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Abstract

In the present study, the unsteady Couette flow with heat transfer of a dusty viscous incompressible electrically
conducting fluid under the influence of a constant pressure gradient is studied without neglecting the Hall Effect. The
paralldl plates are assumed to be porous and subjected to a uniform suction from above and injection from below
while the fluid is acted upon by an external uniform magnetic field applied perpendicular to the plates. The governing
equations are solved numerically using finite differences to yield the velocity and temperature distributions for both
the fluid and dust particles.
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1. Introduction

The importance and application of solid/fluid flowmsd heat transfer in petroleum transport, wasewat
treatment, combustion, power plant piping, corregarticles in engine oil flow, and many otherswaedi known in
the literature. Particularly, the flow and heainsfer of electrically conducting fluids in charsyahd circular pipes
under the effect of a transverse magnetic fieldumcdn magnetohydrodynamic (MHD) generators, pumps,
accelerators, and flow meters and has possibldgcagiphs in nuclear reactors, filtration, geothermsygstems, and
others. The possible presence of solid partialeb as ash or soot in combustion MHD generatorgpéasma MHD
accelerators and their effect on the performanciolf devices led to studies of particulate suspessn conducting
fluids in the presence of magnetic fields. Forregbe, in an MHD generator, coal mixed with seedeid into a
combustor. The coal and seed mixture is burnecygen and the combustion gas expands throughzenbefore it
enters the generator section. The gas mixtureirfigwhrough the MHD channel consists of a condeesahpor
(slag) and a non-condensable gas mixed with seedal combustion products. Both the slag and the- no
condensable gas are electrically conducting [1,2he presence of the slag and the seeded partiga#icantly
influences the flow and heat transfer charactessih the MHD channel. Ignoring the effect of tflag, and
considering the MHD generator start-up conditidre problem reduces to unsteady two-phase flow irMatD
channel.

The hydrodynamic flow of dusty fluids was studigdébnumber of authors [3-7]. Later the hydromaignet
flow of dusty fluids was studied [8-12]. In thecsle mentioned work the Hall term was ignored inlgipg Ohm's
law, as they have no marked effect for small andenate values of the magnetic field. However, tlmeent trend for
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the application of magnetohydrodynamics is towardsrong magnetic field, so that the influencele€omagnetic
force is noticeable under these conditions, andHbbB current is important and it has a marked affen the
magnitude and direction of the current density enidsequently on the magnetic force term [13]. @&fiect of the
Hall current on the Hartmann flow of a clean flwds studied by a number of authors [14-18]. Abidatsan and
Attia [19] studied the influence of the Hall curtean the flow and heat transfer of a dusty condgcfiuid in a
rectangular channel.

In the present work, the unsteady Couette flow whidlat transfer of an electrically conducting, visgo
incompressible, dusty fluid is studied with the sideration of the Hall current. The fluid is assdnto be
incompressible and electrically conducting and plaeticle phase is assumed to incompressible, &laltyr non-
conducting dusty and pressure less. The upper {@ahoving with a constant velocity while the lovpdate is kept
stationary. The fluid is flowing between two irifi electrically insulating porous plates maintairs two constant
but different temperatures while the particle phaseassumed to be electrically non-conducting. Thal is
subjected to a uniform suction from above and &oumi injection from below and mass conservatioassumed. An
external uniform magnetic field is applied perpenthr to the plates while no electric field is apgland the induced
magnetic field is neglected by assuming a very bmalgnetic Reynolds number. The fluid is actedrupy a
constant pressure gradient. The governing equatiare solved numerically using the finite differenc
approximations to obtain the temperature distrimgifor both the fluid and dust particles. Theefof the magnetic
field, the Hall current and the suction velocity laoth the velocity and temperature fields of thed$ as well as dust
particles are reported.

