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Abstract—Double diffusive steady natural convection in a vertical stack of square enclosures, with heat
and mass diffusive walls, is studied numerically. The main objectives of the paper are the statement of the
complete mathematical model for this kind of problem, and the presentation and analysis of some significant
results showing the influence of the heat and mass transfer participating walls. The analysis is concentrated
on a restricted set of numerical results, obtained from a limited set of particular combinations of the
governing dimensionless parameters for a cavity filled with moist air. The heat and mass transfer charac-
teristics of the vertical stack are analysed through the heat and masslines, and the local and global Nusselt
and Sherwood numbers over all the walls of the cavity. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

Double diffusive natural convection in enclosures is a
problem studied to some extent both numerically and
experimentally. Some recent studies include the exper-
imental work of Kamotani et al. [1], the mixed exper-
imental/numerical works of Kamakura and Ozoe [2]
and Wee ¢t al. [3], and the numerical work of Béghein
et al. [4}). There are also some recent works concerning
similarity analysis devoted to the boundary layer
regime [5, 6], including even more recently a mixed
similarity/numerical treatment. The main objectives
of such works are usually the analysis of the resulting
flow structure, and the heat and mass transfer par-
ameters as functions of the nondimensional par-
ameters governing the involved phenomena. There is
also a set of recent works devoted to the double diffus-
ive natural convection in enclosures filled with a
porous material, see for example Refs. [7, 8].

To the author’s knowledge, there are no published
results that, in search of the aforementioned global
objectives, include the effects of heat and mass transfer
through walls in both crossing and axial directions.
This is true for a single cavity, and also for a vertical
stack of heat and rnass transfer communicating cavi-
ties. For the situation of single convection heat trans-
fer, refer to the works of Kim and Viskanta [9], Du
and Bilgen [10], Chung and Trefethen [11] Nishimura
et al. [12] and Costa et al. [13], which include the wall
conduction effects over the flow structure and the heat
and mass transfer parameters.

Thinking essentially of building construction
elements, whose walls are not perfectly impermeable
and adiabatic, a more realistic study should include
these two effects. Due to the number of dimensionless
parameters involved, a contained study can only con-
sider some fewer combinations, with this limited study

putting forward the complete mathematical model
and the most important expected characteristics of the
fluid flow and heat and mass transfer phenomena. As,
at the present time, there are numerical techniques
and commercial numerical codes available to solve
such problems, specific situations can easily be the
object of specific treatment in order to obtain their
corresponding specific solutions. One powerful
characteristic of such practice is that there are no
limitations over the values assumed by the governing
parameters, which is not the case with experimental
and similarity approaches.

It remains to be noted that, in this study, there are
problems not considered related with flow insta-
bilities, transition to turbulence, and the condensation
phenomenon when the medium that fills a cavity is a
gaseous mixture with a condensable component.

2. MATHEMATICAL AND NUMERICAL
MODELLING

2.1. Physical model

The domain under analysis is, as sketched in Fig. 1,
a square, two-dimensional cavity, suffering the influ-
ence of a gravitational field, filled with a fluid which
contains a pollutant concentration.

The vertical cavity walls are maintained at constant
and uniform different levels of temperature and con-
centration, thus giving rise to a double-diffusive free
convective fluid flow. The considered horizontal half
walls are of equal thickness, and are assumed to be of
the same material with, in the general case, non zero
thermal and mass diffusivities.

