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Temperature and velocity fields in a vertical channel partially filled with porous
medium under mixed convection heat transfer condition are obtained. The heat
transfer equation and equation of motion for clear and porous layer regions are
written and solved analytically. The non-dimensionalization of the governing equa-
tions yields two Grashof numbers as Gr. and Gr, for clear and porous sections
where Gry = Da-Gr,.. The dimensionless governing parameters for the problem are
Gr. (or Gry), Da, thermal conductivity ratio, and thickness of porous layer. The
temperature and velocity profiles for different values of Gr., Da, thermal
conductivity ratio, and thickness of porous layer are plotted and their changes with
the governing parameters are discussed. Moreover, the variation of pressure drop
with the governing parameters is investigated. The decrease of porous layer thick-
ness or thermal conductivity ratio increases the possibility of the downward flows.
Thermal conductivity ratio plays important role on pressure drop, particularly for
the channels with high values of Gr./Re.
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Introduction

Mixed convection in heated channels has received attention of researchers due to its
application in many practical areas such as nuclear reactors, cooling of electronic equipment,
and heat exchangers. The momentum and heat transfer equations for fully developed mixed con-
vection are different than the equations of fully developed forced convection since the fluid ve-
locity is function of temperature. For a fixed fluid flow rate to a vertical channel, the buoyancy
results in the flow reversals since fluid in the region near the hot wall receives an extra force
(buoyancy force) and a reversal flow occurs in the region near the cold wall. The occurrence of
flow reversals was observed by Sparrow, et al. [1]. The flow analysis of mixed convection was
discussed in the work of Ostrach [2], and Lietzke [3]. Aung and Worku [4] presented the results
for fully developed mixed convection flow between in a parallel plate channel in which the net
through-flow rate is constant. They found that when the wall temperatures are unequal, a re-
versed flow situation occurs if the magnitude of the buoyancy parameter Gr/Re exceeds a cer-
tain value. Aung and Worku [5] also studied the mixed convection in ducts with asymmetric
wall heat fluxes. Their study was performed on the fully developed pure fluid channel and aid-
ing buoyancy forces. They found that the flow reversal is more prone to occur in uniform wall
heat fluxes. An analysis of mixed convective flow in a partially filled porous channel was stud-
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ied by Kumar et al. [6]. Three types of thermal boundary conditions as isothermal-isothermal,
isoflux-isothermal, and isothermal-isoflux for the left and right walls of the channel were con-
sidered. The problem of aiding and opposing mixed convection in a vertical porous layer with a
finite wall heat source was investigated by Lai et al. [7]. They studied numerically two-dimen-
sional, steady mixed convection in a vertical porous layer for a case when a finite isothermal
heat source is located on one vertical wall and the other vertical wall is isothermally cooled. The
combined free and forced convection of a fully developed Newtonian fluid within a vertical
channel composed of porous medium with viscous dissipation effects was studied by
Al-Hadhrami et al. [8]. The fourth-order ordinary differential equation, which contains the
Darcy and the viscous dissipation terms, was solved analytically by using perturbation tech-
niques and numerical method. Umavathi ez al. [9] studied the problem of mixed convection in a
vertical channel filled with porous media including inertial forces. They considered isother-
mal-isothermal, isoflux-isothermal boundary conditions. Fully developed mixed convection
with viscous dissipation in a vertical channel filled with a porous medium was analyzed analyti-
cally for buoyancy aided and opposing flow and for isothermal and isoflux boundary conditions
by Barletta et al. [10]. The mechanical and thermal characteristics of the flow configurations
were investigated both analytically and numerically in this study. Furthermore, buoyancy aided
and opposing flows were analyzed numerically for a vertical porous channel with isothermal
and isoflux boundary conditions in the case of a fully developed flow by Barletta et al. [11].
They concluded that for upward driven flows, the combined effects of viscous dissipation and
pressure work may produce a net cooling of the fluid even in the case of a positive heat input
from the isoflux wall. Chang and Chang [12] numerically analyzed the developing mixed con-
vection in a vertical tube partially filled with porous medium. Inertia and boundary effects were
included in their studies. Furthermore, Mokni et al. [ 13] studied turbulent mixed convection in a
heated vertical channel whose walls are subject to a constant heat flux. Mokni et al. [14] also
studied turbulent mixed convection in an asymmetrically heated vertical channel. Chatterjee
and Raja [15] investigated mixed convection heat transfer around five in-line isothermal square
cylinders that periodically arranged within a vertical duct. The walls of vertical duct are as-
sumed to be insulated. Celik and Mobedi [ 16] analyzed mixed convection in three vertical chan-
nels as fully filled clear fluid, fully filled fluid saturated porous medium, and half porous layer
filled channel. They found analytical expressions for velocity, temperature, and heat function.

