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A mathematical model and the results of calculating the dynamics of heat and mass transfer and phase 

transformations in the processes of sorption and desorption in solid porous sorbents in adsorption 

systems are presented. The calculation results indicate the adequacy of the mathematical model and 

the effectiveness of the calculation method.  
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Heat and mass transfer processes of sorption and desorption are an integral part of 

many production technologies of energy, chemical, construction and other industries. Their 

passage in heterogeneous porous systems is accompanied by phase transitions and possible 

deformation of the solid phase. The optimal organization of sorption and desorption 

ensures the preservation of the adsorption properties of sorbents and energy efficiency of 

production. Differences in the known mathematical models [1, 2] used to describe the 

dynamics of these processes are due to differences in the type and number of the main 

required functions and ways of closing the initial transfer equations. The methods of 

finding the intensity of phase transitions in them are quite approximate. Activation 

processes, the intensity of which significantly depends on temperature, have a significant 

effect on the dynamics of evaporation, condensation and diffusion transfer. The dynamics 

of sorption and desorption is characterized by the intensity of two competing processes: 

condensation of adsorbent molecules on the surface of the adsorbate layer covering the 

inner and outer surfaces of the porous body and evaporating molecules that are located 

near the free surface of the adsorbate layer and have reached the activation energy. 

The intensity of the phase transition on the outer surface of the body is found by the formula [3] 
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where ε is the radiation coefficient; fl is the density of the liquid; δ* is the thickness of the 

condensate layer in which the evaporation process takes place; the value */=   is found from 

the conditions: for *0  and 1=  with   > *,   the thickness of the condensate layer; А 

is the activation energy; R is the universal gas constant; φen relative humidity of the medium, 

e.m. v sφ /P P= , Pv water vapor partial pressure, Ps saturation pressure; T is temperature; ν is 

normal to the body surface. The first term in parentheses characterizes the intensity of 

evaporation of the adsorbate, and the second - the intensity of condensation of the sorbent. When 

the first term exceeds the second - the resultant process is the desorption of liquid, otherwise - 

the adsorption of steam.  

The intensity of phase transformations IV in a unit volume of a porous body is the product 

of the intensity of phase transition I on the liquid surface on the walls of partially filled 
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capillaries and the total area S of the contact surface of liquid and gas phases IV = IS. To 

determine the function S obtained formula [3] 
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where φb is the adsorption humidity of the body, equal to the relative humidity of the gas, which 

according to the sorption-desorption isotherm corresponds to the volume concentration of the 

liquid Ufl at a given moment in time at a given point of the porous body; the derivative ∂Ufl/∂φb 

is found from the sorption isotherm equation.  

 Under the condition of local thermodynamic equilibrium, when i.m.0
T T
 =

= , from (1) 

and (2) follows the expression for the intensity of phase transformations in the pores of the body 
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Where v v sφ / [ ( )]U P T=   is the relative humidity of the vapor-gas mixture in the capillaries Uv is 

volumetric concentrations of vapor phase; v is volume fraction of the vapor in the porous body.    

The thickness of the condensate layer is determined by the formula Nikitenko N.I. [4]   
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In accordance with (4), for given values of Т and φ the thickness of the condensate layer on the 

walls of the pores is the same and equal to  for capillaries of radius r > , and the capillaries of 

radius r ≤  are completely filled with liquid. 

If the capillary-porous body is an adsorbent, in the process of sorption on its surface a 

monomolecular layer of condensate is formed, the molecules of which are most strongly bound 

to the adsorbent. Subsequent layers of bound liquid are held less tightly, and their properties 

approach the properties of the free liquid as they move away from the solid surface. To identify 

the nature and quantify the degree of influence of additional forces of interaction of a liquid 

particle with a solid body on the activation energy, it is convenient to use the potential of 

Sutherland, it describing the interaction of solid spheres with diameter σ: = )(r  when r  

and −−= rBr)(  when r , where B´ and γ´ are positive constants, r is the distance between the 

spheres. Given the interaction of the liquid particle with the solid, the expression for the 

activation energy Aad can be written in the form 
−+=+= BrAAAAad  where ∆A is the 

additional activation energy of the adsorbate molecules.  