2.2. Model assumptions
The fluid and the pollutant are assumed to be com-
pletely mixed, this mixture being the Newton—Fourier
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NOMENCLATURE
B thickness of the separating wall u,v  velocity components
C concentration (C = Mygpyea/Miota)) x,y Cartesian co-ordinates.
< constant pressure specific heat
b mass dii:‘fusivity . Greek symbols
g grav1tat101.1al acceleration N thermal diffusivity
" heat function . B volumetric expansion coefficient
k thermal conductivity . L
. . v kinematic viscosity

L side length of the cavity 0 density
Le Lewis number () specific humidity in a dry basis.
m mass
M mass function
M molecular weight Subscripts
n inward normal direction abs  absolute scale
N buoyancy ratio C referring to mass transfer

N = BAC an/ BrA T ar) f referring to the fiuid
Nu  Nusselt number H higher level
4 pressure L lower level
Pr Prandtl number P at the P point
Ra  Rayleigh number T referring to heat transfer
Rc¢  thermal conductivity ratio w separating walls
Rd  mass diffusion coefficient ratio 0 reference value
Sc Schmidt number 1 diffusing species
Sh  Sherwood number 2 non-diffusing species
T temperature * dimensionless.

CyorCc

CyorCc

Ty>Tc
C>Cc

B/2|

|-

Fig. 1. Physical model and geometry.

fluid that fills the cavity, which flows in laminar con-
ditions and does not experience any phase change.
This fluid is assumed to be incompressible but expands
or contracts under the action of temperature and/or
concentration gradients. This assumption leads to the
Boussinesq approximation if both the temperature
and concentration difference levels are maintained
within certain limits.

The mixture density is assumed to be uniform over

all the cavity, except for the buoyancy term, in which
the density is taken as a function of both the tem-
perature and concentration fields. Beginning with
p = p(T, C), elementary thermodynamics states that
Br = —(8p/dT)¢/p is the volumetric thermal expan-
sion coefficient and, similarly, fc = —(8p/0C)1/p is
taken as the volumetric mass expansion coefficient.
The mixture density can thus be obtained from a given
reference value p, = p(Ty, Cy) as [14]

p = poll = B1(T—To) — Bc(C—Co)] m

assuming that the derivatives and the denominator p
present in the definitions of 1 and B¢ are constant.
The usual situations correspond to a positive fr,
the only frequent exception being the water between
0 and nearly 4°C; in this way, the usual situations can
lead to either positive or negative fc. If the fluid can
be considered as a mixture of ideal gases, fir = 1/T
and fic =(M,— M\)/[(M,— M,)C+ M], where M, is
the molecular weight of the diffusing pollutant and
M, is the molecular weight of the remaining fiuid.
When the energy conservation is under analysis, it
is assumed that the thermal levels are small and similar
enough in order to validate the non-consideration of
the thermal radiation between the walls, which
encloses a fluid assumed to be radiatively non-par-
ticipating. The energy terms due to viscous dissipation
and change of temperature due to reversible defor-
mation (work of pressure forces) are not considered.
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Given the two-component mixture under analysis, the
energy terms of interdiffusional convection and
diffusion thermo (Dufour effect) are also not con-
sidered [15]. Thus, the only considered diffusion term
is that due to Fourier conduction.

Analysing the pollutant mass conservation, con-
sidered in this work as the ratio between the mass
of pollutant to the total mass (C = m,/m), the only
considered diffusional term is that due to Fick
diffusion. The pressure diffusion, body force diffusion
and thermal diffusion (Soret effect) terms are not con-
sidered [15]. If the mixture under analysis is moist air,
C is the specific humidity in a wet basis, which is
related to the specific humidity w in a dry basis as
C=ow/(1+w).

Additionally, all the heat and mass transfer proper-
ties of the involved media (two mixture components,
the mixture and the solid walls) are assumed to be
constant, except for the density appearing in the buoy-
ancy terms, as explained above. It should be noted
that, in reality, the properties of the mixture that fills
the cavity are dependent on the concentration level of
the diffusing specics at each point.

