
merically
governing
f
heat
f

e
e

International Journal of Thermal Sciences 44 (2005) 441–451
www.elsevier.com/locate/ijts

Natural convection in tilted square cavities with differentially
heated opposite walls

Claudio Cianfrini, Massimo Corcione∗, Pier Paolo Dell’Omo

Dipartimento di Fisica Tecnica, Università di Roma “La Sapienza”, via Eudossiana, 18, 00184 Rome, Italy

Received 20 January 2004; received in revised form 25 October 2004; accepted 3 November 2004

Abstract

Natural convection in air-filled, tilted square enclosures with two adjacent walls heated and the two opposite walls cooled is nu
studied. A computational model based on the SIMPLE algorithm is used for solving the mass, momentum, and energy transfer
equations. Simulations are performed for different values of the Rayleigh number in the range 104 � Ra � 106, and of the tilting angle o
the cavity in the range 0◦ � γ � 360◦. The influence ofRa andγ on the flow pattern, on the local temperature distribution, and on the
transfer rates across the enclosure are analysed and discussed. The results obtained for the overall heat transfer in the range oγ between
45◦ and 225◦ may be expressed through the semi-empirical dimensionless correlation-equationNu = 1.2Ra0.135[1 + (sinγ )/2]0.405. For
any tilting angleγ < 45◦, the heat transfer rate is the same as that for angle (90◦ − γ ). For any tilting angleγ > 225◦, the heat transfer rat
is the same as that for angle (450◦ − γ ). In addition, the occurrence of hysteresis phenomena aroundγ = 45◦ is documented within a rang
of γ whose extent decreases from nearly 20◦ to nearly 4◦ as the Rayleigh number increases from 104 to 106.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Most of the studies performed on natural convection h
transfer inside enclosed spaces are related to unidirect
heat flows across rectangular cavities, wherein the b
ancy is induced by imposing a heat flux or a tempera
difference either horizontally or vertically from below,
examining conventional convection or thermal instabiliti
respectively. Detailed reviews on this topic are easily av
able in literature, such as those by Ostrach [1] and Bejan

In contrast, while more complex situations are enco
tered in many practical cases, relatively little work has b
carried out for two or three-dimensional heat flows. Amo
the papers in which the assigned thermal gradient is
ther simply horizontal nor vertical, it is worthwhile citin
the studies performed by:
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(a) Anderson and Lauriat [3], and Ganzarolli and Milan
[4], on enclosures heated from below and cooled al
a single side or both sides, respectively;

(b) Aydin et al. [5,6], on cavities heated from one side a
cooled from the top;

(c) Shiralkar and Tien [7], who investigated the effects o
simultaneous differential heating of both the horizon
and the vertical walls of a square cavity;

(d) Kirkpatrick and Bohn [8], who carried out heat tran
fer measurements in a cubical enclosure with differ
combinations of heated, cooled, and perfectly insula
walls;

(e) Corcione [9], who analysed the effects of the therm
boundary conditions imposed at the sidewalls on nat
convection inside square and shallow enclosures he
from below and cooled from above.

However, in the aforementioned works attention has b
addressed to the untilted geometry, although the inclina

effects may be of interest in many science and engineer-
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Nomenclature

g gravity vector . . . . . . . . . . . . . . . . . . . . . . . . m·s−2

g gravitational acceleration . . . . . . . . . . . . . . m·s−2

k thermal conductivity of the fluid . W·m−1·K−1

L width of the cavity . . . . . . . . . . . . . . . . . . . . . . . . m
Nu average Nusselt number
p dimensionless pressure
Pr Prandtl number,= ν/α

Q heat transfer rate . . . . . . . . . . . . . . . . . . . . . . . . . W
Ra Rayleigh number,= gβ(Th − Tc)L

3/αν

t dimensionless time
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T0 reference temperature . . . . . . . . . . . . . . . . . . . . . K
U dimensionless velocity component along

