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Abstract

The aim of this study was to investigate steady mixed convection in a square lid-driven cavity under the combined buoyancy effects of thermal
and mass diffusion. The transport equations were solved numerically using the Galerkin weighted residual method. The heat and mass transfer
rates were examined using several operational dimensionless parameters, such as the Richardson number Ri, Lewis number Le and buoyancy
ratio parameter N. The investigation was carried out for 4 x 10~4 <Ri<10,1 < Le <50 and —100 < N < 100. Domains of high transport
phenomena were identified and highlighted. Furthermore, the average Nusselt and Sherwood numbers are obtained at the bottom wall for some
values of the parameters considered in this investigation. The results demonstrate the range where high heat and mass transfer rates can be attained
for a given Richardson number. This paper fills the gap by considering the combined heat and mass transfer by mixed convection for the classical

problem of a lid-driven cavity flow.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

In nature and in many engineering applications there are
many transport processes which are governed by the combined
action of the buoyancy forces from both thermal and mass (con-
centration) processes. Representative fields of interest include
spray and flash drying, combustion of atomized liquid fuels,
cyclone evaporation and drying and dehydration operations in
chemical and food processing plants, crystal growth, material
and separation processes, etc. [1]. The modern technologies
require thorough understanding of the pertinent processes in-
volved in these fields. Considerable research work has been
reported in the literature on natural convection due to com-
bined thermal and mass (concentration) buoyancy forces. Un-
fortunately, pure natural or pure forced convection situations
seldom arise in practice. Often the practical processes are gov-
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erned by the combined action of natural and forced convection
and, depending on the situation; one may predominate over the
other. The orientation of the cavity with respect to the gravita-
tional field, for instance, provides various scenarios depending
whether the density gradient is parallel or perpendicular to grav-
ity vector. Ostrach [2] provided physical insights into a cavity
filled with a binary fluid that is subjected to a combined buoy-
ancy driving force. Mohamad and Viskanta [3] predicted the
flow and heat transfer in a shallow, lid-driven cavity with a
low Prandtl number fluid. They considered the cavity to be ei-
ther heated from bellow or heated from above. Further, Ben
Mansour and Viskanta [4] presented both experimental and the-
oretical studies on mixed convection heat transfer in a shallow
cavity with a moving bottom wall. Aydin [5] conducted a nu-
merical study to investigate the transport mechanism of laminar
mixed convection in a shear- and buoyancy-driven cavity. Two
orientations of thermal boundary conditions at the cavity walls
were considered to simulate the aiding- and opposing-buoyancy
mechanism. Hsu et al. [6] have numerically investigated lami-
nar mixed convection flow of micropolar fluids in a lid-driven
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Nomenclature
C species mass fraction or concentration
D binary diffusion coefficient
g gravitational acceleration
Grg Grashof number due to mass diffusion,

8Bs(Chot — Ccold)I'IS/U2
Grr Grashof number due to thermal diffusion,

8B (Thot — Teora) H? /0?

H height of cavity

L length of cavity

Le Lewis number, Sc/Pr

N buoyancy ratio parameter, Grgs/Grr
Nu average Nusselt number

P dimensionless pressure

Pr Prandtl number, v/«

Re Reynolds number, UyH /v

Ri Richardson number, Grr /Re2

S source term appearing in Eq. (18)
Sc Schmidt number, v/D

Sh average Sherwood number

t time

T temperature

u,v velocity components along x- and y-axes
U,V  dimensionless velocity components
Uy top wall velocity

X,y Cartesian coordinates along the lower and upper
walls, respectively

X,Y dimensionless coordinates

Greek symbols

o thermal diffusivity

Bc volumetric coefficient of expansion with mass
fraction

Br volumetric coefficient of thermal expansion

A dependant variable appearing in Eq. (18)

v fluid kinematic viscosity

o) dimensionless mass (concentration) diffusion,
(C - Ccold)/(chot — Ceold)

