a 3D wavy direct
absorber solar collector. Using the finite element method and
particles tracking model, Alsabery et al. (2021) studied the
forced convection heat transfer of nanofluid inside a wavy
horizontal channel. Sheikholeslami (2022b) considered
numerically the solar system pipe equipped with an innovative
turbulator and hybrid nanofluid. A review on the applications
and techniques of different channels and heat pipe-solar
collector systems was performed by Alshukri et al. (2022).
Sheikholeslami and Ebrahimpour (2022) studied the thermal
improvement of a linear multi-way twisted tape Fresnel solar
system containing a nanofluid. They found that convective heat
transfer grows and augmentation in the interaction of fluid with
the tube walls improves the friction factor. Numerical analysis
of solar energy storage inside a double pipe utilizing nanofluid
for the purpose of melting system was examined by
Sheikholeslami (2022a). In a wavy heat sink, the heat transfer
coefficient was improved by increasing the nanofluid
concentrations for all given Reynolds numbers (Kumar et al.
2022). Mehta et al. (2022) found that the combined effects of
heat transfer increase in a wavy channel as compared to a
straight channel. Mohammadi and Shahkarami (2022) observed
that by applying optimal wavy walls in the microchannel heat
sink, the amount of absorbed heat increases more in pure fluid
than in nanofluid.

This study numerically analyzes how the transfer of heat by
forced convection in a wavy channel is affected by the Reynolds
number, number of oscillations and wall amplitude. The
numerical analysis used COMSOL-based finite element to solve
the 3D steady problem of Newtonian fluid and thermal behavior
in a wavy channel.

2. Mathematical formulation

For derivation of the equations of fluid dynamics, the primary
concepts of conserving momentum, mass and energy are
employed. “Equation of continuity” is the name given to the
equation developed from the concept of conservation of mass.
Likewise, “equation of momentum” is the name given to the
equation derived from Newton's second law. Both equations are
mostly sufficient to work out the flow aspect of the problems
associated with fluid dynamics. There are four equations (1
continuity equation and 3 momentum equations) to find four
unknown entities (3 velocity components and pressure). In
addition, regarding the aspect of transfer of heat in the
convection problem, a solution is needed with respect to how
temperature is distributed through the flow, in particular near
the solid walls that are in contact with the heat-bearing fluid
stream (Al-Bonsrulah et al. 2021). Another equation that is
needed to achieve this important goal is obtained from the first
law of thermodynamics or the principle of energy conservation.
“Equation of energy” is the term used to denote the equation
derived by applying the concept of conservation of energy to
fluid flow.
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Fig 1. (a) 3D-diagrammatic representation of the physical model; (b)
2D-diagrammatic representation in the plane (X, Y)

The bottom-heated wavy channel under consideration is
depicted in Fig. 1. The governing equations of the problems are
Equation of continuity:

ou ov ow
wtnta =0 (4)

Equation of momentum along x-direction:

ou ou ou _  10p (62u 9%u azu)
uax+vay+waz_ pax+v 6x2+6y2+azz' ()

Equation of momentum along y-direction:

ov v
u—+v—-+w
oy

(6)

Equation of momentum along z-direction:

D 1oy (2 0 o
9z poy ax2 = dy? ' 9z2)’

ow ow ow _  1dp (azw a%w azw)
u6x+vay+waz_ p 0z 3x2+6y2 az2)’ (7
Equation of energy:

LN | S N O
ax ay 0z ax2  dy?  9z2)’

(8)

The boundary conditions of the above-mentioned dimensional
equations are:

At the hot lower wavy surface:

u=0, v=0 T=Ty, 0<x<W, h—A(l — cos(Nmy)),
At the cold inlet left surface:

u=uy, v=0 T=T, x=0, 0<y<h,

At the adiabatic upper wavy surface:

T
—=0, 0<x<W, d—A(1l —cos(Nmy)),

u=0, v=0, a7
At the adiabatic outlet right surface:
p=0,T=0, x=W, 0<y<h, 9)

Introducing the dimensionless quantities:

“ly=Yz=Zyu-" v=" w="

_LJ _LI _LJ UOI _UOI - OI
p=2L =TT pe=2 pr=X (10)

pUq Th-Tc vL a

Upon using the similarity techniques to transform the
dimensional form of equations to the dimensionless forms then
yields

UV wg =N GEriE ) (1)
U%+V%+W%=_%+é(%+f_:+%)' (13)
UV AW = - L GRS (19
U rw = Gt et ) (15)
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The rate at which heat is transferred or the Nusselt number at
the bottom wavy surface is determined by the application of
Fourier's law as given in Eq. (16):

dar
qw = —k E lw (16)
which then gives in dimensionless forms:
Nu= B (0 (22 4 (2 (17)
T k(Th-T) ax ay az) W

The average Nusselt number at the bottom wavy surface is
then obtained by integrating Eq. (21), i.e.

