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An investigation of the combined influence of tensor conductivity, magnetic
field and electric field on heat transfer in a channel with segmented eloectrodes
has been carried out. A solution for temperature and Nusselt number has
been obtained in a closed form based upon an incompressible, two-dimensional
flow with constant properties. Calculations presented here show the in-
fluence of wyr (product of electron cyclotron frequency and electron mean
free time), M (Hartmann number), K (loading parameter) and PrEeS (pro-
duct of Prandtl number, Reynolds number and a non-dimensional number)
on the temperature field. It is found that an inecrease in wyr leads to an
increase in fluid temperature and the Nusselt number, but an increase in
PrReS leads to a decrease in fluid temperature. In the case of the channel
when working as a MHD generator, an increase in K leads to a decrease in
the fluid temperature §. Also Nusselt number increases with wyr as well as K.

Nomenclature
A = temperature gradient
a, b, ¢1, s, €3, ¢, = as defined in (2a)
B = magnetic induction vector (B;,, By,, B;,)
B, = applied magnetic field
¢p = fluid specific heat at constant pressure
E,, B, = electric field components
ez = non-dimensional electric field component (E,[iB,)
e == charge on electron
E = Eckert number (i/C,0,)
Dy, D,. .. Dy = as defined in Appendix I
J = current density vector (jz,, jy,, jz,)
Jz, Jy = non-dimensional current density (jz,, jy,/0¢@Bo)
K = loading parameter (F,/4B,)
L = half width of the channel

3
M = Hartmann number [BJ,(EQ) }
"

me = mass density of particles
Ny = Nusselt number
ne = electron number density
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P;, P, = pressure gradient components (Pg,, Py, /p4?)
Pr = Prandtl number (ucp/A)
Re = Reynolds number (pal/p)
8 = non-dimensional number (4L/6)
T = fluid temperature
u, v = fluid velocity components
U, V = non-dimensional velocity components (u, v/i)
# = mean fluid velocity
x, ¥, z = non-dimensional coordinates (z,, y1, z1/L)
p = fluid density
A = thermal diffusivity
o, == electrical conductivity
p = fluid viscosity
@ = viscous dissipation function as defined in (11)
§ = temperature as defined in (12)
61 = reference temperature
w, = electron cyclotron frequency (eB,/m.)
7 = electron mean free time (o m,/n.e2)

1. INTRODUCTION

In recent years, MHD channel flows and their applications to propulsion
systems and electric power generation are receiving a considerable amount of
scientific attention. In the initial stages, the channel flows were described by
assuming Ohm’s law without Hall effects. But in the case of very strong
magnetic fields, where the electron cyeclotron frequency is much greater than
the electron collision frequency, Hall effects become significant. Hence, the
generalized Ohm’s law must be used in solving problems on channel flows.

Recently, attempts have been made to describe the channel flows without
neglecting Hall effects. Harris and Cobine (1961) described the advantages
and disadvantages of three types of channel configurations depending upon the
arrangement of the electrodes. One of the arrangements suggested is the
segmentation of electrodes which prevents the flow of axial currents. Sherman
and Sutton (1961) described the flow of conducting fluids moving in a channel
with the segmented electrodes. In their treatment of the problem, the
generalized Ohm’s law, without ion-slip and pressure-diffusion effects, was
assumed and the problem was solved with reference to the effects of Hall
current on the velocity field, magnetic field, etc. But the fluid in such
channels is always working at a very high temperature, and the effects of
Hall current, magnetic field and electric field on the temperature field have not
received attention as yet.

Hence the object of this paper is to describe the combined effects of Hall
currents, magnetic field, electric field on the heat transfer in the channel
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flow of viscous, incompressible, electrically conducting fluids. The expressions
for velocity and current density, as given by Sherman and Sutton (1961), are
used to derive the expression for temperature distribution within the fluid and
the Nusselt number under the assumption that the temperature along the
walls varies linearly in the direction of flow.

2. TEMPERATURE DISTRIBUTION

In this paper, the following assumptions are made:

1. The plates of a rectangular channel are extending to infinity in the
z- and y-directions. The opposite faces of the channel are electrical in-
sulators while the other two at y, = 4 o are electrodes which are segmented
infinitely in order to allow an axial electric field to develop so that no net
current will flow upstream or downstream.

