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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 solutal buoyancy forces. Results indicate that thermophysical property variations can appre-
ciably influence 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 appli-
cations (e.g. Gr ~ 1 x 101 x 10* for crystal growth
and 1x 10" < Gr < 1 x 10" 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
[1~5]. 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 [7-12]. 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 [13-16] 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 Prandt!

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 = 1.0 from the analysis. Confidence
in the analytical solution is gained by numerically
solving the equations using the control volume
approach of Patankar [19]. Consideration of the
boundary layer regime limits the scope of the ana-
Iytical 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 ez a/. [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
negligible. Therefore, the actual problem solved only
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NOMENCLATURE
A LIH U, reference velocity, (v/H) Gr"*
c, specific heat at constant pressure of x,z  Cartesian coordinate directed along the |

binary mixture
ck specific heat ratio, ¢,/c,,
Cr TeHTy—T¢)

Coo  (I—we)/ (0 —awe)

D.s binary mass diffusion coefficient

D%y binary mass diffusion coefficient ratio,
Dagi/Das:

Gr  Grashof number, gf (T, — T Y H/v?

h enthalpy or heat transfer convection
coefficient

h,, mass transfer convection coeflicient

H test cavity height

k thermal conductivity of binary mixture

k* thermal conductivity ratio, k/k,

L test cavity length

Le Lewis number, o,/D g,

M molecular weight
moleccular weight ratio, M,/ My
N buoyancy parameter,

Belony— @) PrlTu~Te)

N*  buoyancy parameter,
(pe—p) Lo r(Tu—To)]

Nu  NMusselt number

P dimensionless pressure, Py/p. U}

Pr Prandtl number, v,/z,

q heat flux

o dimensionless heat flux, ¢H/k, AT
o. advected energy flux

Qq  energy flux due to diffusion

R universal gas constant

Ra Rayleigh number, Gr Pr

Se Schmidt number, v,/ Dy,

Sh Sherwood number

T temperature

AT temperature difference across the cavity,
TH - T(

u,w  dimensionless velocity in the &-direction

(U/U,) and {-direction (W/U,).
respectively

length and height of the test cell.
respectively.

Greek symbols

% thermal diffusivity, k/pc, |
Be solutal coefficient of volumetric g
cxpansion :
i thermal coeflicient of volumetric
expansion ‘
{,&  dimensionless z(z/H) and x(x/H) |

direction, respectively

4 dimensionless temperature,
(T~ T(‘):’l(TH - T(r)
f dimensionless enthalpy, :
th—ho)/(hy—he) [
I dynamic viscosity of binary mixture !
i dynamic viscosity ratio, /i,
v kinematic viscosity of binary mixture,
wip
P density of binary mixture
pF density ratio, p/p, [
¢ norimalized mass fraction
{(a = wc)f(wy— o)
o) mass fraction
Wy, e mass fraction of species A at the hot

wall and at the cold wall, respectively

Aw, concentration difference across the
cavity, wy — .
{
Subscripts |
A species A
B species B
C cold wall
H hot wall
r reference value, evaluated at (Ty+ 7.)/2
and (wy+oc)/2
w wall
{ mn the {-direction
¢ in the {-direction.

revealed a part of the physics involved. Further work
is required in several areas. The influence of variable
thermophysical properties and the contributions of

the Soret and Dufour effects and interdiffusion of,

species needs further detailed examination. Also, the
effect of radiative heat transfer across the cavity (par-
ticipating and non-participating media), different cav-
ity orientations with respect to the gravity vector and
three-dimensional effects have not been fully deter-
mined. This work addresses variable thermophysical
property effects on the natural convection in binary
gases with simultaneous heat and mass transfer across
a cavity.

ANALYSIS

Governing equations

Consider a rectangular enclosure as shown in Fig.
1.-A mass flux into the enclosure occurs at the hot
end wall due to either the sublimation of a solid or
evaporation of a liquid (species A). An inert carrier
gas (species B) which is not soluble in species A (solid
or liquid} is present in the enclosure. Condensation of
species A occurs at the opposite cold end wall. In this
manner, natural convection is driven by thermal and
solutal gradients across the cavity. In the system
described, there are no chemical reactions, heat gen-
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Fic. 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 :
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&-momentum

_o, 1 {9_(*@)
N AN
of ,ouy, o ,ou (au Bw)
T\ ar) e e e

. oW
ac( c)} @

_a‘[_)_k___l {i( *al>
T Jen L\ e
o ow P—Pc _ PrR—Pc
*ac< ac)}+[ “pe pH—pc]M
Jar & G )l ale gk
M)A gz ac) | e\l at)f

