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ABSTRACT 

Several techniques are used to improve the channels' heat transfer coefficient and Nusselt 

number. One of the methods used for these improvements is porous media (PM). This 
research deals with an experimental study of heat transfer by forced convection inside a 
square-shaped channel (0.12 x 0.12 m2) with a length of (0.5 m) and a hydraulic diameter of 
(0.12 m). The heat flux (4791.7 W/m2) is exposed below the test section, and other walls are 
thermally insulated. The air was used as the working fluid for the Reynolds number range 
(2689.6 to 5806.3). The channel was partially filled with the PM (glass spheres with 5mm 
diameter) by taking three different heights layers (20, 40, and 60 mm) and knowing its effect 
on the temperature distribution, the local heat transfer coefficient, locally Nusselt number, 
and the average heat transfer coefficient and Nusselt number. Also, the same parameters 
were studied without PM inside the channel (plain). The results showed that the PM 
improved the heat transfer coefficient and the Nusselt number. Also, the temperature 
distribution decreased gradually with the Reynolds number increase for each height layer, 
the local heat transfer coefficient and local Nusselt number gradually reduced with the 
length of the test section increase for each Reynolds number, average Nusselt number 
increased gradually with the growth of the Reynolds number for each height layer. The PM 
layer at a height of (60 mm) gave the best improvement in the heat transfer coefficient and 
Nusselt number compared to the other layers. In addition, the friction factor across the test 
section at this layer decreases gradually with increasing fluid velocity. 
 
Keywords: Forced convection, Heat transfer, Partially filled, Porous medium, Square 
channel, Glass spheres. 
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أو مدرجة جزئياً بوسائط مسامية فارغةالتحقيق التجريبي للحمل القسري في قناة مربعة   
 
 

سهاد عبد الحميد رشيد،، * عليسرمد احمد   
 

 ة، بغداد، العراقالتكنولوجي الجامعةقسم الهندسة الميكانيكية، 
 

 الخلاصة
 المسامية. الطرق هي الوسائط هذه نسلت في القنوات، إحدىوعدد تستخدم العديد من التقنيات لتحسين معامل انتقال الحرارة 

( 2م x 0.12 0.12يتناول هذا البحث دراسة عملية لانتقال الحرارة بالحمل القسري داخل قناة ذات مقطع عرضي مربع الشكل )
( أسفل قسم الاختبار وتم عزل 2واط / م 4791.7تم تسليط الفيض الحراري ) .م( 0.12م( وقطرهيدروليكي ) 0.5بطول )

(، وتم ملء  (to 5806.3 2689.6عامل لهذه الظاهرة ولمدى لعدد رينولدز كمائعالجدران الأخرى حرارياً، تم استخدام الهواء 
( ومعرفة ملم 60،  40،  20ملم( بأخذ ثلاث طبقات بارتفاعات مختلفة ) 5زجاجية بقطر  القناة جزئيًا بالمادة المسامية )كرات

تأثيرها على توزيع درجات الحرارة ، معامل انتقال الحرارة الموقعي ، عدد نسلت الموقعي ، متوسط عدد نسلت ، ومقارنة النتائج 
هذه الدراسة أن المادة المسامية تحسّن وتعزز من معامل انتقال  نتائجت دون وجود هذه الكرات داخل مقطع الاختبار للقناة. أظهر 

الحرارة وعدد نسلت. بالإضافة إلى ذلك انخفض توزيع درجات الحرارة تدريجيًا مع زيادة عدد رينولدز لكل طبقة ارتفاع وانخفض 
، وزاد زلمحور الجريان لكل عدد رينولد معامل انتقال الحرارة الموقعي وعدد نسلت الموقعي تدريجيًا مع زيادة طول قسم الاختبار

أفضل  ملم( 60بارتفاع )متوسط عدد نسلت تدريجيًا مع الزيادة من عدد رينولدز لكل طبقة ارتفاع. أعطت طبقة الوسط المسامي 
ي التدريجالتناقص إضافة" الى ، وعدد نسلت مقارنة مع طبقات الوسط المسامي الاخرى  ن في معامل انتقال الحرارةيتعزيز وتحس

  عامل الاحتكاك عبر مقطع الاختبار عند هذه الطبقة بزيادة سرعة المائع.لم
 

 .كرات زجاجية ، مسامي وسط،  مربعة، قناة  الحمل القسري  ، انتقال الحرارة مفتاحية:الكلمات ال
 

