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Abstract-Typically for single component fluids, the variation of thermophysical properties is negligible 
except in the presence of large temperature differences, and, therefore, has no appreciable effect on the 
heat transfer. In contradistinction, thermophysical properties can vary significantly due to concentration 
differences which affect the heat and mass transfer. This work examines the effects of thermophysical 
property variation on the heat and mass transfer in a cavity due to natural convection driven by combined 
thermal and soiutal buoyancy forces. Results indicate that ~e~ophysic~ property variations can appre- 

ciably infiuence heat and mass transfer and velocity distribution. 

INTRODUCTION 

FEW SYSTEMS in nature exist as a pure, single compon- 
ent, but more importantly, advanced technological 
and industrial processes involve multicomponent flu- 
ids, Some of the applications include building tech- 
nology, crystal growth by physical or chemical vapor 
deposition, vapor deposition of thin films, drying pro- 
cesses and geophysical problems. The range of Gras- 
hof number varies significantly among these apph- 
cations (e.g. Gr x 1 x 10*-l x lo4 for crystal growth 
and 1 x lOI* < Gr cc 1 x lOI for certain geophysical 
applications). Much of the work in the past has been 
concerned with natural convection in single com- 
ponent fluids, and some current reviews are available 
[I-S]. More specifically, Ostrach [6] has reviewed 
natural convection work due to combined driving for- 
ces and indicates inadequacies and areas where further 
research would be beneficial. A greater portion of the 
review of existing work dealt with free convection 
from vertical surfaces. Discussion of internal flows 
in enclosures concerned fluids with a large Prandtl 
number (liquids) and no mention was made of studies 
with gases as the working fluid. Because crystal 
growth from the vapor is a major application of natu- 
ral convection in binary gases, some reviews have been 
reported [7-121. These articles point out the difficulties 
in obtaining both analytical and experimental results 
of the complex process of natural convection due to 
combined driving forces. Furthermore, it is made clear 
that there are large gaps in the existing knowledge. 
The more pertinent, recent literature concerning natu- 
ral convection of binary gases in enclosures is reviewed 
below. 

Rosenberger and co-workers [13-l 63 numerically 
simulated diffusive physical vapor transport in two 
dimensions. Furthermore, the possibility of different 
orientations of the enclosure with respect to the grav- 
ity vector was examined. The Schmidt and PrandtI 

numbers were shown to have a significant influence 
on the transport of the crystal component. Some 
assumptions were made which limit the scope of the 
results. More recently, Ranganathan and Viskanta 
[17] have performed an analytical-numerical study 
examining natural convection with constant ther- 
mophysical properties due to combined driving forces 
which presents numerical results from a parametric 
study. 

Trevisan and Bejan [18] considered flow in a cavity 
which lies in the boundary layer regime. An Oseen- 
linearized solution is reported for Le = 1.0. A simi- 
larity solution is also described which removes the 
restriction of Le = 1 .O from the analysis. Confidence 
in the analytical solution is gained by nume~cally 
solving the equations using the control volume 
approach of Patankar [19]. Consideration of the 
boundary layer regime limits the scope of the ana- 
lytical results. Lai and Ramsey [20] investigated 
specifically the transport of water vapor and air in a 
cavity. A combined Grashof number (weighted sum 
of solutal and thermal Grashof numbers) was used to 
show the influence of the thermal and solutal gradients 
on the flow structure in the cavity and Nusselt 
number. Furthermore, Wee et al. [21] investigated the 
heat and moisture transfer by natural convection in a 
rectangular cavity with regards to the application of 
heat and mass transfer in building cavities. Some 
experiments were performed to measure the average 
Sherwood and Nusselt numbers which agreed well 
with numerical predictions. 

AS recently as 1980, in a critical review of natural 
convection with combined driving forces Ostrach [6] 
cites no work performed with binary gases in a cavity. 
Earlier numerical work which addressed this problem 
made assumptions such as the species and/or tem- 
perature distribution, the solutal buoyancy effect or 
species interdiffusion, Soret and Dufour effects were 
neghgible, Therefore, the actual problem solved only 
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NOMENCLATURE 

A, L/ff t:, reference velocity, (v/N) GP ’ 
c,, specific heat at constant pressure of .Y, -7 Cartesian coordinate directed along the 

binary mixture length and height of the test cell. 

c; specific heat ratio, <;,/c,,, respectively. 

Cr T,.i( r,, - T, ) 
C. 
0;” 

(I --ill< ).1(f’,,, -w< ) Greek symbols 
binary mass diffusion coefficient thermal diffusivity, k,/,~c;, 

DXH binary mass diffusion coefficient ratio, ;<. sotutal coeflicient of vofumetric 

D,,:D,,, expansion 
Gr Crashof number, s[&( 7’,, - T,fNi\!’ ii, thermaf coefficient of volumetric 
h enthalpy or heat transfer convection expansion 

coefficient 
y ; 
5.5 dimensionless 2(:/N) and X(X/H) 

h 
f; 

mass transfer convection coefficient direction, respectively 
~CSI cavity height 0 dimensionless temperature. 

k thermal conductivity of binary mixture (T- T,.)i(7-1,-T,,) 
k” thermal conductivity ratio, k/k, i dimensionless enthalpy. 
L test cavity length (Ir - Iz,,)/(h, -h,.) 
LCJ Lewis number, x,/DqH, II dynamic viscosity of binary mixture 
M molecular weight /t* dynamic viscosity ratio, /c/~c~ 
IV* molecular weight ratio, M,/M, \’ kinematic viscosity of binary mixture, 
N buoyancy parameter, f4’P 

fi,(r~, -wC.)/#&(TH - T,.) I“ density of binary mixture 
N* buoyancy parameter, P* density ratio, p/p, 

(Pi - I)ll)i[PrB1.(TH -- Tr)l 4 normalized mass fraction 
Nu Nusselt number ((?/>\ - WC~)/(W, - OI( ) 
P dimensionless pressure. P,,/p,UI (0 mass fraction 
Pr Prandtl number. Y, Is, (iI*, iif‘. tmss fraction of species A at the hot 

cf heat flux wall and at the cold wall. respectively 

;:. 

dimensionless heat flux, qH/k,AT AW, concentration difference across the 
advected energy flux cavity. o,, - CO<.. 

