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Abstract

In this paper a numerical investigation of the interaction between two modes of heat transfer, natural convection and surface thermal radiation,
in a tilted slender cavity is studied. The bottom and top surfaces of the cavity are heated and cooled at constant temperatures, while its sidewalls
remain thermally insulated. The studied parameters are: the Rayleigh number ( 10* < Ra < 109), the aspect ratio (8 < A < 16) and the inclination
angle (15° < A < 35°). The steady state 2-D governing equations have been solved by the finite volume method. All the inner surfaces are assumed
to be gray diffuse emitters and reflectors of radiation. The numerical model was reduced and compared to cases reported in the literature finding a
good agreement. Streamlines, isotherms and total Nusselt numbers as a function of Rayleigh number for different inclinations are presented. The
interaction between the two modes of heat transfer reveals that the decoupling of two mechanisms of heat transfer is not possible; the performance
of the flow patterns, the isotherms and the radiative behavior on the walls was different for the uncoupled and coupled modes of heat transfer in the
tilted slender cavity. The steady state results indicated that the radiative surface radiation coupled with natural convection modifies appreciably the
flow patterns and the average heat transfer in the slender cavity. The total heat transfer increases when the inclination angle increases, except when
the flow structure changes from the multi-cell to the unit-cell pattern. However, the total heat transfer decreases when the aspect ratio increases.
A comprehensive correlation for the total Nusselt number has been proposed.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction ities heated from the side and (2) horizontal enclosures heated
from below. In cavities heated from the side, the problem of
natural convection in square cavities heated differentially with
adiabatic top and bottom walls has become the classical re-

search problem extensively studied by experimental, analytical

Coupled natural convection and radiation transport processes
in cavities arise in many engineering applications, such as solar
energy collectors, cooling of electronic devices, multilayered

walls (facades) and double windows, etc. The phenomenon of
heat transfer in a cavity is as varied as the geometry and ori-
entation of the enclosure. In the literature review the enclosure
phenomena can be classified as: (1) vertical and inclined cav-
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and numerical methods to get a better understanding of the gov-
erning processes [1-3]. In other geometries and orientations,
natural convection in rectangular cavities for various aspect ra-
tios also has been studied extensively; for example, Ozoe et
al. [4,5] dealt with the problem of natural convection in in-
clined rectangular channels heated on one side and cooled on
the opposing side. Their results indicated that as the angle of
inclination increased a minimum and then a maximum heat
transfer occurred, also, they found out that, the angle of incli-
nation was a strong function of the aspect ratio and a weak
function of the Rayleigh number. Later, Rahman and Sharif [6]
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Nomenclature
A aspect ratio (L/H)
Cp specific isobaric heat capacity ....... Jkg ' K™!
Faj—ar view factor between elements j — k
g gravitational acceleration, 9.81 m s 2
H height of the cavity ......................... m
L lengthof the cavity ......................... m
Nu Nusselt number
P PIESSUTE .. .ve ettt et enans Pa
Pr Prandtl number (v/«)
q heatflux ............. .. .. L. Wm2
Ra Rayleigh number (gBAT H3 /va = Gr Pr)
T TEMPErature . ..........ouveeeinnnneeennnnn.. K
Ty reference temperature [(7), + 7,)/2] .......... K
u,v velocity components .................... ms~!
X,y Cartesian coordinates ...............coouuun.. m
Greek symbols
o thermal diffusivity ..................... m?s~!
B thermal expansion coefficient .............. K!
AT temperature difference ...................... K
) emissivity
K thermal conductivity ............... Wm~!K™!
A inclination angle ............... ... . ... ... °

7 dynamic viscosity .................. kgm~!s™!
v kinematic viscosity ................ ..., m?s~!
P density ...........iiiiiiiiiii.. kgm™3
p* reflectivity
o Stefan—Boltzmann constant,
5.670 x 1078 Wm—2K~*
Toxs Tays Tyy SIESS oo Pa
Subscripts
c cold wall
cond conductive
conv convective
E adiabatic right wall
h hot wall
in inlet
Jj Jjth element
k kth element
N isothermal top wall at 7
out outlet
rad radiative
S isothermal bottom wall at T},
total total quantities
w adiabatic left wall

studied the laminar natural convection in differentially heated
inclined rectangular enclosures of aspect ratios from 0.25 to 4.
They considered a rectangular cavity with and without internal
heat generation showing that the uniform internal heat gener-
ation increases the local heat flux ratio along the hot wall and
decreases it along the cold wall. They also found that the con-
vection strength increases as the aspect ratio increases. They
mention that shallow or high aspect ratio enclosures are used
for solar collectors because minimum heat loss by convection
is required. From the previous literature, we can see that the
contribution due to surface radiation is either absent or ignored.

