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ABSTRACT

The magnetohydrodynamic flow in a vertical double passage channel using Robin boundary conditions in the
presence of applied electric and magnetic field has been investigated. The fluid is electrically conducting while
the channel plates are electrically insulated. The general equations that describe the discussed problem are
coupled nonlinear ordinary differential equations and hence closed-form solutions cannot be found. However
approximate analytical solutions are found using regular perturbation method valid for small values of
Brinkman number and using differential transform method valid for all values of Brinkman number. The
channel is divided into two passages by means of a solid, thin, perfectly conducting baffle and hence the
velocity will be individual in each stream. The governing equations which are coupled nonlinear ordinary
differential equations are solved analytically using regular perturbation method valid for small values of
Brinkman number and using differential transform method valid form all values of brinkman number. The
effects of electrical field load parameter, Hartman number, mixed convection parameter on velocity and
temperature fields are shown graphically for equal and unequal Biot numbers at different positions of the baffle.
It is also found that the perturbation method and differential transform method solutions agree very well for
small values of Brinkman number and error increases as Brinkman number increases.
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Nomenclature
P: Dimensional pressure

K:  Thermal conductivity
Bo: Applied magnetic field

Biy Bi,: Biot numbers(q%)
. . ,UU 2
Br: Brinkman number[ 0 AT

h,:  Width of region-I

h,:  Width of region-II

Cp : Specific heat at constant pressure
u: Velocity

0: Temperature

0,: Temperature in region-I

0,: Temperature in region-11

Gr :  Grashof number(g ﬂhSAT/Uz)
Re: Reynolds number(h Uo/U )
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Br:  Brinkman number(,uUO/K AT)
A:  Dimensionless parameter (Gr/Re)

g Acceleration due to gravity

U,:  Reference velocity

T: Reference temperature

M: Hartman number

Eq: Dimensional applied electric field

E: Dimensionless electric field load parameter ( % U )
0~0

Greek Symbols
o :  Thermal diffusivity

S Coefficient of thermal expansion

AT : Difference in temperature (T2 —Tl)

Dimensionless parameter
Non dimensional temperature
Viscosity

Kinematics viscosity

Density of fluid

Electrical conductivity

AR ERDY

l. INTRODUCTION

The flow and heat transfer of electrically
conducting fluids in channels and circular pipes
under the effect of a transverse magnetic field
occurs  in magnetohydrodynamic  (MHD)
generators, pumps, accelerators and flow meters,
and have applications in nuclear reactors, filtration,
geothermal system and others. The interest in the
outer magnetic field effect on heat-physical
processes appeared seventy years ago. Research in
magnetohydrodynamics grew rapidly during the
late 1950s as a result of extensive studies of ionized
gases for a number of applications. Blum et al.
[1967] carried out one of the first works in the field
of heat and mass transfer in the presence of
magnetic field. The increasing interest in the study
of MHD phenomena is also related to the
development of fusion reactors where plasma is
confined by a strong magnetic field (Hunt and
Holroyd [1977]). Many exciting innovations were
put forth in the areas of MHD propulsion
(Davidson [1993]), remote energy deposition for
drag reduction (Tsinober [1990]), plasma actuators,
radiation driven hypersonic wind tunnel, MHD
control of flow and heat transfer in the boundary
layer (Boric et al. [2009], Obrovic et al. [2009], Xu
et al. [2007] and Nikodijevic et al. [2009]),
enhanced plasma ignition (Kessel et al. [2002]) and
combustion stability.

The MHD research extended gradually to
new applied problems. The MHD devices for liquid
metals attracted the attention of metallurgist. It was
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shown that the effect of magnetic field could be
very helpful in the modernization of technological
processes. Barletta et al. [2008] considered the
problem of buoyant magnetohydrodynamical flows
with Joule and viscous heating effects in a vertical
parallel plate channel which results have important
industrial applications in metallurgy and in
growing of pure crystals, as well as in energy
engineering. Umavathi  [1996] studied the
combined effect of viscous and Ohmic dissipations
on magneto convection in a vertical enclosure in
the presence of applied electric field. Later on,
Umavathi and her group analyzed
magnetohydrodynamic flow and heat transfer for
various geometries (Malashetty et al. [2000, 2001a
and 2001b], Umavathi and Malashetty [2005],
Umavathi et al. [ 2011] and Prathap Kumar et al.
[2011a]).

Hasnaoui et al. [1990], Ben-Nakhi and
Chamka [2006] and Dagtekin and Oztop [2001]
investigated the natural convection in enclosures
with a partition. The presence of a partition was the
effective parameter on heat transfer. Tansmim and
Collins [2004] did a numerical study on heat
transfer in a square cavity with a baffle located on
the hot wall. The study showed that the baffle has a
significant effect on increasing the rate of heat
transfer compared with a wall without baffle.
Recently Prathap Kumar et al. [2011b] analyzed
free convection in a double passage wavy channel
using Walter's fluid. Chang and Shiau [2005]
studied the effects of horizontal baffle on the heat
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transfer characteristics of pulsating opposing mixed
convection in a parallel vertical open channel.