Qd energy flux due to diffusion 
R universal gas constant Subscripts 
Ra Rayleigh number, Gr Pr A species A 
Sc Schmidt number. v,:I>,~,,, I3 species B 

SI? Sherwood number c cold wall 

T tcmperaturc H hot wall 

AT tcmperaturc difference across the cavity, r reference value, evaluated at (T,, + T, ),‘2 

r,, -- T, and (Q + m,-):‘2 

II, 11 dimensionless velocity in the c-direction w wali 
(C/i U,) and i-direction ( W/U,), 

* 
< in the <-direction 

respectively ? in the <-direction. 

-- ___I-___~ 

revealed a part of the physics involved. Further work ANALYSIS 

is required in several areas. The influence of variable 
thermophysical properties and the contributions of Gowmin,g ryuutims 

the Soret and Dufour effects and interdiffusion of. Consider a rectangular enclosure as shown in Fig. 

species needs further detailed examination. Also, the 1:A mass flux into the enclosure occurs at the hot 

effect of radiative heat transfer across the cavity (par- end wall due to either the subhmdtion of a solid or 

ticipating and non-participating media), different cav- evaporation of a liquid (species A). An inert carrier 

ity orientations with respect to the gravity vector and gas (species B) which is not soluble in species A (solid 

three-dimensional effects have not been fully deter- or liquid) is present in the enclosure. Condensation of 

mined. This work addresses variable thermophysical species A occurs at the opposite cold end wall. In this 

property effects on the natural convection in binary manner, natural convection is driven by thermal and 

gases with simultaneous heat and mass transfer across solutal gradients across the cavity. In the system 

a cavity. described, there are no chemical reactions, heat gen- 
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zy& ,,,,,,,,,,, ,x 
Adiabatic 8 Impermeable 

FIG. 1. Mathematical model for natural convection in binary 
gases with horizontal temperature and solutal gradients. 

eration or heat dissipation, and the system is at steady 
state. The fluid motion is assumed laminar and radi- 

ative heat transfer in the cavity is neglected [22]. The 
resulting conservation equations of mass, momentum, 
energy and species, with variable properties [23] are 
given in dimensionless form as follows : 

continuity 

gp*uj+ $(p*w) = 0; 

<-momentum 

a aw 
+z P*z ( >I ; (2) 

[-momentum 

energy 

species A 

+ ; (P*DL,$)]. (5) 

For ideal gases, dh = cP dT. Taking the total deriva- 

tive and rearranging yields - kVT = - (k/c,)Vh from 
Fourier’s law. This substitution was used in the energy 

equation (equation (4)) such that the equation was in 
terms of the enthalpy only. 

The dimensionless boundary conditions on en- 

thalpy are 

0, i) = 1, r(& 5) = 0 (6) 

g=O at [=O and 1. 

The boundary conditions for species A are 

&O,l) = 1, &A,, i) = 0 

34 

(7) 

(8) 

ai=O at <=O and 1. (9) 

The velocity boundary conditions at the impermeable 
walls are written in terms of dimensionless variables 

as 

w(O,i) = W(Ag, 5) = u(5,O) = w(5,O) 

= U(& 1) = w(& 1) = 0. (10) 

At the endwalls where heat and mass are transported, 
the normal velocities are determined by a mass bal- 
ance at the surface and are 

u(O,i) = (11) 

u&,0 = L c-, p* &‘,’ JA5t:=.+~ (12) 

These normal velocities are not known a priori. 

Dimensionless transport parameters 
The Nusselt number is defined as 

(13) 

which is the total heat flux over the heat flux due to 
heat conduction alone across the cavity. For clarity, 
the dimensionless diffusive energy flux will be denoted by 

(3) 
ae 

Qd = -k* g wa,,. (14) 

Rewriting equation (14) in terms of the conserved 

(4) 

property (enthalpy) yields 

Qd=_;kk$ (15) 
P H c wall 

When natural convection is absent, Qd is equal to 
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unity. Hence, Qd illustrates the increased heat transfer 
(temperature or enthalpy gradient) at the wall due to 
natural convection effects. With a mass flux at the 
surface, energy is transported at the surface by advec- 
tion of fluid into or out of the cavity. Therefore, the 
total energy transferred at the wall includes con- 

tributions from diffusion and advcction. Hence, the 
Nusselt number is defined as 

or Nu = (&+Q,) where Q;, is the dimensionless 
energy flux due to advection. 

Similarly, the Sherwood number at the wall is the 
mass transfer over the mass transfer due to only 
diffusion in the cavity. In the absence of natural 

convection, the concentration field is diffusion 
dominated, and the Sherwood number is equal to 
unity. Hence. the Sherwood number illustrates the 
increased mass transfer (concentration gradient) at 
the wall due to natural convection effects 

If no mass transfer occurs at the wall, the Sherwood 
number vanishes (the concentration gradient would 

be zero). 

Method qf’solution 

The methodology used to solve equations (l))(5) 
and the associated boundary conditions is based on 
the implicit, control volume, finite difference tech- 
nique SIMPLER [19]. A non-uniform grid was 
employed for the finite-difference mesh. The nodes are 

closely spaced at the walls. The small control volume 
at the wall results in the four velocities at the control 
surfaces being the same order of magnitude. Hence, a 
better estimate of the velocity, temperature and con- 
centration gradients is achieved which promotes over- 
all energy and mass balances. A specified thickness of 
L at the vertical walls (or H for the horizontal walls) 
was divided into control volumes using a linear 
weighted average of a power law and linear spacing 
of the control volume surfaces. 

