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In this work, energy analyses were performed to enhance the characteristics and 
performance of forced convection into vertical annuli with and without porous media. 
Different sizes of porous media and porosities were used. A three-dimensional 
numerical simulation of an annular tube with and without porous medium was 
conducted using ANSYS Fluent software version 17.2. Water liquid was used for 
Reynolds numbers ranging from 100 to 600 and a wide range of wall heat flux. In the 
experiment, an annular tube consisting of two concentric cylinders 300 mm long was 
manufactured. The outer cylinder was made of Teflon, whereas the inner cylinder was 
made of copper. The inner cylinder had an outer diameter of 20 mm, and the outer 
cylinder had an inner diameter of 100 mm. Three different porous medium diameters 
(11, 16 and 25 mm) and three different porosities (0.65, 0.75 and 0.85) were used and 
tested under steady state to study fluid flow and the heat-transfer properties of the 
annular tube. Results of the energy analysis indicated that Nusselt number values 
increased with decreased porosity (i.e., by approximately 4.25, 4.2 and 3.5 times at the 
porosities of 0.65, 0.75 and 0.85, respectively) compared with those in the annulus 
without glass balls as porous media at the same glass sphere sizes. Accordingly, the 
best Nusselt number improvement occurred at the diameter of 16 mm (approximately 
4.6 times) and at the lowest porosity of 0.65 (approximately 4.25 times). 
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1. Introduction 

 
Enhancement in heat transfer using porous media is attracting research attention because of 

their ability to dissipate a substantial amount of heat. In particular, emphasis has been given on 
improving heat transfer using porous media in many engineering applications. Recently, the 
hydrothermal characteristics through an annulus filled with porous media have been investigated in 
many engineering applications such as in heat exchangers, electronic devices, nuclear reactors, solar 
absorbers, geothermal and storage thermal systems, etc. Bu-Xuan and Jian-Hua [1] experimentally 
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investigated the influence of porous particles size on thermal performance of a vertical annular. Their 
results (for oil or water) indicted that the Nusselt number is highly influenced using porous due to 
flow disturbance. Yang et al., [2] investigated theoretically heat transfer characteristics of a 
horizontal annual filled with porous medium. The outer surface assumed to be adiabatic while the 
inner surface subjected to uniform heat flux. As an example, illustration in views, the air and 
Aluminium foam composition were chosen. Chikh and Allouache [3] studied the turbulent flow 
performance into an annular pipe. heat exchanger filled with porous inserts by entropy generation 
minimization technique. They used a modified k-ɛ model to calculate the turbulence into porous 
media. They concluded the heat transfer enhancement about 40% for the porous inserts. Cui et al., 
[4] have performed a numerical study of porous annuli thermoelectric generators at waste thermal 
harvesting. They considered electrical and heat contact resistance between the heat sink and 
thermoelectric generator to compute the power output. They suggested correlation equation 
between porosity for peak output power and pore diameter of thermoelectric generators. Shirvan et 
al., [5,6] have investigated numerically analysis heat transfer into double-pipe heat exchanger filled 
with porous media. They utilized k-ɛ and Darcy-Brinkman- Forchheimer models to evaluate the 
effectiveness of heat exchangers and heat transfer for wide range of Reynolds and Darcy numbers. 
They showed that the sensitivity of effectiveness for heat exchangers is positive with Reynolds 
number and negative with Darcy number. Nimvari et al., [7] studied the turbulence influence on the 
heat performance of porous layer pipe. They simulated laminar and turbulent flows into a pipe 
partially filled with porous layer. They showed that the turbulence influence in porous zone is very 
important at layer thickness of porous layer. Rong et al., [8] numerically simulated the enhancement 
of heat transfer into a pipe filled with porous medium. They used axisymmetric Lattic Boltzman model 
to compute the fluid flow and heat characteristics. They found that the porous media thickness 
enhances the thermal performance. Many researchers have numerically studied the heat transfer 
and flow performance and characteristics inside a pipes and annulus using porous media under free, 
forced, and mixed heat convection [9-14]. Generally, they found that the porous media improve the 
heat performance with undesirable increases in pressure losses. The present study aims are to 
evaluate the thermal and hydraulic performance characteristics of a concentric vertical annular tube 
filled with a porous medium. Develop 3D numerical simulation using ANSYS Fluent software to 
investigate the effects of different geometrical and physical parameters on the heat performance of 
the concentric vertical annular tube. The geometrical parameters include the diameter of porous 
media and porosity in addition the physical parameters like the Reynolds number and heat flux are 
studied. Utilize an experimental test rig of the concentric vertical annular tube using glass balls as 
porous media and water as working fluid to validate the numerical simulation. 
 
