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Abstract: An investigation of natural convection in a rectangular cavity (AR = 4) filled with air (Pr =
0.71) heated from the side with adiabatic horizontal walls is carried out numerically. To describe
the flow regime, we propose a description of the influence of the angle of inclination and Rayleigh
number on the flow patterns likely to develop in this configuration. The numerical analysis of the
governing equations of the problem is based on finite volume method with non-staggered grids

arrangement and is solved through the iterative SIMPLEC algorithm. Results indicate that the angle
of inclination has a significant effect on flow mode transition. The existence of multi-steady
solutions closely depends on the value of the Rayleigh number. For that the Hysteresis
phenomenon (multi-steady solutions) for Ra > 2000 are demonstrated and parameter maps of Ra
vs. ¢ are proposed.
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Although experimental studies, Hart (1971), Hollands and Konicek
(1973), Ozoe et al. (1975), Arnold et al. (1976) and Hamady et al.
(1989), it is found that, the heat transfer decreases and reaches

1. Introduction

Natural convection in fluid enclosures has received much

attention and extensively studied both experimentally and . . . .
y P v its lowest value, and then gradually increases again when the tilt

theoretically (Bodenshatz et al. 2000). The interest in this class of angle changes from 0° to 90°. The minimum point occurs at the

flows has been motivated by diverse engineering problems. It is angle where the flow changes its mode from the three-

the result of complex interaction between finite-size fluid . . . -
P dimensional roll pattern (caused by the thermal instability) to the

systems in thermal communication with all the walls that confine

) o - two-dimensional circulation (caused by the hydrodynamic effect).
it. The thermal convection in inclined cavities represent the

. ) . ) These research studied cavities with small to medium aspect
typical behavior of many physical systems (e.g., collection of solar

] . ratios, with maximum aspect ratio of 15.5, except the study of
energy such as solar collectors, storage devices, operation and

Hollands and Konicek (1973) that have used an enclosure with

safety of nuclear reactors, effective cooling of electronic aspect ratio equal to 44. In the study of Elsherbiny et al. (1982)

components and machinery, energy efficient design of buildings

and Elsherbiny (1996), six aspect ratios between 5 and 110 were
and rooms, double or multi-pane slope windows and skylights,

experimentally examined to find the influence of the tilt angle

material processing equipment such as melting and crystal . .
P g equip J ¥ and the aspect ratio on the heat transfer rate. A correlation for

growth reactor) (See Huppert and Turner 1981 and Turner 1985). tilt angle 60° was developed.

Most of published research in this field that exit until today can Many numerical studies were also performed to solve the

be classified into two groups:

i) differentially heated enclosures (conventional convection) and
ii) enclosures heated from below and cooled from above
(classical Rayleigh-Bénard convection), (See also Ostrach 1972
and Catton 1978). The natural convection in inclined enclosures
combined the two class of flows mentioned above with special
interest because the associated flow mode-transition and
hysteresis phenomenon (dual or multi-steady solutions) in a 2-D
heated inclined enclosure, that had been observed and reported
by many researchers:
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problem of natural convection in inclined enclosures. Soong et al.
(1996) in order to investigate the effect of inclination angle from
0° to 90° on flow mode-transition in an inclined rectangular
enclosure heated from below and cooled from above with two
insulated side walls. Different aspect ratios were considered (AR
=1, 3 and 4) with Rayleigh number ranged from 1.5x10° to 2x10°,
flow mode-transition and hysteresis phenomenon for Ra>2000
were demonstrated. In addition hysteresis effect were also
reported by Corcione (2003), thus confirming that bidirectional
differential heating with various thermal conditions imposed on
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Nomenclature

>
]

aspect ratio, H/L

gravitational acceleration [m s ’2]
height of the side wall [m]

length of the side wall [m]

mean Nusselt number

pressure [Kg m™ s

Prandtl number, v/a

error in energy balance

Rayleigh number, pr(Th-TC)H3/au
temperature [k°]

zo3 v grTe

vector of velocity

& oA

dimensionless velocity components
dimensionless coordinates

N X
< <

value of percent deviation
Greeks symbols

a thermal diffusivity [m®s ]
coefficient for thermal expansion [k° 1, -(Op/oT)e/p

x®

cosines director & = sin WT+)7

Laplacian operator A=V"=(8"/ox%)+ (6" / 0y*)
Nabla operator, V = (8/0x)i +(8/dy)]
dimensionless temperature function, (T-T.)/(Th-Tc)
kinematic viscosity [kg m™ 571]

kinematic viscosity [m2 s

fluid density [kg m 3

(Phi) inclination angle [deg]

dimensionless stream function

dimensionless vorticity.

