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Abstract—Natural convection of a dusty fluid in an infinite rectangular channel with differentially heated

vertical walls and adiabatic horizontal walls has been studied. The problem has been solved using a

combination scheme of central and second upwind differencing. It is seen that the heat transfer rate

decreases with an increase of mass concentration of dust particles, but it increases with an increase of the
Rayleigh number. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

There have been numerous theoretical and exper-
imental studies of heat and mass transfer induced by
natural convection in fluids. These studies have many
applications in physical systems where heat transport
by buoyancy induced convective motion takes place,
such as, chemical reactor, nuclear reactor, combustion
systems, pneumatic transport etc. In some of these
applications, the fluid may contain suspended dust
particles.

Kazakevich and Kravipin [1] have experimentally
studied the aerodynamic resistance of a dusty gas
flowing through a system of pipes and have shown
that the resistance is less than that of the clear gas.
Saffman [2] gave a rnodel for theoretical investigation
of the above phenomenon. Saffman found an expla-
nation of reduction of viscosity in that the dust par-
ticles in any gas have much larger inertia than that the
equivalent volume of air. The relative motion of the
dust particles and the air will dissipate energy because
of the drag between dust and air, and thus energy is
extracted from the system. Saffman verified the above
hypothesis on studying the stability of a laminar flow
by investigating the effects of dust particles on the
critical Reynolds number for transition to turbulent
flow. Marble [3] extended the model of Saffman so as

tPresent address: Department of Mathematics, Indian
Institute of Technology Guwahati, Institution of Engineers
Building, Panbazar, Guwahati 781 001, Assam, India.

547

to include slip stress tensor and slip energy flux which
arise from momentum transport due to particle
motion at velocities different from the mean particle
velocity, and different temperature lags within the
same region, respectively. In the discussion of Mar-
ble’s study [3] Hoglund has given a comparison of
experimental and theoretical results of gas and particle
temperature in a rocket nozzle and remarked that
“The important point is that these preliminary data
shown calculated and experimental thermal lags in
excellent agreement. The closed agreement lends
quantitative support to the type of calculations dis-
cussed by Marble and, especially, to the accuracy of
predictions of particle lag in rocket nozzles.”

Farbar and Morley [4] made an experimental study
of heat transfer by adding alumina-silica catalyst with
air and found that the heat transfer coefficient of the
mixture increased. Farbar and Depew [5] studied the
effect of the size of dust particles on the rate of heat
transfer and showed that it is strongly dependent on
the particle size. Sukomel et al. [6] performed an
experiment to find the rate of heat transfer in the flow
of helium, nitrogen and air having suspended particles
of graphite and aluminium. It was observed that the
rate of heat transfer reduces due to addition of par-
ticles if the loading ratio between solid and gas is less
than 3. Tien and Quan [7] found that Nusselt number
of air with lead is less than that of fresh air and it is
significantly lower when glass particles are added to
the air. Depew and Kramer [8] made a critical review
on heat transfer to flowing gas—solid mixtures. They
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NOMENCLATURE

A aspect ratio (//d.) oy dust parameter
¢ specific heat of fluid B coefficient of thermal expansion
c specific heat of particle phase Y ratio of ¢, and ¢,
D divergence of velocity vector ot increment of time
d, width of the channel ox increment of x
d, work done by the particle phase per oy increment of y

unit volume AT  temperature difference
f mass concentration of particle phase 4 vorticity of fluid
F, body force on fluid per unit volume ! coefficient of viscosity of fluid
F, fluid-particle interaction force per unit v kinematic viscosity of fluid

volume p density of fluid
g acceleration due to gravity T velocity relaxation time of particles
k thermal conductivity of fluid Tr thermal relaxation time of particles
1 height of the channel ¢., ~momentum flux of ug
m mass of a particle v stream function.
N number density of particles
P pressure of fluid
Ds static pressure of fluid
q velocity vector of fluid Subscripts
g rate of heat flux of fluid B value at bottom face of control volume
qs rate of heat flux of particle phase ij value at (4,j) cell
O,  thermal interaction force per unit L value at left face of control volume

volume M value at the middle of the channel
Tp radius of particle p for particle phase
t time R value at right face of control volume
T temperature of fluid T value at top face of control volume
T initial temperature W value at the wall of the channel.
u x-component velocity of fluid
v y-component velocity of fluid
x,y,z Cartesian coordinates.

