AL-QADISIYAH JOURNAL FOR ENGINEERING ScIENCES 16 (2023) 289-297

Al-Qadisiyah Journal for Engineering Sciences

Journal homepage: https://gjes.qu.edu.ig/

N

Contents lists available at http:/qu.edu.iq sioamima

S22 ouRNNLFOR
N mcineerine
seisncas

Toleauio Betereed Joural Ovantey
iraed by Golloge ot
EaginceingUainerdiy o B-Gedirige

Numerical stud?/ of the effect of porous media on heat transfer in a
a

horizontal annular tube

Muna Sabah Kassim, Mustafa Fouad Yousif *, and Doaa Rokan Hussain

Mechanical Engineering Department, College of Engineering, Mustansiriyah University, Baghdad, Iraq

ARTICLEINFO ABSTRACT

Article history:

Received 07 May 2023

Received in revised form 25 July 2023
Accepted 15 December 2023

Keywords:

CF

Porous material
Annuli tube
Performance factor
Forced convection

In the current study, to enhance the characteristics and forced convection performance in the horizontal
annular in the case of the presence of porous material and without porous material, energy analyses were
performed. Many types of porous material, porosities, and diameters were used. Computational fluid
dynamics was used to simulate an annuli tube in case of the presence of porous material and without porous
material by utilization of ANSYS FLUENT software 17.2. The working fluid utilized was water with
Reynolds number from 100-500 and constant wall heat flux at 150 kW/m2. Two types of porous media
glass and steel balls, two different porosities (0.6 and 0.7), and two different porous material diameters (12
and 24mm) were utilized. Investigations occurred under the study state for studying heat transfer properties
and flow of fluid in the annuli tube. The energy analysis outcomes showed that there is a relationship
between Nu and Reynolds number. The highest enhancement of Nu number happened at 12mm diameter
and 0.6 porosity for bolls of glass and 0.7 for bolls of steel. The pressure drop rising occurs with the rising
of Re for all cases and the diameter of 12mm gives the maximum pressure drop for both steel and glass
pellets and the uppermost pressure drop occurs at a porosity of 0.6. As compared with those in the annulus
in the absence of a glass sphere as porous material at the same ball volumes.

© 2023 University of Al-Qadisiyah. All rights reserved.

1. Introduction

The porous channels which fluid flow and heat transfer occur have
significant requests in many engineering arenas as geological studies [1,2],
petroleum industries, solar collectors, water resources, filtration, heat
exchangers and purification processes [3]. Over time a considerable interest
has haggard for studying thermal and characteristics of flow confidential
channels full of porous medium [4,5]. Vineet & Pawan [6] used
computational fluid dynamics to investigate the magnetic field influence on
the hydraulic flow performance, the investigation was between two axial
tubes fraught with a porous medium. The work appeared that when the
magnetic field and permeability were equal to zero, the normal results were
higher than results. Reason that the permeability and the magnetic field
have salient influence on the flow.
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Habibollaa & Hossein [7] the performance of heat-transfer in circular tube
partly full of a porous medium was studied using computational fluid
dynamics. Results appeared that increasing or decreasing in the Darcy
number and decreased the pressure were by increasing of the porosity. The
increasing of Darcy number or the porous material thermal conductivity
enhanced heat transfer. Poulikakos & Renken [8] examine the heat transfer
numerically inside a channel full of a porous medium. The results appeared
an increase of 22% in the Nusselt number value in the developed area of
the circular channel compared with the expected value when using the
Darcy method. Isbeyeh et al. [9] experimentally studied enhancement of
thermal heat exchangers performance in case of presence porous media.
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Nomenclature:

Ai outer surface area of internal tube, (m2) Greek symbols

Ao inner surface area of external tube, (m2) m mass flow rate , (kg/s)

As surface area of heat transfer, (m2) n glass and steel pellets number

d diameter of glass and steel pellet, (m) Nu Nusselt number

Dh hydraulic diameter of annuli tube, (m) r radius of glass and steel pellet, (m)

Di external diameter of internal tube, (m) Re Reynolds number

Do internal diameter of outside tube, (m) Ti average wall temperatures of internal tubes for annuli, (0C)
h forced heat convection coefficient, (W/m2.K) Tm mean temperature, (K)