X-coordinate
V dimensionless velocity component along

Y -coordinate
V dimensionless velocity vector
x, y Cartesian coordinates . . . . . . . . . . . . . . . . . . . . . m
X,Y dimensionless coordinates

Greek symbols

α thermal diffusivity of the fluid . . . . . . . . m2·s−1

β coefficient of volumetric thermal expansion of
the fluid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K−1

γ tilting angle of the enclosure . . . . . . . . . . . . . deg
ν kinematic viscosity of the fluid . . . . . . . . m2·s−1

θ dimensionless temperature
ρ density of the fluid . . . . . . . . . . . . . . . . . . kg·m−3

Ψ dimensionless stream function

Subscripts

c cold
CX referred to the cold wall parallel to

thex-axis
CY referred to the cold wall parallel to

they-axis
h hot
HX referred to the hot wall parallel to thex-axis
HY referred to the hot wall parallel to they-axis
max maximum value
x along thex-direction
y along they-direction
0 evaluated at the reference temperature
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ing applications. In fact, as the buoyancy force compon
change with orientation, transitions between different fl
patterns may occur, and the heat transfer rates may ch
drastically. In addition, also the effects of the initial con
tions on the flow pattern formation should not be neglec
as, e.g., found by Soong et al. [10], who demonstrated the
istence of double solutions for differentially heated inclin
enclosures.

In this context, the main aim of the present paper is
study the thermal behavior of tilted square enclosures
differentially heated opposite walls, under the assump
that the two temperature differences imposed at the opp
walls are identical.

The study is carried out numerically through a compu
tional code based on the SIMPLE algorithm, which is u
for the solution of the mass, momentum and energy tran
governing equations. Simulations are performed for differ
values of the Rayleigh numberRa in the range between 104

and 106, and of the tilting angle of the cavityγ in the range
between 0◦ and 360◦. The influence of both parametersRa
andγ on the flow pattern, on the local temperature dis
bution, and on the heat transfer rates across the enclo
are analysed and discussed. The existence of possible
tiple solutions is investigated. A dimensionless heat tran
correlation-equation is also given in the paper.

2. Formulation of the problem

An air-filled square enclosure of widthL is considered

Two adjacent walls are maintained at temperatureTh, while
e

e
l-

Fig. 1. Sketch of the geometry and coordinate system.

the two opposite walls are cooled to temperatureTc, as
shown in Fig. 1. The coordinate system is defined so tha
x-axis is directed along one of the two heated walls, wh
they-axis is directed along the other heated wall. The en
sure is tilted at an angleγ with respect to the gravity vecto

The flow is considered to be two-dimensional and la
nar. The fluid is assumed to be incompressible, with cons
physical properties and negligible viscous dissipation
pressure work. The buoyancy effects on momentum tran
are taken into account through the Boussinesq approx
tion.

Once the above assumptions are employed in the

servation equations of mass, momentum, and energy, the
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following set of dimensionless governing equations is
tained:

∇ · V = 0 (1)
∂V
∂t

+ (V · ∇)V = −∇p + ∇2V − Ra

Pr
θ

g
g

(2)

∂θ

∂t
+ (V · ∇)θ = 1

Pr
∇2θ (3)

whereV is the velocity vector having dimensionless veloc
componentsU andV scaled byν/L; θ is the dimension-
less temperature excess over the mean temperatureT0 =
(Th + Tc)/2 scaled by the temperature difference (Th − Tc);
t is the dimensionless time scaled byL2/ν; p is the dimen-
sionless pressure scaled byρ0ν

2/L2; g is the gravity vector;
Ra is the Rayleigh number; andPr is the Prandtl number
which is set to 0.71.

The related boundary conditions areθ = +0.5 andV = 0
at the heated walls, andθ = −0.5 andV = 0 at the cooled
walls.

Fluid at rest, i.e.,V = 0, and uniform temperatureθ = 0
across the cavity is assumed as initial condition.