Superscripts
Greek symbols n value at nth time step

o, combination factor * for dimensionless value.

have discussed experimental as well as theoretical
study. Tien [9] derived the energy relationships and
produced a set of equations which are very similar to
Saffman’s model. Performing an experiment on the
transportation of glass particles in air through a tube
having uniform heat flux, Depew showed that these
equations are valid for 30 mu spheres and Reynolds
number (<30000). In their review they concluded
that data collected by various investigators indicate
that heat transfer can be augmented by the addition
of solid particles to a gas stream. The results are appli-
cable only to very dilute concentrations and to very
small particles which follows Stokes’ drag law. They
have shown that under these conditions there are good
agreement between the results obtained from exper-
imental and the above model.

Ramamurthy [10] studied the free convection effects
on the Stokes problem for an infinite vertical plate in
a dusty fluid analytically and showed that the rate of
heat transfer is directly proportional to mass con-
centration of particles. However, not many studies on

natural convection problem of dusty fluid are reported
in available literature.

Investigations on the natural convection of clear
fluid in a rectangular cavity for transient heating of
the vertical walls have been made by several authors.
The aspect ratio (4) of the cavity or channel, defined
by the ratio of the height of the channel to its width,
plays an important role in the convection phenom-
enon. Batchelor [11], Poots [12] and Gill [13] found
analytical solution, whereas Wilkes and Churchill [14]
and De Vahl Davis {15] solved the problem numeri-
cally when 4 > 1. For rectangular cavity with aspect
ratio 4 < 1, Patterson and Imberger [16] have given
a numerical solution. They have shown that a number
of initial flow types are possible which ultimately leads
to two basic types of steady flow determined by the
relative values of the dimensionless parameters, e.g.
Prandtl number, Rayleigh number describing the flow.

In the present study, free convective heat transfer
to a dusty fluid due to differentially heated vertical
walls of a rectangular channel has been considered.



Unsteady natural convection of a dusty fluid

The governing equations for the two-dimensional con-
vective flow are coupled and non-linear, hence, it is
not possible to get an analytical solution. This prob-
lem has been solved by finite difference method using
staggered grid.

2. FORMULATION OF THE PROBLEM

We consider a dusty fluid initially at rest within an
infinitely long closed rectangular horizontal channel.
We have taken z-axis along the axis of the channel, x-
axis vertically upwards and y-axis horizontally, but
perpendicular to the axis of the channel as shown in
Fig. 1. Let the height and width of the channel be /
and d,, respectively. Initiaily, the system is having a
uniform temperature 7;. Suddenly, the wall y =0 is
heated to a temperature T;+ AT and the wall y = 4, is
cooled to a temperature 7;—AT and natural con-
vection starts due to this.

Following Saffman’s model [2] of a dusty fluid, the
governing equations for two-dimensional incom-
pressible flow given by Marble [3] is
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where the volume fraction and viscosity of the pseudo-
fluid of solid particles have been neglected. Here q, T,
p., F, and p are velocity, temperature, pressure, body
force and density of fluid, respectively, and a subscript
p in them denotes corresponding entities of particle
phase. u and c,, respectively, are the viscosity and
specific heat of fluid. ¢, is the specific heat of particles.
grand g,, represent heat fluxes for fluid and for particle
phase, respectively. @; is the viscous dissipation of
ftuid. F,, is the total fluid—particle interaction force per
unit volume. If Reynolds number based on the relative
velocity of particle is less than unity then the force
accelerating the particle to the fluid speed is given by
Stokes law which is 67r,1(q,—q), where 7, is the radius
of a particle. If N is assumed to be the number density
of particles, the total interaction force per unit volume
is