K permeability

Ks thermal conductivity of glass and steel pellets, (W/m.K) Vd bulk volume, (m3)

Keff effective of thermal conductivity, (W/m.K) Vp glass and steel pellets volume, (m3)

Kf thermal conductivity of working fluid, (W/m.K) To average wall temperatures of external tubes for annuli, (oC)
L length of annuli, (m)

Enhancement of the thermal performance in the cylinders caused by
increase in porosity. Saad [10] studied experimentally free convective heat
transfer, the studied was of a concentric horizontal annular tube considering
the effect of porous medium. Results show that increasing radius of the
annular tube, diameter of porous pellets caused enhancement of the rate of
Nu, and Ra decreased with increasing of Nusselt number. Mehmet [11]
numerically investigated the impact of utilizing a porous medium on a pipe
thermal performance. The results show that the Nusselt number was found
in the longitudinal direction and studied the flow rate. This research purpose
is analyses energy for improving the properties and forced convection
performance into horizontal annular in case of presence porous media and
without porous media using ANSYS Fluent software version 17.2.
Different types of porous media and different diameters and porosities were
used. Glass and steel balls porous media are used.

2. Numerical study

2.1 Physical Perfect of Annuli Tube

Two computational domains of annuli tube occupied with porous media.
The solid domain is major, which comprises of the internal copper cylinder
and porous medium (glass and steel spheres); another domain exemplifies
the water (working fluid) inside the annuli tube. Annuli tube contains of
double exterior and interior cylinder having multi-axes during the flow of
fluid as appear in Fig. [1]. An annulus of double pipes involves of double
pipe length (L=300mm), inside diameter of tube heated by the thermal flux
(Di=20mm), outside diameter of tube (Do=120mm), pipes thickness
(10mm) and the glass and steel spheres is diameters (d=12 and 24 mm) on
behalf of the porous medium. Internal tube diameter wall is heated under
heat flux. The water utilized (working fluid) is at a variable speed at input
uniform temperature 300 K. The heat transfer take place between porous
medium and the surface of the interior tube heated with working fluid in
directions x, y and z.

2.2 Annuli Tube Computational Model

The simulation is used ANSYSS fluent software version (17.2). In this work
used Darcy's flow. To provide thermal hydraulic analysis, SOLID WORK
version (18) software is utilization for generating horizontal annular tube
3D model occupied by porous material (steel & glass pellets). The
utilization of Solid Works software is done to generate a horizontal annuli
tube 3D model to provide thermal hydraulic analysis in this work. Two heat
transfer regions shown in figure [1]. The copper tube is the major region,
where the heat transfer by conduction is main.

The porous media is representing another region, where two heat transfer
instruments are main: convection by working fluid and conduction by
porous material section.

Figure 1. Schematic diagram a horizontal annuli tube filled steel
spheres

2.3 Porous Medium

The porous material used in this study is glass and steel balls. In this work
Darcy’s flow is used. Two different diameters (12 and 24 mm) are used to
study the effect of these balls. Porous material with two different diameters
which have been examined in the simulations the balls are placed between
the two cylinders representing the porous medium in saturated form. The
porous mean includes three important properties that are considered in this
work.

2.3.1 Porosity

Porosity () is a characteristic of the porous medium, which rely on the
porous diameter of the glass and steel balls and the diameter of the test part
containing the porous material, the annular tube [12,13].

Vy—V,

= 1

€ 7 (6))

Vg = AXL 2)
4

Vv, = §nr3n 3

Where; Vd is the volume of annular tube (test section), m3; Vp is the
volume of porous medium, m3; A is the area of (test part), m2; r is the
radius of glass and steel balls, mm; and n is the number of glass and steel
spheres.

2.3.2 Permeability

Another important feature of the porous medium is permeability which rely
on the porosity and diameter of porous media [14,15].
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g2 d?
K = <175>(1—8) 4)
Where d is the porous medium diameter & ¢ is porosity of porous medium.

2.3.3 Thermal Conductivity

The effective thermal conductivity of filled fluid is found in the porous
medium, depending on the porosity of the porous balls, the water and
porous medium thermal conductivity [16, 17].

kepr = ekp+ (1—€) ks (5)

Where; keff is the effective thermal conductivity, ks is the porous balls
thermal conductivity, and kf is the water thermal conductivity.

