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Abstract

This paper studies the effect of unequal walls temperatures for a two-dimensional, two-sided, lid-driven cavity via numerical simula-
tions using a multi-domain, spectral element method. The flow is driven by steadily moving the two opposite walls vertically in opposite
directions. Different temperatures are applied on the two moving walls and the effect of the resulting heat transfer on the two-dimensional
flow is studied. An analysis of the flow evolution shows that, with increasing the temperature difference between the opposite moving
walls, the steady state flow changes from a single-vortex to a two-vortex pattern. Energy balance studies are conducted at steady state
and during flow evolution. The evolution and distribution of heat transfer at all walls and work done at the moving walls are studied.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The fluid motion in rectangular enclosures has been of
fundamental concentration because of its significance to
basic and engineering applications, e.g., coating and drying
technologies, flow over structures in airfoils or cooling flow
over electronic devices. In Part I [1] of this study, we con-
sidered the flow inside a two-sided, lid-driven cavity when
all walls were at the same temperature. In this paper, the
effect of unequal walls temperatures is studied by numerical
simulations using a multi-domain, spectral element
method. The flow is driven by steadily moving the two
opposite walls vertically in opposite directions, and is dif-
ferentially heated by imposing unequal temperatures at
these moving boundaries.

A brief review of the extensively studied lid-driven cavity
problem was reported in Part I [1]. In contrast to other
works found in literature, in Part I the compressibility
effects were accounted for and the evolution of the flow
was studied for a variety of cases. The effect of the cavity
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aspect ratio, the Reynolds number and the Mach number
on the flow were investigated. It was found that at lower
Reynolds numbers, the flow pattern consisted of two sepa-
rate co-rotating vortices contiguous to the moving walls.
For higher Reynolds numbers, the initially two-vortex flow
turned into a single elliptical vortex occupying most of the
cavity. For a higher aspect ratio, the flow patterns were dis-
similar in that the streamlines became more and more ellip-
tic. For aspect ratios as high as 2.5, at high Reynolds
numbers, a three-vortex stage was formed. It was also
found that the compressibility effects are not very signifi-
cant for Mach numbers less than 0.4. Dissipation of kinetic
energy into internal energy changed the temperature field
especially near the boundaries.

Here, we further investigate the lid-driven cavity prob-
lem, by considering the temperature boundary conditions
to be different on the two moving walls, as it is required
in applications such as drying processes. When the lid-dri-
ven sides are differentially heated, the temperature gradient
in the cavity generates forces due to density variation which,
together with the forced convection due to shear, result in
a mixed convection heat transfer. A numerical investiga-
tion of this phenomenon was conducted in [2], where the
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Nomenclature

cp constant pressure specific heat of the fluid
L length
Lf reference length
Lw,left length of the left wall
Lw,right length of the right wall
Lh length of the horizontal walls
Lv length of the vertical walls
Mf U �f =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
cR�T �f

p
reference Mach number

Ma uM f=
ffiffiffiffi
T
p

Mach number
Pr c�pl

�=j� Prandtl number
Qnet,bottom the net heat transfer at the bottom wall
Qnet,top the net heat transfer at the top wall
Qnet,left the net heat transfer at the left wall
Qnet,right the net heat transfer at the right wall
Wnet,left the net work done at the left wall
Wnet,right the net work done at the right wall
Qnet the net heat transfer at all the four walls
Wnet the net work done at the moving walls
R gas constant
Re q*U*L*/l* Reynolds number
t time
T temperature
Ti initial temperature
Tf reference temperature
Tw,left temperature of the left wall

Tw,right temperature of the right wall
u,v velocity of the fluid in x- and y-directions

respectively
Vwall wall velocity
Vw,left velocity of the left wall
Vw,right velocity of the right wall
Uf reference velocity
x,y spatial coordinates
w depth of the cavity in z-direction

Greek symbols

c ratio of the specific heats of the fluid
C aspect ratio of the cavity
j thermal conductivity
l dynamic viscosity
q density

Subscripts
i initial
f reference variable

Superscript

� physical space variable
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mechanism of aiding and opposing forces in shear and
buoyancy driven cavity was studied. We refer to Ref. [3]
and references therein for a brief overview of this kind of
problem. The focus of the work in Ref. [3] was to study
the effect of radiation on the mixed convection as generated
by buoyancy-opposing flow and buoyancy-aiding flow.