Above mentioned works concern first and
second type boundary conditions on temperature in
studying mixed convection flow through vertical
channels.  There are few works available in
literature concerning the third type temperature
boundary conditions. Heat transfer in laminar
region of a flat rectangular channel with the
temperature boundary condition of third kind was
first explored by Javeri [1977]. Javeri [1978] have
studied the laminar heat transfer in the thermal
entrance region of a rectangular channel for the
temperature boundary conditions of third Kkind.
Recently, Zanchini [1998] investigated the effect of
viscous dissipation in a vertical channel with
temperature boundary conditions of third kind. In
this chapter we have analyzed the flow behavior of
mixed convection electrically conductive fluid in a
vertical double passage channel using Robin
boundary conditions.

1. MATHEMATICAL FORMULATION

Consider a steady and laminar electrically
conducting flow in the fully developed region of a
parallel plate vertical channel as shown in Fig. 1.
The channel is divided into two passages by
inserting a perfectly conductive thin baffle. The

field is applied perpendicular to the flow as shown
in the following figure. The fluid properties such as
thermal conductivity, thermal diffusivity, dynamic
viscosity and thermal expansion coefficient are
assumed to be constant. The Boussinesq
approximation and the equation of state are also
adopted. For fully developed flow it is assumed
that the transverse velocity and temperature
gradient in the axial direction are zero.

* Baffle

T, | SteamT | Stream-II
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1 Flow direction 1

Figure 1
X -axis lies on the axial plane of the channel, and ; g
AT . s . Physical Model
its direction is opposite to the gravitational field.
The Y -axis is orthogonal to the walls. The electric
field is applied normal to the flow and the magnetic
Under these assumptions the momentum balance equations along X' and ¥ vield
Stream-I
&P 4l .
pBeg(L—Ty)——+u— — 0, (E + BU)B, =0 e
cx v
Stream-I1
éP  dU, i
ﬂﬁg(ﬂ—%]——+ﬂ 7 —0,(E,+B,U;)B,=0 2
ch ay
and the ¥ - momentum balance equation in both the streams can be written as
cP
—=0 (3)
c¥
where
P=p+pgX 4

(assuming equal pressure gradient in both the streams) is the difference between the pressure and the hydrostatic
pressure. Equation (4) insists that P depends only on X , and hence Eqns. (1) and (2) can be written as

Stream-I|

Www.ijera.com

DOI: 10.9790/9622- 0904011240

14|Page




M. Karuna Prasad Journal of Engineering Research and Application

Www.ijera.com

ISSN : 2248-9622 Vol. 9,Issue 3 (Series -V) March 2019, pp 12-40

dP  d'U,

I-T,)——+u—>—0,(E,+B,U,)B, =0 5
oBg( I —T,) ™ ﬂafb" (E,+B,L1)B, (3
Stream-I1

dP  d'U,

L-I,)—+ =—g,(E,+B]l,)B,=0 6
pBe( -1 ™ L . (E,+BL,)B, (&)
Differentiating Eqns. (3) and (6) with respect to X andY | one obtains
Stream-I
8, 1 d'P
= o
&X' pfgdX
£= U d’[,:l_l_creﬂﬁl dU, @)
er  pfeg dY° pfg dY
&L __ u ﬂr4U1+JzB-::-J d'Uy ©)
&¥*  pBg dT*  pBg dY°
Stream-I1
e, 1 d°P

= - (10)
exX pfgdX”
8L,  u dU, o,B)} dU, an
&Y  pfg dI’  pPg dY
~7 4 P 1
cnL,__ ud U:+Je3o d [{: (12)

&t ppg dr

Both the walls of the channel will be assumed to
have a negligible thickness and to exchange heat by
convection with an external fluid. In particular, at

Y =—L/2 the external convection coefficient
will be considered as uniform with the value
h, and the fluid in the stream-I will be assumed to

have a uniform reference temperature T,. At

Www.ijera.com

Y =L/2 the external convection coefficient will

be considered as uniform with the value h, and the
fluid in the stream-Il will be supposed to have a
uniform reference temperature T, >T, . Therefore,

the boundary conditions on the temperature field
can be expressed as
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ar;

— 1 = — —
Th_s W[ T -T(X.~Lj2)] (13)
L Y [T(x.L{2)-T; | 14
rjL ° ) :

On account of Egqns. (2) and (117, Egns. (13) and (14) can be rewrtten as

dlU, 0.8 dU, _PBgh [5-T(X.-1/2)] as)
dr- u o dY | 1 78y
dl{l—gfgc" v, =%[T(X=Lf2j _3;] (16)
dr’  p dr || 1 ?
. d.
115 O accourt o qnes. an . there exists a constant A4 suc at —= =
Th fEqns. (7) and (10). th A suchth o 4 an

For the model defined as above m the fommlation, the energy balance equation in the presence of viscous
dissipation can be written as

Stream-I
&L EranIT _G(EAUB) s
dr? k. dr k
Stream-I1
d*'T, __EdeQJJ_JE[EQ+EGBcJJ (19)
drt k47 k
4 I 2 . 2 432
? L:1=‘G’SE'JU1J +2P2% (g, )+ I 2 @0)
dy E \ar 1k dr?
Stream-I1
4 . 2 . 1 1
dl;, _PPe | a’U;J +PP29 | gy OeBe 4 U an
dy E 47 1k ! dr?

