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Abstract

A numerical study is conducted for laminar natural convection heat transfer occurring in a vertical stack of paral-

lelogrammic partial enclosures. The partitions separating adjacent enclosures are always parallel to each other, however

their angle relative to the horizontal can change. The length of each partition is less than the width of the main enclo-

sure, which has an aspect ratio of 5. Adjacent enclosures are thermally linked through the fluid exchange, and through

the finite thermal conductivity of the partitions. The thermal diode effect offered by the geometry is analyzed in terms of

the partitions� inclination angle and materials for different thermal boundary conditions/operating conditions. The ther-
mal diode effect, and even its actuating direction, can be changed by changing the inclination angle of the partitions.

The main focus of the present work deals with the heat transfer analysis based on the overall Nusselt number, and the

visualization of the flow field and heat transfer mechanisms, by using the isotherms, the streamlines and the heatlines.

Results clearly indicate the high potential of this configuration, based on the thermal diode effect, to be used as an effec-

tive heat transfer device in real situations of thermal engineering. The number of governing parameters is high, and the

results are presented only for situations selected on the basis of their relevance. For computational expediency, it is ana-

lyzed the solution obtained for one single parallelogrammic partial enclosure of the stack, which is thermally linked

with its adjacent enclosures by using vertical cyclic boundary conditions. This procedure has some potential, since it

yields results with good accuracy to predict the overall thermal behavior of the stack.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Natural convection in enclosures of rectangular and

square cross-section has been extensively studied, and
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the literature is vast on this subject, both when the enclo-

sures are filled with a single fluid or filled with a fluid sat-

urated porous medium. An excellent overview of such

body of work can be found in [1,2]. The search for effi-

cient thermal systems has led to different strategies,

which include, among others, fins attached to the active

enclosure walls [3–6], partitioned enclosures [7–12],

enclosures with triangular cross-sections [13–15] or with

trapezoidal cross-sections [16,17].
ed.
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Nomenclature

g gravitational acceleration

H height

H heatfunction

k thermal conductivity

L length

n outward normal

Nu Nusselt number

p pressure

Pr Prandtl number

Ra Rayleigh number

Rc thermal conductivity ratio, ks/kf
T temperature

u,v Cartesian velocity components

x,y Cartesian co-ordinates

Greek symbols

a thermal diffusivity

b volumetric expansion coefficient

d elementary gap width

D shutters� thickness
h inclination angle

m kinematic viscosity

q density

w streamfunction

Subscripts

f fluid

H higher value

L lower value

s shutter

* dimensionless
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In what concerns natural convection heat transfer in

parallelogrammic enclosures, there is a limited number

of studies, and they highlight the strong potential of this

geometry to be used in efficient heat transfer systems

[18–23]. Two of these studies consider separating walls

of finite thermal conductivity in a vertical stack of par-

allelogrammic enclosures [18,21]. Parallelogrammic

enclosures are characterized by behaving as thermal

diodes, which, depending on the inclination angle of

the separating walls, may yield very different thermal

performances [18,20,21]. The overall Nusselt number

for the parallelogrammic enclosure can be several times

higher (or lower) than that for the corresponding rectan-

gular or square enclosures. It should be mentioned that

similar configurations in the form of venetian blind sys-

tems have been already analyzed [24–26], however their

purpose and operating conditions are different from

those of the vertical stacks proposed in the present work.

The thermal performance of the parallelogrammic

enclosures is dependent, among others, of the inclination

angle and of the aspect ratio of the enclosure. However,

due to constructive reasons, their geometry is usually

fixed. Therefore, it is not possible to change their ther-

mal performance by changing their geometry, and in

particular the inclination angle. In this work it is pro-

posed an arrangement of parallelogrammic partial

enclosures, in the form of a vertical stack, in such a

way that the geometry can be changed by changing the

inclination angle of the partitions. In this case, each par-

allelogrammic enclosure is not fully closed, and ex-

changes fluid with its neighboring enclosures in the

stack. The gap for fluid exchange increases as increases

the inclination angle. The adjacent parallelogrammic
enclosures in the stack are thus thermally connected

through the fluid exchange and through the separating

walls of finite thermal conductivity. The thermal per-

formance of the stack can be optimized for specified

thermal boundary conditions by varying the inclination

angle. This system, which, as already stated, behaves as

a thermal diode, finds many applications, such as, for

example, walls of variable thermal characteristics, and

even walls whose thermal performance can be adjusted

to the desired direction of the heat transfer.

