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ABSTRACT: Across flow forced convection heat transfer around a triangular cylinder (0.015 m hydraulic diameter) 

embedded in porous media of spherical particles made of (Polypropylene, glass and alumina) with (4.73, 5, 4.5 mm) 

diameter, respectively has been experimentally investigated. Air was used as working fluid at a Reynolds number (1089-

1422). The effects of particles materials with different thermal conductivities (0.248 W/m .k for polypropylene, 0.78 W/m 

.k for glass and 30 W/m .k for alumina) were studied. The triangular cylinder was heated at constant heat flux (4910 W/m2). 

The results manifested that the coefficients of higher heat transfer were determined when using a high particle thermal 

conductivity and the heat transfer coefficients with (Polypropylene, glass and alumina) were (2.28, 3.85 and 4.9) times that 

for the empty duct. The correlations of Nusselt number with Peclet number for various material particles were provided. 

Finally, a comparison was made between the experimental results and the preceding studies and gave a reasonable 

agreement. 
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INTRODUCTION 

The study of the forced convection in across flow with porous media is important from applied point of view. The 

convection heat transfer coefficient is higher for a duct filled with porous media than the hollow duct because of the high 

thermal conductivity of the porous matrix compared with the fluid thermal conductivity. Porous media have a broad range 

of uses, like drying processes, heat exchanger, oil extraction, thermal insulations and geothermal systems [1]. The thought 

of heat transfer in porous media has been studied via numerous researchers. Layeghi and Borujerdi [2] numerically studied 

the steady-state convection heat transfer around a cylinder having a constant Prandtl number and a range of Peclet number 

(≤ 40), in this investigation, the thermal field around this cylinder was obtained to be depended on the porous media porosity 

but not on the permeability. Nasr et al. [3] studied experimentally the forced convection heat transfer around a circular 

cylinder embedded in a porous media using air as working fluid, the porous media were used with a range of spherical 

particles (3,6 and 13 mm), and the thermal conductivity was (from 0.23 W/m.K for nylon to 200 W/m.K  for aluminum). It 

was found that with higher thermal conductivity and smaller diameter porous media, a higher heat transfer coefficient was 

occurred. Cheng [4] investigated theoretically the mixed convection about a horizontal cylinder and sphere; the solution 

used the boundary layer approximation of energy equation by Darcy's law. The porous medium was treated as a continuance 

via volume averaging the fluid and solid phase's properties. In addition, Huny [5] studied the same problem theoretically 

using the Darcy's law without the boundary layer solutions, the solving depended on the truncate Fourier series for the 

following series expansion of the stream function and temperature. The numerical investigation of Al-Sumaily et al. [6] 

investigated the forced convection heat transfer from a circular cylinder embedded in a horizontal packed bed of spherical 

particles under the local thermal non-equilibrium state, the non-Darcian effects were taken into account, the range of solid 

to fluid thermal conductivity ratio (Kr) was (0.01-1000), Biot number (0.01-100) and Reynolds number range (1 ≤ Re ≤ 

250). The results showed that the increment in Biot number reduces Nuf and raises Nus, and the high values of Kr or Biot 

number lead to establish the states of thermal steadiness in porous bed. Mahgoub [7] studied experimentally the forced 

convection heat transfer over a horizontal flat plate in a porous media heated with a constant heat flux. The porous media 

were made of rock material having a diameter of (11, 8.1, 5.6, 4.2 and 2.7 mm) and (11 mm) particle of steel and glass 

materials. Air was the working fluid with a Reynolds number range from 105 to 106, and the results showed that the higher 

coefficients of heat transfer were determined with a higher thermal conductivity and a bigger size of particles. Sayehand et 

al. [8] investigated numerically the forced convection heat transfer from a pair of tandem circular cylinders embedded in 

the spherical aluminum particles in a laminar flow with changing the horizontal distance between the two cylinders. The 

