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The aim of the study is to analyse the effect of two different thermal boundary con-
ditions on natural convection in a porous triangular enclosure. Sinusoidal and lin-
early varying temperature profiles on the left wall are considered. The top wall of 
the enclosure is kept to be adiabatic. The Darcy model is adopted in this study and 
the governing equations are solved using the finite difference method for various 
values of inclination angle and Darcy-Rayleigh number. The results are presented 
in the form of streamlines, isotherms, and Nusselt numbers. The heat transfer rates 
are calculated and compared between two thermal boundary conditions. The heat 
transfer is more enhanced in the case of sinusoidal wall temperature than linearly 
varying wall temperature.
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Introduction

Convective flow and heat transfer in porous enclosures are interested by many re-
searchers due to its practical contributions in engineering, medical, geothermal, and other ap-
plications. These studies provide good understanding in circulation of cardiovascular system, 
design of solar collectors and geothermal systems. There are plenty of studies in enclosures 
with different geometries [1-3] under various conditions, like, radiation [4], external magnetic 
field [5], aspect ratio [6], variable fluid properties [7, 8], and rotating rod [9]. Aich et al. [1] 
examined natural convection in an isosceles prismatic enclosure and asymmetric flow structure 
is observed. Baytas and Pop [10] studied convection in an oblique cavity filled with porous 
medium. Later, Saeid and Pop [11] investigated transient free convection in a square porous 
enclosure. Sankar et al. [12] reported a study on different heating and cooling zones along the 
sidewalls in a square porous enclosure. Their work was then further extended by Bhuvaneswari 
et al. [13] to investigate the effect of aspect ratio on the convective flow in the partially heated 
and cooled porous enclosure.

Convection flow in triangular enclosures has been studied by several investigators 
[14-18]. Salmun [14] performed a numerical study in a triangular enclosure with various as-
pect ratios. Kent et al. [15] investigated convective flow in right triangular and quarter circular 
enclosures. The flow structures and heat transfer in a triangular enclosure with cold sidewalls 
* Corresponding author, e-mail: sd.siva@yahoo.com



Sivasankaran, S., et al.: Natural Convection in an Inclined Porous Triangular ... 
538 THERMAL SCIENCE: Year 2019, Vol. 23, No. 2A, pp. 537-548

and heated bottom were analysed by Omri et al. [16]. Roy et al. [17] studied convection flow 
in an isosceles triangular enclosure with uniform and non-uniform heating at the bottom wall. 
Then, natural convective process inside the triangular enclosure filled with nanofluid was con-
sidered by Selimefendigil and Oztop [18]. The investigation on natural convection in triangular 
enclosures filled with porous medium has been performed by a few researchers [19-23]. Varol 
et al. [19] and Oztop et al. [20] studied the effect of aspect ratio in a porous triangular enclo-
sure. Then, Varol et al. [21] studied the effect of inclination angle, φ, on convective flow in a 
porous triangular enclosure. They found that the local Nusselt number is maximum at φ = 330° 
and minimum at φ = 210°. Basak et al. [22] investigated convective flow in a porous triangular 
enclosure with cold top wall and isothermally heated inclined sidewalls. Anandalakshmi et al. 
[23] performed a study on convective flow in a right-angled porous triangular enclosure. They 
observed that thermal mixing is reduced with linear heating of the sidewall.

The non-uniform thermal boundary conditions on natural convective flow were pre-
sented in several articles [24-30]. Natural convection in a porous cavity with sinusoidal bottom 
wall temperature was studied by Saeid [24]. It is found that the average heat transfer rate in-
creases with increasing of the amplitude of the temperature profile. Basak et al. [25] investigat-
ed natural convection in a square porous enclosure with non-uniform heating at the bottom wall 
and constant cold sidewalls. Convective flow in an inclined porous triangular enclosure with 
heat generation and sinusoidal boundary conditions was investigated by Mansour et al. [26]. 
They concluded that increasing of enclosure inclination leads to the rise of horizontal velocity 
and Nusselt number. Sivasankaran and Bhuvaneswari [27] studied the effect of sinusoidal heat-
ing on the both sidewalls on convection in a porous enclosure. Later, Sivasankaran et al. [28] 
considered sinusoidal heating on the lid-driven enclosure. Also, partial heating on the square 
enclosure was considered by Nazara et al. [29] and Rahman et al. [30].

