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Abstract—The results of numerical simulation and experimental study of heat and mass transfer in a station-
ary blown layer of colloidal capillary-porous materials of plant origin with cyclic radiation convective energy
supply were presented. The mathematical model consists of the equations of gas phase mass conservation, fil-
tration, and heat and mass transfer in phases, which allow for the internal resistance to heat and moisture
transfer in particles when determining the heat and mass transfer coefficients. It includes the dependence of
the specific heat of phase transition on particle moisture, particle shrinkage, and layer height during dehy-
dration and the dependence of the effective coefficients of thermal conductivity of gas and vapor diffusion on
the filtration rate. The results of modeling of dehydration of potato particles in a dense layer with cyclic radi-
ation-convective energy supply were presented. It was shown that dehydration can be intensified and its dura-
tion can be reduced in comparison with the convective method. The calculated data were compared with the
experimental data, confirming the adequacy of the model. The experimental kinetic dependences of desorp-
tion of activated carbon and zeolite with convective and radiation-convective energy supply were presented.
The results of comparison indicate that the duration of desorption is markedly reduced when additional infra-
red irradiation is provided; for activated carbon, the process time is halved.
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INTRODUCTION
Modern industries and technologies widely use the

processes of drying, thermomechanochemical treat-
ment, and modification of materials, which are gener-
ally characterized by high energy intensity and largely
determine the quality of the final product and its cost.
New applications of these processes constantly appear
with the development of the economy. These technol-
ogies include the processing of materials of plant ori-
gin to obtain dry coarse or finely dispersed products
and dehydration of materials in chemical industry,
including regeneration of various sorbents. For drying
of plant materials, convective units are most widely
used, in which the specific heat consumption is rather
large, reaching 6–8 MJ/kg of moisture and even
higher. Methods used for intensification of heat and
mass transfer processes include exposure to electro-
magnetic (infrared, microwave) radiation, evacuation
of the medium, and the use of overheated vapor as a
heat carrier [1–6].

The main difference and advantage of thermal
radiation drying in comparison with convective drying
are large specific (per unit area) heat f luxes. The opti-
cal properties of materials depend both on the proper-

ties of the dry framework and largely on the moisture
content and forms of moisture binding, surface state,
and other properties. The moisture content of a mate-
rial has an ambiguous effect on its optical properties.
The reflectivity decreases at increased moisture con-
tent for radiation with  = 1.4–15 μm, which is caused
by the significant absorptivity of water in this range of
wavelengths [7]. For example, the depth to which IR
radiation penetrates into a moist potato reaches 6 mm,
while in a dry one it is 15–18 mm [8]. The depth of
penetration of shortwave IR radiation into some food-
stuffs reaches 7–30 mm [9]. However, the fraction of
radiation energy penetrating even to a depth of 6 mm
or more is relatively small. Due to high IR flux densi-
ties, the temperature of the surface layer of the irradi-
ated material is usually higher than during convective
drying, especially in the case of the removal of bound
moisture. Plant materials are heat sensitive and lose
quality when the temperature rises. Therefore, studies
using unsteady cyclic action of energy fields are being
further developed, which allow not only to intensify
heat and mass exchange processes and increase their
efficiency, but also to reduce the negative thermal
effect. Recently, these methods of energy supply have
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attracted the attention of researchers; they are being
comprehensively studied and developed and used in
new technologies and devices.

It was shown that preliminary IR irradiation of veg-
etable raw materials (e.g., apples, quinces, and mel-
ons) before drying reduces process duration and
energy consumption by 25–35% and improves the
quality of the final product, in particular, leads to a
decrease in vitamin losses [10].

A study of oscillating infrared drying of seeds of
vegetable crops (cucumbers, onions, etc.) was
reported in [11]. It was shown that the use of this
method at a seed temperature varied from 34°C to
40°C during the drying causes stimulation of seeds,
which shows itself in an increase in their viability and ger-
minating ability. The greatest stimulating effect is observed
when the oscillating infrared drying lasts 40 min.

