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Abstract

Double-diffusive natural convection in parallelogrammic enclosures filled with moist air is studied numerically. This
geometry presents high potential for heat and/or mass transfer, since it can act as a heat and/or mass transfer promoter
or as a heat and/or mass transfer inhibitor, being referred to as a heat and/or mass transfer diode. Work is concentrated
on the physical modeling and on the analysis of a set of numerical results, obtained for some combinations of the
dimensionless governing parameters, for two-dimensional parallelogrammic enclosures. The heat and mass transfer
characteristics of the parallelogrammic enclosure are analyzed using the streamlines, heatlines and masslines. Its
transfer performances are analyzed and it is explored the dependence of the global Nusselt and Sherwood numbers on
the thermal Rayleigh number, aspect ratio and inclination angle, both for the situations of combined and opposite
global heat and mass flows through the enclosure. Relevant information can be extracted from the presented results in
what concerns the overall heat and/or mass transfer performance of the parallelogrammic enclosures, and how selected
combinations of the governing parameters can lead to maximum or minimum overall transfer. The heat and/or mass
transfer diode effect of this shape is also highlighted. Results clearly show the high potential of the parallelogrammic
enclosures, which can be used alone or taken as the basic form to obtain, by assembly, most complete and even complex

efficient heat and/or mass transfer systems.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Double-diffusive natural convection in enclosures has
received special attention in many recent works, con-
cerning both enclosures filled with a fluid only [1-8] or
enclosures filled with fluid-saturated porous media [9-
18], just to mention a few of such works. To the best
knowledge of the author, no attention has been paid to
the double-diffusive natural convection in parallelo-
grammic enclosures. It is a geometry with important
features and potential in what concerns heat and mass
transfer performance, the parallelogrammic enclosure
having different heat and mass transfer performance for
different inclination angles and different aspect ratios. It
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can even present very different heat and/or mass transfer
behavior for positive and for negative inclination angles,
being referred to as a heat and/or mass transfer diode.
Natural convection in parallelogrammic enclosures
has been previously studied [19-24], concerning both
flow features and thermal performance. In the work
reported in [19], results are presented for the flow
structure and for the Nusselt number, this latter
for some different combinations of Rayleigh number,
Prandtl number, aspect ratio and inclination angle.
Studies conducted in [21] deal with the transient natural
convection in parallelogrammic enclosures, where anal-
ysis is made on the time evolution of the flow structure,
vertical velocity, and global Nusselt number for different
inclination angles and aspect ratios. For sufficiently long
times, the steady-sate solution is obtained for each of
the analyzed variables and combinations of parameters,
and analysis is made of the global Nusselt number
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Nomenclature

C concentration

D mass diffusivity

g gravitational acceleration
H height

H heatfunction

k thermal conductivity
L length

Le Lewis number

m mass

M molar mass

M massfunction

n outward normal

N buoyancy ratio

Nu Nusselt number

p pressure

Pr Prandtl number

Ra Rayleigh number

Sc Schmidt number

Sh Sherwood number

T temperature

u, v Cartesian velocity components
w specific humidity, dry basis
X,y Cartesian co-ordinates

Greek symbols

thermal diffusivity

volumetric expansion coeflicient
inclination angle

kinematic viscosity

density

streamfunction

< = ™R

Subscripts

referring concentration
higher value

lower value

referring pressure
referring temperature
dimensionless

*™ HT A

dependence on some of the governing parameters. Work
reported in [19,22] includes, additionally, the influence
of the thermal conductivity of the separating walls of
contiguous parallelogrammic enclosures assembled in a
vertical stack, assuming that the conditions are the same
in each enclosure in the assembly (vertical periodicity).
Studies in [19,21] include the effect of the inclination
angle and of the aspect ratio on the thermal performance
of the enclosure. In what concerns thermal performance,
results clearly show its strong dependence on the incli-
nation angle and on the aspect ratio, the parallelo-
grammic enclosures having strong potential to be used
as the basic structure that, by assembly, lead to high
performance heat transfer elements to be used in many
fields. It is a form that presents also a strong potential
for a variable geometry structure, the inclination angle
being changed by rotating the inclined walls of the
enclosure, in order to achieve the desired (and consid-
erably different) thermal performance at each time. In
particular, the parallelogrammic enclosure presents
special potential to act as a heat transfer inhibitor
(thermal insulation) or to act as a heat transfer promoter
(heat transfer enhancement), relative to the basic two-
dimensional rectangular or square enclosures.

