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A numerical study of two-dimensional laminar natural convection has been carried out on
partially open tilted cavities with different wall boundary conditions. Four different boundary
conditions were studied: (a) case (A), the wall inside the cavity facing the opening and the
lower wall are isothermal and the remaining walls are adiabatic, (b) case (B), the wall inside
the cavity facing the opening and the upper wall are isothermal and the remaining walls are
adiabatic, (c) case (C), the upper and lower walls are isothermal and the remaining walls are
adiabatic, (d) case (D), the wall inside the cavity facing the opening, the lower and the upper
walls are isothermal and the remaining walls are adiabatic. Dimensionless aperture size
ranging from 0.25 to 0.75, with different positions (different values of d/H): high, center and
low is studied. Steady-state solutions are presented for Rayleigh number between 103 to 105
and for tilt angles ranging from O° (the opening facing upward) to 120°. The fluid considered is
air with Prandtl number fixed at 0.704. Equations of continuity, momentum and energy are
solved using constant properties and Boussinesq approximation. It is found that tilt angle,
wall boundary conditions, aperture size and position are all factors that strongly affect the
convective heat transfer coefficient between the cavity and the ambient air. At low Ra, wall
boundary conditions have a minimal effect on nNu . However, increasing Ra, the wall boundary
conditions have greater effect on the Nusselt number. The average Nusselt number (Nu) is
generally lower at low inclination angles (o < 30°), and attains its highest value when the
cavity is horizontal (a = 90°). Depending on the application, which may require maximizing or
minimizing of heat transfer through the aperture, the wall boundary conditions, aperture size,
its position and inclination angle should be chosen as design parameters.
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1. Introduction

Natural convection from partially open
cavities has many significant engineering ap-
plications, including electronic cooling devices,
open cavity solar thermal receivers, uncovered
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flat solar collectors having rows of vertical
strips, thermal design of buildings, and air-
craft break-housing systems design. In all
these applications there is a cavity with one or
more of its sides heated or at adiabatic condi-
tions. For example, in electronic equipment
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the electronic boards can present a heat
source that affects the temperature of the
board while the rest of the walls of the en-
closing box can be considered as insolated
walls. A literature review shows that numer-
ous studies have been published on a square
open cavity. Excluding a series of experimen-
tal studies at a specific Rayleigh number,
most of these studies have been carried out
with fully open horizontal cavities having
isothermal walls or the wall facing the opening
is isothermal and others are adiabatic.
Various authors studied experimentally
open cavities [1-6]. Sernas and Kyriakides [1]
experimentally studied two-dimensional, lami-
nar natural convection in an open cavity filled
with air as a working fluid with cavity aspect
ratio of unity. The dimensionless aperture size
in Hess and Henze [2] was 0.5 and it was
centrally located in a square cavity. They used
a laser Doppler velocimetry and flow visualiza-
tion techniques to study flow characteristics
and determined local Nusselt number at
various levels covering Rayleigh number from
107 to 101! in laminar and turbulent regimes.
Chan and Tien [3] performed an experimental
study for natural convection in a two-dimen-
sional open rectangular cavity. Water was
used as the working fluid in this experiment.
It was observed at low Rayleigh numbers that
the fluid exits the cavity as a buoyant “plume”
while at higher Rayleigh numbers, the exit
velocities are high enough to form a buoyant
“jet”. The effect of the open boundary was
found to consist of two parts: the outgoing hot
fluid exhibiting strong characteristics of the
cavity conditions and incoming flow influenced
by the outside conditions. Showole and Tara-
suk [4] studied laminar natural convection
heat transfer from isothermal open -cavities
experimentally using a Mach-Zehnder interfer-
ometer and numerically by a finite difference
technique. Their work dealt with selected
cavity aspect ratio of 0.25, 0.5 and 1, for
Rayleigh numbers Ra ranging from 104 to
5X 105, and for tilt angles o = 0.0°, 300, 45°,
and 60°. Flow and temperature patterns,
velocity and temperature profiles, and local
and average heat transfer rates were pre-
sented. Chakroun et al. [5] studied fully and
partially open inclined cavities with aperture
size from 0.25 to 1, aperture located centrally.