Pulsed infrared drying of thermolabile materials
was proposed in the patent [12]. The method is char-
acterized by a time-variant “heating–cooling” cycle
with variable components of the heating and cooling
stages. The temperature of the material is monitored
with a non-contact pyrometer, and after the specified
maximum and minimum temperatures of the material
have been reached, the infrared emitters are switched
on and off by means of a control device.

Review [13] provides a critical discussion of the use
and comparative performance of IR radiation for dry-
ing some food materials, including grains, fruits, veg-
etables, and seafood. It was noted that radiation drying
can be combined with convective, vacuum, and subli-
mation methods to increase the process rate and effi-
ciency. A review of publications on the development of
drying technologies (microwave, infrared, ultrasonic)
for fruits and vegetables over the past five years was
presented in [14]. It was noted that these drying meth-
ods provide higher process rate and thermal efficiency
and improved quality of dried products (color, scent,
texture, and nutrient retention) compared to conven-
tional hot air drying. It was noted that further research
and development in this area are needed.

The applicability and efficiency of infrared drying
for fruits and vegetables with high water contents
including kiwi, garlic, and various mushrooms was
emphasized in [15]. It was noted that research is
mainly aimed at optimizing the drying technology by
varying the process time and temperature and com-
bining various methods of energy supply to ensure
high quality characteristics of products.

Kinetic and dynamic simulation of the drying pro-
cess is performed using various approaches. Single
particles are considered under conditions correspond-
ing to the parameters in the drying chamber [16]. Heat
and mass transfer in a dispersed layer of particles is
modeled based on the continuum theory or Euler–
Lagrange method, and statistical methods and perco-
lation models are used. The applicability of the engi-
neering method of chemical reactions and equilibrium
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
activation energy for modeling infrared and other dry-
ing methods was assessed in [17]. Two-phase models
of heat and mass transfer in a dense dispersed layer
during convective and combined heating were pre-
sented in [18]. However, diffusion resistance in wet
particles and their sorption properties were not taken
into account. Modeling of the process of drying plant
materials in a belt unit based on the equations of trans-
fer and evaporation rate using the activation energy
was considered in [19].

The goal of this study was to investigate the heat
and mass transfer during dehydration of plant and
sorption materials in a dense layer with an unsteady
radiation-convective energy supply in order to exam-
ine the possibility of intensifying the process and
increasing its efficiency.

THEORETICAL ANALYSIS

Problem formulation. The essence of the physical
model of heat and mass transfer of wet material during
unsteady radiation-convective treatment is as follows.
A layer of dispersed colloidal capillary-porous mate-
rial in a fixed state is considered (Fig. 2.1). It can move
on a moving belt and be mixed. The layer is blown
from bottom to top with a heat carrier (heated air) at a
rate  These methods of processing wet materials are
used in convective belt, conveyor, and chamber shelf
units. To intensify the heat and mass transfer, the dis-
persed layer is exposed on top to infrared radiation.

The radiation effect can be stationary or cyclic
(impulse). In this case, stepwise or oscillating convec-
tive treatment is possible at different stages of process-
ing. These modes are aimed at creating mild condi-
tions of thermal exposure and reducing the specific
heat consumption for moisture removal.

Mathematical model. The description of heat and
mass transfer in a dispersed layer includes filtration,
diffusion, desorption, binding energy of moisture with
the material, phase transformation of the liquid, inter-
facial energy, mass exchange, thermal and diffusion
resistance inside particles, and unsteady radiation-
convective energy supply.

The model includes the following equations. The
mass conservation equation of the gas phase is

(1)

The Darcy equation is

(2)

where   is the gas velocity calculated for the
corresponding transverse section area of the disperse
layer, i.e., filtration rate, m/s.