2. Numerical Work 
2.1 Physical Model of Annular Tube 
 

The concentric annular tube filled with a porous medium has two computational domains. The 
first one is the solid domain, which includes the inner copper tube and porous material (glass balls); 
the second domain represents the liquid (water) in the annular tube. The annular tube consists of 
two external and internal cylinders having multiple axes with fluid flow, as shown in Figure 1. The 
geometry of the two cylinders includes the length of the two cylinders (L), the diameter of the 
external cylinder (Do), the diameter of the internal cylinder heated by the thermal source (Di), the 
diameter of the glass balls (d) representing the porous material and the thickness of the cylinders (t). 
The diameter wall of the inner cylinder is heated under thermal flux. The liquid used (water) is at 
variable speed with constant temperature input (300 K). A thermal transfer of heat occurs between 
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the surface of the internal cylinder heated with water and porous material in levels x, y and z. Through 
the materials used, the water is selected as a factor from the fluent material database, and copper is 
selected as heat-heated with heat conductivity of 387.6 W/ (m.K). 
 

 
Fig. 1. Schematic diagram a vertical concentric annular tube 
containing glass balls 

 
2.2 Computational Model of Annular Tube 
 

ANSYS Fluent software version 17.2 used to perform the simulation. Darcy's flow model 
(Brinkman) used in this work. The Solid Works version (18) software is used to create a 3D geometric 
model of the concentric vertical annular tube filled with a porous medium (glass balls) to provide 
thermal hydraulic analysis in this work. Figure 1 depicts two zones of heat transfer. The first zone is 
restricted in the copper cylinder where the conduction heat transfer is predominant. The second 
zone is the porous medium where two of heat transfer mechanisms are predominant; conduction 
within porous media and convection within fluid flow region. 
 
2.3 Governing Equations and Boundary Conditions 
 

For the steady, single-phase, incompressible, laminar flow, and laminar forced convection heat 
transfer in the annular tube, the following governing equations must be solved [15]. 
 
Continuity equation 
 

𝜌𝑓∇. 𝑈⃗⃗ = 0              (1) 

 
Momentum equation 
 
𝜌𝑓

𝜀2
(∇. 𝑈⃗⃗ )𝑈⃗⃗ = −∇𝑃 + 𝜌𝑤𝑔 − 𝛾 [

𝜇𝑓

𝐾
+

𝜌𝑓𝐶𝑝,𝑓

√𝐾
|𝑈⃗⃗ |] +

𝜇𝑓

𝜀
∇2𝑈⃗⃗         (2) 

 
where µw and ρw are the dynamic viscosity and density of water, respectively; and P is the local fluid 
pressure. 
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Energy equation 
 

𝜌𝑓𝐶𝑝𝑓(𝑈⃗⃗ . ∇𝑇) = 𝑘∇2𝑇            (3) 

 
where Cpf and k are the specific heat and thermal conductivity of water, respectively; and T is the 
local fluid temperature. 

A range of boundary conditions must be used to complete the solution. For good solutions, 
boundary conditions must be specified and used as a rule in the light of physics. The boundary 
conditions are chosen to be synonymous with the actual flow conditions used in the tests. For fluid 
flow and heat transfer, the types of boundary conditions are inlet, outlet and thermal boundary 
conditions. Table 1 represents the limits of these terms used. 
 

