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MINI REVIEW

Investigation of Mechanical Thermodiff usion 
Processes Under Infl uence of Microwave 
Irradiation
Taras Volodymyrovych Holubets*
Department of Physico-Mechanical Fields, Pidstryhach Institute for Applied Problems of Mechanics and Mathematics of NAS Ukraine, 
Naukova Str. 3-b, 79060, Lviv, Ukraine

Abstract
 In this mini-report, the interrelated processes of heat and mass transfer, which 

take into account the nature of interphase interaction in moistened porous media, are 
examined. A closed system of balance diffusion equations for the liquid phase and 
components of the gas mixture of water vapor and dry air is reviewed. The energy 
or heat balance equation, which contains the intensity of sources of evaporation or 
condensation during the phase transformation of liquid into water vapor, is analyzed. 
The phenomenon of dielectric relaxation into a heterogeneous porous layer under the 
infl uence of a symmetric electromagnetic fi eld of microwave frequency is modeled by an 
isotropic (non-magnetic) dielectric with weak or insignifi cant conductivity and strongly 
depends on pore saturation by liquid. With the help of the spatial averaging method, 
taking into account the interphase interaction, the equations for mechanical balance  are 
proposed, in which the exchange integrals of the moment of impulse and mechanical 
forces are applied. The macroscopic equations of mechanical balance into the solid and 
liquid phases are proposed, from where the analytical expressions for effective thermal 
and moisture stresses in the porous wetted layer are obtained using the accepted 
approximations and taking into account the known relations for stresses in the solid 
and liquid phases. According to the results of the heat and mass process numerical 
simulation, the distribution of thermal and moisture stress is obtained.
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Introduction
Microwave technologies are widely used in industrial processes, such 

as drying (textiles, wood, paper and ceramics), heat treatment of metals 
(hardening), disposal (recycling or disposal) of radioactive waste. In 
medicine, they are used to restoring frozen tissues, warm blood, and 
treat tumours. The greatest consumer interest in microwave technologies 
arises in the food preparation industry, namely the processes of baking, 
pasteurization, dehydration and sterilization. Volumetric heating of the 
material by microwave irradiation (internal dielectric heating) refers 
to accelerated methods of heat exchange and removal of moisture from 
the material. For various methods of dielectric heating, the prediction 
(forecasting) of heat and mass transfer (transport) processes is 
extremely important in terms of equipment development, optimization 
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processes, and product quality improvement. Direct 
experimental measurement of temperature and 
moisture content in porous material is a complex 
and troublesome process. Therefore, a signifi cant 
amount of scientifi c research was carried out to 
model the transport (diff usion) processes of heat 
and mass transfer for such heterogeneous materials. 
Several diff erent techniques or methods of numerical 
calculations, which are based on the use of the fi nite 
diff erence method [1,2], fi nite elements [3] or the 
line transfer matrix method [4] have been used to 
simulate microwave heating with varying degrees of 
success. In fact, when performing these calculations, 
it is necessary to know [5-10] the constant dielectric 
or thermal properties of the material.

A lot of research has been done in the modelling 
of microwave heating of materials [11], but we have 
little progress in modelling the transfer of heat and 
mass during microwave drying. Since under infl uence 
of dielectric heating or drying in an electromagnetic 
fi eld, the material with dielectric loss of power 
from microwave irradiation has no permanent 
electro-physical properties, for most materials 
the dielectric properties change as a function of 
moisture content and temperature. Therefore, during 
microwave heating (drying), the distribution of 
the electromagnetic fi eld in the body (material) is 
strongly related to the processes of heat and mass 
transfer. Changes in the local moisture content 
and temperature aff ect the dielectric properties 
of the material, including the distribution of the 
electromagnetic fi eld. The size of the load (material) 
relative to the waveguide or the drying cavity, the 
eff ect of the wave resistance (impedance) of the 
cavity, the amount of radiation power that is refl ected 
from the inner walls of the cavity (resonator) in the 
direction of the on magnetron determine the quality 
of the microwave equipment.