0.v

( )∂ρ + ∇ ⋅ ρ =
∂τ

1
1 v.jw

= − ∇
μ

,k pv

= ε,v w v
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Then

(3)

The equation of vapor transfer in the disperse
(grain) layer:

(4)

The equation of heat transfer in the gas phase of the
layer:

(5)

The dependences of the effective heat conductivity
coefficients of the gas phase and of vapor diffusion on
the filtration rate were included in calculation using
the following expressions in the direction of the corre-
sponding axes:  =   =

, and  =  [20, 21]. 
The equation of moisture transfer in the solid

phase:

(6)

If the layer of dispersed material is stationary, then
the effective moisture diffusion coefficient is small
and tends to zero. With forced mixing of the disperse
layer, for example, with a horizontal stirrer, the effec-
tive diffusion coefficient within the framework of the
diffusion model increases significantly. Its value along
the layer height can be evaluated from the equation

 where  is the characteristic mixing
time (characterizes the time within which the mois-
ture concentration is leveled along the layer height).
For the case of cyclic (impulse) mixing of the layer, the
diffusion coefficient is a function of time.

The equation of heat transfer in the solid phase of
the layer:

(7)

where 
The effect of layer mixing on the heat transfer by

the disperse phase within the framework of the diffu-
sion model can be taken into account by changing the
effective thermal conductivity coefficient  The
transfer processes in the gas phase depend on the layer
mixing rate to a lesser extent, so its influence on these
processes is neglected.
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The intensity of mass transfer from solid to gas
phase:

(8)
To describe the sorption (desorption) isotherms of

the materials, the approximation formula is used [22]:

(9)

where  is the temperature
dependence of the equilibrium moisture content at

 The characteristic  is constant for
the same material. As a result of approximation of the
data of [23], for potatoes it is approximately 
and the constants are  

Diffusion moisture transfer in the particles of the
material is included when determining the mass trans-
fer coefficient. The latter is determined as the mass trans-
fer coefficient that allows for the resistance of mass trans-
fer from the particle surface and intradiffusion resistance
to moisture transfer by the equation [24]

(10)

where  is the coefficient of moisture diffusion,

The density of the gas mixture and water vapors is
determined by the equation of state of the ideal gas:

=  and 
The amount of heat evolved in the particles of the

material during IR irradiation is determined as

(11)

where  is the periodic (impulse) function of time.
The particles and the disperse layer are signifi-

cantly deformed during the dehydration of colloidal
capillary-porous materials. The volume, particle size,
and height of the material layer decrease in this case.

The rate of motion of the material layer along the
vertical coordinate due to shrinkage can be repre-
sented as [25]

(12)

The rate of motion of the lower boundary of the
layer at  is zero,  and the rate of the upper
boundary is maximum,  The motion of the
upper boundary of the layer over the time  is

 where   is the
time within which layer shrinkage is completed,
whereafter it can be neglected. Shrinkage also occurs
in the transverse (horizontal) direction along the x
axis. In industrial apparatuses, however, the layer
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height is usually much smaller than its width, and the
heat carrier is blown in the vertical direction. There-
fore, layer shrinkage along the horizontal axis has no
significant effect on the heat and mass transfer and can
be neglected in this problem. 

The equation of moisture transfer in the solid phase
for the two-dimensional case including layer shrink-
age along the height can be represented as

(13)

The volume average current moisture content in
the layer is determined by the equation

(14)

where  is the width of the disperse layer, m.
Accordingly, the equation of heat transfer in the

solid phase is recorded as

(15)

The transfer processes in the gas phase depend on
the layer deformation rate to a lesser extent; therefore,
the effect of the deformation rate on these processes is
neglected.

Shrinkage of the proper volume of raw potato par-
ticles was taken into account based on the experimen-
tal data according to the dependence 
where  is the particle volume, m3; 

are the empirical constants.
The decrease in the height of the disperse layer

during dehydration was described by the empirical
equation  where  
are the empirical constants. The dependence of the
layer height on the volumetric moisture content has
the form  where 

 
The rate of motion of the upper boundary is

(16)

The moisture conductivity coefficient is deter-
mined by the empirical equation [26]
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where    Equa-
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The specific heat of moisture evaporation is deter-
mined by the Clapeyron–Clausius equation:

(18)

where 

The pressure of the saturated water vapor  at tem-
peratures from 0 to 100°С is determined by the
approximate Antoine equation:

(19)

The diffusion coefficient of water vapor in air is
 where  m2/s,

 Pa,  K.
The heat transfer coefficient in the stationary grain

layer is determined by the equation [27]

(20)

where  
The heat transfer coefficient is calculated with

allowance for the thermal resistance of the heat con-
ductivity of particles by the equation [23]

(21)

In an assumption of similarity of the heat and mass
transfer, the mass transfer coefficient is determined by
the equation similar to (20).