Table 1 
Boundary conditions of fluid flow and heat transfer for CFD simulation 
 Hydraulic simulation  Thermal simulation 

Inlet Velocity inlet Constant temperature at 300 K 
Outlet Zero-pressure outlet 𝜕𝑇

𝜕𝑧
 =  0 

Outer surface No slip wall Adiabatic wall 
Porous surface No slip wall Adiabatic wall 
Inner surface No slip wall 

𝑘𝑠

𝜕𝑇𝑠

𝜕𝑛
 =  𝑞′′ 

 
2.4 Numerical Simulation 
 

One of the most important stages in the simulation is the grid creation. The grid is geometrically 
small and covers the entire physical area. The purpose of this grid is to determine the separate sizes, 
so that conservation laws can be implemented. The first stage is the calculation of the numerical 
solutions of equations that describe the physical process of grid generation. The result of the solution 
is determined by the grid quality. Improving the solution quality can lead to the creation of another 
grid, whereas the use of an undeveloped grid leads to deviations in the solution. Mesh cells are 
matched to the boundary surface, and other areas of flow are identified using flexible elements. 
Figure 2 illustrates the arithmetic grid distribution of the model. 
 

 
Fig. 2. Grid generation for the annular tube geometry 
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A test of grid independence is performed to obtain the best grid structures that provide accurate 
results. The annular tube grids are established in the application of the ANSYS grid. Simulation 
accuracy is improved by using a computer with an accurate grid file, which can be obtained by 
studying grid independence. A grid study is conducted via the following steps. Firstly, a preliminary 
analysis of the grid and the recording of the temperature over time of the annular tube are 
conducted. Secondly, re-arrangement with a more accurate grid and the same boundary conditions 
is performed. Thirdly, grid independence is evaluated by monitoring one point over time using all grid 
sizes. The process is performed more than once to obtain an accurate and acceptable affinity. Grids 
sensitivity are tested at the Re = 600 for three diameters (11, 16 and 25 mm), and the results are 
presented in Figure 3. 
 

 
Fig. 3. Average heat-transfer coefficient variation as a function of 
the number of finite volume cells 

 
Using a finite volume technique, the governing equations with their boundary conditions are 

numerically resolved. On the basis of finite volume method, the iterative solution for arithmetical 
conditions is performed using ANSYS-Fluent (version 17.2) software. To calculate the flow domain, a 
laminar model is constructed. The SIMPLE algorithm is used for coupling velocity and pressure 
components. By a second-order upwind scheme, momentum and energy equations are discretized. 
The solution becomes convergent when the residuals are less than 10−6. 
 
3. Experimental Work 
3.1 Experimental Test Rig 
 

Figure 4 illustrates the especially manufactured experimental test rig for this work. The main 
components of the test rig are test loop, test section consisting of a concentric vertical annular tube 
filled with a porous medium and measurement tools. 
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Fig. 4. Photograph of experimental test rig: (1) Water tank 
(2) Pump (3) Valve (4) Flow meters (5) Test section (6) AC 
Power supply (7) DC power supply (8) Voltage regulator (9) 
Digital multi-meter (10) Manometer (11) Temperature 
recorders 

 
3.1.1 Test loop 
 

The test loop consists of a water tank with water piped out to flow to the centrifuge pump. When 
running the pump, the water goes through the tubes to the valve which controls the amount of water 
going out to the water flow meter. The flow meter is used to control the flow of water, and several 
rates are used for different volumetric flows ranging from 0.3 l/m to 1.9 l/m. This condition is 
consistent with Re values ranging from 100 to 600. The water then comes out by pipes into two 
branches, namely, a pipe that enters the test section and a pipe to a pressure gauge to measure the 
inlet pressure. The water entering the test section is heated by the heater, and then the hot water 
comes out to two branches. Hot water comes out of the system and a pipe into the pressure gauge 
to measure the outlet pressure. 
 
