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H I G H L I G H T S   A B S T R A C T  
• Convection heat transfer is enhanced 

significantly in a triangular channel filled 
with a porous material. 

• The average heat transfer coefficient 
increases with decreasing porosity compared 
to an empty triangular channel. 

• The average Nusselt number decreases when 
using porous packed channels but increases 
with increasing porosity. 

• Static pressure difference increases with 
increasing both Reynolds number and 
porosity. 

• Empirical correlation is derived by relating 
the Nusselt number to the Reynolds number 
for the triangular porous packed channel.   

 Convection heat transfer inside an empty triangular channel when filled with 
porous media heated proportionally with a constant heat flux (1300 W/m²) at the 
Reynolds number range (3165- 10910) with packed beds has been studied. The 
present work investigates porous media experimentally. The packed duct has a 
length (1 m) and (0.1 m) hydraulic diameter packed with porous material made 
from spherical glass particles of two different diameters (5 mm, and 10 mm). The 
value of porosity for the channel is (0.468,0.616 and), respectively. This research 
studies the effect of changing the Reynolds number and porosity on the enhanced 
heat transfer coefficient and local Nusselt number. The results indicated that 
using a porous structure enhanced the convection heat transfer coefficient 
significantly by (90.2%) and (92.1%) at porosity (0.616, 0.468), respectively, 
when compared with an empty duct. The results also revealed that the local 
Nusselt number decreased when the flow's axial position increased with 
increasing air velocity. The pressure on both ends of the test section increased as 
the air velocity rose and reduced as the size of the glass spheres increased. 
Therefore, the drag coefficient decreases as the modified Reynolds number 
increases with the diameter of glass spheres. The current research was compared 
with previous research, and the results were satisfactory.  Correlational 
relationships were reached between the Nusselt number and the Reynolds 
number. 
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1. Introduction 
The porous medium is used in many fields and applications. It has been applied in industry, geology, and nuclear power. It 

also plays a key part in heat transfer and saving energy, such as Granular or porous insulators and high-power electrical file 
structures [1,2]. The porous medium is also applied in buildings and as insulating materials in nuclear reactors, dryness, and 
solar energy storage [3]. The methodology of fluid flow in a porous channel, which is based on the momentum equation or the 
power balance on this substance, has been mathematically summarized and interpreted in various experimental results (Darcy 
law). The rate of fluid velocity in a duct filled with highly permeable media is directly proportional to the pressure along the 
channel and inversely proportional to the fluid viscosity, according to this equation [4]. Due to the various technical 
applications that rely on the usage of porous material, it was necessary to investigate the heat transfer performance inside the 
porous channel. Porous media are used for both conduction and convection heat transfer. 

The thermal conductivity of both the fluid and solid parts of the porous medium and the architecture of the porous media 
network determines the heat transport through a homogeneous porous medium. Because the porous material and the fluid are 
different phases with various thermal conductivities, one must express an equivalent thermal conductivity for both phases, 
referred to as effective thermal conductivity [5].Leung et al. [6] studied the heat transfer experimentally inside a horizontal 
isosceles triangular duct. The investigations were performed to study the effect of corner geometry on forced convection inside 
a triangular duct having sharp corners with five different apex angles (θa=15°, 30°, 40°, 60°, and 90°). The triangular compact 
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heat exchanger was simulated using an electrical heating triangle duct. The isosceles triangle ducts were made of duralumin 
and had the same length (2.4 m) and hydraulic diameter (0.44 m). The investigation was performed under turbulent flow with 
Reynolds number range (7000 ≤ ReD ≤ 20000). It was found that the best thermal performance is achieved with an apex angle 
of (60°). 

Hesham et al.  [7] Investigated the forced convection heat transfer experimentally for a pulsating flow inside a horizontal 
hot cylinder partially filled with porous media. The horizontal test cylinder is made of copper (38) mm in diameter and (1) m 
long. The experimental work was performed for a laminar water flow inside the cylinder as a steady and pulsating flow with 
different frequencies. Carbon steel balls with (6.35 mm) diameter were used as particles, filling the tested cylinder, and the 
porosity (ℇ) of the porous media was determined experimentally and found to be (0.4). The operating parameters range was 
considered; for Reynolds number from 400 to 2000, heat flux from (10 kW/m2 to 60 kW/m2) and pulsation frequencies from 
zero up to 5 Hz for different filling ratios from zero to unity. The obtained experimental results showed that for the considered 
range of the operating parameters, the Nusselt number and the heat transfer coefficient increase with increasing Reynolds 
number for a steady and pulsating flow. Nusselt number increases with increasing filling ratio with porous media for steady but 
pulsating flow. Nusselt number for pulsating flow is more significant than a steady flow. 