The system of equations was solved under the fol-
lowing boundary conditions (Fig. 1). For the equation
of mass conservation of the gas phase (3):

   For the
equation of vapor transfer (4):

 is the condition of

impermeability;  

For the equation of heat transfer in the gas phase (5):
 and  other boundar-

ies are heat-insulated. For the equations of moisture
and heat transfer in the solid phase (6), (7) and (13),
(15), respectively,  the
boundaries are heat- and moisture-insulated.

Thus, a closed system of differential equations of
heat and mass transfer in a stationary and stirred dis-
persed layer has been obtained, taking into account
the above effects during unsteady radiation-convective
energy treatment.
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Fig. 1. To problem formulation.
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Fig. 2. Kinetic dependences of dehydration of raw potato
particles during convective and radiation-convective
energy supply in the blown layer: (1) cyclic radiation-con-
vective energy supply: time ~0–20 min, (τir + τps) × num-
ber of cycles: (2 + 1) × 6; ~20–40 min: (1 + 2) × 6 and fur-
ther convective heat supply; (2) calculated curve; (3) con-
vective energy supply.   m/s; initial layer
height  mm.
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RESULTS OF NUMERICAL SIMULATION 
AND COMPARISON 

WITH EXPERIMENTAL DATA
The heat and mass transfer in a fixed layer of potato

particles of the Skarb variety was studied. The layer
was blown with heated air from bottom to top. The parti-
cles were cubes with dimensions of ~7 × 7 × 7 mm. The
wet material was placed on a reticular grid in two layers
of particles, the initial layer height  being ~14 mm.
After shrinkage, the material particles were arranged
in one row along the height. The disperse layer of the
moist material was blown through with a heat carrier
(heated air) at a low rate in the filtration mode. The air
f low rate calculated for the layer section was ~0.5 m/s
on the average, and its temperature at the inlet of the
layer was 50–60°C. The radiant f lux was directed to
the material layer from above along the normal to it.
To prevent overheating of the material by infrared
radiation, the treatment was performed in a cyclic
(pulse) mode in time. The mass of the layer was deter-
mined at specified time intervals. As a result, the
kinetic curves of drying were obtained. For similar
conditions, a numerical solution of the above system
of equations was obtained using the Comsol program
for non-stationary two-dimensional heat and mass
transfer in a layer with allowance for the deformation
(shrinkage) of particles and layer along the height
during the radiation-convective energy supply.

The main parameters used in the calculations are: k =
 m2;  Pa s;  kJ/(kg K);

 W/(m K);  m2/s;
 J/(kmol K);  kg/kmol;

 kg/m3;  kg/kg;  kg/m3 of
the solid phase;  m2/m3;  m/s;

 m;  K;  W/m2;
  

Figure 2 clearly shows that the cyclic effect of infra-
red radiation on the disperse layer of the material leads
to an increase in the rate of dehydration and a reduc-

0h
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tion in its duration compared to the convective
method due to the intensification of heat and mass
transfer processes. A comparison of the results of
numerical simulation with experimental data indicates
that they agree satisfactorily. Marked discrepancy is
observed during the first period of the process. This is
evidently because of nonuniform gas distribution over
the layer section in the experimental study due to the
small height of the material layer. The shape of the
dehydration curve with a large proportion of the
period of the falling rate indicates that the effect of
intradiffusion moisture transfer on process duration is
dominant.

