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CONVECTION IN A CAVITY WITH VARIABLE VISCOSITY FLUID
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Natural convection heat transfer in an incompressible viscous fluid with variable viscosity is investigated. The
fluid is contained in a square cavity with differentially heated vertical walls. The flow is assumed to be
two-dimensional. The temperature at one of the walls varies linearly with height. Numerical solutions of the
governing equations are obtained using the two-step ADI method coupled with the SOR technique. The heat
transfer characteristics are predicted by plotting the streamlines, isotherms and average Nusselt number. The heat
transfer rate is found to increase with an increase in viscosity.
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1. INTRODUCTION

The science of thermodynamics deals with the quantitative transitions and rearrangements of energy
as heat in bodies of matter. The study of heat transfer phenomena has invited an increasingly intense
concern in modern technologies of earth science, geophysics, oceanography and organic metabolism.
In course of lime, temperature differences in a body are reduced by heat flowing from regions of
the higher temperature to those of lower temperature. This process takes place in all substances,
which are found in nature, namely, liquids, gases and solids. Knowledge of the laws governing this
process is of great importance in engineering since it affords means for channeling the flow of heat
in a desirable manner. Heat transfer is the science which deals with the rate of exchange of heat
between hot and cold bodies called the source and receiver respectively. It is related to the
translational, rotational and vibrational motions of particles.

There are three mechanisms of heat transfer in which heat may pass from a source to a
receiver, namely, conduction, convection and radiation. In any engineering system like flow in boilers,
condensers, heat exchangers, etc., transfer of heat is a primary operational requirement. In industrial
processes all the three mechanisms often participate simultaneously in the transmission of heat. The
exchange of heat from a wall to a fluid or from a fluid to a wall is an important process in
engineering heat transfer. The law that governs heat transmission is very important to the engineer
in the design, construction, testing and operation of heat exchange apparatus.

An effective algorithm for the analysis of unsteady thermocapillary convection in a rectangular
cavity was developed by Hamed and Floryan [1]. Applying sudden heating along the free surface,
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that is, by suddenly imposing a known gas temperature variation across the cavity causes the unsteady
liquid motion in the cavity with a passive gas over the free surface. A coordinate transformation
method is used to map the irregular physical domain into a regular computational domain and is
then solved by the finite difference method. The field variables and unknown mapping function are
determined simultaneously using a Picard-type iterative procedure. The algorithm is capable of
predicting very large time dependent deformations of the liquid-gas interface.

Kazmierezak and Chinoda [2] investigated numerically the problem of laminar buoyancy
driven flow of a fluid in a square cavity driven by a warm vertical wall having a uniform surface
temperature whose magnitude is periodically changing. The effect of wall temperature was felt only
partially inside the cavity and the time average heat transfer rate is insensitive to the time dependence
of wall temperature. Magneto convection plays a vital role in systems like geothermal, MHD
generators, etc. Kumar and Kandaswamy [3] have studied convection purely driven by buoyancy
force in a square cavity with two different thermal boundary conditions: isothermal and linearly
varying hot wall temperature in the presence of a uniform transverse magnetic field. Their results
show the suppression of convection by an increase in the magnetic field strength.

Rudraiah et al. [4] analysed the influence of magnetic field on the combined mechanism in
a low Prandtl number fluid. For large Marangoni numbers they noticed the formation of two
counter-rotating cells at the upper and lower halves of the enclosure. Moreover when the Hartmann
number was increased, the temperature field resembled that of a conduction type and the streamlines
were elongated in the horizontal direction. The upper buoyancy cell was crowded and stretched along
the free surface.

Saikrishnan and Roy [S] investigated numerically the effect of temperature dependent viscosity
on forced convection flow over a rotating sphere. Their results show that the heat transfer rate is
found to depend strongly on viscous dissipation. The influence of thermocapillary forces on the
nonlinear buoyancy convection of cold water has been recently investigated by Sundaravadivelu and
Kandaswamy [6]. With an increase in the hot wall temperature of the cavity local buoyancy flow
is found to grow along the hot wall at the bottom. The magnitude of this buoyancy flow gets
increased with further increase in the hot wall temperature. The pioneering works of Wilkcs and
Churchill [7], made convection in cavities as an attractive field of research. Due to the advent of
fast computers the study is receiving much interest.