Mortazavi and F. Hassan pour   [8] numerically studied forced convection in a porous triangular channel. The flow was 
assumed to have constant properties. The flow was completely developed and laminar, and the conditions were maintained by 
a constant heat flux. The effects of porosity and permeability, the friction factor, the Reynolds number, and the Nusselt number 
on the air velocity and temperature distribution in a triangular channel were presented using accurate analytical solutions. The 
results show that the temperature profile exhibits the greatest difference in the maximum permeability and lowest porosity. 
With increasing porosity, both the friction factor and the Nusselt Number rise. 

Fadhl et al. [9] The experimental results of the forced convection heat transfer and pressure decrease across a square 
packed duct (12.5x12.5x100 cm) were reported. The pad comprised 48 metallic wrapping coil units with a porosity of 0.98 and 
a thermal conductivity of (26 W/m.℃). For heat flux (0.56 to 2.73 kW/m2), Reynolds number (40339 to 54797), and three 
boundary conditions of heat flux imposed on the duct surface, the local surface duct temperature, and local heat transfer 
coefficient distribution, Nusselt number, pressure drop, and friction factor were determined. Nusselt number rises in tandem 
with Reynold's number and heat flux. The packed duct's Nusselt number should be (1.21) times greater than the clear channel. 

Jaber et al. [10] presented a research study on free. They forced convection heat transfer for three-dimensional laminar 
steady flows in a glass cubic box with dimensions of (30x30x30 cm) filled with porous medium. Plastic balls were a porous 
medium with a uniform diameter (11.7 mm). While an electrical heater heats the lowest wall, and the remaining walls are 
thermally isolated. Two vents with similar dimensions (6x6) cm with length (70 cm) constructed of clear plastic for air 
entering were made at the two vertically opposite walls, one for input and the other for air exit. The investigation of the porous 
media influence on the forced convection heat transfer with the selected heat flux values and for the (RePM) Reynolds number 
range (17.45 - 22.13) for every heat flux was included in the experimental work. For the average Nusselt number ranges (41.52 
- 82.85), air enters from the bottom and escapes from the top in this experiment. According to the results, the average Nusselt 
number rises as the Reynolds number rises and falls as the high heat flux rises. 

Seyed Soheil Mousavi and Mohammad Nikian [11] presented the first research to provide an exact analytical solution for 
convection heat in a triangular duct. The closed dimensionless temperature, the Nusselt number, and dimensionless 
temperature, as well as the center of the cross-section, were calculated using the finite series expression method. The authors 
believe that the proposed solution method could be applied to similar problems, such as heat convection in non-equilateral 
geometry, finding solutions for other thermal boundary conditions, and modeling the effect of heat dissipation in triangular 
ducts. 

Varun et al. [12] stated that the duct geometry significantly impacts heat transfer in both laminar and turbulent flow 
conditions. This paper summarizes the findings of various triangular duct studies. This article looks at natural and forced 
convective heat transfer using Newtonian fluids, both experimentally and numerically. Compared to all other boundary 
conditions, the optimum heat transfer occurs under axially uniform wall heat flux with peripheral uniform wall temperature 
boundary conditions. Furthermore, rounding corners improve heat transfer and increase pumping power, which is directly 
related to operating costs.  The result is that a triangle cross-sectional duct has the lowest friction factor compared to other 
arbitrary cross-sectional ducts. Also, the friction factor is inversely proportional to the Reynolds number in the fully developed 
region and becomes independent of flow direction distance. 