% dimensionless temperature,
(T - Tcold)/(Thot — Teold)

) diffusion coefficient appearing in Eq. (18)

P density

00 characteristic density

T dimensionless time, tUy/H

2 dimensionless vorticity, w H /Uy

v dimensionless stream function, ¥/ H Uy

Subscripts

cold top wall

hot bottom wall

cavity. Aydin and Yang [7] conducted a numerical study to
investigate the transport mechanism of mixed convection in
a shear- and buoyancy-driven cavity having a locally heated
lower wall and moving cooled sidewalls. In the work of Tre-
visan and Bejan [8], scaling analysis was used to show mass
transfer dependency in a cavity. They have also determined
analytically mass transfer rate at high Reynolds number in a
thermally driven environment. In addition, several experimen-
tal [9,10] and numerical [11-13] investigations were carried out
in this regard. Weaver and Viskanta [14] have shown experi-
mentally natural convection in binary gases due to horizontal
thermal and solutal gradients in enhancing and opposing flow
situations.

It appears from the literature review that the combination
of heat and mass transfer in lid-driven enclosures has received
less attention. In drying technology, better understanding of the
drying process is vital for optimum performance of the dry-
ing chamber. A typical drying chamber can be modeled as a
cavity with both temperature and concentration gradients be-
ing present to allow the transfer of moisture, for example. In
such situations, heat is applied to the bottom wall to simulate
the evaporation of the liquid solvent while the top surface is
cooled such that the solvent vapor condenses on it. Thus, the
undesired concentration (i.e. solvent vapor) can be removed by
a mechanically-induced conveyor belt. Therefore, the combina-
tion of buoyancy effect by temperature and concentration lead
to complicated flow patterns in the drying chamber which sig-

nificantly influence the heat and mass transfer rates (solvent
evaporation rate) inside the cavity.

Kuhlmann et al. [15] has studied thermal and mass transport
in tangentially opposing cavity walls. Moreover, Alleborn et
al. [16] have numerically investigated the behavior of a shallow
cavity under thermosolutal boundary conditions. They have re-
ported that the cavity orientation becomes insignificant should
the 1id speed increase substantially. Stable operating condition
was achieved at high mass transfer rates. On the contrary, insta-
bilities were observed when the forced convection effect was
depreciated. What is more, ranges of minimum heat and mass
transfer were identified for different configurations of thermal
and solutal density changes.

To the best knowledge of the present authors, no attention
has been paid to the problem of mixed convection in a lid-
driven cavity under the combined buoyancy effects of thermal
and mass (species) diffusion. The bottom-heated wall is consid-
ered the source while the top wall is taken as the product, where
material of the fluid is deposited and removed by the moving
top wall in the horizontal plane. In the current investigation, the
transport phenomena will be explored by utilizing several key
operational dimensionless parameters. These parameters are the
Richardson number, Lewis number and the concentration-to-
thermal buoyancy ratio, namely, the buoyancy ratio number.
These parameters will be examined over a broad range to study
their implications on the mass and energy transport phenomena
in the cavity.
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Fig. 1. Physical model and coordinate system.

2. Mathematical model

The physical system considered in the present study is pre-
sented in Fig. 1. A two-dimensional cavity of height H and
length L is filled with an incompressible Newtonian perfect
mixture of a binary fluid that operates in the laminar regime
under steady state conditions. The vertical walls are considered
adiabatic and impermeable. In addition, the horizontal walls are
maintained at uniform but different temperatures and concen-
trations such that the bottom wall has the temperature Ty and
concentration Cg, While the top wall has the temperature T¢o1q
and concentration Ccold, where Thot > Tcold and Chot > Ceold,
respectively. The walls can be viewed as walls with infinite heat
and mass diffusivities. Moreover, the top-cold wall is assumed
to slide from left to right at a constant speed Uy. The fluid prop-
erties are assumed constant except for the density p, which is
assumed to vary linearly with both temperature and concentra-
tion [14,17-21] and is given by p = po[l — Br (T — Tcold) —
Bc (C — Ceo1g)], where pg is a characteristic density, and 87 and
Bc are volumetric expansion coefficients with temperature and
mass (concentration) fraction, respectively. In the present study,
Br is considered as positive, while B¢ can be either positive or
negative with B¢ > 0 for cooperative flows and B¢ < 0 for op-
posing flows, respectively. Furthermore, the Soret and Duffor
effects are assumed to be negligible in this study. The govern-
ing equations were presented in dimensionless form using the
following new variables:

tU
X=2, Y=, ¢=-"
H H H
0 = T — Teold ’ _ C — Ceold (1)
Thot — Teold Chot - Ccold

where x and y are the Cartesian coordinates measured along
the horizontal and vertical walls, respectively, T is the fluid
temperature, C is the species mass fraction or concentration,
t is the time, 0 is the dimensionless temperature and @ is the
dimensionless mass or concentration fraction. The dimension-
less forms of the governing equations in the binary fluid are
expressed in the following canonical forms:

V.V=0 )

oV 1 Grr Grs VP
— 4+ (VV)V=—VV4 — 04+ —0 ) — — 3
ot +(V.V) Re + Ré? < + Grr ) Re )

oP

— +V.V® = Vip 4
0T + ScRe @)
90 1

— +V.V8=——V? 5
0T + PrRe )

where V is the velocity vector, P is the dimensionless pres-
sure, Re = UpH /v is the Reynolds number, Sc = v/D is the
Schmidt number, while Grr = gB7 (Thot — Teold) H 3 /v2 and
Grs = gBc(Chot — Ceold) H 3 / v? are the thermal and solutal
Grashof numbers, respectively. Also g is the gravity acceler-
ation, v is the kinematic viscosity and D is the solutal (concen-
tration) diffusivity. By introducing of new variables, namely the
vorticity and the stream function, the Navier—Stokes equations
are decoupled into one elliptic equation and one parabolic equa-
tion which can be solved sequentially. However, the governing
equations are a mixed elliptic—parabolic system of equations
which need to be solved simultaneously in case of primitive
variables formulation. Upon invoking the vorticity-stream func-
tion formulations represented by

oW oW vV U
U=—, V=——, R=——-— (6)
Y X X Y
Q=-Vw (7

we obtain the following dimensionless equations:

092 02 e
(U V=

ot 0X Y

1 329+329 Lri( 29 L N02 @®
T Re\ax2 " 9y? “ox TV ax

00  (y3® 3%\ __L 82<1>+82<1> ©)
at X Y ] 7 ReSc\9Xx2 = 9y2

00  (y20 90\ _ 1 329+a29 10)
at X 9Y ) RePr\oX%2 09Y2

where Ri = Gry/Re? is the Richardson number. Here the di-
mensionless velocity components U and V, the stream function
¥ and vorticity §2 are defined as:

u v wH v
— V = 7 Q & > '4 Trrr (1 1)
Uy Uy Uy

U =

B ~ HU

with # and v being the dimensional velocity components along
x and y axes, w is the dimensional vorticity and ¥ is the di-
mensional stream function. The buoyancy ratio number N that
appears in Eq. (8) represents the ratio of the buoyancy forces
due to solutal (concentration) gradients to temperature gradi-
ents such that

_ Bc (Chot — Ceold) _ Grg
Bt (Thot — Teold) Gry
where N > 0 for aiding flows (counterclockwise direction) and

N < 0 for opposing flows (clockwise direction), respectively.
The initial conditions can be expressed as:

12)

=0 V¥Y=0=0=0 (13)

and the boundary conditions can be summarized as follows
(t > 0):
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U=V=0, 0=0=1 atY=0,0<X<1
U=1, V=0, 6=¢0=0 atY=1,0<X<1
a0 0P
U=V=0, —=—=0 atX=0,0<Y<l1
X 00X
a0 0P
U=V=0, —=—= atX=1,0<Y <1 (14)
X 90X

