
Numerical study of heat transfer in circular pipe filled 

with porous medium

Abstract

Forced convection heat transfer was studied in a horizontally heated circular pipe with constant heat flux. Porous 

medium was created using 1 and 3 mm stainless-steel balls (porosity: 0.3690 and 0.3912). Reynolds numbers ranged 

from 3,200 to 6,500 based on pipe diameter, with heat flux rates of 6,250 and 12,500 W  m
−2

. ANSYS Fluent 

simulated a 51.4 mm diameter, 5 mm thick, 304 mm long stainless-steel pipe. Results showed increased turbulence and 

eddy formation. Analysis revealed higher convective heat transfer coefficient, pressure drop, and Nusselt number with 

increasing Reynolds number. Nusselt number also increased with 1–3 mm ball diameter. 6% porosity increase reduced 

pressure drop by 84.4%. Nusselt number rose by 46.7% (Reynolds 3,200–6,500) and 4.36% (heat flux 6,250–12,500 

W m
−2

).

1 Introduction

For many technical applications, many approaches for using fins and baffles to improve heat transfer have been 

proposed. The use of porous media is another method for increasing heat transfer properties in industrial applications. 

Porous media can be characterized by their mechanical properties like porosity, permeability, and other characteristics. 

Porosity and permeability are two of the most important characteristics to consider when classifying porous material [1]. 

When a porous media is used as a hindrance in the fluid stream, heat transfer is enhanced. It is also necessary to 

minimize the pressure drop caused by these turbulences, which increases friction factor and heat exchanger thermal 

performance. Forced convection in a circular pipe packed with saturated porous medium and having a uniform heat 

flux at the wall is evaluated numerically and experimentally in several studies [2–8]. Porous mediums have been 

studied numerically with consideration of Local Thermal Non-Equilibrium (LTNE) conditions [9]. Various boundary 

conditions, as is apparent, can produce different results. Numerous studies have been carried out numerically on the 

phenomenon of pore flow in a specially designed porous medium [10–12]. 3D turbulent flow and thermal fields were 

studied for packed columns containing spheres and ellipsoids in various packing patterns [13]. Turbulence effects were 

included in governing equations by using the  ReNormalization Group (RNG) theory k-ε model. Similar physical 

conditions resulted  in  maximum and minimum overall heat transfer efficiencies for the spherical 

filling and flat ellipsoidal filling arrangements, respectively. Heat transfer in a pipe filled with 3 mm-diameter steel balls 

were investigated experimentally and numerically [14]. The pipe's outer surface is heated at 7.5 kW m
−2

. A wide-

ranging of Reynolds numbers is studied in the experiments (150–500). With commercial software Comsol, the 

Brinkman-Forchheimer is used to explore flow in porous media and the Navier-Stokes equations in the flow region. 

Results are shown by the temperature distribution along the pipe, the velocity distribution at the pipe's outlet, and the 
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difference in Nusselt numbers. An investigation of the flow and heat transfer properties of a pipe packed with the 

porous medium was carried out. A porous medium is created by using packed steel balls, and the fluid under study is 

water. The Reynolds number has been investigated with flow and heat transfer properties. The graphical representation 

of flow temperature variation at the middle of the plain for various Reynolds numbers is shown [15]. In a circular pipe 

study with steel balls as porous material during forced convection and utilizing water as a working medium with a 

uniform heat flux has been experimentally investigated. They find out how porosity, area, and position affect the 

Nusselt number. Porosity values and porous media were arranged in two different ways (0.44 and 0.45). Using a 55 

mm diameter section with a porosity of 44%, the researchers found a significant increase in heat transfer efficiency in 

comparison to a clean flow case [16]. Another study was implemented the thermal conductivity and pressure loss of 

metallic porous medium fillings. As size decreases, the friction factor increases. Dendritic particles have lower heat 

transfer coefficients than spherical ones [17]. In the present work, the turbulent developing forced-convection flow and 

heat transfer of water flowing inside a circular pipe filled with stainless steel balls with varying porosity and heated a 

symmetrically with variable heat flux (6,250, 12,500 W m
−2

) for each case and velocity numerous from 0.0626 m s
−1

 

to 0.1272 m s
−1

. The simulation was performed with ANSYS Fluent 2022 R1 then validation with experimental results 

has been conducted. At constant Reynolds number, both the Nusselt number and friction factor exhibit an increase with 

an increase in the inclination angle for both the CuO–Ethylene Glycol/Water (EGW) nanofluid and the base fluid. 