Many situations of practical interest deal with
enclosures filled with a two-component mixture of an
indifferent fluid and a pollutant whose mass transfer
occurs, thus motivating the study of the double-diffusive
natural convection problem in enclosures of parallelo-
grammic geometry. The governing dimensionless
parameters are in number of 6, the presented results
corresponding to only some particular combinations

of such parameters. Additionally to the six governing
parameters, the boundary conditions can be specified
such that the global heat and mass flows are combined
or opposite. Also the temperature and concentration
buoyancy effects can be combined or opposite.

For parallelogrammic enclosures filled with moist air,
the visualization of the occurring heat and mass transfer
is analyzed in detail using the streamlines, heatlines and
masslines [7,25]. Special emphasis is devoted to the
analysis of the Nusselt and Sherwood numbers depen-
dence on the dimensionless governing parameters for
parallelogrammic enclosures filled with moist air.
Questions related with multiple solutions or oscillatory
solutions [10,13,15] are not analyzed, and combinations
of the dimensionless governing parameters and bound-
ary conditions leading to such solutions are intentionally
avoided.

2. Physical and numerical modeling
2.1. Physical model

The domain under analysis is sketched in Fig. 1,
where a parallelogrammic two-dimensional enclosure
filled with a fluid containing a pollutant whose mass
transfer occurs is under the influence of the gravity field.
The walls of height H are always vertical walls, and the
other walls of length L form an angle 0 relative to the
horizontal direction, being referred to as inclined walls.
Some ratios H/L and angles 0 are explored in order to
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Fig. 1. Physical model and geometry.

analyze the structure of the resulting flow and the heat
and mass transfer processes taking place.

The vertical walls are maintained at constant differ-
ent levels of temperature and concentration, thus giving
rise to a double-diffusive natural convection problem.
The inclined walls are assumed to be impermeable and
perfect thermal insulators.

2.2. Model assumptions

The indifferent fluid and the transported pollutant
are assumed to be completely mixed. This mixture is the
Newton—Fourier fluid that fills the cavity, which flows in
laminar regime and does not experience any phase
change. The mixture is taken as incompressible but ex-
pands or contracts under temperature and/or concen-
tration changes.

The mixture density is assumed to be uniform over all
the cavity, exception made to the buoyancy term, in
which it is taken as a function of both the temperature
and concentration levels through the Boussinesq ap-
proach. From p = p(7,C), Thermodynamics teaches
that B, = —(0p/0T),./p is the volumetric thermal
expansion coeflicient and, similarly, 8. = —(0p/0C),;/p
is the volumetric mass expansion coefficient relative to
concentration C. The mixture density in the buoyancy
term can thus be obtained from the reference value
pL(Ti, Cr) as [26]

p=p[l = Br(T = T) = Be(C — Cu)] (1)

Usual situations correspond to positive 5, the most
frequent exception being the water between 0 °C and
nearly 4.1 °C. On the other hand, usual situations can
lead to either positive or negative f.. If the overall fluid
can be considered as a mixture of ideal gases, fi; = 1/Typs
and . = (My — M,)/[(M, — M;)C + M|, where M, is the
molecular weight of the transported pollutant and M, is
the molecular weight of the indifferent fluid. For the air—
water vapor pair (the mixture considered in this work) at
a temperature near 20 °C, f; can assume values near
pr =0.0034 and pf. can assume values between
pc=0.61 (for C =0) and . = 0.38 (for C = 1).

In energy conservation analysis, it is assumed that the
thermal levels are small and similar enough so that the
thermal radiation heat transfer between the walls is
negligible, and the fluid is assumed to be radiatively non-
participating. The energy terms due to viscous dissipa-
tion and change of temperature due to reversible
deformation (work of pressure forces) are not consid-
ered. For the two-component mixture under analysis,
there are not considered the energy terms of interdiffu-
sional convection and diffusion thermo (Dufour effect)
[27]. The only considered energy diffusion term is thus
this due to Fourier conduction.

For the pollutant mass conservation, considered in
this work through the ratio between the mass of pollu-
tant to the total mass, C =m/(m + my), the only
considered diffusional term is this due to Fick diffusion.
The pressure diffusion, body force diffusion and thermal
diffusion (Soret effect) terms are not considered [27]. If
the mixture under analysis is the moist air, C is the
specific humidity in a wet basis, which is related to the
specific humidity in a dry basis, W, as C = W /(1 + W).

The thermophysical properties of the involved media
(two mixture components and the resulting mixture) are
assumed to be constant, exception made to the density
appearing in the buoyancy term, as explained above. In
reality, the properties of the mixture that fills the cavity
are dependent, between others, of the concentration
level of the transported species and of the temperature
level in each point of the enclosure.

It should be noted that the obtained results must be
used with care, due to the real possibility of the non-
considered condensation of the transported species.
From psychrometry, noting that C is the specific
humidity in a wet basis, for the air-water vapor pair one
can obtain temperature and concentration levels that
lead to relative humidities close to the unit (or even
greater than 1), situation for which condensation of the
transported species occur, as shown in [7].