Other studies considered the effect that surface radiation has
on natural convection, but they are focused mainly in square
cavities. In cavities heated from the side, combined natural
convection, conduction and radiation in a square cavity with
opaque walls with a high temperature source, appear in the
work of Larson and Viskanta [7], they found that the radi-
ation dominates the heat transfer in the enclosure and alters
the convective flow patterns significantly. Recently, Chang et
al. [8], Balaji and Venkateshan [9], Akiyama and Chong [10],
Mabhpatra et al. [11] and Ramesh and Venkateshan [12] studied
numerically and experimentally the radiation and natural con-
vection interaction phenomena in differentially heated square
cavities. Chang et al. in 1983 considered equal vertical finite-
thickness partitions located at the centers of the ceiling and
floor of the square cavity; they showed that for empty square
enclosures, the effect of radiation is the increase of the bulk
temperature of the gas in the enclosure and for partitioned en-
closures, the partition provides an effective means to block the
radiation exchange and also to increase the internal resistance

for the convective flow. Comprehensive correlations for con-
vection and radiation based on the numerical calculation of
the coupled problem were given by Balaji and Venkateshan in
1994. Later on, gray surfaces and the variation of the emissivi-
ties in the cavity were studied by Akiyama and Chong in 1997,
they showed that surface radiation significantly altered the tem-
perature distribution and that the Nusselt number increases with
the increase of Ra number. In 1999, Mahpatra et al., consid-
ered the variable property laminar natural convection finding
that the presence of radiation destroys the thermal stratification
in the core of the cavity. In 1999, Ramesh and Venkateshan pre-
sented an experimental study, clearly showing the influence of
surface radiation when suppressing the natural convection for
all walls highly polished (highly emissive walls). In cavities
heated from below, Soong et al. [13] studied the mode tran-
sition and reported that a hysteresis phenomenon appears for
As =4 and Ra > 2000. Later, a transient study showing the ef-
fect of the inclination angle on the surface radiation is reported
by Tzeng et al. [14]; the study revealed that at some critical
situations, natural convection in inclined enclosures is very sen-
sitive to the change of tilt angle. Recently, Ridouane et al. [15]
studied the effect of surface radiation on natural convection in
square cavities heated from below. Their results indicated that,
the surface radiation alters significantly the existence range of
the solution and the average heat transfer through the horizontal
walls of the cavity. It was found that, for a fixed Ra, the global
heat transfer across the enclosure depends only on the magni-
tude of the emissivity of the active walls. In the same year, a
three dimensional numerical study of the interaction between
radiation and natural convection in a differentially heated cu-
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bic cavity considering both transparent and participating media
was reported by Colomer et al. [16]. They made a comparison
between the 3-D simulations and the 2-D results, finding a good
agreement between both solutions which means that the effect
of the end walls is small. Also, their results indicated that, in
a transparent medium, the radiation significantly increases the
heat flux. Currently, Ridouane et al. [17] reported the effects
of radiation on natural convection in a Rayleigh—Benard square
enclosure with unsteady conditions. The simulations were done
for two values of the emissivities of the active and insulated
walls (0.05 and 0.85). The results showed periodic solutions
during the transition from the bicellular flows to the unicellu-
lar flow. The authors concluded that the nature and the mag-
nitude of these periodic solutions are highly affected by the
walls emissivity and the type of the bicellular steady-state solu-
tion.

Very few numerically studies considered the interaction of
surface radiation on natural convection for shallow or high as-
pect ratio enclosures. The problem of decoupling or coupling
radiation arises, due to the effect of the dimension of the top
and bottom walls on the side walls. Balaji and Venkateshan [18]
made a detailed numerical study of combined surface radiation
and free convection problem at essentially low moderate tem-
perature levels for cavities with aspect ratios in the range of
2-20. The purpose of the study was to give correlations for both
convective and radiative heat transfer across the cavity. They
say that, even under severe case of emissivity of all the walls
close to 1 at such temperature levels, the temperature profile in
the top and bottom walls are dominated by convection and not
by radiation. Under this condition the coupling between radia-
tion and free convection at the top and bottom walls does not
significantly affect the radiation heat transfer itself. However,
Velusamy et al. [19] made a numerically study of the interaction
effects of surface radiation with turbulent natural convection
of a transparent medium in rectangular enclosures, covering a
wide range of Ra numbers from 10° to 10'? and aspect ratios
of 1-200. They obtained solutions by considering convection—
radiation coupling as well as by neglecting this coupling. In the
later case, convective and radiative heat transfers are estimated
totally independent of each other. They mention that for square
enclosures, the decoupled analysis under predicts the heat trans-
fer rate and the convective-radiative coupling becomes weaker
as the aspect ratio increases in tall enclosures.

