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The method of regular perturbation is used to analyse the fully developed flow and
heat transfer in a vertical two-way channel containing a permeable liquid. The
Brinkman model is used for flow through porous media. The energy equation
contains a viscosity term and a Darcy dissipation term. The fully conductive thin
partition is divided into two stages; the wall is uniformly heated; and the effects of the
porous parameter ¢ and the mixed convection parameter A on the velocity and
temperature distribution near the hot and cold walls are investigated. The results
show that these effects mainly depend on the position of the baffle. Analytical
solutions are first used to resolve the simpler problems of either a negligible
Brinkman number or a negligible Grashof number. Then, using a perturbation
series method, the combined effects of buoyant forces and viscous dissipation
are examined. The velocity field and the temperature field in the cases under
study were assessed.

KEYWORDS

permeable fluid, mixed convection, viscous dissipation, double-passage channel,
channel flow

1 Introduction

The study of heat transmission between liquid layers and/or between flowing liquids and
nearby interfaces when a liquid moves is known as convective heat transfer (when they are not
at different temperatures). Heat transfer is typically separated into two basic processes: forced
convection, which occurs when the liquid moves as a result of wind, fans, or the movement of
the heated object itself. On the other hand, there is no such external induction offered. Power of
flow happens in a natural way. Therefore, this phenomenon is known as natural convection.
One of the fundamental issues in heat transfer is the free convective heat transfer between finite
vertical parallel plates suspended in a still viscous liquid.

An essential method of heat transfer in building insulation is natural convection. This
phenomena is mostly investigated from the standpoint of fundamental heat transfer research
within the framework of a straightforward rectangular free-convection model. packed with a
thick liquid and wrapped. Aung researched the asymmetries in wall heating (Aung and Worku,
2018). Free convection in the bowl is a fairly broad topic with numerous applications in real-
world engineering scenarios. The fully developed heat transfer natural convection in a vertical
channel with a symmetrical constant wall temperature was explored by Bodiya and Osterle
(Bodia and Osterle, 1962).
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For the coupled natural convection of heat and mass movement in
a vertical channel with asymmetric boundary conditions, Wood
and Nelson developed an analytical solution (Nelson and Wood,
1989). Darcy’s law has been found to be insufficient for
formulating liquid flow and heat transfer problems in porous
media with fixed boundaries. Heat transfer in porous media is
based on the Darcy flow model. Based on aperture, the Reynolds
number is higher than 1. As a result, the limit as well as inertia
must be taken into account simultaneously. Convective heat
transmission in a vertical channel and an asymmetrical
constant wall temperature were combined in a natural
hypothesis put out by (Chung and Hsu, 1984; Dutta and
Dutta, 1998).

The recent study by Tien and Vafai (Vafai and Tein, 1981)
provides an overview of the body of research on natural convection
in porous media and highlights the significance of non-Darcy
factors like inertia and boundary effects since they can be used to
supplement Darcy’s law in constrained applications. Chemical
equations like pressure gradient and bulk viscous resistance in a
highly porous material are connected to Darcy’s law. Darcy’s law’s
mathematical justification can overlook the effects of solid
boundaries or inertia forces on fluid flow and heat
transmission through porous media.

When the fluid speed is high, inertia and boundary effects
generally become important, which causes heat transfer to occur
near the wall. Theoretically, inertia and boundary effects are
modelled by adding a viscous component and a velocity term to
the momentum equations. (Cheng, 2006) in Cheng Numerical
research was done on the non-Darcy effects on the transient
natural convection physical phenomena flow close to an equal
vertical flat surface contained in an extremely porous medium.
Foam metals and fibrous media are two examples of porous
materials with high porosities. According to Cheng’s findings, the
non-Darcy area is significantly more significant in high body media.
The rate of fluid streaming within the thermal physical phenomena
and the rate of heat transfer are both observed to be decreased by the
inertia and barrier effects.

For instance, stratified environments exist in lakes for cooling
ponds, solar ponds, and the atmosphere. The improvement of heat
transfer in the vertical channel, if the surface is a part of the enclosure,
might be a major goal due to its practical importance in many
engineering systems, such as the collection of alternative energy
and the cooling of electronic systems. Utilizing rough surfaces,
turbulent promoters, swirl flow devices, etc. increases convective
heat transfer in a vertical channel.