F, = 6aNr (g, — Q) = pp(Qp — @)/

T, = m/6nur,; is called relaxation time during which
the velocity of the particle phase relative to the fluid
is reduced to 1/e times its initial value and m is the

divig=0 (1) mass of each particle. Similarly, the total thermal
A interaction between the fluid and particle phase per
q . .
p {5; +(q- V)q} = —Vp+V(uV-q)+F,+F, Q) unit volume is given by
0, = pcs(Tp_ T)/tr
oT
pC, {Et— +@vT } =¢r+Qp+d,+®  (3) and ty = mc,/4nkr, is thermal relaxation time of par-
ticle phase, i.e. time ty, the temperature of the particle
div-q, =0 @ phase relative to the fluid is 1/e times the initial value.
The rate of work done by the particles due to the force
aq f . . . . .
p { __a_tg + (g, V)qp} = Vp,-F,+F, (5 ° interaction with the fluid is
d, =(q,—9)F,.
oT,
pCs {-—a—tg +(q,"VY) Tp} =4,—0, (6) In most of the studies of dusty fluid flows, certain
a7
x .0
X4 usvsup s 0 P
P s
u,vp ysvzvp sl
4
x
e usyzup e Y/,’

Y ,Vp ot

Fig. 1. Schematic diagram of the cross-section of an infinite rectangular channel.
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simplifying assumptions are usually made for dilute
suspensions. In this study the following assumptions
have been made:

(1) The number density N of particles is constant.

(2) The solid particles are sparsely distributed and
they are non-interacting, so that the pressure
locally have same velocity vector and tempera-
ture. Due to this assumption of lack of ran-
domness in local particle motion, the pressure
associated with the particle cloud is negligible.
Then the fluid pressure p will be the same as the
total pressure of the mixture.

The temperature difference between two vertical
walls is considered to be small so that the change in
viscosity is not significant and the flow can be assumed
as laminar. Assuming all external forces other than
gravitational forces to be negligible, the governing
equations for two-dimensional free convective flow
can be written, from above equations, as

u 0
—”+—"—0 ™
Ox

o, Jou owN__Op  (Fu Cu
Ploac ™ax TPay) T Tax M o T oy
Lo 8
+ 20 —gp ®)
o oo N (P O
Pl\or T ox v@y oy Hlox2 0y*
+20,-0 ©

6T+ 6_T+ 0 - 62T+02
ot ay ay*

+ 25 )4 f‘p {p—1)* + @, —0)*}  (10)

ou, Ov,
ox Ty T 0 (11)
ou ou ou
Pp <a—t" +u],a—"+ pa—y"> (u,—u) (12)
o, v, A

P(at+ Pax+Pay (U ”‘U) (13)

o7, 0Tp 0T\ Pty

Pre <6t tiby O0x to 6y>_ T (T~

(14)

where u, v are the velocity components along x- and
y-axis.

Initially, the dusty fluid is considered to be at rest
and the convection starts by sudden change in tem-
perature of the vertical walls. Actually this initial con-

dition seems to be unrealistic, but a uniform dis-
tribution of suspended particles in a static fluid can
be thought for a moment and that moment can be
considered to be initial time.

Then the initial conditions are

T=T,=T, att<0, Vx,y. (15)

The temperature of the vertical walls y =0 and
y = d_ are maintained at T;,+ AT and T,—AT, respec-
tively. The boundary conditions at the vertical walls
are

T=T+AT aty=0
Yx.
T=T,—AT aty=d,

(16)

The horizontal walls are insulated and thus the
boundary conditions at these walls are

T
6_=0 atx=0 andat x=/Vy.

ox a7

To make the above system dimensionless, we intro-
duce the following non-dimensional variables

X
* 2
X 4
y*=§, M*—u:ic u{f:upvdc
= k;z’ *=ch, vg‘:l)pvdc
peyd:
(p—pJ)d: T-T, T,-T
* _ T*=2_""1 Tx_
p PR AT > 'PT AT

Here p,, v are the static pressure and kinematic vis-
cosity of fluid.