results showed that the entire flux of heat from these cylinders as well as the outlet temperature increased to the maximum 

values and then reduced with a negative slope. As well, the packing channel values were very larger than those of the empty 

channel. H. Laidoudi et al. [9] studied the triangular arrangement of the circular cylinders and thermal buoyancy effects 
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upon the heat transfer as well as the fluid flow inside a horizontal channel. Chatterjee et al. [10] resolved throughout 

numerical emulations the flow separation phenomena around a circular and square cylinder via utilizing the thermal 

buoyancy positive influence. Laidoudi and Bouzit [11] examined the assisting thermal buoyancy influence upon upward 

the power-law fluids flow around a confined circular cylinder. Amer and Hameed [12] studied experimentally and 

theoretically the forced convection heat transfer around a circular heated cylinder. The cylinder was put into a square duct 

filled by porous media of glass balls of 5 mm diameter and it was located in different positions in Y and X direction inside 

the test section, the range of Reynolds number was (1091≤ Re ≤ 1560). The result showed that utilizing the porous media 

enhanced the heat transfer via 67.4%, and the average Nusselt number raised with the increase of heat flux and Reynolds 

number. The free convection was studied numerically [13-16] in horizontal concentric annuli between an inclined square 

enclosure for the outlet part and an inner part represented by circular and elliptic cylinder. The effect of porosity on heat 

transfer characteristics for free and forced convection was studied both experimentally and numerically [17-19]. The Porous 

Medium fitted in a square cavity. The aim of present work is to study experimentally a cross flow forced convection heat 

transfer around a heated triangular cylinder embedded in porous media made of (polypropylene, glass and alumina) spheres 

with a (4.73, 5, 4.5 mm) diameter, respectively. The triangular cylinder is subjected to a constant heat flux (4910 W/m2), 

and air is the working fluid with a Reynolds number range (1089-1422). 

EXPERIMENTAL APPARATUS 

The experimental apparatus is shown schematically and graphically in figure (1). A centrifugal blower was used to provide 

air at (1.164-1.63) m/s velocity, which was controlled by using an inlet gate shatter. The blower discharge is connected by 

air duct which has (20×20 cm2) iron plate thickness of 2 mm and entrance length (3 m) to reaches the fully developed region 

before passing through the test section. The test section possesses the similar cross-sectional area of the air duct with a 

length of (0.4 m), and the bed was fixed in position inside the test section by a mesh wire of (1.5×1.5 mm2).  
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Figure 1. The photographic and schematic of the test rig 

The heater element has a triangular external shape made of copper having a (0.015 m) hydraulic diameter, (0.026 m) face 

side, (0.01 m) inside diameter and (0.2 m) length. It was heated internally by electric heater with (0.02 m) length and (0.01 

m) outside diameter, and in order to avoid the heat loss to the duct wall side, two rubber pieces were placed for insulating 

the heater ends. Temperature of the heating surface cylinder was measured by 9 thermocouples, three thermocouples were 

fixed in a small hole of (1 mm) diameter at each face separated by (5 cm), as shown in figure (2), and the other 

thermocouples were utilized for measuring the temperature of the inlet and outlet air flow throughout the test section. The 

test section was insulated with a glass wool layer, and the heater was supplied with AC-current from a voltage regulator 

type (Dactrone, 2000 W with an oscillation of ± 1%). Avarice type (TDGC) was linked in parallel with a voltage regulator 

for adjusting the input voltage of heater when needed. A two-digital Multimeter was utilized for measuring the voltage 

supplied to heater as well as the electric current passing through it. 

 

Figure 2. The thermocouples distribution around a cylinder 

EXPERIMENTAL PROCEDURE 

The test section was filled with one type of spheres randomly, and the blower was turned on at a suitable flow rate 

adjusted by shatter (100, 75, 63, 50 or 25%) open. The required heat flux was chosen (4910 W/m2), and after (2-3) hours, 

the steady state was happened, and all the required measurements were recorded. 