Research interest in the unconventional physics that controls the
operation and production of micro- and nano-scale devices such as
heat devices, gas

chromatography analyzers, and other micro-electro-mechanical

micropumps, exchangers for electronic
systems is growing as a result of advancements in fabrication
techniques and microfluidics (Karniadakis et al., 2005; Whitesides,
2006; Anna, 2016; Wei, 2020). Since then, numerous investigations
(Maurer et al.,, 2003; Ewart et al., 2007) and (Cheng and Giordano,
2002; Whitby and Quirke, 2007) have confirmed this improvement for
liquid flows through nanotubes and gas flows via microchannels at
varying rarefaction levels.

Umavathi (Umavathi, 2011) analyses how a thin, totally
affects the fully formed
convection in a vertical channel holding micropolar fluid. The

conductive barrier laminar mixed
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FIGURE 1
Physical configuration

steady wall temperatures of the channel change. It is possible
to derive analytical expressions for velocity and microrotation
velocity. The effects of the material parameter, the baffle position,
and the Grashof number to Reynolds number ratio on the velocity
and microrotation velocity are analysed numerically and
graphically, respectively. It is discovered that the material
parameter is invariant on velocity but promotes the
microrotation velocity, and that the ratio of the Grashof
number to the Reynolds number suppresses the velocity while
promoting the velocity. The double-passage channel with a can
also experience flow reversal.

This study examines the impact of viscous dissipation on fully
developed mixed convection in a vertical plate whose walls
conduct heat to an external fluid based on the findings of
(Umavathi, 2011). Both

reference temperature being equal and different are taken into

instances of the external fluid’s
consideration. Analytical solutions are first used to resolve the
simpler problems of either a negligible Brinkman number or a
negligible Grashof number. Then, using a perturbation series
method, the combined effects of buoyant forces and viscous
velocity field and the
temperature field in the cases under study were assessed. The

dissipation are examined. The
perturbation parameter in the future has been selected to be the
pure number Gr. Both the scenario of symmetric fluid
temperatures with equal Biot numbers and asymmetric fluid
temperatures with varying Biot numbers have been taken into
consideration. Following is a summary of the findings: The
dimensionless velocity u and the dimensionless temperature u
are rising functions of the viscous dissipation parameter for
upward flow at each location. For downward flow, u is an
increasing function at every place while u is a decreasing
function. More crucial for upward flow than for downward
flow is the impact of u and n on the Nusselt values. The value
is decided uniquely in the case of full symmetry.
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2 Mathematical formulation

By introducing a thin, conductive baffle, as seen in Figure 1, the
channel is divided into two passageways. Considered here are fluids
that are permeable, incompressible, laminar, and two dimensional in a
channel. At the same upward vertical speed and constant temperature,
the fluid enters the channel. The temperature applied to the channel
walls is completely different and steady. With the exception of the
buoyancy element in the momentum equation, the fluid properties are
considered to remain constant. It is assumed that the temperature
gradient and the transverse velocity in the axial direction are both zero
for fully developed flow.The governing equations are as follows when
viscous dissipation is taken into account:

Ldp, wu teyy d*u;
T,—T,)- = 2P B Terr T 2.1
gp(T;—T) pdx ps p dy -
d*T; du;\’ pu?
keffd—)lz+!’leff<w> + T =0, (22)

where stream I or stream II is indicated by the subscript i. As for the
boundary conditions,

yZOZ u1=0, T]:Tc

dr, dT
y:b*I u1=u2=0, T1:T2, T;ZT; (23)
y:b: u2:0, T2:Th.

Wood has suggested that the reference temperature in the fully
developed region be set at the mean fluid temperature. The
reference temperature used in the current work is the mean
temperature of the walls, i.e.