The boundary conditions for the velocity in stream-I and stream-IT are
[ L (L
Ul -Z|=u, Z|=0 @2)
o2 L2
and together with Eqns. (15) and (16), which on account of (3) and (6) can be wiitten as
d°U, d'U, o B dU, hao,B Al pPBg
31 _ﬁ Jl_ !BCI 1+hl CIIZE.:.'FLE-E.:.:I :__hl_ hlI:IEI_Ii:I
dY  k dY u dr  ku veip MK uk
(23)
d’U, LB d’U, o,B;, dU, ho B,
d¥’ k d¥'  u dY  ku

24)

Al pfgh,
(E,+U,B J} _ A _plelhy g g
e omk opk 77

. . . o dT, dT,
In addition we consider the continuity of temperature (T1 = T2) and continuity of heat flux d_de_Y at

the baffle position. Applying these conditions in Egns. (5), (6), (8) and (11) yield
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2 2 2, 2
d U21 _o.B, 1 _d U22 _o.By u, (25)
dy u dy u
d‘Q‘Ul_O'eBOZD2 du, =d3U2 _O'eBOZDZ du,
dy? 7] dy dy? 7, dy

(26)

Equations (20) and (21) which determine the velocity distribution along with the boundary conditions at the
channel walls and at the baffle positions are non-dimensionalised using the following dimensionless parameters:

|:£' y=i'y*:Y*,(3r:wl Rezﬁ, Br:UO_‘u' V:ﬁ' A:ﬂ
U, D D v v KAT Yol Re
_T-Ty g _hD o _hD o _ Bi,Bi, MzoOB D’ E
AT kT k] Bi,Bi, + 2Bi, + 2Bi, u U,B,

(27)

In the above equation D=2L is the hydraulic diameter and the reference velocity and the reference
temperature are given by

AD? T, +T
U,=-— , T,="-=%+S i—i (T,-T,) (28)
48u 2 Bi, Bi,
As in Barletta [1998] the reference temperature AT is given either by
AT =T,-T, if T, <T, (29)
or by
ﬂz
AT :—pch o7 if T,=T, (30)

Therefore the value of the dimensionless parameter R; can be either 0 or 1. For asymmetric heating (T1 <T2)
R; is equal to one and will be zero for symmetric heating (Tl =T2) . Equation (17) implies that A can be

either positive or negative. If A< O, thenU,, Re and A are positive, and the flow is upward. On the other
hand, if A> O, the flow is downward, so thatU,, Re and A are negative.

By employing the dimensionless quantities as defined in Eqn. (27), Egns. (20)-(26) can be written as
Stream-I

4 2 2
du, :ABr(ﬂ] +M2BrA(E +u,) + M2 (31)
dy dy dy
Stream-11
du du, \’ ) d?u
2 :ABr(—ZJ +M?BrA(E+u,) +M?*—2 (32)
dy dy dy

and nondimensionalized boundary equations for both stream-I and stream-I1 are

_ 2 3 2
ul(—1j=0, du, _Ldu Midh ey | _ ggemies RAS 3, 4
4 dy- Bi, dy® Bi, dy aty=—, 2 Bi,

2 3 2
(30 {d u, 1 d%, M dUz_Mzuz} 2_48+M2E_Rr_gs(1+ij
1
aty:4

4 dy’> Bi, dy* Bi, dy Bi,
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d’u, o d%y, - d3u1—M2%=d3u2—M2du2

u=0; u, =0; M“u, = -M“u,; cat y=y*
' i dy? % % dy dy’ ay 7Y
(33)

I11.  SOLUTIONS (€ =ABI‘) is small and hence regular perturbation
PERTURBATION METHOD . method can be strongly justified. Adopting this
Equations (31) and (32) are coupled nonlinear technique, solutions for velocity are assumed in the
differential equations and approximate solutions form
can be found by using the regular perturbation
method. The  perturbation parameter &

U (y)=Uo(y)+eu, (y)+&u,(y)+.. (34)

Substituting Eqn. (34) into Egns. (31), (32) and (33) and equating the coefficients of like power of & to zero
and one, we obtain the zeroth and first order equations.
Stream-1, Zeroth order equations

d“u d’u
o M e (3)
Stream-I, First order equations
4 2 2
dui_]_: % +M2E2+M2u102+2M2Eu10+M2d_uZ]_1
dy dy dy
(36)
Stream-11, Zeroth order equations
d“u d’u
v @7
Stream-I1, First order equations
4 2 2
duy u421 _[ YUz +M?E? + M?u,,® +2M?Eu,, + M? duy u221
dy dy dy
(38)

The corresponding boundary conditions for both stream-I and stream-I1 are
Zeroth order

1 duy +d2u10 . M? du,,
Bi, dy* dy* Bi dy
3 2 2

Uy =0, i.d u§0 +d U220 - M. Uy, _M2U20: Bc, at y:l

Bi, dy dy Bi, dy 4
Uo=0,U,;, =0 aty=y>*

d?u,,

dy?