The nusselt number can be calculated by.

_hD,

Nu
L

(6)

The porous media thermal conductivity is found at [18], [19].

Table 1. Properties of porous medium

©
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Glass d=12 0.7 2.3)(1078 792
ball 081
alls  g=94 0.7 1.2x1077 070
steel  d=12 o7 2.3x10°8 792
ball 7 16.3
alls  g=94 0. 1.2x107 070

2.4 Boundary conditions and governing equations

For the laminar forced convection heat transfer, incompressible, laminar
flow, stable and single-phase in the annuli tube, must be solve the following
governing equations :

- Equation of continuity[20,21,22]
psV.U = 0 %)

- Equation of momentum [23,24]

Pr (o YT [ﬂf PrCos ~] K o
—~(v. = —VP —y |+ L= A
EZ(VU)U VP+pug =¥ |5+ 7% |U|+£VU (8)

Where pw and pw are the density and dynamic viscosity of water (working
fluid), correspondingly; and P is the pressure of local fluid.

- Equation of energy [25,26]

psCps(U.VT) = kV?T ©)

Where k and Cpf are the thermal conductivity and specific heat of water
(working fluid), correspondingly; and T is a temperature of local fluid.

It is must be utilization miscellaneous of boundary conditions to complete
the solutions. Boundary conditions is necessity be stated and utilize as
instruction relying on physics. The simulation of actual flow conditions
applying based on the choose of boundary conditions [27]. Table 2 shows
boundary conditions of thermal transfer and fluid flow in the inlet and exit.

Table 2. Fluid flow and heat transfer boundary conditions of for CFD

simulation
Hydraulic simulation ~ Thermal simulation
Inlet Velocity inlet Uniform temperature
at 300 K
Exit Zero-pressure exit aT _
dz
Outer surface No skid wall Constant temperature
wall
Steel ball surface No skid wall Constant temperature
wall
Internal surface No skid wall K aTs
Son

Figure 2. Mesh generation of annular tube geometry

2.5 Numerical simulation

The grid creation is significant in the simulation. The mesh is geometrically
minor and shelters the whole physical area. Conservation laws can be
applied by drive of this mesh and regulate the distinct sizes. The principal
step is the numerical solutions calculation of equations that label the mesh
generation physical process. The quality of mesh is determined by the
solution consequence. Refining the solution excellence can principal to the
creation of another mesh, while the use of an undeveloped mesh clues to
deviations in the solution. Grid cells are coordinated to the boundary
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surface, and additional areas of flow are recognized using flexible elements.
Figure [2] exemplifies the arithmetic mesh delivery of the model.

(b)

Figure 3. Temperature delivery along the fluid part annuli tube
with two diameters: (a) d=12mm, (b) 24mm

3. Result and discussion

The numerical results of the annuli tube occupied with a porous media are
analyzed and discussed. The ANSYS fluent programmer is used to
demonstrate and analyses the results. Several variables are adopted in this
section to demonstrate their influence on the performance of the annuli
tube. Two different diameters (12 and 24mm) of glass balls and steel balls
are used, and the porosity € = 0.7 is stabilized by change number of ball(n).
Two different standards of porosity (0.65 and 0.7) are used, with the
constant value of the diameter of the glass and steel balls (24 mm). The inlet
water temperature is fixed at 300 K, whereas the velocity of water input
depends on the Reynolds number in the annular tube. To show effect of
Reynolds number on hydrothermal performance of the annular tube
occupied with a porous material, Reynolds number range between 100 and
500 is use.

3.1 Temperature delivery

A annuli tube filled with porous material which lies between the internal
and external surfaces of tubes, deliver with temperature of liquid and solid
domain at Ti= 300K at entry. A uniform thermal heat flux equal q = 150
kW/m2 and Reynolds number value equal 500 along the annuli tube.
Figure [3] explain that the axis is z =0 and plane (x,y) taken at center of
fluid for annuli tube. For all cases, the inlet working fluid temperature is
300K. The layer contacts interior cylinder which represents the heat flow
that temperature high and reduction slowly towards x-axis. Heat is
decreased in the middle of annuli and gain heat from uniform heat flux with
maximum heat exchange. When touching towards x and y-axis the water is
lose heat, due to an influence of heat flux is big at the area of contact and at
fewer as x-axis is loomed. At diameter of 12 mm glass balls, the
temperature is low as compare to glass balls of 24 mm diameter. This is
owing to upsurge in heat transfer area between the thermal flux and working

fluid. Therefore, water spreads the maximum temperature in heat transfer
process from thermal flux.

