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Abstract: The development of different industrial fields, including mechanical and power engineering
and electronics, demands the augmentation of heat transfer in engineering devices. Such enhancement
can be achieved by adding extended heat transfer surfaces to the heated walls or heat-generating
elements. This investigation is devoted to the numerical analysis of natural convective energy
transport in a differentially heated chamber with isothermal vertical walls and a fin system mounted
on the heated wall. The developed in-house computational code has been comprehensively validated.
The Forchheimer–Brinkman extended Darcy model has been employed for the numerical simulation
of transport phenomena in a porous material. The partial differential equations written, employing
non-primitive variables, have been worked out by the finite difference technique. Analysis has been
performed for solid and porous fins with various fin materials, amounts and heights. It has been
revealed that porous fins provide a very good technique for the intensification of energy removal
from heated surfaces.

Keywords: natural convection; solid and porous fins; differentially heated cavity; numerical technique

1. Introduction

Energy transport enhancement can be achieved using different passive techniques,
including modern heat transfer liquids (non-Newtonian fluids, nanofluids) or extended
heat transfer surfaces [1–3]. It should be noted that passive energy transport enhancement
techniques are more attractive for engineers and scientists due to low financial expense, low
noise and the natural conditions involved in such a system. Nowadays, there are several
published papers on the application of extended heat transfer surfaces in engineering
devices, including modes of natural, forced or mixed convection [4–15].

In the case of forced and mixed convective energy transport, solid and porous fins are
widely used in different channels and tubes [4–10]. Thus, Gong et al. [4] have calculated
convective energy transport in a channel with solid and metallic porous fins on the basis of
the boundary-value problem for the partial differential equations. Numerical analysis has
been conducted by employing the primitive variables and finite volume technique. Authors
have revealed that porous fins for the considered problem are not effective due to their
low effective thermal conductivity. Kumar and Jayavel [5] have numerically analyzed the
influence of porous fins in a rectangular microchannel on heat transference augmentation
compared to solid fins. Using primitive variables combined with Navier–Stokes equations
for the viscous fluid and the Forchheimer–Brinkman extended Darcy approach for the
porous fins, the developed equations have been solved by using commercial CFD software.
Obtained outcomes have demonstrated that the introduction of porous fins allows for
a reduction in the channel pressure drop. High fin porosity characterizes a low energy
transport rate, while an increase in the porous fin permeability diminishes the average heat
transfer coefficient. Computational analysis of an air-turbulent convective heat transport
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in a system with porous pin fin heat sinks has been performed by Ranjbar et al. [6], using
commercial CFD software. The authors revealed that the arrangement and permeability of
pin fins have a huge influence on energy transport effectiveness. Vatanparast et al. [7] have
scrutinized numerically forced convection in a partially heated horizontal channel with
staggered semi-porous fins. Using the primitive variables and finite volume technique, the
authors have analyzed the impact of the Reynolds and Darcy numbers, as well as fin sizes
and the thermal conductivity ratio on flow structures, entropy generation and the heat
transfer regime. It has been ascertained that entropy generation can be increased with the
effective fins’ thermal conductivity. Kansara et al. [8] have investigated computationally
and experimentally forced convection in a channel mounted with fins or porous metal
foam for the effectiveness of flat-plate solar collection. Computational research has been
conducted employing commercial CFD software, while experiments have been conducted
for two collectors, namely, an empty channel and finned channel. Authors have shown that
the addition of porous material allows for intensification of the energy transport compared
to empty and finned collectors. An analysis of the influence of pin fins on flow and energy
transport parameters between two- and three-layer porous laminates has been performed
experimentally and numerically using commercial software by Zhang et al. [9]. Authors
have found that the shape of the pin fins has an essential influence on system effectiveness.
Yerramalle et al. [10] have calculated the mixed convection in a horizontal channel with a
porous fin over a heated part of the bottom wall. Analysis of the transport processes in a
porous material has been performed employing the local thermal non-equilibrium model.
Using commercial software, it has been demonstrated that a rise in the porosity, effective
thermal conductivity and Reynolds number results in more essential heat removal from
the heater.

According to the above literature review, fin shape, arrangement and material have
a significant influence on heat transfer performance in various channels. It is interesting
to note that in the case of forced or mixed convection in channels, porous fins can be
effective [9,10], or not [4,5]. At the same time, researchers have mainly relied on commercial
software for numerical analysis of the solid/porous fins’ efficacy.