From the heat and mass transfer viewpoint, this is a

problem full of interesting phenomenological features.

Taken globally, it is a natural convection problem but,

taken from a particular partial enclosure, it is a mixed

convection problem, where the incoming flow has a

velocity imposed by the natural convection occurring

in the global system. From the numerical viewpoint, it

is also a very interesting problem, for which it is tempt-

ing to use cyclic boundary conditions.

In this study, the thermal performance of the system

is analyzed for some selected combinations of the dimen-

sionless governing parameters, and the flow field and

heat transfer are visualized through the use of the iso-

therms, streamlines and heatlines [27]. For this purpose

it is used a vertical stack with four equally spaced parti-

tions (shutters), thus forming five contiguous enclosures.

Special attention is given to the mid-height enclosure.

Due to constructive reasons, the top and bottom enclo-

sures in the stack are not parallelogrammic enclosures,

but trapezoidal enclosures, as the stack is contained in

a rectangular cross-section cavity. For a vertical stack

with a large number of parallelogrammic partial enclo-

sures, it is analyzed the viability of calculating the natu-
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ral convection problem for a single enclosure only,

which is linked to its adjacent enclosures through verti-

cal cyclic boundary conditions.

Results clearly show the strong engineering potential

of the proposed vertical stack arrangement, with the

possibility of geometry variation. A finding of particular

interest is to realize that the overall thermal performance

of the stack can be analyzed on the basis of single paral-

lelogrammic enclosures with imposed cyclic spatial

boundary conditions along the vertical direction of the

stack.
2. Physical and numerical modeling

2.1. Physical model and assumptions

The domain under analysis is, as sketched in Fig. 1, a

two-dimensional vertical stack of parallelogrammic par-

tial enclosures. The stack has height H, and the shutters

are of rectangular cross-section, with length L � 2d, and
thickness D. They form an angle h relative to the hori-
zontal direction. The inclination angle h can be changed,
in order to obtain different thermal performances of the

vertical stack. As the inclination angle changes so

changes the gap between the vertical walls of the stack
L

H

θ

δL–2

∆

Fig. 1. Physical model and geometry.
and the shutters, thus forming open parallelogrammic

enclosures, referred to as partial enclosures. When the

shutters assume the horizontal position (h = 0), each
existing lateral gap has the minimum width d, as the
shutter length is L � 2d. For a given inclination angle
h, the minimum gap width is obtained as H{(1/2)

L
*
� [(1/2)L

*
� d

*
]cosh � (1/2)D

*
sinh}, where the

dimensions were made dimensionless using the height

H. Each partial enclosure, exception made to the top

and bottom trapezoidal enclosures of the stack, has a

height, measured at x = L/2, of H[(1 � 4D
*
)/5 � D

*

(1/cosh � 1)].
The vertical walls of the stack are maintained at con-

stant different levels of temperature, and the horizontal

top and bottom walls are assumed to be perfect thermal

insulators. The shutters have finite thermal conductivity,

thus establishing an additional thermal connection be-

tween contiguous parallelogrammic partial enclosures.

The stack is filled with a Newton–Fourier fluid,

which flows under steady-state conditions, in laminar re-

gime. This fluid is taken as incompressible but expands

or contracts under temperature changes, and this effect

is modeled through the Boussinesq approach. For the

energy conservation analysis, it is assumed that the
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Fig. 2. Dimensionless isotherms (left), streamlines (center) and

heatlines (right), for the enclosure with no shutters, L
*
= 0.2

and Ra = 107 (DT
*
= 0.10, Dw

*
= 6.52, DH

*
= 0.50).
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thermal levels are small, resulting in negligible thermal

radiation heat transfer between the walls, while the fluid

is assumed to be radiatively non-participating. The en-

ergy terms due to viscous dissipation and change of tem-

perature due to reversible deformation (work of pressure

forces) are not considered.
2.2. Model equations

Taking the dimensionless variables

u�; v�ð Þ ¼ u; vð Þ= a=Hð Þ ð1Þ

x�; y�ð Þ ¼ x; yð Þ=H ð2Þ

T � ¼ T � T Lð Þ= TH � T Lð Þ ð3Þ

p� ¼ p þ qLgyð Þ=bqL a=Hð Þ2c ð4Þ
where p
*
is the dimensionless driving pressure, the prob-

lem under analysis is governed by the following set of

dimensionless partial differential equations, written in

conservative form: Mass conservation:
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Fig. 3. Dimensionless isotherms (left), streamlines (center) and

heatlines (right), for the enclosure with shutters, h = 0�, Rc = 1,
L
*
= 0.2 and Ra = 107 (DT