2.3. Model equations
Introducing the dimensionless variables

u, =ulfo; v, =vl/a, 2)
X« =x/L; y,=y/L, 3
T, =(T—-T)/(Tu—T¢); O]

C* =(C- Cc)/(CH -Cc),

Py =+ pog»)/(po(%/L)?) &)

where p, is thus the nondimensional driving pressure,
one obtains the following set of partial differential
equations:

Continuity equation

Gty
O0x,

Ov,
+== 6
. (6)

x, momentum equation

d a _ Ops u, o,
ax*(“*“*)"' ay*(.;*u*) = "o +Pr( +—

oy v
M
¥ Momentum equation
0 J _ o
ax*(“*v*)+ By*(v*v*) == .
2
+Pr (6—%’—* 2 U*>+RaTPr(T*+NC*) @®
oxy Y%

Energy conservation equation on the fluid
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Pollutant mass conservation equation on the fluid
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Pollutant mass conservation equation on the solid
walls
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%

From the foregoing equations are emerging the
dimensionless parameters

Pr = v, (13)

Ray = gprL*(Tu—Tc)/va, (14)
N = Be(Cu—Co)/Br(Tu—To), 15)
Le = afD. (16)

Another parameter than can be introduced is the
Schmidt number, Sc = v/D.

The Prandtl and thermal Rayleigh parameters given
by equations (13) and (14), respectively, are usual
when analysing the single natural convection heat
transfer in enclosures. In this way, the N and Lewis
parameters given, respectively, by equations (15) and
(16) arise, in addition, when analysing the combined
convective heat and mass transfer in enclosures. Par-
ameter N is the buoyancy ratio, which is the ratio
between the solutal and thermal buoyancy forces. It
can be either positive or negative, its sign depending
on that of the ratio between the volumetric expansion
coefficients fr and fc. Its limits are that it is null
for no pollutant diffusion and infinite for no thermal
diffusion. One notes that when equations (9) and (11)
are subjected to the same boundary conditions, the
T, and C, fields are coincident for Le = 1.

It should be mentioned that a Rayleigh number
referring to mass transfer, similar to Rar referring to
heat transfer as defied by equation (14), can be defined
analogously as Rac = gBcL*(Cy— Cc)/vD.

2.4. Boundary conditions
Over the walls of the cavity we impose
U (0,7.) = uy (1, 35) = (X4, 0) = 1, (x,, 1) =0,
an
0(0,74) = 0,(1,5,) = 0,(%4,0) = 0, (x,,1) = 0.
(18)
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With such boundary conditions, it is assumed that the
pollutant mass flow through the walls is small enough
in order to validate the use of zero normal velocity
values at the walls.

Prescription of T, and C, over the vertical walls can
lead to a situation of combined or opposed buoyancy
effects. Over the vertical walls it is thus prescribed that

T0,y,) =1; Ty (l,y,) =0 19)
G0,y =1; Cu(l,y) =0
for combined buoyancy effects, (20a)
or
Ci(0,y) =0; Cull,yy) =1
for opposed buoyancy effects.  (20b)

The problem under analysis is a conjugate heat and
mass transfer problem where it is assumed that, at
each interface fluid-horizontal wall of the cavity,

- (pOD %—g){ = — (pD g—g)w 22)

or, in a dimensionless form,
Gkl @
G-,

where Rc = k,/k and Rd = p,D,/p,D are the heat and
mass transfer mass diffusion coefficient ratios between
the material of the separating walls and the medium
that fills the cavity.

To close the problem, it is assumed to be a vertical
stack of equal cavities, with the same conditions in
each two adjacent cavities, thus leading to a periodic
boundary condition over the y, direction. It can then
be written that

T,(xs, 1+ B/2L) = T,(x,, —B/2L);

Cy(4s 1+ Bj2L) = Cy(x,, —BJ2L). (25)

Even if the spatial periodicity is always maintained,
the foregoing boundary conditions cannot be used in
the case of an adiabatic or/and impermeable wall,
situation that requires, over the interfaces,
(0T,/0y,); = 0 or/fand (0C,[0y,)¢ =0, respectively,
being two adjacent cavities not linked by heat or/and
mass transfer in this case. '

2.5. Heat and mass transfer rates

In order to evaluate the local and global heat and
mass transfer rates, one begins defining, respectively,
the local Nusselt and Sherwood numbers, referred to
the pure conduction situation through the medium

V. A.F. COSTA

that fills the cavity, at each point P of the wall-fluid
interface, as

_ —k(@Tjon)p 0T,
e e o R
_ —poD(@C/on)e _ 0C,
She = poD(Cr—Co)/L - <5n*> . @n

where n, is the dimensionless inward normal direction
to the wall under analysis. A positive local Nusselt
number means that there is a heat inflow to the cavity
at P and heat outflow otherwise ; the same is also valid
for the local Sherwood number.