Grashof number was 5.5X 108 and constant.
Later using the same experimental set-up,
they studied the effect of aperture location in
an inclined square cavity with isothermal
heated walls at the same Grashof number [0].
Others studied theoretically natural con-
vection heat transfer in fully open cavities [7-
12]. Penot [7] conducted a numerical study of
two-dimensional natural convection in an iso-
thermal open square enclosure. The governing
equations were solved in an enlarged compu-
tational domain by utilizing the far field
boundary conditions. The effect of inclination
and Grashof number were studied in this
investigation. Chan and Tien [8] performed a
numerical steady-state study of laminar natu-
ral convection in a two-dimensional square
open cavity with a heated vertical wall and two
insulated horizontal walls. Calculations were
made in an extended computational domain
beyond the aperture plane for cavity with a
heated vertical wall and two horizontal
insulated walls. Results obtained for Rayleigh
number ranging from 103 to 10° were found to
approach those of natural convection over a
vertical isothermal flat plate. Elsayed et al. [9]
studied numerically natural convection in
fully open tilted cavities. Effects of the control-
ling parameters (Grashof number and tilt
angle) on the heat transfer (average Nusselt
number) were presented and analyzed. Chan
and Tien [10,11] examined natural convection
inside square and shallow open vertical
cavities for different Rayleigh numbers. They
made a comparison study using a square
cavity in an enlarged computational domain.
The comparison showed that the Nusselt
numbers do not agree well at low Rayleigh
numbers (Ra = 108), although the flow pat-
terns look similar. This discrepancy is attrib-
uted to the boundary condition that prescribes
no heat transfer across the opening portion of
the cavity where the flow is incoming; this
assumption neglects the conduction moving
upstream out of the cavity, which is signifi-
cant at low Rayleigh numbers. However, as Ra
increases to 106, the heat transfer parameters
(Nusselt numbers, isotherms, and flow
patterns) are almost identical in the two meth-
ods. Polat and Bilgen [12] studied numerically
inclined fully open shallow cavities in which
the side facing the opening was heated by
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constant heat flux, two adjoining walls were
insulated and the opening was in contact with
a reservoir at constant temperature and pres-
sure. The computational domain was re-
stricted to the cavity.

Laminar natural convection heat transfer
in partially open cavities with a discrete flush
mounted iso-flux heat source on one of its
wall was investigated numerically by Jilani et
al. [13]. They found that Rayleigh number
considerably affects the flow and thermal
fields within the open enclosure when com-
pared with intensity of heat flux and size of
the opening. Bilgen and Oztop [14] studied n-
umerically natural convection heat transfer in
partially open inclined square cavities. The
surface of the wall inside the cavity facing the
partial opening was isothermal. Streamlines
and isotherms were produced, heat and mass
transfer was calculated.

Literature review shows that in the experi-
mental studies with partially open cavities,
either Rayleigh number was kept constant
[5,6], or it was very high [2]. In the numerical
study of the same problem, one wall was
heated [13,14]. In the present study, we will
analyze and present results obtained from a
numerical study of partially open tilted cavi-
ties with different wall boundary conditions
using an enlarged computational domain.
Four cases of boundary wall conditions of the
cavity were studied. Effect of dimensionless
aperture size ranging from 0.25 to 0.75, with
different positions (different position ratio
d/H) on heat transfer characteristics were in-
vestigated. Also, effect of Rayleigh numbers
between 103 to 105 and tilt angles from O° (fac-
ing upward) to 120° (facing 30° downward) on
heat transfer rates were analyzed.

2. Problem description and mathematical
model

2.1. Problem description

A schematic of the two dimensional system
is shown in fig. 1. The energy from the isother-
mal walls is dissipated by convection through
the opening. Four different wall boundary con-
ditions are considered as in table 1. Three
dimensionless aperture size 0.25, 0.5, and
0.75 and three aperture positions (d/H = 0.75,

0.50, and 0.25) are examined. Five inclination
angles, 0, 30, 60, 90 and 120¢° are carried out.