U, =0, -M?u, =Bc, aty:—%

2 3 3
“M _ Uy dulo_Mzdulo:dUm_Mzduzo
10 2

M?2u.,,
2 dy? dy dy’ dy

aty = y* (39)

where BClz—48+M2E+A%S(1+i_j and Bc, :—48+M2E—AR—2TS[1+i_j .

Il I2
First order
3 2 2
u, =0, _i_du;0+du2m+M_ dulo—Mzum:O at y=—E
Bi, dy dy Bi, dy 4
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1 d’uy . d’u, M2 du,
Bi, dy* dy* Bi, dy
u,=0,u,, =0 aty=y*

u21 -

~M?u,,=0 a y=

2
du,

d2u21 dsull 2 dull d3u21 2 duZl
& -M Yy

—M?,, = -M?u,,, = ty=y* 40
11 dy2 21 dy3 dy dy3 dy ay=y (40)

The solutions of zeroth and first order Eqns. (35)-(38) using the boundary conditions (39) and (40) can be
obtained are
Stream-1, Zeroth order

U, =d, +d, y+d; Cosh[my]+d, Sinh[m y] (41)
Stream-I, First order

U, =C, +¢, y+c,; Cosh[my]+c, Sinh[m y]+ p,, Cosh[2m y] +

Py Sinh[2m y]+ p,, y* Cosh[m y]+ p,, y* Sinh[m y]+ p,, y Cosh[m y]+ (42)
Pis Y Sinh[m YT+ Py y* + Py V7 + Py ¥

Stream-11, Zeroth order

U,, =d; +dg y+d, Cosh[my]+d, Sinh[m y] (43)
Stream-11, First order

U,, =C; +C, Y +C, Cosh[my]+c, Sinh[m y]+ R, Cosh[2m y]

+R,, Sinh[2m y]+R,, y* Cosh[m y]+ R, y* Sinh[m y]+ R, y Cosh[m y] (44)

+R;5 ySinh[m y]+R¢ y4 +R;, y3 + Ry y2

Using the solutions of velocity (U, =U,, +&U,, and U, =U,, + &U,,) fields, the solutions of temperature
field obtained by Eqns. (5) and (6) are

Stream-|
01=—%(48—M2(E+u1)+%j (45)
Stream-I1
o, :—%(48—M2(E+u2)+%] (46)

The constants appeared in all the above equations
dzz('(BCl_BZCZ)ZSj, dl= d__2+£_B_C§ ,
M B, 4 M

_(dlsinh['\:] + Sinh[MYS]j ~d, (YS Sinh['\j] _Si“h['VWS]j

4
d, = ¥ . |
Sinh[MYS] Cosh[T] + Sinh[j] Cosh[MYS]
d, (Cosh[MYS] - Cosh[M]) ~d, (YS Cosh[ M1+ COSh['VWS]j
d, = 4 4 4
) - 1

Sinh[MYS] Cosh[l\j] + Sinh['\j] Cosh[MYS]
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d,=d, d;=d,,andm=M,r=R.

d, (sinh™ ] - Sinh[MYST) + d, (¥S Sinh[ M 1 SINNIMYS],
d, = 4 4 4
Sinh[MYS]Cosh['Z'] - Sinh['\:] Cosh[MYS]

Cosh[MYS])

d; (Cosh[l\:] —Cosh[MYS]) +d, (YS Cosh['\j] - 4

Sinh['\j] Cosh[MYS]— Sinh[MYS]Cosh['\A/rl]

=M?(d,” +d,%), p, =2M°d.d,, p, =2Md,d, +2M°d.d, +2M*d,E,,
p, =2Md,d, +2M?d,d, + 2M*d,E,, p, =2M?*d.d,, p, =2M°d,d,,
p, =M?%d,’, p, =2M?d,d, +2M’Ed,, p, =d,” + M’E;> +M?d > + 2M?d,E,,
r,=M?(d,” +dg?), r, = 2M?d,d,, r, = 2Md,d, +2M *d.d, + 2M ?d,E,,
r, = 2Md.d, + 2M?d.d, +2M?d,E,, I, = 2M *d.d,, r, = 2M *d,d,
M?d’, r,=2M%d.d, +2M°Ed,, I, =d,° + M’E;> + M ?d,” + 2M ?d,E,,

p p p p p, _5p
p10_12|\j|4’ Py = 12“;47 P, = lv?:gi Pz = 4'\/5'3’ Py = 2|\;|3_4|\/|54,
p,  5p -p -p p, . P
Ps=om am® P T P T e pls:_[M74+2l\/72j'

n r, r I r, or,
TV R TV LRy TYERR TV ERI TR TVERTVER

I ory -, —I I, r
TV Y R R PTV R A TV B U VER TVES |

M ..M. p M. Poe: M, P M
k. = p,,Cosh[—]— p.,Sinh[—]+ 22 Cosh[—] — — Sinh[—] — =4 Cosh[—
= P [2] Py, Sinh[ ]+ 16 [4] 16 [4] 4 [4]