3.2 Pressure Delivery

The delivery of pressure drop over the length of annuli tube occupied by
porous media, which lies between the internal and external surfaces of
tubes, deliver with pressure of solid and liquid part is equal to zero in the
output. The value of a uniform thermal heat flux g = 150 kW/m2 and
Reynolds number value of 500 are considered. Figure [4] demonstrations
the plane (x, z) is taken a center of fluid part of the annuli tube, and the axis
is (z = 0). For all cases, a decrease in pressure drop is observed along the
annuli tube. The pressure drop is occur due to existence of porous materials,
and the low speed that causes a change in the flow field. Therefore, the
pressure starts to decrease, and the porous materials cause high shear stress
and result in a decrease in pressure. As for x-axis, the pressure drop is
relatively small, and its value is convergent whilst moving towards x-axis.
The pressure drop is maximum in porous sphere with a diameter of 12mm
because of the large number of balls and their proximity with some, which
cause increased shear stress, change the flow area and thus lead to lower
pressure gradually descending along the pipe length compared with the
porous balls with diameters 24 mm.

(b)

Figure 4. Pressure delivery along the fluid part annuli tube with
two diameters: (a) d=12mm, (b) 24mm

3.3 Velocity Delivery

Figure [5] show the delivery of velocity over the length of annuli tube
occupied by porous media amid of the inside and outside tubes surfaces of
the solid and liquid at the burden of the entrance speed is 0.0035 m /s, at
Reynolds number of 500 and value of uniform thermal flux is 150 kW/mz2.
Figure [5] displays that plane (X, y) is taken a center annuli tube, and the
axis is z = 0 .The speed instigates for increasing along tube length and
differs from one region to another. The speed is tall from the area close to
the surface of the interior tube and amongst the spaces of the pellets for all
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cases. The velocity value is few in the sphere crash region due to the
deterioration of working fluid velocity. The velocity in x-axis, is tall at the
area of contact with the interior surface of tube and then slow down at
sphere collision whilst touching to x-axis. Lastly, the working fluid velocity
reductions at it contact the porous material then climb at the void among
pellets along the annuli tube.

(b)

Figure 5. Vvelocity delivery along the fluid part annuli tube with
two diameters: (a) d=12mm, (b) 24mm

3.4 Influence of diameter (glass ball)

The influence of annuli tube filled by spheres of glass on the hydraulic and
thermal performances is investigate by two diameters of 12 & 24mm. The
diameter is variable whereas porosity (¢ = 0.7) is the uniform value. Figures
[6]-[8] display the influence of Re on performance factor, Nu and pressure
drop in the annuli tube occupied by glass pellets. The thermal heat flux
value is established at150 kW/m2. Figure [6] displays disparity in Nu with
Re for annuli tube complete by pellets of glass for two diameters. It can be
notice for the two cases that Nu is climb with Re. The Nu value in the
turbulent region in presence of porous media of annuli tube is higher as
compare of with case of absence of porous media. Nu rising can be returns
to high glass pellets conductivity. The presence of glass pellets enhanced
the Nu, where it is led increase heat transfer because of the tall conductivity
of the porous media. High Nu value originate with diameters of 12 mm for
the pellets of glass. Figure [7] demonstrations variance between pressure
drop and Re in case of presence glass pellets and without porous material.
It can be notice that the increasing of pressure drop occur with augmented
Re in the presence or absence of glass balls. Glass pellets with diameters of
12 mm have compared with diameters of 24 mm. The upsurges of pressure
drop occur with plummeting the diameter and pellets porosity. The
minimum pellets diameter led to space between spheres is fewer, thus
cumulative the pressure drop and plummeting flow of water. Figure [8]
displays the performance factor variance of annuli tube complete by porous
medium. Reduction of pellets diameter from 24 mm to 12 mm causing
performance factor upsurges. The pellets with a diameter of 24 mm is
attained finest performance factor. Diameter reduction of the porous media
causing the performance factor reduction. The increasing pellets diameter

led to rising in convection heat transfer due to the increasing of glass pellets
porosity and heat conductivity, where that led to increasing the performance
factor. The highest performance factor was obtained at diameter of 24 mm,
highest heat-transfer at 12 mm diameter and the greatest water diameter is
24 mm.

