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Abstract

Continuum equations governing steady, laminar, free convection ¯ow of a particulate suspension over an
in®nite, permeable, inclined and isothermal ¯at plate are studied. The equations account for particulate
viscous and di�usive e�ects which are absent from most two-phase ¯uid-particle models. An analytical
solution is developed for the particle-phase density distribution. However, the velocity and temperature
distributions of both the ¯uid and particle phases are solved numerically by an implicit ®nite-di�erence
method. These distributions along with the skin-friction coe�cients of both phases and the Nusselt number
are illustrated graphically for various parametric conditions. Ó 1999 Elsevier Science Ltd. All rights
reserved.

Keywords: Free convection; Two-phase ¯ow; Suction; Inclined plate; Variable particle-phase density

International Journal of Engineering Science 37 (1999) 1351±1367

Nomenclature

c ¯uid-phase speci®c heat
Cf ¯uid-phase skin coe�cient of friction
D di�usion coe�cient
f any dependent variable
g gravitational acceleration
Gr Grashof number
h convective heat transfer coe�cient
H dimensionless gravitational acceleration
k thermal conductivity
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1. Introduction

Convection heat transfer and its related topics are heavily studied ®elds. These studies range
from oversimpli®ed problems to highly complex types of interactions and con®gurations which
require sophisticated numerical schemes and high speed computers to obtain reasonably accurate
results. However, the common ground for most of these studies is that they are solved and an-
alyzed by assuming a pure ¯uid with no contaminants. While this assumption approximates the

L characteristic length
N interphase momentum transfer coe�cient
NT interphase heat transfer coe�cient
Nu Nusselt number
P ¯uid-phase pressure
Pr ¯uid-phase Prandtl number
Qp dimensionless particle-phase density
Rv wall suction velocity
Sc inverse Schmidt number
T ¯uid-phase temperature
u ¯uid-phase x-component of velocity
U ¯uid-phase dimensionless tangential velocity
v ¯uid-phase y-component of velocity
V ¯uid-phase dimensionless normal velocity
x,y cartesian coordinates
Y dimensionless normal distance

Greek symbols
a velocity inverse Stokes number
b particle-phase to ¯uid viscosity ratio
�b volume expansion coe�cient
c speci®c heats ratio
e temperature inverse Stokes number
h ¯uid-phase dimensionless temperature
j particle loading
l ¯uid-phase dynamic viscosity
m ¯uid-phase kinematic viscosity
q ¯uid-phase density
/ tilt angle
x particle-phase wall slip coe�cient

Subscripts
( )n numerical scheme grid position index
( )p particle-phase
( )w plate wall
( )1 very large distance away from the plate surface (ambient condition)
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reality in some cases quite well, especially for low particle contamination levels, it is not, however,
valid in a lot of other cases in which the contaminants in the ¯uid play a major role in altering the
resultant ¯ow and heat transfer characteristics. In many world environments, such as in Kuwait,
for example, dust storms or ®ne dust suspension in the air are encountered for many months
during the year. These ®ne particles of dust penetrate the enclosures and the various devices, and
have a serious impact on the performance of many equipments. This example represents a situ-
ation of particulate suspension where a pure ¯uid assumption does not accurately represent the
reality. Many other similar situations are faced in such industries as food processing, various
grinding operations, settling of various liquid contaminants in large storage tanks, waste pro-
cessing and recycling, and many others.

There has been considerable work done on various aspects of free-convection ¯ow of a clean
¯uid over vertical and inclined surfaces. The book by Gebhart et al. [1] summarizes a huge
amount of the work done on natural convection in many geometries and for various hydrody-
namic and thermal conditions. Other references dealing with free convection from a heated plate
for a single-phase ¯ow have been studied by many investigators (see, Refs. [2±6]).

A survey of the technical literature concluded that no work has been done on the problem of
free or natural convection heat transfer from surfaces for a particulate (¯uid-particle) suspension.
However, some work has been found regarding natural convection for liquid±gas mixtures [7]. In
addition, there has been considerable work concerning forced convection heat transfer problems
for a two-phase particulate suspension (see, for example, Refs. [8±10]).

Recently, the present authors [11] have reported analytical solutions for free convection ¯ow of
a particulate suspension past an in®nite permeable vertical plate. In those solutions the particle-
phase density distribution was assumed to be uniform in the whole domain of interest. This as-
sumption greatly simpli®ed the governing equations which in turn facilitated the development of
the analytical solutions. This paper is an extension to the above referenced work. In the present
work, the particle-phase density distribution is assumed to be non-uniform. This assumption will
result in a set of nonlinear ordinary di�erential equations from which only the particle-phase
density distribution possess an analytical solution whereas the remaining equations must be
solved numerically.