Wetting of the sorbent is carried out by supplying moist steam to its outer surface. The 

spent sorbent is dried by supplying it with energy from an external coolant.Transfer in capillary-

porous bodies is carried out as a result of realization of several mechanisms: molecular (diffuse) 

and convective (filtration) transfer and transfer owing to phase transformations. In adsorption 

apparatuses, the processes of humidification and regeneration of sorbents are carried out at 

pressures lower than atmospheric. Therefore, the content of inert gases in the pores can be 

neglected. The movement of moisture in the material occurs in the form of liquid and vapor. 

Mathematical model of diffusion-filtration heat and mass transfer in a capillary-porous body, 

describing the processes of sorption and desorption includes the energy equation for the system 

as a whole and the equation of mass transfer of liquid and vapor 
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Here U fl, Uv – volumetric concentrations of liquid and vapor phases; Т – temperature; t – time; 

cef – effective heat capacity, еf s s fl fl v v(1 )c c c U c U= − + + ; П – the porosity of the adsorbent; λef – 

effective thermal conductivity, еf s fl fl fl v v v(1 ) / /U U     = − + + ;   is the Hamilton operator; wef – 

effective filtration rate,  ( )ef fl fl fl v v v ef/w w с U w с U c= + ; wfl, wv  – are the velocity vectors of the 

filtration motion of the liquid and vapor phases, which, according to the Darcy law 

   0 /  −= PKKw  ( = fl, v) are proportional to gradient the phases flP  and vP ; L is the heati 

of phase transformation; IV specific intensity of phase transformations in the pores of the body; 

Dfl, Dv – are the effective diffusion coefficients of the liquid and the vapor, 

( ) 1
fl [exp / 1]D DD A RT −= −  (the formula is Nikitenko N.I. [4]), 3/2

v v v/D T P=  (from the 

kinetic theory of gases), here  АD  is the activation energy of the liquid molecules for the 

diffusion process; γD, γv = const.  

The pressures Pfl and Pv are calculated through the functions Ufl, Uv and T according to the 

following algorithm:: volume fractions of the skeleton s, liquid fl and vapor v in the porous 

body: s = 1– П, fl = Ufl/fl, v = 1 – s – fl , partial densitie and pressure of vapor v=Uv/g, 

Pп=пRуT/п.The pressure of liquid phase:  Pfl=Pg +Pc , where capillary pressure Pc [5] 
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Here, (r) іs the volume fraction of the capillary filled with liquid; f(r) is the differential function 

of pore size distribution; σ(Т) is the coefficient of surface tension; r* is the characteristic 

parameter of the dispersion of pore sizes; rmin and rmax are the minimum and maximum pore radii 

in a unit volume.  

The boundary conditions of the heat-mass transfer of the third kind for the processes of 

wetting and drying of the sorbents are presented as follows:   
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The process of sorbents regeneration in sorption apparatuses often occurs during conductive 

energy supply. At the interface of the heat exchange surface with the adsorbent, the conditions of 

the fourth kind are set  
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The solution of the system (3) -- (6) under certain boundary conditions (9) -- (12) makes it possible 

to determine the values at each point of the body at each instant of time of temperature, volumetric 

concentrations of the liquid, vapor and air phases and other parameters, as well as the completion time of 

adsorption or desorption processes. For this, a grid method has been developed, which is based on an 

explicit three-layer recalculating difference scheme Nikitenko N.I. [5] and a computer program for the 

calculation has been compiled. 

The results of dynamics of moisture content and temperature change in a layer of silicagel 

during its moistened and regenerationare shown in Fig. 1,2. 



 

 

Fig. 1 The relative volumetric concentration of the liquid Ūfl = Ufl(х)/Ueq and the temperature 

max/)()( TxTxT =  in the silicagel layer at different times during adsorption. Parameters of vapor 

medium: φen=100 % , Тen=10 °С, body parameters: Т0 = 10 °С, Тмах= 195 °С. 

 
Fig.2 Relative values of volumetric liquid concentration Ūfl = (Ufl(х) – Ueq)/Ufl0 and the 

temperature )/())(()( 0h.s.0 ТTTxTxT −−=  of the silicagel at different times of drying with a 

conductive method of supplying heat. Т0 = 20 °С, Тh.s = 150 °С. 

Conclusion  

The results of comparing the calculated and experimental data on the kinetics of humidification 

and regeneration of different sorbents [5] indicate the adequacy of the mathematical model and 

the effectiveness of the calculation method. 
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