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pyrometer with a vaccum thermopile detector, the multispec-
tral pyrometer with a photomultiplier tube detector and an
InSb detector, and the multiwavelength range thermal
radiometer with an InSb detector. The results of its application
are sufficiently satisfactory.
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limits of the validity of the Boussinesq approximation for
square cavities with differentially heated side walls. They also
suggest using a weighted reference temperature for better cor-
relation of heat transfer results. A volume-weighted mean
temperature is proposed in Ref. 10 that analyzes the flows in
horizontal isothermal concentric cylinders.

The present paper studies convective flows of a variable
property gas (air) in an asymmetrically heated square
enclosure. The geometry of the problem is shown
schematically in Fig. 1. The cavity has a centrally located
heated section on its bottom plate and a cooling element on
one side wall. These partial heaters are maintained at cons-
tant temperatures with different values, whereas the remain-
ing portions of enclosure walls are insulated. The present in-
vestigation assumes an infinitely long enclosure.

Mathematical Formulation
The laminar, steady, two-dimensional natural convection

flows studied here are described by the Navier-Stokes and
energy equations. The viscous dissipation is neglected
because of the small magnitude of the velocity induced by
natural convection. The governing equation system is
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Introduction

NATURAL convection flows of Boussinesq fluids confined
in rectangular and cylindrical enclosures have been exten-

sively investigated, and reviews of the literature are found in
Ostrach1'2 and Catton.3 Although these analyses yield under-
standing of flows of technological importance, little research
effort has been made in investigating the effects of the fluid
property variation on the flow and heat transfer
characteristics that may be significant when a large
temperature difference is present in problems of interest. In
order to study these flows, the original Navier-Stokes and
energy equations (without simplification by the Boussinesq
approximation) must be solved with specified relationships for
the fluid property variation.

The properties of different fluids behave differently with
temperature. For gases, the specific heat varies only slightly
with temperature, density varies inversely with the first power
of the absolute temperature, whereas viscosity and thermal
conductivity increase with about the 0.8th power of the ab-
solute temperature. Thus, the Prandtl number does not vary
significantly with temperature, but viscosity for Newtonian li-
quids and thermal conductivity for pseudoplastic liquids vary
markedly with temperature. Hence, investigations on variable
property effects need to be carried out for specific fluids. The
effects of the temperature-dependent fluid properties on
boundary-layer natural convection flows are reviewed by
Kakac et al.4 For flows in enclosures, previous investiga-
tions5"10 consider air as the medium. Zhong et al.8 address the
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Fig. 1 Geometry and boundary conditions of the problem.



86 J. THERMOPHYSICS VOL. 3, NO. 1

d d—— (pcpuT)+ —— (pcpvT)
dx p dy p

(4)

where D = du/dx+dv/dy and p, p, jn, g, cp, and k denote
density, pressure, dynamic viscosity, acceleration due to
gravity, specific heat, and thermal conductivity, respectively.

The variables are nondimensionalized in the following
manner:

(x,y) = (x*,y*)/A09 (u,v) = (u*,v*)A0/a0

where a. is the thermal diffusivity

T=(T*-T0)/(TH-TC), « = 0V0o

Variables with an asterisk superscript denote dimensional
quantities, and those with a zero subscript denote reference
quantities. </> stands for p, /x, g, cp, and k.

The Grashof and Prandtl numbers are defined by using
the reference quantities as

(5)

(6)

where (3 is the volumetric thermal expansion coefficient.
Parameter e is defined as

0.2<e<2.0. Solutions were also obtained by invoking the
Boussinesq approximation, for which the parameter e does
not appear explicitly in the formulation. Two different
values for the cold element length and position were con-
sidered: B = 2 with #=2, and B = 5 with H=0 (isothermal
left side wall) where the length parameters are normalized
with the heater length (A0). The heater length was chosen to
be one-fifth of the enclosure length. The temperature of the
cold section (Tc) was maintained at 300 K, at which value all
the reference fluid properties were evaluated. The highest
values of TH considered is thus 900 K. The reference
pressure (pQ) was 1 atm.

Changes in the overall structures of the temperature and
flowfields at the reference Gr.Pr of 104 are shown in Figs. 2a
and 2b. Variable property effects are displayed for e values
of 1 and 2. Results obtained by the Boussinesq approxima-
tion (for the same Grashof number) are also shown in the
same figure. The stream function ¥ was computed from con-
verged velocity fields. The location of the isotherm T=0.4 is
seen to be pushed down toward the bottom as the value of e
decreases. This indicates that the strength of convection is
decreased with increasing values of e due to reduced
buoyancy force take off, for a fixed value of the Grashof
number. A unicellular flow pattern develops within the
enclosure, and as shown in Fig. 2b, the same effect is
displayed by the shift of the vortex center (indicted with +)
toward the center of the enclosure with increasing values of
e. A decrease in the intensity of the flow is also evidenced by
the broadening of the distance between the streamlines with

e=(TH-Tc)/T0 (7)

The cold wall temperature was considered here as the
reference temperature.