2. Description of the Problem

The dusty fluid is assumed to be flowing between tafinite horizontal porous plates located at yheth
planes. The upper plate is moving with a constafdoity U, while the lower plate is kept stationary. Thetgdaare
subjected to a uniform suction from above and &umi injection from below. Thus the y-componentiud velocity
of the fluid is constant and denoted hy Vhe dust particles are assumed to be electricalhyconducting spherical
in shape and uniformly distributed throughout tluédfand to be big enough, so that they are notgadrout through
the porous plates and have no y-component of \wglodihe two plates are assumed to be electricalfy-conducting
and kept at two constant temperaturgsfar the lower plate and,Tfor the upper plate with ;$T;. A uniform
constant pressure gradient is applied in the xetdor. A uniform magnetic field Bis applied in the positive y-
direction. This is the only magnetic field in th@plem as the induced magnetic field is neglecteddsuming a very
small magnetic Reynolds number [11]. It is requitedbtain the time varying velocity and temperatdistributions
for both fluid and dust particles. Due to the irsitun of the Hall current term, a z-component of\ibicities of the
fluid and of dust particles is expected to arisec& the plates are infinite in the x and z-dires, the physical
guantities do not change in these directions thatok=0/0z=0 and the problem is essentially one-dimensioiidle
governing equations for this study are based orctimservation laws of mass, linear momentum andggraf both
phases.

3. TheVdocity Distribution
The flow of fluid is governed by the momentum edprat

Dv

,OE=—DP+,UDZV+JXBO—KN(V—V|O) (1)
where p is the density of clean fluidp is the viscosity of clean fluid, v is the velocigf the fluid,
v=u(y,ti+vg +w(y, bk, v, is the velocity of dust particles,=uy(y,t)i+wy(y,t)k, J is the current density, N is the
number of dust particles per unit volume, K is Btekes constant =fia, and "a" is the average radius of dust
particles.

The first three terms in the right-hand side of Bl are, respectively, the pressure gradientogisy, and
Lorentz force terms. The last term representsaheefdue to the relative motion between fluid austgarticles. It is
assumed that the Reynolds number of relative wglagismall. In such a case the force between dondtfluid is
proportional to the relative velocity [3]. If thdall term is retained, the current dengitfrom the generalized Ohm's
law is given by [13, 14]
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J = o[E +VxB, - B(IxB,)] @)
whereo is the electric conductivity of the flui@,is the Hall factor [13,14]. Solving Eq. (2) faigives
2
IxB, = %Bo [(u+ mw)i + (w=mu)k] 3)
+m?
where mspB,, is the Hall parameter [13,14]. Thus, in term&qf (3), the two components of Eq. (1) read
au du_ dP . 8%u_ oB3
P+ oo = ———F pf—— ———(u+mw) -KN(u-up) )
ot gy dx " gy* 1+m
ow ow_ d°w  oB?
P+ Mo —= = U~ ———(W=mu) ~ KN (W~ wp) (5)
The motion of the dust particles is governed by tdeng second law applied in the x and z-directions
oup
mpT:KN(U_Up) (6)
owp
mpF= KN (w—wp) 7)

where my is the average mass of dust particles. It is asdutmat the pressure gradient is applied at t=0Otlaedluid
starts its motion from rest. Thus,

tsO:u=up=w=Wp=O (8a)
For t>0, the no-slip condition at the plates implikat
t>0,y=—h:u=up=w=wp=0 (8b)
t>0,y:h:u:UO,up:w:wp:O (8¢)

4, The Temperature Distribution

Heat transfer takes place from the upper hot platéne lower cold plate by conduction through thedf
Since the hot plate is above, there is no natumavection; however, there is a forced convectioa ttuthe suction
and injection. In addition to the heat transfeeréhis a heat generation due to both the Joulevigndus dissipations.
The dust particles gain heat from the fluid by asrtobn through their spherical surface. Since,ghablem deals
with a two-phase flow, two energy equations arelireq [13,21]. The energy equations describingtédmeperature
distributions for both the fluid and dust partictead

2 2 2 2 c
A e [ N b R

ot oy oy |\oy) loy) | 1+m? yr

P T,-T), (10)

where T is the temperature of the fluig,i3 the temperature of the particles, c is the ifipdweat capacity of the fluid
at constant volume, k is the thermal conductivitghe fluid, p, is the mass of dust particles per unit volumehef t
fluid, y7 is the temperature relaxation time, anddhe specific heat capacity of the particles.