A few other remarks need to be made regarding the 
numerical solution of the problem. Since species B is 
noncondensable, the enthalpy of the gas leaving and 
entering the cavity is that of species A only and not 
the mixture enthalpy which is the property conserved 
through the energy equation. The solution is taken to 
be converged when overall energy and mass balances 
are achieved (not more than 3% difference between 
hot and cold wall values), and the dependent field 
variables are not changing between consecutive iter- 
ations. In order to obtain an energy balance for the 

variable property cases, the energy balance was made 
in terms of the enthalpy, since it was the conserved 
dependent variable (not temperature). The tem- 
perature is determined in the following manner. The 

cnthalpy at temperature T is evaluated from 

(the enthalpy at 0 K is arbitrarily taken as zero). Since 
cp is a function of temperature only (for an ideal gas). 
equation (18) can be rearranged after integration to 
solve for the temperature. This results in an implicit 

equation for the temperature (temperature is on both 
sides of the equation), and therefore must be solved 
iteratively. 

Vulidation of’ numerical methodology 

To gain confidence in the methodology, the com- 
puter program was used to solve for single component 
natural convection in a square cavity. The predictions 

based on the computer program used in this work 
were compared with the benchmark solution of de 

Vahl Davis [24]. Agreement between the benchmark 
solution and the values predicted from the program 
used in this work for u,,,, n,,,. NM,, and N~rr,~~~,~ is 
within 3% for a Rayleigh number of 1 x 10”. I x IO’ 
and I x 10h. A non-uniform grid of 60 x 60 was used with 
the SIMPLER algorithm [19] for this comparison. 

The grid independence of the results obtained using 
a finite-difference method of solution is of concern. 
The ,r-velocity, temperature and concentration 
distributions at [ = 0.5 were compared for natural 
convection in a binary gas (Gr = I x 10’. N” = 
- I .209, Pr = SC = 1, M* = 5, AU, = 0.3, ~1)~ = 0. 
C,, = 3.33, AT = 37.7 and C, = 7.5) using grids of 
35 x 35, 45 x45 and 55 x 55 nodes. There is little 
difference in any of the dependent variable distri- 
butions. The number of nodes in the portion of the 
grid at the wall where the spacing is nonuniform 

(smaller mesh spacing) is 8, 11 and I3 for a 35 x 35, 
45 x 45 and 55 x 55 mesh size, respectively. For all 
three grid sizes, the portion of the mesh containing 
the non-uniformly spaced nodes is 0.125H (or 
0.125L) The values used to begin the iterative solution 
procedure for the two smaller grids were interpolated 
from the solution obtained using the 55 x 55 node 
mesh. The larger number of nodes is helpful in obtain- 
ing a converged solution when the dimensionless par- 
ameters are changed, because the estimate of the depen- 
dent variable gradients is better. The 55 x 55 node 
finite-difference grid is used throughout the remainder 
of the numerical work. Further details can be found 

elsewhere 1251. 

RESULTS AND DISCUSSION 

Buoyancy parameter 

Invoking the Boussinesq approximation yields the 
buoyancy parameter, N, which is defined as [6] 
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where 

l-M* 
= 

o&l-M*)+M*’ (20) 

The ideal gas equation of state is assumed to be valid 

to obtain equation (20), and T, is in absolute tem- 
perature. Note that if M* = 1 or Aw, = 0, N = 0 and 
the buoyancy force due to solutal gradients vanishes. 

The variation of N with M* and Aw, is shown in 
Fig. 2. The concentration difference across the cavity, 
Aw,, varies from 0 to 1. The solutal and thermal 
buoyancy forces are augmenting for N > 0 and oppos- 
ing for N < 0. For constant M*, INI increases as Am, 
increases, but the variation is not linear. The increase 
of (N] with Am, is less for M* < 1 and greater for 
M* > 1 compared to a linear variation. Therefore, 
increasing the amount of species A present in the 
cavity (due to AwA becoming larger) results in the 
solutal body force augmenting the thermal body force 
at a decreasing rate, since n/r, < MB (M* < 1). Con- 
versely, when MA > MB (M* > l), increasing the 
amount of species A present results in the solutal body 
force opposing the thermal body force at an increasing 
rate. 

Without making the Boussinesq approximation, 
the body force can be rearranged to yield the buoy- 
ancy parameter as given in equation (3) 

N 

N* = PC -pH 
P,PTAT 

Id 

0.5 

0.75 

Au, 

-14J 

FIG. 2. Variation of buoyancy parameter N (assuming the 
Boussinesq approximation) with the molecular weight ratio 

and concentration difference across the cavity. 

(21) 

where pr is the reference density evaluated at the ref- 
erence temperature and concentration (average of hot 
and cold wall values of temperature and con- 
centration). The reference density is not equal to 
( pc + p,)/2. Since PTA T is always positive, the sign of 
N* is manifested through ( pc-pH). For flow down 
along the hot wall (opposing buoyancy forces) 
pH > pc and N* is negative. Note that if AwA = 0 or 
M* = 1, equation (21) reduces to 

N* = (0.5+C# 

(CT + G) 
(22) 

which is approximately equal to one (except for small 
values of C,) and is a function of temperature only 
(buoyancy effects due to solutal differences vanish). 
For AmA = 0 or M* = 1, as C, becomes large (AT 
becomes small), N* = 1, and temperature variations 
do not affect N*. The variation of N* is similar to 
that for N, but is much more ncr,linear. Furthermore, 
all values of N* > 1 denote that the thermal and 
solutal buoyancy forces augment one another, and for 
N* < 1 the two buoyancy forces oppose each other. 
If N* = 0, the total body force vanishes independent 
of the Prandtl and Schmidt number (in contra- 
distinction to the constant property case with 
N= -1). 