1. INTRODUCTION 
 
Forced convection is created when fluid is forced over the surface of a wall using an internal 
or external device, such as a revolving cylinder or driven lid, or an external device, such as a 
fan or compressor. Many techniques are used in engineering applications such as (Heat 
exchangers, gas transmission pipelines in gas power plants, air conditioning systems, cooling 
in electronic equipment, solar energy systems, etc.) to improve the heat transfer coefficient 
and Nusselt number. So, improvements in the heat transfer process result in energy savings 
by cutting down on running time and construction costs by downsizing machinery. One of 
these techniques is using a PM of many densely packed particles with fluid-filled holes 
(voids) inside the channels to gain heat and thus increase the heat transfer coefficient and 
the Nusselt number (Mohammed, 2020). Also, using a different type of metal foam as a PM, 
including closed and open cells enhances the performance and thermal system in these 
applications (Ali, 2015). Many researchers (Poulikakos and Renken, 1987; Dawood and 
Hmood, 2006; Varol et al., 2008; Abood, 2011; Antonio et al., 2013; Li and Hu, 2019) 
studied numerically and experimentally forced convection heat transfer inside the channels 
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in different (shapes, boundary conditions, porosity, and working fluid) by using various 
types of PM such as [metal foam, wire mesh, glass spheres, and steel spheres] to enhance the 
heat transfer coefficient and Nusselt number thus increase the efficiency of thermal and 
industrial applications. The researcher (Makkawi, 1995) conducted a practical study of 
heat transfer by forcing convection inside a rectangular PM channel and using air as a 
working fluid. The results showed that the Nusselt number increases with the increase in the 
Reynolds number.  
(Hilal et al., 2012) illustrated an experimental study of heating transfer and pressure drop 
by forced convection inside a square-shaped channel filled with PM. Air was used as a 
working fluid. This study showed that the Nusselt number increases with the increase in the 
Reynold number. The results were compared, and the Nusselt number of the channel was 
times higher than (1.2 and 1.19) without the presence of the PM. (Seki et al., 1978) provided 
an experimental study of convective heating transport in a constrained rectangular chamber 
filled with PM, on opposing vertical walls of which various temperatures are forced. Three 
types of fluids, namely water, transformer oil, and ethyl alcohol, are used to measure each 
type of solid particle. (Kurtbas and Celik, 2009) tested mixed convection (Free and Forced) 
flow through a horizontal, rectangular channel with open-cell metal foams of varied pore 
densities (10, 20, and 30 PPI) to determine the heating transfer properties. An equal heat 
flux was applied at each channel's lateral wall. Temperatures were recorded throughout the 
whole surface of the walls for each of the uniform heat flux's three possible values. The 
Reynolds and Richardson numbers are provided as functions of the average and local Nusselt 
numbers.   
(Shokouhmand et al., 2011; Nimvari et al., 2012; Torabi et al., 2015; Nazari and 
Toghraie, 2017; Kemerli and  Kahveci, 2018; Hilal et al., 2014; Li et al., 2019) presented 
numerical and experimental studies of forced convection heat transfer in channels with 
different cross-sections, including circular, square and rectangular, through the use of 
porous media of various types such as saturated wire mesh, metallic, Nano and foam, as a 
technique to improve the heat transfer process of fluid flow during the test section. The 
results showed that the presence of the porous material improves the heat transfer 
coefficient compared to the absence of it inside the test section (Moghadasi et al., 2020; 
Khadhrawi et al., 2020; Zhu et al., 2023). An experimental study was conducted (Majel 
and Obaid, 2024) to determine water's convective heat transfer coefficient in a flat, micro 
heat pipe under laminar flow conditions and constant intake temperature. The studies 
employed different horizontal heat sink temperatures (working temperatures) ranging from 
15 to 35°C and a liquid flow rate of 3.563E-8 m3/sec. The heat flux varied between 20 and 
50W. The performance of the rectangular microchannel is assessed in terms of temperature 