3. Computational procedure

The system of Eqs. (1)–(3) with the boundary and ini
conditions stated above is solved through a control-volu
formulation of the finite difference method. The pressu
velocity coupling is handled through the SIMPLE algorith
by Patankar and Spalding [11]. The power-law discret
tion scheme recommended by Patankar [12] is used fo
evaluation of the interface convective fluxes. A second-o
backward scheme is used for time stepping. Starting f
the assigned initial values of the dependent variables,
the assigned initial temperature and velocity fields throu
out the enclosure, at each time step the discretized gove
equations are solved iteratively through a line-by-line ap
cation of the Thomas algorithm. Under-relaxation is use
ensure the convergence of the iterative procedure.

The computational spatial domain is covered with a n
equidistant grid, having a concentration of grid lines n
the four walls of the cavity, and a uniform spacing throug
out the remaining interior of the cavity. Time discretizati
is chosen to be uniform. Within each time step, the spa
solution is considered to be fully converged when the m
mum absolute values of both the mass source and the pe
changes of the dependent variables at any grid-node fro
eration to iteration are smaller than prescribed values,
10−3 and 10−5, respectively. Time-integration is stopp
when the steady-state solution is reached. This means
the simulation procedure is stopped when the percent
ference between the incoming and outgoing heat tran
rates, as well as the percent changes of the primitive v
ables at any grid-node between two consecutive time-s
are smaller than prescribed values, i.e., 10−4 and 10−6, re-

spectively.
t

t

,

Once the steady-state condition is reached, the ave
Nusselt numbers of the heated wallsNuHX and NuHY and
those of the cooled wallsNuCX and NuCY, parallel to the
x-axis and to they-axis, respectively, are calculated usi
the following expressions:

NuHX = QHX

k(Th − Tc)
= −

1∫
0

∂θ

∂Y

∣∣∣∣
Y=0

dX (4)

NuHY = QHY

k(Th − Tc)
= −

1∫
0

∂θ

∂X

∣∣∣∣
X=0

dY (5)

NuCX = QCX

k(Tc − Th)
= +

1∫
0

∂θ

∂Y

∣∣∣∣
Y=1

dX (6)

NuCY = QCY

k(Tc − Th)
= +

1∫
0

∂θ

∂X

∣∣∣∣
X=1

dY (7)

where the temperature gradients at the four walls are ev
ated by assuming a second-order temperature profile am
each wall-node and the next two internal nodes.

It is worth noticing that, for all the geometric-therm
configurations analysed, the following results have been
tained:

NuHX = NuCX (8)

NuHY = NuCY (9)

This means that at the steady-state condition the Nu
numbersNuHY andNuCY may be interpreted as the avera
Nusselt numberNux across the cavity along thex-direction,
and that the Nusselt numbersNuHX andNuCX may be inter-
preted as the average Nusselt numberNuy across the cavity
along they-direction:

Nux = NuHY = NuCY (8a)

Nuy = NuHX = NuCX (9a)

In addition, also the average Nusselt numberNu of the
whole enclosure is calculated:

Nu = QHY + QHX

2k(Th − Tc)
= 1

2
(Nux + Nuy) (10)

Tests on the dependence of the results on both grid
and time-step have been performed at several Rayleigh n
bers for several tilting angles. In particular, the optimal v
ues of mesh spacing and time stepping, i.e., those use
computations, are assumed to be the same as those
which further refinements do not produce any noticea
modification in both the predicted flow field and the h
transfer rates at the steady-state condition. This means w
the percent changes of the average Nusselt numbersNux and
Nuy of Eqs. (8a) and (9a), as well as those of the larg
values of the velocity componentsU andV on the two mid-
planes of the enclosure, are smaller than prescribed va

i.e., 1 and 2%, respectively.
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The number of nodal points and the time-step used
computations lie respectively in the range from 50× 50 to
70× 70, and in the range from 10−5 to 10−7, depending on
the Rayleigh number.