Rafel et al. [13] tested the convection heat transfer in three channels (triangular, cylindrical, and rectangular) sectional area 
of (1 m) test reg and a (0.1 m) hydraulic diameter packed bed (ball glass having d=12 mm) in an experimental environment 
with a steady heat flux (1070 W/m2) and Reynolds numbers in the range of (12461-2500). The effect of varying the Reynolds 
number and duct geometry on the temperature profile and local Nusselt number was demonstrated. The wall temperature along 
the channel drops when the Reynolds number rises with the same heat flux in a comparison of three ducts. As the Reynolds 
number rises, the average Nusselt number rises as well. The triangular channel's local surface temperature is more than that of 
the rectangle channel, which is higher than that of the cylindrical channel. The void fraction of the triangular channel was 
higher than that of the rectangle and cylinder channels. The test rig's length and hydraulic diameter are the same, and the local 
Nusselt number reduces as the length of the duct rises. The local Nusselt number of the triangular channel is also higher than 
the rectangle and cylinder ducts. 

R. Kumar et al. [14] Investigations of five different duct models to analyze how changing the corners affects the heat 
transfer and friction factor. The first has a traditional triangular channel with small corners, while the remaining four structures 
have a variety of rounded corner duct combinations. Furthermore, the final model (Model-5) has a rounded corner with dimple 
protrusions on the heat-conducting side. Compared to a conventional duct with Reynolds numbers of 17500 and 3600, the 
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Nusselt number and friction factor increased by 191 percent and 287 percent, respectively. As a result, improved performance, 
rounded corners, and roughness are recommended through the triangular channel. 

Mahdi et al. [15] presented an experimental study of flow and heat transfer behaviors in a rectangular duct with porous 
media and air as turbulent flow's working fluid entry length. The rectangular duct (300 mm x 30 mm) with a hydraulic 
diameter of (54.54 mm) was subjected to a constant lower surface heat flux (1.5x102-1.8x102 w/m2), with a Reynolds number 
ranging from (3.3x104 to 4.8x104). Copper mesh inserts (as porous media) with a diameter of 54.5 mm are considered for 
various distances (10 mm), (15 mm), and (20 mm) between two adjacent screens in the porosity range (0.98 - 0.99) for 
experimentation. The impact of the porous height ratio was also considered (full and partial). It was found that using mesh 
inserts improves the heat transfer by a factor of (2.2) times compared to a plain surface.  

Hikmat N. Abdulkareem et al. [16] studied the forced convective heat transfer experimentally in a vertical channel packed 
with a spherical porous medium heated with constant heat flux. The channel was covered with a spherical glass of three 
different diameters (1, 3, and 10 mm) in the range ( 0.0416 < (particle diameter / inner channel radius). The experimental setup 
included a packed bed assembly made of a copper tube with a (48 mm) inside diameter, (54 mm) outer diameter, and (1150 
mm) heated length and constant heat flux. Water flowed against gravity in the test section, which was vertically oriented. The 
result showed that raising the Reynolds number by 65 percent raised the local Nusselt number by 34 percent while increasing 
heat flux by 71 percent increased it by 11 percent. When the particle diameter is between 1 and 3 mm, the heat transfer rate 
increases, but it decreases when the particle diameter is between 3 and 10 mm. At 97 percent, pressure drops are minimal, 
while porosity rises by 23 percent. 

Mohammed [17] used the Fluent CFD software to study the laminar natural convective heat transfer for air captured 
between an outer cold circular enclosure and a heated inner equilateral triangular cylinder. Gopal et al. [18] utilized the finite 
element analysis to investigate the unsteady free convection heat transfer in an enclosure with two heated horizontal circular 
cylinders under a magnetic field.  Rehman  et al. [19] also used finite element analysis to study the free convection heat transfer 
in a triangular porous enclosure embedded with a T-shaped fin, the left/right walls are designed cooled, and the top segments 
are adiabatic. Finally, Alshehri et al. [20] mathematically investigated the effects of the Darcy-Forchheimer flow of hybrid and 
single nanofluid blended in Kerosene Oil.  

As presented above, it is obvious that convection heat transfer inside empty and packed ducts is well addressed and 
covered in various situations regarding the duct geometry and the shape and size of porous media. However, there are still few 
experimental studies concerning the convection heat transfer in a triangular channel packed with porous media at constant heat 
flux and changing the porosity. Therefore, the present work has been conducted to solve this problem.    