profile, heat transfer coefficient, Nusselt number, and thermal resistance. The outcomes 
show that, provided the heat flow value is not beyond the capillary limitations, the heat 
resistance progressively falls to its lowest value when the tiny heat pipe temperature 
gradients are less than those of the copper plate. The results also showed that, for various 
heat sink temperatures, the coefficient of heat transfer in the condensation zone is lower 
than in the evaporation zone. A generalised regression equation is created to estimate the 
Nusselt number for water in a flat micro heat pipe. 
 (Rasheed and Abood, 2017) presented an experimental study conducted in the forced 
convection heat transfer of a stable laminar flow of a square duct with dimensions (20 x 20 
cm2) and a length of 40 cm, filled with a saturated PM of the type of glass balls of uniform 
diameter. An electric heater was placed in the middle of the test section, while the other walls 
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were thermally insulated. (Pastore et al., 2018) performed an experimental study to 
evaluate the dynamics of forced convection heat transfer due to an electrical pump 
connected in a thermally insulated column circular pipe with a diameter (11 cm) and height 
(166 cm) that was filled with a different PM (rock stone) with various size and 
thermophysical properties. Two different PM forms were utilized using distinct granule sizes 
and certain surfaces. For local non-thermal equilibrium (LNTE) circumstances, one-
dimensional heat. (Youssif et al., 2020) carried out experimental tests on forced convective 
heat transfer for water flowing through a horizontal circular conduit. As a PM, the pipe was 
filled with two distinct types of particles (steel and a combination of steel and plastic) while 
being heated at a constant heat flux. Internal, laminar, incompressible, and stable flows with 
varied heat fluxes of (200, 400, and 600 W/m2) are the flow characteristics over a wide range 
of Reynolds numbers (500, 1000, and 1500) in each example, three times for each number. 
In addition to additional diagrams that illustrate the relationship between the local and 
average Nusselt number with the data described above, the study's results are shown in 
terms of temperature distribution to demonstrate temperature behaviors in the pipe. The 
results for each PM type reveal that for steel and mixed PM, respectively, the local and 
average Nusselt numbers rise along with the Reynolds numbers. Air mist flow was 
experimentally investigated in a tube equipped with a PM. The porous area under study has 
a unique shape. The analysis is also done on the impact of operational parameters like the 
Reynolds number. The findings show that the presence of PM causes the heat flux applied to 
the channel walls to be transferred into the fluid due to the PM high conductivity and 
creation of a uniform space (Baragh et al., 2019). The results also showed that mist cooling 
in PM can speed up heat transfer as compared to single-phase cooling. Results indicate that 
combining these two techniques, PM and mist flow, significantly improves heat transfer. 
(Guo et al., 2020) experimental study to explore the velocity distribution of high Reynolds 
number turbulence above and in PM. This study builds a visual flume test bench to replicate 
PM as an aggregation of spherical glass beads with a 10 mm diameter. Ultrasonic Doppler 
velocimetry determines the free flow velocity of fluid passing through the PM and the 
velocity inside the PM. The slip velocity and momentum transfer close to the interface are 
explored with the impacts of Reynolds number, relative water depth, and porosity factors. 
According to the findings, the slip coefficient for a PM bed with a porosity of 0.331 varies 
from 0.000 082 to 0.000 594, while that of a PM bed with a porosity of 0.476 ranges from 
0.000 034 to 0.001 068. 
The current study aims to experimentally investigate the effect of PM on the enhancement 
of forced convective heat transfer impacted by an air blower connected to the channel of the 
test section partially filled with PM (glass spheres 5 mm diameter). Some of the geometrical 
and conditional operation parameters are studied, such as the effect of PM height layer 
(plain, 20, 40, and 60 mm), Reynolds number range of (2689.6 to 5806.3), and constant heat 
flux at a lower surface of the test section (4791.7 W/m2). 