2.2. Mathematical model

The continuity, momentum and energy
equations for a two dimensional laminar flow
of an incompressible Newtonian fluid are
written. The following assumptions are made:
there is no viscous dissipation, the gravity
acts in the vertical direction, fluid properties
are constant and fluid density variations are
neglected except in the buoyancy term (the
Boussinesq approximation) and radiation heat
exchange is negligible. In dimensionless form,
the non-dimensional governing equations are
written as:

U v o "
0X 0Y

v v __ 9P | RaProcosa+Prv2U, (2)
oX oY  oX

vV vV _

0X oY

oP . 2
—a—Y+RaPr6’sma+RaPr¢9+PrV v, (3)

9 v _y2g. (4)
oX = dY

It is convenient to define the following di-
mensionless quantities:

Xzf yzg
L L
u=4 v="t (5)
o [04
2
9o L-Tw 5 _(P=Po)L
Ty -T, pa2

Gr= gpATL® /(v?) Ra =gpATL® /(va) .

As will be explained later, the steady-state
solutions are obtained from unsteady-state
egs. (1 to 4).

The local and average Nusselt numbers
are calculated respectively as:
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Fig. 1. Schematic of teh partially open cavity and
coordinate systems.
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where j is the number of heating surfaces, d(X
or Y) denotes that, if the heating surface in X
direction we take dX and if the heating
surface in Y direction we take dY.

2.3. Boundary conditions

The boundary conditions of the system
shown in fig. 1 are 8 = 1 on the isothermal
walls of the cavity, 06 /on = 0 on the adia-
batic boundaries of the cavity. § = 0 on the
free surface CD above the cavity. The walls AB
and EF at the proximity of the aperture plane
were taken to be adiabatic, i.e., 660 /0X = O.
At the nonsolid boundaries BC and DE, the
derivative boundary condition 06 /0Y = 0 was
used. At the solid boundaries, no slip and no
penetration applied therefore, U= V= 0.

3. Numerical technique

The governing equations, given by egs. (1
to 4) were discretized using a second order
upwind interpolation scheme in FLUENT code
[15]. The segregated solution algorithm is util-
ized to solve the system of equations. The ad-
vantage of using this method is that the global
system matrix is decomposed into smaller
sub-matrices and then solved in a sequential
manner. This technique will result in consid-
erably fewer storage requirements. The con-
vergence criteria were specified as follows: the
normalized residuals of all dependent vari-
ables must be less than 107. To ensure the
attainment of grid-independent results, the
sensitivities of both grid numbers and grid
distributions were tested for each case. Fig. 2
shows one of the results of the effect of grid
size on the predicted U velocity at mid-plane
distribution for the case of isothermal wall
facing the central partial opening of dimen-
sionless size h/H = 0.5 (a@ = 90°, Ra = 109).
Typically, a grid density of 50X 50 provides
satisfactory solution for the case shown.
Similar tests were done with the cavities
having different boundary conditions, different
aperture size and inclination, and the grid
sizes were adjusted accordingly. The code was
executed on 2.0 GHz clock speed, the execu-
tion time, at Ra = 105 for example, was 280 s.
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Fig. 2. Effect of grid size on the predicted U velocity at
midplane (¢ =90°, h/H= 0.5, Ra= 109%).
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3.1. Validation

To validate the code, the case of a horizon-
tal fully open square cavity having an
isothermal wall reported by Chan and Tien
[10] and Bilgen and Oztop [14] was studied.
Chan and Tien [10] used an extended
computation domain while Bilgen and Oztop
[14] used a computation domain restricted to
the cavity and we used an extended computa-
tion domain. The results of comparison are
presented in table 2. We can see an agreement
between the present work and that of Chan
and Tien [10]. Also, it is seen the deviation of
results of Bilgen and Oztop [14] from that of
the present work and that of Chan and Tien
[10]. This deviation vary from 22.4% at low
Rayleigh number to 1.3% at high Rayleigh
number. The reason for the large deviations at
low Rayleigh number is explained by the fact
that the heat transfer is dominated by
conduction regime and since the temperature
at opening is set at 4 = 0 by [14], the
temperature gradient is higher, hence Nusselt
number is higher than that with enlarged
computation domain case (present work and
Chan and Tien [10]). This effect disappears
gradually at high Rayleigh numbers as the
heat transfer becomes convection dominated.