Variable thermophysicalproperty effects 
The large number of parameters involved in this 

study (MA, MB, pure component thermophysical 
property variation with temperature for species A and 
B and the variation of thermophysical properties with 
concentration) result in an analysis which is hard to 
generalize. Different species were chosen to model 
pure component property ratios as being more rep- 
resentative of a physical system. The intent of this 
work is to show typical results of thermophysical 
property variations for specific binary mixtures rather 
than to consider many cases illustrating the effects of 
a particular property. The authors believe that it is 
inappropriate to isolate a single thermophysical prop- 
erty and account for its variation while maintaining 
the remaining properties constant. Therefore, the 
thermophysical properties of argon, nitrogen and 
ethanol were used in this parametric study. The prop- 
erties are well defined and future experiments could 
easily use these gases. 

The thermophysical property variations designated 
by 1,2 and 3 are those of ethanol, nitrogen and argon, 
respectively [2628], except for the specific heat 
of ethanol. The specific heat of gas 1 is given 
by c, = A+BT+CT2+DT3, where A = 0.131122, 
B = 9.18566E-04, C = -2.35957E-07 and D = 
-7.19165E-11 with Tin K and cp in cal gg’ K-’ 
[27]. This anomaly occurs because two newer 
references [29, 301 for the specific heat of ethanol 
which are consistent (found after the parametric study 
was completed) gave significantly different values of 
cp from that used for gas 1. This anomaly is of little 
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consequence, since the parametric study is intended 
to show trends and not to represent any particular 

material characteristic. Furthermore. the fact that the 

thermophysical property variations are used for a par- 

ticular temperature range is not restrictive. Since the 
thermophysical properties are given as dimensionless 
ratios, the results are indicative of any temperature 
range over which the properties would vary in the 
manner given. In addition, the values of the thermo- 
physical properties are not used since the equations 
are expressed in terms of the dimensionless property 

ratios. Even the term (hH - h,)/c,,( T,, - Tc) contains 
a specific heat ratio implicitly. Mixture properties are 
determined using the Gibbs-Dalton law for idea1 

gases [31] and the Chapman-Enskog theory [23] for 
mixtures of gases at low density. 

The base case Iv is denoted by Gr = 1 x lo’, 
Sc = Pr = 1.0. N* = - 1.209, M* = 5.0, Aw, = 0.3, 

~r>~ = 0.0, AT = 37.7 K and T, = 283.15 K. Lower 
case v and c refer to variable and constant ther- 
mophysical property cases, respectively. Table 1 lists 
the parameters of the cases examined in this study. 
The values of N*, Am,&, M*, wAC and C,, are con- 
sistent with equation (21). In other words, equation 
(21) equates N* to a function of Aw, which makes it 
more convenient to select integer values of Aw, and 
use the resulting non-integer value of N* [25]. In some 
instances, more than one parameter must bc changed 

to maintain consistency. For example, changing AU), 
affects both N* and C’,,. Tables 2 and 3 list, rcspec- 
tively, the hot and cold wall average values of the 
mass flux (p*u). Nusselt number (Nu), energy flux 
due to advection and diffusion (Q., and Qd) and the 
Sherwood number (S/z). For example, the average of 

any parameter, a,, is defined as 

The integral is evaluated numerically. 
Base case. The results for the base case (case Iv) 

are given in Fig. 3 as contour plots of the streamlines, 
temperature, mixture thermal conductivity and mix- 
ture density. lsolines of the thermophysical properties 
are given as a representative example of thermo- 
physical property variation. The concentration 

refers to the mass fraction of species A which will be 
used consistently. The velocity, enthalpy, temperature 
and thermophysical properties are those of the mix- 
ture. Since N* is negative. the solutal buoyancy force 
dominates and opposes the thermal buoyancy force. 
Hence, flow is down along the hot wall and up along 
the cold wall as anticipated. The mass transfer at the 
hot and cold walls introduces an appreciable mass 
flow into the cavity as seen from the streamlines of 
Fig. 3(a). This results in a blowing and suction effect 
on the velocity, temperature and concentration gradi- 
ents at the hot and cold wall, respectively. The ther- 
mophysical property variation across the cavity is sig- 
nificant and is due mainly to the concentration 

gradient. For example, the thermal conductivity 
increases with temperature for a pure gas. but the 
mixture thermal conductivity is largest at the cold 
wall, because k, is smaller than k,, (in this case). and 

the mass fraction of species A decreases from the hot 
to the cold wall. 

The local heat and mass transfer at the hot and cold 
walls for case Iv is shown in Fig. 4. The distribution 
of advective energy flux at the hot wall is identical (in 

shape, not magnitude) to the u-velocity distribution 
at the wall since p and h, are constant at the hot wall 
where mass enters the cavity. At the cold wall, /J and 
hA leaving the cavity are nearly constant such that the 
distribution of Qac (where subscript C denotes a value 
with respect to the cold wall) is practically rep- 
resentative of the u-velocity distribution at the wall. 

The energy and mass fluxes at the hot and cold walls 
are largest at the top and bottom of the cavity, rcspec- 
tively, due to the reversed flow (as compared to natu- 
ral convection in a single component fluid). The tem- 
perature and mass fraction gradients are largest where 
the horizontal flow impinges upon the hot or cold 

wall. The advected energy flux is the greater portion 
of the total energy flux at both vertical walls, but is :t 
smaller fraction of the total at the cold wall (as com- 

pared to the hot wall) due to the variation of ther- 
mophysical properties. The average mass flux at the 
hot wall is equal to the average mass flux out at the 

cold wall, but h,,, > 11~~. 