2.3. Model equations

Taking the dimensionless variables

u, = uf(a/H); v.=v/(a/H) 2
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x.=x/H; y.=y/H 3)
T.=(T—-T.)/(Tu — TL);

C.=(C-CL)/(Ch—Cr) 4)
p.=p+pgy)/lpL(2/H)| (5)

where p, is the dimensionless driving pressure, one ob-
tains the following set of partial differential equations
that govern the problem under analysis:

Ou, Ov,
+

ox, Oy, =0 ©
a—x*(u*u*) + a—y*(v*u*) - Eaﬁi +Pr<662:§* + a;,?) (7)
et gyt == (G4 5 )

+ RarPr(T. + NC.) (8)
ai;*(u*T*) +a%(v*T*) :%Z—X?Jr%z—y? 9)
a%ﬂ(m&) +§(U*C*) = i (aazxcz a;%) (10)

Foregoing equations introduce the dimensionless
parameters

Pr=v/o; Le=oa/D (11)
Rar = o0~ R (1)

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

The Prandtl and thermal Rayleigh numbers are usual
when analyzing the single natural convection heat
transfer in enclosures. The N and Lewis parameters
arise, in addition, when analyzing the double-diffusive
natural convection problems. Parameter N is the buoy-
ancy ratio, which is the ratio between the solute and
thermal buoyancy forces. It can be either positive or
negative, its sign depending of that of the ratio between
the volumetric expansion coefficients ff; and .. When N
is positive, the temperature and concentration buoyancy
effects are combined, and they are opposite otherwise.
When Egs. (9) and (10) have the same boundary con-
ditions, the 7, and C, fields are coincident if Le = 1. It
should be mentioned that a Rayleigh number referring
to pollutant concentration analogous to Rar can be
defined as Rac = gf(Cy — CL)H?/vD.

Multiple solutions or oscillatory solutions can be
obtained for combined global heat and mass flows and
negative values of parameter N [10,13,15], or for oppo-

site global heat and mass flowsand 0 < N < 1 or N close
to the unit. Considering, for example, the linear initial
distributions 7, =1—x, and C, =x,, one obtains
T, + NC, = 1, a result that is independent of x,. All the
points in the enclosure are under the same buoyancy
effect, leading to a stagnant fluid situation. Any small
disturbances, introduced by the initial conditions or by
the numerical method of resolution, lead to different
flow structures because they are generating differences in
an initially expected uniform buoyancy field. These are
situations not considered in the present work.

2.4. Boundary conditions

Over the walls of the enclosure it is
Uy = Uy = 0 (14)

With such boundary conditions, it is assumed that the
pollutant mass flow through the vertical walls is small
enough in order to validate the use of zero normal
velocity values at such walls.

Prescription of 7, and C, over the vertical walls can
lead to a situation of combined or opposite global heat
and mass flows. Over the vertical walls it is thus pre-
scribed that

T.(0,3) =1; Tfcos0/(H/L),y.] =0 (15)
C.(0,y.) =1; CilcosO/(H/L),».] =0

for combined heat and mass flows (16)
or
C.(0,y.) =0; Cicos0/(H/L),y.] =1

for opposite heat and mass flows (17)

At the adiabatic and impermeable inclined walls of the
enclosure it is

T, aC.

on, On, (18)

where n, is the dimensionless normal to the inclined wall
under consideration.

2.5. Heat and mass transfer parameters

The global heat and mass transfer rates can be
evaluated once known the global Nusselt and Sherwood
numbers, which are defined respectively as

foH _k(%_f)xzody
k[(Tu — TL)/L]H cos 0

e ) (Z—T)dy (19

Nu =
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j;)H pD| %_? x:()dy

Sh = Dl(Ca — Cv)/L]H cos 0
1 'ac,
- Dot /0 o, o (20)

As the inclined walls are impermeable and adiabatic, the
derivatives 0T, /dx, and OC,/Ox, present in the global
Nusselt and Sherwood numbers definitions can be taken
atx, =0 or at x, = cos 0/(H/L). The modulus sign was
introduced when defining the Sherwood number in order
to define a positive value for this parameter, for both the
situations of combined or opposite heat and mass flows.
The reference situation for heat transfer, present in the
denominator of Eq. (19), is the pure conduction situa-
tion through the stagnant fluid of thermal conductivity
k, under the thermal gradient (T — 71)/L, noting that
the best value for the cross-section heat conduction area
is 1 x H cos 0. The reference situation for mass transfer
is obtained in a similar way.