The vorticity on the boundaries is expressed in terms of the
primitive velocity variables as
oV

2 =— atY =0,10<X <1
0X

aUu
QZ_W atX=0,1;0<Y <1 (15)

Unsteady governing equations were solved until steady-state
solution is achieved. The time step of 10™> was used in this
work. The rate of heat and mass transfer are presented in this
work at the bottom wall when the solution achieved steady-
state condition in terms of Nusselt number Nu (dimensionless
heat flux) and Sherwood number S/ (dimensionless mass flux),
respectively as:

a6
Nu:/—— dx (16)
Y ly—o
0
1
0P
sn=| ~22|  ax 17
0

It is assumed that the working fluid has a Prandtl number of
unity, i.e., Pr = 1. This value is chosen to simulate a practi-
cal value used in drying technology [16]. Also, since the Lewis
number Le is defined as Le = Sc/Pr, the investigation will con-
sider Le as an operational dimensionless parameter instead of
Sc. In addition, we shall consider here only the case of a cavity
(H=L).

3. Numerical solution

The governing equations, Eq. (7)-(10), were written in
canonical form as:
dA  AUA) VA %A %A
DA WA AV A) (AP
ot 0X oY

X2 ay? (18)
where A is the dependent variable, ¥ is the diffusion coeffi-
cient and S is the source term. The numerical procedure used in
this work is based on the Galerkin weighted residual method of
finite-element formulation. The application of this technique is
well described by Taylor and Hood [22] and Gresho et al. [23].
The objective of the finite element method is to reduce the con-
tinuum problem to a discrete problem described by a system of
algebraic equations. The finite element procedure begins with
the division of the continuum region of interest into a number of
simply shaped regions called elements. These elements were as-
sumed to be fixed in the space. Within each element, the depen-
dent variables are approximated using interpolation functions.
Variable grid size system is implemented in the present investi-
gation especially near the walls to capture the rapid changes in

the dependent variables. The following enforced convergence
criterion was employed in this study to ensure the convergence
of the dependent variables

AP — Ao

-5
G (4

where n is the time index. The overall thermal and mass bal-
ances were monitored inside the cavity and both results agreed
to within 107 at the highest value of the Grashof number con-
sidered.

4. Results and discussion
4.1. Algorithm validation

The algorithm validation was carried out in two folds. First,
grid sensitivity tests were performed to inspect the field vari-
ables grid-independency solutions. Uniform node points of
21 x 21, 41 x 41, 61 x 61, 81 x 81 and 91 x 91 were ex-
amined for Re = 500, Le = 2.0 and Grs = Grr = 10> (N = 1).
As shown in Fig. 2, adequate results can be achieved using
node points of 91 x 91. To check the accuracy of the present
results, our code was validated against published results in the
literature on lid-driven cavity flow as shown in Tables 1 and 2.
Table 1 illustrates a comparison of the stream function values
at the primary vortex location computed for various Reynolds
numbers between the present work and several other numeri-
cal solutions. Table 2 shows a comparison of the maximum U -
and V-velocity and their locations through the centerlines of
the cavity for Re = 100. Both tables demonstrate an excellent
agreement between our results and other results. An additional
check on the accuracy of the present numerical code, Fig. 3
shows a comparison of the U-velocity along the vertical mid-
section of the cavity between the present results and that of Ghia
et al. [26] and both results are in excellent agreement. To further
check the accuracy of the present numerical method, the present
results were compared with the experimental and numerical re-
sults of Weaver and Viskanta [14] as illustrated in Fig. 4. It can

Table 1

Primary vortex stream function value

Re ¥ (Present work) Y [24] ¥ [25] ¥ [26]

100 —0.1033 —0.1033 —0.1033 —0.103423
400 —0.1139 —0.11389 —0.11297 —0.113909
Table 2

