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Abstract: 

In this paper heat and mass transfers and forced convection fluid flow within a cylindrical saturated 

granular medium are studied numerically. The used model is an unsteady two-temperature one accounting for 

variable porosity. The selected medium is silica gel. The study focuses on the effects of the whether parameters i 

e air temperature and humidity and also the geometric parameters i e form factor of the cylinder. It is deduced 

that the bed adsorption can be improved by considering lower air temperature and form factor and higher air 

absolute humidity. 
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1. Introduction 

 
The attention given to the improvement of the various industrial systems is growing in the aim of both 

reducing energy consumption and improving their performance. Then heat and mass transfers and fluid flow 

through granular medium is essential to optimize the functioning of several systems in the area of buildings 

thermal insulation, engineering oil, refrigeration machines, desiccant cooling air systems, … 

Indeed this research is aimed at the comprehension and optimization of the fluid flow and heat and mass 

transfers in a cylindrical packed bed filled with a saturated porous medium. 

In literature several papers deal with the adsorption phenomenon in porous media. Both numerical and 

experimental studies are encountered. 

A numerical study was conducted by Solmus et al [1]. It was aimed to exploring the fields of temperature, 

pressure and to evaluate the adsorbed steam rate in a cylindrical packed bed filled with silica gel and subjected to 

a radial flow. The used model is a transient one-dimensional non-equilibrium temperature one. It is shown that 

reducing intra-particle thermal transfer resistances and mass transfer resistances improves bed performances.  

White [2] developed a Computational Fluid Dynamics model dedicated to the study of the adsorption 

phenomenon in silica gel bed. The main outcome of this study is that the adsorption rate is enhanced when 

reducing the particles’ size. 

Ramzy et al. [3] simulated numerically transfers in a desiccant bed. In this study, two models were 

compared: one mathematical model based on the strength of solid side and another based on the strength of the 

solid side and considering the heat conduction along the bed. It was concluded that in order to reduce the axial 

heat conduction along the bed, the particle diameter and the air flow rate should be increased and the bed 

thickness should be decreased. 

Chang et al. [4] explored experimentally a bed filled with metal substrate covered with silica gel. It was 

observed that the adsorption capacity is enhanced for lower adsorbent thickness and higher particle diameters. 

Niazmand et al. [5] explored a finned tubes heat exchanger with mesoporous silica gel. A specific particle 

diameter was demonstrated optimal for the porous bed performance; in fact the inter- and intra-particle mass 

transfer resistances effects are opposite. This optimal particle size is proven to depend on the fins height and 

spacing and on the cooling/heating temperatures. 

The performance of a new composite formed by silica gel and natural graphite treated with sulfuric acid 

was conducted by Zheng et al. [6] via experiments on different silica gel percentages. It was shown that the 

thermal conductivity is inversely proportional to the percentage of silica gel. 
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From this literature survey, it can be drawn back that the used numerical models rely on the assumptions 

of stationary regime, one-dimensional flow and constant porosity. 

This solicits the present numerical contribution via an unsteady, two-temperature, two-dimensional model 

with variable porosity. In addition, the parameters effects discussed here weren’t explored in literature. An 

analysis dedicated to the effects of whether parameters and geometric parameters on a silica gel bed was 

conducted: the effects of air temperature and absolute humidity and form factor were discussed. 

 

2. Mathematical formulation 

 
The study concerns a cylinder containing a granular saturated medium. The used model is a transient two-

dimensional one. It was developed and validated in a previous work (Zili and Ben Nasrallah [7]). 

In this work it is assumed that the fluid is a Newtonian perfect gas with constant physical properties, the 

medium is isotropic, the radiation is neglected and the flow is not affected by the heat and mass transfers so the 

flow equations are solved at first generating a velocity field injected to solve heat and mass transfers [8].  

 

2.1. Flow formulation 
 

It is based on the Darcy-Brinkman-Forchheimer law [9]. 

 

2.1.1. Continuity equation  
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2.1.2. Momentum equation 
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2.2. Heat and mass transfers’ formulation 
 

 

2.2.1. Vapour and air mass conservation equations  
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M  is the average rate of water evaporation. 
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Deff is the effective diffusivity expressed, respectively, in the axial and radial directions as [10] : 
1.20.7 0.5   D D D Peeff,z  

0.9
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where D is the molecular diffusivity and Pe is the Peclet number. 
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2.2.2. Energy conservation equation in the gaseous and solid phases  
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The gas effective conductivity in the axial and radial directions is expressed by [11, 12]: 
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where f  represents the gas conductivity. 
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The effective solid conductivity is [12]: 

 , 1 eff s sd    

where sd  represents the solid conductivity. 