3.1.2 Test section 
 

The test section is made of a concentric annular tube filled with a porous medium, the glass balls. 
The annular tube consists of two cylindrical concentric tubes with an outer cylinder and an internal 
cylinder. The glass balls are located at the space between the two cylinders, as shown in Figure 5(a) 
and 5(b). The outer cylinder is made of Teflon material with a length of 300 mm. The diameter of the 
external cylinder is 120 mm, and the inner diameter of the outer cylinder is 100 mm. Teflon material 
is chosen, because it is a good insulation unaffected by heat; it also presents resistance to corrosion 
and no adhesion. A solid Teflon cylinder is taken. The cylinder is drilled in accordance with its length 
by a drilling machine, as shown in Figure 5(a) and 5(b). The surface of the outer drum is drilled by a 
hole machine with a diameter of 3 mm to place the thermocouples on the surface of the outer 
cylinder. Six holes are excavated; the first one is for a 40 mm-long cylinder, and the rest are at a 
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distance of 44 mm. Threaded Teflon caps are used to cover both sides of the test section. Two covers 
of Teflon (150 and 50 mm thickness) are manufactured to seal the cylinder from both sides to prevent 
water leakage during the flow when the pump is turned on and the exit of the glass balls and to be a 
support for the inner cylinder, where a screw tooth is made for both sides. They cover are also drilled 
by a perforation machine to allow water to enter and exit, for the exit of thermocouple wire and to 
place the internal cylinder. The inner cylinder is made of copper material with a length of 400 mm, 
where the length of 300 mm represents the test section, and the remaining length of 100 is for the 
Teflon cover, the outer diameter of the inner cylinder (20 mm) and the internal diameter (10 mm). 
The thermocouples are installed on the outer surface of the inner cylinder. The distance on which 
the thermocouples are installed is the same distance as that for the thermocouples of the external 
cylinder. They are coated with a thermal adhesive to prevent the water effect during the flow when 
the pump is running. 
 

 
Fig. 5. Photograph and 3D schematic of the test section 

 
Several different tests are performed to study the effect of porous media on the performance of 

the annular tube. Different parameters are used to measure their effect on heat transfer, three 
diameters (11, 16 and 25 mm) are used for glass balls, and three porosity values (0.65, 0.75 and 0.85) 
are adopted. Water flow rates are used depending on Re ranging from 100 to 600, and different heat 
fluxes (1.7–20.2 kW/m2) are used. The main steps of the experimental procedure are as follows: (1) 

The heater is inserted into the inner cylinder of the test section and other parts of the test rig. (2) The 
water tank is fully filled with water. (3) After running the pump, the water flow is adjusted to the 
required value by using a valve to control the water quantity. (4) A power supply unit is turned on to 
supply the electric heater, when the required heat flow is needed to the inner surface of the internal 
cylinder by adjusting the input voltage using the power supply DC. (5) Every 10 min, the temperature 
is recorded when the steady state is reached, i.e., when the temperature is observed at fixed value. 
The time required to reach the steady state is approximately 30 min. (6) After reaching the stable 
state, the water temperature at the input and outlet of the annular tube is measured. Water flow 
rate, current, voltage and pressure drop in water are then measured. (7) Steps 3–6 are repeated for 
each condition to cover all water flow rates and heat flux. (8) Steps 1–7 are repeated to use different 
porosity values and diameters for glass balls. 
 
3.2 Data Processing 
 

The total heat absorbed by the fluid by the electrical input (qin) of the heating element inside the 
annular tube can be represented by the heat produced by the heater as a result of current and 
voltage, i.e., 
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𝑞𝑖𝑛 = 𝑞𝑒𝑙𝑒 =  𝐼 × 𝑉             (4) 
 
where I is the input current, and V is the input voltage. The net heat gain is determined by the heat 
loss from the supplied electrical power, i.e., 
 
𝑞 = 𝑞𝑒𝑙𝑒 − 𝑞𝑙𝑜𝑠𝑠 =  m̊C𝑝𝑓(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)          (5) 

 
The heat flux is determined by dividing the total heat input by the inner surface area [16], i.e., 
 

𝑞" =
𝐼×𝑉

𝜋𝐷𝑖𝐿
              (6) 

