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KEYWORDS Abstract A numerical work has been carried out to study the effects of magnetic field on double

diffusive natural convection in a trapezoidal enclosure. Both inclined walls and bottom wall were
kept at constant temperature and concentration where the bottom wall temperature and concentra-
tion are higher than those of the inclined walls. Top wall of the cavity is adiabatic and impermeable.
The trapezoidal enclosure is subjected to a horizontal magnetic field. To investigate the effects, finite
volume method is used to solve the governing equations for different parameters such as Grashof
number, inclination angle of inclined wall of the enclosure, Hartmann number and buoyancy ratio.
The numerical results are reported for the effect of studied parameters on the contours of stream-
line, temperature, and concentration. In addition, results for both local and average Nusselt and
Sherwood numbers are presented and discussed for various parametric conditions. This study is
done for constant Prandtl number, Pr = 0.7; aspect ratio = 1 and Lewis number, Le = 2. The
studied range of Grashof number is from Gr = 10* to 10%, inclination angle from 0° to 75°, Hart-
mann number from 0 to 15 and buoyancy ratio from —2 to 2 which covers the double diffusive
range in the cases of aiding and opposing flows. It is found that heat and mass transfer decreased
as ¢ increases from 0° to 75°. Also heat and mass transfer decreased as Hartman number increased
from 0 to 15. Finally, the predicted results for both average Nusselt and Sherwood numbers were
correlated in terms of the studied parameters.

© 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. Thisis an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Double diffusive natural convection heat transfer has an essen-
tial role in modern life. Application of double diffusive natural
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convection heat transfer is common in many engineering fields
such as, drying processes, printing, building heating and cool-
ing, solar collector, and heat exchangers. In most of these
applications, convective heat and mass transfer are investi-
gated, and the cavities are of various shapes including triangu-
lar, rectangular, trapezoidal, sinusoidal or ellipsoidal.
Magnetic field is also an important control parameter for con-
vective heat and mass transfer in pipes, ducts and cavities.
Basak et al. [1,2] investigated the natural convection in a
trapezoidal enclosure filled with porous matrix by applying
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Nomenclature
B magnetic induction, Tesla = N/Am2 Sh average Sherwood number, Sh = hy L/D
Ch high concentrations at the bottom wall of the cav- Sh; local Sherwood number
ity T local temperature
Ce low concentrations at the left and right walls of the T. cold wall temperature
cavity T, hot wall temperature
C dimensionless concentration, C = (¢ — ¢.)/(c, — ¢.) AT temperature difference
C, specific heat at constant pressure u velocity components in x direction
D mass diffusivity v velocity components in y direction
g acceleration of gravity U dimensionless velocity component in X direction
Gr, solutal Grashof number V dimensionless velocity component in Y direction
Gr thermal Grashof number X,y dimensional coordinates
h heat transfer coefficient X, Y dimensionless coordinates
hy solutal heat transfer coefficient

H cavity height

k fluid thermal conductivity

L bottom wall of the cavity length
Le Lewis number, Le = «/D

N buoyancy ratio

Nu average Nusselt number, Nu = hL/k
pressure

P dimensionless pressure, P = pL?*/p*o?