As observed in Ref. [1], viscous heating plays an impor-
tant role in the dynamics of fluids with strongly tempera-
ture-dependent density because of the coupling between
the energy and momentum equations. When the tempera-
ture gradients induced by viscous heating are very pro-
nounced, local instabilities may occur and the triggering
of secondary flows is possible. Therefore, unequal wall
temperatures is expected to strengthen such effect. The lat-
Stationary Wa

Stationary Wa

Initial Temperatu
Tw,left

V w,left = V wall

y,v

x,u

O

Lh

Fig. 1. Schematic diagram of the
ter and other aspects of the evolution of the flow will be
studied in this work. The present paper is organized as
follows. In the next section, the problem formulation is
presented. Section 2 is dedicated to discussions of the
numerical results. Finally, concluding remarks are pro-
vided in Section 3.

2. Problem description

In a similar manner as in Part I [1], we consider the two-
dimensional, two-sided lid-driven cavity flow with initially
uniform temperature Ti and all the four surrounding walls
at rest as shown in Fig. 1. The two moving walls are
referred to as the left and the right moving walls for conve-
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two-sided lid-driven cavity.
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nience and the temperatures on the two walls as Tw,left and
Tw,right, respectively. The velocity boundary conditions are
employed on the two vertical walls, by giving them the
same magnitude of velocity Vwall, but in opposite directions
in order to have anti-parallel wall motion, i.e. Vw,right =
�Vwall and Vw,left = Vwall. The u velocity component for
the moving walls is zero. A Reynolds number of 700, a
Mach number of 0.4, and an aspect ratio of 1.955 are cho-
sen for this study.

We refer to Refs. [1,4] for the description of the govern-
ing (Navier–Stokes) equations of the cavity problem. The
numerical solution of the governing equations is achieved
by use of a multi-domain, staggered-grid, Chebyshev, spec-
tral element code. Details of the code were reported else-
where [5–7]. Validation and resolution study for the case
of equal walls temperatures were presented in Refs. [1,4].
The same mesh with 80 elements clustered near the bound-
aries is used for this study. However, it is observed that a
polynomial order of 6, which was sufficient for resolving
the flow fields for equal wall temperatures, is not sufficient
for the present study. Thus, a grid with polynomial order
of 8 is used.

3. Results

The previous work (Ref. [1]) dealt with the case wherein,
the moving wall temperatures are equal to the initial temper-
ature, i.e. Tw,right = Tw,left = Ti. We refer to this as case I,
and compare the cases with unequal temperature boundary
conditions to this case. Unequal temperature boundary con-
ditions are employed on the two vertical moving walls by
increasing the temperature of one moving wall and decreas-
ing the temperature of another moving wall, relative to the
initial temperature, as listed in Table 1 for cases
II–VI. For example, in case II, Tw,right = 1.05Ti and Tw,left =
0.95Ti. Thus, there is a ±5% difference in the temperatures of
the moving walls from the initial condition. Cases II–VI
have increasing percentage difference between the initial
condition of temperature and the temperatures of the
moving walls. The temperatures of the stationary walls
remain equal to the initial temperatures for all the cases.

3.1. Flow evolution

When the vertical walls are not only given velocity but
also different temperatures, i.e. cases II–VI, interesting flow
Table 1
Case studies for unequal temperature boundary conditions, Ti = 6.25 and
Ma = 0.4

Case Percentage difference
from Ti (%)