*
= 0.10, Dw

*
= 1.27, DH

*
= 0.42).
ou�
ox�

þ ov�
oy�

¼ 0 ð5Þ

Momentum:

o

ox�
u�u�ð Þ þ o

oy�
v�u�ð Þ ¼ � op�

ox�
þ Pr

o2u�
ox2�

þ o2u�
oy2�

� �
ð6Þ

o

ox�
u�v�ð Þ þ o

oy�
v�v�ð Þ

¼ � op�
oy�

þ Pr
o2v�
ox2�

þ o2v�
oy2�

� �
þ RaPrT � ð7Þ

Energy conservation, for the fluid:

o

ox�
u�T �ð Þ þ o

oy�
v�T �ð Þ ¼ o

2T �

ox2�
þ o

2T �

oy2�
ð8Þ

Energy conservation, for the shutters:

0 ¼ Rc
o2T �

ox2�
þ o2T �

oy2�

� �
ð9Þ

The above equations introduce the following dimen-

sionless parameters:

Pr ¼ m=a; Rc ¼ ks=kf ð10Þ

Ra ¼ gb TH � T Lð ÞH 3

ma
ð11Þ
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Fig. 4. Results for h = 30�, Rc = 1, L
*
= 0.2 and Ra = 107

(DT
*
= 0.10, Dw

*
= 1.79, DH

*
= 0.39). Base legend as for Fig. 3.
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In addition to these dimensionless parameters, to solve the

problem, the inclination angle, h, the main enclosure as-
pect ratio, L

*
= L/H, the dimensionless elementary gap

width, d
*
= d/H, and the dimensionless thickness of the

shutters,D
*
= D/H, need to be specified. To solve the prob-

lem it is thus necessary to specify seven dimensionless gov-

erning parameters, namely: Pr, Ra, Rc, h, L*, d* and D
*
.

2.3. Boundary conditions

The required boundary conditions are as follows:

For the walls of the main enclosure and for the

shutters

u� ¼ v� ¼ 0 ð12Þ

For the vertical walls of the main enclosure

T � 0; y�ð Þ ¼ 1; T � L�; y�ð Þ ¼ 0 ð13Þ

For the fluid–shutters interfaces, to satisfy the energy

balance

�ks
oT s
on

¼ �kf
oT f
on

ð14Þ

where n is the local normal of the shutter outer surface.

The dimensionless version of Eq. (14) takes the form

oT �=on�ð Þf ¼ Rc oT �=on�ð Þs ð15Þ
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Fig. 5. Results for h = 60�, Rc = 1, L
*
= 0.2 and Ra = 107

(DT
*
= 0.10, Dw

*
= 3.01, DH

*
= 0.45). Base legend as for Fig. 3.
For adiabatic top and bottom walls of the main

enclosure

oT �

oy�
¼ 0 ð16Þ
2.4. Heat transfer

The overall heat transfer rate is determined based on

the overall Nusselt number, which is defined as

Nu ¼
R H
0
�kf oT

ox

� �
x¼0dy

kf TH � T Lð Þ=L½ 
H ¼ L�

Z 1

0

� oT �

ox�

� �
x�¼0
dy� ð17Þ

The top and bottom walls of the main enclosure are

adiabatic, therefore the derivative oT
*
/ox

*
in Eq. (17)

can be taken either at x
*
= 0 or at x

*
= L

*
. The denom-

inator of Eq. (17) refers to the pure conduction situation

through the stagnant fluid of thermal conductivity kf, for

the thermal gradient (TH � TL)/L.