 
The rate of heat transfer by convection (qc) of the porous medium can be calculated by the Newton 
equation for cooling, namely, 
 
𝑞𝑐 = ℎ𝑎𝑣𝐴𝑖(𝑇𝑖𝑎𝑣 − 𝑇𝑏)            (7) 
 
The average heat-transfer coefficient (hav) can be calculated as follows 
 

ℎ𝑎𝑣 = 
m̊C𝑝𝑓(𝑇𝑓,𝑜𝑢𝑡−𝑇𝑓,𝑖𝑛)

𝐴𝑖(𝑇𝑖𝑎𝑣−𝑇𝑏)
            (8) 

 
where Tb and Tiav are the mean bulk temperature and inner tube temperature, respectively, 
measured as 
 

𝑇𝑏 =
1

2
(𝑇𝑓𝑖 + 𝑇𝑓𝑜)             (9) 

 
and 
 

𝑇𝑖𝑎𝑣 = ∑
𝑇𝑖

𝑛

𝑛
𝑖=1                         (10) 

 
Ao and Ai are the inner surface area of the outer cylinder and the outer surface area of the inner 

cylinder, respectively; they are computed as follows 
 
𝐴𝑜 = 𝜋𝐷𝑜𝐿                        (11) 
 
𝐴𝑖 = 𝜋𝐷𝑖𝐿                        (12) 
 

The average number of Nusselt (Nuav) can be calculated by heat-transfer coefficient (hav), 
hydraulic diameter (Dh) and thermal conductivity coefficient (keff). 
 

𝑁𝑢𝑎𝑣 =
ℎ𝑎𝑣𝐷ℎ

𝑘𝑒𝑓𝑓
                        (13) 

 
where 
 
𝐷ℎ = (𝐷𝑜 − 𝐷𝑖)                       (14) 
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(ke) The total thermal conductivity of porous media is defined as a calculation method based on the 
thermal conductivity of fluid (water) and solid (balls) [17]. 
 
𝑘𝑒𝑓𝑓 = 𝜀𝑘𝑓 + (1 − 𝜀)𝑘𝑠                      (15) 

 
where kf is the thermal conductivity of water, and ks is the thermal conductivity of glass spheres. (ε) 
The porosity of the porous medium is defined as the ratio of the total volume to the size of the test 
section. 
 

𝜀 =
𝑉𝑑−𝑉𝑝

𝑉𝑑
                        (16) 

 
The area of the test section (Vd) is calculated as  
 

𝑉𝑑 =
𝜋

4
(𝐷𝑜 − 𝐷𝑖)𝐿                       (17) 

 
The volume of glass spheres (Vp) is calculated as  
 

𝑉𝑝 =
4

3
𝜋𝑟3𝑛                        (18) 

 
Re can be calculated as 
 

𝑅𝑒 =
4𝑚̇

𝑣𝑓
                        (19) 

 
The mass flow rate of water can be calculated by  
 
𝑚̇ = 𝜌𝑓𝑄                        (20) 

 
The flow rate Q is measured on the basis of mean fluid temperature using a flowmeter. The water 

density and water specific heat can be calculated. All fluid (water) properties in the annular tube are 
taken at average temperature (Tm) calculated by the arithmetic mean between the mean surface 
temperature of the internal and external cylinders along the annular tube as follows 
 

𝑇𝑚 = (
𝑇𝑖𝑎𝑣+𝑇𝑜𝑎𝑣

2
) + 273.18                      (21) 

 
The performance factor (σ) criterion is used as an improvement heat transfer for most passive 

techniques. It’s computed as the ratio between the improvements of heat transfer to pressure drop 
[18,19] as 
 

𝜎 =
(
𝑁𝑢𝑝𝑜𝑟

𝑁𝑢𝑠𝑚𝑜
)

(
∆𝑃𝑝𝑜𝑟

∆𝑃𝑠𝑚𝑜
)
1/3                        (22) 

 
Overall performance is better the higher the performance factor than one. 
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4. Result and Discussion 
4.1 Verification of the Numerical Model 
 