Tw,left Tw,right Tw,top = Tw,bottom

I ±0 1.0Ti 1.0Ti Ti

II ±5 0.95Ti 1.05Ti Ti

III ±10 0.9Ti 1.1Ti Ti

IV ±20 0.8Ti 1.2Ti Ti

V ±30 0.7Ti 1.3Ti Ti

VI ±40 0.6Ti 1.4Ti Ti
changes take place. Such a difference in the temperatures of
the two moving walls from the initial temperature and from
each other, gives rise to large temperature gradients in the
area near the moving walls. This changes the temperature
profiles, and therefore, the velocity profiles change in the
cavity. When the temperature gradients in the domain are
very pronounced, local instabilities may occur and the trig-
gering of secondary flows is potential [8]. The flow patterns
obtained for cases II–VI are compared with the flow pat-
terns obtained by a simulation for case I. Various stages
of flow development are illustrated in Fig. 2 for cases
I–VI. The streamlines are colored by temperature. The flow
stages appearing before 30 time units show some similarity
for cases I–IV. (The temperature fields, however, have obvi-
ous differences.) Because these flow stages have been dis-
cussed in detail in Part I [1], they are not included in Fig. 2.

For case I, Tw,left = Ti, while for the other cases,
Tw,left < Ti. On the other hand, Tw,right = Ti for case I
and Tw,right > Ti for the other cases. On the higher temper-
ature side of cases II–VI, the ideal gas has a lower density,
and vice versa on the lower temperature side. For example,
for case IV near the right moving wall, the density is 0.85
and near the left moving wall, the density is close to 1.15,
while for case I, the density is close to 1.01 near both walls.
Because of a lower density on the higher temperature (i.e.
the right) side, the fluid has less inertia on this side. This
results in asymmetrical flow states. As the two smaller vor-
tices, move towards the moving walls, it is easier for the
upper (small) vortex to push the lower density fluid at its
right compared to the lower vortex to push the high density
fluid at its left. Therefore, the upper vortex increases in size
as it moves towards its right, pushing the right vortex to
decrease in size and making space for its own growth.
Meanwhile, the lower vortex is not able to push the high
density fluid at its left and therefore, decreases in size.
Due to the tendency of vortices to remain circular, the
two larger vortices (the right one of which has decreased
in size by now), try to merge. The combination of the
two vortices into a single vortex is harder for unequal wall
temperatures as compared to case I with equal wall temper-
atures. The two vortices appear partially merged in cases
II–IV, but are not in a merged stage for cases V and VI
at steady state.

For case V, that is for ±30% difference in the initial and
the moving wall temperatures, similar stages to those
appearing for cases II–IV take place. However, because
of a higher temperature gradient, the flow pattern obtained
is not stable in case V. Also, the density of the hot vortex
on the right side is so low, that the upper right vortex is
able to push its way through the partially merged two vor-
tices (see Fig. 2 for case V at t = 45). At steady state, the
unstable smaller vortex in the upper (hot) right corner,
is able to merge with the other smaller vortex which is sit-
uated at the bottom center of the cavity. Such a flow
stage at steady state was observed for Re = 700 at C =
2.0 with no difference between the initial and boundary
temperatures.



Fig. 2. Flow stages for cases I–VI. The streamlines are colored by temperature. The color bar next to each figure shows the temperature distribution in the
domain. (For interpretation of the references in color in this figure legend, the reader is referred to the web version of this article.)
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For case VI, the flow stages seen for cases I–V never
occur. Though the final flow pattern at steady state for
cases V and VI are similar, flow evolution with time is dif-
ferent. Case VI has a temperature difference of 80%
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between the two moving walls. This asymmetry in temper-
ature leads to large asymmetry in density and makes it
harder for the two vortices to combine. The large (hot)
right vortex formed initially rotates with a high velocity
(because of low inertia) and there is not enough time for
these two vortices to push the fluid between them away
in order to combine. Moreover, the coupled effect of the
moving walls is not strong enough compared to the effect
of the high temperature gradient. The center vortices,
therefore, instead of shifting towards the trailing edges of
the moving walls, can combine with each other. The two
smaller vortices in the center combine owing to the inherent
tendency of these vortices to remain circular. Therefore, the
steady state for case VI is a two-vortex stage with the smal-
ler vortices in the center partially merged. Though the vor-
tex on the left has a very high inertia, it does not grow
beyond this limit because of its tendency to stay circular
and because of the high vorticity of the vortices in the
center.