4. Results and discussion

A numerical study has been carried out to
study the effect of wall boundary conditions of
the cavity as well as the tilt angle on heat
transfer and flow field for partially open cavity.
Different wall configurations (case A, B, C, and
D), as shown in table 1, were examined. Geo-
metrical and thermal parameters governing
the heat transfer and flow field in inclined
partially open cavities are aspect ratio A =
L/ H, aperture size AR = h/H, opening position
AP = d/H, inclination angle « , and Ra, see fig.
1. The geometrical cases are: three aperture
sizes of 0.25, 0.5 and 0.75 located at center,
high and low positions, nine in all.

Heat transfer and fluid flow through the
cavity are examined for a range of Rayleigh
number from 108 to 109, the aspect ratio of A
= 1, the aperture size AR = h/H of 0.25, 0.5
and 0.75, the aperture position AP = d/H at
0.125 (the lowest dimensionless position), 0.5

and 0.875 (the highest dimensionless position)
and inclination o from 0° (the aperture facing
upward) to 120° (the aperture facing 30 °
downward). All result are with Pr = 0.704.

4.1. Temperature and flow fields

Isotherms and streamlines for wall bound-
ary condition case (A) with A =1, AR= h/H =
0.5, AP=d/H = 0.5, a = 90° are presented in
fig. 3 for Rayleigh number from 103 to 10°. We
observe in fig. 3-a that the heat transfer in the
cavity is quasi-conductive at Ra = 103 and
becomes dominated by convective regime as
Ra increases to 10° in fig. 3-b to 3-d. At Ra =
103, the streamlines in the cavity show that
for quasi-conductive regime the entrance and
exit sections of the fluid at the opening are
almost equal. At Ra = 10% in fig. 3-b, the heat
transfer is by conduction as well as convection
and the increased contribution of convection
is clearly. As Ra increases to 105, fig. 3-c
shows that a convection regime is established:
the cold fluid entrained through the larger
section of the opening moves across the cavity
following the lower hot wall, rises along the
vertical hot wall, moves across the upper part
following the top bounding wall and dis-
charges at the opening. A convection cell is
formed at the lower right corner as the fluid
accelerates across the lower hot wall and
toward the vertical hot wall and the larger
circulating convection cell is not symmetric.
The isotherms show a boundary layer heat
transfer on the lower and vertical hot walls.
Fig. 3- d, at Ra = 10°, shows a similar trend to

Table 1
Cases of wall boundary conditions

Case walll wall2 wall3 wall4
A Tu Tu a a
B Tu a Tu a
C a TH TH a
D Ty Tu Tu a

Notes: Tu = isothermal, a = adiabatic

Table 2
Comparison of the results with a horizontal
fully open square cavity

Ra Nu[10] Nu[14]  Nu (this study)
108 1.07 1.31 1.07
104+ 3.41 3.53 3.39
105 7.69 7.85 7.71
106 15.00 15.2 15.3
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the case with Ra = 105 with enhanced convec-
tion and boundary layer flow and heat transfer
at the hot walls. We see that as Ra increases,
the flow becomes fully convection dominated
and the discharging fluid from the upper part
of the cavity occupies smaller and smaller
section of the opening, being a jet like at high
Rayleigh numbers.

The effect of aperture size AR = h/H is pre-
sented in fig. 4, for wall boundary condition
case (A), with the case AP = 0.5, Ra= 105, a =
90° for AR = h/H = 0.25 (smaller opening) and
0.75 (larger opening). The case for AR = 0.5 is
shown in fig. 3-c. It is seen that as expected
the cold fluid’s acceleration is higher for AR =
h/H =0.25 and smaller for AR = h/H = 0.75.
We see that convection is enhanced with
larger opening and the reverse is the case for
smaller opening, this trend may be expected
since the resistance to flow in and out the
cavity will be smaller in the former case.

The effect of the position of the opening for
wall boundaries case (4) is presented in fig. 5,
with AR = 0.5, Ra = 105, ¢ = 90° with AP =
d/H = 0.75 (high position) and 0.25 (low posi-
tion). The case for AP = 0.5 is shown in fig. 3-
c. These two correspond to upper and lower
half openings respectively. It is seen that in
fig. 5-a that the cold fluid enters the cavity at
the lower part of the opening, accelerates to
the vertical hot wall leaving right lower part of
the cavity where a secondary convection cell is
formed. The isotherms show that the right
lower part of the cavity remains cold, where
the main circulation is formed. Fig. 5-b shows
the case with low aperture position (AP = 0.25)
in which case the air enters the cavity
similarly at the lower part of the opening and
flows parallel to the lower hot wall and flows
towards the vertical hot wall and exit at the
upper part of the opening. The fluid sweeps
the entire cavity except the right upper corner.
The isotherms show that the wupper right
corner of the cavity remains cold. In
comparing results in figs. 3-c, 5-a, and 5-b, it
appears that all the parameters being the
same, at the low aperture position the convec-
tion is highest, as a result of which heat
transfer should be better. Between the center
and high positions, the convection is stronger
in center position aperture.