2. Objectives of the Present Work 
This study aims to perform an experimental investigation of the forced convection heat transfer in a triangular duct with 

and without porous media at a constant heat flux of 1300 W/m2. The study covers the Reynolds number range (3165-10910) at 
two porosity values: 0.468 and 0.616, to estimate their impact on the temperature profile, heat transfer coefficient, Nusselt 
number, and static pressure difference. Also, it is intended to obtain an empirical correlation between the average Nusselt 
number and both the Reynolds number and porosity. 

3. The Experimental Setup 
An experimental rig was designed to study the heat transfer process by forced convection in a porous duct. Generally, the 

experimental apparatus shown diagrammatically in Figure 1 consists of the following assemblies: 

 Triangular channel. 
 Electrical heater 
 Porous media. 
 Air blower. 

 
The total length of the channel is (1 m) with (0.1 m) hydraulic diameter and equilateral sides of (0.17 m), and it is 

manufactured from a galvanized sheet with a thickness of (1 mm). Its outer surface is insulated using rubber foam insulation 
material of (0.036 w/m. K) thermal conductivity to prevent any heat interaction with the surroundings to the heating process, as 
shown in Figure 2. 
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Figure 1: Schematic diagram of the experimental apparatus 

  
Figure 2: Flexible rubber tube (hose) and test duct 

The air enters the triangular channel using an air blower, and a flexible rubber tube with a diameter of (10 cm) and a length 
of (2 m) connects the blower output to avoid vibration. The air blower is connected with the channel through a connection box 
manufactured with dimensions (20×20 cm and t=10 cm) and connected with the circular duct (D=0.1m, L=10 cm). In addition, 
another connection box (equilateral triangle) with dimensions (a=17 cm) and a mesh were placed at the channel to prevent the 
loss of particles from the outlet of air during the experiment. 

Along the test rig, two electric heaters produced a constant heat flux (1300 W/m2). A voltage regulator provides the heater 
with AC to control the incoming voltage according to desired heat flux. The electrical heater is made of (Nickel-Chrome), and 
the resistance is (18.7 ohms) with a coil diameter (0.25 mm). The electric heaters were installed by warping the channel's 
outside surface 54 times. The two heaters were connected in series. The blower's structure with power supply by a 3 -phase, 
(1.12 KW), (2872 rpm), and (50) HZ, were utilized, and Figure (3a) shows the output pipe diameter (5 cm). Shatter was used to 
close the inlet blower gate, and five flow rate levels can be produced, Figure (3b).  

 
(a) 

 
(b) 

Figure 3: (a) Air blower Figure 3: (b) Shatter 

 
Two diameters (12 mm and 5 mm) of glass sphere as a porous medium were used to study the convection heat transfer in 

this work and fill the test section with it. First, the average diameter of a glass sphere was measured with an Electronic Digital 
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Vernier Calliper while the ball was clamped in it. Then, the parameters were measured by gripping the ball and spinning the 
sphere with the Vernier to ensure that it was spherical in shape and size, as shown in Figure 4. 

 
Figure 4: Porous media 

Thermocouple type-K (chromel – alumel) wires are used to measure the temperature in the apparatus, see Figure 5. 
Eighteen sensors were installed on the surface of the duct, the surface of the channel was divided into six sections, and every 
six sensors were installed in the face of the channel where the average of three sensors for the same point of each section was 
taken. In addition, two sensors were placed at the beginning and end of the test section to measure the air temperature. Thus, 
the total number of sensors used is twenty, see Figure 6. In addition, Arduino system type mega and Uno cart were used to 
record the system's temperature.  