2.6. Numerical modeling

The numerical method used in this work is a two-
dimensional laminar version of the control-volume
based finite element method described in [28]. A non-
uniform structured 91x51 mesh, which expands from
the walls towards the center of the enclosure in both
directions, with an expansion factor of 1.05, was selected
after some preliminary testes of asymptotic type.

3. Results and analysis
3.1. Values of the dimensionless parameters

The dimensionless parameters that govern the com-
bined heat and mass transfer problem under analysis are
six: Pr, Le, N, Rar, H/L, and 0. The highest temperature
Ty and concentration Cy can be set at the same (left)
vertical wall (combined global heat and mass flows) or
on opposite vertical walls (opposite global heat and
mass flows). Considering that the enclosure is filled with
moist air, with a low concentration of water vapor, it
can be taken Pr=0.7, Le = 0.8, thus giving Sc = 0.6.
For the moist air it is (M> — M;) > 0, . = 0 and, con-
sequently, N > 0, leading to situations with combined
temperature and concentration buoyancy effects only.
Parameters N, Rar, H/L and 0 are changed in order to
explore their influence on the structure of the resulting
flow and on the heat and mass transfer performance of
the enclosure. It is also made a short analysis of the
situation corresponding to temperature and concentra-
tion boundary conditions leading to opposite global
heat and mass flows.

3.2. Flow structure, temperature and concentration fields,
and heat and mass transfer visualization

In order to illustrate the strong influence of the
governing dimensionless parameters and boundary
conditions over the flow structure (analyzed through the
dimensionless streamlines), over the temperature and
concentration fields (analyzed through their respective
dimensionless contour plots), and over the heat and
mass transfer taking place (analyzed through the
dimensionless heatlines and masslines, respectively), a
small set of results is presented and analyzed. The con-
tour levels of the dimensionless heatlines and masslines
do not match the numerical values of the global Nusselt
and Sherwood numbers (these analyzed later, in Section
3.3), as expected [7,25,26]. This is due to the used defi-
nition for the Nusselt and Sherwood numbers, through
Egs. (19) and (20), and to the used reference values taken
to obtain the dimensionless heatfunction and massfunc-
tion as H,=H/k(Ty—T.)] and M, =M/[pD(Cyq —
CpL)Le], respectively. The streamfunction was made
dimensionless as , = y/(pa).

In Fig. 2 are presented the streamlines, isotherms and
heatlines for the situation of a square H/L =1 paral-
lelogrammic enclosure, with 0 = 30°, Ra; = 10° and no
pollutant transfer (N = 0). These are figures with some
resemblance with the well-known results for the differ-
entially heated square enclosure [7,25], the inclination
angle affecting considerably the variables’ fields. It is
also observed some symmetry on the streamlines and on
the isotherms, which also exists on the differentially
heated square enclosure [7,25].

Maintaining Ray = 10> and N =0, but now for
H/L =0.25 and 0 = 30° or 0 = —30°, considerable dif-
ferences are observed, as presented in Fig. 3a (for
0 = 30°) and in Fig. 3b (for 0 = —30°). Comparing Figs.
2 and 3a, both for 6 = 30° it is observed that when
changing from H/L =1 to H/L = 0.25 there is a strong
change on the flow structure, which now spreads along
the inclined enclosure’s length. In the center of the
enclosure, the streamlines are marked ellipses and not
close to circles as for the square parallelogrammic
enclosure with H/L = 1. The temperature field also
changes considerably, with large regions of the central
part of the enclosure subjected to nearly the same tem-
perature level and intense temperature gradients near the
vertical walls. In what concerns heat transfer, the ob-
served changes on the streamlines are also reflected on
the heatlines, being much more elongated, the heat
flowing along the neighboring of the top inclined wall of
the enclosure towards the right (cold) wall. Changing the
inclination angle from 6 = 30° to 6§ = —30° results in
marked changes on all the process. The flow structure
considerably changes, with a main clockwise vortex with
two minor interior vertexes near the hot and cold ver-
tical walls. The flow is much less intense than for
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p5.)

R\

Fig. 2. Streamlines (left), isotherms (center) and heatlines (right), for the situation of non-pollutant transfer (N = 0), 06 = 30°, H/L =1

and Ray = 105 (i, = —14.43, ¢

*,max

=0.00, Ay, = 1.44; AT, = 0.10; H, i = —4.96, H, max = 4.53, AH, = 1.05).