E€HSD T DD g

Subscripts

cold wall or critical

hot wall

horizontal wall

vertical wall

max maximum

min minimum

0 related to the mean temperature
related to the vector value

< IT SO

the side walls of the cavity, has a significant effect on flow mode-
transition of natural convection inside horizontal enclosures
heated from below and cooled on the top. Wang and Hamed
(2006) also, carried out a numerical investigation on the effect of
some heating configurations that was previously considered by
Corcione (2003), they combined the cavity inclination angle of
flow-pattern of natural convection that was reported by Soong et
al. (1996) with imperfect thermal boundary conditions in
rectangular enclosure with single aspect ratio of 4.

Recently Khezzar et al. (2012) investigated numerically the flow
structure and heat transfer behavior due to natural convection in
enclosures of aspect ratios 1, 3, 6 and 12 for Ra = 104, 10° and 10°
and for inclination angles between 0° and 180° and (Pr = 10). The
flow-mode transition and the Nusselt variation with the
inclination angle have been presented.

More recently, Chang (2014) carried out a numerical study of
two-dimensional natural convection in differentially heated
enclosure, in order to investigate the effect of the aspect ratio
and inclination angle on flow and heat transfer for (AR =1, 2, 4
and 8, 0°< ¢ < 180° and Ra = 10%, 10*, 10° and 10° with Pr = 0.71),
moreover many correlations for average heat transfer in
horizontal (¢ = 0°) and vertical (¢ = 90°) configuration are
proposed.

In our laboratories, there have been many investigations on the
natural convection in confined enclosures (Labed et al. 2005,
Aoues et al. 2007 and Zellouf et al. 2014), and many contributions
on the enhancement and testing of thermal performances of
solar FPCs designed for heating, cooling and drying applications,
e.g. (Moummi et al. 2004, Moummi et al. 2010, Aoues et al. 2011,
Labed et al. 2012, 2013, 2014 and 2015). In all these studies, the
authors studied the heat transfer the air channel duct.
The aim of the present paper is to investigate the natural
convection in an inclined rectangular cavity heated from below

with insulated vertical walls (at ¢ = 0°). The study is conducted
numerically under the assumption of steady laminar flow, the
Rayleigh number based on the cavity width in the range between
10° and 10*, and the inclination angle changes from horizontal to
vertical position, whose effect on the flow patterns formation,
the heat transfer rates and the temperature distributions are
examined. Hysteresis phenomenon occurring in the inverse
courses of inclination is also studied. Parameter maps of Ra vs. ¢
are proposed, in which flow patterns characterized by various
mode are designated.

2. Mathematical formulation of the problem

The geometry and computational domain considered in the
proposed model are depicted schematically in Fig. 1 and Table 1.
A two-dimensional Cartesian coordinate system is selected such
that the y-axis points positively upwards while the gravitational
force acts downwards. The rectangular enclosure of height (H)
and length (L) filled with air is differentially heated on a sidewall,
while the other opposite wall is kept at uniform cold
temperature. The top and bottom sidewalls are assumed
adiabatic (at ¢ = 90°), and can be rotated around the horizontal
axis (x). Each configuration is defined by the angle of inclination.

2. 1. Governing equations

The buoyancy-driven flow is considered to be 2D-steady and
laminar. The fluid is assumed incompressible, with constant
physical properties and negligible viscous dissipation. The
buoyancy effects upon momentum transfer are taken into
account through the Oberbeck-Boussinesq approximation (see
Oberbeck 1879, Boussinesq 1903 and Zeytounian 2003).

Once the above assumptions are considered for solving the
conservation equations of mass, momentum and energy, we can
write the dimensionless governing equations as follows (see
Jaluria 1980):
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Fig. 1. Physical model, boundary conditions and the coordinate system of
problem.