Since the detailed distribution of the power of the 
electromagnetic fi eld (internal heat sources) within 
the material loading is quite diffi  cult to model [4], 
most studies assume that the lines of force of the 
electromagnetic fi eld during microwave irradiation 
on the surface of the material are uniform and normal 
to the surface. It is also assumed that the power of the 
external irradiation in the body decays in accordance 
[12] with the exponential law. Such approach was 
happy and applied to modelling of heat and mass 
transport of dielectric the heated product of food 
[13,14]. A simple refl ection was expressed according 
to investigation [15], where heat sources under 

dielectric losses of microwave irradiation in the range 
of solid product is assumed uniform. In reality, into 
the mentioned theoretical works the understanding 
of drying processes is limited, because under 
description of humidity transfer in porous media at 
isothermal conditions is used in general. For more 
developed models a law of molecular diff usion [16] is 
applied and assumed [17,18], that heat gradient is the 
main division force into processes of mass transport 
or transfer. It's need to pointed, that results of 
numerical modelling according to mentioned above 
models for humidity diff usion as rule do not agree 
with experimental measured [19] in the more cases.

Same researcher development of the models 
[20] into approach, when diff usion of water vapour 
is main mechanism of humidity transport during 
of drying processes. For too refi ned methods for 
describing of drying (microwave heating) the two 
area transport models [21-23] are treated. In these 
models is assumed, that two diff erent area (region) 
for describing of humidity transport during drying 
(wetted and dried area) is existed. In the wetted area, 
moisture content is great as maximal sorption value 
for water vapour and basic mechanism for transport 
(transfer) of humidity is movement of liquid. In 
sorption region the movement of adsorbed (bounded) 
water and water vapour is the basic reason of mass 
transport. The applying of this model is limited, 
because during the long (limited) process of drying 
the division (boundary) between wetted and sorption 
areas (regions) is conventional.

A reference review is shown [24] that main 
progress was made into development of transport 
(diff usion) models under investigation of physics of 
ground, where main interest was concentrated on 
the utilization of nuclear remains and management 
of water resources. The basic formulation was 
development for interconnected processes of heat 
and mass transfer into works [25-27]. The main 
approaches are based on assumption that general 
transport potential consist on the two components: 
temperature and capillary potential.

During microwave drying, an induces by 
microwave (thermal) heating increment in density 
of water vapour and humidity potential is calling 
of movement of humidity from more heated into 
cooled area. A general restriction or defi ciency of 
mentioned isothermal models is absence of the 
thermal induced changing of humidity. Firstly, this 
is due to a signifi cant diff erence in the distribution of 
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moisture in the porous material, which is caused by 
the processes of evaporation or condensation.

In fact, in the context of drying processes, 
reformulation of the problem in terms of moisture 
content and temperature is desirable for a fundamental 
understanding of drying processes, especially when 
modelling diff usion (transport) processes under 
conditions of intense internal microwave heating. 
Foremost, this is due to a signifi cant diff erence in 
the distribution of moisture in the porous material, 
which is caused by the processes of evaporation or 
condensation.

The nature of stresses in porous materials that arise 
during microwave heating, as a result of changes in 
temperature and moisture distribution, also remains 
insuffi  ciently researched. For example, despite the 
fact that the hydrothermal behavior of concrete 
under thermal (radiation) heating is described in 
detail in the work [28], the author is aware of only one 
scientifi c work [29], where the maximum values of 
thermal stresses caused by internal microwave heat 
sources were calculated in the specifi ed material. 
Some attempts at computer simulation of the stressed 
state of the specifi ed material under microwave 
irradiation were carried out in works [30,31], where 
only the energy (thermal) balance equation was used 
to calculate the thermal and elastic properties of the 
material.

Special attention should be paid to the study [32-
36] of the properties of thermal and moisture stresses 
during microwave irradiation under conditions of 
phase transformation (evaporation or condensation) 
and changes in the pressure of the gas medium into 
the pores of the moistened material. Theoretical 
models for describing the dependence of microwave 
heating sources on the distribution of moisture 
and temperature in a porous medium also need 
improvement and development [37], especially in 
view of modelling eff ective (measured) characteristics 
due to the corresponding properties of phases or 
components in the studied wetted porous sample.

