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The objective of this study is to investigate unsteady conjugate natural convection in a porous cavity sandwiched
by finite conductive walls considering time-periodic boundary conditions and local thermal non-equilibrium.
The top and bottom boundaries are assumed to be isolated and the continuity of temperature and heat transfer
are considered in interface boundaries. The effect of varying a plethora of parameters such as Rayleigh number,
Thermal conductivity ratio, wall thickness, and non-dimensional frequency on the streamlines, isotherms, and
Nusselt number has been studied. It is shown that, apart from non-dimensional frequency and wall thickness,
the amplitude of periodic fluid Nusselt number is an increasing function of all aforementioned parameters. Fur-

thermore, aside from Rayleigh number and heat transfer coefficient, the behavior of the solid Nusselt number is
the same as fluid Nusselt number. Eventually, the time-averaged Nusselt number and heat transfer through the
vertical walls for different values of non-dimensional frequencies are calculated.

© 2016 Published by Elsevier Ltd.

1. Introduction

The phenomenon of convective heat transfer in a fluid-saturated po-
rous medium has received considerable attention in the past few years
due to its importance in various applications. Such applications include
thermal insulation, biomedical engineering applications, drying pro-
cesses, radioactive waste management, transpiration cooling, geophys-
ical systems and contaminant transport in groundwater [1-7].
Comprehensive reviews of the existing studies on these topics can be
found in monographs by Nield and Bejan [8], Vafai [9], AlAmiri [10],
Ingham and Pop [11,12], and Pop and Ingham [13]. Conjugate natural
convection in enclosures where heat conduction in a solid wall of finite
thickness is coupled with heat convection in an adjacent fluid has been
studied extensively in the literature [14-19]. Kim and Viskanta [14,15]
analyzed experimentally and numerically the effects of wall conduc-
tance on natural convection in square enclosures. They found that
heat conduction along the conducting adiabatic walls simultaneously
stabilize and destabilize the fluid in the cavity. Meanwhile, conjugate
natural convection in enclosures filled with porous media has received
less attention. This type of configuration is of interest in several engi-
neering applications. In particular, the solidification process in porous
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media and building insulation layers. AlAmiri et al. [16] addressed the
wall heat conduction effect on the steady natural convection heat trans-
fer within a two-dimensional cavity filled with a fluid-saturated porous
medium. The generalized model of the momentum equation was used
in representing the fluid motion inside the porous cavity. Their results
showed that as the wall thickness increased, the temperature difference
between the interface temperature and the cold boundary reduced.
However, appreciated increase in the fluid circulation intensity within
the porous medium was achieved when considering thin wall thickness,
large wall-to-fluid thermal conductivity ratio and large aspect ratio
values.

Sheremet and Pop [17] investigated steady-state natural convection
heat transfer in a square porous cavity having solid walls of finite thick-
ness and conductivity filled by a nanofluid. The authors formulated their
equations in terms of voricity-stream function formulation. Their results
illustrated that local Nusselt number at the solid-porous interface was
an increasing function of Rayleigh number, buoyancy-ratio parameter
and a decreasing function of thermophoresis parameter, Lewis number,
and wall thickness. Conjugate natural convection-conduction heat
transfer in a square enclosure with a finite-wall thickness was studied
numerically by Saleh et al. [18]. The Darcy model was used in the math-
ematical formulation for the porous layer. It was found that the number
of contrarotative cells and the strength circulation of each cell can be
controlled by the thickness of the bottom wall, the thermal conductivity
ratio and the Rayleigh number. It was also illustrated that increasing
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Nomenclature

D dimensionless wall thickness

f dimensionless oscillating frequency

H heat transfer coefficient parameter, defined in Eq. (6)
k thermal conductivity (W m™ ! K™ 1)

K permeability of the porous medium (m?)

K thermal conductivity ratio parameter, defined in Eq. (6)
L wall height (m)

Qu dimensionless heat transfer through the walls, Eq. (8)
Ra Rayleigh number for porous medium, = gBKT,L/evoy
Ry wall to fluid thermal conductivity ratio, = ky/(eks)

t Time (s)

T temperature (K)

X,y Cartesian coordinates (m)

XY non-dimensional Cartesian coordinates

Greek symbols

o effective thermal diffusivity (m?s—!)