The overall Nusselt and Sherwood numbers, cor-
responding to each overall interface, can be obtained
by integrating the foregoing local expressions.
However, when analysing the overall heat and mass
transfer crossing the cavity, including its diffusive
separating half walls, one should also consider the
transfers occurring along these walls. For a complete
cavity, including two top and bottom half walls, one
can consider corrected Nusselt and Sherwood num-
bers over each vertical wall, which include the
diffusion occurring along these half walls. Locally,
equations (26) and (27) are thus applied over the
upper and bottom half walls as Nup=
—Re(0T,/0n,)p, and Shp = — Rd(0C,/0ny)p,. The
vertical global Nusselt and Sherwood numbers are
thus obtained by integrating over the overall vertical
walls, including the two half walls.

2.6. Numerical modelling

The set of differential equations [equations (6)-—
(12)] is solved by the SIMPLER method of Patankar
[16], using backward staggered grids for the velocity
components, and integrating the convection—diffusion
terms by using the power law scheme. This is an iter-
ative scheme, in which the estimated velocities are
corrected with pressure correction terms in order to
satisfy the integral continuity equation, being the pres-
sure field directly obtained in each iteration by solving
its discretization equations set. The discretization
equations, formally the same for all variables, are
solved iteratively with the tri-diagonal matrix algo-
rithm (TDMA) applied several times over a complete
line in each direction. On the y,, direction, the spatially
periodic boundary conditions given by equation (25)
are applied by using a cyclic version of the TDMA
algorithm. Over the fluid-solid interface, the con-
jugated combined heat and mass transfer problem is
solved through the use of the harmonic mean practice
for the diffusion coefficients, as proposed by Patankar
[16].

The domain is discretized using a 51 x 53 non-uni-
form grid, which is symmetric relative to the centre of
the cavity and expands from the wall to the centre
with an expansion factor of 1.08. There are considered
two horizontal rows of nodes over each half solid wall.
The used grid was selected from the analysis of some
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preliminary tests of asymptotic type, and comparisons
with the benchmark solution of Davis [17] for the
single natural convection heat transfer in a square
enclosure. The iterative process is stopped when the
residual’s summation of the momentum equations
in each co-ordinate direction, normalised with
Ra;(14+N), is less than 5x 1077,

3. RESULTS AND ANALYSIS

3.1. Values for the dimensionless parameters

The dimensionless parameters governing the con-
jugated combined heat and mass transfer problem are
seven, as shown i the preceding section : Pr, Rar, N,
L/B, Le, Rc and Rd. There is also the possibility of Ty
and Cy at the same vertical wall (combined buoyancy
effects) or on the opposite vertical walls (opposed
buoyancy effects).

If the medium that fills the cavity is the moist air,
with a low concentration of water vapour, one can
take Pr = 0.7 and Le = 0.8 (which gives Sc = 0.6).
In order to obtain a contained work, the results are
restricted to a cavity with L/B = 20. For the moist air
(M,— M) > 0, being thus - > 0 and, consequently,
N = 0. This last parameter is null for the situation of
no solutal diffusion.

The representative results are obtained for
Ra; = 10°, the remaining dimensionless parameters
being grouped in order to show that the influence of
the participating walls cannot be neglected in many
usual situations where it is usually neglected. All the
considered situations are for Rc = Rd, which is the
most usual case for building elements.