In the case of the natural convection phenomenon analysis of solid/porous fins’ influ-
ence on energy transport, performance is not so widespread [11–15]. Thus, Alshuraiaan
and Khanafer [11] have examined the influence of a single porous fin mounted on the left
vertical heated wall or the bottom horizontal adiabatic wall. Analysis has been conducted
numerically using Navier–Stokes equations for clear parts and the Forchheimer–Brinkman
extended Darcy model for porous fins with the local thermal equilibrium approach. Using
a finite element technique, the authors have found that the use of horizontal porous fins
mounted on the vertical heated wall is more effective, and an average Nusselt number
depends on the effective thermal conductivity. Martin et al. [12] have analyzed the nu-
merically natural convection of copper/water nanosuspension in a porous medium under
the influence of solid fins. Using primitive variables and a finite volume algorithm, the
authors have ascertained that porous material saturated with nanosuspension allows for
an improvement of the cooling effect. Keramat et al. [13] have scrutinized free convection
in a differentially heated enclosure with a solid base and porous fins using commercial
software. The Forchheimer–Brinkman extended Darcy approach has been employed for
porous fins. The authors have found that a high energy transport rate is achieved for
the porous finned cavity at high Rayleigh numbers, while solid fins degrade the energy
transport efficacy. Asl et al. [14] have numerically studied the impact of solid and porous
fins on heat transfer performance in an inclined, tall cavity. Using primitive variables and
the Brinkman-extended Darcy approach for the porous fins, governing equations have been
formulated and solved by the finite volume method. It has been concluded that porous fins
are more effective, and an increase in the Darcy number augments the energy transport.
Some interesting and useful data can also be found in [15–18].

The above review of an application of solid/porous fins in closed chambers with
heated surfaces illustrates the efficacy of porous fins. Unfortunately, there is little informa-
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tion about the influence of a porous fin located at the heated wall, or the length of this fin on
energy transference enhancement. Moreover, analysis is often performed using commercial
software and sometimes in-house computational codes with primitive variables. Therefore,
the aim of the present research is a computational analysis of energy transfer performance
in a differentially heated chamber with solid and porous horizontal fins, taking into account
the fins’ number, length, location and material. Analysis has been conducted on the basis
of a developed in-house computational technique using non-primitive variables.

2. Mathematical Modeling

The investigation of free convection of a viscous fluid in a square differentially heated
chamber with solid or porous fins mounted on the heated vertical wall has been performed
numerically. The considered vertically oriented system is presented in Figure 1, where air
(Pr = 0.71) is circulated within the chamber. Here, x and y are the dimensional Cartesian
coordinates, while the left vertical border is heated and the right one is cooled to maintain
constant temperatures Th and Tc, respectively. The density variation is described by the
Boussinesq approximation [19,20]. Moreover, the temperature of the porous solid matrix
is equal to the liquid temperature, and as a result, the local thermal equilibrium model is
applied. The transport phenomena within the porous material are simulated using the
Forchheimer–Brinkman extended Darcy model. It is assumed that viscous dissipation and
pressure work are negligible.
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The governing equations in dimensional variables (denoted by an “overbar”) are as
follows [19,20]:

- For the viscous fluid:
∂u
∂x

+
∂v
∂y

= 0, (1)
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ρ

(
∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

)
= −∂p

∂x
+ µ

(
∂2u
∂x2 +

∂2u
∂y2

)
, (2)

ρ

(
∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

)
= −∂p

∂y
+ µ

(
∂2v
∂x2 +

∂2v
∂y2

)
+ ρgβ(T − Tc), (3)

∂T
∂t

+ u
∂T
∂x

+ v
∂T
∂y

=
k f

(ρc) f

(
∂2T
∂x2 +

∂2T
∂y2

)
; (4)

- For the solid fins:

(ρc)s
∂T
∂t

= ks

(
∂2T
∂x2 +

∂2T
∂y2

)
; (5)

- For the porous fins:
∂u
∂x

+
∂v
∂y

= 0, (6)

ρ

(
1
ε

∂u
∂t

+
u
ε2

∂u
∂x

+
v
ε2

∂u
∂y

)
= − ∂p

∂x
+
µ

ε

(
∂2u
∂x2 +

∂2u
∂y2

)
− µ

K
u− cFρ

ε3/2
√

K
u
√

u2 + v2, (7)