Further insight into the effect of variable properties 
on the flow and heat and mass transfer can be gained 
by comparing the results with those obtained by 
assuming constant thermophysical propertics. Direct 
cotnparison is not possible because of the ditfercnt 
body force terms. A reasonable comparison can be 
made if an averaged value of N is used in the constant 
thermophysical property case. A value of N is detcr- 
mined at the hot and cold wall. The average of these 
two values results in N = N* - 1 for comparison of 
results for constant and variable thcrmophysical 

property cases. 
For constant thermophysical properties with 

PI = 5 = 1, the temperature and concentration fields 
are identical, and the diffusive energy and mass fluxes 
at the wall are the same. There are noticeable differ- 

ences in the contours of streamlines, temperature and 
concentration between the results for constant and 
variable properties, but surprisingly there is littlc 
difference between the local Sherwood (Sh) and Nus- 
selt (Nu) numbers for constant and variable property 
cases at either the hot or cold walls. This is due to 
the property variations. The mass flux at the walls 
increased slightly, but h, is less than c,,,T (constant 
property case) at the cold wall such that Qi, for cast 
Iv increases and decreases at the hot and cold wall, 
respectively. as compared to case lc (Tables 2 and 3). 
Also, the enthalpy gradient is decreased and increased 
at the hot and cold wall, respectively, due partially to 
the increase in mass flux at the walls. Considering 
diffusion heat transfer alone with (k*/cF)), < (k*/$)< 1 
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m - 

Table 2. Summary of the average mass flux, Nusselt number, 
energy flux due to advection and diffusion and Sherwood 

number at the hot wall 

Case p*ux 10’ Nu Q, Qd sh 

IV 5.61 18.58 15.12 3.46 4.14 

4V 5.54 25.19 24.56 0.63 4.09 
5v 5.59 14.73 10.27 4.46 4.13 

9v 4.38 11.25 8.53 2.72 3.23 
1ov 8.12 24.32 21.35 2.97 3.85 
Ilv 8.32 24.11 20.39 3.72 4.39 

IC 5.38 18.42 14.45 3.97 3.97 
2c 5.48 18.80 14.74 4.05 4.04 

Table 3. Summary of the average mass flux, Nusselt number, 
energy flux due to advection and diffusion and Sherwood 

number at the cold wall 

Case p*ux lo3 Nu & Qd s12 

Iv 5.53 18.57 12.42 6.15 5.83 

4v 5.54 25.03 20.43 4.61 5.84 
5V 5.60 14.64 9.07 5.56 5.90 

9v 4.34 11.35 6.50 4.84 4.60 
1oV 8.01 24.21 17.54 6.67 6.33 
IlV 8.22 23.93 16.76 7.17 6.93 

IC 5.40 18.51 12.81 5.69 5.69 
2c 5.50 18.85 13.07 5.78 5.80 

the enthalpy gradient increases and decreases at the 
hot and cold wall, respectively (maintaining a con- 
stant diffusive heat flux). But the larger enthalpy 
gradient at the hot wall, for example, is multiplied 
by a smaller diffusion coefficient, which results in a 
smaller change in the diffusive heat flux. The resulting 
effect of increased advective and decreased diffusive 
energy fluxes is a slight increase in NuH. The Sherwood 
number increased at both walls since the circulation 
in the cavity intensified, which increased the con- 
centration gradient. Case 2c is the same as case lc, 
except the buoyancy term is defined using the density 
(the Boussinesq approximation is not made). In other 
words, the buoyancy term is the same as that for 
the variable properties case. The diffusive energy and 
mass fluxes at both walls have increased due to the 
increased circulation in the cavity. In particular, com- 
parison of case Iv with case 2c in Tables 2 and 3 
illustrates that the decrease in the diffusion coefficient 
decreases the diffusive energy flux at the hot wall. 

An interesting result owing to the variation of prop- 
erties with temperature and concentration is that the 
recirculation cells have shifted more to the lower half 
of the cavity for the variable properties case (Fig. 
3(a)). Correspondingly, the streamlines are closer 
together (which implies the mass flux is higher 
since the flow, p*u, between any two streamlines 
is constant). Figure 5 illustrates the velocity dis- 
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FIG. 3. Streamhue contours (a) for the base case Iv (Gr = 1 x lOi, SC = Pr = I .O, N* = - 1.209, M* = 5.0. 
ACUA = 0.3, WC = 0.0, AT = 37.7 K and Tc = 283.15 K) and isolines ofthe temperature (b), mixture thermal 

cpnductivity (c) and mixture density (d). 

tributions for cases Iv and lc at the centerline 
(5 = 0.5) and midheight (5 = 0.5). The maximum vel- 
ocities for the variable property case are : u = 0.152 
and -0.092, w = 0.255 and -0.255; for the constant 
property case, they are : u = 0.118 and -0.111. 
w = 0.242 and - 0.254. 

- Nu, 
. . . . . . . . 

&a 
_______ Q 

The ~-momentunl is a balance between inertia and 
viscous forces, with the <-momentum additionally 
influenced by the buoyancy force. Furthermore. 
continuity of mass must be satisfied. The u-velocity 
distribution exemplifies the combined effects of 
conserving mass and momentum. For constant prop- 

FG. 4. Variation of the Nusselt number, energy flux due ta advection and diffusion and Sherwood number 
(basecase Iv: Gr = 1 x lo’, SC = Pr = 1.0, N* = -1.209, M* = 5, Aw,~ = 0.3, wc = 0, AT= 37.7 K and 

T,- = 283. t 5 K) at the hot wall (a) and cold wail (b). 
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FIG. 5. Comparison of velocity distributions from the base 
case Iv (Gr = 1 x 105. N* = -1.209. Pr = Sc = 1.0. 
M* = 5, A;, = 0.3, wc = 0, AT = 37.7 Jk and T, = 283.15 
K) and case lc (constant properties: Gr = 1 x 105, 
Pr = SC = 1.0 and N = -2.209) of the u-velocity at c = 0.5 