3

6 * a * —
ge (P + 57 (p¥wu) =

{-momentum

%(p*uWH ;%(p*ww) -

energy
[a (k* a:)
Pr \/(Gr) ol \cy 8¢

k* 01
T X (c* ac)] ®

é(P ur) + C(P* 1) =

3109
species A

0 7
36 (0" ud) + g5 (™) =

ol
NI A

of . . o
5(( DABEZ):" (5)

For ideal gases, dh = c, 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

100,) =1, 4:,0) =0 ®
01
a?:O at {=0 and 1. @
The boundary conditions for species A are
#0,0)=1, ¢4, =0 ®
%=O at (=0 and 1. )]

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

w(0,0) = w(4,, () = u(G,0) = w((,0)
=u(C, ) =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

1

u(0,0) = Co—1 p* Sc Gr'? Jagle=o 1n
1
w4, 0) = C W*’AEL-Q 12)
These normal velocities are not known a priori.
Dimensionless transport parameters
The Nusselt number is defined as
Nu="H__4 (13)
U= =
kr qcond

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

a0
a¢
Rewriting equation (14) in terms of the conserved
property (enthalpy) yields

Qg = —k* (14)

wall

k* hy—he &

“T, 3 (15)

wall

When natural convection is absent, Q, is equal to
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unity. Hence, Qg 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 advection. Hence, the
Nusselt number is defined as

+ Pr Gr®’ p*u /S (16)
Cpr(Tu—T0¢)

or Nu=(Qu+0Q,) 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

h,H %
Sh= —"T"c= —p*D¥, — . 17
P:Dag: f AR OE Jwan (

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

Method of solution

The methodology used to solve equations (1)—(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
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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
enthalpy at temperature T is evaluated from

i

,
h=wmy J CadT+ (M=) | cudT  (18)
0 Jo

(the enthalpy at 0 K is arbitrarily taken as zero). Since
¢, 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.

Validation 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 um, Waax. Nty and Nigg oy i
within 3% for a Rayleigh number of 1 x 10%, 1 x 10°
and 1 x 10 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 w-velocity, temperature and concentration
distributions at { = 0.5 were compared for natural
convection in a binary gas (Gr=1x10°, N* =
—1.209, Pr=Sc=1, M* =5, Aw, =03, wc=0,
Cy. = 333, AT =377 and C; = 7.5) using grids of
35x 35, 45x45 and 55x 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 13 for a 35 x 35,
45 x 45 and 55x 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 55x 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 55x 55 node
finite-difference grid is used throughout the remainder
of the numerical work. Further details can be found
elsewhere [25].

RESULTS AND DISCUSSION

Buoyancy parameter
Invoking the Boussinesq approximation yields the
buoyancy parameter, N, which is defined as [6]
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_ Bc(wy —wc) _ BcAw,

N= = 19
Bo(Tu—To) ~ BeAT (19)
where
1 . My—M,
ﬂT - Tr and ﬂc B MBwAr+MAwBr
1-M*
(20)

T o (1-MY+M*

The ideal gas equation of state is assumed to be valid
to obtain equation (20), and 7 is in absolute tem-
perature. Note thatif 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 0O to 1. The solutal and thermal
buoyancy forces are augmenting for N > 0 and oppos-
ing for N < 0. For constant M*, | N| increases as Aw,
increases, but the variation is not linear. The increase
of |N| with Aw, 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 Aw, becoming larger) results in the
solutal body force augmenting the thermal body force
at a decreasing rate, since M, < My (M* < 1). Con-
versely, when M, > My (M* > 1), 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* = Pc—Pu

@D

B prﬂTAT

N
_QT N \
NN S 25
e \\
N
~10 4 \\ \_
\\ 5.0
-12
1 \
14 10.0

F1G. 2. Variation of buoyancy parameter N (assuming the
Boussinesq approximation) with the molecular weight ratio
and concentration difference across the cavity.
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where p, 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+ pu)/2. Since B AT is always positive, the sign of
N* is manifested through (pc—py). For flow down
along the hot wall (opposing buoyancy forces)
pu > pc and N* is negative. Note that if Aw, =0 or
M* = 1, equation (21) reduces to

0.5+ Cy)?