Furthermore, in order to validate the numerical code u
for the present study, the steady-state solutions obtaine
time-asymptotic solutions for an untilted square cavity w
differentially heated sidewalls and adiabatic top and bot
walls, have been compared with the benchmark result
de Vahl Davis [13]. In particular, the average Nusselt nu
bers obtained at Rayleigh numbers in the range between3

and 106, and the maximum horizontal and vertical veloc
components on the vertical and horizontal midplanes of
enclosure, have been found to be within 1% of the ben
mark data. More details on the code validation are availa
in Cappelli D’Orazio et al. [14].

4. Results and discussion

Numerical simulations are performed forPr = 0.71,
which corresponds to air, and for different values of
Rayleigh number in the range 104 � Ra � 106 and of the
tilting angle in the range 0◦ � γ � 360◦.

Streamline and isotherm plots are reported in Fig. 2 an
Fig. 3, respectively, forRa = 106 and different values ofγ in
the range from 0◦ to 360◦. The contour lines of the stream
line plots correspond to equally-spaced absolute value
the normalized dimensionless stream functionΨ/|Ψ |max in
the range between 0 and 1, whereΨ is defined through
U = ∂Ψ/∂Y and V = −∂Ψ/∂X. The contour lines of the
isotherm plots correspond to equally-spaced values of
dimensionless temperatureθ in the range between−0.5
and+0.5.

As far as the heat transfer rates are concerned, the
tributions of the average Nusselt numbersNux , Nuy , and
Nu versus the tilting angleγ , are reported in Figs. 4–6, fo
Rayleigh numbers 104,105, and 106, respectively.

The results obtained may be analysed and discusse
follows.

4.1. Tilting angle in the range between 0◦and 90◦

At γ = 0◦ the fluid moves clockwise around a relative
stagnant core region at uniform temperature (see Figs.
and 3(a)).

As the tilting angle increases, the clockwise fluid m
tion progressively slows down. This is due to the increas
buoyant action driven by the boundary walls HX and C
which would tend to impose an anticlockwise fluid circu
tion. In addition, the single-cell flow pattern gets more a
more distorted, owing to the progressive enlargement of
quasi-stagnant regions at the bottom and top corners o
enclosure (see Figs. 2(b), (c) and 3(b), (c)).

As γ approaches 45◦, the formation of a three-cell flow

structure consisting of a clockwise primary cell and two an-
s

-

s

)

ticlockwise secondary cells, may be observed (see Figs.
and 3(d)).

For γ > 45◦, the temperature and velocity fields at a
tilting angleγ are the same as those corresponding to
tilting angle (90◦ − γ ), but specular with respect to the a
celeration of gravity, owing to the reversal of the roles play
by the boundary walls HX and HY and of the roles play
by walls CX and CY (see Figs. 2(e)–(g) and 3(e)–(g)).

It is interesting to note that atγ = 0◦ (and thus atγ =
90◦) the upward-imposed vertical temperature gradient
a destabilizing effect on the temperature and velocity fie
which would establish inside the cavity if only the ho
zontal temperature gradient were provided. This means
the upward-imposed vertical temperature gradient prev
the formation of the vertical thermal stratification typical
cavities with differentially heated sidewalls and perfectly
sulated top and bottom walls (see, e.g., Bejan [2]).

As far as the heat transfer rates are concerned, the di
sion is here limited to the range ofγ between 0◦ and 45◦
owing to the aforementioned symmetry of the solutions (
Figs. 4–6).

First, the Nusselt numberNuy is larger than the corre
sponding Nusselt numberNux . This may be explained b
taking into account that forγ < 45◦, owing to the clockwise
primary motion, the fluid washing the hot wall HX has be
previously cooled by the cold wall CY. This implies that
relatively large amount of heat can be transferred from
wall HX to the fluid, thus leading to relatively high value
for Nuy . In contrast, the fluid washing the hot wall HY h
been previously heated by the hot wall HX. This obviou
implies that a smaller amount of heat can be transferred f
the wall HY to the fluid, with consequent smaller values
Nux .

