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Abstract 
The present work is focused on the simulation of forced convection 

airflow through a horizontal fixed packed bed. The flow was considered 

at low Reynolds numbers (0.01 to 5), where the problem was governed by 

the Darcy model and the solution performed by COMSOL Multiphysics 

05. The analysis was carried out under the assumptions of steady, 
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incompressible, Newtonian, constant fluid properties. For the thermal 

conditions, a uniform wall heat flux at the wall boundary is taken to be 

constant as q = 150 W/m² while the porosity of the bed is set to be as   = 

0.39. The results showed that the temperature is greatly affected by the 

Reynolds number. As the Reynolds number increases the Nusselt number 

and convective heat transfer coefficient increase consequently the 

temperature decreases through all the bed, also the pressure drop through 

the bed increases as the Reynolds number increases and vice versa. 

Index Terms— Convection heat transfer - Porous media - Darcy 

model - Packed bed.  

A. Introduction 

Porous medium is a material consisting of a solid matrix with an 

interconnected void that allows the flow of one or more fluids through the 

material, in the simplest situation (single-phase flow) the void is saturated 

by a single fluid, in two-phase flow a liquid and a gas share the void 

space. 

The study of transport phenomenon in porous media have primarily 

been initiated by the research activity in geophysical systems and 

chemical engineering industry. A new area of research was considered 

since the recognition of the engineering importance of the porous media, 

where it can be found in a broad range of engineering applications 

including agricultural applications, industrial applications, thermal 

conversion and storage systems, and environmental applications.  

Therefore, the transport phenomena through fluid-saturated porous 

media and forced convection heat transfer in porous media is a rapidly 

growing branch of thermal science, several thermal engineering 

applications can benefit from a better understanding of convection 
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through porous materials such as thermal insulations, fuel cells, 

microelectronic cooling system, filtering devices and products 

manufactured in the chemical industry, the flow of fluid in porous media 

plays an important role in temperature distribution and heat transfer rate, 

the term transpiration cooling is used to describe heat removal associated 

with fluid flow through porous media, the idea is to provide intimate 

contact between the coolant and the material to be cooled.  Several 

studies have been already carried out in this field with the aim of 

investigation heat transfer phenomena in porous media for engineering 

processes. Many researchers have studied the laminar forced convection 

flow experimentally through packed beds filled with porous media and 

constant heat flux conditions at the wall surfaces [1-3]. The results 

revealed that the thermal entry length of the fluid flow through the metal 

foam (porous media) is much smaller than that for laminar internal flow 

through an empty channel. The result also showed that the local surface 

temperature increases along with increasing the axial flow direction for 

steady flow case.  

Simulations of a fixed-bed flow reactor by COMSOL Multiphysics 

have been presented by many researchers [4-9]. Assuming a uniform 

velocity profile across the bed implies that Darcy’s law expressions can 

be used to model the pressure drop across the reactor. Carmen-Kozeny 

equations were used to determine the permeability of the packed bed, the 

solutions obtained using COMSOL agreed with validation calculations of 

Darcy’s Law. 

Their results of average local surface temperature distributions, 

local Nusselt numbers and temperature contours were illustrated, a good 

agreement between experimental and numerical technique has been 

achieved. 
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This work aims to study heat transfer of air flow through porous 

media at low Reynolds numbers. In such flows, the inertia effects are 

neglected and the Darcy model is valid. To understand the effect of 

varying Reynolds numbers on flow temperature through a horizontal 

packed bed filled with spherical particles, as a porous media, the 

simulation was done by COMSOL multiphysics 5.0. In this simulation, 

two physics (porous media and heat transfer) are employed to study heat 

transfer with Darcy model of flow through porous materials. 

B. Main parameters and governing equations 

 The porosity   of a porous medium packed bed  is the ratio of the 

pore space volume VP to the bulk volume of the bed Vt, that is : 

   
  

  
        (1) 

Furnas in [10] proposed an equation for the porosity in a packed 

column with sphere packing as a function of particle and bed diameter, as 

shown below: 

 

             
   

 
          (2) 

Where :    is the equivalent bead diameter and   is the pipe 

diameter.  

Carmen-Kozeny equation was used to determine the permeability 

of the packed bed, 

  
  

    

         
      (3) 

where K is the permeability in [m²]. The mathematical governing 

equations are given by the Darcy equation for the flow through the porous 

material and the averaged energy equation, Darcy´s law is given by the 

following relation  
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           (4) 

where  ∆P is the pressure drop through a fixed bed,   is the 

viscosity.  