2. Problem description and governing equations

Consider steady, laminar, free convection ¯ow of a particulate suspension along an isothermal,
inclined, and permeable in®nite plate. Far from the plate surface, the ambient ¯uid is stagnant and
the particles are being pulled down by gravitational forces. Uniform ¯uid-phase suction is im-
posed at the plate surface. The ¯uid phase is assumed to be Newtonian, viscous and has constant
properties except the density in the buoyancy term. The particle-phase is assumed to consist of
solid spherical particles having the same size and that its density distribution is non-uniform. In
addition, the particle-phase is assumed viscous, di�usive, and has no analog pressure.

The plate is free to tilt around its lower base in the range of �60° from the vertical position. An
energy source, within the plate itself, will maintain the plate wall temperature at a constant value,
Tw at all times. Tw will be greater than T1 at all times. Fig. 1 shows the general con®guration of
the problem under consideration.

H.M. Ramadan, A.J. Chamkha / International Journal of Engineering Science 37 (1999) 1351±1367 1353



Both the ¯uid and the particle phases are modeled as interacting continua as discussed by
Marble [12]. The mass and thermal di�usivity of the particulate suspension are constant
throughout. The volume fraction of the suspended particles relative to that of the ¯uid will be
considered small. The governing equations for the problem under consideration are based on the
balance laws of mass, linear momentum, and energy for both the ¯uid and the particle phases.
Since the plate is assumed to be in®nite, all dependent variables will be functions of the inde-
pendent variable y. Taking all the previous assumptions into consideration, the governing
equations can be written as

dv
dy
� 0; �1�

l
d2u
dy2
ÿ qv

du
dy
ÿ dP

dx
ÿ qp N�uÿ up� ÿ qg cos / � 0; �2�

k
d2T
dy2
ÿ qcv

dT
dy
� qpcpNT�Tp ÿ T � � 0; �3�

Dp

d2qp

dy2
ÿ d�qpvp�

dy
� 0; �4�

mp

d

dy
qp

dup

dy

� �
ÿ qpvp

dup

dy
� qpN�uÿ up� ÿ qp g cos / � 0; �5�

2mp

d

dy
qp

dvp

dy

� �
ÿ qpvp

dvp

dy
� qpN�vÿ vp� ÿ qp g sin / � 0; �6�

kp

qp

d

dy
qp

dTp

dy

� �
ÿ qpcpvp

dTp

dy
ÿ qpcpNT�TP ÿ T � � 0: �7�

The boundary conditions for this problem are given by

Fig. 1. The general con®guration of the problem.
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v�0� � ÿvw;

u�0� � 0; u�1� � 0;

T �0� � Tw; T �1� � T1;

qp�0� � qpw; qp�1� � qp1;

up�0� � xs

dup

dy

����
y�0

; up�1� � ÿ g
N

cos /;

Tp�0� � Tw; Tp�1� � T1;

�8�

where xs and qpw are the dimensional particle-phase wall slip and wall density, respectively. It
should be noted that the boundary condition for the particle-phase x-component of velocity is
familiar from rare®ed gas dynamics and has been used by many previous investigators (see, Refs.
[10,13]). Also, it is seen from Eqs. (5) and (6) that the particle-phase is endowed with a viscosity.
This can be thought of as a natural consequence of the averaging processes involved in repre-
senting a discrete system of particles as a continuum (see, for example, Ref. [14,15]). Also, the
particle-phase viscous e�ects can be used to model particle±particle interaction and particle±wall
interaction in relatively dense suspensions. These e�ects have been investigated previously by
many authors such as Tsuo and Gidaspow [16] and Gadiraju et al. [17]. The hydrostatic pressure
gradient in Eq. (2) is approximated by

dP
dx
� qp1Nup1 ÿ q1g cos /; �9�

where

up1 � ÿ
g cos /

N
: �10�

This approximation can be easily obtained by evaluating Eqs. (1)±(7) at y�1. By using Bous-
sinesq approximation [18] to couple the ¯uid momentum equation with the temperature ®eld and
substituting Eqs. (9) and (10), Eq. (2) can be written as

l
d2u
dy2
ÿ q1v

du
dy
ÿ qpN�uÿ up� � qp1g cos /� q1g�b�T ÿ T1� cos / � 0; �11�

where �b is the volume expansion coe�cient.
Eqs. (1), (3)±(7) and (11) constitute the governing equations for the problem. These equations

represent a generalization of the dusty-gas equations discussed by Marble [12] to include particle-
phase viscosity and di�usivity, and buoyancy e�ects.