B coefficient of thermal expansion (K1)

€ Porosity

0 non-dimensional temperature

v kinematic viscosity (m? s~ 1)

T non-dimensional time

s stream function, u = 04s/dy, v = —0;/0x

v non-dimensional stream function

[0 oscillating frequency

Subscripts

c cold

f fluid

h hot

S solid

w wall

either Rayleigh number of the thermal conductivity ratio or both, and
decreasing the thickness of the bounded wall increased the average
Nusselt number of the porous enclosure. Varol et al. [ 19] studied entro-
py generation due to conjugate natural convection heat transfer and
fluid flow inside an enclosure bounded by two solid massive walls
from vertical sides at different thicknesses. The enclosure was assumed
differentially heated from vertical walls and horizontal walls were adia-
batic. It was found that entropy generation increased with increasing of
thermal conductivity ratio and thicknesses of the walls. Moreover, en-
tropy generation due to heat transfer was found more significant than
that of fluid flow irreversibility for all values of thickness of the solid ver-
tical walls.

One can notice from the above cited references that natural convec-
tion heat transfer in a porous cavity bounded by vertical walls of finite
thickness under local non-thermal equilibrium received less attention
in the literature. The main objective of the present work is to study
the effect of varying Rayleigh number, Thermal conductivity ratio, wall
thickness, and non-dimensional frequency on the streamlines, iso-
therms, and Nusselt number under local non-thermal equilibrium
condition.

2. Mathematical formulation

Consider a two-dimensional unsteady, incompressible natural con-
vection in a porous cavity sandwiched between two equal thickness
walls. The porous enclosure is considered to be local thermal non-
equilibrium with symmetric boundary conditions in top and bottom
horizontal boundaries. Due to no-slip boundary condition the velocity
magnitude on the walls is equal to zero. Moreover, the right boundary

condition has a constant temperature and the left temperature bound-
ary condition fluctuates with a sinusoidal function. The solid walls are
considered to be rigid and impermeable. Apart from density variation
in the buoyancy force which conformed to Boussinesq approximation,
the other physical properties of the fluid are considered to be constant.
A schematic of the physical domain is represented in Fig. 1. In order to
capture the necessary gradients, a non-uniform mesh is utilized which
is clustered near the boundaries. The governing equations comprising
momentum and energy are represented for fluid and solid here in ca-
nonical forms as derived by several researchers [8,9,11-12]:
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Egs. (1)-(4) are nondimensionalized utilizing the ensuing variables:
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where parameters arising in dimensionless Eqs. (1)-(4) can be
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Fig. 1. Schematic diagram of coordinate system and physical model.
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The above equations are subjected to the following initial and where f= (sz)/(saf) denotes dimensionless oscillating frequency and

boundary conditions: Ry = ki/(€ky) is the wall to fluid thermal conductivity ratio. Further-
more, the physical quantities of interest in this study are heat transfer
W(X,Y,0) =0, 6;(X,Y,0) =0y(X,Y,0) = 65(X,Y,0) = 0.5 through the walls and fluid and solid Nusselt numbers, respectively, as
0w(0,Y,T) = smea, Ow(1,Y,7) =0 follows:
0¢(X,0
wa.om—o, K0T =80W(§§0’T) :605()5;(0,7') o
0¢(X,1
K 1,7)=0, 007X, 1,7) _ 80,(X,1,7) _ 965(X,1,7) _ e,
oy ()% 7 Qy=— W dy, (8)
W(D,Y,7) =0, 0,(D,Y,7) = 0;(D,Y,T) = (D, Y, ) 7) X-01
W(1-D,Y,7) =0, 6,(1-D,Y,T) = 6;(1-D,Y,T) = 65(1—D,Y,T) N 196,
39,(D.Y,7) _ R, 30,(D.Y,7) _1005(D.Y,7) us = —/ Ny, D Y,
0X ke 0X .
30;(1—D.Y.7) _, 005(1-D.Y,7) 106,(1~DY.7) _ / 065
0X Tk 0X ky 0X OX | D1-— D
Present Results
Isotherms R=0.1 Streamlines

Fig. 2. Comparison of the isotherms (solid line for 6, dashed line for 6;) and streamlines between present results and Saeid [22] at Ra = 10>, D=01,k,=1,and H = 1: (a) R, = 0.1,
(b) R,=1, (C) R, = 10.
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Fig. 2 (continued).

The time-averaged heat transfer through the walls and Nusselt num-
bers is given by:

o 2ﬂ/f/1agw
Quw= 27 s , X x:o,ldeT
- m/f 1
Ny — — / %y dydr )
21 Jo 0 0Xlx_p1-p
. Fo2I e,
Nus = — 2 s Y
Us 2 /o o X X:D,l—Dd dr

3. Method of solution and validation

The system of partial differential, Eqs. (1)-(4), along with the
boundary conditions, Eq. (7), is transformed to a weak form and solved
numerically utilizing the Galerkin finite-element method with iteration.
The iteration process terminates when the residuals for the defined de-
pendent variables become lower than 1078, The detailed solution
method can be found in the previous studies [20,21]. In order to confirm
the solution procedure validation, the problem introduced by Saied [22]
in which a porous cavity horizontally sandwiched between two conduc-
tive walls and is adiabatic at top and bottom boundaries is solved nu-
merically. The left and right vertical walls are considered to have
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Fig. 2 (continued).

constant temperatures T, and T, respectively. In addition, the porous
structure is in local thermal non-equilibrium condition. The streamlines
and isotherms for different values of R are compared with Saeid results
in Fig. 2. Moreover, the variation of average Nusselt numbers with Ry is
compared by the results of the Saeid [22] in Fig. 3. It is shown that the
results, computed in the present study, are in excellent agreement
with the results reported in the literature [22].

