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ABSTRACT

We study the significance of conduction with magneto-hydrodynamics (MHD) mixed convection flow in
triangular enclosures. The enclosures consist of one temperature of the left moving wall, which has
constant flow speed. A uniform magnetic field is applied in the horizontal direction normal to the moving
wall. The results indicate that both the flow and the thermal fields strongly depend on the Hartmann
number Ha, Prandlt number Pr for fixed Reynolds number Re, at the convective regimes. It is also
observed that, the parameters Prandtl number Pr influence on the flow fields and have significant effect on
the thermal fields at the convective regimes. According to the results it is found that both the flow and
thermal fields inside the enclosures strongly depend on the relevant dimensionless groups. For the purpose
of comparison of the effect of MHD on heat transfer, the results in terms of average Nusselt number and
average temperature are shown in tabular form.
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1. INTRODUCTION

Mixed convection is a combination of forced and free convections which is the general case of convection
when a flow is determined simultaneously by both an outer forcing system (i.e., outer energy supply to the
fluid-streamlined body system) and inner volumetric (mass) forces, viz., by the nonuniform density
distribution of a fluid medium in a gravity field. The most vivid manifestation of mixed convection is the
motion of the temperature stratified mass of air and water areas of the Earth that the traditionally studied in
geophysics. However, mixed convection is found in the systems of much smaller scales, i.e., in many
engineering devices. On heating or cooling of channel walls, and at the small velocities of a fluid flow that
are characteristic of a laminar flow, mixed convection is almost always realized. Many mathematicians,
versed engineers and researchers studied the problems of MHD mixed convection for different types of
cavity. Amongst them, Oreper and Szekely (1983) studied the effect of an externally imposed magnetic
field on buoyancy driven flow in a rectangular cavity. They found that the presence of a magnetic field can
suppress natural convection currents and that the strength of the magnetic field is one of the important
factors in determining the quality of the crystal.

Ozoe and Maruo (1987) investigated magnetic and gravitational natural convection of melted silicon two-
dimensional numerical computations for the rate of heat transfer. Rudraiah et al. (1995a) investigated the
effect of surface tension on buoyancy driven flow of an electrically conducting fluid in a rectangular cavity
in the presence of a vertical transverse magnetic field to see how this force damps hydrodynamic
movements. At the same time, Rudraiah et al. (1995b) also studied the effect of a magnetic field on free
convection in a rectangular enclosure. The problem of unsteady laminar combined forced and free
convection flow and heat transfer of an electrically conducting and heat generating or absorbing fluid in a
vertical liddriven cavity in the presence of a magnetic field was formulated by Chamkha (2002).Recently,
Rahman et al. (2009a) studied the effect of a heat conducting horizontal circular cylinder on MHD mixed
convection in a lid-driven cavity along with Joule Heating. The author considered the cavity consists of
adiabatic horizontal walls and differentially heated vertical walls, but it also contains a heat conducting
horizontal circular cylinder located somewhere inside the cavity. The results indicated that both the flow
and thermal fields strongly depend on the size and locations of the inner cylinder, but the thermal
conductivity of the cylinder has significant effect only on the thermal field. Rahman et al.(2009b)
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investigated the effect on magnetohydrodynamic (MHD) mixed convection around a heat conducting
Horizontal circular cylinder placed at the center of a rectangular cavity along with joule heating. They
observed that the streamlines, isotherms, average Nusselt number, average fluid temperature and
dimensionless temperature at the cylinder center strongly depend on the Richardson number, Hartmann
number and the cavity aspect ratio. Very recently, Rahman et al. (2010) made numerical investigation on
the effect of magneto hydrodynamic (MHD) mixed convection flow in a vertical lid driven square
enclosure including a heat conducting horizontal circular cylinder with Joule heating. The author found
that the Hartmann number, Reynolds number and Richardson number have strong influence on the
streamlines and isotherms.

To the best of our knowledge in the light of the above literatures, it has been pointed out that no work has
been paid on MHD mixed convection inside a triangular enclosure yet.The aim proposed research is to
investigate the effects of Magneto hydrodynamic (MHD) mixed convection flow in a triangular enclosures.
Results will be presented for different non-dimensional governing and physical parameters in terms of
streamlines, isotherms, heat transfer rate as well as the average temperature of the fluid in the enclosures.