To nondimensionalize the above governing equations, the following dimensionless variables are
employed.
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Y � yGr1=4

L
; U � uL

mGr1=2
; V � vL

mGr1=4
;

Up � upL

mGr1=2
; Vp � vpL

mGr1=4
; h � T ÿ T1

Tw ÿ T1
;

hp � Tp ÿ T1
Tw ÿ T1

; Qp �
qp

qp1
; j � qp1

q1
;

a � NL2

mGr1=2
; H � gL3

m2Gr
; c � cp

c
;

e � NTL2

mGr1=2
; b � mp

m
; Pr � lc

k
;

Prp �
lpcp

kp

; Sc � Dp

m
; Gr � g�b�Tw ÿ T1�L3

m2
:

�12�

When the above de®ned quantities are substituted in Eqs. (1), (3)±(8) and (11) and after sim-
plifying, the following dimensionless equations and boundary conditions result.

dV
dY
� 0; �13�

d2U
dY 2
ÿ V

dU
dY
ÿ ajQp�U ÿ Up� � �jH � h� cos / � 0; �14�

Prÿ1 d2h
dY 2
ÿ V

dh
dY
� cejQp�hp ÿ h� � 0; �15�

Sc
d2Qp

dY 2
ÿ Vp

dQp

dY
� 0; �16�

bQp

d2Up

dY 2
� b

dQp

dY
dUp

dY
ÿ VpQp

dUp

dY
� aQp�U ÿ Up� ÿ HQp cos / � 0; �17�

2b
d

dY
Qp

dVp

dY

� �
ÿ QpVp

dVp

dY
� aQp�V ÿ Vp� � HGr1=4Qp sin / � 0; �18�

bPrÿ1
p Qp

d2hp

dY 2
� bPrÿ1

p

dQp

dY
dhp

dY
ÿ VpQp

dhp

dY
� eQp�hÿ hp� � 0; �19�

V �0� � ÿRv;
U�0� � 0; U�1� � 0;
h�0� � 1; h�1� � 0;
Qp�0� � Qp0; Qp�1� � 1;

Up�0� � x
dUp

dY

����
Y�0

; Up�1� � ÿH
a

cos /;

hp�0� � 1; hp�1� � 0;

�20�
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where Rv � vwL=�mGr1=4�;Qp0 � qpw=qp1 and x � xsGr1=4=L are the dimensionless ¯uid-phase
suction velocity, particle-phase wall density, and the particle-phase wall slip coe�cient, respec-
tively.

The ¯uid-phase skin friction coe�cient Cf , the particle-phase skin friction coe�cient Cfp and
the Nusselt number Nu are important physical properties for this ¯ow and heat transfer situation.
They can be de®ned, respectively, as

Cf �
l�du=dy�jy�0

�1=2�q�m=L�2Gr3=4
� 2

dU
dY

����
Y�0

; �21�

Cfp �
lp�dup=dy���

y�0

�1=2�q�m=L�2Gr3=4
� 2jb

dUp

dY

����
Y�0

; �22�

Nu � hL

kGr1=4
� ÿ dh

dY

����
Y�0

: �23�

3. Particle-phase density analytical solution

Integrating Eq. (13) and applying the boundary condition for V yields

V � ÿRv: �24�
Assuming that Vp is constant throughout the domain of interest, and substituting Eq. (24) into
Eq. (18) and rearranging yields

Vp � H
a

Gr1=4 sin /ÿRv � P: �25�
Note that Eq. (16) with Vp constant is a linear, second-order, ordinary di�erential equation which
is uncoupled from all other variables and therefore can be solved independently from the other
system of equations. The solution of Eq. (16) subject to the boundary conditions for Qp can be
shown to be

Qp � 1� �Qp0 ÿ 1� exp
P
Sc

Y
� �

: �26�

An important observation in the above solution needs further elaboration. For a physically
acceptable solution, Eq. (26) requires P to be always negative. If P is allowed to attain a positive
value, the exponential term in Eq. (26) will grow without limit towards in®nity, which is, obvi-
ously, not a valid solution. This requirement is essential for the physical validity of the result
obtained above. Physically, it means that the particle-phase normal velocity must be negative, i.e.
towards the plate, to assure a continuous ¯ow of particles to compensate for the lost particles
through the suction action and to sustain the requirement of constant particle-phase density at the
wall surface. If P is allowed to be positive, i.e. away from the plate surface, all the particles will be
cleaned away from the vicinity of the plate and the wall boundary condition cannot be met.
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4. Numerical technique