The aim of the present study is to obtain the velocity and temperature profiles in a
mixed convection vertical channel partially filled with porous media for different porous layer
thickness, Darcy number and thermal conductivity ratio. The dimensional forms of the govern-
ing equations are solved numerically. Moreover, the governing equations are made
dimensionless and analytical solutions are obtained. The results of two approaches are com-
pared to each other to be sure of the obtained analytical expressions. The condition of channel is
similar to the channel of previous study of authors [16]; however the porous layer thickness is
changed. The present study focused on both heat transfer and pressure drop through the channel
by inserting of a porous layer. Based on the obtained results, the change of velocity and tempera-
ture distributions for the channels with different values of Gr/Re, K, and Da numbers are plotted
and discussed. Moreover, the changes of the dimensionless pressure drop and heat transfer rate
with the governing parameters are investigated.

The considered channel

Mixed convection in the vertical channel shown in fig. 1 is studied. The channel is par-
tially filled with porous media. The thickness of porous layer is taken as 6. The fluid flowing
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through the channel is Newtonian and incompressible. The fluid 4
flow is laminar, fully developed, and steady. The channel walls are
maintained at constant temperature of 7, and 7). The channel has a
rectangular cross-section with width of b. It is assumed that the
plates are infinitely long in depth direction; the fluid flows in x-di-
rection while y is perpendicular to the flow direction. The fluid prop-
erties are constant except the density in buoyancy term of the mo-
mentum equation. Viscous dissipation and radiation heat transfer are
neglected and gravity acts in x-direction. The porous medium is sat-
urated with fluid and thermal equilibrium between solid and fluid
exits.

Governing equations and solutions

Velocity, temperature and pressure field

The continuity, momentum, and energy equations for clear b
fluid section of a fully developed mixed convection heat transfer in a

. . . . Figure 1. The considered
vertical channel, shown in fig. 1, under the Boussinesq's approxima- 5

channel
tion can be written as:
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The dimensional boundary conditions for the governing equations of clear fluid de-
fined in egs. (1) to (3) can be expressed as:

— onthe leftside y=0 u(0)=0, T0)=T. (7
— at interface y=b-9; ulby=0=u,; T(b-90)=T, ®)
and the dimensional boundary conditions for porous medium layer section can be given as:

— at interface y=>b-9; ub-908)=u;; T(b-06)=T, )
— on the right side; y=0 u(b)=0, T(b)=T, (10)

where 7, and u; are temperature and velocity at the porous and clear fluid interface. Brink-
man-Darcy equation is used to describe motion of fluid in the porous layer of the channel. A de-
tailed discussion on the choice of the reference fluid temperature for fully-developed mixed
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convection in a vertical channel was done by Barletta and Zanchini [17]. They proposed that the
mean fluid temperature in a cross-section as the reference fluid temperature for fully developed
mixed-convection problems in the channels. Hence, the momentum and energy equations can be
non-dimensionalized as:

2
U Sy o (11)
dY? Re
2
%:0 (12)

and for porous section:
2
a2t M U+ MGrd

dY? Da Re
d20

=0 14

nE (14)

where Gry = gBK(T}, — T,)b/v? which is the Darcy modified Grashof number. The Reynolds,
Grashof numbers, and I are defined as:
_ 3
Re:”Lb; Grc=—g'B(Th T.)b , r-9 (15)
v v3 dx
where u, is inlet velocity to the channel. In the relations, following parameters are used to make
the momentum and energy equations non-dimensionalized:

0— M =0 (13)

x =2, Y:Z,U:i,gzﬂ,p:p_b,gzé (16)
b b Uy T, -T, Ul ¢ b

The dimensionless boundary conditions for the left half of the channel can be ex-
pressed as:

— on the leftside Y =0; U@0)=0, 6(0)=-05 a7
— at interface Y=1-¢ ul-¢§€=U,, 61-¢&)=6, (18)
and the dimensionless boundary conditions for porous medium layer section can be given as:

— at interface Y=1-¢ ul-§€=U,, 61-¢&)=6, (19)
— on the right side Y =1 ul=0, 6(1)=05 (20)

where U; and 0, are the dimensionless velocity and temperature at the interface and & is the
dimensionless porous layer thickness. The solution of dimensionless heat transfer equation with
boundary conditions given in eq. (17) and (18) for clear fluid layer can be written as:

0. +1JY

0.(Y)= (— _Z

O
The solution of dimensionless momentum equation, eq. (11) of clear fluid layer with boundary
conditions explained in eqgs. (17) and (18) is:

U, +Y
Ue=CpY = *

2n

R TIR T +r{__(1 ik +Yﬂ 22)
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where C,, C,, and C; are constants given in Appendix. The solution of dimensionless heat trans-
fer equation with boundary conditions given in egs. (19) and (20) for porous layer can be written

as:
(;—Gi jY +0, —%
0,(Y)= :

The velocity profile for the porous layer region can be found as:

Gry

—((1-&)+20. (Y -1)—-Y
S 1 M{ Re ' ]

Yo S e e OO0 g Lyr

£[C, sinh(s(E — Y ) + Cs sinh(s — s )]

(23)

sinh(s — (1 -&)s)

24

where C,, and C; are constants given in Appendix. U; and I are needed to be found. An equation
for Ui can be found by using the continuity of shear stress at the interface.

U = {1-E)M[[-6{s4Cy +4MC, + Cy cosh(s — (1 —&)s)]+ sCy sinh(s — (1 - &)s)]}

i C0{C, cosh(s— (1 =&)s) +4M[6M —3(1-&)? 52 +sCy, sinh(s — (1 - &)s)]} (@)

By using the compatibility relation, /" can be determined as:

{((1 — &) —1)(1 - &)scosh(s — (1 g)s)[sc13 —24M % tanh(0.5(s — (1 - f)s))} + MCM}
c
=

—4C) 58 (26)

where C, to C, 5 are constants given in Appendix. By using the condition of continuous heat flux
at the interface, 8, which is dimensionless, interface temperature can be found as:

_ Ki-d-9]-01-¢) @7)

L OAK(-9) K ~(1-8)]
where K is the thermal conductivity ratio (i. e., K = ky/k.g)-

Heat transfer analysis

For the channel without a porous layer, the heat flux received by the left wall depends
on the fluid thermal conductivity and channel width. It can be calculated from the following re-

lation:
T, -T
i =_h “c 28
Je D (28)
kg
For a channel with a porous layer, the heat flux received by left wall can be found from
the relation: i (T, ~T.) 9)
PS5 b-4
—+
ker k¢

where k -and k;are effective thermal conductivity of the porous layer and fluid thermal conduc-
tivity. The ratio between two heat fluxes is shown by &:
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For the values of ¢ > 1, a heat transfer enhancement exits compared to the channel with clear flu-
ids, while for & <1, the decrease of heat transfer rate should be expected. That is why ¢ is called
as heat transfer increment/decrement ratio, in this study [18, 19].