Incorporating Boussinesq approximation in equa-
tion (8) and using the above non-dimensional vari-
ables, the dimensionless form of the equations (7)—
(15) can be written in conservative form, on dropping
asterisks, as

ou ov

P + = 0 (18)
Lo of ow_ o Pu
Pr 0t + Ox 6y T ox | ox? ay?
+foag(u, —w)+GT  (19)
Prot ox 6y T oy 6x o
+fas(v,—v) (20



Unsteady natural convection of a dusty fluid 551

10T ouT T 1 (3T &
EE*WJ“Fy—:E(ﬁ“L#)
+%%(Tp—n+jadEc{(up—u)2+(vp—v)2} 210
% %"= 0 (22)
=2 %ﬁ 62—}"": — =) (23)
%% @gﬁi %’f = —arp—) (24

where the dimensionless parameters appearing in the
above equations are

G_dggﬂAT
==
pep Py s
Pr=220 f=f2 52
k p p
__v _d 3P
Tl AT M w2

The governing ecuations have been made dimen-
sionless in such a way so that the equations are free
from Reynolds number, but the flow status can be
predicted from the values of Rayleigh number
(Ra = Pr*G).

The dimensionless initial and boundary conditions
corresponding to equations (15)—(17) are

u=v=u,=0,=0, T=T,=0 atr<0, Vx,y

(26)
u=v=p,=0, T=1 aty=0
P 7 }Vx @7
u=v=0v,=0, T=-1 aty=1
u=v=u,=0,
oT
6_x=0 atx=0 andat x=A4Vy (28)

where A = l/d..

3. NUMERICAL PROCEDURE

In order to solve the system of equations (18)-
(25) under the boundary conditions (27) and (28)
numerically, a control volume based finite difference
technique with staggered grid has been employed.

Mukherjea [17] has developed a combination
scheme in which he has calculated the initial value of
pressure from the pressure Poisson equation like
MAC method [18] and then used the pressure cor-
rection technique of SOLA [19]. He has also used a
combination of central and second upwind diff-
erencing method for discretization of convective

terms. He has shown that this is a faster and more
accurate scheme (in terms of flow divergence) than
MAC or SOLA. Using staggered grid idea, multiphase
flow problems have been solved by Harlow and
Amsden [20], and by Di Giacinto [21].

In the present study, neither phase change nor sedi-
mentation has been considered and the volume frac-
tion of the dust particles has been neglected. This
problem has been solved using the combination
scheme of Mukherjea [17] for fluid phase and SOLA
scheme for the particle phase. Primitive variables have
been used for computation for fluid phase and then
vorticity has been considered for the particle phase.
The values of the primitive variables of the particle
phase have then been computed using successive over
relaxation (SOR) method. The computation has been
terminated when the steady state condition is reached.

3.1. Discretization of the equations

The cross-section of the channel (shown in Fig. 1)
has been considered as the computational domain
where x-axis has been taken vertically upward, i.e.
in the direction of # and u, and y-axis horizontally
rightward, i.e. in the direction of v and v, The
increment along x-axis is dx and that along y-axis is
6y. The time increment is z. In this study a uniform
grid has been considered.

The value of u at (i,j) cell and at anth time step,
usually denoted by uf;, has been written as u;, on
dropping the superscript, for convenience. Same con-
vention has been used for other variables also.