Numerical results are compared with the experimental results of an annular tube filled with 
porous media. In Figure 6(a), the temperature of the fluid coming out of the annular tube is compared 
with the numerical and experimental results. The ratio of convergence between the numerical and 
experimental results is 0.25% for glass balls with a diameter of 11 mm. In Figure 6(b), a comparison 
of the average Nu for numerical and experimental values is made. Convergence between the 
numerical and experimental results is 6% for glass balls with a diameter of 16 mm. In Figure 6(c), the 
pressure drop is compared with the numerical and experimental values. The ratio of convergence 
between the experimental and numerical results is 18% for glass balls with a diameter of 25 mm. The 
reasons for the difference between the experimental and numerical results are the uncertainty in the 
measuring instruments and the assumptions imposed by the numerical simulations. The highest error 
ratio between the numerical and experimental results is 18%. 
 

 
Fig. 6. Comparisons between the numerical and experimental results; (a) 
outlet water temperature with Re for d=11 mm, (b) Nu with Re for d=16 mm, 
(c) pressure drop with Re for d=25 mm 

 
4.2 Temperature Distribution 
 

The temperature distribution along the annular tube filled with a porous medium between the 
surfaces of the inner and outer cylinders of the solid and liquid parts at Ti = 300 K at the entrance, a 
constant heat flux of q = 20 kW/m2 and the value of Re of 600 are considered. Figure 7 shows that 
the plane of (x, z) is taken along the fluid domain for the annular tube, and the axis is y = 0. For all 
cases, the temperature of the water at the entry is 300 K. The layer contacts the internal tube which 
represents the thermal flow that the temperature begins to rise gradually towards z-axis. 
Consequently, the water begins to gain heat when entering and reaches the central area, because 
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the transfer of heat at the middle is different from that at the entrance. The heat is reduced at the 
middle, and the water starts to gain heat from the constant thermal flux with the maximum heat 
exchange. The water is gaining heat whilst moving towards z-axis. The lowest heat value is at the 
input and the highest temperature value is at the output of z-axis. The highest heat transfer is at the 
beginning of z-axis, because the temperature is low. Whilst approaching z-axis, the temperature 
increases, whereas the heat transfer decreases. As for x-axis, the highest temperature is at the 
contact line of the internal tube. The temperature decreases whilst moving towards x-axis, because 
the effect of thermal flux is large at the contact area and less as x-axis is approached. The highest 
temperature is in the glass spheres at the diameter of 25 mm compared with those in the glass balls 
with diameters of 11 and 16 mm. This condition is due to the increase in the area of heat transfer 
between the water and the heat flux. Thus, the water reaches the highest temperature in the process 
of heat transfer from the heat flux. In all previous figures, the temperature is the lowest at the input, 
and the highest heat value is at the exit along z-axis. As for x-axis, the temperature is high at the 
contact area and gradually decreases towards x-axis. 
 

 
Fig. 7. Temperature distribution from plane along the fluid domain annular 
tube with different of diameters: (a) d=11 mm, (b) d=16 mm, (c) d=25 mm 
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4.3 Velocity Distribution 
 

The distribution of velocity along the annular tube filled with porous materials between the 
surfaces of the external and internal cylinders of the liquid and solid at the imposition of the speed 
of entry is 0.0042 m/s, and the discharge of a constant heat flux value is 20 kW/m2 at Re = 600. Figure 
8 shows that the plane (x, z) is taken along the annular tube, and the axis is y = 0. For all cases, the 
speed begins to rise along z-axis and varies from one region to another. The speed is high from the 
area close to the surface of the internal cylinder and among the spaces of the balls. The value is low 
in the collision zone of the balls as a result of the collision of water velocity with the porous glass balls 
along z-axis. As for x-axis, the velocity is high at the contact area with the internal cylinder surface 
and starts to slow when colliding with the balls whilst moving towards x-axis. Finally, the water speed 
decreases when it hits the porous medium and increases at the space among the spheres along the 
annular tube. 
 