Ra=10° ®

b
Ra=10* ®)

Ra = 10° ©

d
Ra=10° @

i 40 B0 [

Fig. 3. Flow (on the left) and temperature (on the right)
fields for boundary walls type (A), AR=h/H = 0.5, AP =
0.5, o = 90° (a) (a) Ra = 103, (b) Ra = 104, (c) Ra = 105, and
(d) Ra = 106.

(b)

i &2

Fig. 4. Flow (on left) and temperature (on right) fields for
boundary walls type (A) with the case AP=d/H = 0.5, a =
90° and Ra = 105 (a) AR=h/H =0.25, (b) AR=h/H =
0.75.
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The effect of the wall boundary conditions
is presented in fig. 6, for AR= h/H= 0.5, a =
900, AP = d/H = 0.25 and Ra = 105 with wall
boundary conditions cases (B), (C), and (D).
The case (A) is shown in fig. 5-b. It is seen that
the flow fields are similarly for all cases, in
which air enters the cavity at the lower part of
the opening and flows parallel to the lower
wall and passes toward the vertical wall and
exit at the upper part of the opening. The
isotherms for wall boundary conditions case
(A) and case (D) are similar, since the upper
heated wall has a small effect on convection
mechanism. In comparing results in fig. 6-a
and 6-b, it appears that, at the boundary wall
condition case (C), the convection is highest as
a result of which heat transfer should be
better.

The effect of inclination is presented in
fig. 7 for wall boundary conditions case (A)
with the case AR= h/H= 0.5, AP=d/H= 0.5,
Ra = 105 for a = 30°, 60°, and 120°. The case
for a = 900, is shown in fig. 3-c. At ¢ = 300, the
streamlines in fig. 7-a give an indication of
flow separation at the lower edge of the
opening and flow reattachments at the upper
part of the wall facing the opening where a
secondary convection cell is formed. The iso-
therms reveals that at the point of flow
separation the temperature gradient is lower
than at the reattachment point where the
highest gradient are observed. The case with
a = 60° shown in fig. 7-b has the same ap-
pearance as that of fig. 7-a, except that a two
nonsymmetrical cells are formed in the cavity
one from separation and the other from reatt-
achment. As « increases (greater than 609),
the flow that separates at the lower edge of the
opening reattaches on the base of the cavity
and a single strong convection cell are formed
in the cavity. At a = 90°, 120° as shown in fig.
3-c and fig. 7-c respectively, the rate of inflow
and outflow of air into and out of the cavity
appear to be more rapid that at « = 30°. The
isotherms reveals that the convection
strengths at o > 60° are greater than those at
a< 600,

4.2. Velocity and temperature profiles

Non-dimensional velocity and temperature
profiles at mid-planes are presented in fig. 8

(b)

7

Fig. 5. Flow (on the left) and temperature (on the right)
fields for boundary walls type (A) with the case AP= d/H =
0.5, a=90° and Ra= 105 (a) AR= h/H=0.75, (b) AR=
h/H = 0.25.

-~
o
s’

(b)

