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In this study, the influence of thermal radiation and dispersion on a porous
medium which was filled in a vertical cylinder was numerically solved. A
finite-difference method was used to solve the non-dimensional equations by
applying a Crank-Nicolson implicit numerical technique. Moreover, an
experimental setup has been initially built to investigate the effect of three
different grain sizes of the porous materials on the heat transfer process.
The numerical results indicated that the thermal radiation increased the
momentum and the thickness of the thermal boundary layer during the
natural convection heat transfer process. Whereas, the thermal dispersion
factor decreased the momentum and the thickness of the boundary layer
during the natural convection heat transfer process, which enabled a steady
and transient heat transfer. The experimental results indicated that the pore
size of the medium significantly affected the rate of the heat transfer process.
A smaller pore size showed a greater effect and could be used in different
applications that involve a higher heat transfer rate, while a larger pore
size can potentially be used as an insulating material.
Key words: Porous Medium; Thermal Dispersion; Thermal Radiation;
Natural Convection; Heat transfer enhancement.
1. Introduction
The transient and steady radiation heat transfer in a porous medium that avoids allowing the
passage of fluids has garnered a lot of research interest. It can be used in different applications, such
as the petroleum industry, heat recovery, casting of steel, and blood flow [1-3]. Porous media can be
used in different applications, such as heat exchangers and electrical equipment. This media can
improve the convective heat transfer coefficient and thermal conductivity of the materials by
enhancing the contact surface area [4]. Therefore, many studies have extensively focused on the
porous materials that are used in different engineering applications, such as chemical contamination
of soils and moisture transportation in fibrous insulations [5, 6]. Thermal radiation and thermal
dispersion effects also have a high potential weight in nuclear engineering applications, including
reactors and propulsion systems. These effects change the temperature distribution in the boundary
layer and on the wall surface when coupled with convection heat flow [7].
The thermal radiation and dispersion effects in the porous medium were studied numerically
and analytically investigated in various contexts. In these studies, the natural, mixed and forced
convective heat transfer has been numerically investigated. The studies showed a dissipation effect on

the isothermal vertical flat plate in the porous medium that was saturated with a fluid [8]. The results
indicated that the heat transfer rate was improved with an increase in the Darcy number. It has been
noted that the Nusselt number decreased with an increase in the Forchheimer number. In addition, the
mixed convection reaction in the side-heated, side-cooled cavity that was filled with the porous
medium has been studied. [9]. It has been found that the thermal boundary layer thickness played a
vital role in controlling the effect of pore size and grains on the heat transfer rate occurring in the
cavity.
The application which gained the most attention involved the presence of the porous medium in
the annular cylindrical geometries. In an earlier study, the influence of the opposing flow of the fluid
in the vertically aligned porous annulus present in the fluid-saturated porous media has been
conducted [10]. This model was numerically solved by using a finite element technique. Other
researchers also investigated a similar setup with different shapes of annulus geometry to enhance the
transfer rate [11-18].Aright circular cone with non-Newtonian fluid in saturated porous medium was
used to investigate the viscosity, thermal dispersion influences on natural convection [19].
Mathematical models and experimental works have been carried out to show the influence on heat
transfer rate of the porous medium existence in the annular cylindrical-shaped container. This study
differs from the other previous studies; because it focuses on the effect of both thermal radiation and
dispersion on the isotropic and homogenous, fluid-saturated porous media, having different particle
pore sizes in annular cylinder.
2. Mathematical Formulations
A vertical annular cylinder is filled with saturated porous media. A hot liquid was pumped at a
constant temperature in the inner cylinder. As a result, the inner surface of the cylinder had a constant
temperature, Tw, and uniform wall thickness. The inner cylinder had a radius of r while the outer
cylinder had a radius of ro. The cylinder height was L. A natural heat transfer takes place in the region
filled with saturated porous media. The temperature increased from the inner to the outer cylinder.
Figure 1 depicts the environmental temperature .

Figure 1. (a) Vertical annular cylinder filled with a saturated porous media; (b) Cross-section of
the cylinder, A-A; and (c) Top view of the cylinder
The used porous medium was isotropic, homogeneous, and saturated with the fluid. The local
thermal equilibrium was presumed within the medium and fluid. Furthermore, density (which is a
function of temperature) and similar other fluid properties were assumed to be constant.