(b)

Fig. 3. Streamlines (top), isotherms (center) and heatlines (bottom), for the situation of non-pollutant transfer (N = 0), H/L = 0.25,
Rar = 10° and (a) 0 = 30° (, pin = —24.45, W, ox = 0.00, AW, = 2.44; AT, = 0.10; H, pmin = —10.43, H, mox = 3.59, AH, = 1.40); and

(b) 0= —30° (i, ., = —3.45,

*,min *,max

0 = 30°, as it can be obtained from the numeric values of
the streamfunction. In what concerns the temperature
field, it is observed a strong thermal stratification along
the enclosure, the isotherms being nearly parallel one to
each other, and nearly horizontal in the central region of
the enclosure. This means that heat transfer through the
enclosure occurs mainly by conduction. It is also ob-
served that the temperature gradients near the vertical
walls have considerably decreased, exception made to
the lower-left and upper-right corners of the enclosure.
In what concerns heat transfer, the heatlines show that

=0.00, Ay, = 0.34; AT, = 0.10; H.pin = —2.62, H, max = 0.67, AH, = 0.33).

heat is mainly extracted from the lower-left corner of the
enclosure, and reaches the cold wall along a large por-
tion of its length. The heat extracted from the remaining
of the hot wall reaches the cold wall just near its upper-
right corner. The main clockwise vortex observed on the
flow field is also observed on the heatlines, but it remains
near the hot left vertical wall of the enclosure. The heat
transfer is much less intense (as expected from the
analysis of the streamlines and of the temperature field),
as it can be extracted from the numeric values of the
heatfunction.
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(@)

(b)

Fig. 4. Streamlines (top), isotherms (top-1), isoconcentrations (top-2), heatlines (top-3) and masslines (bottom), for combined global
heat and mass flows, H/L=0.5, Rar =10°, 0=30° and (a) N =1 (, ., = —28.33, Vo max = 0.00, A, =2.83; AT, =0.10;
AC, =0.10; H.pmin = —11.72, H,jmax =4.89, AH. = 1.66; M, min = —11.44, M, o = 5.46, AM, =1.69); and (b) N =10 (Y, o =
—45.66, Y, 10 = 0.00, Ay, =4.57; AT, =0.10; AC, =0.10; H,pmin = —18.81, Hymax = 8.17, AH, =2.70; M, pmin = —18.27, M, yax =

9.21, AM, = 2.75).

The situation of combined global heat and mass
flows, for 0 = 30°, Ra; = 10° and H/L = 0.5 is presented
in Fig. 4a for N =1 and in Fig. 4b for N = 10. The
changes from N =0 to N =1 are of minor importance

on the results shown, the main changes from Fig. 3a to
Fig. 4a being essentially due to the change from
H/L=025 to H/L=0.5 and to the existence of
pollutant mass transfer. Noticeable changes occur,



2920 V.A.F. Costa | International Journal of Heat and Mass Transfer 47 (2004) 2913-2926

however, when N changes from N =1 to N =10. It
should be noted that, in terms of the flow field, this
corresponds nearly to a single natural convection heat
transfer situation with Ray = 10°. The flow is much
more intense, and the temperature and concentration
gradients have great values near the vertical walls, thus
leading to considerably more intense heat and mass
transfer for N =10 than for N =1. This can be
numerically confirmed from the numeric values of the
heatfunction and of the massfunction. As Le = 0.8, a
value close to the unit, there are no marked differences
on the temperature and concentration fields, as well as
on the heatlines and masslines. Changing from N = 1 to
N =10 results in more intense flow field and more in-
tense heat and mass transfer, which flows occur as
closest to the top adiabatic and impermeable boundary
of the enclosure as N increases.

Strong changes occur to the situation when the global
heat and mass flows are opposite, and N > 1. Situations
of 0 <N <1 or with N close to the unit are not ex-
plored, by the reasons explained before in Section 2.3.
Results for opposite global heat and mass flows,
H/L=0.5 0=30° Rar=10° and N =10 are pre-
sented in Fig. 5. In what concerns flow structure, it
comprises a major counter-clockwise vortex, with two
minor interior counter-clockwise vertexes near the ver-
tical walls. As the main contribution for buoyancy is
that due to the concentration level, and the highest
concentration is at the right vertical wall, the natural
convection induced flow takes place through counter-
clockwise vertexes. The main flow that reaches the left
and right vertical walls takes place in thin regions
adjacent to the upper and lower inclined walls of the
enclosure. In what concerns the temperature and con-
centration fields, they present noticeable stratification at
the center of the enclosure, the isotherms and the iso-
concentration lines being markedly horizontal in a large
portion of the central part of the enclosure. Intense
temperature gradients are present near the upper-left
and lower-right corners, associated with intense heat
transfer rates in these regions. This fact can be observed
from the heatlines, the heat flowing from the left vertical
wall to the right vertical wall through a thin region
adjacent to the lower inclined wall of the enclosure. The
closed counter-clockwise loop on the heatlines is placed
near the left vertical wall, of highest temperature level.
This is a direct consequence of the main flow occurring
in the form of counter-clockwise vertexes. The intense
concentration gradients occur near the same upper-left
and lower-right corners of the enclosure. However, the
mass flow takes place, from the right vertical wall to
the left vertical wall, through a thin region adjacent to
the upper inclined wall of the enclosure, as clearly shown
by the masslines. The closed counter-clockwise loop on
the masslines is placed near the right vertical wall, of
highest concentration level. The global heat and mass