2.5. 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], which

is particularly well-suited to be used in domains with
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Fig. 6. Results for h = 30�, Rc = 100, L* = 0.2 and Ra = 107

(DT
*
= 0.10, Dw

*
= 1.78, DH

*
= 0.40). Base legend as for Fig. 3.
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Fig. 7. Results for h = �30�, Rc = 1, L* = 0.2 and Ra = 107

(DT
*
= 0.10, Dw

*
= 1.32, DH

*
= 0.35). Base legend as for Fig. 3.
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Fig. 8. Results for h = 30�, Rc = 1, L* = 0.5 and Ra = 107 (DT
*
=
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irregular geometries. Such numerical method has been

extensively used, with good results, to solve natural con-

vection problems in enclosures. After a few preliminary

tests of the asymptotic type, the following non-uniform

structured mesh was selected: 13 columns of nodes to

cover the region between each main vertical wall of the

stack and the shutters; two rows of nodes along each

shutter; 31 columns of nodes to cover the region of the

partial enclosures; and 31 rows of nodes to cover the re-

gion of each partial enclosure. This mesh results in a glo-

bal non-uniform structured mesh with 55 · 159 nodes.
The heat transfer problem is solved as a conjugate prob-

lem, the temperature field being evaluated implicitly and

simultaneously in the overall domain.
3. Results and analysis

3.1. Values of the dimensionless parameters

All the reported results were obtained for a fluid of

Pr = 0.73, and for shutters with d
*
= D

*
= 0.001. The

remaining four dimensionless parameters, Ra, Rc, h
and L

*
were changed in order to analyze their influence

upon the heat transfer and fluid flow results. Stream-

function is made dimensionless as w
*
= w/(qa), and heat-

function is made dimensionless as H
*
= L

*
H/

[kf(TH � TL)] [27].
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0.10, Dw
*
= 2.89, DH

*
= 1.14). Base legend as for Fig. 3.
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3.2. Temperature field, flow structure, and heat transfer

visualization

Throughout this section, starting with Fig. 2, the re-

sults are presented in terms of dimensionless isotherms,

streamlines and heatlines, from left to right. Fig. 2 cor-

responds to the main enclosure without shutters, and

with L
*
= 0.2 and Ra = 107. The isotherms show the

usual behavior for high Rayleigh number natural con-

vection in enclosures. Streamlines indicate a single

clockwise vortex centered in the main enclosure, with in-

tense upward and downward flows adjacent to the left

hot wall and to the right cold wall, respectively. Heat-

lines show heat flow leaving the hot wall mainly on its

lower half, and reaching the cold wall mainly on its

upper half. This behavior is commonly encountered in

confined high Rayleigh number natural convection.

Results for the enclosure with shutters, and for

h = 0�, Rc = 1, L* = 0.2 and Ra = 107 are presented in

Fig. 3. In this case, as h = 0�, the gap between the verti-
cal walls and the shutters takes its minimum value

d
*
= 0.001—for such a small value the partial enclosure�s

behavior is similar to that for a closed square enclosure

with dimensionless height equal to L
*
= 0.2. The stream-
Fig. 9. Dimensionless velocity vectors in the region of the hot-side ent

and: (a) h = 30� and L
*
= 0.2; (b) h = 60� and L

*
= 0.2; (c) h = �30� a
lines corroborate this finding as they resemble those cor-

responding to a vertical stack of closed square

enclosures. The Rayleigh number based on the total

height H is Ra = 107, therefore the Rayleigh number

for an individual enclosure is approximately (neglecting

the shutters� thickness) Ra1 � Ra(1/5)3 = 8 · 104. Heat
exchanged between contiguous enclosures, is (oT

*
/

on
*
)f = (oT*/on*)s since Rc = 1, a condition which can

be noted in the isotherms� profile. Heatlines clearly de-
note that heat leaves uniformly the hot wall through

its full height, while the heat reaches the cold vertical

wall also uniformly.

The results for h = 30� are presented in Fig. 4. The
isotherms are nearly horizontal in the region of the shut-

ters, and meandering vertically across the central region

of each partial enclosure. The streamlines show a flow

structure consisting of clockwise vortices within each

partial enclosure, and they are conditioned essentially

by the solid walls that contain them. For h = 30� the
minimum dimensionless gap width is 0.014, that is,

