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Abstract
Conical enclosures rely on the conical cavity and can be used as radiation concentrators. Two circular cross-section baf-
fles were used to improve the heat transfer of this geometry. By changing the rigid fins to porous, it could improve the heat 
transfer. Al2O3/water nanofluid was also employed to enhance the heat transfer performance of the cavity. For this purpose, 
numerical analysis of three-dimensional natural convection heat transfer was performed in a conical cavity with two types of 
fins. The best combination of fins arrangement for the next step was selected using the differential evolutionary optimization 
method (D.E). In this case study, a new combination of laminar and turbulence methods was employed for the first time to 
increase the accuracy of the natural convection solution. This combination is based on the laminar solution by suppressing 
the perturbation parameter in the turbulence method which led to more accurate results. The analysis results showed that a 
conical cavity with optimized fin geometry can lead to a 23% increase in Nu. The best porosity for the inner fin was calculated 
40% in the case of constant porosity. Ascending porosity along the fin, whose increase was more intense near the base and 
slower near the cone’s tip, was the best variable porosity for the inner fin.
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Nomenclature
A	� Surface area (m2)
Cp	� Specific heat (J kg-1 K-1)
C1� C2�,C3�	� Constant
Ef	� Effectiveness
Gr	� Grashof number
Gk	� Turbulence kinetic energy production in 

terms of velocity gradient (J)
Gb	� Turbulence kinetic energy production in 

terms of buoyancy force (J)
g	� Gravity (m s-2)
h	� Convection heat transfer coefficient (W m-2 

K-1)
K	� Thermal conductivity (W m-1 K-1)

k	� Kinetic energy (J)
L	� Length (m)
Lc	� Characteristic length (m)
Nu	� Nusselt number
P	� Pressure (Pa)
Pr	� Prandtl number
Q	� Heat transfer rate (W)
Ra	� Rayleigh number
Re	� Reynolds number
S	� Motion source term
SK Sε,	� Source terms
t	� Time (s)
T	� Temperature (K)
ui	� Velocity component (m s−1)
U	� Velocity vector (m s−1)
êz	� The unit vector in the upward vertical 

direction
U∗

i
	� Dimensionless velocity component

Y.M.	� Oscillation share in the turbulence density
xi	� Direction component

Greek symbols
α	� Thermal diffusivity (m2 s-1)
β	� Thermal expansion (K-1)
κ	� Medium permeability
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ε	� Dissipations rate
η	� Efficiency
θ	� Non dimensional temperature
μ	� Dynamic viscosity (Pa s)
ρ	� Density (kg m-3)
τ	� Tension (N m-2)
υ	� Kinematic viscosity (m2 s-1)
φ	� Volume fraction

subscripts
ave	� Average
b	� Base
c	� Cross section
cond	� Conduction
conv	� Convection
f	� Fluid
fin	� Related to fin
in	� Inlet
i, j	� Components
out	� Outlet
s	� Solid
t∗	� Turbulence
total	� Total
∞	� Ambient

Introduction

Natural convection heat transfer in close enclosures could 
be exploited to store and transfer heat in various furnaces, 
cooling electronic components, heat exchangers, cooling and 
heating of buildings, and solar technologies. One of the most 
critical natural convection heat transfer applications in the 
conical cavities is their use as a point-focused solar concen-
trator system. Increasing heat transfer in these enclosures 
can improve the performance of the solar system. In these 
systems, The pumped fluid transfers thermal energy to the 
heat receiver, which supplies it to the system [1].

The cavity receiver type is one type of thermal receiv-
ers which has been studied in different geometries, dimen-
sions, and positions for diverse applications. For example, 
Reddy et  al. [2] studied the all method in heat transfer 
(radiation, natural, and forced convection) heat losses of a 
hemispherical cavity receiver in terms of various factors. 
Their results indicated the minimum natural convection heat 
loss at the receiver’s open side faced downwards. Moreover, 
they proposed a correlation between the radiation Nusselt 
number(Nu) and the convection heat transfer losses. Prakash 
[3] numerically investigated the natural convection heat 
losses of cylindrical close enclosure receivers with differ-
ent diameters. The model simulated the flow inside a helical 
coil with air as the heat transfer working fluid.The result 

indicated that the decrease in the convection heat transfer 
loss is due to the enhancement in the receiver inclination, 
while the increase in the convection heat transfer losses can 
be assigned to the rise in the mean temperature of the heat 
transfer fluid (HTF) and the opening ratio. In a numerical 
study, Si-Quan et al. [4] studied the optical and thermal per-
formance of a spherical close enclosure receiver using the 
Monte-Carlo Ray Tracing Method and CFD model. They 
found that the spherical close enclosure receiver had bet-
ter performance than other receivers. They also investigated 
the effect of inlet temperature and velocity on three types of 
heat losses. The performance of a novel cavity receiver was 
analyzed for application in parabolic through solar collec-
tors in the work by Liang et al. [5] who experimentally and 
theoretically explored the effects of physical parameters on 
the thermal performance of the cavity. Their results indi-
cated that the collector efficiency could reach 64.25% under 
optimal conditions. Al-Kouz et al. [6] numerically assessed 
the two-dimensional natural convection heat transfer in a 
close enclosure with two rigid fins attached to the hot wall. 
They found that attaching two rigid fins to the hot wall 
would increase the heat transfer for such flows and enhance 
the length of the fin, giving rise to a better heat transfer. In 
another study on a cavity with fins, Ngo et al. [7] numeri-
cally analyzed simultaneous natural convection and radiation 
heat transfer in a solar cavity receiver. According to their 
results, the use of the plate fins reduced the radiation and 
natural convection heat losses by 5% and 20%, respectively, 
while causing a 2% increase in overall cavity efficiency.