4. Results and discussion

The isotherms and streamlines of the free convection flow for 9th
period, in which the flow and heat transfer is fully-developed, are

depicted in Figs. 4 and 5. The constant parameters are considered to
be Ra = 103, D = 0.1,f = 10m, K, = H = R, = 1. According to subplots
(a)-(h) in Fig. 4, the isotherms distribution is affected by the sinusoidal
themperature value of the left wall. In essence, varying the left wall tem-
perature influences the bouyancy force and leads to periodic change of
the solid and fluid temperature distributions. As an illustration, compar-
ing the subplots (c) and (g), in which the dimensionless time is equal to
1.65 and 1.75 respectively, due to the value of left wall temperature, the
isotherms are placed in opposite positions with respect to each other.
In accordance with Fig. 5, the direction of the streamlines is majorly
affected by the sinusoidal variation of the left wall temperature. As an il-
lustration, in subplots (b)-(d), in which the magnitude of temperature


Image of Fig. 2

H. Zargartalebi et al. / International Communications in Heat and Mass Transfer 81 (2017) 218-228

14

12

10

Nu ” Present work
[ Nu s Saeid [22]

Nu_, Present work
Nu_, Saeid [22]

Fig. 3. Variation of average Nuyand Nu, with Ry for different values of D and fixed Ra = 10°,

D =0.1,R, = 0.1, K, = H = 100.

in the left vertical wall is positive and the periodic temperature is in first
half of its period, the clockwise circulation in the left down corner of the
enclosure is gradually generated and becomes greater and eventually
encompasses the cavity. On the other hand, in the second half of the pe-
riod (subplots (f)-(a)) in which the left wall temperature becomes neg-
ative, a counter clockwise circulation is generated from the left up
corner of the cavity. Furthermore, some small cells in the cavity ap-
peared due to the oscillation of the left temperature boundary condition
in which the buoyancy force in the different parts of the cavity has a si-
nusoidal behavior.

The influence of non-dimensional frequency on solid and fluid
Nusselt numbers and heat transfer through the walls is represented in
Figs. 6 and 7. As it is seen in Fig. 4, the magnitude of both Nusselt num-
bers oscillates during the time. Moreover, the amplitude of the swinging
function is decreased as the value of the non-dimensional frequency in-
creases. In other words, the effect of varying left wall temperature on
the temperature of the interior domain significantly dwindles by aug-
menting the non-dimensional frequency. On the other hand, the heat
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Fig. 4. Sequential plots of isotherms for a period of oscillations; Ra = 10%, D = 0.1, f = 10m, K, = H = R, = 1; solid line: fluid phase, dashed line: solid phase, and dash dot line: solid wall.
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Fig. 5. Sequential plots of streamlines for a period of oscillations; Ra = 10%, D = 0.1, f = 10m, K, = H = R, = 1.

transfer through the walls has a reverse behavior with respect to the
Nusselt numbers. It means that the amplitude of the heat transfer
through the walls is an increasing function of non-dimensional
frequency.

It is worth mentioning here that the variation of Ra and K, does not
have tangible impact on the heat transfer through the walls; therefore,
it has not been shown for the sake of brevity. The effect of variation of
K; on the solid and fluid Nusselt numbers is shown in Fig. 8. The results
depict that the augmentation of K; leads the amplitude of both Nusselt
numbers to increase. Moreover, it is obvious that the variation of K,
has more influence on the Nus with respect to Nuy. In essence, the
more value of K, increases, the more the magnitude of porosity soars.
Therefore, the convective heat transfer becomes larger than the conduc-
tive heat transfer, i.e. the absolute value of both Nusselt numbers goes
up significantly.

The solid and fluid Nusselt numbers for multifarious values of the
Rayleigh numbers are represented in Fig. 9. It is shown that increasing
of Ra causes the absolute value of the Nuyto augment and the absolute
value of Nu; to decline respectively. In fact, augmentation of Rayleigh
number induces dominating convective heat transfer than conductive
heat transfer and as a consequence it leads to increase of dimensionless
fluid temperature gradient and decrease of solid temperature gradient
respectively. Further, in high values of Ra the function of solid and
fluid Nusselt numbers deviates from the conventional sinusoidal from
particularly in peaks.