 

2.2.3. Adsorption kinetics 

 
The amount of adsorbate contained in the adsorbent at equilibrium (Freundlish [13]) is: 

𝑋∞ = 0.24 𝜑
1

1.5⁄  (8) 

where  is the air relative humidity. 

 
The adsorption kinetics [1, 13-15] is: 
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The used parameters are: Do = 2.54 10-4 m2 s-1 and Ea = 4.2 104 J mol-1. 

 

 

3. Numerical resolution 

 

Flow equations and heat and mass transfer equations are solved separately [7, 16]. 

 

3.1. Numerical resolution 
 

The flow equations resolution is done by the finite difference method [17]. A fully implicit method is 

used. The discretization is done by an iterative method. A uniform mesh is used. 

The mass and heat transfers’ equations resolution is done by the finite field method [17]. The used mesh 

is uniform and the calculation steps are constant. An implicit scheme is adopted. For convection terms Upwind 

scheme is used. Resolution is done by the line by line iterative method in the axial direction. 

Convergence is reached when arbitrary fields and calculated solutions coincide within a relative error. 

Otherwise, the calculated fields will be taken as arbitrary and calculations will be resumed until convergence. 

The code validation was conducted in a previous work [18]. 

 

3.2. Initial and boundary conditions 
 

Initially, the medium is considered at the same temperature of the ambiance, and so the gas and solid 

temperatures. Dry air and vapour densities are also initially considered constant. 

At the cylinder inlet gas temperature is equal to that of air blown through the bed, while for solid 

temperature a heat transfer coefficient is used [19, 20]. Concerning dry air and vapour densities at the bed 

entrance, they are adopted equal to those of the blown air. 



At the cylinder outlet both heat transfer coefficients are adopted for gas and solid temperature and mass 

transfer coefficients are used for dry air and vapour densities [19, 20]. 

At the axis of the cylinder symmetry of revolution is considered. 

The cylinder surface is taken insulated and impermeable. 

 

 

4. Numerical simulation results 

 
In simulation, the considered reactor is 0.15 m in radius and 0.05 m in height. 

Water initial content in the medium is 0.007 kg of water/kg of dry productix . Average grains diameter 

is 33 .10d m . Exchange surface per unit volume is 
 6 1

s
d


 . Initial dry air and vapour densities are 

31.158519 kg/m
ia  and 30.000167 kg/m

iv . Initial medium temperature and relative humidity are 

305 KiT  and 0.5%
i

 . 

Air densities, respectively, at the inlet/outlet are 
0

31.124732 kg/ma and 
00

31.141490 kg/ma . 

Vapour densities, respectively, at the inlet/outlet are 
0 00

3 30.021139 kg/m  and 0.010737 kg/m v v  . 

Temperatures and relative humidities at the inlet and the outlet are 0 00 305 K T T  and
0 00

63%; 32%   . 

Gas thermal conductivity and dynamic viscosity are =0.026 W/m. Kf  and -51.5 10  kg/(m s)f . 

 

A parametric study is conducted. This study explores the effects of the weather parameters (blown air 

temperature and absolute humidity) and the geometric parameters (form factor) on the adsorption phenomenon. 

 

4.1. Weather parameters effect 
 

From a literature survey concerning studies related to desiccator behavior, one can notice the missing of 

research dealing with weather effects on the adsorption. For this reason the present part is dedicated to elucidate 

the effects of air temperature and absolute humidity on the desiccator adsorption capacity. 

 

4.1.1. Air temperature effect  

 
The present section is dedicated to exploring the air temperature effect on the adsorption capacity. 

FIG. 1 (a) and (b) is a representation, respectively, of the temporal evolution of temperature difference 

and relative humidity difference between the bed outlet and inlet. Three different values were tested by taking 

successively blown air temperature equal to 28°C, 32°C and 40°C. 

FIG. 1 (b) relates an increase of the absolute value of the relative humidity difference when reducing the 

air temperature; from 37% for 40°C to 70% for 28°C. This reveals an increase in the adsorption capacity with the 

decrease of the air temperature. 

On another side, the temperature difference between the bed inlet and outlet is sensibly the same for the 

three cases (FIG. 1 (a)) especially when viewing peaks of temperature differences. Otherwise, we may depict a 

very little increase of temperature difference between the desiccator outlet and inlet when decreasing the blown 

air temperature. 

It follows that it remains well beneficial to reduce air temperature before blowing it through the reactor 

when targeting to improve desiccator capacity of adsorbing. 

 



 
(a) 

 
(b) 

Figure 1: Air temperature effect on the adsorption phenomenon 

(a) Temperature difference temporal evolution 

(b) Relative humidity difference temporal evolution  

 

 

4.1.2. Air absolute humidity effect  

 
The effect of the air absolute humidity on adsorption capacity is tested in this section. For this aim, the 

temporal temperature difference and relative humidity difference between the bed outlet and inlet are 

respectively represented in FIG. 2 (a) and (b). The considered air absolute humidities are 12.815 g/kg, 20.511 

g/kg and 22.073 g/kg. 

