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Abstract
Natural convection heat transfer inside a porous cavity having a wavy wall is investigated
numerically. The cavity has an opening on the top wall, its right cold wall is wavy, and a
partial heat source is placed at themiddle of the left wall keeping other walls as adiabatic. The
primitive Darcy equations for porous media are non-dimensionalized and solved by the finite
difference method; Rayleigh–Darcy number (Ra), length of heat source (ε), and parameters
involving the waviness of the wall are the governing parameters for this investigation. The
results are analyzed by representing contour plots of streamlines and isotherms; the heat
transfer coefficients and maximum temperature of the heat source are also calculated and
analyzed. The obtained results show that the increasing wall waviness leads to the formation
of a circulation zone, so the Nu increases for Ra < 103, and for Ra = 103, the wavy wall’s
impact reduces due to a strong buoyancy force in an open porous cavity.

Keywords Open cavity · Waviness · Darcy law · Convection · Finite difference method ·
Heat source

List of Symbols
(U , V ) Velocity components (dimensionless)
(u, v) Velocity components (dimensional)
(X , Y ) Coordinate system (dimensionless)
(x, y) Coordinate system (dimensional)
Nu Average Nusselt number
a Amplitude (dimensional)
Cp Specific heat capacity
g Gravitational constant
H Height and width of the cavity
h Convective heat transfer coefficient
K Permeability
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k Thermal conductivity
N Undulations per unit lengt
Nu Nusselt number
P Pressure (dimensional)
q

′′
Heat flux

Ra Rayleigh–Darcy number
T Temperature (dimensional)
Tc Temperature of the cold wall

Greek Symbols
(ξ, η) Transformed coordinate system (dimensionless)
α Thermal diffusivity
β Thermal expansion coefficient
ε Length of the heat source (dimensionless)
μ Dynamic viscosity
ν Kinematic viscosity
ψ Stream function
ρ Fluid density
θ Temperature (dimensionless)

Introduction

The basic idea of using a wavy cold wall is to enhance heat transfer by convection, as the
wavy wall has a greater length than a straight wall between a fixed distance. Applications
of porous cavities in geothermal, biological, and engineering fields are reported by Cheong
et al. [1, 2]. Also, it has broad applications in fields like solar energy, building design, and
the electronics industry. This phenomenon is also relevant in challenges involving industrial
boilers or ovens containing porous materials, as reported by Sheremet et al. [3].

The studyof natural convectionhas gained significant attention among researchers.Among
them, Prasad [4], Nield and Bejan [5] presented an extensive discussion about convection
in porous media. Kumar et al. [6] studied free convection in a porous cavity having a wavy
bottomwall anduniformheating from the bottom, and they reported that the sinusoidal bottom
wall is not helpful for convection. Also, the effect of non-Darcian porous media in natural
convection in a wavy cavity is investigated by Kumar and Shalini [7], they concluded that in
the presence of surface disturbances, the non-Darcian effect introduced by Forchheimer terms
causes the Nusselt number to increase. While the Prandtl number is set to unity, the effects of
the Rayleigh number, the number of wavy surface undulations, and the amplitude of the wavy
surface on the flow structure and heat transfer characteristics are explored by Khanafer et
al. [8] in detail from their study of free convection heat transfer inside a wavy cavity packed
by porous media. The effect of the volumetric heat source during natural convection in a
wavy porous cavity is studied by Oztop et al. [9], and they reported that the heat transfer rate
is proportional to the amplitude of the wavy wall. Buonomo et al. [10] numerically studied
time-dependent mixed convection in a channel with an open cavity filled with porous media.
Sompong and Witayangkurn [11] eported that larger Rayleigh and Darcy numbers resulted
in increased flow strength and temperature dispersion from their numerical investigation of
free convection in a trapezoidal cavity having a top wavy wall.