Pr Prandtl number, Pr = v/a

Ray solutal Rayleigh number

Ra thermal Rayleigh number

Greek symbols

o thermal diffusivity

Pr coefficient of thermal expansion

PBs coefficient of solutal expansion

0 dimensionless temperature, (T — 7.)/(T, — T.)
¢ trapezoidal inclination angle

dynamic viscosity
kinematics viscosity

local fluid density
dimensionless density, NC- 0

D ==

finite element method. In their investigation, they studied the
effect of uniform and non-uniform heating of bottom wall
where the two vertical walls were maintained at constant cold
temperature and top wall is well insulated. They also investi-
gated natural convection in trapezoidal enclosures for uni-
formly heated bottom wall, and linearly heated vertical wall
(s) with insulated top wall by using finite element method.
Basak et al. [3] extended their work to various inclination angle
for the trapezoidal. A study on natural convection on a trape-
zoidal porous enclosure has been carried out by Baytas and
Pop [4]. They solved the problem by finite-difference method
with boundary conditions as top enclosure being cooled, bot-
tom cylindrical surfaces being heated and the remaining two
non-parallel plane sidewalls of enclosure being adiabatic. In
trapezoidal geometries, numerical studies are widely available,
such as those by Dong and Ebadian [5] and Boussaid et al.
[6,7] in the laminar-flow regime and by Van der Eyden et al.
[8] in the turbulent flow regime. Kumar and Kumar [9] studied
the coupled non-linear partial differential equations governing
the natural convection from an isothermal wall of a trape-
zoidal porous enclosure by using finite element method.
Kumar [10] studied thermal analysis to investigate the natural
convection for a trapezoidal absorber plate and compared the
results with the rectangular enclosure. Authors found that the
convective heat transfer coefficient for rectangular enclosure is
31-35% lower. lyican and Bayazitoglu [11] investigated natu-
ral convective flow and heat transfer within a trapezoidal
enclosure with parallel cylindrical top and bottom walls at dif-
ferent temperatures and plane adiabatic side walls. Karyakin
[12] reported two-dimensional laminar natural convection in
enclosures of arbitrary cross-section. This study reported on
transient natural convection in an isosceles trapezoidal cavity.

Fundamental studies on natural convection in trapezoidal
enclosures of various forms (including triangular ones as a spe-
cial case) have been presented by Peric [13], Hasanuzzaman
[14] and Hoogendoorn [15] and Varol et al. [16] analyzed
numerically the entropy in a right-angle trapezoidal enclosure
filled with a porous medium bounded by a solid vertical wall.
Authors used finite difference technique in their work at differ-
ent values of thermal conductivity and solid wall thickness.
Kimura and Bejan [17] proposed heatlines for visualization
of convective heat transfer through an extension of heat flux
line concept to include the advection terms. A smaller number
of studies have considered the trapezoidal geometry, which is
encountered in several practical applications, such as attic
spaces in buildings [18]. Other related works with trapezoidal
enclosure can be found in the literature as [19-21]. Teamah
[22] studied double diffusive in symmetrical trapezoidal enclo-
sure, and the work is extended for different values of Grashof
number and aspect ratio as further reported in [23].

Basak et al. [24] studied numerically the natural convection
flows in a square cavity filled with a porous matrix for various
boundary conditions and wide range of parameters. The stabil-
ity of the flow in confined rectangular enclosures has also
received considerable attention in recent years [25]. Teamah
[26,27] studied double diffusive flow in a rectangular cavity
in the presence of magnetic field and inner heat source. Tea-
mah et al. [28-30] extended the previous work by studying
the inclined cavity. Recently Teamah and El-Maghlany [31]
studied the effect of magnetic field on heat transfer in a rectan-
gular cavity filled with nano-fluid. Further work is done by
Khairat and Teamah [32], and they studied the hydro-
magnetic mixed convection double diffusive in a lid driven
square cavity numerically. Oztop et al. [33] numerically
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investigated magnetic field effects on natural convection in a
square enclosure with a non-isothermal heater. Sivasankaran
and Ho [34] studied natural convection of water in the pres-
ence of magnetic field with temperature dependent properties
in a cavity and deduced that the external magnetic field direc-
tion is an important parameter for fluid flow as well as heat
transfer. Singh and Sharif [35] extended their works by consid-
ering six placement configurations of the inlet and exit ports of
a differentially heated rectangular enclosure. A recent investi-
gation indicates the effect of viscous dissipation for Darcy
model as studied by Saeid and Pop [36]. Their study shows that
the increase in viscous dissipation parameter reduces the heat
transfer rate and the average Nusselt number in porous cavi-
ties. Tong and Subramanian [37] further utilized extended
Darcy model to examine the buoyancy effects on free convec-
tion in vertical cavity. A model that bridges the gap between
the Darcy and Navier Stokes equations is the Darcy—Forch-
heimer model which was imposed by [38] to study boundary
and inertia effect on flow and heat transfer in porous media.