Nu = [ Nu dw, (18)

where W indicates the total length of the wavy lower heater.

3. Numerical Analysis and Validation

The dimensionless governing equations, i.e. Egs. (11)-(15),
subject to the dimensionless boundary conditions, Eq. (9), are
numerically worked out based on COMSOL's PDEs (partial
differential equations) solver derived from the Galerkin
weighted residual finite element formulation. We have chosen
to use the COMSOL finite element technique to take advantage
of the capabilities of COMSOL in solving problems in complex
geometries. COMSOL has ultra-modern numerical algorithms
as well as tools for visualization combined with an interface that
is user-friendly. With the aid of COMSOL, the laminar
incompressible flow (spf) was used in Egs. (12), (13) and (14).
Also, the fluid heat transfer (ht) was used in Eq. (15).

The discretization of the computational domain to triangular
elements is carried out (see Fig. 2). Triangular Lagrange finite
elements associated with various orders were employed for
each flow variable in the computational domain. Through
substitution of the approximations in the governing equations,
residuals regarding each conservation equation are achieved.
For the purpose of simplification of the non-linear terms of the
equation of momentum, we applied the Newton-Raphson
iteration algorithm. Further, with regard to fluid flow and
transfer of heat variables, segregated parametric solvers were
employed. Thereafter, a PARDISO (parallel direct solver) was
applied. Various grid sensitivity tests have been carried out for
the purpose of finding out if the mesh scheme is adequate as
well as ensuring grid-independent results. The default COMSOL
settings were utilized for the predefined sizes of the mesh, that
is, coarser G1, coarse G2, normal G3, fine G4, finer G5 and extra
fine G6. The determined Nusselt number at diverse grid sizes
are shown in Table 1 for Re = 750, N =5 and 4 = 0.1. Grid
size of G5 was selected as fine enough for resolving the flow,
temperature field and local-average heat transfer.

(b)

Fig 2. (a) 3D grid-points distribution for the grid-size 7625 and (b) 2D
grid-points distribution for the grid-size G5.
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Table 1
Grid testing regarding Nu and pressure drop at various grid sizes with
Re =750,N=5and 4 =0.1.
Grid size Number of elements Nu AP

G1 3934 64.362 2.8875

G2 4308 63.375 2.8889

G3 4538 62.718 2.8911

G4 4909 62.468 2.8948

G5 7625 62.418 2.8966

G6 21552 62.394 2.8981

[ 11 I_1
oI 02 03 0F 05 0§ 071 08 09 1

(b)

Fig 3 (a) Chen and Wang (1998); (b) current study: velocity (streamlines)
— left; isotherms — right.
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Fig 4. Comparisons of (a) dimensionless velocity profile of numerical
results presented by Kalteh et al. (2012) and the current result; (b)
average Nusselt number Based on Re of the experimental and numerical
results of Kalteh et al. (2012) and the current outcomes.

For the purpose of validation of the numerical code, it
is imperative to carry out a comparison with the results that
have been published previously. The results of the present work
are compared with the experimental results of Chen and Wang
(1998) with regard to flow and transfer of heat problem
associated with forced convection in a 2D horizontal channel as
shown in Fig. 3(a) and (b). In addition, the dimensionless
velocity profile was compared with the numerical outcomes of
Kalteh et al. (2012) and the average Nusselt number with Re of
the experimental and numerical results of Kalteh et al. (2012),
see Fig. 4(a) and (b). These results give assurance that the
current numerical method is accurate.

4. Results and Discussion

Numerical results are provided in the current section
regarding the velocity, streamlines and isotherms for three
parameters: the Reynolds number (10 < Re < 1000), number of
oscillations (0 < N < 5) and amplitude (0.05 < 4 < 0.2). The
Prandtl number, length, height, width and inlet velocity are fixed
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at Pr=4623, W=2, H=02, D=1 and Uj, =05,
respectively.