Table 1. Summary of geometric and model parameters.

Fixed Variable
parameters parameters
Geometric parameters AR=4(H=4,L=1) ¢ =0°-90°
Ranges of model parameters Pr=0.71 Ra =10’ - 10
The equation of continuity:
Vi=0 (1)

The equations of motion are given by:
(U.V).U= —VP + AU + Pr~'Rab.8 (2)

The equation of energy is as follows:
U.Ve = Pro1ae (3)
Where:

0 = (T—-T.)/(T, — T.) : the temperature function,
8 = sin (¢p) T+ cos ()7 : the cosines director,

_ pgB(T, — TOH?
ap

Ra : the Rayleigh number,

Y
Pr =a : the Prandtl number, set to 0.71.

The well-known Oberbeck-Boussinesq approximation s
employed, i.e., those physical properties are constant except for
the density in the buoyancy term, which is assumed to vary with

temperature only according to:

p=po[1—B(T—Tol
Where:

1/0
B= [— (_p)] :is the coefficient for thermal expansion.
p\aT/l,

2. 2. Boundary conditions

The left and right walls are maintained at constant temperatures;
hot temperature (6 = 1) is applied to the left sidewall while the
other right wall is kept at uniform cold temperature (6 = 0). The

remaining walls are assumed insulated from the surrounding.
Thus, the boundary conditions (in vertical position ¢ = 90°) are as
follows:

u=v=0 at four walls

06/dy=0 at y=0 and y=AR (4)

0=1at x=0andB=0atx=1
Where AR = H/L, is the height-to-length aspect ratio of the
enclosure, set to 4.
No slip boundary condition (u = v = 0) is imposed at the four walls
of the cavity. Two side walls are thermally insulated, whereas the
other two opposite walls are kept at the uniform temperatures
(Ty) and (T,), respectively.

3. Computational procedure
3. 1. Numerical algorithm

The above system of equations (1-3) with the boundary
conditions (4) is solved through a control-volume formulation
based of the finite-difference method. The pressure-velocity
coupling is handled by using the SIMPLE-C algorithm (Van
Doormaal and Raithby 1984), which is essentially a more implicit
variant of the SIMPLE algorithm proposed by Patankar and
Spalding (1972). The convective fluxes across the surfaces of the
control volumes are evaluated by using the power-law
discretization scheme, recommended by Patankar (1980). The
discretized governing equations are solved iteratively through a
line-by-line application of the Thomas algorithm. Under-
relaxation is used to ensure the convergence of the iterative
procedure.

3. 2. Domain discretization

The computational domain is covered with a non-equidistant
grid, having a concentration of grid lines near the boundary
surfaces and a uniform spacing in the interior of the cavity.
Furthermore, since multi-cell flow structures are expected,
especially at the largest height-to-length aspect ratios
investigated, and the location of the cell interfaces is not known a
priori, a fine mesh spacing is used everywhere in the vertical
direction. The solution is considered to be fully converged when
the maximum absolute value of the mass source and the percent
changes of the dependent variables at any grid-node from
iteration to iteration are smaller than a prescribed value, i.e., 10°°
and 107, respectively. In addition, the percent difference
between the in-coming and out-coming heat transfer rates is
used as a further indication of the accuracy of the solution
achieved. After convergence is attained, the average Nusselt
number Nuy of each horizontal boundary wall and the average

Nusselt number Nuy of each vertical boundary wall are

calculated:
1 AR
N _J‘@G d d Nuy= ! J 9 d 5
uy = dy X an Uy =22 7% y (5)
0 wall 0 wall

3. 3. Grid dependence test

In thermal convection problems grid density strongly depend on
Rayleigh number. For an inclined enclosure, grid density also
depends on flow patterns, which in turns strongly depend on the
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cavity angle of inclination. A grid dependence test was performed
for Rayleigh number in the range between 10° and 10”. For each
model, grid test was performed at seven angles of inclination; 0°,
15°, 30°, 45°, 60°, 75° and 90°. A sample of the results of this grid
dependence test of the average Nusselt number at the cavity cold
wall, the maximum velocities Uy, and v, and the error in
energy balance Qg at Ra = 10 is listed in Table 2. The 62x242
grid was found appropriate for all configurations considered in
the present study. Results of grid dependence test for inclination
angles (¢) = 0°, 30°, 60°, 90° degree at Ra = 10*. Values between
brackets indicate absolute percent difference to the 62x242 grid.