Second, the Nusselt numberNuy decreases asγ in-
creases. This is a strict consequence of the decrea
strength of the fluid motion discussed above, as well a
the enlargement of the quasi-stagnant regions at both bo
and top corners of the cavity, which imply that the amoun
heat exchanged at both walls HX and CX decreases witγ .

Third, the Nusselt numberNux remains almost constan
asγ increases. In this case it must be noticed that the
transfer rate at both walls HY and CY is the result of two o
posing effects. In fact, as the heat transfer rate at the hot
HX decreases withγ (see above), also the temperature
the fluid that subsequently washes the hot wall HY decre
with γ , which would imply an increase in the amount of he
exchanged at wall HY. The same kind of consideration
plies to the cold wall CY. On the other hand, as the stren
of the fluid motion decreases and the extent of the qu
stagnant regions at the bottom and top corners of the ca
increases withγ , the amount of heat exchanged at both wa
HY and CY would tend to decrease asγ increases.

Of course, owing to the cited reversal of the roles pla
by walls HX and HY and of the roles played by walls C
and CY, abrupt changes in the distributions of both Nus

numbersNux andNuy may be observed asγ exceeds 45◦.
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Fig. 2. Steady-state isotherms forRa = 106 and different values ofγ in the range from 0◦ to 360◦.
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Fig. 3. Steady-state streamlines forRa = 106 and different values ofγ in the range from 0◦ to 360◦.
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4.2. Tilting angle in the range between 90◦and 180◦

As γ is increased beyond 90◦ the buoyant action drive
by both walls HY and CY adds to that brought about by b
walls HX and CX, thus leading to a faster circulation of t
fluid (see Figs. 2(h) and 3(h)).

At γ = 135◦ (see Figs. 2(i) and 3(i)) a typical boun
ary layer motion around a motionless core may be w
distinguished. Also the isotherm pattern denotes a core s
ification similar to that typical for vertical enclosures wi
differentially heated sidewalls (see, e.g., Bejan [2]).

In contrast, asγ is further increased above 135◦, the
strength of the fluid circulation decreases as the ther
driving-force brought about by both walls HX and CX pr
gressively decreases (see Figs. 2(l) and 3(l)).

At γ = 180◦ a pronounced fluid stratification, whic
derives from the over-stabilizing effect induced by t
downward-imposed vertical temperature gradient, may
observed (see Figs. 2(m) and 3(m)).

As far as the heat transfer rates are concerned
Figs. 4–6), it can be noticed that the Nusselt numberNux is
larger than the corresponding Nusselt numberNuy , for ex-
actly the same reason in the range ofγ between 0◦ and 45◦
the Nusselt numberNuy is larger than the Nusselt numb
Nux .

In addition, Nux undergoes relatively slight changes
γ increases, with a maximum aroundγ = 135◦, at which
the strength of the fluid motion is maximum. In its tur
Nuy tends to decrease slightly up toγ = 135◦, and then to
decrease with a definitely steeper gradient. This may be
tified by considering that, forγ < 135◦, the tendency of the
heat exchanged at wall HX (or at wall CX) to decrease as
wall faces more and more downwards (or upwards) is pa
counterbalanced by the positive effects deriving from the
creased fluid motion. In contrast, forγ > 135◦, the negative
effects deriving from the fluid motion decrease add to
negative thermal effects deriving from the wall orientat
with respect to gravity.