One way to control heat transfer in close enclosures is to 
use porous expanded surfaces which can increase or decrease 
heat transfer rate in a specific state by creating obstacles 
to control vortexes. In this regard, numerous studies have 
addressed the heat transfer in enclosures with porous fins. 
For example, Khanafer et al. [8] numerically studied natural 
convection in a square cavity with a thin porous fin attached 
to the hot wall. Their results indicated that using a porous 
fin increased the average Nu when it was placed either close 
to the bottom or in the middle of the vertical surface at an 
angle of 90°. In another numerical study, Siavashi et al. [9] 
evaluated entropy generation and natural convection of flow 
inside a cavity using nanofluid and porous fins. According 
to their results, adding porous fins with a high Da improved 
heat transfer, while fins with a small Da led to a reduction 
in Nu due to weakening the convection.

Alshuraiaan and Khanafer [10] analyzed the laminar natu-
ral convection heat transfer in a heated cavity along with the 
heated thin porous fin. Their results specified that using a 
horizontal porous fin increased the Nu while a vertical fin 
attached to the bottom led to a lower Nu than without fins. 
Asl et al. [11] comprehensively investigated the influence of 
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solid and porous fins in an inclined rectangular enclosure. 
They showed that the use of the conductive porous fins in 
the enclosure resulted in 41% heat transfer enhancement 
as compared with enclosures having solid fins and up to 
20% compared to cavities without fins. Their results also 
indicated that optimum porous fin length was a decreasing 
function of the Ra. Mesgarpour et al. [12, 13] numerically 
and experimentally assessed the natural convection in an 
enclosure with an engineered hot porous plate at different 
positioning angles and revealed that the best positioning 
angle to reach the highest Nu in the enclosure is 45°. They 
also stated a correlation between the Nu and the Ra.

Specifically, the application of cavity enclosures in radi-
ation-focused systems has been also studied. In a numerical 
study, Daabo et al. [14] addressed the optical efficiency and 
thermal behavior of three different geometries of a cavity 
receiver in the concentrated solar applications. Based on 
their findings, the conical receiver offered a lower heat loss 
while absorbing a higher amount of reflected energy. Pe´rez-
Ra´bago [15] experimentally and numerically investigated 
heat transfer in a conical cavity calorimeter to calculate the 
thermal power of solar concentrator. They calculated the 
efficiency of the device which can be useful in the optimized 
design of the calorimeter. Garrido et al. [16] analyzed the 
performance of a Dish-Stirling cavity receiver in different 
geometries and operating temperatures both experimentally 
and numerically. It was found that the reverse-conical cavity 
was more efficient than a nearly cylindrical shape. The latest 
papers on the cavity are presented in Table 1.

The applications of nanofluids in cavities have been 
investigated by numerous researchers. A nanofluid is a fluid 
(water, ethylene glycol, and oil) in which nanoparticles are 
suspended. Nanofluids can increase heat transfer by higher 
thermal conductivity compared with the base fluid. Numer-
ous studies have been devoted to predicting and evaluating 
the thermal conductivity of nanofluids [27–29]. Rostami 

et al. [30] presented a review on experimental and numeri-
cal studies about different shapes of nanofluid-containing 
cavities and determined effective parameters in the natu-
ral convection of these cavities. Their results showed that 
natural convection in cavities depends more on the induced 
fluid velocity due to the forced convection, which can be 
increased by nanoparticle addition, magnetic fields, fins, 
and porous media. Ho et al. [31] explored the sedimentation 
of Al2O3/water nanofluids in a rectangular cavity applying 
Ludwig–Soret effect, Brownian motion and sedimentation 
in the numerical analysis. Their results well agreed with 
experimental findings. In a numerical study, Safaei et al. 
[32] used the lattice Boltzmann method (LBM) to analyze 
the interaction between thermal radiation and natural con-
vection in a 2D shallow cavity filled with Al2O3/water nano-
fluid. They declared that the total Nu number is enhanced 
for higher Rayleigh number and emissivity, implying that 
thermal radiation combined with natural convection heat 
transfer might increase the Nusselt number. Goodarzi et al. 
[33] numerically simulated a 2D rectangular cavity with 
different aspect ratios using hybrid nanofluid (Cu-multi-
walled carbon nanotubes- Al2O3). They indicated that fluid 
circulation due to natural convection leads to heat transfer 
in the cavity. In another numerical simulation, Abbassi et al. 
[34] studied natural convection in an incinerator with a hot 
block filled with nanofluid considering magnetohydrody-
namics (MHD) using LBM. They concluded that entropy 
generation is increased by augmenting the height and width 
of the heater, the volume fraction of nanoparticles, and the 
Rayleigh number. It, however, decreased by increasing the 
Hartmann number. To improve heat transfer, the optimum 
incinerator inclination angles was obtained 90°. Kolsi et al. 
[35] analyzed the convection in a 3D open cavity contain-
ing a diamond-shaped obstacle surrounded by Al2O3/water 
nanofluid. They investigated the effect of volume fraction, 

Table 1   Review of the latest papers on the cavity

No. Base fluid Additive Cavity type Ra range Method Solver Nu range Refs.