ρ
(

1
ε

∂v
∂t +

u
ε2

∂v
∂x + v

ε2
∂v
∂y

)
= − ∂p

∂y + µ
ε

(
∂2v
∂x2 +

∂2v
∂y2

)
− µ

K v− cFρ

ε3/2
√

K
v
√

u2 + v2+

+ρgβ(T − Tc),
(8)

η
∂T
∂t

+ u
∂T
∂x

+ v
∂T
∂y

=
kpm

(ρc) f

(
∂2T
∂x2 +

∂2T
∂y2

)
, (9)

where η = ε + (1− ε)
(ρc)spm
(ρc) f

is the overall heat capacity ratio and kpm = εk f +

(1− ε)kspm is the effective thermal conductivity of porous material.

Introducing stream function
(

u = ∂ψ
∂y , v = − ∂ψ

∂x

)
, vorticity

(
ω = ∂v

∂x −
∂u
∂y

)
and non-

dimensional variables

x = x/L, y = y/L, τ = t
√

gβ(Th − Tc)/L, θ = (T − Tc)/(Th − Tc), u = u/
√

gβ(Th − Tc)L,

v = v/
√

gβ(Th − Tc)L, ψ = ψ/
√

gβ(Th − Tc)L3, ω = ω
√

L/gβ(Th − Tc),
(10)

the governing equations in dimensionless form become:

- For the air cavity:
∂2ψ

∂x2 +
∂2ψ

∂y2 = −ω, (11)

∂ω

∂τ
+ u

∂ω

∂x
+ v

∂ω

∂y
=

√
Pr
Ra

(
∂2ω

∂x2 +
∂2ω

∂y2

)
+

∂θ

∂x
, (12)

∂θ

∂τ
+ u

∂θ

∂x
+ v

∂θ

∂y
=

1√
Ra · Pr

(
∂2θ

∂x2 +
∂2θ

∂y2

)
; (13)

- For the solid fins:
∂θ

∂τ
=

αs/α f√
Ra · Pr

(
∂2θ

∂x2 +
∂2θ

∂y2

)
; (14)

- For the porous fins:
∂2ψ

∂x2 +
∂2ψ

∂y2 = −ω, (15)

ε ∂ω
∂τ + u ∂ω

∂x + v ∂ω
∂y = ε

√
Pr
Ra

(
∂2ω
∂x2 + ∂2ω

∂y2 − ε
Daω

)
− cF

√
ε

Daω
√

u2 + v2−

− cF√
u2+v2

√
ε

Da

{
v2 ∂v

∂x − u2 ∂u
∂y + 2uv ∂u

∂x

}
+ ε2 ∂θ

∂x ,
(16)
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η
∂θ

∂τ
+ u

∂θ

∂x
+ v

∂θ

∂y
=

kpm/k f√
Ra · Pr

(
∂2θ

∂x2 +
∂2θ

∂y2

)
. (17)

The applied initial and boundary conditions are:

τ = 0 : ψ = 0,ω = 0, θ = 0.5;

τ > 0 :

ψ = 0, ∂ψ
∂x = 0, θ = 1 at x = 0, 0 ≤ y ≤ 1,

ψ = 0, ∂ψ
∂x = 0, θ = 0 at x = 1, 0 ≤ y ≤ 1,

ψ = 0, ∂ψ
∂y = 0, ∂θ

∂y = 0 at y = 0 and y = 1, 0 ≤ x ≤ 1,∣∣∣∣∣ ψ = 0,
∂ψ
∂n = 0,

 θ f = θs
∂θ f
∂n = ks

k f

∂θs
∂n

at solid fins surface

 θ f = θpm,
∂θ f
∂n =

kpm
k f

∂θpm
∂n ,

{
ψ f = ψpm,
∂ψ f
∂n =

∂ψpm
∂n ,

{
ω f = ωpm,
∂ω f
∂n =

∂ωpm
∂n

∣∣∣∣∣∣∣∣
at porous

fins/fluid

interface.

(18)

Here, Ra = ρ f gβ(Th − Tc)L3/
(
α fµ

)
is the Rayleigh number, Pr = µ/

(
ρ fα f

)
is the

Prandtl number, Da = K/L2 is the Darcy number and cF = 1.75√
150

is the Forchheimer
parameter.