—
I
S

10 8¢ 50

Fig. 6. Flow (on the left) and temperature (on the right)
fields for the case AR= h/H=10.5, a=90° and AP = d/H=
0.25 and Ra =105 (a) boundary walls type (B), (b)
boundary walls type (C), (c) boundary walls type (D).
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for various boundary wall conditions with the
case AR= AP=0.5, o =90°, Ra= 105. We can
see that for the horizontal case with a = 90e,
the velocity at the mid-plane is almost sym-
metric for all boundary wall condition types.
The cold fluid enters the cavity at the lower
part of the opening, where the velocities have
a maximum negative values, and the hot fluid
exit at the upper part of the opening, where
the velocities have a positive values, as
expected from earlier observations. Also, fig. 8-
a shows that, the boundary wall conditions
have an affect in increasing the flow strength.
Fig. 8-b shows variation of temperatures at
mid-plane for various boundary wall condi-
tions, in this figure the curve of boundary
condition case (A) concedes with that of case
(B). It is clearly observed that the incoming
ambient fluid (6 = 0) is preheated before it
reaches the back-wall boundary layer and the
temperature increases with increasing Y for
cases (A and B). However, as boundary wall
condition changes, the preheating of the
incoming fluid increases (as in cases (C) and
(D))

Fig. 7. Flow (on the left) and temperature (on the right)
fields for the case boundary wall type (A) with the case AR
=h/H=0.5, AP=d/H= 0.5 and Ra =105 for various
inclination angle, (a) @ =30° (b) a =60°, (c) o = 120¢.
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Fig. 8. Velocity and temperature profiles at mid-planes for
various boundary wall condition with the case AR = AP =
0.5, @ =90°, Ra = 105.

4.3. Heat transfer rate

We will present first heat transfer, average
Nusselt number Nu as a function of Rayleigh
number Ra, Ra from 103 to 105 for different
boundary wall conditions with the case of
centrally located aperture of (AP = AR = 0.5) at
inclination of 90°. Then we will present the
effect of aperture size and positions on heat
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transfer rate at all boundary wall conditions
and inclination of 90°. Finally effect of
inclination angle on heat transfer rate will be
presented.

Fig. 9 shows variation of Nu with Ra for
different wall boundary conditions with the
case of centrally located aperture of (AP = AR =
0.5) at inclinations of 90°. It is seen that the
average Nusselt number increases rapidly with
increasing Ra up to 10% thereafter the rate of
increase in Nu decreases. At low Ra, bound-
ary conditions have a minimal affect in Nu
where conduction is the major mechanism for
heat transfer out of the cavity regardless of the
boundary wall condition. However, increasing
Ra amplifies the boundary wall condition
affect in increasing the Nusselt number. As
expected it is observed that the heat transfer
is higher for wall boundary condition case (D),
i.e. when three walls from the cavity are
heated.

Similar results are presented for the case
of centrally located aperture of AR = h/H =
0.75 in fig. 10. It is seen that with respect to
the results in fig. 9, increased heat transfer at
all boundary wall conditions due to larger
aperture with less resistance to flow, which we
have observed earlier with figs. 4 and 3-c.
Again the highest Nusselt number is at
boundary wall condition case (D) and the
lowest in the case (B) for Ra up to 6X 104
thereafter for the case case (C). The results
with aperture of 0.25 centrally located not
presented, show a similar trend for Nu of the
case with 0.5 aperture size fig. 8 except the
Nu is reduced due to relatively smaller
aperture.

Fig. 11 shows variation of Nu with Ra at
different aperture positions with the wall
boundary condition case (A), AR = 0.5, and «
= 90c. It is seen that the center aperture
positions have a higher values of Nu than the
other positions. Following the observations in
figs. 5 and 3-c, at higher values of Ra (Ra >
8X 10%), the lower aperture positions have a
values of Nu higher than these of center
aperture positions.

Fig. 12 shows variation of average Nusselt
number with Rayleigh number for wall bound-
ary condition case (A) at various inclinations
for the case of centerally located aperture

Nu

] I L I 1 l Il I L

1.0 E+3 2.0E+4 4.0E+4 6.0E+4 8.0E+4 1.0E+S
Ra

Fig. 9. Variation of Nu with Ra at different boundary wall
conditions for the case of centrally located aperture (AP =
0.5, AR = 0.5) and inclination of 90e.

1.0 ! i ! | L ] 1 | 1
1.0 E+3 2.0E+4 4.0E+4 6.0E+4 8.0E+4 1.0E+5
Ra

Fig. 10. Variation of Nu with Ra at different boundary wall
conditions for the case of centrally located aperture (AP =
0.5, AR = 0.75) and inclination of 90e.