The discretized forms of the equations (18)—(21) for
a typical cell (i, /) are as follows:

Uy— Uiy + ViV _ g

ox oy

(29)

+1
__l_uf; —W;  Piri— Py

Pr ot ox
+ ui+lj_2ui2j+ui—lj + Ujr1 —2u;j+uij~l
ox dy
+T,

Ti .
+fad (up,-j - uij) + G%

Uiy — Uplip Ur P, —upd,,

—(d—a)— % 5%

VrUR —ULUL N de’uR _UL¢uL
(™

~(1—a) = 5

(30)

7+ 1
Lo —vy

_ _Py+1 =Py + Vip1;— 205+ 0y

Pr &t oy ox?

Vi1 — 205+05_4
]—gyf“"— + /ot (vpi;—v5)

uT¢vT —Up ¢v3
ox

Ut — Uplp

- (1 - ac) Sx %

URUR —ULUL " UR¢vR - UL¢.;L
dy ¢ oy

—(1-x) @31
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T3 —Ty _(l_a)uTTT—uBTB a urdpy, —updr,
Prét © ox © ox
_1 Tipy—2Ty+ Ti-u+ Ty — 2T+ Ty veTa—0o Ty vrbr, — L,
Pr ox? 8y* —(1—a) 5 —o, 5 32)
+fayEc {(u" iyt Ui ”2 Yy u'_“) where ¢ stands for momentum flux and the suffixes
B, T, R, L denote the values of the variables at mid
ey \2 point of the bottom, top, right and left faces of control
+ <Upu +vpu—12 Uy vu—l) }-f— —i%f(]},ij~ T volume, as shown in Fig. 2(a—).
Yiaj
Pi.
b-——.l—‘-‘—-‘*'kl)
T
Ujjet vy Vijet
4 L % R )
Pli-1 P Pies
51 ol o> - - o'-- e o' o= Yije1
vij 8 MU
Yi-1j
3
':'" Vi
6y
(a}
_Vi L37}
Pio”
. o= Yiet)
Vij-1 vij vij ey
} } T [
1 T
| |
' !
Pij-t ! 1
L] . L]
6x "'T'd Lt’" r-m IP“" o ¥ijas
| 1
foi-n i
8
Pi.
. K Vi1
by
(b)

Fig. 2. (3) Control volume for u-momentum of fluid; (b) control volume for v-momentum of fluid;
(c) control volume for temperature of fluid.
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Fig. 2—continued.

From the equation of continuity (22) for particle
phase, stream function i, can be introduced as:

Differentiating equations (23) and (24) with respect
to y and x, respectively, and subtracting we get :

10 0
E?f?u ) T 55 0l) = —al=D (33
where
v, 0
o=V =5~ 3y

is vorticity of the particle phase.
The discretized form of this equation and equation
(25) can be written as,

el g terl s tnl
00T g () — (1 — o) ~EoET pBoeB
Pr 6[ = aq (Cplj CU) (1 ac) 5x
—a P~ U Pn (1—a) Yprpr —prdpr
¢ ox © 5y
VRO, — vprbe,
oy PTER TP PR 4
% oy (34)
T"l,";l Tpij 2(Zd (T )
Prot 3.},P (T piy 4y
_ (1 — ) upr upB T o upT¢TpT — upsdzTPB
© 5x ° Sx
. (1 —u ) UpR TpR - vpL TPL _ UPR (b’rpR - UPL¢TPL
¢ oy 3%

(35

where ¢¢ﬂ etc. denote the velocity flux of the particle
phase at point T.

The pressure Poisson equation can be derived by
combining the discretized form of continuity and
momentum equations as,

Di+ 'j—zpif+pi— 1 pij+1 —2pij+Pij_1
+
éx? 5y2
Dy  udj—ud;_,, vd;—vd;
=3 + ox + 5y . (36)

The details of the discretization has been discussed in
the Ph.D. thesis of Dalal [22].