2.1. Governing Equations
The governing equations are given by the continuity equation:
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The Darcy–Forchheimer law for flow in porous media
The z-Momentum equation:
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The r-Momentum equation:

The energy equation:
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The density function:
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Substituting Rosseland approximation [19] for radiation into the energy equation
(6)
Where T4as a function of

in Taylor series [20] is approximately equal to
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The effective thermal diffusivity is divided into two parts. The first one describes the basic thermal
diffusivity and the second one covers dispersion thermal diffusivity [21].
(9)
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Substituting Rosseland approximation and the effective thermal diffusivity The energy equation
becomes:
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2.2. Initial and boundary conditions
The geometry of annular cylinder is axis symmetric. Initial and boundary conditions will be as:
At t = 0
r=

(13a)
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z=

(13b)
(13c)

At t
r=

(14a)
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2.3. Non-dimensional governing equations
The non-dimensional parameter is defined as the following:
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The dimensionless momentum and energy equations will be as follows
The z-Momentum equation:
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The r-Momentum equation:
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The energy equation:
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2.4. Non-dimensional Initial and boundary conditions
After applying the non-dimensional parameter Eqn. (15) into the Initial and boundary
conditions Equations (13 &14) the dimensionless Initial and boundary conditions will be as follows
At t
(20a)
(20b)
(20c)

R=
R=
Z=
At t
R=
R=
Z=

(21a)
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3. Numerical Method
Numerical techniques are often used for solving problems that are difficult to solve using
analytical methods [22]. A finite-difference technique can be used for solving the quantity,
momentum, and energy equations [23]. The implicit methods present a solution by solving the

equations that involve the existing and the successive states of the system. A finite-difference
approximation is described as the mean properties between the current time step (n) and the
subsequent time step (n+1) [24]. Finite difference approximations are substituted into the governing
equation by using implicit (Crank-Nicolson) approach:
The continuity equation:
(22)
The momentum equation in x-direction:
(23)
The energy equation:
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Substituting the finite difference approximation into the energy equation, yields:
(25)
Where the coefficient A, B, C and D are given by the following:
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The local Nusselt number:
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]

(30)

The systems of equation are solved by using commercial software Mat LAB. The results are
presented in section 5 results and discussion.
4. Experimental Data
4.1. Experimental setup
In this study, the researchers designed a heat exchanger, which had an annular vertical
cylindrical shape. The inner cylinder showed an inner and outer diameter of 40 cm and 60 cm,
respectively. The 2 cylinders were 120 cm high. This heat exchanger was further raised from the
ground by 20 cm with the help of 4 steel pillars for avoiding heat dissipation that could occur from the
exchanger to the floor by conduction. The region between the inner and outer cylinders was filled
using 3 types of porous media, with 3 differing grain sizes, i.e., coarse, medium, and fine. For
determining the temperature distribution within the porous media, the researchers evenly distributed 6
K-type thermocouples in the region between both the cylinders as shown in Fig. 2. All these
thermocouples were connected to the data logger (HiokiLR8431), which recorded the temperature
values during experimentation with a resolution of 0.1οC.
The inner cylinder contained an electrical heating element (2 kW) that was connected to the
power supply present outside the complete setup. A heater was used for generating thermal energy
within the heat exchanger. Thereafter, this inner cylinder was filled with water, as shown in Fig. 2.
Then, this inner cylinder was sealed shut from both the top and the bottom ends for preventing the
entry of air into the system. Water inlet and outlet units were installed at the top and the bottom ends
of the inner cylinder, respectively. Finally, an electrical water pump was installed outside for
circulating the water, through the heat exchanger which was connected to the inner cylindrical unit.
This pump generated a steady flow in the heat exchanger as it removed the hot water collected at the
bottom outlet of the inner cylinder and pumped it back to the inlet of the cylinder, as shown in Fig. 2.

Figure 2. Layout of the experimental setup
Three experiments were conducted using the above setup. Before initiating any experiment
initially, the researchers filled the region between the inner and the outer cylinders were filled with a
specific porous medium according to the Table 1. The top of the heat exchanger was closed using a
steel lid, as shown in Fig. 3. Then, the electrical heater and water pump were turned on, which
enabled the data logger to start recording the temperature values using the thermocouples. The
duration of every experiment was 60 min. All the above experiments were carried out in the heat

transfer laboratory at the Al Zaytoonah University, Jordan, in November, 2020.
4.2. Experimental Results
Table 2 shows the temperatures of porous media at different radius for different types of porous
media are shown in Table 2. Figure 5 shows the temperature distribution profile for the three kinds of
porous media described in Table 1 and Fig. 4 for differing time periods. The maximum temperature
was defined as the temperature value of the inner vertical plane, wherein an equal volume of water
passed the inner pipe and was constant for the different periods. The temperatures of the saturated
liquid passing through the thermal boundary layer increased gradually during the transient period, till
it reaches a steady state. In the steady state, the temperature of the fluid in the thermal boundary layer
was equivalent to the temperature of the saturated fluid existing outside the boundary layer. At a
specified period, the experimental results indicated that the temperature of the saturated fluid in the
thermal boundary layer for Type (a) was higher than the temperature value for the saturated fluid for
Type (b). Furthermore, the temperature of the saturated fluid in the thermal boundary layer for Type
(b) was higher than the temperature of the saturated fluid for Type (c). Thus, the small pore diameters
of the media particles increased the thickness of the thermal boundary layer through the transient and
steady periods.
Table 1. Prosperities of porous media used
(a)