The above literature review shows that the effect of the in-
clination angle on natural convection in square and slender cav-
ities has been studied, but the effect of the inclination angle on
the interaction between surface radiation and natural convec-
tion is mostly related with square cavities. In the work reported
herein, our objective is to present the effect of the inclina-
tion angle on the thermal performance of tilted slender cavities
heated from a side by considering the interaction between the
decoupled and coupled surface radiation and natural convec-
tion for 10* < Ra < 100, aspect ratios of 8, 12 and 16, and
inclination angles range from 15°to 35°. The Nusselt number
correlation obtained may be used for better solar collector’s de-
sign in latitudes locations between 35° and 15°, because, most
of the heat losses are from the top of the collector [20].

2. Problem statement
2.1. Physical model

A rectangular cavity with a length L and a height H con-
sidered in this study is shown in Fig. 1. Two sidewalls are
thermally insulated, and the other walls are heated and cooled
at constant temperatures 73 and T, respectively. Air inside the
cavity is considered (Pr = 0.708). Steady state and laminar
flow is considered. The Rayleigh numbers are between 10* <
Ra < 106, and the aspect ratios of 8, 12 and 16 are considered in
the computations. All physical properties are assumed constant
at a reference temperature of 7o = 330 K, and the Boussinesq
approximation is assumed. All walls are assumed to be gray
diffuse emitters and reflectors of thermal radiation. The incli-
nation angles are in the range of 15°-35°. Table 1 shows the
dimensions (length L and height H) for different aspect ratios
and the Rayleigh numbers considered in this study. Others pa-
rameters selected are AT = 47 K (which corresponds to the
temperature difference between the absorber plate, 7}, and the
glass cover, T, in solar collectors) and the surface emissivities
ey = 0.850, eg = 0.975 and e = ew = 0.900; which corre-
spond to the glass surface, the black paint and the insulating
materials respectively for typical solar collectors [21].

2.2. Governing equations
The steady state governing equations for 2-D, incompress-

ible and laminar flows are the conservation of mass, momentum
and energy equations:

d(pu)  d(pv)
ox * ay =0 @
d(pu-u) dI(pv-u)
0x + dy
9P 9 bl T — T sin 2
——E+a(fxx)+5(fxy)+pgﬂ( — Tp) sin (2)

Fig. 1. Physical model of the cavity.

Table 1
Rayleigh numbers and equivalent cavity dimensions
Ra H (m) L (m)

A=38 A=12 A=16
1 x 10* 0.015 0.121 0.181 0.242
1x10° 0.032 0.261 0.391 0.522
1 x 109 0.070 0.562 0.843 1.125
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d(pu - v) n d(pv - v)

0x ay
ap a ]
= —5 + a(fyx) + a(fyy) + pgB(T — To) cos A 3
a(pCpu-T Aa(pCpv-T a [, orT a [ oT
(pCpu-T) | dpCpv-T) 0 10T 01Ty
ox ay dx | dJx dy| dy

2.3. Boundary conditions

The non-slip condition is applied for the hydrodynamic
boundary conditions at the solid walls (¥« = v = 0). Two op-
posite walls are maintained at constant temperatures (7' = Tj,
for y=0, T =T, for y= H, with T, < T},). While the other
two are adiabatic: —k%—i ~+ grag¢ = 0 for x =0 and

oT

k— —graa=0 forx=1L
ax

2.4. Net radiation method

The radiative heat flux for the jth element on each wall is
given by the following energy balance:

qradj = qoutj — 4inj )
where the radiosity for the jth element is defined as:
doutj = €0 T;‘ + p;"qmj (6)
the irradiation is given by:
m
Ginj = Z/QOuthAj—Ak (7
k=14,

where the summation over the surface element & is to be taken
for all the elements of the boundary with which j can interact
radiatively.