Porous Media 

The types of porous media used are (Polypropylene, glass and alumina) spheres with (4.73, 5 and 4.5mm) diameter 

respectively. 

Porosity (ԑ) 

It is the ratio of the pore volume to the total volume of the porous media.  

  

                                                                                                                    (1) 

po VVV −=
                                                                                                                                     (2) 

Where: 

V: The total volume 

Vp: The volume of spheres 

The density, thermal conductivity, heat capacity and porosity of porous media are given in Table (1). 

Table 1. Thermal properties and porosity of porous media [20-22] 

Porosity 

 

 

Thermal 

conductivity 

(W/m.oC) 

Heat capacity 

(J/Kg.oC) 

Density 

(Kg/m3) 

Material 

Triangular Heating
cylinder element

supply
Power

Rubber
insulator

Thermocouples

A

A

Section A - A

V

Vo=



 Enhancement in Forced Convection Heat Transfer from a Heated Triangular Cylinder by Using Porous Media 

138 
 

0.398 0.248 1939 900 Polypropylene 

0.399 0.78 670 2507 Glass 

0.397 30 780 3850 Alumina 

   

  

The required parameters are calculated as following: 

The mass flow rate of air is  

AUm aa ..* =
                                                                                                                  (3) 

The heat gained by the air is 

).(.*
ioaaa TTCpmQ −=

                                                                                                                         (4)   

The average surface temperature of the triangular cylinder is 
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Also, the mean air temperature is 
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And, the film temperature is 
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The total power supply to the triangular cylinder is 

                                                                                                                                             (8) 

Also, the heating losses are calculated as follows: 

                                                                                                                                  (9) 

In addition, the net heat transfer is calculated by 

                                                                                                                                    (10) 

The average heat transfer coefficient is 

).( mws

a

TTA

Q
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−
=

                                                                                                            (11) 

Where As: Surface area of the triangular cylinder (As = 3.c.L) 

 

The effective thermal conductivity is calculated by [23] 

 

IVQt .=

atloss QQQ −=

losst QQq −=
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Also, the hydraulic diameter of triangular cylinder is calculated according to this equation:  

                                                                                                                                         (15) 

 

Where P: Perimeter = 3.c 

Moreover, the average Nusselt number is equal to 
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In addition, the Reynolds number equals to 

 

                                                                                                                                  (17) 

 

The surface temperature face of the triangular cylinder is calculated by this equation: 

                                                                                                                                          (18) 

 

The local heat transfer coefficient is equal to 

   

                                                                                                                            (19) 

 

In addition, the local Nusselt number is calculated according this relation:      

 

                                                                                                                                     (20) 

 

Peclet number is calculated by this equation: 

                                                                                                                                     (21) 

 

An uncertainty analysis was done using the approach suggested by [24], the uncertainty of non-dimensional parameter is 

(± 4%) for Nusselt number. 

 For the verification of heat transfer coefficient for an empty rectangular duct, the Churchill and Bernstin (1977) equation 

[25] is used for (4.5 ≤ dp ≤ 5) mm. 
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             (22) 

 

Figure (3) shows the comparison between the experimental and predicted values of the average heat transfer coefficient 

around a circular cylinder in cross flow for empty duct, and the circular cylinder has the same hydraulic diameter (Dh =0.015 

m) for the triangular cylinder used in this research. The   deviation has been found to be (2% -13.6%), and this comparison 

depicts a reasonable agreement. 

 

Figure 3. Comparison between the experimental and estimated values of the heat transfer coefficient for empty duct [25] 

RESULTS AND DISCUSSION 

The current work is limited to study the pad conductivity and inlet velocity effect upon the force convection around a 

triangular heated cylinder with a constant heat flux (4910 W/m2), embedded in porous media. The porous media are made 

of (polypropylene, glass and alumina) spheres with (4.73, 5 and 4.5) mm diameter. The Reynolds number range is (1422-

1089) and the direction of air flow and angle are displayed in figure (4). 