2. PHYSICAL MODEL

The physical model considered here is shown in Fig. 1, along with the important geometric parameters.
The heat transfer and the fluid flow in a two-dimensional triangular enclosure with MHD flow whose left
wall and bottom wall are subjected to cold Tc and hot Th temperatures respectively while the inclined
walls are kept adiabatic. The fluid was assumed with Prandtl number (Pr = 0.71, 2.0, 3.0, 6.0), Reynolds
number (Re = 50), Hartmann number (Ha = 5-50) and Newtonian, and the fluid flow is considered to be
laminar. The properties of the fluid were assumed to be constant.
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Figure 1: Schematic diagram of the physical system

3. MATHEMATICAL FORMULATION

The fundamental laws used to solve the fluid flow and heat transfer problems are the conservation of mass
(continuity equations), conservation of momentums (momentum equations), and conservation of energy
(energy equations), which constitute a set of coupled, nonlinear, partial differential equations. For laminar
incompressible thermal flow, the buoyancy force is included here as a body force in the v-momentum
equation. The governing equations for the two-dimensional steady flow after invoking the Boussinesq
approximation and neglecting radiation and viscous dissipation can be expressed as:
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The dimensionless parameters appearing in the equations (4.5) through (4.8) are Reynolds number,

3
u:L ATL 1%
Re =—"— , Grashof number, Gr = 'Bg—z , Prandtl number, Pr = —, Hartmann number,
14 Vv o
»_oBL |
Ha” = ———— | Rayleigh number, Ra = Gr X Pr , temperature difference, AT =T}, —T,. and
. .. K . . .
thermal diffusivity, & = ———, where non-dimensional variables are as follows:

T-T,
x=2y=2uv=Ly=2"p= pz,ez( )
L L Vo Vo oV (T, -T.)

Where X and Y are the coordinates varying along horizontal and vertical directions, respectively, U and V
are the velocity components in the X and Y directions, respectively, &1is the dimensionless temperature and
P is the dimensionless pressure.

The appropriate dimensionless boundary conditions for the above equations () can be written as:
At the left vertical wall: U=0, V=1, 8 =0
At the bottom wall: U=0, V=0, 8 =1

o 08
At the inclined wall: U=0, V=0, — =0
oN

Where N is the non-dimensional distances either along X or Y direction acting normal to the surface and K
is the dimensionless thermal conductivity.

According to Singh and Sharif (2003), the average Nusselt number at the heated wall of the enclosures

S . (26
based on the non-dimensional variables may be expressed as Nu = J. 5 dX and the bulk average
0 —

y=0

temperature defined as @, = JQ dv v , where Vis the enclosures volume.

4. FINITE ELEMENT TECHNIQUE

The Galerkin finite element method (1973, 1999) is used to solve the non-dimensionalgoverning equations
along with boundary conditions for the considered problem. The equation of continuity has been used as a
constraint due to mass conservation and thisrestriction may be used to find the pressure distribution. The
basic unknowns for the above differential equations are the velocity components U, V, the temperature 0
and the pressure P. The velocity components, the temperature distributions and linear interpolation for the
pressure distribution according to their highest derivative orders in the differential eqgs. (1) - (4) are as
follows:

U(X, Y)=NgUy V(X, Y)=NgVy 6(X.Y)=N, 6, P(X,Y)=H, P

wherea=1,2, ... ... ,6;A=1, 2, 3; N, are the element interpolation functions for the velocity components
and the temperature, and H, are the element interpolation functions for the pressure.

To derive the finite element equations, the method of weighted residuals finite-element formulation is
applied to the equations (1) — (4) as
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So, the coefficients in element matrices are in the form of the integrals over the element area as,

X :IANaNﬁ,di Kaﬂy :.[ANaNﬁaydA Kaﬂ;,x :.[AN(ZN,BN%di
Kopy = [ (NaNgNy, ydA Kop =], NN pdd S e = [\ NexNp, xdA
S oy = [ Na,yNp, ydA M, = [ HoH y, xdA M,y = [ HoHy, ydA
0 = NaSidSy Q= NaSdSy Q=] Naw,ds,

Using reduced integration technique of Reddy (1985) and Newton-Raphson iteration technique by first
writing the unbalanced values from the set of the finite element equations, the nonlinear algebraic Eqgs. (5)
- (8) so obtained are modified by imposition of boundary conditions. These modified nonlinear equations
are transferred into linear algebraic equations by using Newton’s method. Finally, these linear equations
are solved by using Triangular Factorization method.

5. MESH GENERATION

The present numerical technique will discretize the computational domain into unstructured triangles by
Delaunay Triangular method. The Delaunay triangulation is a geometric structure that has enjoyed great
popularity in mesh generation since the mesh generation was in its infancy. In two dimensions, the
Delaunay triangulation of a vertex set maximizes the minimum angle among all possible triangulations of
that vertex set.