1 Water AL2O3 solid nanoparticle Square porous 106 Finite difference method CFD code 0–16 [17]
2 Casson fluid - Square porous 102–106 Finite element CFD code 0–15 [18]
3 Water CNT Square 103–106 Experiment – 0–20 [19]
4 Water Cu nanofluid Wavy 103–106 CVFEM CFD code 0–8.7 [20]
5 Water Cu nanofluid Triangular 0–105 CVFEM CFD code 0–9 [21]
6 Water (MWCNT)-Fe3O4 P-shaped 103–104 Lattice Boltzmann – 0–2.89 [22]
7 Water (MWCNT)-Fe3O4 T-joint 103–106 FVM CFD code 12–24 [23]
8 Water Cu–Al2O3 Square 106–108 FVM CFD code 0–62 [24]
9 Water Ag–MgO Square 104–105 PDEs – 0.25–3.8 [25]
10 Non-Newtonian – U-shaped 106 PARDISO CFD code 0–13 [26]
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Rayleigh number and width of diamond shape and indicated 
that the partition geometry could control the heat and fluid 
flow inside the cavity. In another related numerical inves-
tigation, Yousefzadeh et al. [36] simulated laminar mixed 
convection heat transfer inside a square cavity with differ-
ent heat transfer areas with a hot isothermal circular heat 
source at the middle of the cavity. They used silver/water 
nanofluid and showed smaller temperature gradients near 
the hot surface due to the increase in Reynolds number. 
Uniform temperature distribution can be achieved when the 
heat transfer area is placed in a suitable location. Pordanjani 
et al. [37] considered magnetic field and thermal radiation to 
study the free convection and entropy generation in a diago-
nal rectangular cavity filled with nanofluid. An increase in 
Nusselt number and entropy generation and a decrease in 
Bejan number were observed by enhancing Rayleigh num-
ber and reducing the Hartmann number. Overall, nanofluids 
has been used in many heat transfer applications related to 
solar energy [38–40]. Optimization process can improve 
efficiency and heat transfer. It can also modify the geometry 
and shape [41].

According to studies in heat transfer of cavities, the coni-
cal cavities, especially with porous fins, have been less ana-
lyzed. In addition to investigating the thermal performance 
of a conical cavity in the present work, its optimization is 
addressed by nanofluids and porous fins, which is the first 
work in this field. Thus, in this paper, a numerical study was 
performed to investigate the heat transfer performance of a 
conical cavity with two cylindrical engineered porous fins 
attached to the hot base surface. The effects fin spacing, their 
height ratio, and their porosity were examined on the ther-
mal performance of the cavity. The study of the 3D geometry 
of the conical cavity under natural convection heat transfer 
is entirely different from the regular square cavity. In this 
case study, non-symmetric natural convection flow was also 
reviewed. The typical optimization process of geometry is 

usually limited to RSM and Genetic methods. The D.E pro-
cess is based on parameter prediction; therefore, this process 
is much accurate and suitable for geometry optimization.

Problem definition and boundary conditions

To model the natural convection and study the effect of 
geometry on heat transfer, a three-dimensional conical cav-
ity was investigated with cylindrical porous obstacles at dif-
ferent distances, heights and porosities. Figure 1 shows the 
conical enclosure with obstacles with various heights and 
distances. In this case, [A] varied between 0 and 6.5 cm, [B] 
varied between 7.5 cm and 9.5 cm and [L] changed between 
2 and 13 cm. These ranges were selected based on assump-
tions and geometrical restrictions. It was assumed that 50% 
of the base surface is dedicated to each fin and the minimum 
space between fins is 1 cm. The height of baffle 1 was con-
sidered fixed. After finding the optimal distance and the best 
height of the inner fin, the effect of porosity was examined 
for 8 different porosity percentages (0–70%).

The bottom hot plate transfers the Al2O3/water nanofluid 
upwards at � = 1% , and the cold side plates cools it down. 
The internal fins and the cavity frame are made of copper, 
to enhance the heat transfer. Figure 1 shows that the fins are 
concentric cylinders. Boundary conditions of the problems 
are indicated in Table 2.

Fig. 1   Geometrical properties 
of the cavity and fins, dimen-
sions (left) and position of 
fins(right)

Cold side

Baffle 1 Baffle 2

L

A

B

x = 15 cm

Sym.

Y = 15 cm

0<A<6.5
7.5<B<9.5
2<L<13

Hot side

Table 2   Boundary conditions and initial value

Location Boundary condition value Unit

Hot side Heat flux 800 Wm
−2

Cold side Constant temperature 25 °C
Baffle Wall – –
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In this case study, a specific code was generated in Python 
software for modeling natural convection in the cavity. For 
the optimization section, the D.E algorithm was added to 
the base code. The Boussinesq approximation was used to 
model natural convection. PISO algorithm was also used for 
pressure–velocity coupling. All equations were in the second 
order of accuracy. The grid generation code generates a thor-
ough structure inflation grid, and curvature correction was 
used for a corner. To model this simulation, 16 GB RAM 
and 23 cores of CPU were used. All the results were plotted 
in origin software.