2. MATHEMATICAL ANALYSIS

Consider a two dimensional closed square cavity of length and height L filled with an incompressible
fluid as shown in the Fig. A. The vertical walls located at y = 0 and y = L are isothermal but

maintained at different temperatures 6, (cold wall) and 6, (hot wall) where 0, = 0°C and the hot

wall temperature 6, is varying linearly from 6, to 6, The horizontal walls are thermally insulated,
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that is the top and bottom are assumed to be adiabatic. The Cartesian coordinates (x, y) with the
corresponding velocity components (4, v) are as indicated in the figure. The gravity acts in the
downward direction. The viscosity of the fluid is assumed to vary linearly with temperature as

H=n.(1-b(0-6,)), where b is the temperature coefficient of viscosity and the subscript ¢ refers

to the reference state at the cold wall. The equations governing the two-dimensional flow with

Boussinesq approximation are
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FIG. A. Physical configuration
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The initial and boundary conditions are,

t=0: u=v=0, 9=60 0<x<L,0<y<L
t>0 u=v=0, ﬁ=0, x=0
dx
a6
u=v=0, ax—O, x=L . (5)

u=v=0, 6=6,(0)=(6,-6)(x+6, y=0

u=v=0, 0=0 y=L.

Xep Y=o Usyp Ve v, Y=y o0
and
o5
8- 6,

the vorticity-stream function formulation of the problem (1)-(4) after non-dimensionalization can be
written as,

Q%+U§—)TE+V-‘2-)7—;=}17V2T . (6)
%f+u%§+v%§=cr%+(l—M)VzC+l
(Ze oo 223y
| - - S T - e .
y2dY XX JYJY JXIYIX JXdYIY
VZy=-¢ o (8)

where

b<
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with the initial and boundary conditions in the dimensionless form are,

t=0: U=vV=0, {=T=0, 0<X<1,0<r<1

1>0 ‘P:a—\;‘=0, %:0, X=0
‘I’=§——\;’-=O, a—§=0, X=1 )
‘P:%:O, 0<X<l1, Y=0
‘I‘=a—\;=0, T=0, Y=0

The non-dimensional parameters are

gB(6,-06)L’
Gr e Grashof number,
v

i

Pr

1]

é, the Prandtl number,

A=b (6, - 0), the Viscosity parameter.

NS
~N

The local Nusselt number Nu =

is computed at hot wall. The average Nusselt number is

NS
~

1
expressed as Ny = j Nu dX.
0

3. METHOD OF SOLUTION

The motion of the fluid under consideration is governed by the continuity, momentum and energy
equations. These are solved numerically using the finite difference technique. An approximation to
their solution is obtained at a finite number of square grid points distributed over the square cavity.

- n n n . .
Suppose that all the quantities T ij ¢ ij v i,j are known at a time n AT. An Alternating

Direction Implicit (ADI) method is employed to find the temperature and vorticity values at the
interior grid points in the next time level (n+ 1) At. For this forward difference approximation is
used for time derivative and central difference approximations are used for all spatial derivatives.

The method of Successive Over Relaxation (SOR) is then used in conjunction with the newly
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n+l1 e n+1 . )
computed temperatures T, j and vorticities { ij r 1o solve the stream function equation for the
. . n+l ey .
new improved stream function W i After finding the stream function, the values of U and V at

that time level are computed using the central difference approximations to U =%—% and

V=—g—\§-. After obtaining the solution 7, {, ¥ (and hence U and V') at a particular time level we

determine the solutions at the next higher time level. The boundary vorticities at the solid walls can

be derived considering Taylor’s series expansions for stream function in the vicinity of the walls.