The density variation is computed from the simple ideal
gas law whose nondimensional form is expressed as
p=p/(eT+l). For the viscosity and thermal conductivity,
the Sutherland formula11 is used: $=s(eT+ l)l-5/(eT+s)
where </> stands for \i and k. s is the normalized Sutherland
constant that can be expressed for air as s= 1 + 1.47(7^/7^),
and Tbp is the boiling point temperature (78 K for air at 1
atm). The specific heat is assumed constant in the present in-
vestigation. From the observation of the foregoing governing
equation system, it is seen that the parameter e that
represents the magnitude of the buoyancy force also
measures the strength of the fluid property variation.

The boundary conditions are stated as follows: u = v = Q at
all solid surfaces, T= 1 at the heater on the bottom wall
(G<#<G + ̂ 4 withj> = 0), 7=0 at the cooling element on the
left side wall (x = 0 with H<y<H+B), and dT/dn = Q
everywhere else on the surfaces, where n denotes the coor-
dinate normal to the wall.

Solution Method
The governing equations (1-4) are transformed into a

control-volume based, finite-difference equation set. The
convection-diffusion terms are discretized by a hybrid
scheme.12 A modified SIMPLE algorithm is used to obtain
the steady-state solutions. The present solution procedure
differs from the standard method described in Ref. 12. The
strongly implicit scheme (SIP) of Stone13 is used as the
algebraic equation solver instead of the line-by-line scheme
based on TDMA. The computations are terminated when the
change of all the dependent variables satisfies a specified
convergence criterion. The finite-difference mesh system con-
sists of uniformly distributed 42x42 grid points.

Results and Discussion
The computations were carried out for the following

parameter ranges: 103< Gr.Pr < 105 with Pr = 0.708 and

a)

b)

Fig. 2 Comparison of a) isotherms and b) streamlines at
Gr.Pr = 104 for various strengths of the property variation (——,
e = 2; — - —, e = l, ————, Boussinesq approximation;
B = H=2).
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Table 1 Maximum absolute values of the stream function
and the location where they occur (B = H=2)

Gr.Pr (x,y)
104

104

104

104

105

105

105

BAa

0.2
1
2

BA
1
2

0.241
0.234
0.220
0.183

0.148
0.125
0.114

(3.22, 3.15)
(3.08, 3.04)
(2.73, 2.53)
(2.47, 2.27)

(3.08, 3.39)
(2.97, 3.30)
(2.73, 3.02)

aBA = Boussinesq approximation.

increasing values of e. When an entirely cold side wall (B = 5,
H=0) is considered (results not shown), little change is seen
in the field structure except for local deviations in the region
near the cold wall, compared to cases with the shorter cool-
ing element (B = H=2).

Table 1 shows maximum absolute values of the stream
function and their location over the entire range of the
parameters investigated (Gr.Pr and e). The intensity of the
flow indicated by l^lmax is seen to decrease as e increases
for any given Gr.Pr. The shift of the location of the vortex
center toward the left lower corner of the cavity accompanies
this change. These values also indicate that only a slight in-
crease in the intensity of the flow occurs even when the size
of the cooling element is more than doubled.

Conclusions
For the range of the density difference parameter e ( <2.0)

investigated, the intensity of convection was found to be
reduced as e increased. This change appears as the thermal
and velocity boundary layers thicken on the enclosure sur-
faces and the maximum values of the stream function
decreases and shift their location toward the cavity center.
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Nomenclature
A = temperature gradient at the tube wall
Cf = constants
K = nondimensional pressure gradient, Eq. (2)
L = length of the vapor slug
Ma =Marangoni number V00R2/a

P, p = pressure, dimensional and nondimensional
Rl = radius of the slug
R2 = radius of the tube
t = time
T = temperature
V, v = axial velocity, dimensional and nondimensional
KO, = terminal velocity of the slug
Z, z = axial coordinate, dimensional and nondimensional
a = thermal diffusivity
jit = dynamic viscosity of the liquid
a = surface tension
OT =da/dT
<j> = dimensionless temperature

Introduction

I N a zero gravity environment, the liquid motion and
migration velocities of bubbles and drops in the absence of

imposed forced flow will principally be determined by the
surface-tension gradient at the interface. The surface-tension
gradient may be induced either by a temperature or concentra-
tion gradient. The steady thermocapillary motion of bubbles
placed in an infinite medium with a linear temperature
gradient has been investigated extensively. Young et al.1
obtained an expression for the terminal velocity of the
migration of a bubble, neglecting inertia and the convection of
energy. The subsequent studies have relaxed some of the
assumptions in Ref. 1. A comprehensive review of the
thermocapillary migration of bubbles is given by Thompson.2

Balasubramaniam and Chai3 recently reconsidered the prob-
lem and obtained an exact solution of the thermocapillary
motion of droplets for small Marangoni numbers, but
arbitrary Reynolds numbers.
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