N* - 7
(Cr+CD)

(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 Aw, =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 nctlinear. 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 thermophysical property effects

The large number of parameters involved in this
study (M,, M3, 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 [26-28], except for the specific heat
of ethanol. The specific heat of gas 1 is given
by ¢,= A+ BT+ CT*+ DT>, where 4 =0.131122,
B =09.18566E—04, C = —2.35957E—07 and D =
~7.19165E—11 with Tin K and ¢, in cal g~' K™!
[27]. This anomaly occurs because two newer
references [29, 30] for the specific heat of ethanol
which are consistent (found after the parametric study
was completed) gave significantly different values of
¢, 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 (hy—hc)/c, (T — T-) contains
a specific heat ratio implicitly. Mixture properties are
determined using the Gibbs—Dalton law for ideal
gases [31] and the Chapman—Enskog theory [23] for
mixtures of gases at low density.

The base case 1v is denoted by Gr=1x10°
Sce=Pr=1.0, N*¥= —1.209, M* = 5.0, Aw, = 0.3,
we = 0.0, AT =377 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*, Awa, 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 be changed
to maintain consistency. For example, changing Awa
affects both N* and C,,. Tables 2 and 3 list, respec-
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 Q) and the
Sherwood number (Sh). For example, the average of
any parameter, @, is defined as

1 i 1
D =— Odz=| ®dl.
H J J :

The integral is evaluated numerically.

Base case. The results for the base case (case 1v)
are given in Fig. 3 as contour plots of the streamlines,
temperature, mixture thermal conductivity and mix-
ture density. Isolines 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

(23)
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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 &, is smaller than &, (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 1v 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 A, are constant at the hot wall
where mass enters the cavity. At the cold wall, p and
h leaving the cavity are nearly constant such that the
distribution of Q,¢ (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, respec-
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 a
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 fixy > hac.

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 properties. Direct
comparison is not possible because of the different
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 deter-
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 thermophysical
property cases.

For constant thermophysical properties with
Pr = Sc = 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 hittle
difference between the local Sherwood (S#) and Nus-
selt (Nu) numbers for constant and variable property
cases at cither the hot or cold walls. This is due to
the property variations. The mass flux at the walls
increased slightly, but A, is less than ¢, T (constant
property case) at the cold wall such that Q, for casc
lv increases and decreases at the hot and cold wall,
respectively, as compared to casc 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*/c}),y < (K*/cf)e.



Table 1. Range of parameters examined in the numerical study with variable properties

*:'*u
2 |2

*
Avy oo Cw ATK) G S
CpC

Species B M*

Gr Pr Sc N* Species A

Case
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0.0 3.33 37.7 7.5

0.3

50

1x10° 1.0 1.0 —1.209 1

1v

08 109
1.10 0.94

094
1.07

126
0.76

4y

Sv

L10
0.92

5.0

56.6

—0.514

9v

2.50

0.4

2.5

10v

2.67

0.2

—1.721

11v

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 0. 0, Sh
v 5.61 18.58 15.12 346 4.14
4v 5.54 25.19 2456  0.63 4.09
Sv 5.59 14.73 1027 446 4.13
9v 4.38 11.25 853 272 323

10v 8.12 24.32 2135 297 3385
I1v 8.32 24.11 2039 3.72 439
le 5.38 18.42 1445 397 397
2c 5.48 18.80 1474 405 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*ux10’ Nu 0. Qs Sh
v 5.53 1857 1242 615 583
4v 5.54 2503 2043 4.61 584
Sv 5.60 14.64 907 556 5.90
9v 4.36 11.35 650 4.84 4.60

10v 8.01 24.21 17.54  6.67 633
v 8.22 2393 1676 717 6.93
Ic 5.40 18.51 1281 569 5.69
2 5.50 1885  13.07 578 580

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 Nug. 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 1v with case 2¢ 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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d)
= 1209, M* = 5.0,

Awp = 0.3, wc = 0.0, AT = 37.7K and T, = 283.15K) and isolines of the temperature (b), mixture thermal
conductivity (c) and mixture density (d).

tributions for cases lv and lc at the centerline
(€ = 0.5) and midheight ({ = 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 = (1242 and —0.254.