2.5. Heat transfer

The total heat transfer across the hot wall is given by the
Nusselt numbers. The total heat transfer involves the contri-
bution of the convective and radiative Nusselt numbers. Thus,
the total, convective and radiative Nusselt numbers can be ex-
pressed as by Akiyama and Chong [10]:

Nuotal = Nutcony + Nitrad (®
where:
L
—k oT
Nucony = - 9
{cond dy
0
L
1
Nuppg = —— / Grad dx (10
qcond
Geond = k(T —T)/ W (11)

3. Numerical procedure

The governing equations (1)—(4) were solved by the finite-
volume method suggested by Patankar [22]. A non-uniform
staggered grid was used, which was built using tangent hy-
perbolic functions. Thin grids were considered next to the
boundary layers. The convection terms were approximated by
a hybrid scheme and the diffusive terms by central space dif-
ferences. The SIMPLEC algorithm [23] was used to couple
continuity and momentum equations. The resulting algebraic
equation system was solved using the Line Gauss—Seidel Alter-
nating Direction Implicit (LGS-ADI) method. Underrelaxation
was considered. In order to obtain good convergence solutions,
the convergence criterion for the residuals was set at 1 x 10719,
In the coupling between natural convection and surface thermal
radiation at the boundaries, the radiative balance at the walls
was solved using an iterative approach. The view factors be-
tween the elements were determined by the Hottel’s crossed
string method; since the view factors are only a function of the
geometry, their calculation was performed before the beginning
of the main iteration procedure. The radiosity equations were
solved by the Simpson’s rule [21].

The general procedure can be summarized in the following
steps:

(1) Initial guess values of temperature and velocities in the cav-
ity were given.

(2) Egs. (5)-(7) were computed in order to get the local radia-
tive heat flux on the walls.

(3) The pressure—velocity was calculated by the SIMPLEC al-
gorithm.

(4) With the new calculated values of local radiative heat flux
and velocity, the temperature field in the cavity was ob-
tained.

(5) A convergence criterion was applied and

(6) the process was repeated until the convergence criterion
was achieved.

The accuracy of the numerical results was checked through
numerous tests on the grid size effect. The grids used were
176 x 31, 176 x 41, 176 x 51, 176 x 61, 101 x 41, 126 x 41,
151 x 41, 176 x 41 and 201 x 41 for Ra = 106, A =16 and
A = 15° for surface radiation coupled with the natural con-
vection flow. Based on the numerical experiments, the com-
putational grid that renders grid independent solutions was
176 x 41. Therefore, a 176 x 41 grid was used for all cases
herein considered. The computer numerical simulations were
performed on a PC Lanix, Pentium 4, CPU 2.42 GHz, RAM of
256 MB and 60 GB on HDD.

3.1. Verification

In order to verify the numerical code, the numerical model
was reduced to the classical case of natural convection and
surface thermal radiation in a square cavity heated from be-
low, reported in the work of [15]. The convective and radiative
Nusselt numbers of the hot wall were compared with the ones
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Table 2
Comparison between the present study and the reported results in the literature of natural convection and radiation in a square cavity

Ra & Nucony Nugag Nugotal
Ridouane et al. [15] 2 x 100 0 7.617 0 7.617
Present study 7.665 (0.63%) 0 7.665 (0.63%)
Ridouane et al. [15] 109 0.5 6.267 6.599 12.866
Present study 6.107 (2.56%) 6.249 (5.31%) 12.356 (3.97%)
Ridouane et al. [15] 4% 105 1 4.722 11.462 16.183
Present study 4.591 (2.78%) 10.871 (5.16%) 15.462 (4.46%)

Note. The values in () are the absolute difference in %.

A=30°
A=35°
(b)
Fig. 2. Case uncoupled—streamlines (a) and isotherms (b) for a cavity of A =16, Ra = 10% for A = 15°-35°.

of [15], obtaining good agreement. Table 2 shows the compar- e The first case considers the uncoupled mode of heat trans-
ison results for Ra = 10° and & = 0.5, for Nugaq, the maximum fer in a slender cavity. Here, natural convection at the fluid
percentage difference was 5.31%; and for Nucopy, the mini- is solved without taking into account the surface thermal
mum percentage difference was 0.63% for Ra = 2 x 10° and radiation and then the surface radiation exchange is solved
e=0. without taking into account the effect of the natural con-

vection flow in the slender cavity (Uncoupled case). Here,
the temperature values on the adiabatic walls were the ones

4. Results and discussion . . . .
obtained from the natural convection solution equations

(D-(4).
In order to highlight the interaction between the two modes e The second case considers the coupled mode of heat trans-
of heat transfer, natural convection and surface thermal radia- fer in a slender cavity, that is, the surface radiation is cou-

tion in tilted slender cavities, two cases were considered: pled with the natural convection flow (Coupled case).
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Fig. 3. Case uncoupled—streamlines (a) and isotherms (b) for a cavity of A =16, Ra = 107 for A = 15°-35°.