Abu-Nada and Chamkha [12] modeled and reproduced constant laminar mixed convec-
tion flow in a lid-driven enclosure with a wavy wall filled with nanofluid. They reported
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that the introduction of nanoparticles provides significant heat transfer enhancement for all
Richardson numbers and lower wall geometry ratios. Sheremet et al. [13, 14] numerically
studied free convection heat transfer in an open porous cavity filled with nanofluids. They
employed Buongiorno’s nanofluid model and Tiwari and Das’ nanofluid model for their dis-
cussion, and they discussed the effect of wall waviness controlled by amplitude and number
of undulations. Also, Sheremet et al. [3] investigated the effect of a magnetic field on the
natural convection of nanofluid in an open wavy cavity heated from the corner and reported
that the Rayleigh number enhances heat transfer, and the Hartmann number reduces heat
transfer. In contrast, the magnetic field inclination angle causes non-monotonic changes in
the heat transfer rate.

Cheong et al. [1, 2] investigated free convection heat transfer in awavy porous cavity. They
studied the effect of sinusoidal heating, internal heat generation, and the effect of aspect ratio.
The studies explain the effect of wall waviness on natural convection and other governing
parameters. The effect of magnetic field and sinusoidal heating on natural convection in a
wavy cavity is studied numerically by Ahmed et al. [15]. Cu−water nanofluid is taken for
their investigation, and it is reported that as the undulation parameter increases from 1 to
5, the flow strength is decreased by 31.8%. The effect of local thermal non-equilibrium on
natural convection in a porous cavity is investigated by Alsabery et al. [16, 17]. Their studies
explored the effects of non-Darcian parameters in a wavy porous cavity and also the effects
of wavy porous layers. In an open trapezoidal cavity, a numerical investigation of power
law fluid–structure interaction is carried out by Yaseen and Ismael [18]. Also, local thermal
non-equilibrium free convection in a porous annulus is carried out by Tayebi and Chamkha
[19] and Tayebi et al. [20]. The studies are focused on non-Darcian effects and conjugate
heat transfer between purely nanofluid and porous layers.

Rao andBarman [21] andBarmanandRao [22] investigated free convectionheat transfer in
wavy cavities under a differentmode of heating and the effects of different types of nanofluids.
They have considered geometry similar to that of Cheong et al. [1]. The obtained results
explain the effect of wall waviness during natural convection through Darcian porous media.
Tayebi [23] investigated entropygeneration in a non-Darcian porous cavitywith consideration
of the local thermal non-equilibrium model. They found that local Nusselt numbers diminish
with a rise in porosity due to the diminished effective thermal conductivity. Zidan et al. [24]
investigated free convection in a porous, trapezium-shaped cavity with nanofluid, influenced
by various parameters like Rayleigh, Hartmann, and Darcy numbers. They reported that
adjusting these parameters can enhance cooling efficiency and the economic feasibility of
using nanomaterials. Prince at al. [25] investigated the effects ofmagnetic field inclination and
Reynolds numbers on heat andmass transfer in a trapezoidal enclosurewith rotating cylinders
using various nanofluids. They also developed an ANN model that predicts results with high
accuracy, achieving over 96% accuracy in simulating heat and mass transfer outcomes.

From the above literature survey and the best of authors’ knowledge, the proposed model
of numerical study of convective heat transfer in an open porous cavity with a partial heat
source will be discussed for the first time.

Governing Equations

A cavity, having wavy vertical wall on the right side, is placed parallel to the horizon. The left
vertical wall is considered the y − axis, and the bottom wall is the x − axis. The cavity has
an opening on the top wall, and a heat source of length εH is placed on the left vertical wall,
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H being the height and width of the square cavity. The cavity is packed by porous media and
pure fluids, both are in thermal equilibrium, Fig. 1 represents the domain of computation. The
porous media is homogeneous, and the fluid flow is steady and laminar, so Darcy law is valid
for the investigation. The fluid is incompressible and Newtonian, considering Boussinesq
approximation for the body force (gravity (g)), governing equations in the dimensional
coordinate are obtained following Cheong et al. [1] as:

ux + vy = 0 (1)

(u, v) = Kμ−1 (−Px ,−Py + gρβ(T − Tc)
)

(2)

ρCp
(
uTx + vTy

) = k
(
Txx + Tyy

)
(3)