3.5 Porosity influence (glass ball)

The performance of heat transfer was investigated by utilization two
porosity (0.6 and 0.7) to find out its influence on the performance. The
values of two porosities are mutable part, but the glass pellets diameter is
constant at 24 mm. Figures [9]-[11] show effect of Re on the performance
factor, Nu and pressure drop in the annuli tube occupied with glass balls.
Figures [9]-[11] show the Re effect on the performance factor pressure
drop and Nu, in the annuli tube occupied with glass balls. The thermal heat
flux value is 150 kW/m2 and two values of porosity are utilization. Figure
[9] displays the variance of Nu with Re in the annuli tube occupied by glass
pellets. There are rising in Nu with cumulative Re with and without glass
spheres. The annuli tube without glass pellets has slight Nu value, whereas
the annuli tube filled with glass pellets have upsurge Nu value. The little
porosity of the glass pellets give rises in Nu. The porosity of 0.6 is give the
maximum value of Nu due to high glass pellets thermal conductivity and
that led to higher heat transfer as compare to the annuli tube without glass
pellets. Figure [10] demonstrations the variance of pressure drop with Re
for annuli tube occupied by glass pellets. Increasing of Re led to rising the
pressure drop with and without porous media. A decrease of the porosity of
the glass pellets is causing the influence on pressure drop. The porosity of
0.6 gives the maximum pressure drop. The annuli tube without glass balls
has little pressure drop. Figure [11] displays the performance factor
variance with Re in the annuli tube occupied with a glass pellet with
diameter of 24 mm. The improvement of performance factor is occurred by
rising of Re and the glass pellets porosity. The maximum performance
factor is attained at porosity of 0.6. The reduction of porosity of the glass
pellets is causing convection heat transfer rising.

500
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_8 non-porous

£ 200 P
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100 -

= d=24
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=z 0 200 400 600
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Figure 6. Variations in Nu with Re for two diameters
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Figure 7. Variations in pressure drop with Re for two diameters
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Figure 8. Performance factor variations as a purpose of Re for
two diameters
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Figure 9. Variations in Nu as a function of Re below two
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Figure 10. Variations in pressure drop with Re below two
porosities
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Figure 11. Performance factor variations as a function of Re
below two porosities

3.6 Influence of diameter (steel balls)

Two diameters (12 and 24 mm) of steel pellets are utilized to study its
influence on the thermal and hydraulic performances of annuli tube
occupied by a steel pellets. The variable part is the diameters of steel balls,
whereas (¢ = 0.7) is the uniform value. Figures [12]-[14] display the Re
influence on pressure drop, Nu, and performance factor in the annuli tube
complete by steel spheres. The heat flux value is established at 150 kW /
m2. Figure [12] demonstrations the variance of Nu and Re for annuli tube
occupied by steel pellets with two diameters. Nu is rises with Re increasing
for two cases. An annuli tube without the steel pellets have minor disorder
Nu value as compared with the annuli tube filled by steel balls. The
increasing of Nu is occur due to high conductivity of steel spheres, that is
enhances Nu in case of presence porous steel. The steel balls at diameter of
12 mm gives uppermost values of Nu. Figure [13] displays variation of
pressure drop with Re for annuli tube filled by porous steel and in absence
of porous steel. Increasing of Re led to upsurges of the pressure drop for
annuli tube filled by porous steel and in absence of porous steel. The minor
steel balls diameter gives better decrease in pressure drop at higher Re. At
12 mm steel balls diameter maximum pressure drop is occur as compare to
24 mm steel balls diameter.