Extrema of the velocity through the centerlines of the cavity, Re = 100
Reference Upmax? Ymax Vimax Xmax
Present 0.2120 0.453 0.1788 0.765
[27] 0.21404 0.4581 0.17957 0.7630
[28] 0.21315 - 0.17896 -

[29] 0.2109 0.4531 0.17527 0.7656
[26] 0.2106 0.4531 0.1786 0.7656

4 The maximum of U on the vertical line X = 0.5 is denoted Upax and its
location Ymax. The maximum of V on the horizontal line ¥ = 0.5 is denoted
Vmax and its location Xmax.
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Fig. 2. Grid independence test for Re = 500, Le = 2.0 and Grg = Gry = 102.

be seen from this figure that the results of the present numer-
ical code is in a very good agreement with the numerical and
experimental results of Weaver and Viskanta [14] for Grashof
numbers of Grr = 5.88 x 10 and 9.31 x 103 and buoyancy ra-
tios of N = 0.55 (aiding flow) and N = —1.85 (opposing flow).

4.2. Field variable presentation

The effect of the Richardson number Ri, Lewis number Le
and buoyancy ratio parameter N on the steady-state streamline,
temperature and concentration distributions as well as the aver-
age Nusselt and Sherwood numbers (Nu and Sh) are presented
in the subsequent sections. The maximum and minimum re-
circulation intensity levels were documented for the presented
streamline results.

4.2.1. Effect of Richardson number

The influence of varying the Richardson number Ri on the
transport phenomena is shown in Fig. 5. The Richardson num-
ber provides a measure for the importance of the thermal natural
convection relative to the lid-driven forced convection effect.

1.0

0.8 o T

o6t---------Sf- B
= Present Work
A @ Ghiael al. [26]

04 - A\

L T e T T

u

Fig. 3. Comparison of the present predictions to the FV code for Re = 500,
Le=2.0,and Grg = Grr = 10> (N =1).
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Present study
Wi =—2.89%107,y,,, =0 (Wi = 0., =2.53x107)

%ﬁ"

i ‘ 0.0205

0.00135
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Fig. 4. Comparison of the streamlines between the present numerical solution
and that of Weaver and Viskanta [14].
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Fig. 5. Effect of Richardson number on the streamlines and isotherms for
Le=1.0 and Grg = Grp = 102,

The Schmidt number was set to unity (Sc = 1), and since Pr = 1
then Le = 1. This implies similar diffusion characteristics for
both heat and mass transfer. Moreover, setting Le to unity
will also facilitate highlighting the implications of Ri alone.
The value of Ri was varied between 4 x 10™* to 10, which
covers a wide range of operating conditions. For Ri = 10, flow
patterns are characterized by a primary recirculating clockwise
vortex (N < 0) that occupies the bulk of the cavity. In addi-
tion, minor vortices tend to form near the bottom corners, which
maybe captured by increasing the number of contour lines. Fur-

thermore, this configuration is an ingredient for a vertical strati-
fication to be maintained in the entire cavity. It basically implies
that the cavity is in a quasi-conduction domain, i.e., most of the
heat transfer occurs due to conduction except near the sliding
top wall.

Upon decreasing the Ri value to 0.1, the forced convec-
tion regime gains more ground over its conduction counterpart.
Moreover, the overall flow patterns remain quite the same with
a slight reduction in its intensity level (note the drop in the
absolute value of Wy, between Ri = 10 and Ri =4 x 10~%).
Also, thinner boundary layers are depicted to form upon further
decrease in Ri value. This is attributed to the increase in the con-
tribution of convection heat transfer mechanism, which causes
steep temperature gradients in the vertical direction near the
bottom wall. Apparently, the buoyancy forces are overwhelmed
by the mechanical effect induced by the moving lid (note the
increase in the absolute values of both Wp,,x and ¥pin). The in-
crease in convection activities escalates the mass transfer rate,
i.e., enhanced evaporation rate, which is encouraged if drying
conditions are sought. It is important to mention that the mass
transfer rate undergoes similar observations to those for heat
transfer since Le = 1.