For steady flow through the porous media without any heat 

sources; the energy equation is given by  

                    (5) 

where ρ is the density, c is the specific heat, u is the velocity, T is 

the temperature and    is the effective thermal conductivity which is 

defined by  

                   (6) 

where    and    are the permeability's of the solid and fluid, 

respectively. The Reynolds number     , friction factor  , heat transfer 

coefficient   and Nusselt number     can be defined as follows:  

     
      

         
           (7)     

   
  

   

  

   
 

   

        
      (8) 

    
   

            
      (9)  

where q" is the heat flux and       and       are the temperature 

of the wall and the bulk at position x [m], respectively.  

      
   

            
 
 

  
                      (10) 

C. Numerical Solution 

Using the COMSOL Multiphysics software, we solved heat 

transfer of air flow through a porous media with low Reynolds numbers 

where the Darcy flow is dominating the flow. The computational domain 

was a two-dimensional (2D) rectangle as shown in Figure 1. 
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Figure 1. The computational domain, dimensions are in [m].  

 

Figure 2 shows a hybrid unstructured grid used for the calculations 

of flow simulations in the packed bed of a porous media where ultra-fine 

triangular mesh cells have been used near solid walls to provide better 

resolution and spread along with the computational domain.  

The boundary conditions are specified for each boundary as 

follows:  

 Uniform inlet velocity and temperature at the inlet section. 

 No-slip condition and uniform heat flux at the upper and lower 

walls. 

 Pressure outlet at the outlet section.  

 
Figure 2. Mesh of the geometry, dimensions are in [m]. 
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The discretized algebraic finite volume equations have been solved 

iteratively and the residuals have been reduced to value 10
−6

.  The 

number of iterations is set up to 5000 and the calculation is started and 

the iteration is continued till the convergence is reached. 

D. Results and Discussion 

The study is carried out by COMSOL software for single-phase 

flow with heat transfer through porous media according to the Darcy 

model. The geometry is a rectangle with length and width equal to forty 

and fifteen centimeters, respectively. The air is considered as a working 

fluid inside a pipe filled with porous media (it is spherical particles of 

stone). The properties of the fluid and porous media are taken at the inlet 

temperature. The study is carried out for various Reynolds numbers (0.01 

to 5), while the heat flux, bed porosity and the porous media thermal 

conductivity are kept constant at 150W/m², 0.39 and 1.26 W/m K, 

respectively.  

Samples of temperature contours for Reynolds numbers 1.0 and 5.0 

are presented in Figures 3 and 4. They illustrate the temperature 

distribution inside the pipe, one can observe that the temperature of the 

fluid increases as the flow moves downstream due to the heat flux 

assigned to the upper and lower sides of the pipe. Moreover, one can 

notice that as the Reynolds number increases the temperature of the fluid 

decreases.  
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Figure 3. Contour temperature [K] for Re=1 

Figure 5 shows the centerline temperature distribution along the 

porous bed length for different Reynolds numbers.  The results showed 

that the temperature decreases faster as the Reynolds number increase 

indicating higher heat transfer rates. 

Figure 6 shows the heat transfer coefficient lines which are initially 

decrease dramatically and then continue straight to the end of the pipe, 

this is because the temperature difference between the surface 

temperature and bulk temperature decreases, also shows the heat transfer 

coefficient increases when Reynolds number increases.  Figures 7 and 8 

show that the relations of the local and average Nusselt numbers where 

the overall result indicates that the Nusselt increases with an increase in 

Reynolds number, thus the heat transfer is enhanced. 
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Figure 4. Contour temperature [K] for Re = 5, dimensions are in [m]   

 

Figure 5. Line temperature [K] at different Reynolds numbers 
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Figure 6. Local heat transfer coefficient at different Reynolds numbers, arc 

length in [m]. 

 

Figure 7. Local Nusselt number at different Reynolds numbers, arc length in 

[m]. 
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Figure 8. The average Nusselt number vs Reynolds number 

 

Figure 9 shows the relationship between pressure and Reynolds 

number where the relation is approximately linear below Re = 1.0 then 

the non-Darcian effects appear over Re = 1.0. The friction factor graph 

presented in figure 10 based on pressure drop calculations.  

 

Figure 9. The relationship between pressure drop and Reynolds number 
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Figure 10. The relationship between friction factor and Reynolds number 

E. Conclusions 

A steady-state computational study of air flow and heat transfer 

through a fixed packed bed was simulated by COMSOL Multiphysics.  

The following conclusions can be deduced from the study:  

1. The results showed that the maximum outlet temperature appeared 

with the lowest Reynolds number value indicating that the heat 

transfer coefficient and Nusselt number increase when the Reynolds 

number increases.   

2. The pressure drop increases with the increase in Reynolds number, 

which increases the required power to overcome friction effects. 

3. The results demonstrate the validity of the Darcy model when Re is 

less than one. At higher Reynolds numbers, non-Darcian effects such 

as wall and inertial effects appear. 
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