With boundary conditions:

On (0 ≤ x ≤ H , y = 0) : ψ = 0, Ty = 0

On(x = H − aH(1 − cos(2Nπ y/H)), 0 ≤ y ≤ H) : ψ = 0, T = 0

On, (0 ≤ x ≤ 1, y = 0) : ψy = 0, θy = 0

Left wall, (x = 0) :
{

( 1−ε
2 ≤ y ≤ 1+ε

2 ) : ψ = 0, Tx = q
′′
/k

Otherwise: ψ = 0, ∂θ
∂X = 0

(4)

Here, ux = ∂u
∂x , uy = ∂u

∂ y , etc. are partial derivatives with respected to spacial coordi-
nates. The followingparameters are applied to produce non-dimensional governing equations,

(X , Y ) = (x,y)
H , (U , V ) = (u,v)H

α
, θ = k(T−Tc)

q ′′ H and Ra = Kgβq
′′
H2

kαν
. Here (x, y), (u, v)

and T represents dimensional coordinate system, velocity components and temperature
respectively; (X , Y ), (U , V ) and θ represents non-dimensional coordinate system, veloc-
ity components and temperature respectively.

The following non-dimensional governing equations in two dimension are obtained from:

∂2ψ

∂X2 + ∂2ψ

∂Y 2 = −Ra
∂θ

∂X
(5)

∂2θ

∂X2 + ∂2θ

∂Y 2 = U
∂θ

∂X
+ V

∂θ

∂Y
(6)

Subjected to the boundary conditions:

Bottom wall, (0 ≤ X ≤ 1, Y = 0) : ψ = 0,
∂θ

∂Y
= 0

Right wall, (X = 1 − a(1 − cos(2NπY )), 0 ≤ Y ≤ 1) : ψ = 0, θ = 0

Top wall, (0 ≤ X ≤ 1, Y = 0) : ∂ψ

∂Y
= 0,

∂θ

∂Y
= 0

Left wall, (X = 0) :
{

( 1−ε
2 ≤ Y ≤ 1+ε

2 ) : ψ = 0, ∂θ
∂X = −1

Otherwise: ψ = 0, ∂θ
∂X = 0

(7)

Here the boundary condition for the opening is obtained from Sheremet et al. [3, 14].
The non-dimensional stream function is denoted by ψ and defined by ((− ∂ψ

∂X ,
∂ψ
∂Y ) =

(V ,U )). Also, q
′′
, α, β, K , k and ν represent rate of heat flux, thermal diffusivity, ther-

mal expansion coefficient, permeability of the porous medium, thermal conductivity and
kinematic viscosity respectively.
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Fig. 1 A diagram representing
the computation region
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The non-dimensional parameters Nusselt number (Nu) = hH
k is calculated along the

thermally activewall. Substituting h = q
′′

T−Tc
and incorporating non-dimensional parameters,

the local Nusselt number is calculated. Further integrating over the heat generating wall,
the average Nusselt number (Nu) is calculated. After simplification, the Nu and Nu are
calculated as followed:

Nu(Y ) = 1

θ

∣∣∣
X=0

, |2Y − 1| ≤ ε

Nu = 1

ε

∫ ε

0
Nu(Y )dY (8)

Using an algebraic transformation, ξ = X
1−a(1−cos(2NπY ))

, η = Y the domain of computation
is transformed into a square domain computation having 0 ≤ ξ, η ≤ 1, and the Laplace

operator (∇ ≡ ∂2

∂X2 + ∂2

∂Y 2 ) is transformed into∇new ≡ (ξ2X+ξ2Y ) ∂2

∂ξ2
+2ξY ∂2

∂ξ∂η
+ ∂2

∂η2
+ξYY

∂
∂ξ
.