4.3. Tilting angle in the range between 180◦and 360◦

As γ is increased from 180◦ to 225◦ the thermal driving
actions delivered by the hot walls HX and HY are in contr
with one another, thus tending to cancel each other out.
same consideration applies to the cold walls. This imp
that the fluid circulation progressively slows down withγ

(see Figs. 2(n) and 3(n) and Figs. 2(o) and 3(o)).
At γ = 225◦ a practically motionless conductive field

observed (see Figs. 2(p) and 3(p)).
As γ exceeds 225◦, the temperature and velocity fields

any tilting angleγ are the same as those corresponding to
tilting angle (450◦ − γ ), but specular with respect to the a
celeration of gravity, owing to the reversal of the roles play
by the boundary walls HX and HY and of the roles play

by walls CX and CY (see Figs. 2(q)–(v) and 3(p)–(v)).
-

Fig. 4. Steady-state distributions ofNux , Nuy andNu vs.γ for Ra = 104.

Fig. 5. Steady-state distributions ofNux , Nuy andNu vs.γ for Ra = 105.

Fig. 6. Steady-state distributions ofNux , Nuy andNu vs.γ for Ra = 106.

As far as the overall heat transfer rates are concerned
discussion is here limited to the range ofγ between 180◦ and
225◦ owing to the symmetry of the solutions cited above (
Figs. 4–6).

First, it seems interesting to note that atγ = 225◦ both
Nux and Nuy reach the same value typical of pure co
duction which would derive from the solution of only th
equation of energy. Of course, atγ = 225◦ the distribution
of the Nusselt numberNu of the whole enclosure has a mi
imum.

Second, asγ approaches 225◦, Nux decreases drastical
with γ as a strict consequence of the significant decre

in the fluid motion, which is directly responsible for the re-
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duced heat transfer rate at they-oriented walls. In contras
Nuy undergoes much smaller changes. In particular,Nuy in-
creases slightly, thus meaning that in the range 180◦ � γ <

225◦ the heat transfer at both walls HX and CX is less eff
tive than that for pure conduction.

5. Dimensionless heat transfer correlation-equation

The numerical results obtained for the average Nus
number of the whole cavityNu are expressed as a fun
tion of a Rayleigh number wherein the characteristic
mension is assumed to be the widthL of the enclosure
multiplied by a functionf (γ ) of the tilting angleγ . The
most suitable empirical expression forf (γ ) has proved to
be f (γ ) = 1 + (sinγ )/2. Thus, the general dimensionle
heat transfer correlation-equation is put in the basic fo
Nu = ARaα[1 + (sinγ )/2]3α , where Ra is the Rayleigh
number of the enclosure defined in the nomenclature sec

The coefficientA and the exponentα of such correlation
have been evaluated through a logarithmic regression o
numerical data in the ranges 104 � Ra � 106 and 45◦ � γ <

225◦.
The following semi-empirical dimensionless correlati

has been obtained:

Nu = 1.2Ra0.135
(

1+ sinγ

2

)0.405

(11)

with percent standard deviation of error 4.8% and rang
percent error from−11 to+12%.

Owing to the symmetry properties of the temperature
velocity fields discussed in the previous section of the
per, for any tilting angleγ < 45◦ the heat transfer rate is th
same as that for angle (90◦ − γ ), whilst for any tilting angle
γ > 225◦ the heat transfer rate is the same as that for a
(450◦ − γ ).

6. Occurrence of hysteresis phenomena around γ = 45◦

A search for the occurrence of hysteresis phenom
i.e., for the existence of possible multiple solutions, e
depending on the initial condition assumed, has also b
conducted. The search is based on a double computat
procedure subdivided into a direct and a reverse cours
investigation. In the direct course of investigation the tilti
angleγ is progressively increased from 0◦ to 360◦ accord-
ing to a prescribed step-change	γ , i.e., 1◦. In the reverse
course of investigation the tilting angleγ is progressively
decreased from 360◦ to 0◦ with the same	γ .

In computations whereγ is increased, the steady-sta
temperature and velocity fields forγ = 0◦ are employed a
initial condition for the solution of the subsequent inclin
tion angleγ = 	γ = 1◦, thus beginning a computation
sequence in which the steady-state temperature and ve

fields for any given angleγ are the initial condition for the
.

l

y

Fig. 7. Hysteresis phenomena aroundγ = 45◦ denoted by the average Nu
selt numbersNux , Nuy , andNu for Ra = 104 (full symbols= γ increasing;
empty symbols= γ decreasing).