The case with 40% difference in the temperature of the
moving walls and the initial temperature and C = 1.955
(i.e. case VI) can be compared to the case with same initial
temperature and temperature of the walls and C = 2.0. The
comparison suggests that the flow evolution and steady
state flow topologies are similar for both cases. The flow
in a cavity with low aspect ratio, with unequal tempera-
tures at the moving walls, behaves like the flow in a cavity
with high aspect ratio, and same temperatures of the mov-
ing walls. This shows that temperature gradient has a
stabilizing effect on the flow.
3.2. Energy balance

The cavity under consideration is a closed system where
no material is transferred across its boundaries. Only heat
and work are transferred to/from the system. The differ-
ence between the heat transfer by the system and the work
done on the system, is the rate of change of energy in the
closed system. At steady state, the net energy in the closed
system does not change. In this section, we explore the
energy balance of the system in cases I–VI.

By convention, work done on the system is negative and
work done by the system is positive. Also, heat transfer
from the system is negative and heat transfer to the system
is positive. In dimensional form, the heat transfer and work
through the left wall, for example, are respectively calcu-
lated from

Q�net;left ¼ �
Z Lw;left

0

j�
oT �

ox�
w� dy�;

W �
net;left ¼

Z Lw;left

0

l�
ov�

ox�
w� dy�V �w;left; ð1Þ

where the subscript � shows a dimensional variable and w*

is the depth of the cavity. Heat transfer and work through
other walls are defined analogously. There is no work done
by the fixed walls since their velocities are zero. The net
heat transfer and work for the entire cavity are, thus, de-
scribed in non-dimensional form as

Qnet ¼ Qnet;bottom þ Qnet;top þ Qnet;left þ Qnet;right
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Z C

0

oT
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At steady state the energy balance is achieved, thus
Qnet = Wnet.

It should be emphasized that, for convenience, we have
absorbed all the dimensional properties on the work side of
the energy equation. Therefore, Qnet and Wnet definitions
are representative of net heat transfer and net work with
a proportionality coefficient which appears through non-
dimensionalization of (1). The individual local quantities
are now calculated as

QleftðyÞ ¼ �
oT
ox

� �
left

ð4Þ

and similarly for Qright(y), Qtop(x) and Qbottom(x). Also

W leftðyÞ ¼
ov
ox

� �
left

ðc� 1ÞPrM2
f V w;left ð5Þ

and similarly for Wright(y). For net wall values, we have

Qnet;left ¼
Z 1

0

Qleft dy; W net;left ¼
Z 1

0

W left dy ð6Þ

and similarly for Qnet,right, Qnet,top, Qnet,bottom, and
Wnet,right.

Fig. 3 shows the temporal variation of net energy, i.e.
Qnet �Wnet, for different cases. The curves trail-off to zero
which shows that equilibrium is achieved at steady state for
all the cases. Cases IV and V show interesting peaks which
are more pronounced for case V. An explanation for such
behaviors can be given by studying the distribution of heat
transfer and work done at the walls during this time period
(i.e. 32–45 time units). This is discussed in the next section.
Refer to Fig. 2 for comparisons of flow patterns at these
times.

3.3. Distribution of heat transfer and work through the walls

This study is conducted for case V because the flow evo-
lution for this case shows partially merged larger vortices
(like cases II–IV) and a two-vortex stage with partially
merged smaller vortices in the center (like case VI). Thus,
a study of this case will be helpful in understanding all
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the cases. Heat transfer and work on various walls for this
case are shown in Fig. 4 at four different times. It should be
emphasized that distributions of heat transfer and work on
the left and right walls show the smoothing of velocity and
temperature boundary conditions near the corner in order
to overcome the discontinuity at the corners.