    
Figure 5: Thermocouple Figure 6: The distribution temperature along 

the duct surface within six sections 

4. Experimental Calculation 
The following relationships can be used to compute the average air temperature [16]: 

 𝑇𝑇𝑇𝑇 = �𝑇𝑇𝑇𝑇+𝑇𝑇𝑇𝑇
2

� + 273.15 (1) 

The following relationship can be used to calculate the characteristics of fluid based on the average temperature [21]; 

 𝜌𝜌𝑓𝑓 = 4.94− 0.027 Tb + 6.5 ∗ 10−5 Tb2– 7.6 ∗ 10−8 Tb3 + 3.41 ∗ 10−11 Tb4  (2)  

 𝜇𝜇𝑓𝑓  =  1.4 ∗ 10−6 + 5.2 ∗ 10−8 Tb + 1.3 ∗ 10−12Tb2 − 3.4 ∗ 10−13Tb3 + 12.7 ∗ 10−16Tb4  (3)  

 𝐾𝐾𝑓𝑓 = 1.51 ∗ 10−16 + 8.9 ∗ 10−5Tb + 2.9 ∗ 10−9 Tb2 − 9.9 ∗ 10−11Tb3 + 8.6 ∗ 10−14 Tb4  (4)  

 Pr𝑓𝑓 = 0.78 − 1.09 ∗ 10−4 Tb– 1.37 ∗ 10−6 Tb2 + 3.41 ∗ 10−9 Tb3 + 3.1 ∗ 10−12 Tb4  (5)  

 𝐶𝐶𝐶𝐶𝑓𝑓 = 1.08− .002 Tb + 3.79 ∗ 10−6 Tb2 − 6.29 ∗ 10−9 Tb3 + 4.17 ∗ 10−12 Tb4  (6) 

The equal area approach was used to determine the average velocity of airflow through the test portion [22]. The following 
Equation was used to calculate the average air velocity at seven different locations: 

 𝑢𝑢 = 𝑣𝑣1+𝑣𝑣2+𝑣𝑣3+⋯+𝑣𝑣7
7

 (7) 

The mass flow rate (ṁ) for the air can be calculated by:  

 𝑚̇𝑚 = 𝜌𝜌𝜌𝜌 ∗ 𝐴𝐴𝐴𝐴 ∗ 𝑢𝑢  (8) 
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Where (Ac) is the duct's cross-sectional area. Convective heat transfer can be computed as follows [23]:  

 𝑄𝑄 =  𝑚̇𝑚 ∗ 𝐶𝐶𝐶𝐶𝑓𝑓  ∗  (𝑇𝑇𝑜𝑜  −  𝑇𝑇𝑖𝑖)  (9) 

 𝑞𝑞 = 𝑄𝑄
𝐴𝐴𝐴𝐴

 (10) 

Where (As) is the surface area for the duct. The following relationship can be used to determine the local heat transfer 
coefficient [23]:  

 ℎ𝑥𝑥 =   𝑞𝑞 
∆𝑇𝑇𝑥𝑥�   (11) 

  𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒,∆𝑇𝑇𝑥𝑥  is  (𝑇𝑇𝑇𝑇)𝑥𝑥  −  (𝑇𝑇𝑇𝑇)𝑥𝑥  (12)  

 (𝑇𝑇𝑇𝑇)𝑥𝑥  =  𝑇𝑇𝑖𝑖  +  𝑥𝑥
𝐿𝐿

  (𝑇𝑇𝑜𝑜  −  𝑇𝑇𝑖𝑖) (13) 

 (Ts)𝑥𝑥 = The average of three surface locations in the duct's cross-section. The local Nusselt number was determined by 
using this relationship [12];  

 𝑁𝑁𝑁𝑁𝑥𝑥 =  ℎ𝑥𝑥 𝐷𝐷ℎ
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

  (14) 

The total power provided to the duct can be determined as follows; 

  𝑃𝑃𝐸𝐸  = 𝐼𝐼 ∗ 𝑉𝑉𝑜𝑜  (15) 

The following relationships can be used to calculate the heat losses from heated ducts [12]; 

  𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =  𝑃𝑃𝐸𝐸 − 𝑄𝑄 (16) 

The Reynolds number was determined by using the equation below; 

 𝑅𝑅𝑅𝑅 =  𝜌𝜌𝑎𝑎 𝑢𝑢𝑎𝑎 𝐷𝐷𝐻𝐻
𝜇𝜇𝑎𝑎

 (17) 

Where, 𝐷𝐷𝐻𝐻  is the hydraulic diameter. The Reynolds number was determined based on particle size by using this 
relationship [12]: 