It should be noted that the obtained results must be
used with great care, due to the real possibility of the
non-considered condensation of the diffusing species.
Using the knowledge of psycrometry, and noting that
C is the specific humidity in a wet basis, one can
construct Fig. 2, where under the curve is shown the
region of real validity of the obtained results for the
moist air over a given range of temperature level.
Similar figures can be obtained to other gaseous mix-

0.030f

0.025} A

0.020F

¢ i Not valid

0.015F /

0.010F /‘

0.005F—> Valid

00015 20 25 30
T1°C]

Fig. 2. Validity of the obtained results for moist air.
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tures, the special need being the knowledge of the
functional relation between the temperature and the
vapour pressure of the diffusing species.

3.2. Heatlines and masslines

The heatlines and masslines are the best choice to
visualise the paths followed by the heat and mass
flows that cross the cavity. Such lines are defined,
respectively, as the constant lines of the heat (H) and
mass (M) functions, defined through its first deriva-
tives. For the medium that fills the cavity we have

%I = pouc,(T— TC)_kf’j—Z;;

_ %_i’ = povey(T—Te) —ka—f, (28)
L R
LM wC—C-pDE. 29)

ox oy

The corresponding equations over the separating solid
walls are

0H or oH oT

T TRE T TRy GO
oM ac oM JCc
—8y = —puDy T puDy —ay. 3

The statement of the equality of the second order
cross derivatives of H and M leads, identically, to the
dimensional forms of equations (9)—(12).

The differential equations from which are evaluated
the H and M fields are obtained by setting the equality
of the second order cross derivatives of T and C from
equations (28)—(31). Defining the dimensionless heat

and mass functions, respectively, as
H, = Hlk(Ty—T¢), (32)
M, = M/pD(Cy—Cc)Le (33)

one obtains, for the medium that fills the cavity,

#H, &H, 0 d

0= T T T O
*M, #M, 0 F

0= o T on +5;(U*C*)_E(M*C*)' (35)

These equations are also valid over the solid walls,
noting that, in that case, u, = v, = 0.

The H, and M, fields are defined through its first
order derivatives, being thus important only differ-
ences in its values but not its level. This relative nature
is similar to that of the pressure field in incompressible
fluid flows. We have thus the freedom to state that
H,(0,0) = M,(0,0) = 0. As the difference between
the values of H, and M, at two points represents (by
unit depth), respectively, the dimensionless heat and
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mass flow within the two points (the later divided by
Le), the boundary conditions for equations (34) and
(35) are [18]:

Over the vertical walls, at x, =0 and x, =1,

oT,
—Re (67*) dy,,  (36)

Ve

Hy (X0 34 = H*(x*,())-i-j
0

7 Rd [(0C,
M (X4 p4) = M*(x*’0)+.[) “TIe (a;‘)dy'* (37N

noting that Re = Rd=1for0 <y, < 1.
Over the top and bottom half separating walls con-
sidered, at y, = —B/2L and y, = + B/2L,

'Xw aT
Hoxoy) = B0 [ =Re(5)ex 09
0 Y x
x> Rd (0C
M, (x,, =M,(0, - ——= *)dx. 39
+ (X V) «(0,74) J; Le(&y* * (39

The heat and mass functions are evaluated only for
visualization purposes, once known the flow, tem-
perature and concentration fields, using the calculation
method proposed by Patankar [16] for conduction-type
problems. The solid—fluid interfaces are treated using
once again the harmonic mean practice for the diffus-
ivities, noting that the diffusion coefficients for H, and
M, are, respectively, 1 and 1/Le over the medium that
fills the cavity, and 1/Rc and Le/Rc over the half solid
walls.