After 32 time units, the smaller vortex on the (hot) right
wall side starts gaining strength as discussed earlier. At 39
time units, the works done at the left and the right walls
(Fig. 4(e) and (f)) do not change much as compared to
the same at 32 time units. When the same comparison is
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Fig. 4. Distribution of heat transfer and work a
made for the amount of heat transfer at the right wall
(Fig. 4(d)), it is seen that the amount of heat transfer
increases at 39 time units as compared to that at 32 time
units because of the two newly formed counter-rotating
vortices on the right wall side (see Fig. 2). Owing to the
high heat transfer at the right wall at this time, the fluid
coming towards the left wall is hotter and, therefore, the
temperature gradient near the left wall is higher which
means the heat transfer at the left wall is higher at 39 time
units (Fig. 4(c)). This heat transfer by the two vortices also
makes the heat transfer at the right side of the top wall
(Fig. 4(b)) and the bottom wall (Fig. 4(a)) higher at this
time. Note that the two counter-rotating vortices near the
right wall at this time are the smaller vortex on the upper
right corner which has by now gained strength, and the
small portion of the larger partially merged elliptical vortex
on the bottom right corner. Referring to the previous sec-
tion, the above discussion explains the fact that the curve
for case V in Fig. 3 shows that approximately at 32 time
units, Qnet starts decreasing as compared to Wnet and the
curve reaches a negative peak at about 39 time units.

After 39 time units, the asymmetric elliptical vortex sep-
arates into two vortices, because of the upper right corner
vortex trying to become circular. This gives the upper smal-
ler vortex more space near the upper center portion of the
cavity where it grows. The two counter-rotating vortices
therefore move towards the upper right side of the cavity,
and also gain a higher velocity. Thus, this area near
y = 0.6 acts as a jet on the right moving wall. A character-
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istic feature of this flow arrangement is an intensive heat
transfer between the fluid and the wall. The vortex struc-
tures originate from the shear layer, which is in front of
the virtual nozzle-like area, where the fast jet fluid mixes
with the bulk fluid very near the wall. The vortices roll-
up, are convected downstream, and interact with the wall.
This interaction is represented by ejections of the boundary
layer fluid and its replacement by the bulk fluid. The ejec-
tion and replacement process increases the velocity gradi-
ents and heat transfer rate on the wall. High velocity
gradients result in high amount of work at this location.
Fig. 4(d) and (f) shows the heat transfer and work done
at the right wall. The area near y = 0.6 in this graph shows
peaks in work and heat transfer for 45 time units. As the jet
is now impinging towards the top side of the right wall, the
heat transfer at the top wall increases near the right side
and the bottom wall heat transfer decreases as compared
to before.

Referring back to the previous section, the curve for
case V in Fig. 3 at 45 time units, shows a positive peak
and then starts decreasing and reaches equilibrium later.
After 45 time units, the vortex separated from the elliptical
vortex structure, occupies most of the space adjacent to the
right wall due to which most of the heat transfer from the
right wall is to this vortex. Meanwhile, the other two smal-
ler vortices try to become circular and larger and in the
process, combine. At steady state, the heat transfer is less
on all the four walls compared to 45 time unit flow stage
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and the work done at the two moving walls also stabilizes
because the jet action has now vanished.

The temporal changes in the net works done at the left
and right walls and the net heat transfers at all the four
walls are presented in Fig. 5(a)–(f) for cases I–VI, respec-
tively. The work done at the walls is negative for all cases
because work is done on the system by moving the walls.
When the initial temperature and boundary temperatures
are equal, i.e. in case I, the heat is generated in the system
due to viscous friction between the layers of fluid. There-
fore, there is heat transfer from the system through all
the walls. These values therefore are negative in Fig. 5(a).
For cases with sufficient differences in temperatures at the
moving walls, the (cold) left wall is expected to transfer
heat out of the system (negative) and the (hot) right wall
is expected to transfer heat into the system (positive). For
±5% temperature difference case, i.e. case II shown in
Fig. 5(b), there is still a heat transfer out of the system (neg-
ative) at the right (hot) wall. This suggests that the heat
produced by viscous dissipation is larger than the heat
transferred out of the system through the other three walls.
For a higher percentage difference of temperatures than
±5%, i.e. cases III–VI, the heat transfer from the right
(hot) wall is into the system (positive) and vice versa for
the left wall.