3. Numerical Technique

The boundary-value problem under consideration and described by Equations (11)–(18)
was solved by the finite difference method [19–21]. Difference schemes of second-order
accuracy were used for diffusive and convective terms, while a first-order scheme was
applied for the time derivatives. The used difference scheme for the clear fluid can be
found in [20]. In the case of porous fins, the analysis of the vorticity Equation (16) was
conducted using the Samarskii locally one-dimensional difference scheme involving two
time levels as follows:

ε
ωk+1/2

i,j −ωk
i,j

∆τ + uk+1
i,j

ωk+1/2
i+1,j −ω

k+1/2
i−1,j

2hx
−
∣∣∣uk+1

i,j

∣∣∣ωk+1/2
i+1,j −2ωk+1/2

i,j +ωk+1/2
i−1,j

2hx
=

= ε
√

Pr
Ra

(
1 +

∣∣∣uk+1
i,j

∣∣∣√ Ra
Pr

hx
2ε

)−1
ωk+1/2

i+1,j −2ωk+1/2
i,j +ωk+1/2

i−1,j

h2
x

−

−
(
ε2

Da

√
Pr
Ra + cF

√
ε

Da

√(
uk+1

i,j

)2
+
(

vk+1
i,j

)2
)
ωk+1/2

i,j + ε2 θ
k
i+1,j−θ

k
i−1,j

2hx
,

(19)

ε
ωk+1

i,j −ω
k+1/2
i,j

∆τ + vk+1
i,j

ωk+1
i,j+1−ω

k+1
i,j−1

2hy
−
∣∣∣vk+1

i,j

∣∣∣ωk+1
i,j+1−2ωk+1

i,j +ωk+1
i,j−1

2hy
=

= ε
√

Pr
Ra

(
1 +

∣∣∣vk+1
i,j

∣∣∣√ Ra
Pr

hy
2ε

)−1
ωk+1

i,j+1−2ωk+1
i,j +ωk+1

i,j−1

h2
y

− cF√(
uk+1

i,j

)2
+
(

vk+1
i,j

)2
+κ

√
ε

Da×

×
{(

vk+1
i,j

)2 vk+1
i+1,j−vk+1

i−1,j
2hx

−
(

uk+1
i,j

)2 uk+1
i,j+1−uk+1

i,j−1
2hy

+ 2uk+1
i,j vk+1

i,j
uk+1

i+1,j−uk+1
i−1,j

2hx

}
.

(20)

Here, i and j are the mesh nodes along the x and y coordinates, k is the time level
number, ∆τ is the time step, hx and hy are the mesh steps along the x and y coordinates and
κ is a regularization parameter [22].

In the case of energy Equation (17) within the porous fins, the used difference scheme
is similar to the previous one. Namely, the Samarskii locally one-dimensional difference
algorithm involving two time levels is employed as follows:

η
θk+1/2

i,j −θk
i,j

∆τ + uk+1
i,j

θk+1/2
i+1,j −θ

k+1/2
i−1,j

2hx
−
∣∣∣uk+1

i,j

∣∣∣θk+1/2
i+1,j −2θk+1/2

i,j +θk+1/2
i−1,j

2hx
=

=
kpm/k f√

Ra·Pr

(
1 +

∣∣∣uk+1
i,j

∣∣∣ hx
√

Ra·Pr
2kpm/k f

)−1 θk+1/2
i+1,j −2θk+1/2

i,j +θk+1/2
i−1,j

h2
x

,
(21)
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η
θk+1

i,j −θ
k+1/2
i,j

∆τ + vk+1
i,j

θk+1
i,j+1−θ

k+1
i,j−1

2hy
−
∣∣∣vk+1

i,j

∣∣∣θk+1
i,j+1−2θk+1

i,j +θk+1
i,j−1

2hy
=

=
kpm/k f√

Ra·Pr

(
1 +

∣∣∣vk+1
i,j

∣∣∣ hy
√

Ra·Pr
2kpm/k f

)−1
θk+1

i,j+1−2θk+1
i,j +θk+1

i,j−1

h2
y

.
(22)

The difference scheme for the stream function within the porous medium is the same
as in a clear fluid. Therefore, this scheme can be found in [20].

The vorticity at the borders was defined using the Pearson formula. The written
difference schemes for vorticity and temperature (see Equations (19)–(22)) were solved
using the Thomas algorithm.