+ﬁ5inh[M]+h_ p17 p18
4 4 256 64 16

M . \V/ IS PR |V B M
k, = rlOCosh[—] + I‘HSInh[?] +ﬁCosh[7] +ﬁ8|nh[7] +%Cosh[7]

(o +r17+ﬁ
256 64 16

k, = —2Mpmsinh[—]+2pﬂMCOsh[%]{M+h+%— pls]

b Slnh[ N

16 2 4

Mp; —p, Mp P 3Py P
Slnh — 1+ 13 12 15 + COSh M6 , Y M17 18’
[ ] [ 16 2 4 pl“j [ I- 16 16 2

K, = 2Mr, Sinh[ ]+2r11MCosh[—]+( '\fgz 5 +%+ rlsj

Sinh[M]+(lvIr13 ALERLLT +r14jCosh[—]+ s Sty fe
4716 2 4 4716 16 2
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2
k. =4M? plOCosh[%] _4M? pllsinh[%]+(M 2 i’g +2p,, —Mp, - M 4p14 + 2Mp15}C03h[%]

M 2 M2) . M 3 3
( p13 +p12|\/| 2p13 2Mp14+plsTjsmh[I]"'plez_ipﬂ"'zplsv

2

k, =4M°r, Cosh[—]+4M r,,Sinh[— ]+[M ? T 22421, +Mr, + M4r14 +2Mr15jCosh[%]

M 2 M?) .. M 3 3
(rl3¥+ ,M +2r,+2Mr, + 1, TjSmh[Th r162+5r17 + 21,

+M3P5 4y

2 3
ks =8M SqlCosh[%] +8M 3rlOSinh[%] +(6Mr13 +3M°r, +1,, M~ r4 . |\1/|_6]

6M?

3
Cosh[%]+(6Mr12 +3M%r + 1, ——+M? %4+ I, I\l/l—e\)JSinh[%hGr16 +6r,,

M ..M 6M? M3
k, =8M° pnCosh[?] —-8Mm° plOSmh[?] J{GMp13 +3M?%p,, — py, " M? %+ P E}

2

M 6M M3 .. M
COSh[T]"‘(_(SMplz —3M ? Pis + plST+ M ° &_ P1, )Smh[T]_6 Pis +6 Pi7

2
K —k— M k3—M2k

Bi, Bi ! 1 k, MZk
— , X, =—— k +—8 ——4_M2k y
% M 2 2 MZ[ ° Bi, Bi, 2}

k, = p,,COSh[2MYS]+ p,,Sinh[2MYS]+ p,,YS*Cos[MYS]+ p,,YS?Sinh[MYS]+ p,,YS Cos[MYS]
+P,sYS Sinh[MYS]+ p, YS* + p,,YS® + p,YS?,

k,, = I,,Cosh[2MYS]+ 1, Sinh[2MYS ]+ 1,,YS?Cos[MYS] + r,,YS *Sinh[MYS ] +1,,YS Cos[MYS]
+1,.YS Sinh[MYS]+1,.YS* +1,,YS® +1,YS?,

k., = 2Mp,,Sinh[2MYS]+2 p,,MCosh[2MYS]+ p,MYS2Sinh[MYS]+ p,.YS*MCosh[MYS]
+(2p,, + Mp,;)YS Cosh[MYS] + (2 p,; + Mp,,)YS Sinh[MYS]+ p,,Cosh[MYS]+ p,.SINh[MYS]
+4p,YS® +3p,,YS? +2p,,YS,

k., =4M?p,,Cosh[2MYS]+4M ?p,,Sinh[2MYS]+ M ? p,,YS?Cosh[MYS]+ M ? p,.YS?Sinh[MYS]
+4Mp,,YS Sinh[MYS] + 2 p,,Cosh[MYS] + 4Mp,.YS Cosh[MYS] + 2 p,,Sinh[MYS]

+M?p,YS Cosh[MYS]+2p,M Sinh[MYS]+ M ?p,.YS Sinh[MYS]+2 p, .M Cosh[MYS]
+12p,YS2 +6p,,YS +2p,,
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ki3 = (6Mp,, +3M?p,, ) SiINh[MYS]+ (6Mpy; +3M? p,, ) Cosh[MYS]

+(6M?p,; +M?p,, )YS Sinh[MYS]+(6M* p, + M°p,; }YS Cosh[MYS]

+8p,,M *Sinh[2MYS]+8p,,M *Cosh[2MYS ]+ p,,M *YS?Sinh[MYS]