The moisture content of particles along the layer
height during dehydration differs insignificantly. The
 CHEMICAL ENGINEERING  Vol. 56  No. 2  2022
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Fig. 3. (a) Time dependences of particle temperature in the
disperse layer: (1)  (2)  (3)

m. (b) Time dependences of the gas tem-
perature in the disperse layer: (1)  (2)  (3)
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Fig. 4. (a) Temperature field of the solid phase of the disperse lay
solid phase of the disperse layer in the cooling cycle at 
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moisture content of particles in the upper region of the
layer decreases slightly faster in the first period.

At the initial moment of time, the disperse layer has
a uniform temperature distribution of particles

 Due to the radiative and convective energy
supply, the layer is heated faster than the convective
heat supply. The temperature of particles in the layer
fluctuates with an increase in amplitude over time
(Fig. 3).

At the start of the process, during the IR treatment
periods, the temperature of the particles does not
reach the maximum allowable temperature, and only
after layer heating and reduction in the moisture con-
tent, the particle temperature in the cycles increases,
but is short-term. As can be seen, during the periods
when IR radiation is turned off, the particle tempera-
ture quickly decreases and tends toward the tempera-
ture of the wet thermometer or gas. After 30–40 min of
irradiation, the layer temperature increases rapidly;
therefore, it is reasonable to use cyclic (pulse) expo-
sure. Note that, to prevent overheating of particles, the
duration of irradiation periods was reduced after the
heating of the layer. During the periods of infrared
exposure, the temperature of particles in the upper
regions of the layer is higher than in its lower regions
(Fig. 4).

However, this difference is insignificant. The
greatest difference is observed when the layer is
heated. The layer temperature decreases markedly
during cooling, differing insignificantly along the layer
height. The layer height decreases appreciably because
of particle shrinkage, which can be seen from the
change in the vertical coordinate y.

The gas temperature at the inlet of the layer was set
constant and equal to  Figure 3 shows that

= °2 20 C.t

= °1 60 C.t
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Fig. 5. Time dependences of water vapor concentration in
the disperse layer: (1)  (2)  (3) 
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Fig. 6. Time dependences of moisture content gradient in
the disperse layer: (1)  (2)  (3) 
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Fig. 7. Time dependence of the specific heat of evaporation. 
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the temperatures of the gas and particles inside the
disperse layer have similar periodic dependences. The
gas temperature on the layer surface is lower than in
the middle of the layer at the start of the process and
then becomes higher. The maximum gas temperature
during active periods of irradiation is slightly lower
than the particle temperature.

The concentration of water vapor increases rapidly
in the initial period of the process and becomes higher
in the upper sections of the layer. It decreases with
time and fluctuates, tending toward the value at the
inlet of the layer (Fig. 5).

Interesting time dependences were obtained for the
moisture concentration gradient in the disperse phase,
which have a maximum (Fig. 6).

The maximum increases significantly on passing to
the upper layers (curve 3) and shifts to the region of
longer times. The moisture content gradient affects
the deformation of particles and is of interest for prob-
lems in which this circumstance is important.

Figure 7 shows that the specific heat of evaporation
of bound moisture changes markedly with time due to
a decrease in the moisture content of particles. At the
start of the process, it slightly decreases, which is
caused by an increase in the particle temperature.
When the bound moisture is removed, the specific
heat of evaporation noticeably increases due to the
binding energy of moisture with the material. As the
moisture content of particles along the layer height
differs insignificantly, the heat of evaporation also
changes slightly along the vertical coordinate.

Studies of shrinkage of the disperse layer (Fig. 8a)
indicate that the layer height changes mainly during
the removal of free moisture. Further, the change in
layer height is not so significant. Figure 8b shows the
change in the volume of particles depending on their
moisture content. The experimental data were
approximated by a linear dependence. It can be seen
that the layer height and the particle volume signifi-
cantly decrease during dehydration, which should be
taken into account when modeling such processes.