Notably, the Nusselt number for the CuO–EGW nanofluid in the tube with a 75° rib bottom angle demonstrates an 

average increase of 135.8% compared to that in a smooth tube as reported in Wang et al. [18].

2 Problem statement

Figure 1 shows a stainless-steel circular tube measuring 51.4 mm in diameter, a thickness of 5 mm, and 304 mm in 

length. The temperature was set at 292 K, and a steady heat flux was applied to the wall. Polyethylene tubes, 51.4 inlets 

mm in diameter and 200 mm long, were joined to either side of the test section and used to create two porous materials 

by packing the pipe with 1 or 3 mm diameter stainless steel (AISI 304) balls. Since the flow is presumed to be constant, 

some assumptions have to be made to build the model. Two-dimensional (2D) axisymmetric flow is incompressible, 

turbulent, homogenous, and saturation with a single-phase fluid. In the porous zone, the fluid and solid phases are 

assumed to be in the same condition.

3 Porous media properties

3.1 Porosity (Ø)

The porous medium depends on the test section's and stainless-steel balls' diameters. It was easy to determine the 

porosity of each medium because the weight of the balls and the volume of the test section were known. The 1 and 3 

mm spheres have porosities of 0.3690 and 0.3912, respectively [19].

Fig. 1.

Setup for the experiment: 1. test section (porous pipe), 2. PolyEthylene (PE) tube pipe, 3. reduction (32 mm) steel pipes
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3.2 Permeability (α)

The porous medium's permeability is a characteristic that measures the fluid's capacity and ability to pass through it. It is 

defined by α [20]:

where D
b
 is the balls diameter, Ø is the porous medium's porosity, and κ is the Carman–Kozeny constant.

3.3 Pressure drop and friction factor

In theory of Vafai and Tien [21] proposed an empirical relationship based on porosity and pipe diameter D to describe 

the pressure drop for porous medium:

where the pressure drops per unit length of the pipe (ΔP/L) to various fluid and pipe properties, including diameter (D), 

viscosity (μ), thermal diffusivity (α), and Reynolds number (Re), as well as the Fanning friction factor ( ) and the 

average velocity of the fluid (u
m

).

Murshed et al. [22] expressed the pressure drop in terms of friction factor. The friction factor in channels for constant 

flows is known as:

where  is fluid density.

3.4 Reynolds number (Re)

This dimensionless quantity indicates the relative importance of inertial forces to viscous forces in a fluid flow, and is 

known as [23, 24]:

4 Numerical solution

Reynolds-Averaged Navier-Stokes (RANS) based simulations were run on ANSYS Fluent 2022 R1 with 2D 

axisymmetric simulations. Models for the numerical study, the realizable k-ε turbulence model (Enhanced Wall 

Treatment) is employed. Figure 2a shows the pipe geometry and coordinates system used in this investigation, with 

two-dimensional cylindrical coordinates being used (x, y). Due to the flow domain's geometry, an axisymmetric state is 

selected. Using a 52,350 elements physics-controlled mesh provides the most accurate results. As it can be seen in 

Fig. 2b, the meshing gets even finer as you get closer to the wall. Determine, which sorts of element meshes will 

provide the desired levels of solution accuracy, convergence, and low run time. The following fluid and porous 

medium properties are used to specify boundary conditions: The constant temperature at the input is set at 292 K. Water 

enters the inlet at the same velocity. The boundary condition at the pipe's outlet section is referred to as a pressure 

outlet. Based on the flow, the pressure outlet boundary condition defines an outflow condition. The heat flux has been 
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constant along the top wall of the test section. Both the inlet and output sections' walls are insulated. In the hydraulic 

boundary condition, the flow was forced convection turbulent flow, fully developed flow, and no slip wall. The same 

parameters are used as in Bağcı et al. [19] experiment is utilized. The simulation is done on a PC with an Intel Core I 

i7-3610QM CPU @ running Windows 10 at 2.30 GHz.

4.1 Model validation

To validate the existing model, the numerical results generated by ANSYS Fluent 2022 R1 software were compared to 

experimental results. Bağcı et al. [19] studied water movement inside stainless-steel balls of 1 and 3 mm diameters. 