Figure 2: Current mesh structure of elements for triangular enclosures.

6. GRID INDEPENDENCE TEST

A grid refinement study is performed for a square open enclosures to obtain grid refinement solution with
Pr=0.71, Re = 50, Ha = 20 and Ra = 10, Figure 3 shows the convergence of the average Nusselt number,
Nu,, at the heated surface with grid refinement. It is observed that grid independence is achieved with
13398 elements where there is insignificant change in Nu with further increase of mesh elements.
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Figure 3: Convergence of average Nusselt number with grid refinement for Pr = 0.71, Re= 50, Ha=20 and

Ra = 10",

7. CODE VALIDATION

The computed average Nusselt numbers for the constant surface temperature and different Rayleigh
Numbers are tabulated in Table 1 for numerical code validation against the numerical results of Basak et
al. (2007), for pure natural convection with Pr = 0.71 in a triangular enclosures. It is seen the present
computation and those of Basak et al.(2007), are good agreement.

Nutay
Ra Present work Basak et al. (2007)
10° 5.49 5.40
10* 577 5.56
10° 7.08 7.54

Table 1: Comparison between Basak et.al.(2007) and present work

8. RESULTS AND DISCUSSION

The MHD mixed convection flow and temperature fields as well as heat transfer rates and bulk
temperature inside the triangular enclosures has been numerically investigated. The MHD mixed
convection phenomenon inside the enclosure is strongly influenced by governing as well as physical
parameters, namely and Hartman number Ha, Reynolds number Re, Prandtl number Pr, Rayleigh number
Ra. As the nature of flow and thermo physical properties of fluid strongly influenced on the heat transfer
rate, and the numerical computation were performed for a range of Ha, Re and Pr (Ha =5-50, Re = 50, Pr
=0.71-6). In addition, for each value of mentioned parameters, computations are performed at Ra =5 X 10°
that focuses on pure mixed convection. Moreover, the results of this study are presented in terms of
streamlines and isotherms. Furthermore, the heat transfer effectiveness of the enclosure is displayed in
terms of average Nusselt number Nu and the dimensionless average bulk temperature 6,,.

8.1 EFFECTS OF HARTMAN NUMBER

The special effects of Hartmann number Ha on the flow and thermal fields at Ra= le® to 1¢* is illustrate in
Figure 4 - 7, while Pr = 0.71 and Re = 50 are kept fixed. In this folder, the size of the counter clockwise
vortex also decreases sharply with increasing of Ha. This is because application of a slanting magnetic
field has the propensity to slow down the movement of the buoyancy induced flow in the enclosures. The
effects of Hartmann number Ha on isotherms are shown in the Figure 4 — 7 while Re = 50 and Pr = 0.71
are kept fixed. It is observed that the higher values isotherms are more tightened at the vicinity of the
heated wall of the enclosures for the considered value of Ra. A similar trend is found for the higher values
of Ha. From this figure it can easily be seen that isotherms are almost parallel at the vicinity of the bottom
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horizontal hot wall but it changes to parabolic shape with the increasing distance from inclined wall for the
highest value of Ha (=20.0) at Pr = 0.71, indicating that most of the heat transfer process is carried out by
conduction. In addition, it is noticed that the isothermal layer near the heated surface becomes slightly thin
with the decreasing Ha. However in the remaining area near the left wall of the enclosures, the temperature
gradients are small in order to mechanically driven circulations.

The effects of Ha on average Nusselt number Nu at the heated surface and average bulk temperature Hav
in the enclosures is illustrated in Fig. 8 & 9 with Re =50 and Pr =0.71. From this figure, it is found that the
average Nusselt number Nu decreases with increasing Pr. It is to be highlighted that the highest heat
transfer rate occurs for the lowest values of Ha (= 5). The average bulk temperature of the fluid in the
enclosures is high for higher values of Ha (10 - 50). It is to be mentioned here that the highest average
temperature is documented for the higher value of Ha in the free convection dominated region.

Table 2: Average Nusselt numbers for different Hartmann number while Ha = 5, 10, 20 and 50, Re=50 and
Pr=0.71.

Nuy,

Ha Ra=10’ Ra=5x10’ Ra=10"
5 4.38836694 6.434903 5.764501
10 436317068 6.413537 5.805674
20 4.26278628 6.331658 5913316
50 3.79764503 5.890227 5.878074

Table 3: Average bulk temperature for different Hartmann number while Ha= 5, 10, 20 and 50, Re=50 and
Pr=0.71.