3. 4. Numerical calculations

Since mode transition is very sensitive to the initial conditions or
initial guess as indicated in Hart (1971), Hollands and Konicek
(1973), and the investigation of the hysteresis phenomenon is
one of the major objectives of the present study, the sequence
used to carry out the numerical calculations will be specified
clearly. In calculations of the case of ¢ increasing from 0° to 90°,
flow and temperature fields at a constant Ra and ¢ = 0° are first
calculated using 0 as initial guess for the velocity and the
temperature fields. The ¢ = 0° solution is then used as initial
condition for solution of the subsequent case of inclination with
¢ = 5° which is then used as an initial condition for the
subsequent case of ¢ = 10°, and so on. As the value of ¢ at which
mode-transition occurs is determined, say between 30° and 35°,
calculations are then repeated starting from 30° with increments
of 1° in order to locate mode-transition angle within 1° accuracy.
A similar procedure is employed for calculations with ¢
decreasing starting from 90° back to 0°, using the 90° solution
obtained from the ¢ increasing case as an initial condition for ¢ =
85°and so on.

In order to check the accuracy of the results obtained using the
present numerical algorithm, results were compared with those
available in the literature. Numerical results of flow and thermal
fields and average Nusselt numbers obtained at Ra = 104, AR =4,

Pr=0.71, and ¢ between 0° to 90° were compared and found in
good agreement with those reported in Soong et al. (1996),
Corcione (2003) and Wang and Hamed (2006).

Table 2. Results of grid dependence test for inclination angles (¢) = 0°,
percent difference to the 62x242 grid.

4. Results and discussion

Numerical simulations are performed for Pr = 0.71 (air is the
working fluid) for different values Rayleigh number (103 < Ra <
10% and cavity inclination angle (0°< ¢ < 90°). In order to point
out the influence of Ra and ¢ upon the flow structure type and
the temperature distributions throughout the cavity, sample local
results are reported in terms of isotherms and streamlines. In all
the isotherm plots, the contour lines correspond to equi—spaced
values of the dimensionless temperature 8 in the range between
0 and 1. In all the streamline plots, the contour lines correspond
to equi—spaced absolute values of the normalized dimensionless
stream function { in the range between 0 and 1, where the
dimensionless stream function { is defined as usual through: u =
oy /dyandv=-03{ /ox.

4. 1. Heat transfer rates

The mean heat transfer rates (Nu) at various Rayleigh numbers
and inclination angles (¢) from 0° to 90° are presented in Fig. 2.
For zero-inclination, the critical Rayleigh number is about 1708,
Nu is still kept as 1.0 for subcritical (Ra < Rac) state, where no
convection was observed and conduction was the dominating
mode of heat transfer. As the enclosure is tilted, the upward
buoyant flow along the upslope wall is built.

35 : : ‘ ; ‘ ‘ ‘
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Fig. 2. Average Nusselt numbers at various ¢ and Ra.

30°, 60°, 90° degree at Ra = 10*. Values between brackets indicate absolute

Angle () Nombre of Nu-cold (%) Vimax (%) Urmax (%) Qerror
grid points wall x 10" x 10
00° 32X122 1.55 (1.31) 26.8 (1.52) 725 (1.49) 0.39
30° 32X122 1.79 (1.13) 22.1 (1.38) 69.5 (1.84) 0.50
60° 32X122 2.09 (0.48) 27.1 (1.50) 56.3 (1.23) 0.56
90° 32X122 2.47 (0.00) 45.0 (2.39) 40.9 (3.99) 0.49
00° 62X242 1.53 (0.00) 26.4 (0.00) 73.6 (0.00) 0.16
30° 62X242 1.77 (0.00) 21.8 (0.00) 70.8 (0.00) 0.17
60° 62X242 2.08 (0.00) 26.7 (0.00) 57.0 (0.00) 0.17
90° 62X242 2.47 (0.00) 46.1 (0.00) 42.6 (0.00) 0.15
00° 92X362 1.53 (0.00) 26.4 (0.00) 73.5 (0.14) 0.12
30° 92X362 1.77 (0.00) 21.7 (0.46) 70.8 (0.00) 0.12
60° 92X362 2.08 (0.00) 26.7 (0.00) 57.2 (0.35) 0.12
90° 92X362 2.47 (0.00) 46.2 (0.22) 42.7 (0.23) 0.11
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The heat convection contributes gradually, and the Nu departs
from the conduction state (Nu = 1). For a higher Rayleigh
number, Ra = 2000, which lies at a supercritical (Ra > Rac) state,
Nu for ¢ = 0° is around 1.1, the convection contributed
immediately as evident by the value of Nusselt number.