U? Results and discussions

g Taﬂﬂgﬂiﬁ% The dimensional forms of the governing
2 equations, egs. (1)-(6), are solved numerically
4 and compared with the analytical solution of the
3 dimensionless forms of the same governing
2 equations Finite difference method is used to
1 solve the motion and energy equations for clear
o4 and porous layer regions. Nodal equations are
i derived for all differential equations and ap-
2 plied to the related nodes in the computational
o . e - ; domain. A guess value is assigned to pressure
=0 0.2 0.4 08 08 1 value at all nodes, then the governing equations
. . . are solved and mass flow rate is obtained, nu-

Figure 2. Comparison of numerical and . . . .
analytical study for & = 0.5, Da = 10°, merically. If the obtained mass flow is not iden-
Gr./Re = 2000, and k=100 tical with the initial assigned value, the pressure

is changed until the identical values are ob-
tained. A good agreement is observed if 201 x 201 nodes are used. The results of two different
approaches (numerical solution for dimensional form and analytical solution for dimensionless
form of the governing equations) are compared. Figure 2 shows a sample of comparison results
for a channel with& =0.5, Da= 10", Gr,/Re =2000, and K = 100. As seen, a good agreement be-
tween two results is observed.

Temperature and velocity profiles

Figure 3 shows the velocity and temperature profiles for a channel with Gr,/Re =1 and
2000, K = 0.05 and three different dimensionless porous thickness of 0.15, 0.5, and 0.85. The
temperature profiles are shown in the first row, while the velocity profiles for Gr/Re = 1 and
2000 are shown in the second and third rows. For the channel with K = 0.05, the effective ther-
mal conductivity of porous medium is greater than for clear fluid. As a consequence almost a
uniform temperature distribution is observed in the porous layer section while a steep tempera-
ture gradient is observed in the clear region for the values of £ = 0.15, 0.50, and 0.85. For the
channel with Gr/Re = 1, the forced convection is dominant. Therefore, a parabolic velocity pro-
file is observed in the left region of the channel in which no porous medium exists. The magni-
tude of velocity in the left region increases with the increase of porous layer thickness. The mag-
nitude of velocity in the porous layer (right region) is very smaller than clear fluid region (left
region) and almost a uniform velocity exists due to obstacles in the porous medium. The veloc-
ity profiles for the channel with Gr/Re = 2000 is shown in the third row of fig. 3. The increase of
Gr./Re from 1 to 2000 causes the increase of buoyancy effect. The magnitude of velocity in the
porous layer is very smaller than the clear region and almost a uniform velocity profile is ob-
served in the porous region. For the channel with & = 0.85, a parabolic velocity profile is ob-
served in right region. The region in which the clear fluid flows is very narrow and that is why no
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Figure 3. The change of temperature and
normalized velocity profiles in the channel with
porous layer thickness when Da = 10~ and

K =0.05; (a) temperature distribution,

(b) velocity profiles for Gr/Re = 1, (¢) velocity
profiles for Gr./Re = 2000

(c)

Figure 4. The change of temperature and
normalized velocity profiles in the channel with
porous layer thickness when Da =107 and

K = 100; (a) temperature distribution, (b)
velocity profiles for Gre/Re = 1, (¢) velocity
profiles for Gr./Re =2000

downward flow occurs. By reducing of porous layer thickness from 0.85 to 0.50, the thickness
of clear fluid region increases and that is why a downward flow is observed in the left region.
Further increase of Gr/Re causes the increase of buoyancy effect and then strong upward and
downward flows occur. The downward flow can be clearly observed for £ = 0.15.