+psM °YS?Cosh[MYS] +24p, YS +6p,,,

k,, = 2Mr,,Sinh[2MYS]+ 2r,,MCosh[2MYS]+1,,M YS?Sinh[MYS]+r,.YS?’MCosh[MYS]
+(2r, + Mr,;)YS Cosh[MYS] + (2r,; + Mr,,)YS Sinh[MYS] +r,,Cosh[MYS] + r,.Sinh[MYS]
+4r,YS® +3r,YS? 4 2r,,YS,

ks = 4M2r,,Cosh[2MYS]+4M r,Sinh[2MYS]+ M 2r,,YS2Cosh[MYS]+ M ?r,.YS?Sinh[MYS]
+4Mr,YS Sinh[MYS] + 2r,,Cosh[MYS]+ 4Mr,,YS Cosh[MYS] + 2r,,Sinh[MYS]

+M r,YS Cosh[MYS]+2r,,M Sinh[MYS]+ M 2r,.YS Sinh[MYS]+ 2r,.M Cosh[MYS]
+12r,.YS? +61,,YS + 21,

kis =(6Mr,, +3M?r,; ) SINh[MYS] + (6Mr;; + 3M °r,, ) Cosh[MYS] + (6M °r,, + M °r,, )YS Sinh[MYS]
+(6M°r, + M, )YS Cosh[MYS] +8r,M *Sinh[2MYS]+8,,M *Cosh[2MYS] + 1,,M *YS*Sinh[MYS]
+1,,M *YS?Cosh[MYS]+ 24r,.YS +6r,,,

k. —k k., — k. — M %, +M?2g.YS
g, = 16M 18 4k, —ky,, g, =-2 15 Ko 12

2 MZ
C,=—2S| %—0,—-X,+0 1+i C,=X+C 1+i
2 Xl 2 2 1 4 BI2 vl Xl 2 4 Bll '
1 1
C6:gl+C2’CSZX2_CG Z+B—I2 ,

Cl(Sinh[MYS]+ Sinh['\j]jw2 (YS Sinh['\j]_Sinh[ArNWS]j

+KSinh[MYS] + kQSinh[I\j]
C; =

—(Cosh[l\j]Sinh[MYS] +Cosh[MYS]Sinh[|\2]j

M., Cosh[MYS]
4
(Sinh['\:]Cosh[MYS] + Sinh[MYS]Cosh['Zl]j

C, (Cosh[MYS] - Cosh[l\:]j -C, (YS Cosh[ ) +k,Cosh[MYS] - kgCosh[I\:]

C, =

cs(sinh[MYS]—smh['\j]]HG ((Wj

s Sinh[T]} K, Sinh[MYS] + kmSinh['\:]

C, =

_(Cosh['\j]Sinh[MYS]—Cosh[MYS]Sinh[I\j]j
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¢, (Cosh[MYS]—Cosh[l\j]j+c6 (“Shg'\’ws]—vs COSh[I\:]j+ kZCosh[MYS]—k10Cosh['\2]

C, =
_(ginh['\j]c:osh[MYS] - Sinh[MYS]Cosh[I\j]j

DIFFERENTIAL TRANSFORM METHOD

The differential transform method was first introduced by Zhou[1986] who solved linear and nonlinear
differential equations in electric circuit analysis. This method constructs a semi-analytical numerical technique
uses Taylor series expansion for the solution of linear or nonlinear partial or ordinary differential equations in

the form of a polynomial.
The differential transform of the k™ derivative of the function f () is defined as follows:

1|d“f
Fig=— 1) @
k! dy B
Y=Yo
where f (y)is the original function and F[K] is the transformed function. Differential inverse transform of
F[K] is defined as follows:

S k
f(y) =D FIKI(y - ¥,) (48)

k=0
which implies that the concept of differential transform method is derived from Taylor series expansion,
although this method is not able to evaluate the derivatives symbolically.

The Differential Transform Method (DTM) has been applied to obtain the solutions of equations (31) and (32).
K+ (K +2)(k +3)(k +4)u [k +4]=M?(k +1)(k +2) u,[K + 2]+

Kk
e Y (kK=r+1uk—r+1(r+1)ulr+1]+eM?E* 5[k]+ (49)
r=0

eM?> ufk—rlu[r]+2eM?Eu[k]
s=0

(K +2)(K + 2)(K +3)(k + 4) [k +4] = M2(k +2)(k + 2) u,[K + 2] +

k
e Y (K=r+1)u,[k—r+1(r+1)u,[r +1]+eM? E* 5[k] + (50)
r=0

MY U [k—rTu,[r]+2eM?* Eu,[k]
s=0

1ifk=0
where 5[k]={0 i k>0

The initial conditions are as follows
u[0]=cl,uf1]=c2,u,[2]=c3, u[3]=c4, u,[0]=d1,u,[1]]=d2, u,[2]=d3,u,[3]=d4 (51)
The numerical values of the constants al, a2, a3, a4, bl, b2, b3, b4 can be find by using the transformed

equations with boundary and interface conditions. The system of equations leads to the solutions by substituting
obtained numerical values of constants.