Fig. 8. Hysteresis phenomena aroundγ = 45◦ denoted by the average Nu
selt numbersNux , Nuy , andNu for Ra = 105 (full symbols= γ increasing;
empty symbols= γ decreasing).

new tilting angleγ + 	γ . Once the solution forγ = 360◦
is obtained, the investigation procedure is reversed and
steady-state temperature and velocity fields for any angγ

are the initial condition for the new tilting angleγ − 	γ .
This type of numerical investigation, based on a two-w

sequential procedure as that described above, is very
used whenever the occurrence of hysteresis phenomena
the existence of multiple solutions, is searched, as, e.g.
scribed in Refs. [10,14].

For the present case, hysteresis phenomena have

found for tilting angles of the cavity aroundγ = 45◦. The
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results obtained are reported in Figs. 7–9, where the
tributions of the average Nusselt numbersNux , Nuy , and
Nu are plotted against the tilting angle of the cavityγ , for
Rayleigh numbers 104,105, and 106, respectively. Full sym
bols correspond to solutions obtained in the direct cou
of investigation, i.e., whenγ is increased. Empty symbo
correspond to solutions obtained in the reverse course o
vestigation, i.e., whenγ is decreased.

Fig. 9. Hysteresis phenomena aroundγ = 45◦ denoted by the average Nu
selt numbersNux , Nuy , andNu for Ra = 106 (full symbols= γ increasing;

empty symbols= γ decreasing).

to the steady-state condition.
As far as the direct course of investigation is concerne
can be observed that forγ = 45◦ + 	γ the fluid cells move
in the same direction of rotation as they do forγ = 45◦,
in spite of the reversal of the roles played by the hot w
HX and HY and by the cold walls CX and CY. In fact,
the steady-state temperature and velocity fields forγ = 45◦
(see Figs. 2(d) and 3(d)) are assumed as initial condition
γ = 45◦ +	γ , the inertia of the clockwise motion of the pr
mary inner cell, and that of the anticlockwise motion of t
two secondary cells, prevail over the buoyant action dri
by both walls HX and CX (which, in their turn, would ten
to impose a reversal in the direction of rotation of the fl
cells). Inertial effects keep on prevailing over the buoya
effects induced by walls HX and CX even with subsequ
tilting angles, up to a critical angleγC1, at which the flow
configuration becomes unstable. Forγ = γC1 (whose value
decreases from 55◦ to 48◦ as the Rayleigh number increas
from 104 to 106) the thermal effects delivered by both wa
HX and CX take over. This implies the transition to a n
stable flow configuration, i.e., the reversal in the direction
rotation of the fluid cells.

The transition to the new flow pattern occurs accord
to the basic time-sequence shown by the eight snapsho
Figs. 10 and 11. Starting from the flow pattern consist
of a clockwise inner cell, and two anticlockwise second
cells (see Figs. 10(a) and 11(a), corresponding toγ = 47◦),
the bottom and top cells get progressively deformed and
pand along both walls HX and CX and toward the mid
of the enclosure (see Figs. 10(b) and 11(b)). The bottom
top cells keep on expanding, with a consequent progres

compression of the inner cell, which evolves toward a two-
Fig. 10. Time-evolution of the streamlines forγ = γC1 = 48◦ andRa = 106 from the initial condition (steady-state temperature and velocity fields forγ = 47◦)
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Fig. 11. Time-evolution of the isotherms forγ = γC1 = 48◦ andRa = 106 from the initial condition (steady-state temperature and velocity fields forγ = 47◦)