The kinetics of drying of activated carbon and CaX
zeolite sorption materials were studied experimentally.
The drying (desorption) processes take place during
regeneration of activated carbon used for water purifi-
cation. In drying technologies, granular zeolite is used
for air drying; it should be regenerated by desorption.
Desorption of materials was performed by the radia-
tion-convective method as follows. The diameter of
spherical particles of activated carbon lies in the range
1–2.2 mm, while cylindrical granules of zeolite have a
diameter of ~3 mm and a height of 4–5 mm. The wet
material was poured onto a reticular grid in the form of
a layer of small height. The height of the activated car-
bon layer was ~5 mm, and that of the zeolite layer was
~7 mm. During convective desorption, the material
layer was blown with heated air with a temperature of
150°C at the inlet. The air filtration rate was ~0.2 m/s.
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Fig. 8. (a) Dependences of shrinkage of the disperse layer: (1)  (2)  (3)  (b) Dependences of particle shrinkage.
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vective energy supply.

(a)

40

30

20

10

0 12963

W, %

τ, min

1

2

(b)

25

20

5

0 12963

W, %

τ, min

1

2

15

10
With radiation-convective energy supply, the layer of
wet material was blown through with air heated to
150°C and irradiated from above with infrared radia-
tion. The emitter was an ICH-101 ceramic heater
(Nomacon). The emitter power was 1 kW; the surface
temperature ~690°C; the distance of the emitter from the
layer 300 mm. The kinetic dependences for the indicated
methods of energy supply are shown in Fig. 9.

A comparison shows that infrared irradiation of a
layer of material can significantly reduce the duration
of desorption (it is halved for activated carbon in this
mode).

The radiation-convective method of desorption can
be used for regeneration of sorbents during air drying in
drying units, including for materials of plant origin.

CONCLUSIONS
As a result of numerical simulation and experimen-

tal studies, the dependences of the kinetics of dehy-
dration and shrinkage of particles, heat and mass
transfer in a fixed layer of colloidal capillary-porous
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
materials of plant origin were established using raw
potato particles as an example with convective and
cyclic radiation-convective energy supply. The calcu-
lated data agree with the experimental data. It was
shown that dehydration can be significantly intensi-
fied and its duration reduced.

The kinetic dependences of desorption of activated
carbon and zeolite with convective and radiation-con-
vective energy supply were obtained experimentally. A
comparison of the dependences indicates that the
duration of desorption with additional infrared irradi-
ation was significantly reduced; in particular, for acti-
vated carbon, the duration is halved.

NOTATION

specific heat capacity, J/(kg K)
specific heat capacity of dry particles 
and liquid, J/(kg K)

c

d l,c c
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equivalent diameter of particles and 
channels, m
height of the material layer, m
permeability coefficient of a layer of 
particles, m2

absorbance

molecular mass, kg/kmol
pv partial pressure of water vapor in the 

layer, Pa
flux density of incident IR radiation on 
the layer surface, W/m2

rv specific heat of evaporation, J/kg

gas constant, J/(kmol K)
Rr ref lection factor

Rv gas constant for water vapor, J/(kg K)

Ssp specific surface area of the layer, m2/m3

temperature, K
moisture content of particles, kg/kg, 

volumetric moisture content of a parti-
cle, kg/m3

gas filtration rate, m/s
gas rate in gaps between layer particles, 
m/s
moisture content of the material, kg
of moisture/ kg of wet material or %

 and horizontal and vertical coordinates, m

heat transfer factor, W/(m2 K)
mass transfer factor divided by the dif-
ference between moisture contents,
kg/(m2 s kg/kg)
mass transfer factor divided by the dif-
ference between the partial pressures of 
vapor, kg/(m2 s Pa)
mass transfer factor divided by the dif-
ference between concentrations,
kg/(m2 s kg/m3)
layer porosity
equilibrium ratio of densities of liquid 
and vapor
heat transfer coefficient, W/(m K)

μv dynamic coefficient of vapor viscosity, 
Pa s

 and 
true and reduced density of the gas 
phase (dry air and water vapor), kg/m3, 

p eq,d d

h

k

'k

M

0q

*R

T
u

= ρcu U

U

v
w

W

x y
α

β = β Δ Δvu p p u

( )β = β vp R T

β'

ε
χ = ρ ρl v

λ

°ρ1 ρ1

°ρ = ερ1 1
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