In both cases; streamlines, isotherms and Nusselt numbers in
a slender cavity of A = 16 and Rayleigh numbers of 10%, 103
and 10° are presented. The inclination angle varies from 15° to
35° with increments of 5°. Results presented here include a de-
tail description of the streamline and isotherm plots for A = 16,
variation of the convection, radiation and total Nusselt numbers
of cavities with different aspect ratios, inclination angles, for
Ra in the range of 10%, 10° and 10°; and local heat fluxes of the
hot and cold walls for Ra = 10° and A = 16 for the uncoupled
and coupled cases.

4.1. Uncoupled case

Figs. 2—4 show streamlines and isotherms for cavities of A =
16, in the range of 10* < Ra < 10° and inclination angles in
the range of 15°-35° for the uncoupled case. For each Ra, five
sets of streamlines and isotherms are plotted by increasing the
inclination angle from 15°-35° at intervals of 5°. The effect of
the inclination angle and Ra numbers on natural convection and
the uncoupled surface radiation is shown for the highest aspect
ratio (A = 16).

Visual examination of the flow patterns reveal that for Ra =
10*, the streamlines of Fig. 2 show a nine-cell structure for in-
clination angle of A = 15° and the isotherms show four thermal
plumes. As the inclination angle increases up to A = 20°, the
number of cells increases to eleven and five-thermal plumes ap-
pear, that is due to the increase of heat transfer in the cavity.
When the slender cavity rises to A = 25°, the multi-cell struc-
ture decreases to five cells and also the isotherms decrease to
two thermal plumes. For inclination angles of 30° and 35° the
multi-cells structure changes into single-cell structure, due to
the stronger upslope flows along the x-direction and the ther-
mal plumes disappear showing a conductive thermal boundary
layer at the core region of the slender cavity. This transition of
the flow pattern (flow mode) strongly depends on the competi-
tion of the buoyant flow and the shear flow (along the heating
and cooling walls) due to the inclination. The multi-cell struc-
tures exist at low inclination angles; whereas a single-cell mode
prevails at high inclination angles (the strong longitudinal x-
direction flow destroys the multi-cell structures). As the Ra
increases from 10% to 10, the multi-cell structure of the stream-
lines and the thermal plumes disappears, see Fig. 3, and only the
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A=15°

< ___ —— — — )]
2=20°
(———————————
A=25°
= — — ———
A=30°
e — o))
A=35°
(b)

Fig. 4. Case uncoupled—streamlines (a) and isotherms (b) for a cavity of results for A = 16, Ra = 100 for A = 15°-35°.

unicellular structure is formed because the buoyant forces get
stronger for Ra = 10° rather than for Ra = 10*. The isotherms
indicate an increase in the heat transfer. Finally, the stream-
lines of Fig. 4 for Ra = 10° show two-in-one main cells for
the range of 15° to 35°, those sub-cells are closer to the hot
and cold walls. The two sub-cells rotate in the same direction
as the main cell. As the inclination angle increases, a very thin
boundary-layer is formed because large velocities and temper-
ature gradients appear near to the isothermal walls. As it can be
observed, the flow regimes of multi-cell structures disappeared
when Ra is increased.

4.1.1. Convective and radiative Nusselt numbers (uncoupled
case)

Fig. 5 presents the mean convective, radiative and total Nus-
selt numbers (Nucony + Nigaq) at the hot wall for: (a) Ra = 10%,
(b) Ra = 10° and (c) Ra = 10° as a function of the inclination
angle for aspect ratios of 8, 12, and 16. It can be observed, for
all cases, that the Nusselt numbers increases when the Rayleigh
number increases. Even though, the radiative Nu number in-