The present study examined double diffusive effects of mag-
netic field on natural convection heat transfer in trapezoidal
enclosure with different inclination angles. The study also
extends the problem of natural convection in trapezoidal
enclosure by taking into account magneto-hydrodynamic
effect.

2. Mathematical model

Physical model is plotted in Fig. 1. In this Figure, the cavity is
heated from bottom wall and temperature and species concen-
tration of inclined walls are lower than those of bottom wall.
The top wall is adiabatic. The length of bottom heated wall
is shown by L and the height is H. The cavity is filled with pure
fluid and magnetic field affects the system laterally. Inclination
angle of the inclined wall is changed as an effective parameter
on heat and mass transfer.

The fluid is assumed to be incompressible, Newtonian and
viscous. Both the viscous dissipation and magnetic dissipation
are assumed to be negligible. The magnetic Reynolds number
is assumed to be so small that the induced magnetic field is
neglected. These assumptions lead to the Boussinesq approxi-
mation, Eq. (1), with opposite and compositional buoyancy
forces which is used for the body force terms in the momentum
equations.

>
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Figure 1  Studied model for the problem.
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The governing equations for the problem under considera-
tion are based on the balance laws of mass, linear momentum,
concentration and thermal energy in two dimensions steady
state. In light of assumptions mentioned above, the continuity,
momentum, energy and concentration in two dimensional
equations can be written as follows:
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After employing the dimensionless variables mentioned
above, the resulting dimensionless governing equations can
be written as
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where Pr is the Prandtl number, Ra is the thermal Rayleigh
number, N is the buoyancy ratio = B[(cy — ¢)]/B+[(Th — T.)],
Ha is the Hartmann number = BL\/o/u, Le = o/D.

From the symmetry of the problem, half the problem
domain is solved as shown in Fig. 2.

The corresponding boundary conditions in dimensionless
form are as follows:

Atright wal: U=0, V=0, =0, C=0
Attop wall: U=0, V=0, =0, 5£=0
At left symmetry walls: 2% = 0,22 =0, 2£ =0,2¢=0

At bottom wall: U=V =0, =1, C=1

The Nusselt and Sherwood numbers calculated as average
values and evaluated along the isothermal walls of the cavity
are given by
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Figure 2 The domain studied.
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3. Numerical solution

Numerical solutions of the full conservation equations are
obtained using the finite volume technique developed by
Patankar [39]. This technique is based on the discretization
of the governing equations using the central difference in
space. Firstly, the number of nodes used was checked. During
the program tests (32 *32), (52 ¥ 52), (82 ¥ 82) and (122 * 122)
grids were checked. The maximum differences between
(32 * 32) grids and (122 * 122) are within 0.12%. To save com-
putational time, through this study (52 * 52) grids are used.

The 52 grid points in X and Y directions were enough to
resolve the thin boundary layer near the cavity walls. To calcu-
late both Nusselt and Sherwood numbers, the following
numerical differentiations are used, 2%/, = limay_o (29,
a7l -0
walls, insulated and impermeable wall and symmetrical side
very fine grids are needed to obtain accurate results. In X-
direction, the width of 5 control volumes close to both bound-
aries was 1/4 the width of the central control volumes. Also, in
Y-direction, the height of 5 control volumes close to both the
horizontal boundaries was 1/4 the height of the central control
volumes. The discretization equations were then solved by the
Gauss—Seidel method. The iteration method used in this pro-
gram is a line-by-line procedure, which is a combination of
the direct method and the resulting Tri Diagonal Matrix Algo-
rithm (TDMA).