(a) and of the w-velocity at 4’ = 0.5 (b). 

erties, the flow in the positive <-direction takes place 
over more than half the cavity. This occurs because 
mass is added and removed at the hot and cold wall, 
respectively. Mass addition at constant density must 
increase either the velocity or the area across which 
the fluid passes to maintain continuity of mass (the 
maximum positive u-velocity is only slightly larger 
than the maximum negative u-velocity). In contrast 
for variable properties, the flow in the positive t- 
direction occurs over less than half of the cavity. Note 
that pH > pc and pH < tic. Fluid at the hot and cold 
walls is advected (in this case) along the bottom and 
top walls, respectively. The thermophysical properties 
are functions of the local temperature and mass frac- 
tion of the fluid. For constant shear at the wall, 
decreasing p increases u (assuming everything else 
remains the same). Therefore, 1~1 is greater at the 
bottom wall than at the top. Combined with the den- 

sity being larger at the bottom connecting wall than 
at the top, the area across which the fluid passes in 
the positive t-direction is smaller than that of the flow 
area in the negative t-direction. 

The w-velocity distributions for the constant and 
variable property cases are very similar. The velocity 
distributions in the core of the cavity are different since 
the circulation is greater for case Iv. The addition 
and removal of mass at the walls accounts for the 
difference in the peak velocities for the constant prop- 
erty case. There are three effects which can be attri- 
buted to the similarity between the variable and con- 
stant property cases. For example, consider the cold 
wall. First, pc > pA. This results in the velocity gradi- 
ent at the cold wall being smaller as compared to case 
lc (for constant shear). Secondly, since the mass flux 
increased, the suction effect on the boundary layer at 
the cold wall increases. This increases the velocity 
gradient at the cold wall. Finally, (~~--~)/(p~ -pc) 
is less than 0.5. Therefore, the buoyancy force at the 
cold wall has decreased as compared to the constant 
property case. The second effect opposes the first and 
third. 

From these arguments, the velocity, temperature 
and concentration gradients at the wall result from 
the interaction of advective and diffusive forces, ther- 
mophysical property variation with temperature and 
concentration, and the mass flux at the walls (when the 
normal velocity at the wall is appreciable). Typically, a 
change in one dependent variable is accompanied by 
the alteration of another variable which may augment 
or oppose the influence of the first. 

Effects of thermophysical property differences 
between components. The effects of variable ther- 
mophysical properties are further investigated in cases 
4v and 5v. For case 4v, species B is represented by gas 

3 (argon, cPs and k, decrease and pB increases as 
compared to the base case). The variation of the mix- 
ture specific heat has increased as compared to the 
base case along with the thermal conductivity vari- 
ation decreasing slightly. This results in the reduction 
of the diffusive energy flux (Tables 2 and 3). The 
relatively low value of QdH results from Q,, decreasing 
more at the hot wall andQ,, being less than Qdc 
(compare the decrease of Qdc and QdH from case Iv 
to case 4~). The total energy flux is increased, because 
the enthalpy of species A entering and leaving the 
cavity is larger (c,,/c,, increased) compared to the 
enthalpy of species B which results in Qa being larger 
(Fig. 6). This also results in a region of slightly nega- 
tive dimensionless temperature (not shown for the 
sake of brevity). The negative 6 signifies that the fluid 
temperature is smaller than the cold wall temperature. 
Only species A is removed from the cavity at the cold 
wall. Since species A carries the greater fraction of the 
energy content of the mixture as compared to the base 
case, the mixture enthalpy is reduced, although the 
concentration is nearly the same. With reduced 
enthalpy for nearly the same mass fraction, the 
temperature decreases. The maximum temperature 
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b) 
FIG. 6. Effect of different thermophysical properties (case 
4v: species A-ethanol, species B-argon) on the Nusselt 
number, energy flux due to advection and diffusion and 

Sherwood number at the hot wall (a) and cold wall (b). 

decrease below the wall temperature is 0.5 C (I .3% 
of AT). Accounting for the difference between the 
enthalpy of the fluid leaving or entering the cavity at 
the wall (as being that of species A only) and the 
mixture enthalpy is actually accounting for species 
interdiffusion, but only at the wall. In a companion 
paper [32] dealing with species interdiffusion and 
Soret and Dufour effects, the previously discussed 
effect is more pronounced. 

The thermophysical properties of species A and B 
for the base case are transposed for case Sv. In this 
situation, the variation due to temperature opposes 
that due to concentration for the specific heat (c,+ is 
constant and cPR increases with temperature in regions 
where wR decreases). As such, the variation of the 
specific heat of the mixture is about 30% of that of 
the base case. Moreover, the specific heat is greatest 
at the cold wall for case 5v. The thermal conductivity 
is greater at the hot wall in this case, with the mag- 
nitude of the variation across the cavity being similar 
to that for the base case. In contrast, the viscosity 

varies very little, although the viscosity is greatest at 

the hot wall. This is due to the characteristics of gases 
I and 2 [25]. Since the variation of c,, and k are reversed 
from the base case, the diffusive heat flux for case S\ 
has increased and decreased at the hot and cold walls. 
respectively (Tables 2 and 3). The advective cncrgy 

flux at both walls decreased because +;cPr decreased. 
Hence. the total energy (Nu) transfcrrcd at the walls 

is decreased. 
Do not confuse the ratios of the pure component 

thermophysical properties (e.g. k,,/h-,) with the \an- 
ation of the mixture thermophysical properties (or 
mixture property ratios, e.g. k;/kr) which depend on 
the concentration and temperature fields and vari- 
ation of pure component thermophysical properties. 
For cxamplc, assuming constant thermophysical 
properties for the mixture and reversing species A 

and B would result in a change of the average (or 
rcfcrence) mixture thcrmophysical properties which 
influence the PI. SC. and Ru only. However, reversing 

species A and B of a binary system with variable 
thermophysical properties (case 5,. for example) 

would result not only in the same change of reference 
mixture properties (change in KU, Pr and SC.). but 
also in the variation of the thcrmophysical properttcs 
across the cavity in the opposite direction (as com- 
pared to case Iv). This would result in the change of 
the tabulated values. since PI-. SC and Ra wcrc not 
changed. 