So, the governing Eqs. (5) and (6) can be represented as:

∇newψ = −Ra.ξX
∂θ

∂ξ
(9)

∇newθ = ξX

(∂ψ

∂η

∂θ

∂ξ
− ∂ψ

∂ξ

∂θ

∂η

)
(10)

And corresponding boundary conditions,

Bottom wall, (0 ≤ ξ ≤ 1, η = 0) : ψ = 0, ξY
∂θ

∂ξ
+ ηY

∂θ

∂ξ
= 0

Right wall, (ξ = 1, 0 ≤ ξ ≤ 1) : ψ = 0, θ = 0

Top wall, (0 ≤ ξ ≤ 1, η = 1) : ξY
∂ψ

∂ξ
+ ηY

∂ψ

∂ξ
= 0, ξY

∂θ

∂ξ
+ ηY

∂θ

∂ξ
= 0

Left wall, (ξ = 0) : ψ = 0, ξX
∂θ

∂ξ
+ ηX

∂θ

∂ξ
=

{
−1, |2η − 1| ≤ ε

0, Otherwise

(11)

Using a reverse transformation, contour plots for streamline and isotherms are presented in
the X − Y plane.
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Table 1 Comparison of Nu with
previously published articles Source Ra = 103 Ra = 102

Goyeau et al. [26] 13.470 3.110

Baytas and Pop [27] 14.060 3.160

Kumar and Shalini [7] – 3.028

Misirlioglu et al. [28] 13.150 3.050

Saeid and Mohamad [29] 13.591 3.110

Cheong et al. [1] 13.280 3.101

Present study 13.576 3.146

Table 2 Effect of mesh grid on
Nu at Ra = 103, N = 5,
a = 0.25 and ε = 0.5

i Grid size Nu 100 × |Nu(i)−Nu(1)|
|Nu(i)| %

0 100 × 200 10.820 0.618

1 200 × 200 10.753 –

2 200 × 300 10.819 0.616

3 300 × 200 10.701 0.482

4 300 × 300 10.769 0.153

Validation of Numerical Method

An approximated result of the proposed model is calculated by in-house CFD code written
in C-programming language. The transformed domain of computation is subdivided by a
collocated grid (ψ and θ are calculated at the same point) by taking uniform spacing in either
direction.Thederivatives are approximatedby second-order accuratefinite difference approx-

imation, and the obtained system of equations is solved iteratively tillmax
(∑ |θ previous−θnew |∑ |θnew | ,

∑ |ψ previous−ψnew |∑ |ψnew |
)

< 1
106

is achieved. A comprehensive details about the finite difference

method for convection heat transfer in a wavy cavity is given in [21, 22].
The CFD code is verified and tested for grid independence, the code is tested for the

convection in a square porous cavity by comparing the Nusselt number with previously
published papers, presented in Table 1. Then the code is tested for convection in a open wavy
porous cavity by comparing flow pattern and isotherms, which are presented in Fig. 2. Also,
the Table 2 shows the effect of grid on average Nusselt number, the test is conducted for
Ra = 103, N = 5, a = 0.25, and ε = 0.5. The above comparisons and variation of average
Nusselt number indicates that the in house code may be suitable for the investigation.

Results and Discussion

In this numerical investigation the obtained results for the governing parameters, such as Ra
Ra, ε, N and a are presented. The fluid flow and heat transfer in a top-open wavy cavity are
driven by buoyancy forces resulting from the temperature difference between the heat source
and the cold wavy wall.

The isotherms and streamlines for a range of governing parameter values are presented
in the Figs. 3, 4, 5, 6, 7, 8, 9, 10 and 11, where streamlines are presented as solid lines and

123



Int. J. Appl. Comput. Math           (2024) 10:153 Page 7 of 22   153 

(a) Published by [14].

(b) Obtained.

Fig. 2 Streamlines and isotherms are compared with previously published results

the colour gradients represent isotherms. In this process of free convection, the fluid near the
heat source becomes less dense and exits the cavity through the left side of the open wall.
Simultaneously, cold fluid enters the cavity along the wavy wall, moving toward the left wall,
resulting in a flowwithin the wavy porous cavity. The temperature variation between the right
wavy wall and the heat source is observed, with isotherms (represented as color gradients)
spread between the adiabatic walls and the thermally active wall.