 𝑅𝑅𝑅𝑅𝑝𝑝  =  𝜌𝜌𝑎𝑎 𝑢𝑢𝑎𝑎 𝑑𝑑𝑝𝑝
𝜇𝜇𝑎𝑎

 (18) 

Where,  𝑑𝑑𝑝𝑝  is the particle bed diameter. The modified Reynolds number based on particle size was determined using the 
following relationship. [12]: 

  𝑅𝑅𝑅𝑅∗ =  𝑅𝑅𝑅𝑅𝑝𝑝/(1− ℇ)  (19) 

The following relationship was used to get the average Nusselt number: [12]: 

 𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎  =  1 
𝐿𝐿

 ∫ 𝑁𝑁𝑁𝑁𝑥𝑥
𝑥𝑥=1
𝑥𝑥=0  𝑑𝑑𝑑𝑑 (20) 

This integration was calculated using the Trapezoidal rule. 

 ∫ 𝑁𝑁𝑁𝑁𝑁𝑁1
0  𝑑𝑑𝑑𝑑 =  ∆𝐿𝐿

2
   [𝑁𝑁𝑁𝑁1 + 2𝑁𝑁𝑁𝑁2  +  2𝑁𝑁𝑁𝑁3 + ⋯  𝑁𝑁𝑁𝑁𝑛𝑛] (21) 

Where ∆L is the distance between two sections. The difference in static pressure on both ends of the test section is defined 
as: 

 ∆𝑃𝑃 =  𝑔𝑔 ∆𝐻𝐻 [𝜌𝜌 𝑤𝑤 −  𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎] (22) 

The friction factor through the porous medium is defined as [13]: 

 𝑓𝑓 = ∆𝑃𝑃
𝐿𝐿

 𝐷𝐷𝑝𝑝
𝜌𝜌 𝑢𝑢2

 ℇ
3

ℇ−1
   (23) 
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5. Validation Case 
To validate the present work, the experimental results, as shown in Figure 7 for empty channel compared with the results 

obtained from Equation (24) A traditional expression for the calculation of heat transfer in a fully developed turbulent flow in 
smooth tubes is that recommended by Dittus and Boelter [15]. 

 𝑁𝑁𝑁𝑁 =  0.023 ∗  𝑅𝑅𝑅𝑅0.8  ∗  𝑃𝑃𝑃𝑃0.3  (24) 

Equation (24) is true for fully developed turbulent flow in smooth tubes (2500 Re 100000) for fluids with Prandtl values 
ranging from around (0.6 to 100) and considerable temperature variations between the wall and fluid conditions. Both studies 
have the same behaviors, and the error was found to be 3.74 % which is acceptable for practical consideration. 

 
Figure 7: Validation case for empty channel 

6. Results and Discussion 
At different Reynolds numbers (3165 to 10915) with constant heat flux, the temperature distribution along the duct was 

measured. Figures 8 to 13 depict a direct reading of the axial distance temperature distribution for six average points fixed on 
the internal surface of the duct. The vertical axis is the difference in temperature of the sensor reading rate for the same point 
on the wall duct (Tx) and the supply air temperature (Ti), and the horizontal axis is the local position on the duct. Figure 8 
shows the direct reading of the surface temperature profile along the empty channel, Figure 9 reveals the direct reading of the 
surface temperature profile for the channel at porosity (0.616), and Figure 10 displays the direct reading of the surface 
temperature profile for the channel at porosity (0.468) in different Reynolds numbers. The local wall temperature (Tx-Ti) in all 
ducts increases steadily with the axial location increasing and the air velocity increasing at the same heat flux. Therefore, the 
temperature of a surface duct with porosity (0.468) is more than that of a duct with porosity (0.616) which is more than in an 
empty duct. 