2. EQUIPMENT FOR EXPERIMENTATION 

An experimental setup shown in Figs. 1 and 2 were created and used in this work. Most of 
these components were meticulously designed to prevent air leakage during operation and 
fastening between the linked portions. The square cross-section (H of 0.12m, W of 0.12m, 
and length of 0.5 m) channel of hydraulic diameter of 0.12 m is made of galvanized iron of 
0.5 mm thickness. The channel's air supply was connected using a tiny adaptor. The one-
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phase motor's output is 150 W, its rotational speed is 3600 rpm, and its discharge pipe size 
is (50 mm). Four different flow rates may be achieved by employing a regulator and valve to 
regulate the air input blower. Figure 3. shows the details of the electric blower connected to 
the control valve for the amount of air entering the test section of the square channel. A 
digital anemometer was placed at the end of the test section, and the air velocity was 
estimated by obtaining many readings and averaging them.      

 

 
Figure 1. An apparatus schematic for the experimental setup. 

 

 
 

Figure 2. A photograph of the channel with measuring tools. 
 

Ten thermocouples type (K) were positioned across five sections along the surface of the 
channel to detect the temperature (test section). After that, the fine-grinding paper was used 
to polish the channel surface properly, as shown in Fig. 4.  
 

  
 

Figure 3. Electrical blower for a channel. 
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The insulating material removed all the heater terminals and sensor wires from the test 
section. Two more sensors were attached at the test section's intake and exit to monitor the 
air temperature. All the sensors were linked to the temperature recorder device, as shown 
in Fig. 2. The entire test portion was then covered in a layer of thick (70 mm) glass wool to 
provide excellent insulation outdoors. To ensure no gaps larger than the glass spheres' 
diameter, especially close to the wall, the channel was randomly partially filled with the 
objects before being sufficiently shaken. This technique partially filled the test rig's length 
(0.5m) with the PM. An electrical heater that received AC current from a voltage regulator 
was used to electrically heat the channel's surface to provide a constant heat flux along the 
test section. The present processing data are the voltage and current of electrical heaters, 
measured temperatures using a temperature Lutron type (BTM-4208SD) reader, and the air 
velocity by a digital anemometer UT363S. 

 

Figure 4. Locations of thermocouples type (K) for a test section. 

3. POROUS MEDIA (PM) 

In this work, glass spheres with a diameter of )5 mm  ( were used as a PM, where the test 
section was partially filled by changing the layers of the PM, as shown in Fig. 5.  
 

 
 

Figure 5. The test section is partially filled with glass spheres used as PM. 
 

Also, the main thermo-physical characteristics of the PM are listed: 
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 Porosity of PM 
The porosity of the PM depends on the diameter of the glass spheres and the hydraulic 
diameter of the test section and is calculated from the equation below (Salim, 2008): 

c P

c

V V

V



                                                                                                                                                                             (1) 

𝑉𝑐 = 𝐴𝑐 x 𝐿 → 𝐻 x 𝑊 x 𝐿                                                                                                                                   (2) 
 
𝑉𝑝 = 4

3
𝜋𝑟3𝑛                                                                                                                                                              (3) 

 

where Vc is the volume of a channel containing PM (m3), Vp is the volume of PM (m3), Ac is 
the cross-section area of the channel (test section) (m2), r is the radius of PM (glass spheres) 
(m), n is the number of a PM, and   the porosity of PM. 
For a channel at layer (20 mm of PM 10854n  ), (40 mm of PM 21708n  ), and (60 mm 
of PM 32562n  ).  
 
 Thermal Conductivity and Density of PM 
The thermal conductivity )0.87 W/m2) of the PM of the type of glass spheres was calculated 
based on a previous study by the researcher (Hilal et al., 2012), and the density value of 
(2510 kg/m3). 

4. PROCEDURE OF EXPERIMENTAL WORK 

After partially filling the channel (test section) with the PM (glass spheres), the following 
steps were taken to conduct the experiments: 
 Controlling the blower's operation and airflow through the test section of a channel via 

valve and regulator. 
 Turning on the electrical heater, the input power was changed to provide the necessary 

heat flux under the test section. Also, to create a steady-state situation, 120 minutes are 
needed. 

 Record the inlet and outlet temperature of the working fluid (air) via a digital 
thermometer. 

 Record the temperatures of the test section via thermocouples type (K). 
 Record the average velocity of the fluid (Air) leaving the test section of a channel via a 

digital anemometer. 
 Repeat the same steps above with a different velocity and a PM layer. 
 
5. DATA PROCESSING 
 

The following equations are used to analyze the forced convective heat transfer process of a 
channel partially filled with PM based on experimental data: 
 
5.1 Air Bulk Temperature 
 
The following relation may be used to compute the bulk air temperature (Salim, 2008): 

( ) 273.15
2

i o
b

T T
T


                                                                                                                                     (4) 
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where Tb is the bulb temperature (°C), Ti and To are a test section's inlet and outlet 
temperature, respectively (°C). 
 