Governing equations

At the representative elementary volume (REV), Darcy’s 
law for fluid flow in the pore space is as follows [13]:

where, u is the velocity of fluid and P is pressure of fluid 
at the pore scale. The κ represents the medium permeability, 
and µ is the dynamic viscosity.

Boussinesq equations in this case study are according to 
[42]:

In this equation, the velocity v and T is the fluid tempera-
ture. Due to low temperatures in the fins (in this problem), 
the radiation can be ignored in porous fins [43]. Accord-
ing to the energy balance in a control volume of the inter-
nal fin inside the conical cavity, regardless of radiation heat 
transfer, we have:

In the above expression, Q̇cond and Q̇conv are the heat 
transfer rate by conduction and convection, respectively, for 
which we have:

(1)u =
k

�
∇P

(2)
𝜕v

𝜕t
+ (v.∇)v = −∇p + Pr∇2 + RaPrTêz

(3)v.∇ = 0

(4)
�T

�t
+ (v.∇)T = ∇2T

(5)Q̇total = Q̇cond + Q̇conv

(6)Q̇cond = KfinAc

𝜕T

𝜕x

(7)Q̇conv = hAs

(

Ts − T∞
)

where h is the natural convection heat transfer coeffi-
cient, Ts and T∞ are the temperatures of surface and ambient, 
respectively, Ac and As are the solid cross-section and solid 
surrounding surface area, respectively. Kfin is the thermal 
conductivity of the fin.

For Nu and Ra based on characteristic length (Lc) are as 
follows:

The average convection heat transfer coefficient (hav) of 
the cavity in Eq. (7) can be obtained as follows:

where, Ts is the temperature of the hot surface, T∞ is 
the ambient fluid temperature (which was averaged in 10 
lines in the cavity) and As is the lateral surface of the hot 
plate. The thermal efficiency ( �) and effectiveness ( Ef ) of 
the fin can be calculated from: [12, 44].

where hfin is convection heat transfer coefficient around 
the fin surface in the natural convection. It must be noted 
that the estimation way of heat transfer coefficient for the 
cavity and the fin in Eqs. (6) and (7) is different because of 
the different lateral surfaces.

Turbulent model

The typical laminar viscous model was employed to model 
the natural convection. When the natural convection was 
selected, some critical details of the simulation such as the 
vortex and dissipation rate will be lost. In this case, for the 
first time, a combination of the laminar and turbulent method 
was used to increase the accuracy and address the effect 
of geometry on heat transfer and fluid flow in the conical 
cavity. This combination is based on the laminar solution 
by suppressing the perturbation parameter in the turbulence 
method. Some novel correlations were used to transform 
the laminar model to turbulence. The range of Re for this 
transform was 0.00025–0.00741. The turbulence in this 

(8)NuL =
havLc

Kf

,RaL =
g�

(

Ts − T∞
)

L3
c

v�

(9)hav =

(

Q̇conv

As

[

Ts − T∞
]

)

(10)�fin =
Qb

hfinAs

(

Tb − T∞
)

(11)Ef =
Qb

hfinAc

(

Tb − T∞
)
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intensively explored. In this simulation, the thermal con-
ductivity and viscosity of AL2O3 nanofluid are temperature 
dependent; thus, it is vital to know the behavior of nanoflu-

ids in the range of operation temperature. The correlations 
in Table 3 have a good adaptation with an experimental test. 
The second reason refers to the algorithm of simulation. For 
the first time in this code, both types of viscosity model 
(laminar and turbulence) were simultaneously included to 
increase heat transfer. This is NOT just a solution; as this 
method can increase the accuracy as well. AL2O3 nanofluid 
has been experimentally and numerically investigated in a 
wide range of Nu and Ra. To simulate, a constant parameter 
in the Navier Stocks equation is required. In commercial 
software such as fluent and CFX, this constant parameter is 
set to its default value. In this code, this constant parameter 
was directly extracted from the experimental results.

Geometric optimization

One of the fundamental imperfection of optimization 
methods is that they present a local optimum instead of 
a overall one. Genetic and differential evolution method 
are evolutionary optimization algorithms [41, 50, 51] that 
were matured for recommendation the overall optimum of 
the optimization case studies. D.E. is a relatively unique 
evolutionary optimization algorithm. It is a population-
based optimization method introduced by Price et al. [52] 
who matured a offbeat booming, versatile, and easy-to-use 
overall optimization algorithm. This algorithm is indicated 
in Fig. 2.

Mesh study and validation

Regarding the inherent error in any numerical solution, 
validation and network analysis are the two most critical 

Table 3   Correlations for 
thermal conductivity and 
viscosity

Nanofluid property Equation Restrictions Ref

Thermal conduc-
tivity

k(T) = (0.261 − 0.00417T)−0.033,R2 = 0.9868 � = 1% [46, 47]
290K < T < 340K

Viscosity �r = 1.125 − 0.0007T 290K < T < 340K [48, 49]
1% ≤ � ≤ 4%

simulation was the k-ε model. The equations for kinetic 
energy of turbulence (k) and dissipations rate (ε) are as fol-
lows [45]

where, GK is the production of turbulence kinetic energy, 
Gb is turbulence kinetic energy from buoyancy forces and 
YM is the oscillation contribution in the turbulence density 
to the total loss. C1ε , C2ε and C3ε are constant and SK and Sε 
denote the source terms [45].