After substituting the results obtained in the previous section into the governing equations, the
following equations result

d2U
dY 2
�Rv

dU
dY
ÿ ajQp�U ÿ Up� � �jH � h� cos / � 0; �27�

Prÿ1 d2h
dY 2
�Rv

dh
dY
� cejQp�hp ÿ h� � 0; �28�

bQp

d2Up

dY 2
� b

dQp

dY
dUp

dY
ÿPQp

dUp

dY
� aQp�U ÿ Up� ÿ HQp cos / � 0; �29�

bPrÿ1
p Qp

d2hp

dY 2
� bPrÿ1

p

dQp

dY
dhp

dY
ÿPQp

dhp

dY
� eQp�hÿ hp� � 0; �30�

where

dQp

dY
� P

Sc
�Qp0 ÿ 1� exp

P
Sc

Y
� �

�31�
and Qp is given by Eq. (26) and P is given by Eq. (25). The above set of equations is obviously
coupled and nonlinear and possess no closed-form solution. Therefore, they must be solved nu-
merically for the ¯ow and heat transfer variables.

To solve the above set of ordinary di�erential equations, a ®nite di�erence approximation is
adopted. Eqs. (27)±(30) have the general form as

s1f 00 � s2f 0 � s3f � s4 � 0 �32�

where f is any dependent variable, the prime denotes a di�erentiation with respect to Y, and the s0s
are constants and/or functions of the independent variable. To approximate f 0 and f 00, a central
di�erence representation with constant step size throughout the computational domain is em-
ployed. This yields

f 0 � 1

2DY
�fn�1 ÿ fnÿ1�; �33�

f 00 � 1

�DY �2 �fnÿ1 ÿ 2fn � fn�1�; �34�

where DY is the step size, and the subscript n corresponds to the nth point in the Y direction as
shown in Fig. 2.

Substituting Eqs. (33) and (34) into Eq. (32) and rearranging yields

Afnÿ1 � Bfn � Cfn�1 � D; �35�
where
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A � 1

DY
s1

DY
ÿ s2

2

� �
; �36�

B � s3 ÿ 2s1

�DY �2 ; �37�

C � 1

DY
s1

DY
� s2

2

� �
; �38�

D � ÿs4: �39�
When Eq. (35) is repeated for every grid point in the domain, a tridiagonal system of algebraic
equations results. The Thomas algorithm is used to solve these algebraic equations (see, Ref. [19]).
The solution starts by guessing an initial solution for the variables U, Up, h, and hp. These values
are used to produce a new solution by substituting this initial guess in the respective equations and
solving the resulting tridiagonal matrix for each variable in a row. The new solution is then used
as an initial guess and the above procedure is repeated for a further modi®ed solution. This
procedure is repeated until convergence is achieved. It should be noted that the step size DY used
in the present work is 0.001. A convergence criterion based on the relative di�erence between the
previous and current iterations was employed. When this di�erence reached 10ÿ7, the solution was
assumed converged and the iteration process was terminated.

5. Results and discussion

Several computer runs were made to study the in¯uence of the various parameters on the case
variables. In general, it was noticed that the overall general trends of the solutions were consistent
with those which were reported by Chamkha and Ramadan [11] for the same parameters.
However, the new parameters introduced in this study showed some e�ects worth noting. Also,
the variations of the particle-phase density modi®ed the e�ects of parameters already investigated.

The e�ects of the particle-phase wall density boundary condition, Qp0, are shown in Figs. 3±6.
The e�ect of Qp0 on the particle-phase density distribution, which is the result of the analytical
solution developed earlier, represented by Eq. (26), is shown in Fig. 3. It is noticed that by in-
creasing the value of Qp0, sharper slopes will result making only a relatively small overall in¯uence

Fig. 2. Finite di�erence grid representation.
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on the thickness of the layer where the value of the particle density reaches unity. The same
conclusion can be reached by studying Eqs. (26) and (31). The study of Eq. (26) also reveals that
the increase in the absolute value of P, i.e. the increase of the particle-phase normal velocity, will
result in a faster decay of the exponential term. The same e�ect will result with the decrease of the
inverse Schmidt number Sc.