NUSSELT NUMBER
The non-dimensional heat transfer coefficient known as Nusselt number is given by

Nu:dg

— 52
dy (52)
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The Nusselt number at both left wall and right wall are calculated numerically for different values of several

governing parameters and are given in table 1.

V. RESULTS AND DISCUSSION

In this chapter, the flow behavior of
electrically conducting fluid in a vertical double
passage channel is analyzed by using Robin
boundary conditions for equal and unequal Biot
numbers with symmetric and asymmetric wall
temperatures. The flow governing equations are
coupled and nonlinear, and are solved by using
perturbation method and differential transform
method. The obtained values are agreed very well
with small values of perturbation parameter &
(6<1). The solutions of velocity field and
temperature field are depicted graphically for non-
dimensional parameters such as mixed convection
parameter A , perturbation parameter & , electric
field load parameter E and Hartman number M
for equal and unequal Biot numbers. A uniform

magnetic field B, is applied normal to the walls

and the uniform electric field E; is applied

perpendicular to the walls. For electric load
parameter, the case E =0 implies short circuit
and the case E #0 implies open circuit. The
values of non-dimensional parameters such as
mixed convection parameter A and perturbation
parameter & are fixed as A =500 and £=0.1
for upward flow (A >0), and A =-500and

& =—0.1for downward flow (A <Q) (shown by
dotted lines) in all figures.

The effect of applied electric field on the
velocity field and the temperature field for equal
Biot numbers at different positions of baffle is
shown in Fig. 2 and Fig. 3. The effect of a negative
E is to add the flow while the effect of positive
E is to oppose the flow when compared to the
case forE=0. The flow velocity decreases in

both the streams for both upward (A>O) and

downward (A<0)f|ow as E increases. The

optimal value of the velocity is in Stream-Il for
upward flow (A =500) when the baffle is placed
near the cold wall, in Stream-1 for downward flow
(A = -500) when the baffle is placed near the hot
wall and the velocity profiles are symmetric when
the baffle is placed in the center of the channel. It is
seen from the Fig. 3 that the temperature profiles
slightly vary (almost equal) for the effect of electric
field load parameter E .

The effect of Hartman number on the
velocity and the temperature fields for equal Biot

Www.ijera.com
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numbers at different positions of the baffle is
shown in Fig. 4 and Fig. 5. The velocity decreases

in both the streams for both upward (A > 0) and

downward (A < O) flow with open circuit as M

increases due to retarding effect of the Lorentz
force. The optimal value of the velocity is in
Stream-Il for upward flow (A =500) when the
baffle is placed near the left wall, in Stream-1 for
downward flow (A = - 500) when the baffle is
placed near the right wall and the velocity profiles
are symmetric when the baffle is placed in the
center of the channel. It is observed from the Fig. 5
that the temperature profiles slightly vary (almost
equal) for the effect of Hartman number M .

Figures 6 and 7 shows the effect of
perturbation parameter & on the velocity field and
the temperature field for open circuit at different
positions of the baffle. It is observed from the close
view of figures 6 and 7 that the both velocity and
temperature are increasing functions of & and this
is due to the fact that the increase in & for A =500
implies increase of the Brinkman number and it is a
known fact that as the Brinkman number increases
the viscous dissipation also increases which helps
to enhance the buoyancy force and hence the flow
is promoted, and also seen that both velocity and
temperature profiles are close when ¢ =0.1 and are
distinguished when & =5 and this difference is
visible in stream-11 when the baffle is placed near
the right plate.

The velocity and the temperature fields of
the flow are analyzed for the effect of mixed
convection parameter A is shown in Fig. 8 and Fig.
9. It is observed clearly from the Fig. 8 that the
velocity decreases in Stream-l and increases in

Stream-ll  for both upward (A>O) and

downward (A<0)f|ows at all baffle positions.
The velocity reaches its optimum value in Stream-
Il for upward (A>O)f|ow when baffle is
positioned near the left plate, in Stream-1 for
downward (A < O) flow when baffle is positioned

near the right wall and the velocity profiles are
symmetric when the baffle is placed in middle of
the channel. It is seen form the Fig. 9 that the
temperature profiles are not much affected by the
effect of mixed convection parameter A . There is a
small decrease in temperature profiles for both
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upward (A > O) flow and downward (A < 0) flow

is observed in a close view of the Fig. 9.

The velocity and temperature fields are
depicted pictorially for different values of electric
field load parameter E for unequal Biot numbers
at different positions of the baffle in Fig. 10 and
Fig. 11. From the Fig. 10 it can say that the
velocity decreases in both the streams for both

upward (A > O) flow and downward

(A<O) flow at all positions of the baffle. The

velocity profile reaches its optimum value in a
wide passage when the baffle is positioned either
near the left wall or near the right wall. The
temperature field varied very slightly for unequal
Biot numbers by the effect of E is observed from
the Fig. 11. The velocity decreases in both the

streams for both upward (A>O)f|ow and

downward (A<O)f|ow for both equal and

unequal Biot numbers with symmetric wall
temperatures at all the baffle positions is observed
form the figures 12 and 14. The temperature

profiles for upward (A>O)flow are exactly

opposite to the profiles for downward
(A<O)f|ow for both equal and unequal Biot

numbers with symmetric wall temperatures at
different baffle positions is seen from the figures
13 and 15.