From the past researches, there is no study to compare the sinusoidal and linearly 
varying wall temperature on natural convection in a porous triangular enclosure. Hence the 
present study deals the natural convection in an inclined porous triangular enclosure subject to 
sinusoidal or linear temperature profile on one of the sidewall.

Mathematical formulation

Consider a 2-D triangular enclosure of height and width L filled with fluid saturated 
porous medium as shown in the fig. 1. The top wall of the enclosure is insulated. Temperature 
profile, T(y), is applied on the left wall while the right wall is cooled with constant temperature, 
Tc. Two cases of temperature profile are considered in this study, which are sinusoidal wall tem-

perature (SWT) and linear wall temperature (LWT). 
The inclination angle of the enclosure, φ, is the an-
gle between the x-axis and the horizontal plane. The 
gravity acts in the vertical downward direction. The 
velocity components, u and v are taken in the x- and 
y -directions, respectively. The fluid in the enclosure 
is incompressible and Newtonian. The fluid proper-
ties are constant and the density variation is neglect-
ed except in the buoyancy term (by Boussinesq ap-
proximation). The porous medium is assumed to be 
homogeneous, isotropic and in thermal equilibrium 
with the fluid. Furthermore, we assume that the flow 
is steady and the viscous dissipation is negligible. Figure 1. Schematic diagram
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Hence, the Darcy model is adopted to explain the fluid-flow through the porous medium. By the 
law of conservation for mass, momentum, and energy, the governing equations are:
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The boundary conditions are:
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The governing equations are then expressed in terms of stream functions which are 
defined as u = ∂ψ/∂y and v = –∂ψ/∂x. Then the following dimensionless variables are intro-
duced:
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where RaD is the modified Darcy-Rayleigh number based on the enclosure width, L.
Using eq. (6), the dimensionless governing equations and boundary conditions are:
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The heat transfer in the enclosure is measured by the Nusselt number. It shows the 
ratio of convection to conduction heat transfer. The local Nusselt number is calculated along the 
sidewall as Nuloc = –∂Θ/∂N where N is the normal plane of the sidewall considered. The average 
Nusselt number on the sidewall is defined:
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where s is the length of the sidewall and S is the tangential plane of the sidewall considered.

Solution procedure and code validation

The finite difference method is used to discretize eqs. (7) and (8) subject to boundary 
conditions (9). The discretized equations are solved using the Successive-Under Relaxation 
(SUR) method. In order to carry out computations using uniform grids in the X- and Y-direc-
tions, the height of a grid is the double of its width, so that the grid points are coincided with the 
inclined sidewalls of the triangular enclosure. A grid test was performed for RaD = 103 without 
inclination angle in the range of 81 × 41 to 401 × 201 grids. It is found that the grid size of  
321 × 161 is sufficient to perform the computation as good as the finer mesh sizes. The con-
verged solution is obtained by the condition:

                      
1 6

, ,
.

10n n
i j i j

i j
ξ ξ+ −− <∑

where ξ is either Ψ or Θ and n denotes the iter-
ation. The trapezoidal rule is used to calculate 
the average Nusselt number. The computer 
code is validated based on the previous litera-
ture using differentially heated square porous 
enclosure. It is seen from the tab. 1, the results 
predicted by current code agree well with the 
previous studies.

Results and discussion

A numerical study is conducted to investigate the effect of thermal boundary con-
ditions and inclination angle on convective flow and heat transfer in a porous-medium-filled 
triangular enclosure. The range of the Darcy-Rayleigh number, RaD, considered is 10 ~ 103 and 
inclination angle, φ = 0° ~ 180°. There are two temperature profiles under investigation, which 
are SWT (designated as Case 1) and LWT (Case 2).