2. The physical properties of fluid are assumed to be constant.

3. As shown in Fig. 1, the fluid flows from left to right in the x,-direction
between two plates z; = L and z; = —L with modified Hartmann’s velocity
profile (Sherman and Sutton 1961) under the influence of a uniform magnetic
field imposed in the z;-direction.

Under these assumptions, the expressions for U, V, J,, J4 as given by
Sherman and Sutton (1961) are as follows:

U = —¢, sinh az sin bz+¢, cosh az cos bz+cq .. (D

V = ¢; cosh az cos bz-+c, sinh az sin bz4-¢, .. o {2)
where
c3 sinh @ sin b—c¢, cosh @ cos b

sinh2 g4cos2 b

¢ =

—c¢4 sinh @ sin b—cg cosh a cos b
sinh2 g+4-cos? b

Co =

(22)
s= —(%”M[%f} e
M2
o= [sreg et ]

[2(1f (e 72)*_1}]

ReP, .  BBg+B,.B
112 2 .. Oy ..
' 1 I g

ReP,.  _+ ByB;—B,B,

=P =-23 114 T 7Y
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where
__ (b+awyr) sin b cos b+(a—bwyr) sinh @ cosh a 1
' M2(1+w?r?)~* [sinh? a-+cos? b]
(@—bwqr) sin b cos b— (b+awyr) sinh a cosh a
Bz = 3 _} - on
M2(14wir?)™* [sinh? a+cos? b]
By = KBz+on[ a cosh a,zsmh%a+b sin b cos b _1]
M?(14wyr2) " *(sinh? a4 cos? b)
B, = —KB1+w01-[ @ sin b (;os b:b sinh @ cosh @ _1]
M2(1 4w 72)" *(sinh? a+-cos? b)
ez = —wor(1—K) )
and

_ €z+ V—wo‘l‘(K'—' U)

J
i 1+ cu(z)'r2

K~U+wyr(ez+V)
Jy=

2
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Fic. 1. Channel configuration.

and the non-dimensional parameters are defined as follows:
U=uja, V=via, z=z/L

E
x=x1/L: Z/=.'/1/L, ez="'£

@B,
E, P . 1
K—;ZE, P—;ﬁ, u—ﬁf_Ludzl
212
2=?£€0;L__’ e=@,
I I

_dm o,y
* Uo'b-lzBo’ v O’o’lzBo
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(5)

(6)

(8)
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In order to derive e, and P:, P;, it is assumed that
L L
j_ijl dzy = 0, f_Lvdz1=O. N ()
The channel configuration depends upon the value of K, called the loading

parameter. It is as follows:

(1) K = 0 (short-circuited)
(2) K < 1-0 (MHD generator)
(3) K = 1-0 (MHD flowmeter)
(4) K > 1-0 (MHD accelerator)

2.1. Linear Variation of Temperature along the Plates

The energy equation is given by

T 27 J*
PCpua?l—A—a;z*-l-'a—o“l-}L@ .. . . (10)
1
where
2 2 ou\® [ow\®
T2 == ar = |z e
J2=Jg,tjy, and @ (821) +(az1) . .. .o (11)

For linear variation of temperature along the plates, we assume for tem-
perature

T = Ax;+0(z;). .. .. .. .o (12)
Substituting (11) and (12) in (10), we get
@1, dur? | 10v)\2
Pchfi-— A;ﬁ%*‘;;(jm{+ﬂyl)+ﬂi[(&zz) 4‘(&2}) ]- . (13)

Introducing the following non-dimensional quantities in eqn, (12):

Pr = ’—L%’ (Prandtl number)

72
=2 (Bckert number)
Cpel

8= %—/ (a non-dimensional number)
1

0= g {(non-dimensional temperature)
1

in addition to those in (8) we have, on rearrangement,

2 2 ?
O+ P [M'Z(J2+J§)+(dd—g) +(‘%) } —PrESU=0 .. (19

with the boundary conditions consistent with eqn. (12) being
=0 atz=+1 .. .. .. .. (15)
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The choice 6 = 0 rather than 6 = constant is purely for convenience.

Physically, it means that the temperature of the fluid and the plates is the
same.