Velocity distributions for cases Iv, 4v and 5v arc 
shown in Fig. 7. In particular for cast 5v. the peak U- 
velocity has decreased as compared to the base case, 
because the viscosity is larger for cast Sv as compared 
to the base case. For constant shear at the wall. 
increased viscosity decreases the velocity. Since the 
velocity decreases, the area across which the fluid 
flows (in the positive [-direction) increases for a con- 
stant mass flow rate. For case 4v, the viscosity has 
decreased in the lower half of the cavity which 
increases the velocity (with everything else constant). 
Note. that the +vclocity at i = 0.5 is practically the 
same for all three cases. Since the buoyancy force and 
the mass flux at the walls for all three cases are nearly 
equal, the change in viscosity does not affect the vel- 
ocity distribution at the midheight of the hot and 
cold walls. Hence, the balance between inertia and 
buoyancy forces dominate the flow (although the vis- 

cous effects are not negligible). 
A comparison of the local Nusselt and Sherwood 

numbers (Fig. 8) for different thermophysical prop- 
crtics (cases Iv. 4v and 5v) indicates that the thcrmo- 
physical properties significantly influence the tem- 
perature gradients at the wall (as discussed), but affect 
the concentration gradients very little. The con- 
centration gradient is influenced by the density and 
mass ditfusion coefficient (which depends on the tem- 
perature). Since p* and O& are the same for cases Iv, 
4~ and 5v at the wall (oA and T are the same at the 
wall for all three cases), the Sherwood number is 

affected very little. 



Natural convection due to ho~zontal temperature and ~on~ntmtion gradients- I 

c Shli 
FIG. 7. Effect of different the~ophysi~ properties (base FIG. 8. E&ct of different ~e~ophys~~l properties (base 
case Iv : A+thanol, B-nitrogen ; case 4v : A-ethanol, B- case Iv : A-ethanol, B-nitrogen ; case 4v : A--ethanol, B- 
argon; case Sv: A-nitrogen, B--ethanol) on the u- argon ; case 5v : A-nitrogen, B*thanol) on the hot wall 

velocity at r = 0.5 (a) and w-velocity at c = 0.5 (b). Nusselt number (a) and Sherwood number (b). 

lZJ@ects of the temperature and concentration d@er- 
ence across the cavity. For case 9v, an increase of 
AT across the cavity reduces N* and decreases the 
circulation in the cavity (Fig. 9(b)). The greater tem- 
perature difference makes the temperature depen- 
dence of the properties more important. The specific 
heat (and mass diffusivity) varies more and the ther- 
mal conductivity, viscosity and density vary less as 
compared to the base case. The decreased thermal 
conductivity and increased specific heat reduce the 
diffusive energy flux at the wall. Moreover, the advec- 
tion at the wall is also reduced, since p*u decreased 
(Tables 2 and 3). Correspondingly, the local Nusselt 
and Sherwood numbers also decrease as shown in 
Fig. 10. 

Case 1Ov has the same N* as the base case but the 
molecular weight ratio and concentration difference 
across the cavity are different. Also, C, is different 
since do,, has become larger. Because C,, decreased, 
the velocity normal to the wall increased. This inten- 
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sifies the circulation in the cavity (Fig. 9(c)). The 
variation of the mixture specific heat, thermal con- 
ductivity and viscosity increased. In contrast, the den- 
sity changed little. This occurs because the decrease 
in M* is offset by the increase in AwA. An increase in 
the thermal conductivity and mass flux out of the 
cavity and a decrease in the specific heat enhance the 
temperature and concentration gradients at the cold 
wall. Conversely, an increase in the mass flux into the 
cavity and specific heat and a decrease in the thermal 
conductivity reduce the temperature and con- 
centration gradients at the hot wall. Hence, the aver- 
age Nusselt and Sherwood numbers increase at the 
cold wall and decrease at the hot wall as compared to 
the base case. 

Case llv has the same concentration difference 
across the cavity as the base case, but with w, = 0.2. 
This reduces C,, (increases the normal velocity at 
the hot and cold walls) and makes N* larger, which 
intensifies the circulation in the cavity (Fig. 9(d)). 
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FIG. 9. Comparison of streamline contours for different temperature and concentration differences across 
the cavity: (a) AT = 37.7 K, N* = - 1.209, Aw, = 0.3, (oc = 0.0, C,, = 3.33, M* = 5.0 (base case Iv). 
(b) AT= 56.6 K, N* = -0.514 (case 9v), (c) Aw, = 0.4, C,,, = 2.5, M* = 2.5 (case 10~) and (d) 

N* = - 1.721, co,- = 0.2, C,, = 2.67 (case 11~). 

Note the variation of the specific heat is nearly the for case 1 Iv. The dimensionless advective energy flux 
same as for the base case, because the mass fraction decreases since the enthalpy of species A at the vertical 
difference Aw, is the same. The absolute values of the walls is the same, but the mixture enthalpy has become 
specific heat for the two cases are different since spec- larger. The variation of the thermal conductivity is 
ies A contributes more to the mixture specific heat approximately the same, but the variation of the vis- 
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FIG. 10. Effect of the temperature and concentration difference across the cavity (base case Iv : AT = 37.7 
K,N* = -1.209,Ao, = 0.3,~~ = O.O,C,, = 3.33,M* = 5.0;case9v:AT= 56.6K,N* = -0.514;case 
10~: Aw, = 0.4, C,, = 2.5, M* = 2.5; case liv: N* = -1.721, oc = 0.2, C,, = 2.67) on the hot wall 

Nusselt number (a) and Sherwood number (b). 
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cosity is significantly greater as compared to the base 
case. Furthermore, the variation of the density has 
increased as expected since N* has become larger. 