creases for different Ra numbers, it remains constant with the
inclination angles, meaning that the radiative Nu number is af-
fected by the geometry of the cavity, that is the size of the walls
of the cavity changed with Ra number and not with the incli-
nation angle as we expected. Fig. 5(a) shows that for Ra = 10*
and A = 8, the total Nusselt number remains almost constant
between the angles of 15° to 25°, and decreases for angles of
30° and 35°. But for Ra = 10* and A = 12, the total Nusselt
number decreases for all angles. However, for Ra = 10* and
A = 16, the Nusselt number slightly increases for the inclina-
tion angle of 20° and then decreases. This change is due to the
change in the flow pattern from a multi-cell structure to a single-
cell structure. As the aspect ratio increases, the mean convective
and total Nusselt number decreases, except for 17° < A < 30°
for Ra = 10* and A = 16. In Figs. 5(b) for Ra = 10° and 5(c)
for Ra = 109, the mean convective and total Nusselt number in-
creases with the inclination angle except for A = 8, Ra = 107
and 30° < A < 35°. That is due to the change in the flow pattern
from a multi-cell structure to a single-cell structure. However,
as we expected, the radiative Nusselt number remains almost
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Fig. 5. Case uncoupled—convective, radiative and total Nusselt number in the hot wall as a function of the inclination angle for A =8, 12 and 16 for: (a) Ra = 104,

(b) Ra = 10° and (c) Ra = 10°.

constant for all angles and aspect ratios, and it increases as the
Rayleigh number increases. Also, the higher contribution of the
radiative Nusselt number to the total heat transfer is around 72%
for Ra = 10°.

4.2. Coupled case

Isotherms and streamlines for the coupled case are illustrated
in Figs. 6-8. As in Figs. 2—4, for each Ra, five sets of stream-
lines and isotherms are plotted by increasing the inclination
angle from 15°-35°at an intervals of 5°, for the highest aspect
ratio (A = 16).

As we can appreciate, for Ra = 10*, the streamlines of
Fig. 6 show an eleven-cell structure for the inclination angle of
A = 15°, while the isotherms show five thermal plumes. Con-
trary to the uncoupled case, as the inclination angle increases
to A = 20°, the number of cells decreases to nine cells and the
isotherms show four thermal plumes. The three-cell structure
appears for A = 25° and A = 30° in which the right hand cell

is very large. The corresponding isotherms present one ther-
mal plume at the corner of the slender cavity. For A = 35°, the
streamlines indicate that the multi-cell structure modifies into
a single-cell structure due to stronger upslope flows along the
x-direction and the heat transfer decreases. Similarly, in Figs. 7
and 8, for Ra = 10° and Ra = 100, the streamlines show that
the multi-cell structure remains for the inclination angles from
15° to 30°, contrary to the uncoupled case (Figs. 3 and 4).
For Ra = 10° and A = 15°, Fig. 7(a) shows that a seven-cell
structure is produced, as the XA increases up to 30° the multi-
cellular structure changes to a five-cell structure. For A = 35°,
a three-cell structure is formed: a main cell that occupies al-
most 90% of the cavity, and two smaller cells located at the
sides of the main cell. The two cells are moving clockwise and
the main one is moving counterclockwise. The isotherm fig-
ures show thermal plumes for the inclination range of 15° to
30° which indicate a highly convective regime. For A = 35°,
a very thin thermal boundary layer appears at the isothermal
hot and cold walls. In Ra = 10°, the streamlines of Fig. 8
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Fig. 6. Case coupled—streamlines (a) and isotherms (b) for a cavity of A =16, Ra = 104 for A = 15°-35°.

show that the multi-cell structure and the thermal plumes con-
tinue for inclination angles in the range of 15°-30°. When
A = 35° a three-in-one cell structure streamlines is observed.
Comparing the uncoupled case against the coupled case we can
see that the coupling convection and surface radiation mod-
ify the flow patterns and the temperature distributions at the
walls, because the multi-cell structure appears for all Ra and
15° < A < 35°.

4.2.1. Convective and radiative Nusselt numbers (coupled
case)

Fig. 9 presents the variation of the mean convective, Nucony,
the radiative, Nu;,q, and the total Nusselt numbers at the hot
wall, Nutroral = Niteon + Nitgad, for: (a) Ra = 10*, (b) Ra = 107
and (c) Ra = 10° as a function of the inclination angles for as-
pect ratios of 8, 12, and 16. Similarly to the Uncoupled case,
we can see that all the Nusselt numbers increase when the
Rayleigh number increases. Also the Nu,,q increases with Ra
but it remains constant as the inclination angle increases, as it
was expected, because the radiative Nusselt number depends on
the dimensions of the cavity. When Ra = 10* and A = 8, 12 the