T.+T
T, = g
2
The governing equations are as follows:
dZU,‘ Gr 5 zdP,' 2
dYZ——Em i—mdix—mUU,‘ (24)
d*o; dau; 5y 22
a2 + 8(@) +eonU; =0 (2.5)
1
Y =0: U1:0, 6122
de, do
Y=Y U =U,=0, 6,=6, —=--2 (2.6)
dy dy
1
YZII U2:O>92:E>
where
u X y T,-T,
= X=_—""Y =2 — .
v u,’ bRe’ b’ 0 T,-T.
p u.b gB(Ty - T)b®
P= W; Re = > Gr = BT (2.7)
uu, 2 U 2 k 2 v’
Br = ; — N = ; 00 = —
k(Tw-T.) Hesy keys s
3 Solution

Equations (2.4) and (2.5), along with boundary conditions (2.6),
define the fundamental equations driving the flow. These equations
are highly coupled and non-linear. The regular perturbation approach,
however, can be used to find approximations of solutions.
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Stream: 1
U, =Uj+ €Uy (3.1)
0, = 61 + €6 (3.2)
Stream 2:
U, =Uy + €Uy (3.3)
0, = Oy + €6y, (3.4)

where € = Br is chosen as the perturbation parameter.
Using equations (3.1),(3.4) in the equations (2.4),(2.6), we have
Stream 1: Zeroth order equations

dZUlo Gr 5
+

ay Emzem -m’y, —m’0*Uy =0 (3.5)
=0 3.6
i (3.6)
dzUll Gr 5 2 2
dy2 + Em 011 —m-o U11 =0 (37)
d2911 Vlz dulo z 2 2 2
T)}Z + % dy +on Uy, = 0. (38)
Stream 2: Zeroth order equations
dZUZO Gr
dyz + Emzezo - m2y2 - m20'2U20 =0 (39)
dzezo
dy? = (3.10)
First order equations
d2U21 Gr 5
+——m*0y - m*c*U, =0 3.11
dy? Rem 21 =m0 Uy ( )
d2621 nz dblzo ? 22 2
dy? + pov dy + 01Uy = 0. (3.12)
Zeroth order boundary conditions:
U]():O; at Y:O7 U]():O; at Y:Y*;
Uy=0; at Y=1; Uyy=0; at Y =Y%;
1
00 = -3 at Y =0; 0y = > at Y =1; (3.13)
a6 d*6
Do aty =y
dy  dy
First order boundary conditions:
UH :0, at Y:07 U11:0; at YZY*;
UZIZO; atY=1, UZIZO; atYZY*;
0,,=0; at Y=0; 6,,=0; at Y =1; (3.14)
do d*0
0, = 0; atY:Y*;—“: Ay = y*,
dy dy

Zeroth order solutions: In addition to boundary and interface
conditions, the zeroth order differential equations (3.5), (3.6), (3.9),
(3.10) have solutions as follows:

Stream 1:

(3.15)
(3.16)

Uy = d; cosh(ay) +dysinh(ay) + L1y - Ly

610 =cCyta.
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FIGURE 3

Velocity for various mixed convection values A = 50, 100, 150, 200.

Stream 2:

(3.17)
(3.18)

Uy = dscosh(ay) +dysinh(ay) + Ly — Ly

920 =Gy + C4.

First order solutions: First order differential equations (3.7)-(3.8) with
boundary and interface conditions (3.14) have the following solutions:
Stream 1:

Uy = dscosh(ay) + ds sinh (ay) + f1p cosh (2ay) + f1; sinh (2ay)
+f12y” cosh (2ay) + f13)” sinh (ay) + f14y cosh(ay)
+fisysinh(ay) + figcoshay + f16y*

‘i'f17)’3 + fls)’z + foy+ fa

(3.19)

0y = fscosh(2ay) + f,sinh(2ay) + f3 cosh(o?/)
+fscosh(ay) + fesinh(ay) + f7y* + fsy” + foy* + ¢sy + ce.
(3.20)

Stream 2:
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U, = d; cosh(ay) +dg sinh (ay) + f3 cosh(2ay)
+ fa sinh(2ay) + f3; cosh (2ay) + f33y* sinh(ay)
+ fayycosh(ay) + f35ysinh(ay)

+ fayt + oy’ + fay’ + froy+ fao (3.21)
021 = fa1cosh(2ay) + f sinh (2ay) + fa3y cosh (ay
+f24ysinh (2ay) + fyssinh(ay) + fo5 cosh (ay

+f27y4 + f28y3 + fzgyz + C7y + Cg. (322)

The constants appeared in the above equations are given in the
Appendix section 6.