Nanofluid properties

Thermal conductivity and viscosity are temperature depend-
ent and specific for each nanofluid. To improve the accuracy, 
the thermal conductivity was calculated from an individual 
correlation temperature-based � = 1% . The correlations for 
thermal conductivity and viscosity are shown in Table 3. 
The correlation of thermal conductivity is extrapolated from 
diagrams in the related references.

In this case study, the important assumptions are:

1.	 Constant heat flux is provided.
2.	 Conduction heat transfer in the fin is only function of 

heat transfer inside the cavity.
3.	 The conduction and convection boundary condition on 

the fin surface are solve coupled in constant time step.
4.	 The convection boundary condition in the cav-

ity are solved in both transient and steady state.
5.	 Low-temperature surface on the side was consider at a 

constant temperature.
6.	 The numerical analysis was performed for axisymmetric 

3D configuration, and the vertical side was defined as 
the axis boundary condition.

There are two important reasons for selecting this type 
of nanofluid of AL2O3. First, this type of nanofluid has been 
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+
�

�t
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+ Sε
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issues to be examined. All calculations were performed 
on the produced domain on the fluid and body regions. By 
changing the mesh number, the computational volume also 
varies, which significantly affects the final results. On the 
other hand, as the number of computing grids increases, the 
computational time will be enhanced. In other words, each 
numerical analysis is a specific function of the mesh size 
value in which the lowest computational cost and the highest 

analysis accuracy are achieved. In this case study, due to grid 
generation on the conical cavity and creating the calculation 
domain on the conical cavity, a unique code was added to the 
original code. There are 2 essential topics in grid generation 
in this case study. First, in natural convection, the gradient 
of velocity is shallow. Therefore, any inequality can increase 
the error. The second issue is the corner. In this geometry, 
the corner has a sharp edge and its refinement in the grid 
is essential. According to Fig. 3a, a mesh study was per-
formed for two Nu and mean temperature parameters of the 
conical cavity. The results clearly suggest that by increasing 
the number of network grids, two parameters in a certain 
number reach their final level of change. Another critical 
issue in examining mesh independence in this work is the 
geometric change during the optimization. The variation 
of y+ base of several grids is presented in Fig. 3b. Since 
the use of the optimization algorithm changes the geom-
etry, the mesh independence should be examined for each 
analysis range. According to the geometric characteristics 
of the problem and the use of aluminum dioxide nanofluid 
with a specific volume fraction and porous fins, the issues 
under validation are divided into two modes. For comparing 
CFD and reference papers, variation in Nu with different Ra 
was examined for one case as a porous triangle cavity with 
nanofluid [19] and another case was a non-porous triangle 
cavity with nanofluid [20]. Figure 4 compares CFD results 
and Chowdhury et al. [53] report for a triangular cavity with 
and without porous media. Accordingly, it can be concluded 
that the maximum deviation of CFD results and reference 
was 6.67% confirming the accuracy of the results. In this 
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Fig, a comparison is also made between the combination 
method (laminar and turbulence) and the traditional method 
( fully laminar). The result indicated that the combination 
method can improve the accuracy.

Result and discussion

Natural convection heat transfer has been extensively 
researched due to its wide application in heat transfer. The 
Boussinesq equations, as the basis of the momentum equa-
tion, create a flow inside the cavity. The three-dimensional 
structure of the problem allows studying the detail of the 
problem. Density changes along the cone height are essential 
factors in heat transfer from the hot plate to the cold one. 
Internal circular barriers affect the overall heat transfer by 
two conduction mechanisms: heat transfer and change in 
the flow regime.

The first step in any numerical optimization is to study 
the sensitivity analysis of the parameters. Sensitivity analy-
sis is a statistical method to measure the impact of each 
independent parameter on a unique final solution. In other 
words, by performing sensitivity analysis for independent 
variables, it is possible to find the priority of each variable 
over the results. In this case, the useful parameters in opti-
mization are the fin spacing and their height. The sensitiv-
ity of three main independent parameters of the problem 
to the Nu was evaluated. Figure 5 shows that the fins (L) 

height significantly affects the Nu. Also, after height, the 
distance of the internal obstacle (A) and then the distance 
of the external obstacle (B) have the most significant effects 
on the Nu. Another significant result of this diagram is that 
the most considerable amount of Nu can be generated at 
specific values of each presented parameter. In other words, 
sensitivity analysis reduces the amount of data to be used 
in the optimization process. This helps to focus on optimal 
values in addition to increasing the solution speed.
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Optimization

One of the limitations of numerical simulation is the range 
of modeling the parameters in every simulation. In other 
words, each analysis can be only applied for one geom-
etry or boundary condition. The numerical solution has 
a unique and specific answer to its specific geometry and 
boundary condition. In this section, using optimization 
methods, it is tried to find the most influential parameter 
on the heat transfer to determine the changes of the Nu 
due to variation in these parameters. In all geometries, the 
heat was transferred from the hot plate (bottom plate) to 
the fluid through circular fins. The fins were placed at the 
bottom of the cavity and could affect the heat transfer rate 
from the base. These fins incremented the area of the hot 
surface. Secondly, they will alter the flow pattern inside the 
conical cavity due to their rigid structures. An increase in 
the number and intensity of the vortices will increment the 
net amount of heat transfer. As mentioned in the previous 
sections, two ring-shaped fins were used in this cavity. The 
effect of their distance from the center of the cavity was 
investigated. The height of fins was assumed to be con-
stant. After estimating the optimum distances, the height of 
the internal fin changes for fixed optimum distances in the 
next step. Figure 6 a presents the effect of changes in the 
distance between the inner fin and the center of the cavity 
( A∕X ) on the Nu, efficiency and effectiveness of the fin, 
and the average temperature. The results clearly show that 
an increase in the distance between the inner fin and the 
cavity center will first augment the average temperature fol-
lowed by a decrease after (A/X > 0.3). In other words, the 
average temperature at a point reaches its maximum value. 