In order to check the convergence of the iteration, local
iterative convergence was assessed by monitoring the magni-
tude of the total heat and mass fluxes across the active walls
by setting its variation to less than 107>, whereas global itera-
tive convergence was guaranteed by controlling the residuals of

and = limay_o(4%),_,- Therefore, at the isothermal

60
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50 — Sh
= 40 —
(72] J
=
£ 30
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Figure 3  Stability of the solution.

the conservation equations by setting its variations to less than
107, Also, the change in the average Nusselt and Sherwood
numbers as well as other dependent variables through one
hundred iterations was checked. Fig. 3 shows that the change
in the average Nusselt and Sherwood numbers is less than
0.01% from their initial values which is an indication for the
convergence and stability of the solution.

4. Validation with previous work

Prior to calculations, checks were conducted to validate the
calculation procedure by performing simulation for convective
heat transfer flow only in a trapezoidal enclosure in the pres-
ence of magnetic field with the same configuration as reported
by Hasanuzzaman et al. [14]. This is done in the present code
by putting the buoyancy ratio equals to zero and this infers
neglecting the concentration buoyancy effect. The average val-
ues for Nusselt number of the present code are compared to
their published results as shown in Fig. 4 taking the studied
parameters Ha = 10 and Pr = 0.7. The comparison reflected
a good agreement. Most of the results coincide with the max-
imum deviation of less than 5%.

5. Results and discussion

5.1. The combined effect of thermal Grashof number (Gr) and
trapezoidal inclination angle

Double diffusive natural convective heat transfer inside a
trapezoidal enclosure is studied for different Grashof number,
Gr, and trapezoidal angle, ¢, of enclosure, Hartmann number,
Ha and buoyancy ratio. Fig. 5 shows the effects of trapezoidal
angle of the cavity on streamline, temperature and concentra-
tion distribution. The figure is plotted for different trapezoidal
inclination angles at Gr = 10°, Ha = 10 and N = 1. They are
shown by streamline (on the left column), isotherms (on the
middle column) and iso-concentrations (on the right column).
In this figure for ¢ = 0°, the cavity is similar to rectangular
cavity. The streamlines are uni-cells that revolve in the clock-
wise direction with strength increasing toward the center, same
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Figure 4 Comparison of present results published by Hasanuz-
zaman et al. [14].

Stream line

Isothermals

behavior as reported in [14,20,21]. Isotherms show that tem-
perature contours are accumulated near the corners due to
high temperature difference between walls. Flow strength
increases with increasing inclination angle of the walls of cav-
ity. At (¢ = 30°) streamlines fitted the cavity but the circula-
tion cells are elongated diagonally revolving freely in the
upper vast area between the walls. Isotherms also show that
temperature is increased at the center of the cavity because
of the increasing distance between cold walls. By examining
the iso-concentrations, their values are also increased due to
the increasing distance between the low concentration walls.
These effects are more pronounced for (¢ = 60°) and the
streamlines are elongated more in the diagonal direction, the
temperature increases in the center of the cavity and so do
the iso-concentration values.

Fig. 6 shows the effect of trapezoidal angle on local Nusselt
number. It is noted that the value of local Nusselt number is
the least in the center and then increases same as reported in
[14]. The increment is moderate till near the right wall its value
jumps steeply which is explained from the fact that circulation
cell is cold and when it passes beyond the bottom right corner

Iso-concentration

Trapezoidal angle=60°

Figure S

Effect of trapezoidal inclination angle on iso-contours Gr = 10°, Le = 2.0, Pr = 0.7, Ha = 10 and N = 1.