case lv

The {-momentum 1s 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-
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T = 283.15 K} at the hot wall {a) and cold wall (b).
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F1G. 5. Comparison of velocity distributions from the base
case lv (Gr=1x10°, N*=—1.209, Pr=Sc=1.0,
M* =5 Awa =03, wc =0, AT = 37.7K and T = 283.15
K) and case Ic (conmstant properties: Gr=1x10°
Pr=Sc=1.0and N = —2.209) of the u-velocity at £ = 0.5
(a) and of the w-velocity at { = 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 ¢-
direction occurs over less than half of the cavity. Note
that py > pc and py < pe. 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 u increases # (assuming everything else
remains the same). Therefore, |u| is greater at the
bottom wall than at the top. Combined with the den-
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sity being larger at the bottom connecting wall than
at the top, the area across which the fluid passes in
the positive é-direction is smaller than that of the flow
area in the negative &-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 1v. 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, yc > ug. This results in the velocity gradi-
ent at the cold wall being smaller as compared to case
Ic (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)/(pu—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, c,s and kp decrease and up 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 ﬁ results from Q, decreasing
more at the hot wall and Q4 being less than Quc
(compare the decrease of Oy and O, from case lv
to case 4v). The total energy flux is increased, because
the enthalpy of species A entering and leaving the
cavity is larger (c,a/c,p increased) compared to the
enthalpy of species B which results in Q, 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 8 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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F1G. 6. Effect of different thermophysical properties (case

4v: species A——cthanol, 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 (1.3%
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 5v. In this
situation, the variation due to temperature Opposes
that due to concentration for the specific heat (¢, is
constant and ¢,y increases with temperature in regions
where wy 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 Sv. 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
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varies very little, although the viscosity is greatest at
the hot wall. This is due to the characteristics of gases
Fand 2 [25]. Since the variation of ¢, and k are reversed
from the base case, the diffusive heat flux for case Sv
has increased and decreased at the hot and cold walls,
respectively (Tables 2 and 3). The advective cnergy
flux at both walls decreased becausc ¢4 /¢, decreased.
Hence, the total energy (Nu) transferred at the walls
is decreased.

Do not confuse the ratios of the pure component
thermophysical properties {e.g. k,/k) with the vari-
ation of the mixture thermophysical properties {(or
mixture property ratios, e.g. k#/k¥) which depend on
the concentration and temperature fields and vari-
ation of pure component thermophysical properties.
For example, assuming constant thermophysical
propertics for the mixture and reversing species A
and B would result in a change of the average (or
reference) mixture thermophysical properties which
influence the Pr, S¢ and Ra only. However, reversing
species A and B of a binary system with variable
thermophysical properties (case 5v. for example)
would result not only in the saume change of reference
mixture properties (change in Ra, Pr and Sc¢). but
also in the variation of the thermophysical properties
across the cavity in the opposite direction (as com-
pared to case 1v). This would result in the change of
the tabulated values. since Pr, Sc¢ and Ra were not
changed.

Velocity distributions for cases 1v, 4v and Sv are
shown in Fig. 7. In particular for casc Sv, the peak u-
velocity has decreased as compared to the base case,
because the viscosity is larger for case 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 hall of the cavity which
increases the velocity (with everything else constant).
Note, that the w-velocity at { = 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-
ertics (cases 1v, 4v and 5v) indicates that the thermo-
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 diffusion coefficient (which depends on the tem-
perature). Since p* and D %; are the same for cases lv,
4v and 5v at the wall (w4 and T are the same at the
wall for all three cases), the Sherwood number is
affected very little.
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Effects of the temperature and concentration differ-
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 10v 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 Aw, has become larger. Because C,, decreased,
the velocity normal to the wall increased. This inten-
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Fig. 8. Effect of different thermophysical properties (base

case 1v: A—ethanol, B—anitrogen ; case 4v ; A—ethanol, B—

argon; case 5v: A—nitrogen, B—ethanol) on the hot wall
Nusselt number (a) and Sherwood number (b).

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 Aw,. 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 11v 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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d)

F1G. 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, wc = 0.0, C,, = 3.33, M* = 5.0 (base case [v),

(b) AT =56.6 K, N* = —

0.514 (case 9v), (c) Aw, =04, C,, =25 M* =25 (case 10v) and (d)

N* = —1L.721, wc = 0.2, C,, = 2.67 (case 11v).

Note the variation of the specific heat is nearly the
same as for the base case, because the mass fraction
difference Aw, is the same. The absolute values of the
specific heat for.the two cases are different since spec-
ies A contributes more to the mixture specific heat

for case 11v. The dimensionless advective energy flux
decreases since the enthalpy of species A at the vertical
walls is the same, but the mixture enthalpy has become
larger. The variation of the thermal conductivity is
approximately the same, but the variation of the vis-
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Fi1G. 10. Effect of the temperature and concentration difference across the cavity (base case 1v: AT = 37.7
K, N* = —1.209, Aw, = 0.3, wc = 0.0, C,,, = 3.33, M* = 5.0;case 9v: AT = 56.6 K, N* = —0.514; case