3.2. Boundary conditions

The Eulerian cells have been taken in such a way
that the solid boundaries coincide with their walls. As
a result the normal velocity mesh points always pass
through the boundaries. The idea of boundary con-
dition used in MAC formulation by Harlow and
Welch [18] has been followed in the present inves-
tigation. As the boundary is impermeable, for no-slip,
the tangential and normal components of velocity at
the boundary have been taken to be zero while for
free-slip, only the normal component of velocity has
been considered to be zero. The particle phase has
been assumed as pseudo-fluid. So particles may slip
at the boundary, as a result the tangential components
of velocity of particle phase will not be zero, but the
normal component of that has been considered to be
zero. The stream function of particle phase at solid
boundary has been assumed to be zero.

3.3. Numerical stability
In order to stabilize the scheme certain restrictions
are to be made in mesh sizes dx, dy and time increment
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6t. The combination factor is also determined by some
restrictions. From CFL (Courant-Friedrich-Lewy)
condition [23] it can be considered that the material
cannot move through more than one cell in one time
step. So d¢ must satisfy the condition :
1 [5x dy 6x 5y:|

ot < _,—,—,=
Pr

u’v’u,’ v,

Here, minimum is in the global sense. Now 4t is taken

as one-fourth of that found from the above inequality.
From linear stability analysis, considering that the

momentum must not diffuse more than one cell in one

time step, it can be written that

1 6x?6y?

2Pr §x2 +6y*
Finally, we choose a ¢ which is minimum of the above
two values of z. The combination factor «, is required
to be found properly to ensure the stability. The value
is chosen from the inequality,
Pruét
1=2a > .
‘ H 5x :Imax

3.4. Steady-state condition

Steady state condition has been defined as a state
when the average Nusselt number of fluid (Nu) is
nearly constant along the horizontal axis. Nu has been
calculated at the hotter wall y = 0 and that at the
middle of the channel, i.e. y = 0.5 and checked for
equality to find the steady state because there is sym-

metry in the flow and heat transfer within the channel.
The average Nusselt number is defined as:

N—LAPTavd
u_ZAO ru 6yyx

where the subscript y denotes the value of the
expression within parenthesis at y. We have computed
Nuat y = 0, the hotter wall and at y = 0.5, the middle
of the channel.

Prvét
dy

Pru,ot
ox

Pruvyot
3y

3 s

G

4. DISCUSSION OF RESULTS

In order to discuss results numerical computations
have been performed on taking 4 =1, Pr=7,
y = 1.4, Ec = 0.01, ay = 1.0 and for different values of
Rayleigh number Ra = 21, 1000, 14000 and particle
loading /= 0.0 and 0.05. The computational results
have been presented in Figs. 3-12.

In order to test the grid independency, we have
computed the steady-state values of average Nusselt
number defined by the equation (37) for the case of
clear fluid at the wall and at the middle point of the
cavity by taking different grid sizes. The following
table shows that there is not significant change in the
results due to the increment of grid beyond 40 x 40
for the case Ra = 21.

In order to examine the correctness of the present

D.C. DALAL et al.

numerical method, we have first computed the average
Nusselt number for the case of clear fluid by taking
the dust parameters f, o, to be zero and compared
the results with those computed by Patterson and
Imberger [16]. From Fig. 3(a—), it is clear that our
results have complete agreement with those of Pat-
terson and Imberger.

The variation of the velocity components of particle
phase along the middle of the channel has been shown
in Fig. 4(a, b) for Ra = 1000. It is revealed that both
the velocity components decrease with increase of
mass concentration f. The velocity components attain
their maximum values near the wall and at the centre
of the channel they are nearly zero. The velocity com-
ponents for fluid phase are not shown here but their
variation with f'is not significant. For the same value
of Ra, the temperature distribution along the middle
of the channel and their change with the change in
mass concentration f can be seen when Ra = 1000
from Fig. 5(a, b). The distribution of temperature of
the particle phase along x-axis is similar to the velocity
distribution, i.e. temperature decreases with increase
of /, but the distribution along y-axis is not like that.
Near wall effect is different from the effect at the
middle of the channel.