Fig. 5. Streamlines (top), isotherms (top-1), isoconcentrations
(top-2), heatlines (top-3) and masslines (bottom), for opposite
global heat and mass flows, H/L = 0.5, Ray = 10°, 0 = 30° and
N =10 (Y, pn = 0.00, ¥, ..., = 7.66, Ay, =0.77; AT, = 0.10;
AC, = 0.10; H,min = 0.00, H,max = 7.06, AH, = 0.71; M, pmin =
—2.92, M, nax = 4.35, AM,, = 0.73).
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flows take place in opposite directions, under the
marked influence of the advection associated with the
mainly counter-clockwise fluid motion. Heat flows
mainly through a thin region close to the lower inclined
wall, and mass flows mainly through a thin region close
to the upper inclined wall of the enclosure.

3.3. Global Nusselt and Sherwood numbers

The heat and mass transfer performance of the par-
allelogrammic enclosure is quantified through the global
Nusselt and Sherwood numbers, as defined by Egs. (19)
and (20).

Analysis starts with the situation of no pollutant
transfer (N = 0), being presented in Fig. 6a—c the global
Nusselt number as function of the inclination angle 6
and of the ratio H /L for values of Ra; = 10°, Ray = 10*
and Rar = 10°, respectively. For Ra; = 10°, whose re-
sults are presented in Fig. 6a, it is observed a similar
behavior for H/L = 0.1 and for H/L = 0.2, with a nearly
flat profile of Nusselt versus 6, the Nusselt number for
H/L = 0.2 being always slightly higher than the Nusselt
number for H/L = 0.1. For such cases, the global Nus-
selt number is only slightly greater than 1. When ratio
H /L changes from 0.2 to 0.5, there is an increase on the
Nusselt number, which is higher for low values of 0
(0 =~ —60°), intermediate values of 0 (0 ~ 0°), and high
values of 0 (6 = 60°). For H/L =1 there is a marked
change on the behavior of the Nusselt number with the
inclination angle 0, which considerably increases for low
and high values of 6, and slightly decreases for inter-
mediate values of 6.

It should be noted that the denominator (H /L) cos 0
in the definition of the Nusselt number (Eq. (19)) is a
better description of the ratio 'Qconvmion / .Qconductjon as
H /L decreases, and that the so defined Nusselt number
can increase two-times for low or high values of 6, due to
the presence of cosf in the denominator of this equa-
tion. This is also valid for the Sherwood number.

As Ray increases from 10° to 10%, significant changes
occur in the Nusselt number dependence on 6, as it can
be seen in Fig. 6b. It can be observed a general increase
on the Nusselt number, relative to the situation of
Rar = 10°. However, the most noticeable change is given
by the existence of marked maximum Nusselt numbers
for H/L=0.1, H/L =0.2 and H/L = 0.5, the greatest
value corresponding to H/L = 0.2. Such maximum val-
ues occur always for positive values of 0, nearly in the
range 20-40°. Here it is markedly evident the thermal
diode effect of the parallelogrammic enclosure, the
Nusselt number for some positive values of 0 being
considerably higher than the Nusselt number for nega-
tive values —0. Selected positive values of 0 allow heat
transfer promoters and negative values of 6 allow ther-
mal insulation effect (for the specified temperature
boundary conditions), by appropriate use of the paral-
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Fig. 6. Global Nusselt number versus inclination angle 6 and
ratio H/L for the situation of non-pollutant transfer (N = 0)
and (a) Ray = 10°%; (b) Ray = 10%; and (c) Ray = 10°.

lelogrammic enclosure’s shape. For H/L =1, which
presents a considerably flat profile of Nusselt versus 0,
there is a general increase on the Nusselt number, rela-
tive to the situation of Rar = 10°, which is more evident
for intermediate values of 6.

The situation corresponding to Ray = 10° is pre-
sented in Fig. 6b, where it is evident the small increase
on the Nusselt number for lower values of 6 and a
marked increase of the Nusselt number for positive and
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high values of 0 and low values of the ratio H/L. There
is evident the existence of maximum Nusselt numbers
for H/L=0.1 and H/L=0.2, for 0 near 40°, and
monotonically increasing Nusselt numbers with 6 for
H/L=0.5 and H/L=1. The thermal diode effect is
evident, and this effect increases as decreases the
ratio H/L. For example, for H/L =0.1, the ratio
[(Nu)y/(Nu)_p]max can reach values as high as nearly 25.
It is also noticeable that the Nusselt number is almost
constant and independent of 6 for 6 < —30°.