 
Fig. 8. Velocity distribution from plane along the fluid domain annular tube 
with different of diameter: (a) d=11mm, (b) d=16mm, (c) d=25mm 
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4.4 Effect of Porous Diameter 
 

Three different diameters (11, 16 and 25 mm) of glass balls are used to study their effect on the 
hydraulic and thermal performances of the concentric annular tube filled with a porous medium. The 
different diameters are the variable part, whereas porosity (ε = 0.75) is the constant value. Figure 9 
to Figure 12 show the effect of Re on Nu, pressure drop, external fluid temperature and performance 
factor in the annular tube filled with porous materials. The value of the heat flux is confirmed at 150 
kW/m2. Figure 9 shows the variation in Nu with Re for the annular tube filled with glass spheres with 
different diameters. Nu increases with increased Re for all cases. The value of Nu in the condition of 
the annular tube without the porous medium is small compared with that in the presence of porous 
materials. The increase in Nu can be attributed to the high conductivity of glass balls. Nu enhances 
with the presence of porous materials, which causes high heat transfer because of the high 
conductivity of the porous medium. The highest values of Nu are found at the glass balls with 
diameters of 11 and 16 mm. The increase in heat transfer for the diameter of 11 mm is 1420%, that 
for the diameter of 16 mm is 1474%, and that for the diameter of 25 mm is 1310%. Figure 10 shows 
the variation in pressure drop with Re in the annular tube filled with a porous medium and in the 
annular tube not filled with porous materials. The pressure drops increases within the annular tube 
with increased Re in the presence or absence of porous materials. A lower diameter of the glass 
spheres means a greater decrease in pressure drop with increased Re. The highest-pressure drop is 
at the glass balls with a diameter of 11 mm, compared with glass balls with diameters of 16 and 25 
mm. The pressure drops increases by reducing the diameter and porosity of the balls. A lower 
diameter of the spheres means less space among the balls, thereby reducing the fluid flow and 
increasing the pressure drop. The increase in pressure drop for 11 mm diameter is 7303%, that for 
16 mm diameter is 3450%, and that for 25 mm diameter is 1200%. Figure 11 shows the temperature 
variation of the outlet fluid in the annular tube filled with glass spheres with Re. The fluid 
temperature is inversely proportional with increasing in Reynolds number in all cases. The decrease 
in fluid temperature is due to the enhance in heat transfer in the annular tube as a result of the 
repeated re-mixing of the fluid inside the tube. The process of heat exchange with low water 
temperature is thus enhanced when increasing Re. Figure 12 shows the variation of the performance 
factor of the annular tube filled with porous materials. The performance factor begins to increase 
with increased Re. The performance factor also increases with decreased diameter of the balls from 
25 mm to 11 mm. The best performance factor is achieved at the porous medium with a diameter of 
25 mm. The performance factor begins to decrease with a reduction in the diameter of the porous 
materials. Convection heat transfer increases with increased diameter of the porous media owing to 
the high porosity and heat conductivity of the glass spheres, which increase the performance factor 
of the annular tube. The heat transfer behavior is different from the fluid flow behavior. The best 
heat-transfer diameter is 11 mm, and the best fluid diameter is 25 mm. Therefore, the best 
performance factor is at the porous medium with a diameter of 25 mm. 
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Fig. 9. Variations in Nu with Re for different 
diameters 

 

 
Fig. 10. Variations in pressure drop with Re for 
different diameters 

 

 
Fig. 11. Variations in the temperature of fluid 
outlet with Re for different diameters 
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Fig. 12. Performance factor variations as a 
function of Re for different diameters 