The rate of heat transfer for different
values of non-dimensional parameters such as
mixed convection parameter, Biot numbers,
Hartman number and electric field load parameter
is tabulated in Table-1. The rate of heat transfer
decreases at left wall and increases at right wall as
A increases when the baffle is placed near the left
or right wall, and there is no significant variation at
left wall and increases at right wall when the baffle
is placed in center of the channel. The Nusselt
number increases at both the walls as increases in
Biot numbers for all positions of the baffle. The
rate of heat transfer increases at both left wall and
right wall when the baffle is placed near the left
wall and it decreases at both the walls when the
baffle is positioned near the right wall as M
increases or E increases is observed from the
table. And it varies not significantly when the
baffle is placed in middle of the

channel.

Figure 2 Velocity profiles for different values of E

a)y =-0.15 b)y'=0 c¢)y =0.15
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03 [ M=4,Bi, =10,Bi, = 10,
02 R =1

[

Figure 3 Temperature profiles for different values of E

)y =-015 by =0 ©y =015
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0.4 g T M=46,8

0.8 ] ] ] 1 1
C) -0.2 -0.1 0.0 0.1 0.2

Figure 4 Velocity profiles for different values of M

a)y =-0.15 b)y =0 c)y =0.15
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Bi1 =10, Bi2 =10,
02 | RT:1, E=-1

Figure 5 Temperature profiles for different values of M

a)y =-0.15 b)y =0 c)y =0.15

Www.ijera.com DOI: 10.9790/9622- 0904011240 28|Page




M. Karuna Prasad Journal of Engineering Research and Application
ISSN : 2248-9622 Vol. 9,Issue 3 (Series -V) March 2019, pp 12-40

Www.ijera.com

2.5

1.5

1.0

0.5

0.0

-0.5

Www.ijera.com

—— DTM

Bil =10, Bi2 “ 10
RT = 11 E = _1’ M::4
:-5,_0 1,0.1’5
......................... P -
e ‘~-.__-‘(5 ------------------------------------
[T l | l
C) ) o 0.0 0.1 0.2

Figure 6 Velocity profiles for different values of ¢

a)y =-0.15 h)y =0 c¢)y =0.15
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04 |- Bi =10,Bi,=10,R =1,
E=-1, M+4
02 |
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Figure 7 Temperature profiles for different values of ¢

a)y =-0.15 b)y =0 c)y =0.15
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Figure 8 Velocity profiles for different values of A
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Figure 9 Temperature profiles for different values of A

a)y =-0.15 b)y =0 c)y =0.15
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Figure 10 Velocity profiles for different values of E
a)y =-0.15 b)y=0 c)y'=0.15
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Figure 11 Temperature profiles for different values of E
a)y=-0.15 h)y=0 c)y=0.15
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Figure 12 Velocity profiles for different values of E
a)y*=-0.15 b)y*=0 c)y*=0.15
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Figure 13 Temperature profiles for different values of E
a)y*=-0.15 b)y*=0 c)y*=0.15
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Figure 14 Velocity profiles for different values of E
a)y*=-0.15 b)y*=0 c)y*=0.15
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Figure 15 Temperature profiles for different values of E
a)y*=-0.15 b)y*=0 c)y*=0.15
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Table 1
déo déo
—aty=-0.25 —aty=0.25
dy dy
y*=-015 y*=0 y*=0.15 y*=-015 y*=0 y*=0.15
A
100 | 1.43421 1.42789 1.42319 1.41410 1.41423 1.40845
250 | 1.43049 1.42632 1.42054 1.41966 1.41916 1.41509
500 | 1.42986 1.42661 1.41914 1.42101 1.41999 1.41566
Bil
1 0.62542 0.62458 0.62352 0.62034 0.62124 0.62078
5 1.25099 1.24661 1.24298 1.24313 1.24271 1.23983
10 1.42986 1.42661 1.41914 1.42101 1.41999 1.41566
Bi2
1 0.624279 0.61759 0.60698 0.61919 0.61424 0.60425
5 1.25054 1.24563 1.23522 1.24268 1.23997 1.23206
10 1.42986 1.42661 1.41914 1.42101 1.41999 1.41566
M
4 1.42986 1.42661 1.41914 1.42101 1.41999 1.41566
6 1.43068 1.42687 1.41504 1.42180 1.41919 1.41037
8 1.43122 1.42643 1.40639 1.42203 1.41747 1.40041
E
-1 1.42986 1.42661 1.41914 1.42101 1.41999 1.41566
0 1.43056 1.42771 1.42101 1.42308 1.43029 1.41891
1 1.43266 1.42257 1.42422 1.42381 1.42367 1.42075
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