Fig. 2, Temperature profiles (M = 10; K = 0; wr = 0-3, 0-6, 1; PrEeS = 0, 0-2),
no
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Fie. 3. Temperature profiles (PrReS = 0, 0-2; M = 10; K = 0-4, 0-6; w7 = 0-6, 1-0).
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Substituting for U, V, J;, J, from eqns. (1), (2), (6) and (7) respectively
in eqns. (14), simplifying and rearranging, we get

g—;g+014 cos 2az+ Dy cos 2bz+Dsq sinh az sin bz

+ D)4 cosh az cos bz+Dyg =10 e .. .. .. (18)

where Dy, D, ... Dy are ag defined in Appendix I.
The solution of eqn. (16), subject to the boundary condition (15), is given
by
8§ == Dyg(cosh 2a—cosh 2az)— D;g(cos 2b—cos 2bz)

4 Dgy(sinh @ sin b—sinh. az sin bz)

+ Dy (cosh a cos b--cosh az cos b2) ’9213 (1—22) o (17

where Dyg Dy, ... Dy are as defined in Appendix I.

Fi1a. 4. Temperature profiles (M = 10; K = 1-0; PrReS = 0, 0-2; w7 = 03, 0-6, 1).

Now, in the case of ionized gases, the Prandtl number Pr is O(1) and, for
the validity of incompressibility, the Eckert number must be << 1. Hence the
value of Prk is chosen as 0-02. With this value of PrE, the temperature
profiles are shown grapbically in Figs. 2-5 for M = 10, 15, PrRS = 0, 0-1,
0-2 and K = 0, 0-2, 04, 0-6, 1, 2, 3.
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In the technological fields, the rate of heat transfer is expressed in terms
of Nusselt number, which is defined as

L (dT
Nu=—m(az—l)z1=-b

1 (d6
=—”(o‘)(32)z=1' O 1))

Fra. 5. Temperature profiles (M = 10; K = 2; wyr = 0-3, 0-6, 1-0; PrReS =0, 0-2).

Hence from (17) and (18), we get

[(Dg1b—Dyga) cosh a sin b— (Dgya+4-Dygh) . sinh a

X 00s b—2aDg sinh 2a—2b . Dy sin 2b— D]

Ny = — {19)

[Dls(cosh 20 =-1) = D;g(cos 2b— 1)+ Dyq sinh @ sin b

+ D5, (cosh a cos b— 1)+D212] )
The Nusselt number Nu is plotted against wyr in Fig. 6.
3. CONCLUSIONS

Case I: K = 0 (short-circuited)

(1) From Fig. 1, it can be seen that an increase in the value of the
Hall parameter wyr leads to an increase in the fluid temperature.
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(2) Also, for the same value of wyr, an increase in PrRS leads to a decrease
in the fluid temperature.

Case II1: 0 < K < 1 (MHD generator)

(1) The influence of the parameters PrReS and wyr on the fluid tem-
perature is the same as in case L

(2) An increase in K leads to a decrease in the fluid temperature when M,
PrReS and wgr are constant.

ir
K=o
K:O'Z —_
2r A0 L4
w T
1L
o) 1 2 .3
Nuw

Fre. 6. Values of Nusselt number (PrReS = 0-1, M = 15).

Case I11: K > 1 (MHD accelerator, flowmeter)

It is the same as in case I. Here Nu increases with wyr as well as K.
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ArPENDIX I
Dy = eyate3b, Dy =cya—010, Dy= D§+D§
PrEM? s o
Dy=———, Ds= ¢+, Dg = 2e,0,—2Ke;+ 2¢4¢5—2c9¢4
1+ wyr?
D; = Ze50,— 2K ey 20,0, 4 2¢,05, Dy = eo-t K2+ 2e0,— 2Ky +654-¢2y, Dy = DyD;

Dyg = DyDg+ PrReSc;, D,; = D,D,— PrReSc,, D;s = D, Dg—PrReSc;

Dy+D Dg—D
Dy = PrED;, Dy, = _92_13 ) Dyy =21
aDqy-+bD aDy,—bD
Dyg= _—;‘%—;‘bz_u » Dyp= __Elélib_[l‘_’ » Dig = Dyyf4a®
aDyq+ 6D aD{;,—bD
Dyg = Dy5/4b%, Dyy = -—;S—ergi, Dy = “};ﬁ‘ﬁﬁ