(b)

(c)

Type
Average Grain Size (mm)
Solid Density (Kg/m3)

Fine
1
2210

Medium
9
2210

Course
34
2210

Solid Heat Capacity (J /(Kg K))
Solid Thermal Conductivity
(W/(m K))

840

840

840

2.15

2.15

2.15

Abbreviation

Figure 3. Test device used in the experimental study
Table 2. Measured temperature
Radius
(mm)

Sample (a)
20 min
60 min
80
80

) for different samples at different time periods
Sample (b)
5 min 20 min 60 min
80
80
80

Sample (c)
5 min 20 min 60 min
80
80
80

20

5 min
80

22

26

30.5

50.2

32

40.5

55.4

35.8

49.5

60.6

24

22

25.5

40.3

24.6

30.4

45.6

27.6

33

49.4

26

22.1

22.6

31

22.8

24.6

33.9

24.5

27.2

40.6

28

22.1

22.3

27.2

22.7

22.5

28.7

22.6

23.2

32.4

30

22

22.4

25.5

22

22

26

22.6

22

27.5

Figure 4. Different types of porous media used in the study
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Figure 5. Experimental temperature profile for the three kinds of porous media considered for
different periods
5. Results and Discussion
5.1. Thermal Radiation Effect
The thermal radiation effect on the Darcy natural convection cycles passing through the annular
vertical cylinders that are filled with the liquid and saturated porous media is shown in both Figures 6
and 7. The velocity and temperature profiles for the various thermal radiation cycles for different Rn
and time period are presented. As described in Fig. 6 the edges of the cylinder show a zero velocity
while it is a maximum at the centre. As the time passes, the momentum boundary layer gradually
increased and became a maximum at the centre of the cylinder.
At any specified time period, the momentum layer due to thermal radiation was larger than that
arising without any thermal radiation. Similarly, the thermal layer that was formed due to thermal
radiation was larger than that arising without any thermal radiation. Fig. 8 shows the local Nusselt
Number of porous media for the various radiation values. The results indicated that at any specified
thermal dispersion value, the local Nusselt number decreased through the transient time. At any time
period, the values of the local Nusselt number arising due to the higher thermal radiation were smaller
compared to the Nusselt numbers arising due to a lower thermal radiation.
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Figure 6. Dimensionless velocity profiles for different thermal radiation values
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Figure 7. Dimensionless temperature profiles for different radiation values
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Figure 8. Local Nusselt Number for different Dimensionless height values
5.2. Thermal Dispersion Effect
Thermal dispersion number describes the mechanical dispersion of porous media which is
directly affected by conduction and convection heat transfer. The experimental results indicated that
the thermal dispersion affected the Darcy natural convection cycles occurring in the annular vertical
cylinders used in the study. As mentioned above, these cylinders were filled with three different kinds
of saturated porous fluid media, having different grain sizes. The lowest grain size of porous media of
the most decreasing in temperature is chosen to show thermal depression effect when the numerical
solution is developed. Figs. 9 and 10 depict the velocity and temperature profiles noted after
experimentation when different thermal dispersion cases were used. As presented in Fig. 9 the

velocity at the edge of the inner cylinder was zero, while it was a maximum at the centre of the
cylinder. When the thermal dispersion cycle was carried out for different time periods, the results
indicated that the thickness of the momentum boundary layer increased gradually and was found to be
a maximum at the centre of the inner cylinder. At any particular time period, the thickness of the
momentum boundary layer due to the presence of thermal dispersion was lower than that noted in the
absence of any thermal dispersion. Furthermore, the thermal layer formed because of thermal
dispersion was lower than that noted in the absence of thermal dispersion.
Fig. 11 depicts the local Nusselt Number for the different porous media sizes and different
thermal dispersion values. The experimental results showed that at a specific thermal dispersion value,
the local Nusselt number gradually decreased over a transient time period. At a specified period, the
local Nusselt number noted in the presence of a higher thermal dispersion value is smaller than the
Nusselt number noted in case of low thermal dispersion.
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Figure 9. Dimensionless velocity profiles for the porous media particles for the different thermal
dispersion numbers
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Figure 10. Dimensionless temperature profiles for the porous media particles for the different
Thermal Dispersion numbers
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Figure 11. Local Nusselt number for the porous media when different thermal dispersion
numbers were used in the experiment

6. Validation
6.1.

Validation of the experimental part

A numerical model was developed using ANSYS 18.2 and validated with the experimental
results to provide more information of the heat transfer in porous media. The validation was carried
out using steady state condition for the three samples. Figure 12 shows the validation of the
numerical results against the numerical results. It was shown that the numerical results are in a good
agreement with the experimental results. In addition, Fig. 13 shows the temperature contours through
the porous media for the three samples.