Figure 2 shows the streamlines and isotherms for RaD = 102 with comparison between 
SWT and LWT. Both temperature profiles affect the flow structure and temperature distribution 
in the triangular enclosure. The inclination of the enclosure also is a factor for the change of the 
flow structure and temperature distribution in the enclosure. For SWT, it can be seen that count-
er acting dual cells are forming in the enclosure. The clockwise cell dominates and occupies the 
majority of the cavity for φ = 0° and 45°. At φ = 90°, two cells of opposite flow direction are 
observed with larger cell flowing in anticlockwise direction near the insulated wall. Anticlock-
wise flow is dominating the cavity for φ = 135° and 180°. The small weak cell is formed at the 
corner of sidewall. The isotherm near the left wall clustered near the left wall and top position 
of the right wall, and forms the thermal boundary-layers along the left wall and top portion of the 
cold wall for φ = 0° and 45°. For φ ≥ 90°, the isotherms are more concentrated near the thermally 
active wall and bottom part of the cold wall. The thermal boundary-layers are formed near the 
left wall and bottom portion of the right wall. The formation of thermal boundary-layer shows 
the convection dominant heat transfer. For the case of LWT, single cell is formed for all inclina-
tion angle of the enclosure. The fluid is flowing in clockwise direction for φ = 0-90°. Anticlock-

Table 1. Comparison of Nu ¯  h or natural  
convection in a square porous cavity

References RaD = 102 RaD = 103

Baytas and Pop [10] 3.160 14.060

Saeid and Pop [11] 3.002 13.726
Varol et al. [21] – 13.564

Present study 3.101 13.280
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wise flow is forming in the cavity with inclination φ ≥ 135°. The isotherms are almost evenly 
distributed in the enclosure for φ = 0-90°. However, for φ ≥ 135°, the isotherms are clustered 
at the top portion of the thermal active sidewall and thermal boundary-layers are formed at the 
top of the left wall.

Case 1: SWT
Streamline Isotherm Streamline Isotherm

Case 2: LWT

φ = 0°

φ = 45°

φ = 135°

φ = 180°

φ = 90°

Figure 2. Streamlines and isotherms for various inclination angles with RaD = 102
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The streamlines and isotherms for both cases with RaD = 103 are shown in the fig. 3. It 
is noticed that the Darcy-Rayleigh number affects the flow and temperature distribution in the 
cavity in comparison between figs. 2 and 3. Increasing the Darcy-Rayleigh number increases 
the ratio of buoyancy force to viscous force. Increasing effect of buoyancy force due to tem-
perature difference in the enclosure drives the hot fluid to flow upwards at higher velocity. 

Figure 3. Streamlines and isotherms for various inclination angles with RaD = 103

Case 1: SWT
Streamline Isotherm Streamline Isotherm

Case 2: LWT

φ = 0°

φ = 45°

φ = 135°

φ = 180°

φ = 90°
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Decreasing fluid viscosity also causes the fluid to flow near to the walls of the enclosure. There-
fore, the cell with high stream value is occupying a large area in the enclosure and it is closer 
to the boundary for RaD = 103 compared to RaD = 102. The isotherms show that convection is 
dominating the heat transfer in cavity with RaD = 103. The isotherms are closer to the active 
sidewall compared to RaD = 102, so the local heat transfer is higher for high Darcy-Rayleigh 
number. The flow phenomenon is similar to that of RaD = 102 for both cases, but there is another 
weak cell forming at the corner of the cavity for φ = 135° and 180°. For φ = 90° of LWT, it can 
be seen that two weak cells are formed near the thermal active sidewall. 