Fig. 5 and Fig. 6 illustrate the 3D velocity, streamlines
and the isotherms as the Reynolds number (Re) is cahnged.
With Re = 100, a laminar flow is observed, with the streamlines
following the channel corrugation. With increasing Re, the flow
close to the crests of the wall is distorted as a result of the
greater inertial forces as well as higher velocity of flow in the
channel center, causing the emergence of zones of recirculation
close to the crests of the wall. As Re increases, recirculation
intensity also increases; its highest level is reached at Re =
1000. Furthermore, the intensity of recirculation has a reduced
value close to the upper wall in comparison to the lower wall,
where the transfer of heat by convection plays a vital role. Based
on the isotherms, the hot fluid occupies the bottom portion of
the channel with respect to all Re values, but the cold fluid
occupies the central and higher portions. Emergence of zones
of recirculation at greater Re distorts the isotherms’ shape,
especially close to the crests of the undulated wall.

Int. J. Renew. Energy Dev 2023, 12(1), 155-165
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Figure 7 shows the dimensionless velocity, V, at the
outlet boundary in addition to the local Nusselt number
associated with the corrugated wall for different Re. In this case,
V exhibits the same variation tendency for all Re values. Its
value at the walls of the channel is zero as a result of the no-slip
boundary condition, and it slowly rises to the maximal value
close to the center. This maximal value rises with rising Re,
thereby boosting the velocity of the entering flow. It is
noteworthy that this is valid mostly in the center of the channel
and towards the bottom wall and has a relationship with the flow
isotherms as presented in Fig. 6. The Nusselt number exhibits
recurring changes that follow the wavy wall; also, there is a
considerable rise in its amplitude whenever Reis increased. This
is an indication of an improvement in the rate of heat transfer
over the heated wall with bigger Re. Actually, the emergence of
zones of recirculation around the crests of the wall enhances
mixing of fluid in that region and adds to the improvement in
transfer of heat.

(f) Re = 1000

Fig 5. 3D variations of (left) velocity, (middle) streamlines, and (right) isotherms; evolution by Reynolds number (Re) for N = 4 and A = 0.1.
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Fig 6. Continued in the plane (X, Y).
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Fig 7. Changes associated with (a) non-dimensional velocity at the boundary of the outlet and (b) local Nusselt number interface based on W for
various Re at N = 4 and A = 0.1.
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Fig 8. 3D changes associated with (left) velocity, (middle) streamlines, and (right) isotherms based on the number of oscillations (N) for Re = 750
and A = 0.1.
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Fig 9. Changes associated with (a) non-dimensional velocity at the boundary of the outlet; (b) local Nusselt numbers interface based on W for
various N at Re = 750 and 4 = 0.1.

ISSN: 2252-4940/© 2023. The Author(s). Published by CBIORE



N.A.Madlool et al

100 200 300 400 500 600 700 800 900 1000
Re

(a)

Fig 10. Changes associated with (a) pressure drop and (b) average Nusselt number based on Re for various N at A = 0.1.

Figure 8 presents the 3D velocity, streamlines and
isotherms for various numbers of oscillations (N) for Re = 750
and A = 0.1. Regarding a channel that has straight walls, N = 0.
In such a situation, the flow streamlines are symmetric straight
lines around the center of the channel; this shows a small
convective effect. With N =1, an identical behavior is
observed, which corresponds to a curved channel. However,
with an increase beyond 2, the impact of N begins to
materialize. Flow pattern is distorted by the wavy nature of the
walls, and recirculation zones begin to emerge around the crests
of the wall. The recirculation gets strengthened with increasing
N (Al-Bonsrulahet al. 2021; Boonloi and Jedsadaratanachai
2015; Brodnianska and Kot$mid 2021). Notably, the distance
between inlet and outlet remains unchanged, whereas the
number of oscillations is raised. This points to a reduction in the
wavelength of the walls. These walls have increased corrugation
and lead to greater distortion of the flow field. In all cases, the
isotherms exhibit identical behavior, the hot fluid is present at
the channel bottom area and is crowded close to the bottom
wall crests.

Figure 9 presents how N affects the dimensionless
velocity (V) at the outlet boundary and the local Nusselt number
(Nu) over the corrugated wall. With an increase in N, the
maximal value of V rises, and the value is minimal when the
channel walls are straight. Actually, with rising undulation of the
walls at bigger N, the flow distortion caused by the undulated
walls raises the discrepancy between the flow momentums of
the channel center and walls, causing a greater velocity at the
channel center. There is a significant rise in maximal Nu at
bigger N values; this is as a result of the improved mixing in the
zones of recirculation around the crests of the wall
Notwithstanding, there is a more rapid flow close to the troughs
of the wall, and Nu has a minimal value in that area. This
minimal value reduces with increased N. Generally, it seems
that elevating N causes a little rise in the mean Nu.