The thermal diode effect can be explained in physical
terms. For positive values of 6 the hot fluid near the left
vertical wall reaches the inclined upper wall which has a
favorable inclination, allowing some tangentiality to the
flow flowing up-right towards the cold wall. The same
applies also for the descending cold fluid on the neigh-
boring of the opposite vertical wall. The flow is intense
and the thermal gradients near the vertical walls are
high, thus resulting on high global heat transfer rates.
For negative values of 0, the inclined wall has a non-
favorable inclination, and the fluid tends to be trapped
at the acute corners on the top of the hot wall and on the
bottom of the cold wall of the enclosure, with a resulting
marked thermal stratification. The flow is less intense
and the thermal gradients are smaller near the vertical
walls, giving rise to lower heat transfer rates. A similar
explanation applies to the mass transfer diode effect,
when pollutant transfer is present.

The situation corresponding to combined global heat
and mass flows, for N = 1, is presented in Figs. 7a—c for
values of Ray of 10°, 10* and 10°, respectively. In this
case, as pollutant transfer occurs, there are also pre-
sented the figures corresponding to the global Sherwood
number. In general terms, it can be observed that as
Le=0.8 ~1 there are no significant differences on
behavior and on the numeric values of the Nusselt and
Sherwood numbers. For Rar = 10° it is observed a
noticeable increase on the Nusselt number for interme-
diate values of 0 relative to the non-pollutant transfer
situation in Fig. 6a. It is also observed the emergence of
marked maximum values for the Nusselt and Sherwood
numbers for H/L=0.1, H/L=0.2 and H/L=0.5,
which occur in the range 0° < § < 20°. For H/L = 1, the
Nusselt and Sherwood numbers maintain marked in-
creases for low and high values of 0, the numeric values
for 0 being very close to the values for —6. For
Ray = 10%, in Fig. 7b, remains essentially the analysis
made to Fig. 6b, now enlarged to include also the
Sherwood number. The highest Nusselt number corre-
sponds now to H/L = 0.1, and there is a general increase
on the heat and mass transfer parameters due to the
increase on the source term on the vertical momentum
equation. When Ra; = 10°, in Fig. 7c, there is a marked
maximum on the Nusselt and Sherwood numbers for
H/L=0.1. For H/L = 0.2 there is a strong increase on
the Nusselt and Sherwood numbers for 0 between —20°

and 20°, and after 20° they monotonically increase with
0, without an identifiable maximum. For H#/L = 0.5 and
H/L =1 it remains valid the analysis made for Fig. 6c,
enlarged to include also the analysis of the Sherwood
number behavior, with the expected increase on the
transfer parameters due to the increase on the source
term on the vertical momentum equation.

The situation corresponding to combined heat and
mass flows and N = 10 is presented in Figs. 8a—c for
Rar =103, Ra; = 10* and Ra; = 10°, respectively. The
source term on the vertical momentum equation,
RarPr(T. + NC.), is nearly 10RarPr in the neighboring of
the highest concentration wall. In this way, results in
Fig. 7a have some similitude with the results in Fig. 6b.
The same applies also to Figs. 7b and 6¢c. Fig. 7c rep-
resents the situation with the highest source term con-
sidered in the vertical momentum equation, with high
numeric values for the Nusselt and Sherwood numbers,
for high values of 6. As the source term on the vertical
momentum equation increases so disappear the maxi-
mum values on the Nusselt and Sherwood numbers,
which have an essentially increasing behavior with 6. In
this case, the thermal diode effect for H/L = 0.1, eval-
vated as [(Nu),/(Nu)_,]...» can reach values as high as
nearly 50, which is remarkable. The same applies simi-
larly to the mass transfer diode effect of the parallelo-
grammic enclosure. It is also noticeable that, for small
values of the vertical momentum source term, the
greatest heat and mass transfer parameters are obtained
for the highest values of the ratio # /L, and high values
of the source term lead to greater heat and mass transfer
parameters for small A /L ratios. It should be mentioned
that the heat and mass transfer diode effects increase as
increases the vertical momentum source term, the
transfer parameters for low values of 0 remaining
essentially unchanged.