The Object of Studies
This porous sample or area is well described into 

the work [38], from there are follows that by using the 
local averaging method [39] the inhomogeneous body 
can be described through the appropriate continuous 
locals into space of coordinate and times the physical 
quantities. It is giving the possibility to review porous 

sample as the superposition of three continuous 
materials: skeletons (S), liquids (L), and gas (G). 
Under such an approach, the equations of the physical 
model into porous media can be rewritten relatively 
to the defi ned [39] by the homogenization method 
the averaged quantities. Such equations are formally 
equivalent to the equations for the homogeneous 
(isotropic) one phase media according to the approach 
of the solid or continuous media.

Let's defi ne the object of studies. This is the one-
dimensional porous wetted plate length of L (Figure 
1) which is under the infl uence of symmetrical 
microwave irradiation of the fi xed power. The 
constant convective fl ow by the hot air at the surfaces 
of the plate is also additionally applied during all 
times of microwave treatment, so in general it can 
be classifi ed as the mixed microwave-convective 
treatment of porous wetted or humidifi ed samples.

We are modeling such drying systems 
mathematically via the introduction of dynamical 
boundary conditions. There is confi rmed by other 
authors [40,41] that, conditionally, it is possible to 
highlight the two zones during microwave treatment 
for a porous sample: the wetted and heated zones. The 
term zones will mean a one-dimensional area from 
the internal surface to the real hard boundaries of the 
body into the direction of the external environment. 
The moving zones are interconnected due to the 
dependence of diff usion coeffi  cients in the internal 

Figure 1 The modeling of microwave treatment of a humidifi ed porous 
sample under the symmetric boundary conditions.
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volume of the sample from humidity, as well as the 
time dependences of surface heat and mass transfer 
coeffi  cients on the real physical boundaries of the 
mentioned porous sample.

The thicknesses of the near-surface zones 
relatively to the surface of symmetry 0S  (Figure 1) 
can be described by the corresponding lengths.

0 01 2 and 1 1| |eff 



      G S S
m T

ph h
h x h

,   (1)

where   /in rGG Gø k k ì  [42], here ink  and rGk  

are the intrinsic permeability of skeleton and liquid 

phase,  G is the gas dynamical viscosity,  mh and 

Th   are  the constant surface mass and heat exchange 
coeffi  cients under convective heating conditions 

and 0S , as it was mentioned below,  is the surface of 
symmetry of the porous plate.

Mechanical properties For a spatially isotropic 
homogeneous solid phase (framework or skeleton) in 
a porous medium under the condition of the absence 
of external force loading, the quasi-static problem 
of linear thermoelastic [43-45] is formulated in the 
form of relations
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is the leading stress tensor ( here 
'^
St  is the own 

tension of porous skeleton [46], K and T
S  are 

the averaged lateral compression modulus and 
thermal expansion coeffi  cient of the porous skeleton 

correspondingly [47]), F is the components of  
internal (pondermotore) forces due to gas pressure

GP , capillary pressure CP  and liquid pore saturation 

L  [39] at the averaged constant porosity of the body

 ,  0  T is the initial equilibrium  temperature and 
^

 I  
is  the diagonal tensor.

In the case of a one-dimensional porous plate 
(Figure 1), which is under the infl uence of symmetrical 

external microwave irradiation according to 
the conditions of compatibility of Saint-Venant 
deformations [48], the system of equations for the 
stress component of the tensor takes the form
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here E  and   are the averaged Young[48] module 
and Poisson [48] ratio.

Force loads into the internal area of the plate are 
also determined
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where 
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are the quantity of humidity and thermal stress 

and    0 0L are corresponding constant values 

on the internal surface of symmetry (Figure 1 is the 
surface  0S  at  0x ) for the linear porous plate .

According to the symmetry conditions, the 
boundary conditions for a plate of fi nite L  
thickness are applied: 1. There are no internal 

forces    * *0 0 0 L  along the plane of 

symmetry of the plate; 2. The boundary surfaces 
of the plate are free from the external loads
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Then the solution of the equations of the quasi-
linear thermoelastic problem under the action of 
internal (moisture and thermal) loads has the form of 
the stresses
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xx  T x x  
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Correspondingly, where 
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E
   is an expression for 

the total internal forces, and  
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    refers to the averaged eff ort 

values.