Figure 4. Local Nusselt number for (a) RaD = 10, (b) RaD = 102 and (c) RaD = 103

Case 1: SWT Case 2: LWT
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Figure  4 shows the local heat transfer for SWT and  LWT with  RaD = 10-103. It can be  
seen from both cases that the variation of heat transfer along the thermal active sidewall depends 
on the temperature profile imposed and inclination of the enclosure. By considering SWT, the 
local heat transfer slightly increases near the bottom of the sidewall, and then it decreases along 
the wall for RaD =  10. However, the curves of the local heat transfer for RaD = 102-103 is of sine 
wave form. For φ = 0° and 45°, the local heat transfer increases from the bottom wall to its global 
maximum around Y = 0.3, then it decreases along the wall. The trend of heat transfer for φ = 135° 
and 180° is opposing of φ = 0° and 45°, the local heat transfer increases from the bottom wall to 
its global maximum around Y = 0.3, then it decreases along the wall. The trend of heat transfer for  
φ = 135° and 180° is opposing of φ = 0° and 45° for Y < 0.7, where at the bottom of the sidewall, 
the local heat transfer decreases to its local minimum near Y = 0.3. Then, the local heat transfer 
increases and the global maximum is found around Y = 0.7. The local heat transfer is then de-
creasing along the wall. The local heat transfer for φ = 90° is of wavy pattern, and increasing 
the Darcy-Rayleigh number increases the wavy sinusoidal heat transfer along the wall. Near  
Y = 0.9, the Nuloc is negative for all RaD and φ. This indicates that the fluid in the enclosure is 
of higher temperature than the wall and heat is lost to the environment near the top of the ther-
mally active wall. For LWT, heat is transferred into the enclosure with an increasing trend for  
RaD = 10. The Nuloc for φ = 0-90° increases gradually along the wall. It starts to decrease around 
0.5 ≤ Y ≤ 0.8 and slightly increases near the insulated wall. While φ = 135° and 180°, the heat 
transfer decreases and at Y = 0.7, it increases rapidly to local maximum and decreases near the 
insulated wall. From fig. 4, it can be noticed that the maximum local heat transfer for SWT is 
higher than LWT for RaD = 10 and 102, but for RaD = 103, the maximum local heat transfer is 
higher for LWT. For φ = 0-90°, heat lost from the enclosure to environment for LWT is lower 
compared to SWT as the Nuloc is positive.

Case 1: SWT Case 2: LWT
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Figure 5. Average Nusselt number for different inclination angles and RaD

The average Nusselt numbers are shown in the fig. 5 with various Darcy-Rayleigh 
number and inclination angle. The average heat transfer increases with increasing of Dar-
cy-Rayleigh number for all inclination angles. Figure 5 also shows that the heat transfer rates 
for SWT and LWT depend on the inclination of the enclosure. The variation of heat trans-
fer with enclosure inclination for RaD = 10 is almost constant, and it shows the conduc-
tion-dominant regime across the fluid layer. For RaD = 102-103, both cases show similar pat-
tern for heat transfer where it behaves non-linearly with the enclosure inclination. The plot of  
Nu
–—

 h  is almost symmetrical at φ = 90° for SWT. For RaD = 102-103, the lowest heat transfer for both 
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cases is found around 90° ≤ φ ≤ 105°. However, the highest heat transfer for SWT is archived at  
φ = 15° and for LWT is obtained at 45°. From fig. 5, it can be seen that the heat transfer is more 
enhanced for SWT compared to LWT.

Table 2. Comparison of Nu   
–—

 h between SWT and LWT for various RaD and φ

φ

RaD = 10 RaD = 102 RaD = 103

SWT LWT Difference
[%] SWT LWT Difference

[%] SWT LWT Difference
[%]