The coupled effect of the two moving walls, gives a clock-
wise motion to the fluid flow patterns inside the cavity.
Therefore, for cases with unequal temperature boundary
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conditions, the fluid near the bottom wall carries heat from
the (hot) right wall and vice versa for the top wall. As a
result, there is heat transfer into the system (positive) at
the top wall and heat transfer out of the system (negative)
at the bottom wall (see Fig. 5(b)–(f) for cases II–VI). For
case I, the left and right walls transfer more heat compared
to the top and bottom walls. This is because of the motion
of the moving walls which effectively brings more surface
area in contact with the fluid in the same amount of time
as compared to the stationary walls. For cases II–VI, where
the temperatures of the moving walls are different from the
initial temperature, the temperature gradient at the moving
walls is higher than the stationary walls. Thus, the heat
transfer at the moving walls is higher. Also, for all the cases
the velocity gradient and, therefore, the viscous dissipation
near the moving walls is higher compared to the stationary
walls. Therefore, heat generation and heat transfer are
higher near the moving walls.

As the temperature difference is increased, the net heat
transfers at the left and the right walls increase. However,
these values are higher for case IV (Fig. 5(d)) than for cases
V and VI (Fig. 5(e) and (f)) at steady state. This is due to
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the velocity field near the right wall. The two vortices
formed near the (hot) right wall in case IV, serve as a jet
and give rise to an ejection-replacement process near the
right wall. Due to the higher rate of mass transfer, there
is a higher heat transfer. This situation is not present in
cases V and VI at steady state. Therefore, the heat transfer
near the right wall for case IV is higher as compared to
cases V and VI. Also, in case IV, the asymmetrical elliptical
vortex, a part of which is one of the vortices contributing to
the impinging jet action, transfers heat better than the two
vortices in cases V and VI at steady state. Thus, heat trans-
fer at the left wall for case IV is also higher than heat trans-
fer at the left wall for cases V and VI at the final stage.

Fig. 6 presents the steady state distribution of local heat
transfer and local work done at all the walls for different
cases. The heat transfers and the works at the left and right
walls reflect the smoothing of velocity and temperature
boundary conditions near the corner in order to overcome
the discontinuity at these locations. For unequal wall tem-
perature cases II–IV, heat transfer at the right wall
is altered by the jet-like action on the moving (hot) right
wall. The higher the temperature of the right wall, the
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faster is the ejection (from the jet-like fluid flow) and
replacement process near this wall, and therefore, case IV
shows the maximum heat transfer. By contrast, in cases
V and VI, i.e. for ±30% and ±40% difference in tempera-
tures at the moving walls, the steady state is a two-vortex
stage. Because of this, the heat transfer reduces in these
cases as compared to case IV.

For unequal wall temperature cases II–IV, heat transfer
at the left wall also increases as the difference between tem-
peratures of the walls increases. This is because, the ellipti-
cal vortex, which extends from the left to the right wall,
transfers hot fluid from the (hot) right side to the left side
of the cavity which is cold. Thus, the temperature gradient
increases on the left side. Cases V and VI, at steady state
show a two-vortex flow pattern. Thus, the heat transfer is
less from the right wall to the left side and therefore, the
temperature gradient on the left side is lower which results
in less heat transfer at the left walls in these cases as com-
pared to case IV.

We now draw our attention to heat transfer at the top
and bottom walls for cases V and VI. The steady state flow
pattern for these cases is a two-vortex stage with two smal-
ler vortices in the center. Now, the coupled effect of motion
of the left and right walls in clockwise direction makes both
the larger vortices (one on the cold (left) side and another
on the hot (right) side), rotate in a clockwise direction.
Thus, the heat gained by the vortex on the right wall is lost
at the bottom wall on the right side. Vice versa is the case at
the left vortex side. The heat transfer curves, therefore,
show large fluctuations at these locations.

The works done at the walls do not show much differ-
ence in cases I–IV but decrease for cases V and VI. The rea-
son can be explained by examining the velocity vectors (not
shown here) near the right wall at steady state for cases
I–VI. The velocity vectors for cases I–IV do not show much
difference, but when the boundary layers of cases I–IV are
compared with those of cases V and VI, it is observed that
the velocity gradient at the right wall for cases V and VI is
smaller as compared to that in cases I–IV and, therefore,
the work done is lower in cases V and VI.