Results for the opposite global heat and mass flows
and N = 10 are presented in Figs. 9a—c, for Ra; = 103,
Rar = 10* and Ra; = 10°, respectively. In this case, the
vertical momentum source term is conditioned essen-
tially by the concentration field, which has its maximum
at the right vertical wall of the enclosure. Thus, from the
physical explanation given for the heat and mass
transfer diode effects, the favorable inclination corre-
sponds now to negative values of 0, and the non-
favorable situation corresponds to positive values of 0.
For Ra; = 10%, in Fig. 9a, there are marked maximum
values on the Nusselt and Sherwood numbers for
H/L=0.1, H/L=0.2 and H/L =0.5, all for negative
values of 0, the highest heat and mass transfer para-
meters occurring for H/L =0.2. When Rar changes
from 10° to 10* this in Fig. 9b, there is a considerable
increase on the heat and mass transfer parameters for
negative values of 0, with marked maximum values for
H/L=0.1 and H/L=0.2. The region of the figure
corresponding to high values of 0 remains essentially
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Fig. 7. Global Nusselt (left) and Sherwood (right) numbers versus inclination angle 6 and ratio H/L for the situation of combined
global heat and mass flows, N = 1 and (a) Ra; = 10%; (b) Rar = 10* and (c) Ray = 10°.

unchanged. For Ra; = 10°, in Fig. 9c, it is noted a close
similitude with Fig. 8c, but now with the highest heat
and mass transfer parameters for the lower values of 0,
and low heat and mass transfer parameters for high
values of 6. In this case, there are also noticeable the
heat and mass transfer diode effects. Their physical
explanation remains the same as for combined global
heat and mass flows, but now the highest transfer
parameters occur for low values of 0 and the minimum
values on the heat and mass transfer parameters occur
for high values of 0, as expected.

4. Conclusions

Parallelogrammic shape is very attractive as the basic
shape to build, by assembly, more complete and complex
structures that should present good heat and mass
transfer performances. In particular, the parallelogram-
mic enclosures have strong potential to be used in the
assembly of construction elements. As many of the con-
struction elements, in the form of enclosures, are subject
to heat and mass transfer and to the gravitational field,
and are, in many situations, filled with moist air, present
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Fig. 8. Base legend as for Fig. 7, for N = 10.

study deals mainly with parallelogrammic enclosures fil-
led with moist air. Even if the presented results refer to
moist air only, the presented model is quite general. This
work deals with double-diffusive natural convection in
parallelogrammic enclosures, the non-solute transfer or
the isothermal situations being simple particular cases.
In terms of the flow structure, temperature levels and
concentration levels, strong changes occur in the paral-
lelogrammic enclosure when changes are made on the
Rayleigh number, the inclination angle and/or on the
aspect ratio of the enclosure. Increasing the source term
of the vertical momentum equation, by increasing the
Rayleigh number (more severe boundary conditions) or

by increasing the buoyancy ratio, always lead to in-
creases on the heat and mass transfer performance of the
enclosure. Such increases are, however, strongly depen-
dent of the aspect ratio of the enclosure and of the
inclination angle. Very different behaviors are also ob-
tained for the combined or opposite global heat and
mass flows that cross the parallelogrammic enclosure.
This is of special interest because, in many practical
situations, both situations can equally occur.

When dealing with construction elements filled with
moist air, special attention needs to be given to the
temperature and concentration levels at each point of
the enclosure, as they can lead to condensation condi-
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Fig. 9. Global Nusselt (left) and Sherwood (right) numbers versus inclination angle 6 and ratio H /L for the situation of opposite global
heat and mass flows, N = 10 and (a) Ray = 10°; (b) Ra;y = 10%; and (c) Rar = 10°.

tions inside the enclosure. With careful control of the
temperature and concentration levels, such (usually
damaging) conditions can be avoided.

In what concerns the heat and mass transfer perfor-
mance of the parallelogrammic enclosure, some main
aspects should be mentioned. Selected combinations of
the aspect ratio and of the inclination angle can lead to
considerably high heat and mass flows through the
enclosure, and some combinations of these parameters
can even lead to the maximum allowable heat and mass
transfer. This corresponds to the maximum transfer
performance of the parallelogrammic enclosure, which is

of crucial importance when it is to be used as a transfer
promoter. Other selected inclination angles, of opposite
sign from the foregoing ones, can lead to essentially
unchanged poor transfer performance of the enclosure,
thus giving rise to the notable transfer diode effect of the
parallelogrammic enclosure: for a given aspect ratio, the
ratio between the maximum of the transfer parameters
to the respective minimum transfer parameters can be of
some tenths. It is this marked directional transfer
behavior of the parallelogrammic enclosure that, ade-
quately conjugated with the temperature and concen-
tration boundary conditions, gives to this shape so much
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interest and so high potential to be used in components
where heat and mass transfer processes are present.
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