1042 M.A. Teamah, A.l. Shehata
60 60
——— Angle=0.0 ——— Angle=0.0
| ——F—— Angle=15 o | ——F—— Angle=15
o —&—— Angle=30 'g —&—— Angle=30
'g Angle=45 S Angle=45
40 _ S 40 -
2:5 Angle=60 - Angle=60
- ———+—— Angle=75 S ————— Angle=75
@ 2
n o
S £
P4 (%)
© ©
o o
(] o
- -l

0.60

Figure 6  Effect of trapezoidal inclination angle on local Nusselt
number at Gr = 10°, Le = 2.0, Pr = 0.7, Ha = 10 and N = 1.
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Figure 7  Effect of Grashof number and trapezoidal inclination
angle on average Nusselt number at N = 1.0 and Ha = 10.

there is the maximum temperature difference which accounts
for crowded isotherms on the corner; then this cell moves
clockwise toward the center but its temperature is higher and
the temperature gradient is lower near the center; and this is
depicted in Fig. 5.

The effect of trapezoidal angle on average Nusselt number
is shown in Fig. 7. It is found to decrease in value as the angle
increases. This agrees with the discussion of isotherms and iso-
concentrations anticipated in Fig. 5 where a greater wall gradi-
ent in Isotherms is manifested for lower trapezoidal angles.
Severe gradients exist for ¢ = 0°, moderate gradients exist
for ¢ = 30° and the least ones are for ¢ = 60°.

The effect of trapezoidal angle on local Sherwood number
is demonstrated in Fig. 8. It shows the same trend as that of
local Nusselt explained in Fig. 6 with the high gradient of
iso-concentration that is accumulated on the corner causing
the steep increase of its values near the inclined walls.

0.00 0.20 0.40 0.60
X

Figure 8 Effect of trapezoidal inclination angle on local Sher-
wood number at Gr = 10>, Le = 2.0, Pr = 0.7, Ha = 10 and
N =1

Fig. 9 shows the effect of trapezoidal angle on average
Sherwood number. It reflects the same trend as that of the
average Nusselt number with higher values for lower trape-
zoidal angles.

5.2. The combined effect of thermal Grashof number (Gr) and
Hartmann number

Fig. 10 illustrates the effects of magnetic field on streamlines,
isotherms and iso-concentration for ¢ = 30° and Ra = 10°.
In this figure, Hartmann number changes from Ha = 0-15.
As seen from the figure, the flow strength increases as Ha
increases as shown from streamlines. Hartmann number
affects both isotherms and iso-concentrations, temperature
inside the cavity and concentration decreases with increasing
Hartmann number. Isotherms and iso-concentrations become

4 ——— Angle=0.0

1

g 20 ——F— Angle=15

g ——&—— Angle=30

c T Angle=45

'g 15 — Angle=60

g ————+—— Angle=75

2 104 I

(72}

>

c 5

P g

> -

<
0 T IIIIIIII T IIIIIIII T LU
1E+003 1E+004 1E+005 1E+006

Gr

Figure 9  Effect of Grashof number and trapezoidal inclination
angle on average Sherwood number at N = 1.0 and Ha = 10.
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Stream line

Isothermals

Iso-concentration

05!

7

Ha=15

Figure 10  Effect of Ha on iso-contours Gr = 10°, Le = 2.0, Pr = 0.7, angle = 30°and N = 1.

steeper near the inclined walls. It means that conduction mode
of heat transfer becomes dominant to convection with these
increasing effects of magnetic field. This effect is shown slightly
when Ha = 5, moderately at Ha = 10 and sharply at
Ha = 15.

The effect of Ha on local Nusselt number and local Sher-
wood number is plotted in Figs. 11 and 13 respectively, and
it is seen that they increase moderately till beyond the inclined
wall they increase sharply. It is observed that the increase of
magnetic field suppresses both local Nusselt and local Sher-
wood values and this is due to the force direction exerted by
the magnetic field opposing the buoyancy force. For
Ha = 15 the behavior differs slightly, the local Nusselt and
local Sherwood increase till at position (X = 0.2), they

decrease slightly till the position (X = 0.4) then increase stee-
ply till the inclined wall.