Figures 6(a—) and 7(a—c) show the steady state
isotherms and stream-lines for clear fiuid for Ra = 21,
1000, 14000, respectively. It is seen that for the case
of Ra = 21 [Fig. 6(a) and 7(a)] the flow is conduction
dominated and is very slow. The value of Nusselt
number is very close to 1. for larger value of
Ra(=1000), i.e. for larger temperature difference
between the walls, the flow is convection dominated
which is clear from the presence of tilt in the isotherms
shown in Fig. 6(b). From Fig. 7(b) for streamlines it
is revealed that the velocity of fluid increases with
increase of Ra and the circulation is stronger than
the previous case. As a result of increased convection
unlike the previous case, the isotherms of fluid phase
have now become two-dimensional. If we increase
the temperature difference further, i.e. the value of
Ra = 14000, Fig. 3(c) shows that Nu, continually
increases to a maximum value 3.72 upto a time 0.027
and, subsequently, decreases slightly to the steady
value, i.e. 3.20 at time 0.08, when fluid is free from
dust. From Fig. 6(c) we observe that the circulation
is stronger for larger Ra. With the increase of cir-
culation the isotherms are found to be more tilted
than the previous case. From Fig. 7(c), it is clear that
the fluid flow is horizontally parallel in the core region
and shows a rapid increase in velocities.

Table |
Grid size Nuaty=10.0 Nuaty=05
40 x 40 1.00277 0.997733
60 x 60 1.00277 0.997741
80 x 80 1.00278 0.997765
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Fig. 3. Comparison of average transient Nusselt number NU, and NUy of clear fluid for: (@) Ra=21;
(b) Ra = 1000; and (c) Ra = 14000. O results of Patterson and Imberger, — present.

Figures 8(a—) and 9(a—) show isotherms of fluid
and of particle phase respectively for different values
of Ra when mass concentration of particle phase
S=10.05. From Fig. 8 it is revealed that there is no
significant effect of f on the temperature distribution

of fluid in the steady-state condition whereas from
Fig. 9 one can easily see that the pattern of isotherms
of particle phase are different from that of fluid phase.
For the case of particle phase, isotherms are more
tilted (one reason may be that the particles are sparsely
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Fig. 12. Steady-state Nusselt number of fluid (Nu) against f when Ra = 1000.

distributed and the particle phase is not as continuous
as fluid) and the ternperature is also less than that of
fluid. The streamlines of fluid and of particle phase
have been shown in Figs. 10(a—c) and 11(a—c), respec-
tively, for different values of Ra when f = 0.05. Figure
10 reveals that the cffect of fis not much significant
in the velocity of fluid and streamlines are very similar
to that of clear fluid. With the increase of Ra, the
difference in steady-state stream function values of
fluid and particle phase increases and streamlines of
fluid become flatter when circulation is stronger,
whereas streamlines of particle phase are more of a
circular shape and circulation is slower than that of
fluid. It can be explained that when velocity of fluid
increases with increase of Ra, drag force also
increases, which in turn, increase the difference
between the velocities of fluid and of particle phase.
For Ra = 14000, the flow is laminar and slow. The
corner vortices have not been found prominent for
this value of Ra = 14000.

Figure 12 shows the variation in steady-state Nus-
selt number of fluid with the mass concentration of
particle phase. It is seen that Nusselt number of fluid
phase decreases with the increase in mass con-
centration f of particle phase, i.e. heat transfer rate of
fluid decreases with increase in mass concentration of
particle phase.

5. CONCLUSIONS

Numerical results are reported for the transient heat
transfer due to natural convection of a dusty fluidina
finite rectangular channel having adiabatic horizontal

walls and differentially heated vertical walls. Com-
puted results have good agreement with the earlier
studies [16]. The heat transfer rate of fluid increases
with the increase of Rayleigh number and decreases
with the increase of mass concentration. The increase
of temperature difference between the vertical walls
makes the circulation stronger and the difference
between stream function values of fluid and particle
phase increases. The time to reach steady-state
increases with increase of mass concentration.
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