As Ra further increased, e.g. Ra = 3000, 4000, 5000 or 10000, a
noticeable drop in Nusselt number appeared as () was
increased. This drastic change in the rate of heat transfer implied
a mode-transition of the flow pattern.

4. 2. Flow-mode transition

The evolution of flow structure and temperature field illustrates
by the contour lines of { and 6 for the range 10° < Ra < 10* in
Figs. 3-7.

In Fig. 3, Ra = 1000, the fluid in this subcritical (Ra < Rac) state is
still regarded as stationary. As the enclosure is inclined, ¢ = 1°,
the shear flow along the two longitudinal walls results a large
circulation in which there are two weak sub-cells rotating in the
same sense as the primary cell. This two cellular mode disappears
at ¢ between 48° and 50° due to stronger up-slope/down-slope
flows along the x—direction.

For ¢ = 50°, the flow pattern is one cell mode, a similar evolution
behaviour with almost the same values are presented in Fig. 4 for

Ra = 1500. The isotherms lines in Fig. 3 and Fig. 4 illustrate a
gradual change from a stratification state to a skew-symmetric

distortion due to the cellular motion.

Figure 5 shows the case of Ra = 2000, in which the flow appears
as a four—cell structure at ¢ = 0°. In this slightly super—critical
state (Ra > Rag), the cellular motion of flow pattern is weak, the
left-most cell at the upper end of the inclined enclosure cannot
resist the upward flow coming from the hot wall and, then, it is
smeared out at ¢ < 2°.

Hereinafter, the flow structure turns to the three-cells and the
isotherms show the attendant change in temperature field. As
the inclination angle increases, the flow pattern changes to a
two-in-one cell mode at ¢ = 15°, and the latter structure persists
until ¢ = 44°.

At ¢ =
relatively higher Rayleigh number, Ra = 5000 in Fig. 6, the cellular
motion of flow pattern becomes relatively stronger due to larger

45°, the flow pattern turns to one-cell mode. For a

buoyancy, hence the four-cells structure can maintain for
inclination angle up to ¢ = 13°. The flow pattern turns to a
three—cells structure at ¢ = 14° and retains the same pattern up
to ¢ = 30°. Subsequently, the one cell mode prevails in the range
of 31° < ¢ < 90°.
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Fig. 3. Streamlines (left column) and isotherms (right column) for Ra = 1000 and ¢ increasing.
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Fig. 4. Streamlines (left column) and isotherms (right column) for Ra = 1500 and ¢ increasing.
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The isotherms change from a highly-distorted state for
multi—cells structures at low-¢ to a simple pattern for one-cell
mode at ¢ > 31°. As the Rayleigh number further increases, the
occurrence of the flow mode-transition from four—cells to three-
cells can be postponed to a higher value of ¢, e.g. ¢ = 22° forRa =
10000 in Fig. 7. Also, in the high-Ra case, the mult-cells flow
pattern turns to one cell mode at a higher inclination (¢ = 39°).