Nucony and Nuya does not change between the inclination an-
gles of 15° to 25°. However, for A = 16, the Nucony1 and Nuotal
decreases to a minimum in A = 25° and then slightly increases
but decreases again, see Fig. 9(a). In Fig. 9(b) for A = 8 and
12, the Nucony and Nuyora) remain almost constant up to A = 30°
and decreases afterwards, because the flow change from multi-
cellular to unit-cell pattern, but for A = 16, the Nucony and
Nuyorar slightly oscillates and then decreases for A = 35°. Fi-
nally, in a similar way for Ra = 106, the mean convective and
total Nusselt number increase, except when the flow patterns
change from multi-cell to unit-cell pattern. As the aspect ratio
increases, the convective and total Nusselt number decreases
for Ra = 10* to 10, except for A = 16 and Ra = 10°. For
Ra = 100, the radiative Nusselt number contributes around 70%
to the total heat transfer in the slender cavity.

Comparing the mean Nusselt number results of Figs. 5 and 9,
it is observed that when the mean convective and radiative
modes of heat transfer are uncoupled, the Nu numbers can be
over or under estimated. Table 3 shows the maximum percent-
age difference of the over-estimated and under-estimated val-
ues of the Nucony and Nugaq at the hot wall for Ra = 104, 10°
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Fig. 7. Case coupled—streamlines (a) and isotherms (b) for a cavity of A =16, Ra = 105 for A = 15°-35°.

and 10°. For Ra = 10%, the Nucoyy is overestimated by 18.76%,
when A = 16 and A = 25°, and underestimated by 39.94%,
when A = 12 and A = 25°. For Ra = 10°, the Nugopy is over-
valued by 19.66% for A =8 and A = 30°, and under-estimated
by 37.02% for A = 16 and A = 15°. For Ra = 10°, the Nucony 18
overestimated by 3.07% for A = 8 and A = 35° and underesti-
mate by 25.12% for A = 16 and A = 15°. On the other hand, it
is observed that the radiative Nusselt number is overestimated
less than 1% in all cases analyzed.

4.3. Radiative heat fluxes

Fig. 10 shows the local radiative heat fluxes on the adiabatic
walls, for the uncoupled case and the coupled case, as a func-
tion of the inclination angle, for A =16 and Ra = 10°. We can
appreciate that the local radiative heat fluxes are almost sym-
metrical for the uncoupled case (Fig. 10(a)). For the coupled
case, the local radiative heat fluxes are not symmetrical, also,
as it is shown in Fig. 10(b), we can see, that the radiative flux
does not change significantly with the inclination angle. The
average radiative heat fluxes on the walls and the total radia-
tive balance in the cavity (qiotal = g5 + 9N + gE + qw), for the

Table 3
Maximum percentage difference between the over-estimate and under estimate
values of Nucony and Nup,q in the hot wall

Ra Convective Nusselt number Radiative Nusselt number

Over-estimate Under-estimate Over-estimate

(Case) (Case) (Case)
104 18.76% 39.94% 0.91%
(A=16,1=25°) (A=12,1=25°) (A=16,1=15°
105 19.66% 37.02% 0.54%
(A=38,1=30° (A=16,1.=15°) (A=8,A=15°)
10 3.07% 25.12% 0.68%
(A=38,1=35° (A=16,L.=15°) (A=8,1=35°)

Note. The parameters in ( ) are the cases where is presented the maximum
percentage difference.

uncoupled and coupled cases, for A = 16, L = 15°, Ra = 104,
10° and 10, are summarized in Table 4. The average radiative
heat fluxes from the isothermal walls (gs and gy) are similar
for the uncoupled and coupled cases; the maximum percent-
age difference is less than 1%. However, the average radiative
heat fluxes on the adiabatic walls (¢gg and gw ) show that there
is a significant reduction in the average radiative heat fluxes,
when the surface radiation is coupled with the natural convec-
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Fig. 8. Case coupled—streamlines (a) and isotherms (b) for a cavity of results for A = 16, Ra = 10 for A = 15°-35°.

Table 4
Average radiative heat fluxes for A = 16 and A = 15° for Rayleigh numbers of
104, 10° and 10°

Table 5
Average radiative heat fluxes for Ra = 106 and A = 15° for aspect ratios of 8,
12 and 16

Ra qs qw qN qE Grotal
(Wm™2) (Wm™2) (Wm™2) (Wm™2) (Wm™2)

Ra qs qw qN qE Gtotal
Wm32)  Wm?» Wm? Wm?H  Wm?d

Case uncoupled

Case uncoupled

10* 76.033 —1.703 —75.202 0.875 0.003
10° 163.678 —4.858 —162.147 3.332 0.005
109 352.821 —8.068 —349.140 4.403 0.016
Case coupled

10* 75.861 —0.843 —75.347 0.331 0.002
10° 163.306 —1.742 —162.454 0.893 0.003
109 351.777 —3.072 —350.045 1.349 0.009

tion. The maximum percentage difference was 273% for the
adiabatic wall, gg, for Ra = 10°.