Figure 4 shows the temperature and velocity profiles in the channel with K = 100, and
for three different porous layer thickness as 0.15, 0.50, and 0.85, and two different values of
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Gr/Re as 1 and 2000. The temperature profiles in the channel with & =0.15, 0.50, and 0.85 are
shown in the first row of fig. 4. As seen, almost a uniform temperature exits in the right region of
the channel due to high value of clear fluid. The value of dimensionless temperature at the inter-
face is —0.5 and it linearly changes from —0.5 to 0.5 in the porous layer. The velocity profiles for
Gr/Re =1 and for three different values of porous layer thickness are seen in the second row of
fig. 4. Due to low value of Gr/Re (i. e., Gr/Re = 1), the forced convection is dominant and para-
bolic velocity profiles are observed in the left region of the channel for three different values of
porous layer thickness. By increasing the value of Gr/Re from 1 to 2000, no considerable
change in the velocity profile is observed since the whole region of the clear fluid is at uniform
temperature of —0.5 and no buoyancy effect existence in the clear fluid region.

Our numerical observation shows that even small change of fluid flow rate in the po-
rous layer can considerably influence total pressure drop through the channel. Figure 5(a) shows
the velocity profile in the channel with £ = 0.5, K =100 for three values of Gr/Re as 1, 1000, and
2000. As it was mentioned before, a uniform temperature exits in clear fluid region and no buoy-
ancy force exits for K = 100. By increasing of Gr/Re number, the buoyancy forces in porous
layer is enhanced and the rate of fluid in the porous increases.

10! 10° [
- ---,\
U ——Gr/Re =1 u N
_____ Gr./Re = 1000 A Gr/Re =1
100 - - Gr/Re = 2000 YNy Gr,/Re = 1000
o e GrC,'Re = 2000

1072 “\ 102§

-3 -3

g 0.2 0.4 06 08 ., 1 e 0.4 0.6 o8
(@) (b)

Figure 5. Normalized velocity profile in the channel with & = 0.5 (a) K =100, (b) K = 0.05

As seen from fig. 5(a), the normalized velocity in the porous region is around 0.01 for
Gr/Re =1 and it increases to 0.1 for Gr/Re = 2000. Hence, the pressure drop in the channel
Gr/Re =2000 should be higher than the channel with Gr/Re = 1. Figure 5(b) shows the normal-
ized velocity profile in the channel with & = 0.5, K = 0.05 for the same values of Gr/Re as 1,
1000, and 2000. Due to the negative values of normalized velocity, Y axis is limited between 0.2
and 1. For the channel with K = 0.05, a uniform temperature exists in the porous layer while a
linear temperature exists in the clear fluid region. As seen, the fluid flow in the porous layer does
not increase with increase of Gr/Re. However, it causes occurrence of the reverse flow in the
clear fluid region. For the channel with K= 0.05, no considerable increase of pressure drop in X
direction is expected due to two reasons. Firstly, no considerable increase of flow is observed in
the porous layer, and secondly the occurrence of reverse flow has negative effect on the increase
of pressure drop in positive direction of x.
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Results for heat transfer analysis

Figure 6 shows the variation of heat transfer 4 -
decrement/increment ratio with thermal con-
ductivity ratio for different values of porous 3 =
layer thickness. As seen, for the channel with
clear fluid (i. e. £ = 0) the value of g is 1. By in- 2 7
creasing the porous layer thickness, the
dimensionless heat transfer flux increases for 1
the region of K < 1 while it decreases for large
values of thermal conductivity ratio (i. e., K>1). 0

. ) . 0.00001
The important point of fig. 6 is that the value of

0.001 0.1 10,  100C

varies only in a region around K =1 and it is al-
most constant behind or after this region.
Hence, after a certain value of thermal conduc-
tivity ratio, further increase or decrease of K
does not enhance or reduce heat transfer rate.