The last three terms on the right-hand side of (Bjjrepresent the viscous dissipation, the Joudsittion
(i%o), and the heat conduction between the fluid anst garticles respectively. The temperature relaratime
depends, in general, on the geometry, and sincéusteparticles are assumed to be spherical inesliap last term in
Eq. (9) is equal todaNk(T,-T). Hence
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3PrypCs

2c

wherey, is the velocity relaxation time p2f/9y, Pr is the Prandtl numbee/k, andps is the material density of
dust particles 58/4na’N.
T and T, must satisfy the initial and boundary conditions

T =

t<0:T =Ty =Ty, (11a)
t>0,y=—h:T=Tp=Tl (11b)
t>0y=h:T=T,=Tp. (11c)
Equations (4)-(11) can be made dimensionless bgdaoting the following dimensionless variables padameters
(X 9) = (X, y) £ :tU_O’(G’VAV) :M’(Gp’wp) _ (Up’Wp)’Is _ P ’
" Yo Uo " U

T-Tq _I: _ Tp -T
T,-T P T-T
S=v, /Uy, the suction parameteRe=U ,oh/ 1/, is the Reynolds numbeHa = B, h /o / 1z, the Hartmann

_I_"

number,E; = U§/C(T2 -Ty), the Eckert numbelG = mp,u/,oth , is the particle mass parameter,

R = KNh? | i is the particle concentration parameteg, = ,oh2 | 1y is the temperature relaxation time

parameter.
In terms of the above dimensionless quantities @J.11) read

2 Ha’
U, _1dP, 10U (U - (u-u,) (12)
ot oy Redx Reody® Rel+m?) Re
2 Ha’
6_vv+Sa_vv:i6 \;V— - (w—mu)—i(w—wp) (13)
ot oy Reody® Re(l+m°) Re
s 14
——=u-u
p P (14)
G—aWIO (15)
—w-w
ot P
tsO:u=up=w=wp=O (16a)
t>0,y=—h:u=up=w=wp=0 (16b)

t>0y=h:u=lu,=w=wp =0 (16c)

2 2 2 2
%_'l'JrSaT_ 1 Nf{(auj +(aw”+ HO’E, oy

9y ReProy’ Re||ay ay Re(+m?) (17)
2R
+ T, -T),
3RePr( » 1)
oT
P _
F - _LO(Tp _T), (18)
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t<0:T=T, =0, (19a)
t>0y=-1LT=T,=0 (19b)
t>0,y=1:T=Tp=1. (19¢c)

where the hats are dropped for convenience.

Equations (12)-(19) represent a system of pariffdréntial equations which is solved numericalbing the
finite difference approximation. The Crank-Nicalsonplicit method [22] is used at two successivaetilevels.
Finite difference equations relating the variabées obtained by writing the equations at the midhtpof the
computational cell and then replacing the diffetentns by their second order central differenca@gmation in the
y-direction. The diffusion terms are replaced Iy average of the central differences at two ssosesime-levels.
Finally, the resulting block tri-diagonal systensidved using the generalized Thomas-algorithm. [Z2bmputations
have been made for dP/dx=5, Re=1, R=0.5, G=Q:8).lz, Pr=1, and [£0.2.

5. Results and Discussion

Figures 1-3 present, respectively, the profilethefvelocity components u,,uw and y w, and temperatures
T and T, for various values of time t. The figures aretfgld for Ha=1, m=3 and S=1. It is observed fromsFila,
2a, and 3a that the velocity component u reacteesttdady state faster than w which, in turn, reathe steady state
faster then T. This is expected, since u is thecgoof w, while both u and w act as sources fertimperature. The
same observation is clear in Figs. 1b, 2b, andoBlo,f w, and T,, respectively. Comparing Figs. 1a, 2a and 3a with
1b, 2b and 3b, respectively, shows that the velamimponents and temperature of the fluid phasehrtze steady
state faster than that of the particle phase. Thisecause the fluid velocity is the source far thust particles'
velocity.