7.0% of the total width, thus allowing fluid flow between

adjacent enclosures in the stack, as clearly identified by

the streamlines. For this value of the inclination angle,

however, the flow in each partial enclosure is primarily
ering jet of the central partial enclosure for Rc = 1 and Ra = 10
7,

nd L
*
= 0.2; and (d) h = 30�, and L

*
= 0.5.
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controlled by the solid walls of the enclosure and not by

the flow occurring through the gap. The influence of the

gap over the recirculating flow, for the central partial

enclosure, can be evaluated using the ratio between the

dimensionless mass flow ratio flowing up through the

left-hand middle height of the enclosure, for which

y
*
= 0.50 and 0 6 x

*
6 L

*
/2, and the dimensionless mass

flow rate flowing towards the right-hand side through

the half vertical plane of the enclosure, for which

x
*
= L

*
/2 and 0.50 6 y

*
6 0.60. In this case, the mass

flow ratio is of 17.99/15.24 = 1.18, which indicates a

minor influence of the gap flow. Heatlines are strongly

conditioned by the flow field and, to some extent, by

the communicating flow between adjacent enclosures—

heat can flow through two adjacent enclosures, when

traveling from the hot wall to the cold wall. Values of

the heatfunction show that the global heat transfer

through the stack decreases as h increases from h = 0�
to 30�.
Results corresponding to the same conditions, except

for h, which was taken equal to h = 60�, are presented in
Fig. 5. Strong changes can be observed for the iso-

therms, which now are very sparse in the interior of each

partial enclosure, and of high concentration at the lower

half of the hot wall and at the upper half of the cold
1.0

1.5

2.0

2.5

3.0
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Fig. 10. Global Nusselt number dependency on the inclination angle

L
*
= 0.2 and: (a) Ra = 104 (Nu0 = 1.00); (b) Ra = 10

5 (Nu0 = 1.07); (c) R

( ) Rc = 10, ( ) Rc = 100, ( ) Rc = 1000).
wall. High concentration of isotherms indicate high ther-

mal gradients and high local heat fluxes, a physical trend

which is also given by the heatlines. Values of the heat-

function clearly indicate that the overall heat flow

through the stack is higher for h = 60� than for

h = 30�. For h = 60�, the dimensionless minimum gap

width is 0.05, that is, 25.0% of the total width, thus

allowing intense fluid flow between adjacent partial

enclosures. This is shown by the streamlines, which re-

veal a main clockwise fluid loop through the gaps, and

only a low flow rate within each partial enclosure. Val-

ues of the streamfunction indicate the fluid flow intensi-

fies as h increases. The influence of the gap is evaluated
in a similar way as before, and the corresponding dimen-

sionless mass flow rate ratio is 30.27/3.85 = 7.86, which

means the fluid flow is mainly conditioned by the flow

through the gaps. Similarly, the heat transfer is also con-

trolled by the flow through the gaps.

Results for h = 30�, Rc = 100, L* = 0.2 and Ra = 107

are presented in Fig. 6. When they are compared with

the results presented in Fig. 4, for Rc = 1, it is apparent

the higher thermal conductivity of the shutters yield only

minor changes on the isotherms and on the heatlines.

Values of the streamfunction indicate the flow is only

slightly more intense for Rc = 1 than for Rc = 100, while
1.0
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2.5

3.0
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-60 -40 -20 0 20 40 60

θ

θ

N
u

N
u

)

d)

h and on the thermal conductivity ratio Rc for the stack with

a = 106 (Nu0 = 1.88); (d) Ra = 10
7 (Nu0 = 3.52). (( ) Rc = 1,
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the values of the heatfunction show the overall heat

transfer is only slightly higher for Rc = 100 than for

Rc = 1. These differences are only minor because the

shutters considered are very thin; if the shutters were

thicker, the influence of the value of Rc would have been

more important. For the case presented in Fig. 6, the

quantification of the influence of the gap over the recir-

culating flow yields a small value for the mass flow rate

ratio (17.86/15.19 = 1.18).

Negative inclination angles can be equally obtained

with the proposed arrangement, and the results for

h = �30�, Rc = 1, L* = 0.2 and Ra = 107 are presented

in Fig. 7. In this case, the inclination is not favorable

to the fluid flow (the inclined walls are not aligned with

the natural flow development), thus resulting a reduc-

tion in fluid flow and heat transfer for h = �30�. Differ-
ences between the isotherms for h = 30� and for

h = �30� are considerable. For instance, it is clearly
noticeable the strong stand toward the right-hand side

of the enclosure of the isotherms for h = �30�. Close
examination of the streamfunction values indicates the

fluid flow rate is lower for h = �30� than for h = 30�.
Values of the heatfunction also indicate the overall heat

transfer through the stack is lower for h = �30� than for
h = 30�. The influence of the gap over the recirculating
1.0
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Fig. 11. Nusselt number results for the stack with L
*
= 0.5 and: (a)

(Nu0 = 4.59); (d) Ra = 10
7 (Nu0 = 8.45). Remaining legend as for Fig.
flow gives, in this case, the mass flow rate ratio 13.16/

9.43 = 1.40.