The Nuy, Nuy, and Q,, for different values of wall to fluid thermal con-
ductivity parameter (Ry) are represented in Figs. 10 and 11. As it is indi-
cated, in contrast with heat transfer through the walls, the absolute
magnitudes of the Nusselt numbers are increasing with the augmenta-
tion of the R. In addition, in high values of the Ry, the variation of this
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parameter does not have considerable effect on the Nusselt numbers
and Q,,. The variation of Nuy, Nus, and Q,, with time for various values
of the parameter D is shown in Figs. 12 and 13. As it is indicated, increase
in wall thickness leads the absolute value of Nusselt numbers to de-
crease. In essence, the augmentation of the wall thickness induces dom-
inating conductive heat transfer with respect to the convective one.
Moreover, as depicted in Fig. 13, for the case which the thickness of
the wall is thin (D = 0.05), the absolute value of Q,, is higher than
other cases in contrast to the case in which D = 0.1. The absolute
value of Q,, for the cases in which D = 0.1 and D = 0.2 placed in the

middle of two former cases (D = 0.05,D = 0.1).

The effect of variation of heat transfer coefficient parameter (H)
on the Nusselt numbers and Q,, is depicted in Figs. 14 and 15. The
results show that in contrast with solid Nusselt number, increasing
parameter H leads to increase the absolute values of the fluid Nusselt
number and Q,,. It is worth mentioning that when the order of magni-
tude of the thermal conductivity ratio (K;) is zero the variation of pa-
rameter H does not have significant influence on Nus, Nuj, and Q.
Moreover, it is represented that for the variables Nugand Q,, the cases
which there is local thermal equilibrium and H = 1 are the same.
On the other hand, regardless of the sign of value Nus, this value for
LTE case is lower than the state in which H = 1. This means that the
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Fig. 8. The effect of K; on fluid (left) and solid (right) Nusselt numbers of the left wall; Ra = 10%, D = 0.1,f = 10m, R, = 0.1, H = 1.
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time-averaged solid Nusselt number for LTE case is lower than the state
inwhichH = 1.

Eventually, in order to evaluate the time-averaged parameters, the
influence of non-dimensional frequency on the time-averaged Nusselt
numbers and heat transfer through the walls is shown in Table 1. In ac-
cordance with Table 1, the parameter Q,, is an increasing function of the
non-dimensional frequency. On the other hand, the values of parame-
ters Nu; and Nu; are dwindled at f = 30 and afterwards slightly augment
up to f = 130 and finally faced with a reduction in f = 150. In fact, the
increase of dimensionless frequency affects the thermal stress of the
solid walls and consequently, leads to change more in Q,, and less in
Nu; and Nug.

5. Conclusions

The unsteady conjugate free convection in a porous medium enclo-
sure placed between two conductive finite walls is studied. The left
thermal boundary condition is assumed to be a periodic function of
time and the right one is T.. Moreover, the horizontal up and bottom
walls are isolated. It is depicted that the heat transfer through the
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vertical walls and Nusselt numbers are affected by left thermal
boundary condition and have a periodic behavior along with time.
In addition, the streamlines and isotherms have a periodical pat-
tern as well. Contrary to heat transfer through the walls, the abso-
lute Nusselt numbers increase as the non-dimensional frequency
declines. Moreover, increase of K, and Ry leads the amplitude of
Nusselt numbers to augment. Also, it is found that the absolute
Nusselt numbers magnitude is in reverse proportion with the
thickness of the vertical walls. Further, in contrast with Nug, the
more increase of Rayleigh number and parameter H, the more in-
crease in Nuyamplitude. Finally, it is shown that time-averaged
Nusselt numbers have a negative value which decreases when
low non-dimensional frequency soars and then increases as the
magnitude of f goes up, but in high value of non-dimensional fre-
quency (f = 150) the Nusselt numbers dwindle again. On the
other hand, the time-averaged heat transfer through the wall is
an increasing function of f.
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Fig. 14. The effect of parameter H on fluid (left) and solid (right) Nusselt numbers of the left wall; Ra = 10% R, = 0.1, f = 10m, K, = 100, D = 0.1.
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Fig. 15. The effect of parameter H on heat transfer through the left wall; Ra = 10% R, = 0.1,
f=10m K, = 100,D = 0.1.

Table 1

The variation of time-averaged Nusselt numbers and heat transfer through the walls with

dimensionless frequency.

mf Nug Qu

f

10 —0.0107 —0.0107 0.521
30 —0.0180 —0.0180 1.000
50 —0.0152 —0.0152 1.277
70 —0.0115 —0.0115 1.447
90 —0.0096 —0.0096 1.679
110 —0.0085 —0.0085 1.941
130 —0.0079 —0.0079 2.018
150 —0.0082 —0.0082 2.248
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