Table 5 illustrates the average radiative heat fluxes and the
total radiative balance in the cavity (gotal = gs +9n +9E +qw)
at high Ra = 10° and A = 15° for different aspect ratios, A = 8,
12 and 16. It is shown that, as in the previous case, the av-
erage radiative heat fluxes from the isothermal walls (¢s and
gn) are very similar; with a maximum difference less than 1%.
However, there is a significant reduction of the average radia-

8 172.919 —7.829 —169.288 4.212 0.014
12 262.835 —8.031 —259.181 4392 0.015
16 352.821 —8.068 —349.140 4.403 0.016
Case coupled

8 171.883 —3.111 —170.247 1.481 0.006
12 261.774 —3.080 —260.120 1.432 0.006
16 351.777 —3.072 —350.045 1.349 0.009

tive heat fluxes on the adiabatic walls (¢g and gw), when the
coupled case is considered. The maximum percentage differ-
ence was 226% for the adiabatic wall, ¢, for A = 16.

4.4. Nusselt number correlation
For the coupled case, a correlation equation for the total

Nusselt number as a function of Ra number, the inclination an-
gle and the aspect ratio is presented. To obtain this correlation,
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Fig. 10. Local radiative heat fluxes on the inner walls for A = 16, Ra = 10: (a) Case uncoupled, (b) Case coupled.
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Table 6
Functions f1(A) and f>(A) for the fitted equation (12)
A Ra k) )

8 10%-10% (sin51)0-38 1

8 100 1 0.8(sin1)%-35
12 104 1.1(sin4.7)) 0
12 105-10° 1 0.65(sin1)0-!
16 10*-10° (1 — 1708sin 1374 052,151 0.87(sin3.42)

a method described by [24] was used. The Nu number corre-
lation has four terms corresponding to: conduction regime (I),
convection regime (II), and the boundary layer regime (III) and
(IV) the contribution of surface radiation. Thus, the total Nus-
selt number correlation is described as:

1708 *f o)
Racos A !

I

N Racosi\'/? ) *f *»
5830 2
1T

+0.171(Racos 1)%-333 (12)
v

Nutotal = 1 —+ 144[1 —_
1

the brackets [ ]* indicates that the value must set equal to zero
if it becomes negative. The terms (II) and (IIT) are multiplied
by the functions fi(1) and f>(X) respectively. Table 6 shows
the f1(1) and f2(A) that were calculated fitting the numerical
values of the Nu number. The maximum percentage difference
between the numerical and the fitted values computed was close
to 6% and the average percentage difference is close to 2%.

5. Conclusions

This paper presented a numerical study of the interaction
between the heat transfer by natural convection and surface
thermal radiation in a tilted slender cavity. The parameters an-
alyzed were the Ra number in the range of 10*~10°, the aspect
ratios 8, 12 and 16 and the inclination angles in the range of
15°-35°.

For the uncoupled and coupled cases, the behavior of the
isotherms and streamlines was different; so the decoupling of
two modes of heat transfer for A = 8, 12 and 16 and inclination
angles range of 15° << A < 35° is not possible; different thermal
plumes and a multi-cell flow streamlines were observed in both
cases. For the uncoupled case, the increase of the aspect ratio
and/or the increase of the Rayleigh number reduce the buoy-
ancy forces, so the multi-cell pattern disappears. But for the
coupled case, buoyancy forces raise and the multi-cell patterns
were observed in most cases.

For the uncoupled case, the radiative heat fluxes on the adi-
abatic walls are almost symmetrical; contrary to the coupled
case; in which there is a reduction of the mean radiative heat
fluxes of approximately 200% on the adiabatic walls. It was
found that the radiative heat transfer mode contributes by al-
most 72% of total heat transfer for the uncoupled case, and 70%
when both heat transfer mechanisms are coupled.

A correlation equation for the total Nusselt number as a
function of the Rayleigh number, and the inclination angle is
presented for each aspect ratio. This correlation can be useful
in the design of solar collectors located in latitudes between 35°
and 15°.

Finally, this study demonstrated the importance of consid-
ering the coupling of the two modes of heat transfer; natural
convection and surface thermal radiation in tilted slender cavi-
ties.
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