 

Figure 4. Angle and direction of air flow 

The temperature distribution on the perimeter 

Effect of flow rate 

Figures (5) depicts that the local face temperature slowly increased with the angle increase until (180º) and then slowly 

decreased because the lower and upper faces completely were covered by air at (300º, 60º) and the back surface at (180º) 

with a thick thermal boundary layer. In addition, the temperature increased with the Reynolds no. decrease, due to the 

decrease of the rate of mass flow. 
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Figure 5. Temperature distribution (oC) with angle (degree) for different Reynolds numbers (1089-1422) 

Effect of the material particles 

Figures (6-a, b, c and d) represent the similar plots of the temperature profile around the triangular cylinder for different 

material particles, with a Reynolds number from (1089) to (1422). For a constant Reynolds number, the higher value of 

thermal conductivity tended to decrease the local wall temperature of cylinder. In the alumina plot, the high thermal 

conductivity enhanced the conduction from surface to the particles and raised the temperature of particles. Then, it increased 

the convection heat lost from the particles to air, and the maximum temperature difference was (31.8%) between 

polypropylene and alumina at Re (1422). 

 

(a) 



 Enhancement in Forced Convection Heat Transfer from a Heated Triangular Cylinder by Using Porous Media 

142 
 

 

(b) 

 

(c) 

 

(d) 

Figure 6. Temperature profile around the cylinder with different material particles 
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Coefficient of heat transfer 

Figure (7) reveals the change of the coefficient of the local heat transfer at the perimeter with different Reynolds numbers 

for polypropylene particles. The local heat transfer coefficient slowly decreased with the angle increase until (180º) because 

the maximum temperature difference between the surface and air occurred at 180º. Any rising in the inlet velocity tended 

to raise the turbulence and reduce the thickness of the thermal boundary layer, which caused a high coefficient of the local 

heat transfer coefficient.  

 

Figure 7. Change of the coefficient of the local heat transfer (W/m2.oC) with the angle (degree) for various Reynolds 

numbers (1089-1422) 

Figure (8) illustrates the effect of thermal conductivity on the local heat transfer coefficient, it's clear that using a higher 

thermal conductivity material (alumina spheres) gives the higher heat transfer coefficient, and the maximum  difference of 

its value for the polypropylene spheres material was (51%) at Re = 1356. 

 

(a) 
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(b) 

 

(c) 

Figure 8. Change of the coefficient of the local heat transfer (W/m2.oC) with the angle (degree) for various porous 

materials 

Local Nusselt number on the perimeter 

Effect of air flow 

The local Nusselt no. first gradually decreased at (180º) and then increased at (300º), as manifested in figure (9). The 

maximum difference in Nusselt number was (6%) with increased Reynolds number from (1489) to (1422) when using 

polypropylene particles. 
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Figure 9. The change of local Nusselt no. with the angle (degree) for various Reynoldes numbers (1089-1422) 

Effect of thermal conductivity 

Figure (10) elucidates that the local Nusselt number for a high thermal conductivity (alumina) is large than the value of the 

lower thermal conductivity (glass). The highest Nusselt number value for polypropylene packing is due to the effect of the 

higher percentage of convection than the conduction at the surface contact between the cylinder surface and the particles. 

 

(a) 
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(b) 

Figure 10. The change of local Nusselt no. with the angle (degree) for various porous materials with Re (1422, 1089) 

Average Nusselt number versus Peclet number 

Figure (11) views the relationship between average Nusselt number and Peclet number for (polypropylene, glass and 

alumina), and Table (2) lists the correlation equations for different materials used. 