Fig. 5. E�ect of Qp0 on the particle-phase velocity pro®le.

Fig. 3. E�ect of Qp0 on the particle-phase density pro®le.

Fig. 4. E�ect of Qp0 on the ¯uid velocity pro®le.
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Increases in the value of Qp0 will produce increases in the amount of drag that the ¯uid will
experience due to the presence of extra mass of the particles and due to the continuous solid±¯uid
interaction. This drag may be increased by increasing the value of Qp0 to a point where the
combined e�ects of the particle drag and inertia will overcome the buoyancy e�ect and cause the
¯uid motion to reverse direction. The ¯ow reversal for the ¯uid phase will continue until such a
point where the density of the suspension allows the buoyancy e�ect to overcome the drag and
inertia e�ects for the particles. This situation is shown clearly in Fig. 4. The e�ect of Qp0 on the
particle-phase velocity pro®le is shown in Fig. 5. As expected, the ¯uid-phase ¯ow reversal
condition discussed earlier for large values of Qp0 will cause further retardation of the particle-
phase motion as is evident from Fig. 5. The particle-phase temperature pro®les are observed to be
slightly a�ected by changes in Qp0 as shown in Fig. 6.

The e�ects of plate tilting are shown in Figs. 7±9. Because the tilt angle in¯uences P directly, a
higher value of the ¯uid-phase wall suction velocity Rv is used to yield a negative value of P for
the range of all tilt angles considered. Qp0 is reduced to show a type of ¯uid velocity behavior that
will be explained below.

Tilt angle in¯uence on the particle-phase density distribution is shown in Fig. 7. The forward
tilting of the plate reduces the slope at which the density varies and hence, the density takes a
larger distance to attain its ambient boundary condition. It is also noticed that the above e�ect of
the tilting is not linear, i.e. large angles seem to have far greater e�ect than small to intermediate

Fig. 7. E�ect of the tilt angle on the particle-phase density pro®le.

Fig. 6. E�ect of Qp0 on the particle-phase temperature pro®le.
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angles. This observation is the key to analyze Fig. 8. This ®gure shows almost una�ected ¯uid
velocity pro®les for the range 0°±45° tilt angles. However, the ¯uid velocity pro®le is enhanced at
the tilt angle of 60°. Owing to the presence of the particles, this observation seems to contradict
the results reported by many references (see, Refs. [1,6,20]) for single-phase ¯ow. However, this
type of trend could be explained with the aid of Fig. 7. Note that, at any given ®xed point relative
to the plate (constant Y), as the tilt angle increases, the particle-phase density decreases at this
point. Although it is known that tilting of the plate will reduce the buoyancy tangential e�ect
(qg cos /), this tendency, however, is met with a reduction in the drag from the particles due to
the reduced particle-phase density at the same location. These two criteria seem to balance each
other to produce almost constant ¯uid-phase velocity pro®les for small to intermediate angles. At
large angles (/� 60°) the particle-phase density pro®le follows a relatively far smaller slope as
explained earlier. As a result, the drag is greatly reduced at the same relative point from the plate.
This reduction in drag outweighs the reduction in buoyancy e�ect and results in what seems to be
an enhanced velocity pro®le at larger angles.

Because of the amount of suction needed to keep P negative for all values of tilt angles, the
velocity pro®les are damped and the various layer thicknesses are greatly reduced. Fig. 9 shows
that changes in / impact the particle-phase temperature distribution more than the velocity ®eld
and that hp increases as / increases.

Fig. 8. E�ect of the tilt angle on the ¯uid velocity pro®le.

Fig. 9. E�ect of the tilt angle on the particle-phase temperature pro®le.
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The e�ects of the particle-phase wall slip coe�cient, x, are shown in Figs. 10 and 11. In Fig. 10
the in¯uence of x on the ¯uid-phase tangential velocity can be seen to be very minor. The e�ects
of x on the temperature pro®les of both phases are also negligible. For this reason, no ®gures are
provided for h and hp. The e�ect of x on the particle-phase tangential velocity pro®les is shown in
Fig. 11. As expected, the wall condition for Up is highly in¯uenced. However, for values of x
above 100, no changes are noticed in the particle-phase velocity. This means that the perfect slip
condition is reached at x� 100. In addition, x seems to a�ect the particle-phase velocity pro®le
only for a short distance from the plate, and its in¯uence disappears further away from the plate.