3.3. Temperature and concentration fields and heat and
mass transfer parameters

For comparison purposes, the presentation of results
starts in Fig. 3 with the situations of no solute transfer
(N=0), and Rc=0 or Rc=1. For Rc =10, the
results are essentially the same as for Rc = 1, which are
thus not presented. For N = 0 and Rc = 0 [Fig. 3(a)]
we have the celebrated problem of natural convection
in a square enclosure. It is observed that the tem-
perature and heat function contour maps change mark-
edly when Rc changes from 0 to 1, only minor changes
being observed in such contour plots when Rc changes
from 1 to 10. The thermal stratification at the centre of
the cavity is loosed when Rc =1 or Re = 10, with a
X, increasing temperature profile in that region. The
diffusive walls enable the heat transfer between adjacent
cavities, increasing such heat exchange as Rc increases.
This point is illustrated with the heatlines crossing the
horizontal walls. The local and global Nusselt numbers
corresponding to the vertical walls change considerably
when Rc changes from 0 to 1, the global Nusselt num-
ber decreasing as Rc increases. The distribution of the
local Nusselt number becomes more flat as Rc increases
from O to 1, increasing near the upper wall and decreas-
ing near the bottom one. It should be noted that the
consideration of the heat transfer along the separating
walls leads to an aforementioned corrected Nusselt
number over such walls. Only a small increase of the
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global Nusselt numbers associated with the vertical
walls is observed when Re changes from 1 to 10. All
the heatlines show a circulating core, with a global
insulation effect over the cavity, the effective heat trans-
fer occurring along a thin region near the top wall.

In Fig. 4 are presented the situations of combined
heat and solute buoyancy effects and ¥ =1, cor-
responding to some particular combinations of Rc and
Rd. The marked change in the presented situations
occurs when Rc and Rd change from 0 to 1, only minor
changes being observed when Rc¢ and/or Rd increase
from 1 to 10. This is observed from the four contour
plots of temperature, concentration, heat function and
mass function, and also from the Nusselt numbers. The
concentration field is very close to the temperature field,
Le =~ 1, and both the heat and masslines show to have
similar behaviours for similar values of Rc and Rd.
Once again, the thermal and concentration strati-
fication at the centre of the cavity when Rc = Rd =0
is replaced by x, increasing temperature and con-
centration profiles. The contour plots of temperature
are more inclined than these of concentration, which is
due to the higher diffusion coefficient for the solute
transfer, 1/Le, with Le < 1. From the contour plots it
is clear the extension of the temperature and con-
centration fields through the horizontal walls, as well
as the paths followed by the heat and solute through
the same walls. The influence of Rc and Rd over the
Nusselt and Sherwood numbers is similar to that
described (for the Nusselt number) when analysing
Fig. 3, with a decrease when (Rc, Rd) change from
0,0) to (1,1), and a small increase when changing
from (1,1) to (10,1) or (10,10). As Le ~ 1, the local
and global Sherwood numbers are always very close to
the corresponding Nusselt numbers, this for similar
values of Rc and Rd. Comparing with the situation of
no solute transfer (Fig. 3), the presence of the combined
buoyancy effects increases considerably the Nusselt
number when Rc = Rd = 0. This increase is only of
small significance when changing (Rc, Rd) from (0, 0)
to any (Rc, Rd) #(0,0).

Figure 5 represents the situations corresponding to
these represented in Fig. 4, but with the buoyancy ratio
N = 10. The major change occurs once again when
changing (Re, Rd) from (0, 0) to (1, 1), being the overall
analysis made for Fig. 4 also valid for Fig. 5. However,
the thermal and concentration fields shows to be more
stratified, and there is a marked change over the flow
structure at the centre of the cavity. In fact, it appears
a region with an anti-clockwise rotation (contrary to
the global one), which is more intense as Rc and/or Rd
increase. The region used for the effective heat and
solute transfer in the x, direction is very close to the
upper wall. The temperature and concentration con-
tour plots for Rc = Rd =0 are very close to these
obtained for the single natural convection heat transfer
problem with Rar = 10, as well as the global Nusselt
number [17]. This is the expected behaviour due to the
RaPr(T,+NC,) source term in the », momentum
equation. As expected, the Nusselt number increases
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Fig. 3. Base legend as in Fig. 4. No solute transfer (N = 0) and: (a) Rc = 0 (AH, = 0.73);and (b) Rc =1
(AH, =0.88).

significantly when changing N from 1 to 10, which is
a situation that is markedly controlled by the solute
buoyancy effect. The effect of Rc and Rd over the local
and global Nusselt and Sherwood numbers is similar
to that observed when analysing Fig. 4.