 
Figure 8: The local wall temperature empty duct in different Reynolds number 
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Figure 9: The local wall temperature for duct at (ℇ=0.616) in different Reynolds numbers 

 
Figure 10: The local wall temperature for duct at (ℇ=0.468) in different Reynolds numbers 

Figures (11, 12, and 13) represent the effect of porosity change on the temperature distribution along the duct at (empty, 
ℇ=0.616 and ℇ=0.468). Each drawing is at a constant Reynold number (3165,7025, and 10915, respectively). It is noticed that 
the local wall temperature in the empty duct is first less. Then, it gradually becomes higher when filling the duct with a porous 
medium with a particle diameter of (12 mm), and finally rises when filling with (5 mm) particle diameter. But when the air 
velocity rises gradually, the temperature of the duct filled with the porous medium gradually decreases until the surface 
temperature of the empty duct becomes higher than the duct with the porous medium at high air velocities, see Figure 13. The 
reason is when the duct is filled with a porous medium, it will produce an air resistance that causes an increase in the pressure 
difference at both ends of the test section. As the porosity decreases, the air resistance rises. Therefore, the surface temperature 
of the duct increases. 

   
Figure 11: Effect of porosity change on the temperature distribution along duct at (Re =3615) 
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Figure 12: Effect of porosity change on the temperature distribution along the duct at (Re=7025) 

                                          
Figure 13: Effect of porosity change on the temperature distribution along duct at (Re=10915) 

Figures 14 to 19 manifest the local heat transfer coefficient values in three channels (empty, at ℇ=0.616 and at ℇ=0.468) 
with different Reynolds numbers and constant heat flux ranges. It is higher in the channel at (ℇ = 0.468), gradually lower at (ℇ 
= 0.616), and much lower in the empty channel. It gradually decreases as the channel progresses towards the fluid flow 
because (hx= 𝒒𝒒/ (𝑻𝑻𝑻𝑻x−𝑻𝑻𝑻𝑻x)), and the difference gradually decreases between the air temperature and the sensor reading rate for 
the same point on the duct wall (Tsx-Tbx) with increasing in axial position along the flow direction. The local heat transfer 
coefficient was higher at the highest Reynolds number. 

    

Figure 14: Effect of the air velocity change on the Local heat transfer coefficient along the empty duct 
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Figure 15: Effect of the air velocity change on the local Heat Transfer Coefficient for duct at (ℇ=0.616) 

 
Figure 16: Effect of the air velocity change on the Local Heat Transfer Coefficient for duct at (ℇ=0.468) 

 
Figures 17 to 19 reveal the local heat transfer coefficient for three values of Reynolds number (3165, 7025, and 10915). It 

was higher in the channel at (ℇ = 0.468), lower in the channel at (ℇ = 0.616), and much lower in the empty channel. It gradually 
decreases as the channel progresses toward the fluid flow. Its value is higher at the highest air velocity, so the temperature 
gradually decreases for the same position on the duct wall, between the air and sensor reading rate (Tsx-Tbx). The difference 
between the air temperature and the reading of the sensors for the same point (∆Tx) is less at the channel at (ℇ=0.468) and 
increases at the channel at (ℇ=0.616) at the same point when air velocity increases.  

 
Figure 17: Local Heat Transfer Coefficient along the duct at (Re =3615) 
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Figure 18: Local Heat Transfer Coefficient along the duct at (Re =7025) 

 
Figure 19: Local Heat Transfer Coefficient along the duct at (Re =10915) 

Figure 20 elucidates that the average heat transfer coefficient in a duct at (ℇ=0.468) is much more than for a duct at 
(ℇ=0.616) and more than in an empty duct. Due to that, the difference of temperature in air and wall duct (Ts-Tb)X at the empty 
channel was substantially greater than in a channel at (ℇ=0.616), which is more than in duct at (ℇ=0.468). As a result, the 
average heat transfer coefficient percentage increased by about 92% at (ℇ=0.468) and 91% at (ℇ=0.616) compared with the 
empty duct. 

  
Figure 20: Average Heat Transfer Coefficient at duct {empty, (ℇ=0.616) and (ℇ=0.468)} with 

                                       variation in Re (3165-10915) 
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The average Nusselt number rises with constant heat flux as the Reynold number rises. Because of the small difference in 
temperature between the air bulk temperature and the temperature of the wall duct, the average Nusselt number has a high 
value. Also, the average Nusselt number rises when the porosity rises because the effect of conduction decreases the effective 
thermal conductivity (keff) and the convectional heat transfer between the air and the hot channel wall, as well as with glass 
spheres, rises, Figure 21, shows that. The correlational, experimental relations of present work between the average Nusselt 
number and Reynolds number are 𝑁𝑁𝑁𝑁 =  𝐶𝐶 𝑅𝑅𝑅𝑅𝑀𝑀   