It should be noted that the considered problem (see Equations (11)–(17)) was solved as
a conjugate problem. In the case of solid fins, Equations (11) and (12) were solved within the
air cavity. Energy Equation (13) and heat conduction Equation (14) were solved within the
air cavity and solid fins, respectively. The solution was performed sequentially, taking into
account the coordinates’ directions and at the solid–fluid interface, the thermal boundary

conditions of the fourth kind
(
θ f = θs,

∂θ f
∂n = ks

k f

∂θs
∂n

)
were used. In the case of porous fins,

all equations, including Poisson equations for the stream function (Equations (11) and (15)),
vorticity equations (Equations (12) and (16)), and energy equations (Equations (13) and (17))
were solved within the air cavity and porous fins. The solution was performed sequentially,
and at the porous–fluid interface, the boundary conditions of the fourth kind were used for
all variables {

θ f = θpm,
∂θ f
∂n =

kpm
k f

∂θpm
∂n ;

{
ψ f = ψpm,
∂ψ f
∂n =

∂ψpm
∂n ;

{
ω f = ωpm,
∂ω f
∂n =

∂ωpm
∂n .

The solution of the coupled set of discretized equations at each time step begins by
first solving the Poisson equation for the stream function. Thereafter, the vorticity transport
equation and the energy equation can be solved.

The developed in-house computational code was comprehensively validated by em-
ploying the computational and experimental outcomes of other researchers. The verification
is widely presented in [19–21].

The developed computational algorithm was verified for various meshes in the case of
one porous copper fin placed in the center of the left vertical border at Ra = 105, Pr = 0.71,
Da = 10−2 and ε = 0.9. Figure 2 demonstrates the influence of the mesh characteristics
on the mean Nusselt number and fluid flow rate. Comparing values of the average
Nusselt number and fluid flow rate at steady state for different mesh parameters, we
have Nu

∣∣
50×50 = 7.16, Nu

∣∣
100×100 = 7.22, Nu

∣∣
200×200 = 7.25 and |ψ|max|50×50 = 0.051,

|ψ|max|100×100 = 0.0517, |ψ|max|200×200 = 0.0516. Taking into account small differences

between the considered meshes for Nu and |ψ|max, e.g.,
Nu|200×200−Nu|100×100

Nu|200×200
· 100% = 0.4%

and
|ψ|max|100×100− |ψ|max|200×200

|ψ|max|200×200
· 100% = 0.2%, and time consuming calculations for the

mesh of 200 × 200 elements, the uniform mesh of 100 × 100 elements was chosen for
the numerical simulation of the fins’ influence on heat transfer performance due to good
accuracy and resolution.
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Figure 2. Evolution in time of mean Nusselt number (a) and fluid flow rate (b) with mesh parameters
for Ra = 105, Pr = 0.71, Da = 10−2 and ε = 0.9.

4. Results and Discussion

Numerical analysis was performed for Ra = 105, Pr = 0.71, solid and porous fins,
Da = 10−4–10−2, ε = 0.9, h/L = 0.1, different numbers of fins (N), locations of fins (described
by δ1 = d1/L, the non-dimensional distance between the bottom wall and bottom border
of the nearest fin, and δ2 = d2/L, the non-dimensional distance between the upper border
of one fin and the bottom border of the nearest fin) and lengths of fins (described by
γ = l/L, the non-dimensional length of the fin). The material of solid fins is copper, while
the material of porous fins is copper foam. The present investigation was devoted to the
analysis of the impact of solid and porous fins and their characteristics on flow behavior
and heat transfer in the chamber.