Consequently, the Nu was close to its highest value in pro-
portion to the average temperature (Fig. 6a). Similarly, 
in Fig. 6b the efficiency and effectiveness increased and 
decreased before and after maximum value, respectively. 
The results show that A∕X ≅ 0.3 leads to the highest effi-
ciency and effectiveness of a conical cavity above which, 
the efficiency and effectiveness dramatically reduced. The 
exact optimum values of the A∕X for efficiency and effec-
tiveness are 0.32 and 0.27, respectively.

Since efficiency and effectiveness are different in terms 
of the surface area changes, the lateral surface area and fin 
base surface based on the distance between the inner fin 
and the center of the cavity can play an influential role in 
explaining the efficiency and effectiveness. Another param-
eter studied in this research was the distance of the external 
fin to the center of the cavity ( B∕X ). Figure 7 shows that the 
average temperature of the conical cavity increased and then 
sharply decreased upon enhancingB∕X . One of the crucial 
issues in temperature distribution within a conical cavity is 
the amount and intensity of vortices. The external fin was 
located in the outer region where the cold wall is lower, 
making it possible to form many inactive (useless) vortices. 
Figure 7a indicates that after a certain distance, the average 
temperature rapidly reduced with B∕X increment. The maxi-
mum range of the Nu also varies with average temperature. 
According to part (b) of Fig. 7, the maximum efficiency and 
effectiveness for fins occurred at B∕X equal to 0.59 and 0.58, 
respectively.

Figure 8 illustrates the effect of dimensionless height of 
the inner fin ( L∕Y  ) on the Nu, the average temperature, effi-
ciency, and effectiveness of the fin. An increase in the height 
of the inner fin augmented the average temperature followed 
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by a decline. An increase in the average temperature also 
led to an enhancement in the heat transfer rate. As a result, 
according to Fig. 8a, the Nu follows the same pattern. Simi-
larly, for efficiency and effectiveness, it was observed that 
the height of the internal fin in a specific range will increase 
the efficiency and effectiveness. L∕Y = 0.6 simultaneously 
led to the highest efficiency and effectiveness.

As mentioned before, fins attached to the base surface 
can enhance the heat transfer rate in two ways: (1) incre-
menting heat transfer surface and (2) changing the flow 
pattern and intensity of created vortexes. These two fac-
tors have the optimum situation at optimum values of fins 

distance from the center of the cavity and fin height. Further 
increment in A, B, or L, although leading to a higher hear 
transfer surface, will decline the intensity of the vortexes, 
hence decrementing the thermal performance of the cavity. 
Table 4 shows the range of the independent variables based 
on the optimization of the dependent parameters. Applying 
these changes in the geometry of the conical cavity, the most 
optimal parameters can be obtained compared to the simple 
state (fin-less case).

Accordingly, Fig. 9 compares the estimated Nu of the 
fin-less and straightforward conical cavity and the cav-
ity equipped with fins from the optimization for different 

14 Nu
Taverage

N
u

13

12

11

10

9

8

0.48

(a) (b)

0.50 0.52 0.54 0.56 0.58

B/X

0.60 0.62 0.64 0.48 0.50 0.52 0.54 0.56 0.58

B/X

E
ffi

ci
en

cy
/%

0.60 0.62 0.64

308

2.5 85

80

75

70

65

60

2.4

2.3

2.2

2.1

2.0

1.9

1.8

307

306

305

304

A
ve

ra
ge

 te
m

pe
ra

tu
re

/K

E
ffe

ct
iv

ne
ss

Effectivness
Efficiency

Fig. 7   The effect of changes in the distance between the outer fin and the center of the cavity on (a) the Nu and the average temperature (b) effi-
ciency and effectiveness

18
Nu
Taverage

N
u

16

14

12

10

8

6

4
0.1 0.2 0.3 0.4 0.5

L/Y

(a) (b)

0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5

L/Y

0.6 0.7 0.8 0.9

100

90

80

E
ffi

ci
en

cy
fin

 /%

ε fin

η
fin

70

60

50

312
3.2

3.0

2.8

2.6

2.4

2.2

2.0

1.8

1.6

1.4

310

308

A
ve

ra
ge

 te
m

pe
ra

tu
re

/K

E
ffe

ct
iv

en
es

s f
in

306

304

302

Fig. 8   The effect of changes in the height of the inner on (a) the Nu and the average temperature (b) efficiency and effectiveness