 𝑁𝑁𝑁𝑁 =  0.2266 𝑅𝑅𝑅𝑅0.5152   𝑓𝑓𝑓𝑓𝑓𝑓  (ℇ = 0.468)     ,𝑅𝑅𝑅𝑅 (3195− 10958) (25)  

 𝑁𝑁𝑁𝑁 =  0.1447 𝑅𝑅𝑅𝑅0.5298   𝑓𝑓𝑓𝑓𝑓𝑓  (ℇ = 0.616)     ,𝑅𝑅𝑅𝑅 (3180− 10923) (26) 

  
Figure 21: Average Nusselt number at duct empty, (ℇ=0.616) and (ℇ=0.468) with Re (3165-10915) 

The comparison of the present result in local Nusselt number along the duct with porosity (0.616), Reynold number 
(3165), and inlet air temperature (27℃) with Rafel at duct with porosity (0.616), Reynold number (2500), and inlet air 
temperature (18℃) [13] are shown in Figure 22. The curves have the same behaviors with the error ratio between (2.8% - 
4.5%). 

 
Figure 22: The comparison between the present work with previous literature Rafel [13] 

 
The results showed that the difference in static pressure at both ends of the test section rises as the Reynolds number 

rises and falls as the porosity and diameter of the particle beads decrease, see Figures 23 and 24. Also, at constant porosity, the 
friction coefficient steadily drops when the modified Reynolds number rises, and as the particle size and porosity rise, it falls, 
as shown in Figure 25. 
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Figure 23: The pressure drops in the test section at (ℇ=0.616) 

 
Figure 24: The pressure drops in the test section at (ℇ=0.468) 

 
Figure 25: The friction factor in the channel at (ℇ=0.616) and (ℇ=0.468) 

7. Conclusions  
 At constant heat flux, the local average temperature along the channel reduces when the air velocity rises. 

For the same Reynolds number, the local average temperature for the channel at (ℇ=0.468) is more than in 
(ℇ=0.616) which is more than in the empty duct, but when (Reynolds number > 10000), it becomes less in 
the duct which is filled with the porous medium. 

 The enhancement in the average heat transfer coefficient at Reynolds number (3165) was (90.2%) and 
(92.1%) at porosity (0.616, 0.468), respectively, when compared with the empty duct. 

 The average Nusselt number decreased when filling the duct with porous media because the (kEff) for 
porous channels was more than through the empty channel. 

 The difference static pressure on both ends of the test section increases with Reynolds number and 
porosity increase and with beads diameter decrease. This is due to the resistance in a packed bed from the 
viscous and turbulent forces. 

 The correlational, experimental relations of the present work were reached between the Nusselt number 
and the Reynolds number. 
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Nomenclature 

Symbol  Definition  Units  
A  Area  m2 
Cp  Specific Heat Capacity  J/ Kg. K 
h  Heat Transfer Coefficient  W / m2 ℃ 
hx  Local heat transfer coefficient W / m2 ℃ 
ave Average value  
I  Current  Amp 
Vo  Voltage  Volt  
k  Thermal Conductivity   W / m ℃ 
K  Permeability  m2 
ℇ Porosity - 
n  Number of Glass spheres  - 
∆P The pressure drops in the test section K pa 
PE  Power  W 
Ǫ  Heat Transfer  W 
q"  Heat Flux per unit area  W / m2 
ṁ   Mass flow rate  Kg/s 
DH Hydraulic Diameter of duct  cm 
d  Diameter of Glass sphere.  cm 
Ti   Inlet air Temperature  ℃ 
To   Outlet air Temperature  ℃ 
Tb   Average  air Temperature  ℃ 
Ts  Surface duct Temperature  ℃ 
Tx The difference between the bulk air temperature and the 

sensor reading for the same point on the duct wall 
℃ 

V  Volume  m3 
u  Velocity of air  m/s  
L  Length of the duct  m  
Nu Nusselt number - 
NuX Local Nusselt number  - 
Re Reynolds number - 
Red Reynolds number of particle diameter  
 Re* Modified Reynolds number - 
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