Figure 3 demonstrates streamlines and isotherms in a chamber without fins and with
solid copper fins for Ra = 105, Pr = 0.71. In the case of a differentially heated clear cavity
without fins (Figure 3a), one can find the formation of a typical flow structure that is known
as “cat’s eyes” [23]. For this regime, an ascending flow is formed near the heated wall, and a
descending flow can be found near the cooled border, while two oppositely rotating eddies
are formed in the center of the cavity. At the same time, the temperature field illustrates the
formation of two thermal boundary layers near two vertical walls with a stratified core in
the central part, where heating occurs from the upper part to the bottom one. The addition
of one solid fin (Figure 3b) acts as a natural obstacle that deforms the flow and leads to
the formation of a single convective cell in the central part of the right half of the cavity.
Such a flow structure is defined by significant heating of the upper part, not only from the
left isothermal wall, but also from the solid fin of high thermal conductivity. Therefore,
isotherms are not presented within this solid element. The further addition of solid fins to
the cavity results in a different deformation of flow structure and more essential heating of
the left half of the chamber. As a result, the fluid volume decreases with the inclusion of
solid fins. It is worth noting that a huge temperature difference can be found on the vertical
end of the bottom fin, where a high density of isotherms is monitored.
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Figures 4 and 5 demonstrate isolines of stream function and temperature within
the enclosure with several porous fins for Da = 10−4 in Figure 4 and for Da = 10−2 in
Figure 5. Porous fins are made of metallic copper foam with ε = 0.9. The addition of
porous, permeable fins reduces flow resistance from this obstacle and also increases the
heat transfer surface. Therefore, air can circulate not only within the chamber, but also
within the porous material, and air flow strength, in this case, is greater than for solid fins
(Figure 3). Moreover, the addition of porous fins allows for the intensification of the heat
removal from the vertical heated surface, whilst air going through these fins moves heat
away, and as a result, the upper part of the cavity is heated significantly. As it can be seen,
the same effect could be obtained by using a single porous fin placed in the bottom part of
the chamber.

An increment in the porous fin permeability (see Figure 5) results in the strengthening
of the convective flow and heat transport within the cabinet. More essential heating of the
chamber can be found for Da = 10−2 comparing Figures 4 and 5 due to more intensive air
circulation.

Figure 6 shows the time evolution of the average Nusselt number on the right vertical
wall and air flow strength within the chamber with either solid or porous fins and without
fins. It is interesting to note that the addition of solid or porous fins intensifies the heat
removal, namely, the average Nusselt number increases. In the case of solid fins, this
heat transfer enhancement is not so significant. Moreover, the addition of solid fins has
a non-monotonic influence on the average Nusselt number, which illustrates an essential
influence of the fins’ location on the heated vertical border. Whilst the use of porous fins
achieves an increase in the average Nusselt number (for about 73%), solid fins lead to an
increase of only 5%.
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material of fins and Darcy number for porous fins.

An increase in the number of porous fins leads to an increase in the mean Nusselt
number compared to the use of a single fin. The effect of using two fins in the increase in
Nu instead of one is much more intensive than that of using N = 3 instead of N = 2. An
increase in the Darcy number results in enhancement of the energy transport rate. At the
same time, the addition of solid fins causes a weak increment of air flow rate, while in the
case of porous fins, one can find convective flow intensification that increases with the
increase in Da and N.

Taking into account a possible essential intensification of energy removal from the
heated surface using porous fins, a more detailed analysis was performed for one and
two porous fins with respect to the location and length of the fins. Figure 7 demonstrates
the influence of one porous fin position and length on the average Nusselt number and
air flow rate. In general, an increase in the porous fin length results in an intensification
of convective heat transfer; however, between γ = 0.5 and γ = 0.7, some non-monotonic
influence is observed. At the same time, for γ (= l/L) > 0.5 (see Figure 1), an increase in δ1
results in the minimization of the average Nusselt number, while in this case, maximum
Nu can be found for the lower value of δ1, i.e., δ1 = 0.1. Non-monotonic influence of δ1 is
observed for γ < 0.5. In particular, an increase in γ from 0.1 to 0.5 illustrates a decrease in
the y-coordinate of the fin’s location where the average Nusselt number has the maximum
value. Namely, for γ = 0.1 maximum Nu can be found for δ1 = 0.3, for γ = 0.3 maximum Nu
is achieved for δ1 = 0.3 and for γ = 0.5 maximum Nu is achieved for δ1 = 0.2. As a result,
more intensive heat removal from the vertical heated wall can be achieved by using a single
long porous fin placed in the bottom part of this wall. The behavior of the air flow intensity
with the mentioned parameters is shown in Figure 7b, where for γ > 0.3, the increase in δ1
results in a minimization of flow rate, whilst for γ = 0.1 and γ = 0.3 maximum |ψ|max can
be found for δ1 = 0.2. At the same time, an increase in γ from 0.1 to 0.5 leads to a rise of
|ψ|max, while an increase in γ from 0.5 to 0.9 leads to a reduction in |ψ|max.
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Figure 7. Dependence of mean Nusselt number (a) and fluid flow rate (b) for one porous fin on
distance from the bottom wall to the fin and length of the fin, for Da = 10−2.