4 Results and discussion

When the baffle is placed close to a cold wall, Figure 2, Figure 3,
Figure 4, Figure 5, Figure 6 show how the porosity parameter ¢ and the
mixed convection parameter A affect velocity and temperature. Figure 2
and Figure 3 show, respectively, the impact of the buoyancy-to-inertia force
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Temperature for various values of o = 2, 4, 6, 8.

on velocity and micro rotational velocity for various baffle positions. For
rising values of A > 0, the maximum point of the velocity profile for each
graph shifts to the right wall, and as a result, the velocity drops near the left
wall. For higher values of A > 0, on the other hand, the highest point of the
velocity profile shifts to the left side, and as a result, the velocity drops
towards the right wall. The stronger the upward velocity, the larger the
value of A > 0. The flow reversal is found close to the left wall, especially for
sufficiently large values of A > 0.

When lambda is more than zero, the maximum velocity point in the
broader passage travels toward the hot side, while when lambda is less
than zero, it moves toward the cool side. The highest velocity point for the
narrower tunnel occurs almost in the centre of the passage whether or not
A >0 or A0. Similar patterns are produced in the two passages for both A >
0and A < 0 when the baffle is in the middle of the channel. Figure 3 shows
the impact of the buoyancy-to-inertia force A on the velocity for various
baffle positions. Stronger descending velocities result from bigger values of
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A > 0. Conversely, for A < 0, larger values of A result in stronger upward
velocities. This outcome runs counter to the velocity. For baffle positions
of .2 and .8, the maximum and minimum points of the velocity are found
close to the hotter wall and the colder wall, respectively. There are two
maximum/minimum locations for the velocity profiles when the baffle
position is in the centre of the channel.

Temperature increases are as seen in Figure 4 and Figure 5, which
demonstrate an increase in the porous parameter ¢ and the mixed
convection parameter A. Figure 6 shows that when the baffle is
positioned in the centre of the channel, the porous parameter o rises and
velocity in both streams falls. When the baffle is placed close to the cold wall
as opposed to in the middle of the channel, it is noticed that the magnitude of
suppression is greater. Both streams’ velocities rise as the mixed convection
parameter A rises. Temperature rises in both streams as porous parameter &
and mixed convection parameter A increase. The Grashof number, which is
the ratio of buoyant force to viscous force, actually increases when the mixed
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convection parameter A increases. Figure 7 and Figure 8 show temperatures
for various porosity parameter values (o) and temperatures for various
mixed convection values (1). According to Figure 9, as the porosity
parameter ¢ grows, the velocity in both streams drops.

5 Conclusion

In this, a vertical double passage channel containing a permeable liquid
is used to study the fully developed flow and heat transfer using a regular
perturbation method. The Brinkman model is employed to depict the
distribution of velocity and temperature during flow through porous
material. Conclusion: The porosity parameter ¢ should reduce velocity
while increasing temperature. When the baffle is situated at the cold,
middle, and close to the hot walls of the double passage channel, the mixed
convection parameter A enhances the velocity and temperature.

A vertical double passage channel with a permeable fluid inside of it has
been the subject of an analytical inquiry into the laminar mixed convection.
An ideal conductive, thin-plane baffle is used to separate the channel into
two passageways. The evolution of the channel’s velocity and permeability
velocity profiles has been shown. The parametric analysis was conducted to
assess how the material factors affected the velocity at various baffle
positions. The average flow velocity U (as a parameter that can be
changed in a genuine laboratory experiment) has also been provided in
addition to the thermal wall requirements. Analytical series expansion has
been used to solve the governing and energy balance equations.

o The velocity is barely impacted by the material parameter. The
channel length affects how the material parameter affects the
permeability velocity.

o As long as U does not reach a maximum value, there may be
upward (U > 0) and downward (U < 0) laminar flow solutions
within the range of the incoming surface heat flux.

o The existence domain is open to all negative values of U and is
not constrained from below.
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