3.4. Practical observations

In the roll coating process, a coating fluid flows with a
very low velocity into a narrow gap between two rotating
cylinders, the surfaces of which move in opposite direc-
tions. The two rolls with large radii represent two moving
walls. The liquid passes through the gap and splits down-
stream into two uniform thin films, each coating one of
the rolls. The requirement is that the layer of liquid should
be thin, continuous, uniform in thickness and smooth.
These qualities in a film of fluid cannot be obtained at high
speed flows because of instabilities generated in a single
vortex. Flow instabilities and asymmetry is seen to occur
at steady state in cases I–III. However, the requirements
can be met if the percentage temperature difference is kept
higher than 20%, i.e. cases V and VI, where the final stage
is a two-vortex pattern. The work done at the left and right
walls in cases V and VI is also less compared to other cases.

Variants of the two-sided lid-driven cavity have been
employed to study drying processes [9]. This application
is useful for drying paper during recycling by two coun-
ter-rotating cylinders. It is also used for removing solvents
from a thin liquid film on a moving porous surface. A dryer
can be modeled as a shallow cavity with two facing walls
moving tangentially, filled with a mixture of gas and sol-
vent vapor. Heat is supplied to one moving wall in order
to stimulate the evaporation of the liquid solvent. The
other wall is cooled so that the solvent vapor in the cavity
should condense on it [9]. In the previous section, we saw
that maximum heat transfer is obtained at the left and
the right walls for case IV which has Tw,right = 1.2Ti and
Tw,left = 0.8Ti. Giving a higher temperature difference
would result in less heat transfer at the two walls. Thus,
case IV would be the optimum case for such a model
wherein, maximum heat transfer is obtained with optimum
work done on the two moving walls.

4. Conclusions

The viscous, compressible flow in a two-dimensional lid-
driven cavity with unequal moving walls temperatures is
studied numerically using a Chebyshev multi-domain spec-
tral element method. An asymmetry in temperature bound-
ary conditions of the two moving walls leads to an
asymmetric flow pattern at the steady state, however, a
very high asymmetry (P±30%) results in a symmetric flow
pattern at steady state. When unequal temperature bound-
ary conditions are employed on the two moving walls, high
temperature gradients arise. The higher is the temperature
difference between the two moving walls, the harder and
therefore later is the combination of the two vortices into
a single vortex owing to asymmetry. The flow in a cavity
with low aspect ratio, with unequal temperatures at the
moving walls, behaves like the flow in a cavity with higher
aspect ratio and same temperatures of the moving walls.
There is an intensive heat transfer between the fluid and
the hot wall when, because of a temperature difference
between the two moving walls, a jet-like flow pattern is
formed on the hot wall. When the boundary temperatures
are equal, the heat is generated in the system due to viscous
friction between the layers of fluid, and there is heat trans-
fer from the system through all the walls. For cases with
sufficient differences in temperatures at the moving walls,
the cold wall transfers heat out of the system and the hot
wall transfers heat into the system. There is heat transfer
into the system at the top wall and heat transfer out of
the system at the bottom wall. For all cases with unequal
temperature boundary conditions, the moving walls trans-
fer more heat compared to the stationary walls.

For an aspect ratio of 1.955, Reynolds number of 700
and Mach number of 0.4, when the moving wall tempera-
tures are ±20% different than the initial temperature,
i.e. Tw,right = 1.2Ti and Tw,left = 0.8Ti, heat transfer is the
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highest. The work done though does not show much differ-
ence. Giving a higher temperature difference would result
in less heat transfer at the two walls. Thus, ±20% would
be the optimum temperature difference for such a model
wherein, maximum heat transfer is obtained with optimum
work done at the two moving walls. This may be consid-
ered as the optimum temperature difference for drying pro-
cesses under similar configuration. The requirements for
coating a roll with uniform, smooth and thin film may be
met if the percentage temperature difference is kept higher
than 20%, where the final stage is a two-vortex pattern.
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