Table 1 demonstrates the influence of the location and length of two porous fins on
the average Nusselt number. As it has been mentioned in the case of one porous fin,
the increase in the fin length leads to an increase in Nu. For two fins with equal length
(γ = 0.1), maximum Nu can be achieved for δ1 = δ2 = 0.2, while for γ = 0.3 and γ = 0.5,
maximum Nu is achieved for δ1 = δ2 = 0.1. Such behavior has also been mentioned for one
fin; namely, the increase in fin length leads to a reduction in the y-coordinate at the position
where Nu becomes maximum. At the same time, the use of two porous fins allows for the
enhancement of heat removal by about 10%.

Table 1. Average Nusselt number at vertical wall in the case of two porous fins for distance between
fins, distance from the bottom wall to the first fin and length of fins when Da = 0.01.

δ1 = 0.1 δ1 = 0.2 δ1 = 0.3 δ1 = 0.4 δ1 = 0.5 δ1 = 0.6

γ = 0.1

δ2 = 0.1 6.118 6.214 6.163 6.011 5.783 5.503
δ2 = 0.2 6.204 6.243 6.137 5.944 5.713 –
δ2 = 0.3 6.176 6.163 6.021 5.837 – –
δ2 = 0.4 6.054 6.007 5.878 – – –
δ2 = 0.5 5.861 5.829 – – – –
δ2 = 0.6 5.646 – – – – –

γ = 0.3

δ2 = 0.1 7.677 7.628 7.451 7.16 6.78 6.348
δ2 = 0.2 7.644 7.596 7.432 7.146 6.767 –
δ2 = 0.3 7.557 7.55 7.395 7.118 – –
δ2 = 0.4 7.467 7.485 7.341 – – –
δ2 = 0.5 7.353 7.388 – – – –
δ2 = 0.6 7.17 – – – – –

γ = 0.5

δ2 = 0.1 7.871 7.798 7.688 7.427 7.025 6.572
δ2 = 0.2 7.828 7.787 7.699 7.436 7.03 –
δ2 = 0.3 7.789 7.802 7.711 7.436 – –
δ2 = 0.4 7.778 7.829 7.71 – – –
δ2 = 0.5 7.796 7.837 – – – –
δ2 = 0.6 7.807 – – – – –
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5. Conclusions

Analysis of natural convection in a differentially heated chamber with solid or porous
fins has been performed numerically using an in-house computational code developed
with C++ programming language. The impact of fins with respect to their structure (solid
or porous), number, length and location on the flow field and heat transport has been
scrutinized. According to the obtained results, one can highlight that:

- Porous fins are more effective for heat removal compared to solid fins. The addition of
solid fins can raise the average Nusselt number by about 5%, while the corresponding
increase for porous fins is about 73%;

- An increase in the Darcy number and number of porous fins leads to an increase in
the heat transfer rate;

- An increase in fins’ length leads to a diminution of the y-coordinate for fins’ position
with maximum Nu;

- The addition of two porous fins enhances heat transfer by about 10%.
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Abbreviation

Nomenclature
C heat capacity
d1 distance between the bottom wall and nearest fin
d2 distance between first and second fins
Da Darcy number
g acceleration due to gravity
H thickness of the fin
k thermal conductivity
K porous medium permeability
l length of the fins
L cavity size
N number of fins
Nu Nusselt number
p pressure
Pr Prandtl number
Ra Rayleigh number
t time
T temperature
Tc cooled wall temperature
Th heated wall temperature
u, v velocity components
u, v non-dimensional velocity components
x, y Cartesian coordinates
x, y non-dimensional Cartesian coordinates
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Greek Symbols
α thermal diffusivity
β thermal expansion parameter
δ1 non-dimensional distance between the bottom wall and nearest fin
δ2 non-dimensional distance between first and second fins
ε porous medium porosity
θ non-dimensional temperature
µ dynamic viscosity
ρ density
τ non-dimensional time
ψ stream function
ψ non-dimensional stream function
ω vorticity
ω non-dimensional vorticity
Subscripts
f fluid
hs heat source
pm porous medium
s solid
spm solid matrix of the porous medium
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