At 8 = 30° the effect of Hartman number on Average Nus-
selt and Sherwood is investigated in Figs. 12 and 14 respec-
tively. For the starting value of Grashof 10° it is noted that
average Nusselt and Sherwood values are greater for higher
values of Hartman number. For Ha = 0, 5 & 10 as Grashof
number exceeds 10° both average Nusselt and average Sher-
wood increase monotonically till all reach a same approximate
value at Gr = 10°. However, for Ha = 15 average Nusselt and
Sherwood values increase slightly till Gr = 10° manifesting the
dominant conduction regime mode and then increase steeply
to reacthhe same approximate value of the other curves at
Gr = 10".
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Figure 11 Effect of Ha on local Nusselt number Gr = 10, Sherwood number at N = 1.0 and angle = 30°.
Le = 2.0, Pr = 0.7, angle = 30° and N = 1.
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Figure 15  Effect of Grashof number and Buoyancy ratio on

Figure 13 Effect of Ha on local Sherwood number Gr = 10°,
Le = 2.0,

Pr = 0.7, angle = 30° and N = 1.

average Nusselt number at 0 = 0.0 and Ha = 10 (a for N < 0 and

b for N > 0).
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5.3. The combined effect of thermal Grashof number (Gr) and
buoyancy ratio

The effect of buoyancy ratio on average Nusselt number is
shown in Fig. 15, and it is seen that the average Nusselt num-
ber increases with Grashof number as expected and for nega-
tive values of buoyancy ratio as in (a) the average Nusselt
values increase as N increases and for N = —1 the average
Nusselt value is constant as for the two buoyancy forces due
to thermal and concentration differences canceling the effect
of each other. For positive values of N as in (b) average Nus-
selt value also increases as N increases.

As for the Sherwood number, the effect of buoyancy ratio
on average Sherwood number is depicted in Fig. 16, and it is
seen that the average Sherwood number increases with Gra-
shof number as expected and for negative values of buoyancy
ratio as in (a) the average Sherwood values increase as N
increases and for N = —1 the average Sherwood number value

Average Sherwood number

4 LR L LR L T T T TTTIT

1E+003 1E+004 1E+005 1E+006
Gr

(a)

Average Sherwood number

4 LR L LR T T T TTTTIT

1E+003 1E+004  1E+005 1E+006

Figure 16 Effect of Grashof Number and Buoyancy ratio on
average Sherwood number at 6 = 0.0 and Ha = 10 (a for N< 0
and b for N > 0).

is constant as for the two buoyancy forces due to thermal and
concentration differences canceling the effect of each other.
For positive values of N as in (b) average Sherwood value also
increases as N increases.

5.4. Correlating the results

Correlations are made to relate the studied parameters to cal-
culate both average Nusselt and Sherwood numbers. The
results are correlated in terms of buoyancy ratio, Grashof
number and trapezoidal angle with maximum error 6.2% for
average Nusselt number and 5.4% for average Sherwood
number.

Nu=7442+0978* N+ 6.58 x 107° « Gr — 0.07 x 0
Sh =842+ 1.58 x N + 8.66 10 « Gr — 0.0898 0

6. Conclusion

Steady heat and mass transfer by natural convection flow of a
fluid inside a trapezoidal enclosure in the presence of magnetic
field was studied numerically. The finite-difference method was
employed for the solution of the present problem. Compar-
isons with previously published work on special cases of the
problem were performed and found to be in good agreement.
Graphical results for various parametric conditions were pre-
sented and discussed. It was found that the heat and mass
transfer mechanisms and the flow characteristics inside the
enclosure depended strongly on the thermal Grashof number.
Increasing the trapezoidal angle always leads to decrease on
the heat and mass transfer performance of the enclosure. This
is made clarified by plotting the average Nusselt and Sherwood
numbers with different values of thermal Rayleigh number and
for different inclination angles. Also, it is noted that the
increase of buoyancy ratio leads to better heat and mass trans-
fer. Besides the effect of Hartman number increase was not in
favor of double diffusive characteristics. Correlations are made
to obtain average values of both average Nusselt and Sher-
wood numbers in terms of studied parameters with acceptable
error.
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