For the situation of combined buoyancy effects, one
concludes that only significant changes occur over the
temperature and concentration fields and over the over-
all Nusselt and Sherwood numbers when Rc and Rd
change from 0 to 1. Posterior changes increasing the
diffusivity ratios are of little effect, even over the trans-
fer parameters corresponding to the considered top and
bottom half walls.

The situation of opposed buoyancy effects and N = 1
is only shortly discussed. It is a very delicate situation
from a numerical viewpoint, because it is very sensitive
to the initial conditions and to the solution’s procedure
used to solve the differential equations introduced by
the mathematical model. Considering, for example, the
initial distributions T, =1-—x, and C, = x,, one
obtains that T+ NC, = 1, a result that is independent
of x,. Any point in the fluid is thus under the same
buoyancy effect, leading to a stagnant fluid situation.
The aforementioned global corrected Nusselt and Sher-
wood numbers for such situations are, respectively
Nu=1+(B/L)Rc and Sh= 1+ (B/L)Rd. Any small
disturbance introduced by the initial conditions or by
the solution’s procedure can lead to substantially
different flow structures, because it introduces differ-
ences in an expected uniform buoyancy field.

In Fig. 6 are presented some situations cor-
responding to the opposite buoyancy effects, with a
buoyancy ratio N = 10, that is, situations that are con-
trolled by the solute buoyancy effect. The temperature
and concentration contour plots take the form of the
mirror images corresponding to these associated with
the single natural convection heat transfer problem for
Ra; = 10, as well as the global Nusselt number [17].
There is a considerable thermal and solute stratification
at the centre of the cavity. Posterior changes in (Rc, Rd)
from (0, 0) lead to marked changes in the temperature
and concentration contour plots. As for the combined
buoyancy effects situations analysed, the solute strati-
fication is more intense than the thermal one. A drastic
change occurs over the heat and masslines, presenting
now an anti-clockwise rotation. Heat flows now in the
x, direction through the region close to the bottom
wall. In the combined buoyancy effects situations, heat
flows from one cavity to its upper neighbour, being this
flow inverted when we have the opposed buoyancy
effects. The solute flowing in the x,, direction proceeds
now from right to left, and flows over the narrow region
close to the upper wall. Similarly to what happens in
Fig. 5, there is a circulation region at the centre of
the cavity (contrary to this of the main flow), which
significance increases as Rc and/or Rd increase. The
global Nusselt and Sherwood numbers are similar to
these corresponding to the situations of combined
buoyancy effects, with N = 10 and the same (Rc, Rd)
values. However, as the main circulation was changed
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(63)

-4 m

(ch)

from clockwise to anti-clockwise, the distribution of
the local Nusselt and Sherwood numbers is inverted.

For the situation of opposed buoyancy effects, and
similarly to what happens with the situations of com-
bined buoyancy effects, there are observed significant
changes over the temperature and concentration fields
and over the heat and mass transfer parameters when
Rc and/or Rd change from 0 to 1. Only small effects
are observed for changes of Rc and/or Rd from 1 to
10.

All the presented figures from Fig. 3 to Fig. 6 present
a mirror characteristic. Each temperature and con-
centration contour map, each heat and mass function

(€2)
Fig. 4. Contour maps of temperature (—) and concentration (—) in (1) ; contour maps of heat function
(—) and mass function (—) in (2) ; and local and global Nusselt (—) and Sherwood (—) numbers over the
surfaces of the square enclosure in (3). All the contour maps in (1) with AT, = AC,. = 0.1, being the values
of AH, and AM, in (2) presented individually. Considered parameters are Rar = 10°, L/B = 20, Pr = 0.7
and Le = 0.8. Combined buoyancy effects with N =1 and: (a) (Rc, Rd) =(0,0) (AH, = 0.92,AM, =
0.97); (b) (Re, Rd) =(1,1) (AH, = 1.11,AM, = 1.17); and (¢) (Rc, Rd) =(10,1) (AH,, = 1.17,AM,, = 1.19).