 

Figure 11. The change of average Nusselt no. with Peclet no. for   various porous materials 

Table 2. The correlation equations 

Porous Medium Correlations 

Polypropylene Nuav= 3.877 ln(Ped) - 9.366 

Glass Nuav = 0.381 ln(Ped) + 0.268 

Alumina Nuav = 5.111 ln(Ped) - 15.258 

Correlation relationship of the present experimental work 

A regression analysis was used to find a relationship for all parameters. 
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A comparison between the measured value of Nusselt number and these correlated from the above equation is shown in 

figure (12), and the average deviation is about (± 0.28 %) 

 

Figure 12. Variation of the correlated Nusselt number with the measured Nusselt number 

The enhancement in the coefficient of heat transfer 

The change of the average heat transfer coefficient versus the air flow velocity (with and without porous median) is 

displayed in figure (13). For the same air flow velocity (1.38 m/s), the heat transfer coefficient with (polypropylene, glass 

and alumina) are equal to (2.28, 3.85 and 4.9) times that for the empty duct. This enhancement indicates that the porous 

media serve as effective enhancers for the forced convection heat transfer. This is due to the high thermal mixing in the 

flow. It is clear that the enhancement increased with the thermal conductivity increase. 

 

Figure 13. Variation of the average heat transfer coefficient (W/m2.oC) versus the air velocity (m2/s) with and without 

porous media 

Comparison with previse work 

Figure (14) evinces a comparison between the experimental results of the present work and the results obtained from the 

empirical equation suggested by K. Nasr et al. [3]. The dashed line based on the empirical relation suggested by ref [3] is 
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in acceptable agreement with the present results, but the difference in the slope is because of the different shapes of the 

used cylinders (circular cylinder in ref [3], triangular cylinder in the present work). 

 

Figure 14. Comparison between the current work and the correlation via Nasr et al. [3] for (4.5 ≤ dp ≤5) and (8.83 ≤ 

Ks/Kf ≤ 1091) 

CONCLUSIONS 

The results for this work revealed a good understanding of the appearance effect of the porous media of the spherical 

different particle materials. From the results of the force convection heat transfer around a heated triangular cylinder fixed 

in a horizontal duct, the following conclusions can be drawn: 

1) The minimum temperature of the surface triangular cylinder was at (θ=60o, 300o), and the maximum temperature was at 

the stagnant point (𝜃 = 180°) and then decreased with the Reynolds number and particle thermal conductivity increase. 

2) The maximum local heat transfer coefficient around the triangular cylinder at (θ=60o, 300o) increased with the Reynolds 

number and particles thermal conductivity increase. 

3) The average Nusselt number varied linearly with the Peclet number, but the slope changed with the particle materials. 

4) The below correlation was found to evaluate the average Nusselt no. as a function of Peclet no. and the ratio of solid to 

fluid thermal conductivity for the bed diameter range (4.5 ≤ 𝑑𝑝 ≤ 5) mm and (8.83 ≤ Ks/Kf ≤1091). 
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The average deviation between experimental and correlation results is (± 0.28%). 

5) The average heat transfer coefficient with porous media (polypropylene, glass, the alumina) are equal to (2.28, 3.85 and 

4.9) times that for the empty duct. 

NOMENCLATURE 

A The cross-sectional area of test section (m2) ԑ Porosity (-) 

As Surface area of the triangular cylinder (m2) ρ Density (Kg/m3) 

Cp Specific heat (J/kg.K) Nu Locale Nusselt number   

Dh Hydraulic diameter of triangular cylinder (m) Nuav Average Nusselt number  

c The side length of triangular cylinder (m) Ped Peclet number 
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h Local heat transfer coefficient (W/m2.K) Re Reynolds number   

hav Average heat transfer coefficient (W/m2.K) Subscripts 

I Current (Amp) a Air 

K Thermal conductivity (W/m.K) i Inlet 

Qt Total power supply to the heater (W) o Outlet 

T Temperature (oC) m Effective 

U The average velocity in test section (m/s) f Fluid 

V Voltage (Volt) s Solid 
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