60
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Fiagure 12. Variations in Nu with Re for two diameters
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Dipping of porosity and diameter of the steel balls led to pressure drop
upsurges. Smaller steel diameter gives fewer space between the pellets and
this led to plummeting the working fluid and cumulative the pressure drop.
The variance of the performance factor of the annuli tube filled by porous
steel is shown in figure [14]. The rising of Re is instigates the performance
factor for rising. The decreasing of steel diameters from 24 to 12 mm
causing increasing in the performance factor. At 24 mm steel diameter
maximum performance factor is achieved. Larger porous steel diameter is
give larger convection heat transfer due to large porosity and the
conductivity of the steel balls, where the performance factor is upsurge. The
behavior of heat transfer is different from the working fluid behavior. The
greatest diameter of heat transfer and finest diameter of working fluid
arel2mm and 24mm respectively. Consequently, finest performance factor
is at a diameter of 24mm for the porous steel.

1.2
non-porous
1
—_—d=12
0.8
E‘ d=24
— 0.6
s
5 04
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g
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0 200 400 600
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Figure 13. Variations in pressure drop with Re for two
diameters
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Figure 14. Performance factor variations as a
purpose of Re for two diameters
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Figure 15. Variations in Nu as a function of Re at two
porosities

3.7 Influence of Porosity (steel balls)

To investigate the influence of porosity on the heat transfer performance,
two values of porosity (0.6 and 0.7) are utilized inside annuli tube filled by
porous steel. The porosity is variable, but the steel pellets diameter is fixed
at 24mm. Figure [16]-[17] exemplify the Re influence on the performance
factor, Nu, pressure drop inside annuli tube filled by porous steel at
diameter 24mm. Two standards porosity are utilized and thermal flux at the
worth of 150 kW / m2. Figure [15] demonstrations variance in Re with Nu
inside annuli tube filled by porous steel. Nu upsurges with cumulative Re
in presence and without porous steel. Nu values are increased in porous
steel tube, while its values slight in tube without porous steel. The Nu value
is uppermost at 0.6 porosity due to high steel conductivity in the annuli
tube, which led to high heat transfer. Figure [16] displays variance of
pressure drop with respect to Re for annuli tube filled by porous steel. Re
is augmented with upsurges of pressure drop in the absence and attendance
of porous steel. The utilization of two porosities of steel balls give reduction
in pressure. At porosity of 0.6 a maximum pressure drop is occur. A little
pressure drop is originate inside annular tube with absence of porous steel.
Additional balls of steel rise the pressure drop. Figure [17] displays
variance between Re and performance factor for annular tube occupied by
porous steel balls at diameter of 24mm. Two porosity values of steel balls
(0.6&0.7) are rummage-sale. The improvement of performance factor is
occur when porosity and Re are rise. The steel balls have porosity of 0.6
gives the greatest performance factor. The reduction of porosity of the
porous steel led to increasing convection heat transfer, where it is
pretentious by the heat-transfer process. The performance factor of annuli
tube occupied by steel pellets is then augmented.
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Figure 16. Variations in pressure drop with Re at two
porosities
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Figure 17. Performance factor variations as a meaning
of Re at two porosities

4, Conclusions

The numerical results of the annuli tube occupied with a porous
media. Two different diameters (12 and 24mm) of glass balls and
steel balls are used, and the porosity € = 0.7 is stabilized by change
number of ball(n). Two different standards of porosity (0.65 and
0.7) are used, with the constant value of the diameter of the glass
and steel balls (24 mm).

Nu is relative with Re for all cases and the uppermost Nu improvement
happens at a diameter of 12mm and the uppermost Nu improvement
happens at porosity 0.6 for glass pellets while 0.7 for steel balls. Likened
than other steel pellets diameters, glass and diameters.

The pressure drop rising is occur with rising of Re for all cases and the
diameter of 12mm gives the maximum pressure drop for both steel and
glass pellets and the uppermost of pressure drop is occur at porosity of
0.6 also for both steel and glass pellets with those other cases.
Performance factor through horizontal porous annuli about 0.3 to 8 times
greater than that annuli without porous material.

The porosity of 0.7 and glass ball diameter of 24mm are give best
performance factor.

The best performance factor happens at steel pellet diameter of 24mm
and porosity 0f0.7.
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