 
4.5 Effect of Porosity 
 

Three different values of porosity (0.65, 0.75 and 0.85) are used to study their effect on the 
performance of heat transfer in the annular tube filled with a porous medium. The diameter of the 
porous medium is stabilised at 25 mm, and the different porosity values are the variable part. Figure 
13 to Figure 16 illustrate the Re effects on Nu, pressure drop, the temperature of the outside water, 
the performance factor in the annular tube filled with porous media and the porous medium with a 
diameter of 25 mm. Three different porosity values are used, with the heat flux at the value of 150 
kW/m2. Figure 13 shows the variation in Nu with Re of the annular tube filled with a porous medium. 
Nu increases with increasing Re in the presence and absence of porous materials. The values of Nu 
are small in the annular tube without porous materials, whereas the values of Nu increase in the 
annular tube filled with porous media. Nu increases with the low porosity of the glass spheres. The 
highest value of Nu is found at the porosity of 0.65 because of the high conductivity of the glass balls 
inside the annular tube, which causes high heat transfer, compared with the annular tube without 
porous medium. The increase in heat transfer for the porosity of 0.65 is 1368%, that for the porosity 
of 0.75 is 1310%, and that for the porosity of 0.85 is 1227%. Figure 14 shows the pressure drop 
variation with Re of the annular tube filled with a porous medium. The pressure drops increases with 
increased Re in the presence and absence of the porous media in the annular tube. Pressure 
decreases with the use of glass balls with different porosities. The effect on pressure drop is evident 
as pressure decreases with a reduction in the porosity of the glass spheres. The highest-pressure drop 
is found at the porosity of 0.65. The pressure drop is low in the annular tube without porous medium. 
Pressure drop increases when the balls are added. Pressure drop is inversely proportional with the 
porosity. The increase in pressure drop for the porosity of 0.65 is 1431%, that for the porosity of 0.75 
is 1209%, and that for the porosity of 0.85 is 765%. Figure 15 illustrates the variation in water outlet 
temperature from the annular tube filled with a porous medium with Re. The water temperature 
decreases with increased Re in the presence of porous medium in the annular tube. Low 
temperatures occur whilst Re increases in the absence of spheres in the annular tube. Three different 
values are used for the porosity of porous media. The effect of porosity on liquid temperature in the 
two cases is shown. Water temperature is reduced because of the high conductivity of the glass 
spheres that cause high heat transfer, thereby increasing heat exchange with low water temperature 
and Re in the annular tube. Figure 16 shows the variation in performance factor with Re in the annular 
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tube filled with a porous medium with a diameter of 25 mm. Three different values for the porosity 
of the glass spheres (0.65, 0.75 and 0.85) are used. The performance factor enhances as Re and the 
porosity of the porous medium increase. The best performance factor is achieved when the glass 
balls have porosity of 0.85. Convection heat transfer increases with increased porosity of the porous 
media, which is affected by the heat-transfer process. The performance factor of the annular tube 
filled with a porous medium is then increased. 
 

 
Fig. 13. Variations in Nu as a function of Re 
under different porosities 

 

 
Fig. 14. Variations in pressure drop with Re 
under different porosities 
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Fig. 15. Variations in the temperature of fluid 
outlet with Re under different porosities 

 

 
Fig. 16. Performance factor variations as a 
function of Re under different porosities 

 
5. Conclusions 
 

This work focused on the development numerical model and validated by fabrication of a test rig 
model to enhance the characteristics and performance of forced convection into vertical annuli with 
and without porous media. The numerical results were verified by comparing with experimental 
results, and good consistency was found in behaviour and values with a maximum deviation of 18% 
for pressure drop. The results of this research have different important conclusions that can be 
included 

i. For all cases, the outlet water temperatures decrease with the Reynolds number increases 
and the highest temperature values at the smallest glass spheres diameter and highest 
porosity. 

ii. For all cases, the Nusselt number is proportional with Reynolds number and the highest 
Nusselt number enhancement occurs at diameter of 25 mm about 4.5 times and the highest 
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Nusselt number enhancement occurs at porosity 0.65 and about 4.25 times. Compared than 
other glass balls diameters and porosities. 

iii. The pressure drops increases with Reynolds number increase in all cases and the highest 
pressure drop at diameter 11 mm about 730 times and the highest pressure drop at porosity 
0.65 about 143 times with those other cases. 

iv. The performance factor of forced convection through vertical porous annulus is about 3 to 7 
times higher than that annulus without porous media. 

v. The optimum performance factor occurs at glass ball diameter of 25 mm and porosity of 0.85. 
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