4.2.2. Effect of Lewis number

The dependence of heat and mass transport on the Sher-
wood number is demonstrated in Fig. 6. The Lewis number
Le was varied between 5 and 50, while Ri was fixed at 0.01
and N = 1. The results illustrate significant variations in the
mass (concentration) contours owing to the depreciation in the
diffusivity value of the mass species upon increasing the val-
ues of Le. Thinner mass (concentration) boundary layers are
shown to form along the bottom wall, which signals continu-
ous increase in the mass transfer rate with the increase of Le.
The results show that much of the mass diffusion occurs be-
tween Le = 5-25 for Ri = 0.01. It is worth noting that the
above stated Le range would be either extended or shortened
upon further reduction or elevation in the Ri value, respectively.
The results also point out that the effect of the Lewis number
on the isotherms and streamlines seems to be insignificant as
shown in Fig. 6. This is likely to be attributed to the fact that
the combined buoyancy effects are very much dominated by
the sliding top wall.

4.2.3. Effect of the buoyancy ratio number

The effect of the buoyancy ratio parameter N on the stream-
line and isotherm patterns for a Lewis number of unity (Le = 1)
is shown in Figs. 7 and 8. The Re and Ri values were fixed at
100 and 0.01, respectively. The parameter N was set to vary
between 0-100. When N = 0, the mass (concentration) trans-
port phenomenon vanishes and the problem reduces to a pure
thermal convection with a heated bottom wall. Further, it can
be deduced from Eq. (8) an effective Richardson number which
can be defined as Ri* = (1 + N)Ri. Hence, rapid escalation in
Ri* value would be attained for increased N values. The results
displayed in Fig. 7 confirm such conclusions, which are visual-
ized by the formation of thinner thermal boundary layer along
the bottom wall for higher N values. Consequently, higher tem-
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Fig. 6. Effect of Lewis number on the isoconcentrations, isotherms and streamlines for Re = 100, Ri = 0.01 and N = 1.

perature and mass gradients in the vertical direction are main-
tained, which translates into higher heat and mass transfer rates
within the cavity. In addition, for higher N values, the heat
and mass transfer rates by convection mechanism are found to
build up since the solutal buoyancy force is aiding the flow. This
condition is reflected on the velocity magnitude of the central
vortex, which is noted to register a higher value. For positive
values of buoyancy ratio parameter (N > 0), higher velocity
magnitudes for the clockwise central vortex are observed by
an increase in |Wpin| value. In this scenario, the solutal buoy-

ancy force enhances energy transport since it acts in the same
direction of the lid-driven wall. Fig. 8 demonstrates that nega-
tive values of N indicate a scenario of opposing flow condition
where the net buoyancy force is weakened. Upon incorporating
larger negative N values, the flow becomes further weakened by
the opposing thermal and mass buoyancy forces. Consequently,
the main vortex slows down and eventually breaks up into two
prime vortices filling most of the cavity. Also, the flow magni-
tude is illustrated to significantly reduce in the lower half of the
cavity. Accordingly, the overall heat transfer occurs primarily
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N=0

Ay = 0.0042
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Ay = 0.0054

Fig. 7. Effect of positive N values on the streamlines and isotherms for
Re =100, Ri=0.01, and Le = 1.

by conduction in the center and bottom regions of the cavity.
This is depicted by the linear temperature stratification in such
regions. The top region, however, remains affected by the con-
vection heat transfer regime owing to the mechanical effect of
the sliding lid.