Numerical optimization of a conical cavity as a radiation‑focused concentrator﻿	

1 3

Ra. The results show that the Nu of the optimal cavity is 
20.32% higher (the best case) and about 9% higher (the 
worst case) than the simple one. Figure 9 also suggests 

that Nu’s difference for optimum and simple cavities is 
more remarkable at lower Ra. In other words, geometric 
optimization has a more significant effect on low Ra. In 
the 3D axisymmetric geometry, it is possible to draw a part 
of geometry by its modeling according to the concept of 
symmetry which will reduce the computational cost with 
more focus on the details. Figure 10 is the contour of non-
dimensional temperature distribution and streamlines for 
a section of the optimized and simple conical cavities. The 
results show that the number and intensity of vortices are 
higher in the optimized form. The heat transfer surface 
area also increased upon using fins. The temperature dis-
tribution in a simple conical cavity is uniform. The mean 
temperature also showed a significant increase in the fined 
state. Another interesting point in Fig. 10 is the displace-
ment of the dominant vortex in the conical cavity. Convert-
ing a large vortex to some micro vortices can enhance the 
heat transfer due to the reduction in the average energy 
dissipation.

A dimensionless diagram of temperature on the centerline 
of the conical cavity is plotted in Fig. 11. The dimension-
less temperature diagram for the optimized cavity is at most 
1.234 times higher than the original case. The important 
point in Fig. 11 is the behavior of dimensionless tempera-
ture profiles along the vertical axis of the conical cavity. 
By increasing the base surface distance, the temperature 
changed (i.e. a primary increase, followed by a constant 
value over a relatively large length). In the highest part of 
the conical cavity, an increment can be observed in the aver-
age temperature. The constant temperature in the middle 
of the simple cavity can be assigned to a uniform vortex in 
this region.

Figure 12 shows the velocity contours and vectors of the 
fluid flow for the two modes. The results indicate a signifi-
cant alternation in the velocity distribution, inactive vortices 
in heat transfer and the flow pattern of the optimized form. 
As mentioned above, any change in the velocity profile leads 
to variations in temperature distribution.

Table 4   Optimum range of A/X, B/X, and L/Y for different param-
eters

Parameter Range

Nu Average temperature Efficiency 
and effective-
ness

A/X 0.25–0.31 0.23–0.25 0.27–0.31
B/X 0.57–0.62 0.57–0.58 0.57–0.59
L/Y 0.52–0.74 0.48–0.52 0.5–0.6
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Porosity optimization

In the former section, the geometric optimization of the 
inner fins inside the conical cavity was addressed. The 
results showed that this optimization process could increase 
the Nu by about 23% in the maximum case. The increase in 
Nu in the conical cavity can be achieved by changing the 
internal flow streamlines. The enhancement of the contact 
surface area has been always one of the significant chal-
lenges in heat transfer mechanisms. One of the best ways 
to increase the contact surface area of a solid body with a 
fluid (as a two-phase region) is to use a porous medium. By 
creating porosity on rigid fins, in addition to reducing the 

thermal inertia caused by the reduction of mass, their contact 
area with the fluid can be enhanced as well. Based on this, in 
the continuation of this research, the heat transfer parameters 
in the conical cavity with the porous fin were investigated. 
Here, just the inner fin is assumed to be porous. The initial 
investigations show that the porosity of the outer fin did not 
significantly affect the cavity performance.

Heat transfer in a porous medium is a combination of 
convection and conduction mechanisms. The higher the 
porosity, the greater the fluid–solid contact area. This issue, 
however, coincides with reducing the cross-sectional area of 
each element to its adjacent element. In other words, the sur-
face area of convection heat transfer enhances with increas-
ing porosity. But on the other hand, the area used in con-
duction heat transfer will be reduced. This point will raise 
the issue of optimal porosity percentage. Any solid object 
that participates in heat transfer can perform the maximum 
amount of heat transfer in a range of porosity according 
to the boundary conditions and the problem assumptions. 
Another issue of the effect of porosity investigation is the 
variation of porosity in a specific direction. According to 
the above explanation, low porosity is desirable for regions 
where conduction heat transfer needs to be higher (e.g., at 
the base of the fin). But for regions in which convection heat 
transfer requires to be higher (e.g., at the tip of the fin), the 
porosity should be high. In the following sections, the effect 
of constant and variable porosity will be investigated.

Sensitivity analysis

For optimum fin geometry calculated, the inner fin was 
assumed at constant porosity. Figure 13 illustrates the Nu, 
fin efficiency and effectiveness for different porosity of the 
inner fin at the optimal geometry. As can be seen, the Nu 
and fin efficiency and effectiveness enhanced followed by a 
remarkable decline as a function of the porosity percentage. 
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The Nu is based on the ratio of convection to conduction 
heat transfer. According to the previous section, heat transfer 
in a porous medium was also analyzed in the same manner. 
Since increasing the porosity percentage enhanced the con-
vection heat transfer coefficient and was associated with a 
reduction in the area used in conductive heat transfer, at a 
certain percentage of porosity, the Nu reached a maximum. 
The thermal efficiency and effectiveness of the fins are simi-
lar to the pattern of Nu. As can be seen, all three parameters 
reach their maximum values at the porosity percentage of ∼ 
40%. In general, the efficiency and effectiveness of the fin 
provide a clear definition for heat transfer by defining the 
surface area in two perspectives, the base area of the fin and 
the lateral area.