4. 3. Hysteresis phenomenon

The exits of multiple solutions are possible, where caused by the
nonlinear nature of the problem. To investigate the hysteresis
phenomenon, the course of the computations are reversed, in
Fig. 8 shows the comparisons of the calculated mean Nusselt
numbers for increasing and decreasing ¢. For Ra < 2000, no
significant difference between the results obtained in the two
courses of changing ¢. At Ra = 2000, two solutions deviate in a
small region of inclination in the range of ¢ < 10°. For a higher
Rayleigh number, Ra = 5000, an additional hysteresis region near
¢ = 30° emerges and the two dual-solution regions enlarge with

Ra =1000
L15 ; ;

T
—O6— Angle Increasing

~~©- Angle Decreasing

0,95 . . . . .
0 10 20 30 40 50 60 70 80 90

Phi [deg]

Ra = 5000
2,1 T T T T T T T

—6— Angle Increasing
2,0b—g

O Angle Decreasing

1,5 é’ 1

14 . . . . .
0 10 20 30 40 50 60 70 80 90

Phi [deg]

increasing Ra. As Ra further increases to Ra = 10000, the
hysteresis prevails in a considerable range of lower inclination.

The bifurcation point moves toward high ¢ as Ra increases. It
implies the complexities of the flow field at high heating rates. As
an illustrative example of the hysteresis phenomena, the mode
transition of the flow and temperature fields at Ra = 10000 and
with ¢—-decreasing are shown in Fig. 9 and compared with those
for ¢ increasing in Fig. 7. Comparison shows that the flow-mode
transition can be significantly influenced by the course of
changing inclination ¢.

4. 4. Parameter maps

The parameter maps can be very useful tools in summarizing the
flow patterns for various combinations of the parameters
involved and controlled the system. In the present work, only the
enclosure of AR = 4 is considered as a typical example to illustrate
the diversity of the flow structure and the difference in
parameter maps for the ¢-increasing and ¢-decreasing courses.

Ra = 2000

1,30 T T i " ' j ' '
—©— Angle Increasing
=@ Angle Decreasing

\ \ \ \ \
0 10 20 30 40 50 60 70 80 90
Phi [deg]

Ra =10000
—6— Angle Increasing
=@ Angle Decreasing

\ \ \ \ \
10 20 30 40 50 60 70 80 90
Phi [deg]

Fig. 8. Hysteresis phenomena denoted by average Nusselt numbers at various Rayleigh numbers for the case of angle increasing and decreasing.
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In Fig. 10 (a) for ¢-increasing, the multi-cell structures exist in buoyancy force component in that direction. The strong

low-¢ cases, in which the thermal instability mechanism
dominates. With increasing Rayleigh number, the flow regimes of
multi-cell structures become large. It is also attributed to the
dominant role of the convection cells, while for the high
inclination, the one cell mode is prevailing due to the strong
upslope flow along the hotter isothermal wall caused by large
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longitudinal flow destroys the multi-cell structures.

In Fig. 10 (b) for ¢-decreasing, the flow mode transition is
distinct from that for ¢-increasing. Since the flow field at large
inclination angles are of simple one cell structure, the flow tends
to maintain the one cell structure as ¢ decreases from 90°.

(b)
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Fig. 10. Parameter maps for natural convection in two-dimensional inclined enclosure for the case of AR = 4 with angle (a) increasing and (b) decreasing.
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Therefore, a larger one cell region is shown in the parameter
map. Similarly, the simple structure of two-in—one cell can exist
at the lower ¢, especially in the cases of high Ra. Relatively, the
complex flows of the three—cell structure are restricted in a
smaller regime, and the four-cell mode even disappears in this
¢-decreasing course.

5. Conclusion

A numerical study of natural convection in a 2-D differentially
heated rectangular cavity (AR = 4) is carried out, in order to
investigate the effect of Rayleigh number and inclination angle on
flow and heat transfer over the range 0° < ¢ <90° and 10°<Ra <

10*,

The results showed that the calculation program leads to
consistent results and very good agreement with experimental
and simulation data in the literature. The possible flow patterns
are four-cells, three-cells, two-in-one cell and one cell. For a fixed
value of Ra, the transition of the flow mode strongly depends on
the competition of the buoyant flow and the shear flow due to
inclination.

The occurred heat transfer has a close relationship with the flow
structure transition, a sudden decrease in Nu occurred when
three-cells or two-in-one cell structure changed into a single cell.
The multi-cells structures can exist at low inclination angles, Nu
reached its maximum value at ¢ = 0° for all Ra >2000. Hysteresis
phenomenon appeared when ¢ decreased from 90° to 0°, and
the flow pattern maps are different when ¢ increased, in the
process of changing from a single cell to a multi cells structure.
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