Ouy
Ha Ra=10° Ra=5x10’ Ra=10"
5 0.593528 0.566768 0.57386
10 0.593913 0.567008 0.570757
20 0.598198 0.568812 0.561785
50 0.633216 0.585029 0.533999
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Fig 4: Isotherms and streamlines patterns for Re = 50, Pr = 0.71 and Ha =5
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Fig 5: Isotherms and streamlines patterns for Re = 50, Pr = 0.71 and Ha = 10
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Fig 6: Isotherms and streamlines patterns for Re = 50, Pr=0.71 and Ha = 20
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Fig 7: Isotherms and streamlines patterns for Re = 50, Pr = 0.71 and Ha = 50
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Fig. 8: Effect of average Nusselt number and Rayleigh number while Pr = 0.71 and Re = 50.

0.65
O
~..
. \'.\.. - Ha=5
| \‘.\' — — — = Ha=10
O [— Ha=20
0.6'\.\ .,\’. ——————— - Ha=50

O av

6000 ' 8000
Ra

2000 ' 4000 ' 10000

Fig. 9: Effect of average bulk temperature and Rayleigh number while Pr = 0.71and Re = 50.
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8.2 EFFECTS OF PRANDLT NUMBER

The property of Prandtl number on flow fields for the considered Ra is depicted in Fig.10 - 13, while Re =
50 and Ha = 20 are kept fixed. Now, from the figure, it is seen that a small vortex is formed at the center of
the enclosures. It is evident that the size of the vortex is increased with the increasing value of Pr. The
influence of Prandtl number Pr on thermal fields for the selected value of Ra is displayed in Fig.12 for Re
=50 and Ha = 20. As expected, the thermal boundary layer decreases in thickness as Pr increases. This is
reflected by the denser deserting of isotherms close to the heated wall and cooled wall as Pr increases. The
spread of isotherms at low values of Pr is due to a strong stream wise conduction that decreases the stream
wise temperature gradient in the field. At the increase of Pr the isotherms become linear in the enclosures
and impenetrable to respective wall. From the Fig. 13, it can easily be seen that the isotherms for different
values of Pr at Ra = 10" are clustered near the heated horizontal wall and cooled vertical heated surface of
the enclosure, indicating steep temperature gradient along the vertical direction in this region. Besides, the
thermal layer near the heated wall becomes thinner moderately with increasing Pr.

The effects of Prandtl number on average Nusselt number Nu at the heated surface and average bulk

temperature &, in the enclosures are illustrated in Fig. 14 & 15 with Re = 50 and Ha = 20. From this
figure, it is found that the average Nusselt number Nu goes up penetratingly with increasing Pr. It is to be
highlighted that the highest heat transfer rate occurs for the highest values of Pr (= 6). The average bulk
temperature of the fluid in the enclosures declines very mildly for higher values of Pr (0.71- 6.0). But for
the lower values of Pr, the average bulk temperature is linear. It is to be mentioned here that the highest
average temperature is documented for the lower value of Pr (= 0.71) in the free convection dominated
region.

Table 4: Average Nusselt numbers for different Prandtl number while Pr = 0.71, 2.0, 3.0 and 6.0, Re=50
and Ha=20.

Nuy,
Pr Ra=10’ Ra=5x10’ Ra=10*
0.71 4.262786 6.331658 7.510701
2.0 4.998317 7.454621 8.857028
3.0 6.807629 10.118253 12.023071
6.0 8.111548 11.920293 13.940204

Table 5: Average bulk temperature for different Prandtl number while Pr = 0.71, 2.0, 3.0 and 6.0, Re=50
and Ha=20.

Oay
Pr Ra=10° Ra=5x10° Ra=10"
0.71 0.598198 0.568812 0.558697
2.0 0.584269 0.550002 0.538424
3.0 0.547777 0.504842 0.490760
6.0 0.524512 0.475957 0.459601

60



Mathematical Theory and Modeling

www.iiste.org
ISSN 2224-5804 (Paper) ISSN 2225-0522 (Online) Ly
Vol 3, No.5, 2013 ISTE

Ra=10?

Ra=5x10

303.04
300.67
<t
=
Il
ki 00
s B 300,00
=i
299.18
297.77 \Z
296.75
295.00 Z2-310.0
290,00, uunmm 3ﬁ)0j
Isotherm

Streamline

Fig 10: Isotherms and streamlines patterns for Re = 50, Pr = 0.71 and Ha =20
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Fig 11: Isotherms and streamlines patterns for Re = 50, Pr = 2.0 and Ha = 20
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Fig 12: Isotherms and streamlines patterns for Re = 50, Pr = 3.0 and Ha = 20

63



Mathematical Theory and Modeling

www.iiste.org
ISSN 2224-5804 (Paper) ISSN 2225-0522 (Online)
Vol 3, No.5, 2013

pLLy

T

Ra=10"

Ra=5x10°

Ra=10*

Isotherm

Streamline
Fig 13: Isotherms and streamlines patterns for Re = 50, Pr = 6.0 and Ha = 20

64



Mathematical Theory and Modeling www.iiste.org
ISSN 2224-5804 (Paper) ISSN 2225-0522 (Online) Ly
Vol 3, No.5, 2013 ISTE

Nu
(ln\ L \?