There was 36% porosity in the porous mediums in both cases. The data encompass a wide range of Reynolds numbers, 

allowing for the inclusion of many significant flow regimes. In each ball's diameter, various values of porosity, 

permeability, and Forsheimer's modulus (F
m

) were listed in porous media and summarized in Table 1. As a result of this 

research, there appears to be even more differences in the available data on pressure drop and friction factor in spherical 

beds.

Fig. 2.

a) Geometry, b) mesh the porous pipe (test section)
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5 Result and discussion

In numerical investigations, different sets of inserts have produced varied results. Changing Nusselt number and 

pressure drop due to a change in velocities (Reynolds number). The change in pressure drop, and Nusselt number with 

Reynolds number can be graphed using this numerical data. When Reynolds numbers ranged from 3,200 to 6,500, heat 

flux values varied from 6,250 to 12,500 W m
−2

, and the use of porous inserts resulted in higher heat transfer. In 

addition, it was found that as heat flux increases, so does the temperature of the wall.

Figures 3 and 4 the pressure drop Friction factor decreases as the porosity increases. This was due to the combination 

of viscous and turbulent forces in a densely packed pipe.

Table 1.

Properties of porous media on the basis of [18]

Ball Diameter

Db (mm)

Porosity

Ø

Permeability

α ×  10
10 m2

Forsheimer's modulus

Fm

1 0.3690 0.8451·10
−9

0.598

3 0.3912 8.968·10
−10

0.586

i The table layout displayed in this section is not how it will appear in the final version. The representation below is solely 

purposed for providing corrections to the table. To view the actual presentation of the table, please click on the  

located at the top of the page.

Fig. 3.

Pressure drop per length of pipe compared with average velocity for 1, 3 mm balls
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Fig. 4.
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Figure 5 for a given heat flux and ball diameter, the pressure drop rises as the Reynolds number rises. Figure 6 the 

surface Nusselt number rises as the Reynolds number, heat flux rises and porosity decreases. As it can be observed, the 

Nusselt number for D
b
 = 1 mm is the highest because of the larger contact area and the smallest porosity 0.3690 

compared to 0.3912 for the D
b
 = 3 mm, this is the case. The small diameter of the balls leads to a narrow passageway, 

low velocity, and channeling. Balls having a diameter of between (1–3 mm) minimize heat transfer when placed close 

to the wall.

Friction factor per length of pipe compared with Reynolds number for 1, 3 mm balls

Fig. 5.
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Pressure drops vs. Reynolds numbers and porosity

Fig. 6.
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As in Fig.  7 the Reynolds number decreases and heat flux increases, the wall temperature along test section is 

increased. In Fig. 8 the results of the distribution of wall temperature, pressure drop, heat transfer coefficient, Nusselt 

number along the length of the test pipe at Reynolds number 3,200 and heat flux 6,250 W m
−2

 for 3 mm balls.

Nusselt number vs. Reynolds numbers for 1, 3 mm balls

Fig. 7.
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Wall temperature distributions per length of pipe compared with Reynolds numbers for heat flux 6,250, 12,500 W m
−2

Fig. 8.

i Images are optimised for fast web viewing. Click on the image to view the original version.



The results of the distribution of wall temperature, pressure drop, heat transfer coefficient, Nusselt number along the length of the test 

pipe at Reynolds number 3,200 and heat flux 6,250 W m
−2

 for 3 mm balls



Fig. 8.
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6 Conclusion

In this study the flow in a horizontal porous pipe subjected to a constant heat flux boundary condition was 

quantitatively characterized. Increases in Reynolds number and heat flux lead to an increase in the surface Nusselt 

number and surface heat transfer coefficient. When the porosity of a pipe increases from 0.3690 to 0.3912, the pressure 

drops decrease by 84.4%, This is to be expected, since the packing is denser in the case of a balls with a diameter of 1 

mm, Nusselt number increased by 46.7% with an increase in Reynolds number from 3,200 to 6,500 while increased 

4.36% with an increase in heat flux from 6,250 to 12,500 W m
−2

. The highest wall temperature occurs at 3 and 1 mm 

balls diameter, respectively. The study shows an increase in the wall temperature at higher heat flux values 12,500 W 

m
−2

. At constant heat flux, the surface heat transfer coefficient increases with the increase Reynolds number, the 

adding of stainless-steel balls in the pipe caused an increase in fluid temperature, the size of ball diameter has a 

significantly larger influence on the value of porosity. Surface heat transfer coefficients and surface Nusselt number 

increase as stainless-steel ball diameter decreased.

Fig. 8.

Continued
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