10v: Aw, =04, C,, =2.5, M* =2.5; case 11v: N*

= ~1.721, wc = 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, Quy < Quc
due to the thermophysical properties and mass flux at
the vertical walls (case 1v). For case 5v, the thermo-
physical property variation for species A and B are
reversed from case 1v. 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 1v, the mixture specific heat
and thermal conductivity are largest at the cold wall).
Hence, Q¢ and Quy are closer in magnitude, but Quc
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--1. EFFETS DES PROPRIETES
THERMOPHYSIQUES VARIABLES

Résumé—Particulicrement pour les fluides @ un seul composant, la variation des propriétés thermo-
physiques est négligeable sauf si les différences de température sont grandes et par suite elle n’a pas
d’effet appréciable sur le transfert thermique. Par contre les propriétés thermophysiques peuvent varier
significativement & cause des différences de concentration ce qui affecte le transfert de chaleur et de masse.
On examine les effets de la variation de propriétés sur le transfert de chaleur et de masse par convection
naturelle dans une cavité avec forces de flottement thermique et solutal. Les résultats indiquent que les
variations des propriétés peuvent influencer nettement les transferts et la distribution de vitesse.

NATURLICHE KONVEKTION AUFGRUND HORIZONTALER TEMPERATUR- UND
KONZENTRATIONSUNTERSCHIEDE—1. EINFLUSS VERANDERLICHER
THERMOPHYSIKALISCHER STOFFEIGENSCHAFTEN

Zusammenfassung—Bei fluiden reinen Stoffen ist die Anderung der thermophysikalischen Eigenschaften
meist vernachlissigbar und hat keinen nennenswerten EinfluB auf den Warmetransport, wenn keine grofien
Temperaturunterschiede auftreten. Im Gegensatz dazu kénnen sich Stoffeigenschaften aufgrund von
Konzentrationsunterschieden erheblich 4ndern, was den Wirme- und Stofftransport beeinfluBt. In der
vorliegenden Arbeit wird der Einfluf der veridnderlichen thermophysikalischen Stoffeigenschaften auf
den Wirme- und Stofftransport in einem Hohlraum untersucht, indem natiirliche Konvektion aufgrund
thermisch- und konzentrationsbedingter Auftriebskrifte stattfindet. Die Ergebnisse zeigen, daf die
Anderung der thermophysikalischen Stoffeigenschaften den Wirme- und Stofftransport und die
Geschwindigkeitsverteilung erheblich beeinflussen kénnen.

ECTECTBEHHAS KOHBEKLWA, BbI3BAHHAS 'OPU3OHTAJIBHBIMU I'PAIJMEHTAMUA
TEMIIEPATYPBl 1 KOHIIEHTPALIMU—1. 3PDEKTHI IMTEPEMEHHBIX
TEIUIO®UINYECKUX CBOVWCTB

Ammoraups—/{Jis OJHOKOMIIOHEHTHBIX KNAKOCTEH XapaKTEPHO IPeHEOpeKMMO Masioe H3MCHEHHE Ten-
NOQHU3AYECKNX CBOMCTB (32 HCKIIFOYEHHEM CilydaeB HONLIINX PA3HOCTEH TEMNEPATYD) H, C/IEIOBATENBHO,
OHO HE OKa3bIPAeT CYLICCTBEHHOrO BJIMSHHS HA TerUionepeHoc. [Ans »xuakux cMecell Terutodusnyeckue
CBOMCTBA MOTYT 3HAUMTEJILHO H3MEHATHCH GJlarofaps pa3HOCTH KOHIEHTPANMi, BAMAIOWEH HA TEIIO- B
macconepeHoc. B manHo# paboTe mccienyercs BIMAHAC W3MEHEHHA TEIUIOQHIMYECKMX CBOHCTB Ha
TENJIO- U MACCOTIEPEHOC B IMOJIOCTH, OOYC/IOBJICHHBIA eCTECTBEHHOH KOHBEKIMEH 3a CYET COBMECTHOIO
NeHCTBUS TEILUIOBBIX ¥ MACCOBBIX NMOIbeMHBIX cHi. ITomyYeHHbIE PE3yNbTAaThl CBHAETENLCTBYIOT O TOM,
4TO M3MEHEHHS TEIIOPUINUECKHMX CBOMCTB MOTYT OKa3hIBATH CYLIECTBEHHOE BJIASAHKME HA TEILIO- K Mac-
CONEPEHOC U PACTIPEACIIEHAE CKOPOCTEH.