5.2 Properties of Working Fluid (air) 
 
The relationship shown below may be used to derive the air qualities that verbally depend 
on the bulk temperature (Salim, 2008): 

5 2 8 3 11 44.93 0.026 6.4 10 7.5 10 3.36 10a b b b bT T T T                                                                         (5) 

6 8 12 2 13 3 16 41.3 10 5 10 1.2 10 3.3 10 12.6 10a b b b bT T T T                                                               (6) 

16 5 9 2 11 3 14 41.43 10 9.3 10 3.4 10 9.8 10 8.4 10a b b b bk T T T T                                                           (7) 

4 6 2 9 3 12 4Pr 0.79 1.1 10 1.35 10 3.37 10 2.2 10a b b b bT T T T                                                                 (8) 

6 2 9 3 12 41.09 0.001 3.78 10 6.27 10 4.14 10a b b b bCp T T T T                                                                 (9) 

 

5.3 Average Velocity of Working Fluid (air) 

The average air velocity exiting the test section was calculated using a typical digital 
anemometer device type (UT363S), as shown in Fig. 6. by taking nine readings of the test 
clip and finding the average for them such that: 
 

1 2 3 4 5 6 7 8 9

9
a

u u u u u u u u u
u

       
                                                                                                        (10) 

 
 

Figure 6. Vane type of digital anemometer UT363S. 
 

5.4 Mass Flow Rate 

The air mass flow rate (�̇�) may be computed using the following equation (Mahdi, 2021): 
 
�̇� = 𝜌𝑎 × 𝐴𝑐 × 𝑢𝑎                                                                                                                                        (11) 
where a is the density of working fluid (air) (kg/m3),

cA is the cross-sectional area of the 
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channel (test section) (m2), and 
au is the average velocity of working fluid (air) (m/s). 

5.5 Convective Heating Transfer 

It is possible to compute the convective heat transfer from the air (Salim, 2008): 
 
𝑄 = �̇� × 𝐶𝑝𝑎 × (𝑇𝑜 − 𝑇𝑖)                                                                                                                        (12)  

�̅� =
𝑄

𝐴𝑠
                                                                                                                                                            (13) 

where Q is the convection heat transfer (W), Cpa is the specific heat at constant pressure 
(J/kg. °C), �̅� is the heat flux (W/m2), and 𝐴𝑠 is the surface area of a channel (test section) (m2). 

5.6 Local Heat Transfer Coefficient 

The following relation may be used to determine the local heat transfer coefficient (AL-
Thaher, 2000): 

ℎ𝑧 =
�̅�

zt
                                                                                                                                                                                (14) 

( ) ( )z s z b zt T T                                                                                                                                                                                  (15) 

( ) ( )b z i o i

z
T T T T

L
                                                                                                                                                                       (16) 

where ( )s zT  is the average temperature at two locations in the test section of a channel (°C). 

 
5.7 Local Nusselt Number 
 
The Nusselt number represents the ratio of convective heat transfer to conductive heat 
transfer (Nuz) (AL-Thaher, 2000). The following equation is used to calculate the local 
Nusselt number based on five thermocouple sites within the test section: 

z h
z

eff

h D
Nu

k
                                                                                                                                                               (17) 

(1 )eff a sk k k                                                                                                                                                              (18) 

where keff is effective thermal conductivity (W/m. °C), ka is the thermal conductivity of the 
working fluid (air) (W/m. °C),  is the porosity of PM (glass spheres), and ks is the thermal 
conductivity of PM (glass spheres) (W/m. °C). 
 
5.8 Overall Input Power 
 
Calculate as follows to determine the total input power delivered to the channel (Shehab, 
2016): 

𝑃𝑖𝑛 = 𝐼 ×  𝑉𝑜                                                                                                                                               (19) 
where Pin is the input power to the channel (W), VO is the voltage supplied to the channel 
(volt), and I is the current supplied to the channel (A). 
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5.9 Losses Heat 
 
The heat losses from the heated channel are calculated (AL-Thaher, 2000): 

1losses

in

Q
Q

P
                                                                                                                                                                                        (20) 

5.10 Reynolds Number 
 
The Reynolds number represents the ratio of the inertial force over the viscous force and can 
be calculated depending on the following equation (Lafta and Mohammed, 2023): 

Re a a h

a

u D


                                                                                                                                                                                      (21) 

𝐷ℎ =
4×𝐴𝑐

𝑃𝑒
                                                                                                                                                             (22) 

where 
a is the density of working fluid (air) (kg/m3),  

au is the average velocity of working 

fluid (air) (m/s), 
hD is the hydraulic diameter of a channel (m), and 

a is the dynamic 

viscosity of working fluid (air) (Pa. s). 
 