to the steady-state condition.
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in-one flow configuration (see Figs. 10(c) and 11(c)). T
bottom and top cells merge, thus implying the formation
a vertical primary cell which rotates anticlockwise and
two counter-rotating secondary side-cells located near
walls HY and CY (see Figs. 10(d) and 11(d)). The wh
flow pattern literally rotates around the centre of the c
ity (see Figs. 10(e) and 11(e)), up to the achievement
flow configuration consisting of three cells, stacked on
of each other, whose directions of rotation are exactly
opposite of those of the initial flow pattern (see Figs. 10
and 11(f)). The bottom and top cells, and thus the inner
of the new flow configuration, expand and shrink alterna
in time (see Figs. 10(f)–(g) and 11(f)–(g)), up to reach
the new stable flow pattern, which is practically specula
the starting flow pattern with respect to the acceleration
gravity (see Figs. 10(h) and 11(h)).

As expected, the velocity components undergo ab
modifications as the reversal in the direction of rotation
the fluid cells takes place, as represented in Fig. 12, w
the time-distributions of bothU andV are reported. In addi
tion, it may be noticed that, as long as the three-cell fl
pattern pulsates in time with a decreasing intensity up
the steady-state condition, also the time-distributions of
velocity components oscillate with a decreasing amplit
around the corresponding steady-state value.

As far as the reverse course of investigation is concer
absolutely similar considerations apply. In particular,
flow transition, i.e., the reversal in the direction of rotation
the fluid cells, occurs at a critical angleγC2 which increases
from nearly 35◦ to nearly 43◦ as the Rayleigh number in

creases from 104 to 106. Thus, aroundγ = 45◦, in aγ -range
Fig. 12. Time-evolution of the dimensionless velocity componentsU andV

at the internal pointX = 0.7 andY = 0.3 for γ = γC1 = 48◦ andRa = 106

from the initial condition (steady-state temperature and velocity fields
γ = 47◦) to the steady-state condition.

whose extent decreases from nearly 20◦ to nearly 4◦ asRa
increases from 104 to 106, the existence of double solution
is documented.

7. Conclusions

Natural convection heat and momentum transfer in
filled, square enclosures with differentially heated oppo
walls, inclined with respect to the gravity vector, has be
numerically studied for values of the Rayleigh numberRa in
the range between 104 and 106, and for values of the tilting
angle of the cavityγ in the range between 0◦ and 360◦.

The main results of the simulations performed may

summarized as follows:
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(a) For a sufficiently wide range ofγ around 135◦ the
overall amount of heat transferred along thex-direction
across the cavity is larger than that corresponding
the untilted case, i.e., toγ = 0◦; in more details, such
enhancement occurs in the range 90◦ < γ < 150◦ for
Ra = 104, in the range 90◦ < γ < 160◦ for Ra = 105,
and in the range 90◦ < γ < 180◦ for Ra = 106.

(b) For a sufficiently wide range ofγ around 315◦ the
overall amount of heat transferred along they-direction
across the cavity is larger than that corresponding
the untilted case, i.e., toγ = 0◦; in more details, such
enhancement occurs in the range 300◦ < γ < 360◦ for
Ra = 104, in the range 290◦ < γ < 360◦ for Ra = 105,
and in the range 270◦ < γ < 360◦ for Ra = 106.

(c) Forγ = 225◦, heat transfer across the enclosure occ
for pure conduction.

The results obtained for the overall heat transfer rat
the range ofγ between 45◦ and 225◦ may be expresse
through the semi-empirical dimensionless correlationNu =
1.2Ra0.135(1+ sinγ /2)0.405. For any tilting angleγ < 45◦,
the heat transfer rate is the same as that for angle (90◦ − γ ).
For any tilting angleγ > 225◦, the heat transfer rate is th
same as that for angle (450◦ − γ ).

Moreover, the occurrence of hysteresis phenomena,
the existence of double solutions, aroundγ = 45◦ is doc-
umented within a range ofγ whose extent decreases fro
nearly 20◦ to nearly 4◦ as the Rayleigh number increas
from 104 to 106.
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