In the Figs. 3, 4 and 5 streamlines and isotherm for the case Ra = 10 are presented. At
Ra = 10, the length of heat source and wall waviness impact the flow pattern, manifestation
of a circulation zone at the majority of free space inside cavity and small eddies covering
undulations are obvious. The pattern of circulation inside the cavity depends onwallwaviness.
The increment in wall waviness (growth in a and N ) shrinks effective free space inside wavy
cavity. For Ra = 10, buoyancy force is not so strong that fluid the cavity leaves, resulting a
circulation at the most of free spaces of the porous cavity. Although, for N = 1 with 0.05 ≤
a ≤ 0.25 and a = 0.05 with 1 ≤ N ≤ 5, all streamlines are semi circular. The circulation
inside the wavy cavity is not manifested when ε = 1, as a larger part of thermally active wall
generates sufficient amount buoyancy force that fluid penetrates the cavity leaves totally. The
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Fig. 3 Isotherms and Streamlines (solid lines) at Ra = 10 and ε = 0.25

flow strength (max(||)) of at Ra = 10 increases with the augmentation of ε from 0.25 to
1. The values are observed to be max(||)ε=0.25 = 0.237 < max(||)ε=0.50 = 0.451 <

max(||)ε=1.0 = 0.78.
The isotherms are semi circular covering close to heat source for ε < 1, and the lines

are parallel to thermally active wall for ε = 1. The results show that propagation of heat is
prominent close to the top wall than the bottom wall. In this case, the maximum of dimen-
sionless temperature (max(|�|)) inside the wavy cavity is produced at heat source. Also, it
is observed that the a lager heat source results significantly higher amount of (max(|�|))
and the numerical values of max(|�|) at Ra = 10 is as follows max(|�|)ε=0.25 = 0.319 <

max(|�|)ε=0.50 = 0.5006 < max(|�|)ε=1.0 = 0.744.
For Ra at 102, the isotherms and streamlines, presented in Figs. 6, 7, and 8, has a similar

patterns to the results presented for Ra = 10. With a higher Ra gives raise to the buoyancy
force inside the cavity, resulting an augmentation of flow strength andmaximum temperature.
Interestingly, a circulation at the center of free space of the cavity is observed only when
a = 0.25. The strong flowmakes isotherms tilted towards top right corner of the wavy cavity.

As the Ra is increased from 10 to 102, the flow strength is augmented nearly 77.4% having
flowstrength ofmax(||)Ra=102 = 3.452. Similarly, the increased convection process assists
lowering the maximum temperature of the heat flux. A reduction in max(|�|) is reported
for Ra = 102 than Ra = 10, and the reduction is nearly 90.8% having max(|�|)Ra=102 =
0.390.

Further, observing the streamlines and isotherms from Figs. 9, 10, 11 for Ra = 103 it is
found that the flow strength is increased due to significantly higher buoyancy force. The fluid
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Fig. 4 Isotherms and Streamlines (solid lines) at Ra = 10 and ε = 0.5

circulations are not manifested inside the most of the free spaces of the open cavity. Energy
taping eddies are observed in between undulated areas only. With Ra = 103 the maximum
flow strength (max(||) = 10.083) is observed for ε = 1. In this case the outgoing fluid
transfers most of the heat towards top left corner of the cavity, so isotherms are mostly
clustered close to the heat flux and upper half of the cavity. Further reduction in maximum
temperature is reported with the incremental Ra. The value of max(|�|) = 0.17201 is
observed for this case having ε = 1.

For a fixed ε and Ra, the wall waviness resists fluid flow inside the open wavy cavity,
and max(||) gets reduced as wall waviness increases. But, for a fixed ε and Ra < 103,
(max(|�|)) get reduced aswall waviness increases, although it gets increasedwith increasing
wall waviness at Ra = 103.