5.11 Particle Diameter-Based Reynolds Number 
 
Reynolds number depends on particle diameter (AL-Thaher, 2000) and is evaluated as: 

Re a a P
p

a

u D


                                                                                                                                                                           (23) 

where Dp is the diameter of PM (m2). 
 

5.12  Modified Reynolds Number 
 

The modified Reynolds number depends on particle diameter (AL-Thaher, 2000( and is 
calculated as follows: 

* Re
Re

(1 )

P





                                                                                                                                                                                        (24) 

 

5.13  Average of Nusselt Number 
 
The average Nusselt number represents the sum of the local Nusselt number within the test 
section (AL-Thaher, 2000) and can be calculated using the following equation: 

0

1
x L

ave z

x

Nu Nu dz
L





                                                                                                                                     (25) 

By computing this integration with the help of the trapezoidal rule: 

1 2 3

0

[ 2 2 ........ ]
2

L

L n

L
Nu dL Nu Nu Nu Nu


                                                                                    (26) 

where ∆𝐿 is the d𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑤𝑜 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 for a test section (m). 
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5.14  Pressure Drop and friction factor 
 

The pressure difference P across the test section is evaluated such that (Sawhney, 2011): 

P =
water × g × H                                                                                                                          (27) 

 

where g is the acceleration gravity (m/s2), and H  is the difference height (m). 
 

The friction factor f  across the test section of a channel of length L can be calculated such 

that (Adrian Bejan, 2013): 
 

3

2 1

p

a a

dP
f

L u



 





                                                                                                                                                          (28) 

 
6. RESULTS AND DISCUSSION 
 

6.1 Distribution of Temperatures 
 

The temperature distribution for the PM layers along the channel (test section) (plain, 20, 
40, and 60 mm) in layers is depicted in Fig. 7. depicts. The PM with a layer of (60 mm) and 
fluid velocity value of (0.75 m/s) had the largest temperature distribution. With an increase 
in the length for each layer of the PM, it can be noted that local surface temperatures of the 
test section increase. This is owing to the substantial heat increase brought on by the fluid's 
movement through the test section. In addition, the temperature distribution is altered by 
varying the layer of the PM in comparison to when the PM was not present in the channel. 
The fluid temperatures rise due to the blockage between the PM and the liquid flow. 

 
 

Figure 7. Temperature distribution for the PM layer thickness 
(plain, 20, 40, and 60 mm). 

 

6.2 Local Heat Transfer Coefficient 
 

Figs. 8 to 11 show the relationship between the local heat transfer coefficient and the test 
section length for the fluid flow direction in the channel for each Reynolds number.  
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Figure 8. Local heat transfer coefficient vs length of test section for a plain channel at 
different Reynolds numbers. 

The local heat transfer coefficient decreases progressively along the test section since the 
temperature difference between the fluid and wall widens as the Reynolds number rises. 

 

Figure 9. Local heat transfer coefficient along the test section for 20 mm PM layer for 
different Reynolds numbers. 

 

  
 

Figure 10. Local heat transfer coefficient along the test section for 40 mm PM layer for  
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Figure 11. Local heat transfer coefficient along the test section for 60 mm PM layer for 
different Reynolds numbers. 

 

6.3  Locally Nusselt Number  
 

The relationship between the local Nusselt number and the length of the test section for the 
direction of fluid flow in the channel is shown in Figs. 12 to 15. It can be noted that a 
progressive decrease in the local Nusselt number with an increase in the length of the test 
section for each Reynolds number because the Nusselt number increases and decreases 
depending on the heat transfer coefficient. 
 

 
Figure 12. Local Nusselt number along the plain channel for different Reynolds numbers. 

 
Figure 13. Local Nusselt number along the test section with (20 mm) PM layer for different  
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Figure 14. Local Nusselt number along the test section with (40 mm) PM layer for different 
Reynolds numbers. 

 

 
 

Figure 15. Local Nusselt No. along the test section with (60 mm) PM layer for different 
Reynolds No.  

 

6.4  Average of Heat Transfer Coefficient 
 
Fig. 16. shows the average heat transfer coefficient with the Reynolds number at each PM 
layer (plain, 20, 40, and 60 mm), respectively. It can be seen that the average heat transfer 
coefficient increased gradually by increasing the Reynolds number and also by increasing 
the thickness of the porous medium layer. The highest value appeared at (60 mm). Also, at 
the maximum Reynolds number, the percentage enhancement of the average heat transfer 
coefficient for each layer is (22.025, 86.86, and 90.335%) respectively. 
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Figure 16. Average heat transfer coefficient vs. Reynolds No. for different PM layer 
thickness.  