(AP = AR = 0.5). We see that at low inclination
angle (a < 60°), the average Nusselt number
increasing rapidly with increasing Ra up to
104 thereafter tapers off. At high inclination
angle (> 609°), the average Nusselt number in-
creases rapidly with increasing Ra. Nuis gen-
erally lower when the cavity aperture facing
up and highest when horizontal i.e. a = 90e.
This due to, at « = 90°, the flow that separates
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at the lower edge of the opening reattaches on
the base of the cavity and a single strong
convection cell are formed in the cavity, as
observations in fig. 7.

10.0
center aperture,
low aperture
high aperture

-

) l 1 | ) | L | 5
1.0 E+3 2.0E+4 4.0E+4 6.0E+4 8.0E+4 1.0E+5
Ra

Fig. 11. Variation of Nu with Ra at different aperture
position for the case of boundary wall condition type (A),
AR = 0.5, and inclination of 90e°.

S0

{ 90°

2E+4 4E+4 B6E+4 8E+4 1E+5
Ra

Fig. 12. Variation of Nu with Ra for boundary wall
condition type (A) at various inclinations for the case of
centerally located aperture (AP=d/H = 0.5, AR=
h/H = 0.5).

5. Conclusions

Steady-state heat transfer by natural
convection in partially open inclined square
cavities with different wall boundary condi-
tions has been numerically studied. Four
cases of boundary wall conditions were
studied: (a) case (A), the wall inside the cavity
facing the partial opening and the lower wall
are isothermal and the remaining walls are
adiabatic, (b) case (B), the wall inside the
cavity facing the partial opening and the upper
wall are isothermal and the remaining walls
are adiabatic, (c) case (C), the upper and lower
walls are isothermal and the remaining walls
are adiabatic, (d) case (D), the wall inside the
cavity facing the partial opening, the lower
and the upper walls are isothermal and the
remaining walls are adiabatic. Dimensionless
aperture size ranging from 0.25 to 0.75, with
different positions: high, center and low. The
tilt angles ranging from 0° (the opening facing
upward) to 120° (the opening facing 30°
downward) and the Rayleigh numbers between
103 to 105. It is found that tilt angle, wall
boundary conditions, aperture size and posi-
tion are all factors that strongly affect the
convective heat transfer coefficient between
the cavity and the ambient air. At low Ra,
boundary conditions have a minimal affect in
Nu . However, increasing Ra amplifies the wall
boundary condition affect in increasing the
Nu Nusselt number. The heat transfer rate is
higher for boundary wall condition case (D)
compared to the other types. As aperture size
increases the heat transfer increases for all
boundary wall conditions due to Ilarger
aperture with less resistance to flow. The
average Nusselt number (Nu) is generally
lower at low inclination angles (o < 30°), and
highest when the cavity horizontal (o = 909).
Depending on the application, which may re-
quire maximizing or minimizing of heat trans-
fer through the aperture, the wall boundary
conditions, aperture size, its position and inc-
lination angle should be chosen as design
parameters.

Nomenclature

A is the enclosure aspect ratio, H/L,
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AP is the dimensionless aperture position,

d/H,

AR is the dimensionless aperture size, h/H,

cp is the heat capacity, J/kg K,

is the cavity height, m,
is the thermal conductivity, W/m K,
is the cavity width, m,
Nu is the Nusselt number, eq. (6),
p is the pressure, Pa,
P is the dimensionless pressure,
(p- Pw) L/ pa?,
Pr is the Prandtl number, v/«,
Ra is the Rayleigh number, ggATIL® /(va),
t is the time, s,
AT is the temperature difference, T —T,,,

@

U, Vis the dimensionless fluid velocities,
ul/a,vl/a,

X,Y is the dimensionless Cartesian
coordinates, x/L, y/L, and

X, y is the Cartesian coordinates.

Greek symbols

a is the thermal diffusivity, m2/s,
£ is the volumetric coefficient of thermal

expansion, 1/K,

v is the kinematic viscosity, m2/s,
p is the fluid density, kg/ms3,
6 is the dimensionless temperature,

(T-T,)/(Ty -T.)
a is the inclination angle of cavity, o, and
7 is the dimensionless time, o t/L2.

Superscripts

is the average.

Subscripts

a 1is the air,

fis the fluid,

H is the hot,

loc is the local,

in is the into cavity,

ou is the out of cavity, and
co is the ambient value.

is the acceleration due to gravity, m/s?,
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