Results for pressure drop

Figure 7 shows the change of dimensionless
pressure drop with Gr/Re number for two val-
ues of Darcy of 1073, 107#, and thermal conduc-
tivity ratios of 100 and 0.05. For the thermal
conductivity ratio of K = 100 and Da =1073,
10, the pressure drop increases with increase
of Gre/Re since the fluid flow rate increases in
the porous layer, fig. 5(a). Moreover, the in-
crease of Da number reduces the dimensionless

Figure 6. The change of dimensionless heat flow
rate with thermal conductivity ratio for different
values of porous layer thickness

1
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Figure 7. The change of dimensionless pressure
drop with Gr/Re for channels with different

pressure drop in the channel since fluid can eas- ~ Y2lues of K'and Da number when ¢ =0.5

ily flows in the porous layer. For the channel

with K= 0.05, the increase of pressure drop with Gr/Re is negligible and almost a constant pres-
sure drop is observed in the channel for two different values of Gr/Re. As it was mentioned be-
fore, for the channel with K= 0.05, a reverse flow prevents the increase of pressure drop along
the channel. Figure 7 shows that the net pressure drop, which is the summation of pressure drop
in flow direction (+x) and the pressure drop from top to bottom (—x), is highly influenced from
thermal conductivity ratio.

Conclusions

Fully developed heat and fluid flow in a vertical channel assisted with a porous layer
on the right wall for mixed convection heat transfer is analyzed numerically and analytically.
The numerical and analytical results are compared and good agreement between results is ob-
served. Based on the obtained results, following remarks can be concluded.

e The velocity profile is highly influenced from thermal conductivity ratio and porous layer
thickness. Various velocity profiles can be observed in the channels with the same Grashof
number, Darcy number and porous layer thickness but different thermal conductivity ratio.

e The possibility of downward flows increases with decrease of porous layer thickness or
increase of effective thermal conductivity of porous layer.
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The increase of thermal conductivity of fluid reduces the buoyancy effect in clear fluid
region and consequently the possibility of downward flow is reduced.

Heat transfer from the hot to cold wall changes only in a region of thermal conductivity ratio
around 1. However, after certain values of thermal conductivity ratio, the heat transfer rate is
not changed with further increase/decrease of thermal conductivity ratio.

The pressure drop in the channel is highly influenced from thermal conductivity ratio,
particularly at low values of Darcy number (i. e., Da = 107#). Pressure drop in the channel
with high thermal conductivity ratio (i. e. K = 100) is considerably greater than the pressure
drop of the channel with the low values of K.

Nomenclature

— spacing between walls, [m] Greek symbols

C — specific heat, [Jkg'K™ . .
g” _ aEceleration ’dEle ;go gra\}ity [ms 2] B — coefficient of'thermal expansion
Gr, — Grashof number for channel with clear I - bressure gradlept along channel
fluid 1) — porous layer Fh1ckness, [m] .
Gr, - Grashofnumber for channel with porous £ — heat transfer increment/decrement ratio
media 0 — dimensionless temperature 1
j — heat flux, [Wm™] o - dynamic Yiscosjty of thq fluid, [kgms™]
;A — thermal conductivity, [Wm 'K ™'] Her  — dynamlf: viscosity for Brinkman's model,
K — permeability thermal conductivity ratio, [kgms ] . . . 21
[m?], v - kmema.tlc viscosity of the ﬂulq, [m7s]
M _ relative viscosity,(= /ster) & - dlmgn510nless porous layer thickness
P — dimensionless pressure P — density, [kgm™]
Pe — Peclet number Subscripts
lf{ e _ lf{:;;ﬁf] s[ Il)l?lle or c — cold \yall, clear fluid
s — shape parameter B L
T — temperature, [°C] f B ﬂuld
u,v  — axial and transverse velocity, [ms '] ! — interface
U,V - dimensionless axial and transverse d — Darcy
velocity h — hot wall
X,y  — axial and transverse co-ordinate, [m] av - average
X, Y — dimensionless axial and transverse ref — reference value
co-ordinate
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