 
6.5  Average of Nusselt Number 
 

With Reynolds numbers ranging from (2689.6 to 5806.3) and a constant heat flow (4791.7 
W/m2), Fig. 17. shows the average Nusselt number with Reynolds number in a channel at 
different layers of PM (plain, 20, 40, and 60 mm). It can be noted that the average Nusselt 
number increases progressively with the increase in the Reynolds number, and the highest 
value appeared at the height of the plain channel because it depends on the thermal 
conductivity of the fluid compared to the absence of the PM, which depends on the effective 
thermal conductivity. 

 
Figure 17. Average Nusselt number vs Reynolds number for a test section at different 

layers of PM. 
 

6.6 Pressure Drop and Friction Factor  
 

Figures 18 and 19 show an increase in the pressure difference and a decrease in the friction 
factor with  Reynolds number, respectively, at the layer of PM (60 mm). It can be seen that 
the pressure difference increases gradually with an increase in the Reynolds number, and 
the friction factor decreases gradually with an increase in the Reynolds number because the 
amount of velocity is inversely proportional to the friction factor. 
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Figure 18. Pressure difference against Reynolds number at thickness PM layer (60 mm). 
 

 
 

Figure 19. Friction factor against Reynolds number at thickness PM layer (60 mm). 
 

7. COMPARISON WITH PREVIOUS WORK 
 

Figure 20. compares the variation of fluid's temperature along the channel's test section for 
the current work with that for (Youssif et al., 2020) considering the specification given in 
Table 1. The results showed that the same behavior in increase of the local temperatures 
with the test section length is reported. 

 
Figure 20. Local surface temperature vs length of test section for present work with 

previous work (Youssif et al., 2020). 
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Table 1. Properties of comparison process for present study with previous work  
(Youssif et al., 2020). 

 

Work Working Fluid Reynolds Number Type of PM 

Present  Air 2689.6 to 5806.3 Glass Spheres 

)Youssif et al., 2020( Water 500 to 1500 Steel Spheres 

 
8. CONCLUSIONS 
 
Study of forced convection heat transfer due to the presence of an electric blower initially 
connected to a channel of square cross-section (120 x 120 mm2) partially filled with glass 
balls used as a PM. The lower of the test section is exposed to a constant and uniform heat 
flux (4791.7 W/m2) along the fluid (air) flow axis, while the other walls are thermally 
insulated to avoid losses. The most important conclusions of the current study include the 
following points: 
 The surface temperature distribution of the fluid for each layer of the PM (plain, 20, 40, and 

60 mm) decreases with increasing Reynolds number. 
 The local heat transfer coefficient and local Nusselt number decrease with the increasing 

length of the test section when the fluid flows for each PM layer.  
 The temperature distribution increases with the test section's length when the fluid is 

flowing. 
 The average Nusselt number increases with the Reynolds number increase. 
 The height of the PM at layer (60 mm) had the highest improvement for the average heat 

transfer coefficient by (90.335%), while the other layers (20 and 40 mm) gave an 
improvement percentage of (22.025 % and 86.867 %), respectively. 

 The gap in the local heat transfer coefficient readings and the local Nusselt number in the 
Figs. 8, 12, and 13 occurred due to increasing the fluid velocity and temperature at the PM 
layer (60 mm) compared to the other layers. 

 The pressure difference across the test section increases gradually when the value of the 
Reynolds number increases. 

 The friction factor decreases gradually with increasing the velocity of the fluid passing 
through the test section. 

 The value of the average Nusselt number for the plain channel increases when calculated 
because it depends on the thermal conductivity of the fluid (air) compared to the average 
Nusselt number for the channel partially filled with PM, which depends on the effective 
thermal conductivity. 

 
NOMENCLATURE 
 

Symbol Description Symbol Description 
AC Cross section area, m2 PM Porous media. 

As Surface area, m2 Pin Input power, W 
Cp Specific heat at constant pressure, kj/kg.K Pr Prandtl number. 
Dh Hydraulic diameter, m Q Convection heat transfer, W 
Dp Porous media diameter, m r Radius of porous media, m 
f Friction factor, dimensionless.  Re Reynolds number. 
g Gravitional acceleration, m/s2 Tb Bulk temperature, °C   
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