This computed cycle is repeated for each of the next time levels and the steady state solution
is obtained when the following convergence criteria,

"0, )="Gh) | .,
¢n+1(i’j)

for temperature, vorticity and stream function are met. In the above expression the subscript n refers
to appropriate time level, € = 107 and @ represents 7, { and . Solutions with finer rﬁeshes 61
x 61 to 101 x 101 have resulted in a marginal change of less than 1 % in the velocity and
temperature fields with a five fold increase in computer time. Hence the 51 x 51 mesh was opted

as the ideal one with a suitable time increment.

4. RESULTS AND DISCUSSION

Most of the engineering systems that work under heat and energy consist of fluid filled containers,
with fluid being the medium of heat transfer. A clear understanding of heat transfer taking place in
such systems will be highly beneficial to the experimentalists to overcome economical and experi-
mental difficulties and also to construct proper heat transfer experiments. On these basis of this we
study the natural convection heat transfer in a closed square cavity filled with fluids under the
consideration of varying viscosity. Earlier studies on the natural convection mechanism in cavities
filled with fluids considered the thermo physical properties as constants. But in recent times it has
been realized that the variation in these material properties leads to significant effects on the overall
heat transfer rate. Hence we developed a code to simulate numerically the heal transfer characteristics
in a fluid with variable properties.

In this paper, we deal with the effect of temperature dependent viscosity on the heat transfer
in fluids contained in a square cavity. One vertical wall is always maintained at a uniform and

relatively low temperature (cold wall) and the opposing vertical wall is subjected to a linearly varying
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temperature with respect to height (hot wall). The computations are carried out for three different
values of the Prandtl number: Pr = 0.05 corresponding to liquid metals, Pr = 0.7 corresponding to
air and Pr = 10 corresponding to fluids like water. The entire computational work is done for three
different values of the Grashof number: Gr = 20 000, Gr = 50 000 and Gr = 200 000.

Figures 1(a-c) show the fluid flow patterns for varying viscosity, that is, at A = 1.0 when
Gr = 20000 and Pr = 0.05. Here the flow is clockwise and the average Nusselt number is 0.6402693.
When the Prandtl number is increased to 0.7, the isotherms show substantial enhancement of
convective heat transfer. The attraction of isotherms towards the hot wall shows convection as a
dominating mode of heat transfer. The flow characteristics for this case with constant viscosity are
exhibited in Figure 2(b). The average Nusselt number is obtained to be 1.389887. When the Prandtl
number is raised to 10, the isotherms bend more towards the hot wall. Also the lower part of the

isotherms begins to get crowded near the hot wall.

When Grashof number is increased to 50000, the isotherms and the streamline patterns of
convective heat transfer are discussed as in the above case. When the Prandtl number is 10, the
isotherms are bent towards the hot wall as convection is dominated. We can also see they the
Streamlines are closer near the hot wall. The isotherms, streamlines and the average Nusselt number

are shown in Figure 3(a-c) for A = 1.0. The average Nusselt number is obtained as 4.598974.

As the value of the Grashof number is increased to 200 000, we observe that the isotherms
are just moving down and the streamlines are closer near the hot wall temperature. This is illustrated
from Figures 4(a-c) and Figures 5(a-c). This is true for the values of Pr = 0.7, A = 1.0 and for
Pr = 10.0, A = 0.5.

Figure 6 shows the average Nusselt numbers for different parameters. Heat transfer rate is
increased with increasing Grashof number. Increasing viscosity parameter and Prandtl number
increases the heat transfer rate is increased.

5. CONCLUSION

Heat transfer across the cavity from hot wall to cold wall becomes poor with a decrease in p.
Domination of conduction is more than that of convection near the hot wall. Moreover the attraction
of streamlines towards hot wall is the reason for the decrease in viscosity. Increasing of viscosity
parameter and Prandtl number increases the heat transfer rate. Heat transfer rate is increased with
increasing Grashof number.
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FiG. 1. Isotherms, streamlines and tiome history of Nu for Gr = 20000, Pr = 0.05 and A = 1.0
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FiG. 2. Isotherms, streamlines and time history of Nu for Gr = 20000, Pr = 0.7 and A = 0
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FIG. 3. Isotherms, streamlines and time history of Nu for Gr = 50000, Pr = 10 and A = 1.0
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FIG. 6. Average Nusselt number for different Pr and A
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