Results for h = 30�, Rc = 1, L* = 0.5 and Ra = 10
7 are

presented in Fig. 8. The isotherms have their highest

concentration at the lower half of the hot wall and at

the upper half of the cold wall, the heat flow is in agree-

ment with this distribution as clearly indicated by the

heatlines. In this case, the minimum dimensionless gap

width is 0.034, that is, 6.8% of the total width. This

gap magnitude does allow significant fluid flow between

contiguous partial enclosures, as indicated by the

streamlines. Analysis of the values of the streamfunction

show fluid flow is considerably more intense for L
*
= 0.5

than for L
*
= 0.2 (Fig. 4). Values of the heatfunction

also indicate that the global heat transfer is less intense

for L
*
= 0.2 than for L

*
= 0.5.

The shutters with an inclination angle h 5 0 yield an

interesting complex flow occurring at the edge of the

shutters, where an accelerating �jet� penetrates the edges
of an essentially recirculating flow. The flow structure in

the region of the hot-side entering jet of the central par-

tial enclosure is presented in Fig. 9a–c for some of the

foregoing considered situations.

For all the cases analyzed, the isotherms and the

streamlines for the central partial enclosure in the stack
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clearly show that this individual enclosure suffers only

small influences from the top and bottom conditions

of the global stack, and such an enclosure can be taken

as representative of the global vertical stack, composed

of many of such partial enclosures, being this enclosure

nearly under vertical cyclic boundary conditions. Analy-

ses are conducted for the heat transfer performance of

the global stack and of the particular enclosure repre-

sentative of the stack, and, in this case, the cyclic bound-

ary conditions in the vertical direction are used.

3.3. Heat transfer analysis

The heat transfer analysis is conducted by analyzing

the dependence of the overall Nusselt number on the

inclination angle, thermal conductivity ratio and Ray-

leigh number for stacks with various values of L
*
. It

should be noted that the Nusselt number definition is

made taken the pure conduction situation as reference,

which is _Q
0 ¼ kfðTH � T CÞ=ðL=HÞ ¼ ð1=L�ÞkfðTH � T CÞ,

and that the true global heat transfer, by unit depth, is
_Q
0 ¼ ðNu=L�ÞkfðTH � T CÞ. Thus, for heat transfer com-
parisons it should be used the ratio (Nu/L

*
) and not the

Nusselt number, Nu, only.
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Fig. 12. Nusselt number results for the stack with L
*
= 1.0 and: (a)

(Nu0 = 8.89); and (d) Ra = 10
7 (Nu0 = 16.83). Remaining legend as fo
Fig. 10a–d present the overall Nusselt number for a

stack with L
*
= 0.2. For comparison purposes, the Nus-

selt number corresponding to the global enclosure with

no shutters, Nu0, with the same dimensionless parame-

ters L
*
and Ra, is also presented. Results show that

the maximum heat transfer is obtained for an inclination

angle close to zero, and higher values of Ra yield higher

values of Nu. This effect is more pronounced for small

inclination angles, for which shutters of higher thermal

conductivity nearly set a conductive mode for heat

transfer between the heat and cold walls.

Another important aspect to refer is the nearly sym-

metric behavior around h = 0 of the Nusselt number
with the inclination angle. For small values of the Ray-

leigh number (Ra = 104, 105), the buoyancy induced flow

is small, and the heat transfer occurs primarily by con-

duction through the nearly stagnant fluid. As jhj in-
creases, so increases the gap width and decreases the

influence of the shutters, and the overall Nusselt number

approaches the value corresponding to that for the

enclosure with no shutters. As the Rayleigh number in-

creases so increases the buoyancy induced flow, advec-

tive transport becomes more important, and the

overall Nusselt number increases. For small absolute
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values of the inclination angle, the stack approaches a