()

contour map, and each figure with the heat and mass
transfer parameters exhibits this mirror characteristic :
the similar image is obtained after each 180° rotation
of the figure. Additionally, the temperature and con-
centration contour maps for the opposed buoyancy
effects are, in form, the mirror images of the cor-
responding situations with combined heat and mass
buoyancy effects.

4. CONCLUSIONS

With this work it is established the complete math-
ematical and numerical models for the calculation of
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@) ‘ (@) (@3)
Fig. 5. Base legend as in Fig. 4. Combined buoyancy effects with N = 10 and: (a) (Ro, Rd) =(0,0)
(AH, = 147,AM, = 1.54); (b) (Re, Rd) =(1,1) (AH, = 1.78,AM, = 1.87); and (©) (Rc, Rd) =(10,1)
(AH, = 1.84,AM, = 1.88); and (d) (Rc, Rd) =(10,10) (AH, = 1.91,AM, = 2.01).
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Fig. 6. Base legend as in Fig. 4, with: contour maps of temperature and concentration in (1) ; contour

maps of heat function in (2); contour maps of mass function in (3); and local and global Nusselt and

Sherwood numbers over the surfaces of the square enclosure in (4). Over the vertical walls in (4) are

presented Nu and —Sh, and over the horizontal walls are presented — Nu and Sh. Opposed buoyancy

effects with N =10 and: (a) (Rc,Rd)=(0,0) (AH, =145AM, =1.50); (b) (Rc,Rd) =(1,1)
(AH, = 1.72,AM, = 1.81); and (c) (Rc, Rd) =(10,10) (AH, = 1.85,AM, = 1.94).
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double diffusive natural convection in enclosures with
heat and mass diffusive walls. The considerable number
of involved parameters, together with the possibility
of combined or opposed buoyancy effects, is a severe
limitation for a much more complete analysis. A set of
so many dimensionless parameters precludes the find-
ing of general correlations for the heat and mass
transfer parameters. This number is reduced in this
work, by considering the moist air as the medium that
fills the square cavity with a fixed L/B ratio and
Ray = 10°.

Changes on the N parameter are shown to affect
seriously the temperature and concentration fields, the
paths followed by the heat and mass flows, and also
the heat and mass transfer parameters. By this turn, Rc
and Rd diffusivity ratios affect significantly the same
fields, paths and parameters when changing from 0 to
1, being the observed changes of little significance when
the diffusivity ratics change from 1 to 10. The usual
results obtained for the double diffusive natural con-
vection in enclosures, of adiabatic and impermeable
horizontal separating walls, are thus of little practical
applicability when analysing building elements of
cellular-cavity type. Special emphasis should be placed
in adequate insulation for both the heat and solute, and
not only on the thermal insulation, as well as in the
levels of temperature and concentration within the
cavities, which can lead to condensation situations. The
solute buoyancy effiect can very well control the natural
convection in a device designed only for a good thermal
insulation.

The obtained heat and masslines, for the conjugated
heat and mass transfer problem under analysis are
shown to be a very effective way to visualise the paths
followed by heat and mass, through each cavity and
also through the diffusive separating horizontal walls.
Also the obtained figures with the heat and mass
transfer parameters are of considerable value, giving
the parameters distribution over each wall of the cavity,
and also the overall parameters associated with each
entire wall.

Due to the high number of involved dimensionless
parameters, the main conclusion for practical purposes
is that each particular case under analysis should be
submitted to a complete numerical simulation, being
the published results for adiabatic and/or impermeable
separating walls of limited practical value.
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