Figure 10 depicts changes in the average Nusselt
number (Nu) and the pressure drop (Ap) for various Re values.
In this regard, whenever there is an increment in Re, Nu shows
a higher value, which points to increased intensity in the transfer
of heat, as a result of the intensified effects of inertial and the
zones of recirculation around the hot corrugated wall. At the
same time, it is evident that the pressure drop (Ap) decreases as
N increases. Ap maintains a smaller value with higher Re

Int. J. Renew. Energy Dev 2023, 12(1), 155-165
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because of the higher fluid velocity. It is also clear that there is
an effect of N on Ap only when Re is less than 100, while that
effect disappears when the fluid velocity increases and the Re
increases more than 100. Behaviors of the pressure drop, average
Nusselt number and average skin friction factor with the
governing parameters are presented in Fig. 10.

With regard to the evolution of vortices, Fig. 11 indicates
that at lower amplitude, it is more definite and segregated. The 3-
D plots in addition to the cross sectional view of the X — Y plane
with respect to the velocity streamlines, isotherms for different
wave amplitudes (A) are given in Fig. 11. The numbers of waves
(N) and Reynold’s number (Re) are maintained respectively at 4
and 750. Based on Fig. 11 (first columns), it is observed that the
streamlines are constituted of 4 pairs of powerful recirculation
cells at the higher part, which occupies the major part of the
domain, and 8 relatively less powerful cells at the bottom part
of the domain for A = 0.05. As the wavelength is increased, the
strength of the bottom-part vortices reduces and eventually
disappears at A = 0.125. Nonetheless, the upper-portion
vortices get bigger and stronger and cover the whole domain
with increasing values of A. If the wave-amplitude is elevated,
there is a rise in wavelength, causing a strong circulation of flow.
Conclusively, the role played by the number of oscillations and
wave amplitude in the transfer of heat along a corrugated
surface is very important. With regard to the current wavy
channel design, changes in number of oscillations and wave
amplitude lower the fluid domain while increasing the surface
area, thereby contributing to enhancement of heat transfer.

Figure 12 displays the changes of the dimensionless
velocity interfaces with the boundary of the outlet and local
Nusselt number interfaces with the bottom way surface for various
amplitude (A) at Re = 750 and N = 4. The decrement in the
coefficient of skin friction with Re is ascribed to the reduction of
viscous force. The inverse relationship of the pressure drop and
the Reynolds number is seen from Fig. 13.
Figure 14(a) and (b) explain the 3-D changes of average Nusselt
number and average dimensionless temperature, respectively
among N and A at Re = 750. The figure succinctly shows that
heat transfer by convection rises when N and A are raised. Also,
it is obvious that by raising N, there is an elevation of the
averages of Nusselt number and dimensionless temperature.
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Fig 12. Changes associated with (a) non-dimensional velocity at the boundary of the outlet; (b) local Nusselt numbers interface
based on W for various A at Re = 750 and N = 4.
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5. Conclusions

This study was performed numerically regarding the transfer of
heat based on forced convection under laminar flow condition
in a corrugated-channel to analyze the impacts of the Reynolds
number, number of oscillations and amplitude of the wall on
heat transfer. Whenever there is an increase in the Reynolds
number, the average Nusselt number is elevated, which is
indicative of heat transfer of greater intensity. The flow pattern
is distorted by the undulations of the walls, and recirculation
zones begin to emerge around the crests of the walls. With an
increment in number of oscillations, the maximal value of the
average velocity is elevated, and its minimal value occurs when
the channel walls are straight. The rate of heat transfer increases
about 0.28% with the rise of the number of oscillation and for
low Reynolds number. While for high Reynolds number, the rate
of heat transfer increases about 0.41% with rising of the number
of oscillations. Regarding the current design of the wavy
channel, changes in number of oscillations and wave amplitude
lower the fluid domain while increasing the surface area,
thereby contributing to the enhancement of heat transfer. A rise
of the wall amplitude improves the rate of heat transfer about
0.91% when the Reynolds number is equal 100. In addition,

(b)

Fig 14. 3D Changes associated with (a) average Nusselt number; (b) average dimensionless temperature based on N and A at Re = 750.

when the Reynolds number is equal 500, the rate of heat transfer
grows about 1.1% with the increase of the wall amplitude.
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