vertical series of almost closed enclosures, the overall

Nusselt number being the summation of each individual

enclosure�s contribution. For high values of the inclina-
tion angle, the gap width becomes high and the fluid

flow and heat transfer adjacent to the vertical walls ap-

proaches the condition of the overall enclosure with no

shutters. Thus, the overall Nusselt number for high val-

ues of the inclination angle is close to that for the overall

enclosure with no shutters, a behavior, which can be ob-

served in Fig. 10c and d. For intermediate values of the

inclination angle, the shutters together with the vertical

walls act like nozzles for the fluid flow, thus decreasing

its intensity, and its advection importance. This yields

a minimum for the overall heat transfer rate, which cor-

responds approximately to h = �40� or h = 50� for
Ra = 106, and nearly to h = �35� or 40� for Ra = 107.
For high Rayleigh numbers, however, for moderate to

high values of the inclination angle, advection is domi-

nant, and the influence of the thermal conductivity of

the shutters is of minor importance. For engineering

purposes, if the objective is to increase the heat transfer,

then shutters of high thermal conductivity should be

used, with zero inclination angle. If heat transfer is to

be reduced, for high Rayleigh numbers, inclination an-

gles for the shutters should be selected accordingly,
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Fig. 13. Nusselt number results for the individual enclosure subjec

Ra = 105; (b) Ra = 106; and (c) Ra = 107. (( ) Rc = 1, ( ) Rc =
and the shutters� thermal conductivity is not of particu-
lar importance.

Many of the explanations and interpretations given

for Fig. 10a–d are also valid for the figures that follow,

and they will not be repeated.

The Nusselt numbers for the stack with L
*
= 0.5 are

presented in Fig. 11a–d. The variation of h was restricted
due to geometrical arguments. These results, when com-

pared with those for the enclosure with L
*
= 0.2 (Fig.

10a–d), yield the finding that a stack with higher aspect

ratio (L
*
= 0.5) leads to higher heat transfer rates than

those for the stack with L
*
= 0.2. A general conclusion

that can be taken from Fig. 11a–d is that, with the shut-

ters, considerable reduction can be obtained on heat

transfer, reductions that can be achieved even for low

Rayleigh number values. The decrease that can be ob-

tained on the overall heat transfer rate is, however, more

pronounced for high Rayleigh numbers. The optimum

reported reduction corresponds to h = �20� or 20� for
Ra = 106 and for Ra = 107. For Ra = 107, and for mod-

erate to high inclination angles, lower heat transfer rates

are obtained with shutters of high thermal conductivity.

This is due to the relative increase of the time for heat

exchange between the hot and cold streams on both

sides of the shutters, due to the increase of the shutters�
length. This gives rise to lower heat extraction from the
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t to vertical periodic boundary conditions, L
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hot wall, and consequent lower heat rejection on the

cold wall. Following this argument, thinner shutters lead

to greatest overall heat transfer reductions. Increases on

the overall Nusselt number are obtained for reasonably

low Rayleigh numbers only, a conduction dominated sit-

uation where the thermal conductivity of the shutters is

very important. It should be also noted the loss of sym-

metry on the results in Fig. 11c and d, relative to h = 0.
The partial enclosures are parallelogrammic in nature,

and it is well-known that, for moderate or high L
*
ratio,

a positive inclination angle h gives rise to higher heat
transfer rates than the corresponding negative inclina-

tion angle �h (thermal diode effect of the parallelogram-
mic enclosures) [18,21].

Results of the overall Nusselt number for the stack

with L
*
= 1.0 are presented in Fig. 12a–d. For

Ra > 104, the overall Nusselt number for the enclosure

with no shutters is considerably higher than the overall

Nusselt number for the enclosure with shutters, which

is not shown in the figures, but its value is indicated in

the caption. The thermal conductivity of the shutters is

more relevant for inclination angles close to zero, excep-

tion made for high Rayleigh number situations, for

which the shutters� thermal conductivity is also relevant
for high values of the inclination angle. For Ra = 106

and h = 15� lower heat transfer rates are obtained for
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Fig. 14. Nusselt number results for the enclosure with L
*
= 0.5 and: (a

for Fig. 13.
higher thermal conductivity of the shutters. For

Ra = 107 strong changes do occur. Lower heat transfer

rates are obtained, for any inclination angle, for the

highest thermal conductivity of the shutters. The time

for heat exchange between the hot and cold streams

on both sides of the shutters increases as increases the

shutters� length, and lower overall heat transfer results.
Therefore, the importance of the thermal conductivity

of the shutters remains even for high values of the incli-

nation angle. In this case, the thickness of the momen-

tum and temperature boundary layers is mainly

conditioned by the distance between the shutters and

not by the gap width, and the Nusselt numbers for high

values of h are always lower than the Nusselt numbers
for the enclosure with no shutters. Significant in Fig.