Figures 4-6 show the time evolution of the velocitynponents and temperature at the centre of theneth
(y=0), respectively, for the fluid and particle gha for various values of the Hall parameter mfanéia=1 and S=0.
It is clear from Figs. 4a and 4b that increasing plarameter m increases u anpd This is because the effective
conductivity 6/(1+n¥)) decreases with increasing m which reduces thgneta& damping force on u and
consequently u and,increase. In Figs. 5a and 5b, the velocity coreptgw and ywincreases with increasing m for
small values of m (m=0 to 1). For large valuesmof(m>1), the velocities decrease with m. To expldiese
observations, we argue that the velocity componesthe source of w, which is in turn the soumeu. The source

term is proportional tanu/(1+ m2) , Where u depends implicitly on m. It is cleartttiee source term increases or

decreases with m according to whether m is smdlirge. Figures 6a and 6b indicate that increasirdgcreases T
and T, for all t. This can be attributed to the factttlaa increase in m decreases the Joule dissipatinch is
proportional to (1/(1+/). Comparing Figs. 6a and 6b ensures that th@eeature of the fluid reaches the steady
state faster than the temperature of the particles.

Figures 7-9 show the time evolution of the velocitynponents and temperature at the centre of tieneth
(y=0), respectively, for the fluid and particle gka for various values of the Hartmann number Hafanm=3 and
S=0. Figures 7a and 7b indicate that increasingiétaeases u ang as a result of increasing damping force on u.
Figures 8a and 8b ensure that increasing Ha ineseasand w for all values of Ha due to the effect of Ha in
decreasing u which decreases the damping force drigures 9a and 9b show that the increasing El@@ses T and
T, as a result of increasing the Joule dissipations.

Figures 10-12 present the time evolution of theoeity components and temperature at the centréeof t
channel (y=0), respectively, for the fluid and et phases for various values of the suction patamS and for
Ha=1 and m=3. Figures 10a, 10b, 11a, and 11b shawincreasing the suction decreases u,,vana v and their
steady state times due to the convection of thd ftom regions in the lower half to the centre @thhas higher fluid
speed. Figures 12a and 12b show that increaster®ases the temperatures T apdtTthe centre of the channel.
This is due to the influence of convection in pungpthe fluid from the cold lower half towards thentre of the
channel.

6. Conclusion
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The unsteady Couette flow with heat transfer ofuatyl conducting fluid under the influence of an lagap
uniform magnetic field has been studied, considgtie Hall effect in the presence of uniform suttmd injection.
The effect of the magnetic field, the Hall parametnd the suction and injection velocity on thdogiy and
temperature distributions for both the fluid andtigle phases has been investigated. It was faolatboth the fluid
and the solid-particle phases have two compondnislocity. The main two components of velocitytbé fluid and
dust particles u and,urespectively, were found to increase with inseetn the Hall parameter m. However, the
other two components of velocity w angwhich result due to the Hall effect increase with Hall parameter m for
small m and decrease with m for large values oft was found also that the temperatures of botiu fund particle
phases deceases with the Hall parameter m.
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Fig. 5 Effect of the parameter m on the time vasiabf : (a) w at y=0 and (b) gt y=0. (Ha=1 and S=0)
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Fig. 6 Effect of the parameter m on the time vasrabf : (a) T at y=0 and (b),lat y=0. (Ha=1 and S=0)

105



Hazem A. ATTIA African Journal Of Mathematical Physics Vol 2 N°1 (2005)97-110

@)

—o—Ha=1 —s—Ha=2 —a—Ha=3 ‘

(b)
Fig. 7 Effect of the parameter m on the time vasiabf : (a) u at y=0 and (b}, @t y=0. (m=3 and S=0)
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Fig. 9 Effect of the parameter m on the time vasrabf : (a) T at y=0 and (b),fat y=0. (m=3 and S=0)
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Fig. 10 Effect of the parameter m on the time \tamaof : (a) u at y=0 and (b),@t y=0. (m=3 and Ha=1)
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Fig. 11 Effect of the parameter m on the time \tamaof : (a) w at y=0 and (b) yat y=0. (m=3 and Ha=1)
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Fig. 12 Effect of the parameter m on the time wamaof : (a) T at y=0 and (b),lat y=0. (m=3 and Ha=1)
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