0° 2.28 0.93 59.4 3.37 1.51 55.2 11.18 5.24 53.1
15° 2.28 0.93 59.2 3.49 1.65 52.6 11.43 6.31 44.8
30° 2.27 0.93 59.1 3.50 1.76 49.8 10.88 6.87 36.9
45° 2.26 0.93 59.1 3.41 1.80 47.1 9.82 6.85 30.3
60° 2.25 0.92 59.2 3.19 1.77 44.3 8.15 6.23 23.6
75° 2.24 0.91 59.4 2.83 1.66 41.2 5.24 4.96 5.17
90° 2.23 0.90 59.6 2.68 1.45 45.7 5.22 4.36 16.6
105° 2.22 0.89 60.0 2.83 0.95 66.2 4.95 4.37 11.7
120° 2.21 0.88 60.2 2.87 1.08 62.5 7.51 6.13 18.4
135° 2.20 0.87 60.4 2.90 1.25 56.8 9.66 6.74 30.2
150° 2.20 0.87 60.6 3.00 1.38 54.0 9.81 6.68 31.9
165° 2.19 0.86 60.7 3.01 1.42 53.0 10.39 7.18 30.9
180° 2.19 0.86 60.8 2.91 1.37 52.9 10.49 7.24 31.0

Table 2 shows the comparison of  Nu
–—  h for SWT and LWT with various Darcy-Rayleigh 

number and enclosure inclination. The heat transfer of SWT is almost double of LWT for all 
inclination angle in RaD = 10. The enhancement of heat transfer depends on the cavity’s incli-
nation as shown by the differences of RaD = 102 and 103. The variation of difference is of wavy 
form with increasing inclination angle. Among all enclosure inclination considered, 0° has the 
highest difference and the least difference is found at 75°. For a fixed enclosure inclination, 
the difference of enhancement is decreasing by increasing Darcy-Rayleigh number. Therefore, 
SWT is more enhanced than LWT at low Darcy-Rayleigh number.

The correlation equations are derived based on data of Nu–— h obtained from the simula-
tion for different value of inclination angle and Darcy-Rayleigh number. For the case of SWT,
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The correlation equations for the case of LWT are:
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Conclusion

The natural convection in an inclined triangular porous enclosure with sinusoidal and 
linearly heated wall has been studied. The governing equations and boundary conditions are 
solved directly by using the finite difference method. From the study, multiple flow patterns 
are observed for SWT case and single cell flow pattern is observed for LWT case. For small 
Rayleigh number, the heat transfer is dominated by conduction across the fluid layers, and then 
convection is dominated with increasing Darcy-Rayleigh number. The local Nusselt number 
is affected by the boundary conditions (SWT and LWT). The local Nusselt number is also af-
fected by the enclosure inclination for 102 ≤ RaD ≤ 103. The average Nusselt number behaves 
non-linearly with inclination of the enclosure for all Darcy-Rayleigh number. The lowest heat 
transfer for SWT and LWT is found around 90° ≤ φ ≤ 105° while the highest heat transfer is 
found around φ = 15° for SWT and φ = 45° for LWT. It can be observed that the heat transfer 
is enhanced in the case of SWT than that of LWT. This study is useful for the understanding of 
convection process in the green house and solar heater.
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Nomenclature
g – gravitational acceleration, [ms–2]
H, L – enclosure height and length, [m]
K – permeability of the porous medium, [m2]
Nuloc – local Nusselt number  

(= –∂Θ/∂N), [–]
Nu     
–— 

h – average Nusselt number, [–]
P  – pressure, [Pa]
RaD – Darcy-Rayleigh number  

[= Kβ g(Tref –Tc)L/αν ], [–]
T  – temperature, [K]
u, v – velocity components in x- and y-direction, 

[ms–1]
x, y – Cartesian co-ordinates, [m]

X, Y – dimensionless Cartesian co-ordinates  
[= (x, y)/L], [–]

Greek symbols

α – thermal diffusivity, [m2s–1]
β – volumetric coefficient of thermal expansion, 

[K–1]
μ  – dynamic viscosity, [m2s–1]
n  – kinematic viscosity, [kgm–1s–1]
ψ  – stream function, [m2s–1]
Ψ  – dimensionless stream function (= ψ/α), [–]
Θ  – dimensionless temperature  

[= (T – Tc) / (Tref  – Tc)], [–]
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