12d is the non-symmetry around h = 0, the heat transfer
rate being higher for positive values of h than for nega-
tive values of h, except for shutters with high thermal
conductivity.

3.4. Heat transfer analysis using vertical cyclic

boundary conditions

As referred before, for a vertical stack with high as-

pect ratio, composed of a large number of shutters, the

best way to evaluate its thermal performance is from
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the perspective of a single partial enclosure subject to

vertical cyclic boundary conditions [29]. Such single

enclosure is under mixed convection conditions, as it is

under the influence of the inlet jets, coming from the

neighboring partial enclosures, and under natural con-

vection influence of the thermal buoyancy force. It

should be stressed out that the results were obtained

for selected Rayleigh numbers based on the total height

of the full stack, the Rayleigh number for an individual

partial enclosure being Ra1 � Ra(1/5)3 = Ra/125.

It should be mentioned that numerical convergence

problems, possibly due to numerical instabilities induced

by the cyclic boundary conditions, were experienced for

high values of jhj and, in some cases, for L
*
= 1.0. The

reason for this particular behavior, despite extensive

numerical testing, was left unanswered.

Results for the enclosure with L
*
= 0.2 are presented

in Fig. 13a–c, and when compared with the correspond-

ing results for the stack (Fig. 10b–d), yield the following

observations: (i) the Nusselt number results for the

enclosure under the cyclic conditions are slightly higher

than those for the stack, and (ii) the general dependence

of the Nusselt number upon h and Rc is similar in both

cases. It is also observed that, for Ra = 107, the cyclic re-

sults do not exhibit a minimum Nusselt number for the

analyzed range for which jhj 6 40�, a finding which
should be taken into account when designing high

stacks, with many shutters.

Results for the Nusselt number with the enclosure

with L
*
= 0.5 are presented in Fig. 14a–c. The main con-

clusions extracted from these figures are similar to those

extracted from the analysis of the results for the enclo-

sure with L
*
= 0.2.
4. Conclusions

Parallelogrammic enclosures, when considered indi-

vidually, present a phenomenological feature usually

known as thermal diode effect. This effect reflects on

the thermal performance of the enclosure, yielding either

heat transfer enhancement or reduction. When they are

assembled in a vertical stack of thermally communicat-

ing enclosures, they continue to preserve very interesting

thermal characteristics that should be explored and

incorporated in heat transfer/thermal insulation

products.

In this work it is proposed an arrangement for a ver-

tical stack of enclosures with the possibility of variable

geometry (inclination angle). In this way, the internal

geometry of the stack can be changed depending of

the thermal boundary conditions, thus allowing the best

thermal performance required for a particular stack.

Such an arrangement leads to a vertical stack of paral-

lelogrammic partial enclosures, which are in communi-

cation with the neighboring partial enclosures through
the flow exchange and through the heat exchange occur-

ring across the shutters of finite thermal conductivity.

From the heat and mass transfer viewpoints, it is a chal-

lenging problem, with complex flow structures appear-

ing in the neighboring of the narrow region between

the vertical walls and the shutters� edges, where a recir-
culating flow is combined with a natural convection gen-

erated jet flow.

The physical model clearly identifies the governing

parameters, and the results obtained clearly identify

and clarify the features of the proposed stack arrange-

ment. Adequately used, it can lead to walls of variable

thermal performance, which can be changed, or even

optimized, depending on the imposed thermal loads

and temperature conditions. Results also show how

the thermal performance of an enclosure without shut-

ters is changed by the shutters� introduction, and how
important is the thermal conductivity of the shutters

on the resulting global thermal performance.

For a high stack, composed by many partial enclo-

sures, its thermal performance can be evaluated from

the results obtained for a single partial enclosure subject

to vertical cyclic boundary conditions. Preliminary re-

sults were obtained following this procedure, which

seems to be a �natural� way of solution in engineering
situations.
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