Figure 12. Numerical validation against the experimental results for the three samples

Figure 13. Temperature contours for the three samples
6.2. Validation of the numerical solution part
Intensive searches in much previous literature are done by the authors to find any similar work
to validate the present numerical solution. It is found that the previous studies have just focused on
either the thermal radiation or the effect thermal depression but not both. Figure 4. in reference [25]
shows that about 66% increasing in the local Nu number when Rn is increased from 0 to 1, which
agrees with this study as shown in Figure 8.
Moreover, figures [11-13], in reference 8 show increasing in velocity, temperature, and local
Nu number when thermal dispersion numbers are increased. These results agree with this work as
shown in figures [9-11].
7. Conclusions
In this study, the effect of thermal radiation and dispersion in an annular vertical cylinder filled
with porous media has been investigated. The experiments were conducted over natural convection
heat transfer cycles. These effects were determined using some parameters involving the
dimensionless group such as velocity (U), temperature ( ), and the local Nusselt number ( ).
Additionally, momentum, continuity, energy equations and boundary conditions that can be converted
to the dimensionless equations were numerically solved using the finite difference Crank-Nicolson
method. Further, the effects of the pore size of the porous media particles using different kinds of
media were experimentally determined and numerical model was developed to validate the
experimental work. Pore sizes of porous media could be determined to maximize or minimize heat
transfer rate. The results obtained by the numerical ANSYS model were in good agreement with
experimental results, also the validation of numerical solution agrees with the existing of the previous
literature.
It was noted that when there was an increase or a decrease in the thermal dispersion factor, the
thickness of the momentum boundary layer is increased. The thickness of the thermal boundary layer
also increased in the natural convection heat transfer process. However, in the case of a natural
convection heat transfer, the temperature and velocity of the saturated fluid through the thermal and
momentum boundary layer is increased gradually during the transient time till it reached a steady
state. The dispersion parameter ( ) that increased the thermal dispersion, alsoincreased the momentum
and the thickness of the thermal boundary layer through steady and transient time periods. Moreover,

during a natural convection heat transfer process, when the pore size of the porous media increased,
the thickness of the thermal boundary layer decreased through transient time. After determining pore
sizes and both profiles of temperature and velocity according to the effect of Rn and Rd, the rate of
heat transfer could be known regarding the specified thermal processes required.
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Nomenclature
CP
CF
g
h
K
Re
nqr

u,
w
U
W
T
P
r
R
z
L
Z
t

Specific heat, [J Kg-1 K-1]
Friction Coefficient.
Gravitational acceleration, [m s-2]
Convection heat transfer coefficient, [W m-2 K-1]
Permeability, [m-1]
Reynolds number.
Radiation flux, [W.m-2]
The porosity of the porous medium.
Velocity in r directions, [m s-1]
Velocity in z directions, [m s-1]
Dimensionless Velocity in X direction.
Dimensionless Velocity in R direction.
Temperature, [K]
Dimensionless temperature.
Pressure,[Pa]
Radius, [m]
Dimensionless radius.
Height, [m]
.
Length
of vertical plate, [m]
Dimensionless height.
.Time, [s]
Dimensionless time.

n
Refractive index
Nu
Local Nusselt number.
Rn
Radiation Number.
Pe
Peclet number.
Ec
Eckert Number.
Td
Thermal Dispersion Effect Number
ss
Steady state
Greek Letters
2 -1
 m Effective thermal diffusivity, [m 2s -1]
Molecular thermal diffusivity, [m s ]

Dispersion thermal diffusivity, [m2 s-1]
d
Coefficient of mechanical dispersion.
d
Pore diameter, [m]

Dynamic viscosity, [N s m-2]

Kinematic viscosity, [m2 s-1]
Stefan–Boltzmann constant, [W m-2 K-4]
coefficient of thermal expansion
Rosseland extinction coefficient
Subscripts
w
Surface conditions
Free stream condition
i
the index for point P(i, j) in the r-direction
j
the index for point P(i, j) in the z-direction
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