The Grashof number, Gr, will only in¯uence the value of the boundary condition for Vp and
hence P because the way the governing equations were nondimensionalized the Grashof number
is implicitly included in the various parameters. The Grashof number is varied over a given range
and the results are given in Figs. 12 and 13. Clearly, the ¯uid phase will be a�ected only in a minor
manner for the reason given above. For the same reason, the variation of Gr represents only an
indirect way to alter the value of P as Eq. (25) suggests, and in this case, the study of the in¯uence
of Gr corresponds to the study of the in¯uence of P on the case variables. To assume a negative
value for P in the whole range of Gr, the wall ¯uid-phase suction is increased. The plate is tilted
forward to include the e�ect of Gr in the calculation of P. The e�ect of Gr on the particle-phase
density distribution is shown in Fig. 12. As Gr is increased, the value of P decreases (for forward

Fig. 10. E�ect of x on the ¯uid velocity pro®le.

Fig. 11. E�ect of x on the particle-phase velocity pro®le.
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plate tilting), and the exponential term in Eq. (26) will decay more slowly. The e�ect of increasing
Gr is seen to increase the particle-phase temperature as depicted in Fig. 13.

The ¯uid-phase coe�cient of friction decreases with increase in Qp0 as shown in Fig. 14.
Negative values of Cf occur where the ¯uid ¯ow reverses direction due to the increased drag and
the particle inertia e�ects. The same trends are observed for the particle-phase coe�cient of

Fig. 14. E�ect of Qp0 on the ¯uid-phase coe�cient of friction.

Fig. 12. E�ect of Grashof number on the particle-phase density pro®le.

Fig. 13. E�ect of Grashof number on the particle-phase temperature pro®le.
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friction. The e�ects of the inverse Schmidt number Sc on the particle-phase coe�cient of friction is
displayed in Fig. 15. Higher absolute values of Cfp are obtained as Sc increases.

Finally, the in¯uences of Sc, Qp0, and / on the Nusselt number Nu are illustrated in Figs. 16±
18, respectively. It is observed from these ®gures that Nu reaches a minimum around Sc� 0.1 and

Fig. 15. E�ect of Sc on the particle-phase coe�cient of friction.

Fig. 16. E�ect of Sc on the Nusselt number.

Fig. 17. E�ect of Qp0 on the Nusselt number.
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increases with increasing values of Sc beyond this value. Also, for the parametric values used to
obtain Fig. 17, Nu seems to decrease with Qp0 except for values of Qp0 between 1 and 3.5. In
addition, Nu experiences small decreases with increase in the tilt angle / for 0 6 / 6 45.
However, for values of / > 45 sharp decreases in Nu are predicted. This is due to the signi®cant
changes in the slopes of the ¯uid-phase temperature as / is increased beyond /� 45.

It should be noted that, for a vertical plate (/� 0) and uniform particle-phase density distri-
bution (Qp� 1), all of the numerical results reported herein are consistent with the analytical
solutions reported earlier by Chamkha and Ramadan [11].

6. Conclusion

The mathematical modelling for free convection ¯ow of a particulate suspension over an in-
®nite, inclined, and permeable isothermal plate was studied. The model accounts for particle
viscous and di�usive e�ects. The particle-phase density distribution was assumed to be variable in
the whole domain of interest. An analytical solution was developed for the particle-phase density
and a numerical solution based on the ®nite-di�erence method was obtained for the remaining
variables. It was found that the choice of the particle-phase wall density boundary condition
greatly in¯uenced the tangential velocity pro®les due to the variation of the amount of drag
experienced by the ¯uid phase. It also in¯uenced the Nusselt number. Moreover, it was found that
at small values of Qp0 the amount of drag balances the reduction in buoyancy e�ect as the plate is
tilted forward at small to intermediate angles. The Nusselt number, however, decreased with
forward plate tilting. The slip coe�cient and Grashof number e�ects were also discussed. Rep-
resentative ®gures for both phases coe�cients of friction showed that the ¯uid-phase skin-friction
coe�cient decreased with increasing wall particle-phase density and that the particle-phase co-
e�cient of friction decreased as the inverse Schmidt number was increased. From this and the
previous works on this subject, it is concluded that the signi®cant changes in the ¯ow and heat
transfer characteristics can result due to the presence of particles. It is hoped that this work and
the results reported will stimulate interest in carrying out both theoretical and experimental in-
vestigations dealing with natural convection ¯ows of particulate suspensions over and through
various geometries.

Fig. 18. E�ect of / on the Nusselt number.
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