Variable porosity

As seen in the previous section, the porous medium has a 
drastic effect on the Nu, thermal efficiency, and effectiveness 
of the fins. It was observed that the temperature decreases 
along the height of the conical cavity. On the other hand, the 
internal flow velocities within a conical cavity based on the 
Ra and Nu reach their maximum values in certain regions. 
The previous section stated that the amount of porosity is a 
specific ratio of conduction to convection. In other words, 
concerning porosity, the amount of convection and conduc-
tion can be determined based on the contact area of the fluid 
with the body. In this section, by adding different porosity 
percentages, an attempt is made to optimize the functional 
porosity of fins in the conical cavity by studying the changes 
in porosity based on the temperature distribution function. 
The obtained result is used to redesign the percentage and 
porosity of this environment. In the parts near the base of the 
conical cavity, the temperature gradient was higher due to its 
proximity to the heat flux boundary condition and constant 
high temperature. Due to the strong temperature gradient 

and flow velocity in the area near the conical cavity base, 
two views are proposed to change the porosity percentage.

1.	 Model#1 (Descending porosity): In the first model, 
porosity can be defined based on velocity changes. The 
velocity is lower near the base of the conical cavity and 
the convection heat transfer is small. Higher porosity 
in this region can improve convection heat transfer by 
increasing the contact area between the solid surfaces. 
In the upward direction along the fin, a reduction in the 
percentage of porosity and the increment in the flow 
velocity will lead to an appropriate ratio of convection 
heat transfer due to the interaction between surface area 
and velocity.

2.	 Model#2 (ascending porosity): In contrast with the first 
model, the second view is based on the temperature gra-
dient, the porous medium can be considered in the area 
near the base of the cavity with less porosity and then the 
percentage of porosity is gradually increased with height. 
These changes are based on the theory of increasing heat 
transfer to higher levels to use the maximum thermal gra-
dient. The relative velocity inside the porosity grows up 
as the percentage of porosity increases. Consequently, 
total heat transfer can be improved by increasing the 
convection heat transfer coefficient (rising ​the velocity 
of fluid) and increasing the contact surface area (higher 
porosity). Due to the low percentage of porosity at the 
base of the fins in the conical cavity, more heat flux 
moves along the fin, implying more convection heat 
transfer in the upper parts and more thermal conductiv-
ity in the vicinity of the conical cavity base.

In Fig. 14, two different models (descending and ascend-
ing function) of porosity distribution are exhibited along the 
height of the inner fin. Four functions (constant, linear, and 
two nonlinear) are considered for each type. These functions 
are mainly applied based on computational limitations. The 
equation of porosity along the fin is present in Table 5. 

Figure  15 indicates the changes in the Nu based on 
dimensionless length (height) for two models. The results 
clearly show that the porosity distribution model had a sub-
stantial impact on Nu. For the descending model, function#4 
led to the maximum local value for the Nu at the middle of 
the cavity. For ascending model, function#3 resulted in the 
highest local Nu at the middle and the cavity base.

Average Nu in the cavity is shown in Fig. 16 for different 
descending and ascending models. It can be observed that in 
the descending model, function#3 led to a higher mean Nu; 
while the highest mean Nu was achieved in the ascending 
model using function #4.

The interaction between thermal and fluid behavior in 
a conical cavity determines the final value of the Nu. The 
higher the vortices’ velocity, the more heat is transferred 
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from the hot plate to the fluid according to the geometry of 
the problem. The temperature distribution changed based 
on the transfer of the vortices and their heat transfer. An 
alternation in the porosity percentage along the fin due to 
the intensity of local vortices and the temperature distribu-
tion can affect the Nu. It was observed that the application 
of descending and ascending porosity models along the fin 
affects the Nu to some extent. The results showed that even-
tually, the increased porosity percentage along the inner 
fin (low porosity near base parts and higher porosity in the 
upper parts) with function#4 could positively affect the Nu.
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Table 5   Variable porosity function

Function Equation

4 y = − 171.04x3 + 205.98x2—
87.587x + 71.564 
R2 = 0.999

3 y = 38.304x3—7.6115x2—
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R2 = 0.9981
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Conclusions

Conical cavities can be used as concentrators in solar energy 
absorbers. The better the thermal performance of this cavity, 
the higher the performance of the solar system. In this work, 
the thermal performance of the conical cavity was inves-
tigated with two concentric cylindrical fins. The effect of 
the geometric parameters of the fins, including the distance 
of the inner and outer fins to the center of the cavity and 
the height of the inner fin, was analyzed. After geometric 
optimization, the inner fin was considered porous, and the 
effect of constant and variable porosity was investigated on 
the thermal performance of the conical cavity. The optimal 
porosity was obtained in these two cases. The results can be 
summarized as:

1.	 The thermal performance of a conical cavity is more 
sensitive to changes in the height of the inner fin than 
changes in its distance from the center of the cavity.

2.	 The best range of inner fin height is 0.48 to 0.74 times 
the total height of the cone.

3.	 The best range of the distance from the inner fin to the 
cone center is 0.23 to 0.31 times the cone base radius.

4.	 The best range of the distance from the outer fin to the 
cone center is 0.57 to 0.62 times the cone base radius.

5.	 The best possible porosity for the inner fin at a constant 
porosity case is about 40%.

6.	 The best porosity pattern of the inner fin involves the 
nonlinear increase in the base porosity to the tip of the 
cone, in such a way that its increase is more intense near 
the base and milder near the cone tip.
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