The main outcome of these illustrations is the increase of the temperature difference and that of the 

absolute value of the relative humidity difference when increasing the air specific humidity. 

This demonstrates an elevation of the adsorption capacity in regards with the air absolute humidity 

amplification. 

Otherwise, the adsorption capacity enhancement results in an increase of the released heat due to the 

adsorption operation which is an exothermic process. Indeed, the adsorption capacity increase is dedicated to the 

elevation of the water vapour potential present in the blown air when increasing its absolute humidity. 

These conclusions are quite clear in table 1 which represents the results for four different values of blown 

air absolute humidity. In fact, this table shows an increase of the absolute value of the air relative humidity 

difference outlet/inlet from 38% for blown air absolute humidity of 12.81 g/kg to 66% for 22.07 g/kg. 
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Figure 2: Absolute humidity effect on adsorption phenomenon 

(a) Temporal temperature difference 

(b) Temporal relative humidity difference 

 

Table 1: Absolute humidity effect on the adsorption phenomenon characteristics 

 

 Absolute humidity at the desiccator inlet (g/kg) 

12.81 18.95 20.51 22.07 

∆Hr(%) 38 57 62 66 

∆T (°C) 7.7 19.2 20.6 21.9 

 

4.2. Geometric effects: Form factor effect 
 

The form factor exhibits the geometric effects. In fact, it represents the cylinder diameter by height ratio. 

The advanced effect is explored in this section by the consideration of three different values which are 

1.11, 3.75 and 17.5. These values are adopted while maintaining the same air flow rate, air characteristics 

(temperature and relative humidity) and porous medium volume. 

The results are represented in FIG. 3 (a) and (b), showing respectively temporal evolution of temperature 

and relative humidity at the desiccator exit. 

The outcome of these tests is that the adsorption capacity is enhanced when reducing the form factor 

(FIG. 3 (b)); in this sense the figure relates a decrease of the air relative humidity at the desiccator exit. As a 

result the released heat by the adsorption phenomenon is increased as noticed in FIG 3 (a). 

This behavior can be explained by the fact that the reduction of the form factor induces an increase of the 

air speed through the bed and then the increase of the gas-solid heat exchange coefficient resulting in enhancing 

exchange between adsorbent and adsorbate. 
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Figure 3: Form factor effect on the adsorption phenomenon 

(a) Exit temperature temporal evolution 

(b) Exit relative humidity temporal evolution 

 

 

 

Conclusion 
This paper exposes a mathematical model dedicated to the study of the flow and heat and mass transfers 

in a cylinder filled with a granular saturated medium. A numerical transient two-dimensional two-temperature 

code was proposed. 

The study explores the different effects of varying the weather characteristics, i. e. blown air temperature 

and absolute humidity and geometric characteristics, i. e. form factor on the adsorption capacity. 

It is depicted that higher air temperatures reduce adsorption capacity. Then it is advantageous to use 

different techniques such as cooling and heat storage to improve the adsorption process. 

Air absolute humidity increase causes increase of vapour adsorbed amount given the available potential 

of the vapour present in the air. 

The reduction of the form factor, thus, reducing the cylinder diameter per height ratio, results in 

adsorption capacity improvement owing to fluid acceleration (while the same flow rate is conserved). 
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Nomenclature 
 

C specific heat, J kg-1 K-1 

Cp specific heat at constant pressure, J kg-1 K-1 

d average grain diameter, m 

D diffusion coefficient for gaseous phase, m2 s-1 

F Forchheimer coefficient 

Hfs gas-solid exchange coefficient, W m-2 K-1 

K granular medium intrinsic permeability, m2 

M  average adsorbed water rate within grains, kg 

m-3 s-1 

P intrinsic averaged pressure, Pa 

Pe Peclet number 

Pr Prandtl number 

r radial coordinate, m 

R constant of perfect gas, J mol-1 K-1 

rp average particle radius, m 

s gas-solid exchange surface per unit volume, 

m-1 

t time, s 

T intrinsic averaged temperature, K 

v average velocity, m s-1 

x granular medium water content, kg of water . 

kg-1 of dried product 

z axial coordinate, m 

Greek letters 

hads averaged adsorption enthalpy, J kg-1 

 granular medium porosity 

 conductivity, W m-1 K-1 

 gas dynamic viscosity, kg m-1 s-1 

 gas kinematics viscosity, m2 s-1 

 intrinsic average density, kg m-3 

Subscripts 

a air 

eff, effr, effz gas effective, radial 

component, axial component 

eff,s solid effective 

f fluid 

r radial 

sd solid 

v vapour 

w water 

z axial 
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