The non-dimensional heat transfer parameter Nu is inverse to the dimensionless tempera-
ture along the heat source, so higher Nu denotes less temperature along with the heat source.
Figures12, 13 and 14 illustrates the Nu values along heat source for Ra = 10, 102 and 103

respectively. The impact of wall waviness on Nu is attentive at Ra = 10, and it reduces as
Ra increases to 103. The Nu along the heat source is maximum at the corners of heat source
for Ra = 10 and ε < 1. At Ra = 10 (Fig. 12), it is observed that increasing a the local heat
transfer increases significantly; the increment of N also enhances the heat transfer. With a
higher Ra, the circulations are not manifested as the wall waviness increases. So, the change
in local heat transfer due to wall waviness is in the opposite direction for Ra = 103; in this
case, the local Nusselt number decreases as wall waviness increases.
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Fig. 5 Isotherms and Streamlines (solid lines) at Ra = 10 and ε = 1.0

The average Nusselt number (Nu) for all the cases taken in consideration are presented
in the Table 3. From the table, it is clear that waviness of wall enhances overall heat transfer
inside the cavity at Ra < 103. At Ra = 10 or 103 for a fixed ε the increment a and N
enhances convection process inside the cavity, for example for Ra = 103, ε = 0.5 the Nu
value admits Nu = 4.227 at a = 0.25, N = 5 and Nu = 4.403 at a = 0.05, N = 1. But at
Ra = 103 the Nu decreases due to wall waviness.
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Fig. 6 Isotherms and Streamlines (solid lines) at Ra = 102 and ε = 0.25
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Fig. 7 Isotherms and Streamlines (solid lines) at Ra = 102 and ε = 0.5
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Fig. 8 Isotherms and Streamlines (solid lines) at Ra = 102 and ε = 1.0
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Fig. 9 Isotherms and Streamlines (solid lines) at Ra = 103 and ε = 0.25
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Fig. 10 Isotherms and Streamlines (solid lines) at Ra = 103 and ε = 0.5
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Fig. 11 Isotherms and Streamlines (solid lines) at Ra = 103 and ε = 1.0
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Fig. 12 Convection along heat source at Ra = 10
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Fig. 13 Convection along heat source at Ra = 102
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Fig. 14 Convection along heat source at Ra = 103
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Table 3 Value of Nu in different cases

Nu ε = 0.25 ε = 0.50 ε = 1.0
N = 1 N = 3 N = 5 N = 1 N = 3 N = 5 N = 1 N = 3 N = 5

Ra = 10 a = 0.05 3.293 3.317 3.334 2.120 2.134 2.146 1.420 1.428 1.433

a = 0.15 3.660 3.785 3.869 2.359 2.446 2.506 1.554 1.609 1.644

a = 0.25 4.302 4.548 4.740 2.821 3.029 3.191 1.836 1.997 2.112

Ra = 102 a = 0.05 4.977 4.980 4.981 4.103 4.102 4.102 3.199 3.193 3.187

a = 0.15 5.068 5.094 5.105 4.126 4.132 4.129 3.183 3.160 3.152

a = 0.25 5.291 5.380 5.450 4.207 4.254 4.277 3.171 3.209 3.211

Ra = 103 a = 0.05 13.769 13.732 13.712 11.616 11.589 11.574 8.800 8.780 8.768

a = 0.15 13.627 13.462 13.345 11.489 11.359 11.272 8.706 8.612 8.546

a = 0.25 13.335 13.019 12.783 11.217 10.967 10.753 8.506 8.324 8.161

Conclusions

The investigation of natural convection in an open porous enclosure having a wavy wall leads
to the conclusions as follows:

• The flow strength is proportional to Ra or ε keeping other parameters fixed in an open
wavy porous cavity.

• The maximum temperature of heat source is reduced with increasing wall waviness for
Ra < 103 at a fixed ε, and get increased as wall waviness increases at Ra = 103.

• The average Nusselt number suggests that for a fixed ε, the wall waviness increases
convection in the wavy cavity at Ra < 103, and at Ra = 103 the convection process is
reduced with increasing a and N in an open porous cavity.

• An increasing length of heat flux reduces the average Nusselt number. For an open
wavy porous cavity, the Nu is decreased about 36.8% for changing ε = 0.25 to 1 with
Ra = 103, N = 3, a = 0.15.
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