Fig. 9 shows the variation of the temperature and veloc-
ity profiles along the mid-sections of the cavity for Re = 100,
Ri=0.01, Le = 1 and various values of the buoyancy ratio pa-
rameter N. For large negative values of N (opposing flow),
the temperature distribution in most of the cavity is shown to
retain similar behavior to that of a pure conduction regime ex-
cept near the sliding top wall. In addition, Fig. 9 illustrates that
the velocity component U and V' exhibits higher values along
their respective walls for positive N values compared to their

Isotherms

Streamlines
N =25 (Win=-0.0953, Yiax = 6.348x10°%)
= =

Ay = 0.00384 0=1

N =—=50 (Win=-0.0893, Ypnax = 1.276x107)

Ay =0.00362

N =—100 (Yyin= -0.0813, Yinax = 4.759%107%)
|

Ay =0.00344 0=1

Fig. 8. Effect of negative N values on the streamlines and isotherms for
Re=100,Ri=0.01, and Le = 1.

negative counterparts. This could be attributed to the fact that
the mass (concentration) buoyancy force is assisting the flow
for the positive N values. The areas of relatively high velocity
magnitudes manifest high transport rate, which are important in
drying applications where high species transfer is sought.

The work is wrapped by presenting the effect of the buoy-
ancy ratio parameter N on average Nusselt number evaluated at
the bottom wall of the cavity for Le = 1. As shown in Fig. 10,
the results clearly indicate that the increase in the positive value
of N (aiding flow) augments the heat and mass transfer in the
cavity. This is noted by the rapid increase in the average Nus-
selt number (or the Sherwood number). The opposite can be
observed once N marches in the negative direction (opposing
flow). This can be attributed to the fact that the solutal buoy-
ancy force in this situation is opposing the mechanical effect of
the moving wall. The magnitude of N value is more pronounced
on Nusselt number predictions for Ri = 0.01. It is obvious that
the combined effect of sliding wall and solutal buoyancy force
intensifies heat transfer by convection within the cavity. Such
effect is reduced when the speed of the sliding lid is reduced
for Ri equals to 1 and 10, respectively. Apparently, conduc-
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Fig. 9. Effect of N on the temperature and velocity profiles along the
mid-section of the cavity for Re = 100, Ri = 0.01 and Le = 1.

tion heat transfer regime becomes dominant for N < —15 due
to the suppression in the convection effect. Overall, average
Nusselt number is observed to approach an asymptotic value
around |N| = 100, which establishes upper and lower bounds
for the predicted Nusselt number values. It also defines the op-
erating range where buoyancy ratio number can be considered
effectively in determining the level of heat and mass transfer
augmentation.

5. Summary and conclusions

The current investigation is concerned with heat and mass
transfer in a lid-driven cavity filled with a binary fluid of Pr =1
that operates under combined temperature and mass (concen-
tration) gradients. The results of this work illustrate that heat
transfer and mass transfer characteristics inside the cavity are
enhanced for low values of the Richardson number Ri due to the
dominant effect of the mechanical effect induced by the mov-
ing lid. Thinner mass boundary layers are observed along the
bottom wall of the cavity with an increase in Lewis number
resulting in higher mass transfer rates. However, Lewis num-

&
t

Ri=0.01

Average Nusselt number

-150 -100 -50 0 50 100 150
Buoyancy Ratio (N)

Fig. 10. Effect of the buoyancy ratio number on the average Nusselt number for
Le=1.

ber has insignificant effect on the isotherms and streamlines for
small Richardson numbers. Positive buoyancy ratio number is
found to augment both heat and mass transfer rates inside the
cavity while negative buoyancy ratio deteriorates the effect of
the buoyancy ration. Consequently, the main vortex slows down
and eventually breaks up into two prime vortices filling most of
the cavity. The predicted average Nusselt number obtained at
the bottom wall was presented against the buoyancy ratio num-
ber for fixed Ri values. The average Nusselt number is observed
to establish upper and lower bounds for the predicted Nusselt
number values. Thus, the results establish the range of the op-
erating buoyancy ratio parameter where transport activities can
be manipulated. Further work is recommended to extend the
current investigation to a wider range of the Richardson num-
ber. This shall aid in examining the contribution weight of the
dimensionless variables in augmenting the heat and mass trans-
fer in the present configuration.
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