2

IN
1

———e - Pr=6

N
h

" 16000 8000 '
Ra

2000 ' " 4000 ' 10000

Fig.14: Effect of average Nusselt number and Rayleigh number while Re = 50 and Ha = 20

0.654
i Pr=0.71
| - — == Pr=2
1 ———= Pr=3
] ————— - Pr=6
0.6
% € \.\. T -~ = - o -
D 0.551 Sl T T s - oL
. \'\_\ = - -
: ._\..\.'\ ------- -—
0.54 TS
12000 ' "4000 6000 8000 ' 10000

Ra

Fig. 15: Effect of average bulk temperature and Rayleigh number while Re = 50 and Ha=20.

65



Mathematical Theory and Modeling www.iiste.org
ISSN 2224-5804 (Paper) ISSN 2225-0522 (Online) Ly
Vol 3, No.5, 2013 ISTE

9. CONCLUSIONS

Two-dimensional laminar steady state MHD mixed convection flow in triangular enclosures with the
bottom wall at iso-heat flux has been studied numerically. Numerical results have been shown by
considering Prandtl numbers of 0.71, 2.00, 3.0 and 6.00, Hartman numbers of 5, 10, 20 and 50, also
Rayleigh numbers of 10° to 10* keeping fixed Reynolds number 50, where the stream line of flow and
thermal fields as well as characteristics of heat transfer process particularly its expansion has been
evaluated. The results of the numerical analysis lead to the following conclusions:

% The MHD has significant effect on the flow and thermal distributions in the triangular enclosures.
The average Nusselt number (Nu) at the hot wall is the highest for the Pr = 6.0 when Rayleigh
number 10°, whereas the lowest heat transfer rate for the Ha = 50 when Rayleigh number 10°.
Moreover, the average Nusselt number with MHD effect is considered higher than those obtained
without MHD effect for different value of Pr number. However, the average bulk temperature at
the hot wall is the lowest for the Pr = 6.0 when Rayleigh number 10, whereas the highest rate for
the Ha = 50 when Rayleigh number 10

&  The heat transfer rate increases steadily with the increase of Ra due to increasing of Ra number
refers that the fluid flow switch from conductive to convective heat transfer. The bulk
Temperature decreases smoothly with the increase of Ra because at constant conductivity bulk
temperature is inversely proportional to the Nu (Average Heat Transfer rate).

% The heat transfer rate augments with the increase of Ra because when Pr number increases, the
convective heat transfer is dominated inside the flow field. The bulk Temperature remains linear
at Pr = 0.71 because low Pr number conduction heat transfer dominates in the enclosures. But
higher Pr bulk temperature decreases as conduction turns into convection.

With the increase of Ha number electromagnetic conduction increases that slow down the heat
transfer rate though it increases at forced convection dominated region for a while but fall steadily
in mixed convection dominated region.

NOMENCLATURE U Dlmeflsu.)nless.horl.zontal velocity
u velocity in x-direction (m/s)

0., Average temperature V dimensionless vertical velocity

By Magnetic Induction v velocity in y-direction (m/s)

C, Specific heat at constant pressure (J/kg K) V, Lid velocity
G  Gravitational acceleration (m/s2)
Gr  Grashof number

H  Convective heat transfer coefficient (W/m2 K)

X,y Cartesian coordinates
X, Y dimensionless Cartesian coordinates

k  Thermal conductivity of fluid(W/m K) Greek symbols

K  Tthermal conductivity ratio fluid

N  non-dimensional distance B Coefficient of thermal expansion (K)
Nu Average Nusselt number p Density of the fluid (kg/m")

Nujcr Local Nusselt number o Thermal diffusivity (m2/s)

P Non-dimensional pressure AO Temperature difference

p pressure 6  Fluid temperature

Pr  Prandtl number p  Dynamic viscosity of the fluid (Pa s)
Ra Rayleigh number v Kinematic viscosity of the fluid (m*/s)
Re Reynolds number 6 Fluid electrical conductivity(Q'm™)

T  Non-dimensional temperature
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