CONCLUSIONS 

In this paper, an analysis and results describing 
variable thermophysical property effects on natural 
convection with simultaneous heat and mass transfer 
across a cavity are presented. The Boussinesq approxi- 
mation is inappropriate as the molecular weight ratio 
of species A to species B (M*) differs from one. The 
thermophysical properties vary significantly due to 
differences in concentration (depends on M* and the 
pure component thermophysical properties). The 
variation of the thermophysical properties due to tem- 
perature may either aid or oppose that due to con- 
centration. Variation of thermophysical properties 
results in different velocity, temperature and con- 
centration gradients at the hot and cold walls. Fur- 
thermore, the mass flux into the cavity at the hot wall 
and out of the cavity at the cold wall decreases and 
increases, respectively, the velocity, temperature and 
concentration gradients at the vertical walls due to 
blowing and suction effects, For example, Qdn < Qdc 
due to the thermophysical properties and mass flux at 
the vertical walls (case Iv). For case 5v, the thermo- 
physical property variation for species A and B are 
reversed from case Iv. This results in the mixture 
specific heat varying less across the cavity, and the 
mixture thermal conductivity being largest at the hot 
wall for case 5v (for case Iv, the mixture specific heat 
and thermal conductivity are largest at the cold wall). 
Hence, Qdc and QdH are closer in magnitude, but Qdc 
remains larger due to the mass flux at the vertical 
walls. 
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CONVECTION NATURELLE DUE A DES GRADIENTS HORIZONTAUX DE 
TEMPERATURE ET DE CONCENTRATION--l. EFFETS DES PROPRIETES 

THERMOPHYSIQUES VARIABLES 

RCsum&~Particulicrement pour les &rides <I un seul composant. la variation des proprietes thermo- 
physiques est ncgligeable sauf si les differences de temperature sont grandes et par suite elle n’a pas 
d’effet appreciable sur le transfert thermique. Par contre les proprietes thermophysiques peuvent varier 
significativement a cause des differences de concentration cc qui affecte le transfert de chaleur et de masse. 
On examine les effets de la variation de proprietes sur le transfert de chaleur et de masse par convection 
naturelle dans une cavite avec forces de flottement thermique et solutal. Les resultats indiquent que les 

variations des proprietes pcuvent intluencer nettement les transferts et la distribution dc vitessc. 

NATURLICHE KONVEKTION AUFGRUND HORIZONTALER TEMPERATUR- UND 
KONZENTRATIONSUNTERSCHIEDE-1. EINFLUSS VER;iNDERLICHER 

THERMOPHYSIKALISCHER STOFFEIGENSCHAFTEN 

Zusammenfassung-Bei fluidcn reinen Stoffen ist die Anderung der thermophysikalischen Eigenschaften 
meist vernachhissigbar und hat keinen nennenswerten EinfluS auf den Warmetransport, wenn keine groRen 
Temperaturunterschiede auftreten. Im Gegensatz dazu kiinnen sich Stoffeigenschaften aufgrund von 
Konzentrationsunterschieden erheblich Hndcrn, was den WIrme- und Stofftransport beeinfuBt. In der 
vorliegenden Arbeit wird der EinfluCi der veranderlichen thermophysikalischen Stoffeigenschaften auf 
den Warme- und Stofftransport in einem Hohlraum untersucht, indem natiirliche Konvektion aufgrund 
thermisch- und konzentrationsbedingter Auftriebskrifte stattlindet. Die Ergebnisse zeigen, daR die 
Anderung der thermophysikalischen Stoffeigenschaften den Warme- und Stofftransport und die 

Geschwindigkeitsverteilung erheblich beeinflussen konnen. 

ECTECTBEHHAII KOHBEKHHMII, BbI3BAHHA2 FOPM30HTAJlbHbIMM I’PAAMEHTAMH 
TEMHEPATYPbI II KOHHEHTPAHMH-1. 30aEKTbI HEPEMEHHbIX 

TElTJIO@H3HVECKkiX CBOtiCTB 

huoTamm-Ana OflHOKOMnOHeHTHbIX ,KHAKOCTeii xaparrrepno npetIe6peNiMo Manoe H3hdeHeHEe Ten- 

no+i3&iqecKHx CBOI%CTB (38 AcKnIwIeIsieM cnyvaen 6onbmux pasaocreti TeMnepaTyp) w, cnenoearenbno, 
OH0 He OKa3bIBaeT Cj'Ut@ZTBeHHOrO BJIUKHBR Ha TennonepeHoc. &HI ~HAKHX CMS'% Tenno@iswIecKse 

ceoPcTsa ~0ryT 3HawTenbHo n3MeHxTbcn 6naronapa pa3aocra Korr~e~rpa~ji, sntmromeii na renno- n 
MacconepeHoc. B AaHHOti pa6oTe riccnenye-rcrr BJIHKHBe H3MeHeHBK TeIuIO@i3AwcKBX CBO&TB Ha 

TenJIO- U MaCCOIIe&%HOC B IIOJIOCTB, o6ycnosneHHbIk eCTC?CTBeHHOZi KOHBeKIUd 38 C'ICT COBMeCTHOrO 

A‘%CTBHK TenJIOBbIX H MaCCOBbIX ILOATSMEIbIx C&L". nOJ,y‘leHHbIe p3,'nbTaTM CBHAeTenbCTB,'IOT 0 TOM, 

ST0 113MeHeHHP TeFI,TO,j,U3H'leCKHX CBOtiCTB MOIJ'T OKa3bIBaTb C,'IUeCTBeHHOe BnURHAe Ha TennO- r( MaC- 

conepenoc )i pacnpenenemie cropocrek 