General equations Using the well-known [49,50] 
approaches for describing heat and mass transfer 
during microwave heating, we obtain a system of 
closed equations for the heat and moisture diff usion
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(where  , , S L G is the index of phase) are 

the eff ective thermal characteristics of the porous 

material, T  is the thermodynamic temperature, 

q and I  are the heat and mass surfaces intensity 

correspondingly, 
pC and 

   are the specifi c 

capacity and  thermal conduction of   -phase and r   
is the latent heat of vaporization.

 With the proposed by the author of this review 
boundary conditions, the solutions of such a system of 
partial diff erential equations can be found according 
to the obtained analytical expression [51] for the heat 
sources
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Then we can determine the stress-strain state of 
the linear body, with the values calculated relatively 
to the plane of symmetry
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With defi ned above humidity and thermal internal 
forces loadings.

The closed system of equations is received by 
performing the conditions of compatibility, which 
take into account the weak variability of volume 
(phase) and dielectric (wave) properties of the three-
phaseporous humidifi ed media
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Here  ,    x t  is the volume fraction of   - phase, 
as well as conditions for applying the approximation 
of the eff ective [52] macroscopic fi eld
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in the expressions for determining the eff ective 
electrophysical properties [38] of the porous material 
according to the method of local spatial averaging.

Here    , 2 / ,eff eff    k x t x t  and 

   
¯

0, / ,
eff

eff   x t c n x t  are the wave vector 

and phase velocity of electromagnetic (T.E.M. – 
TransverseElectro Magnetic [53]) wave propagation 
into the modeled porous dielectric environment

 
¯

,
eff

ùn x t , is the eff ective value of refractive index, 

 , x t   is the volume fraction of  - phase, 

0 is the constant angle frequency of symmetric 

microwave irradiation and l  is the characteristic  

(R.E.V. – Represenatative Elementere Volume [39]) 

length of averaged volume.

Conclusions
According to results of heat and mass process 

numerical simulation, the time shift of  near-surface 
wetted  and heated zones, which are separated by the 

surfaces 1S  and 2S  is obtained due to distribution of 

dimensionless sickness 1 /h L  and 2 /h L  (1) as 

depicted on  fi gure 2) and (Figure 3) relatively to the 

surface 0S  of plate symmetry. 

Conclusion I

It is existing a fi xed critical value of a time  crt  

there is a point of the crossover of surfaces  1S  and 

2S  about that, the surface mass transfer coeffi  cient 

*
mh   (Figure 4) increases non-linearly. It can be joined 

with the beginning of the processes of intensity liquid 
evaporation at the near surface wetted zone;

Likewise, it is also not signifi cal the nonlinear 
behavior of the surface heat transfer coeffi  cient is 
delivered *

Th  (Figure 5) along the surface 1S , which 
is produced with a deviation of the averaged liquid 
pore saturation L  from an equilibrium values at the 
surface of the symmetry 0S  of plate.

Conclusion II

In the neighborhood of time value eqvt  an 
equilibrium state of a two component mixture of water 
vapor and dry air is fi xed; above 1/ 2 í ax x  it the 

Figure 2 The dynamics of change of near surface heated and wetted zones 
(Schematic representation).

Figure 3 The dynamics of change of near surface heated and wetted zones 
(Graphical representation).

dry air is gradually displaced through the surface 1S  
of wetting, and the molar fraction of water vapor 

vx  in at the critical point of time crt  follows to the 
maximum value  1íx  of saturation.

The diff usivity /eff a
GíD D  of gas mixture in pores 

of material for the internal volume of the plate and 
at the evaporation surface are defi ned in various 
ways (here eff

GD  is the diff usion coeffi  cient of the 
gas mixture into pores and a

íD  is the diff usion of 
water vapor into dry air), but over time in the region 

crt t the calculated values (at 4   this porous 
body tortosity factor) of diff usion coeffi  cients at the 
surface 1S  are aligned.

Solutions of the modifi ed system of heat and 
mass transfer equations [50,51] for the material of 
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historical ceramic brick are represented in the form 
of graphical dependencies as it is shown below,   here 

 * * *
0 0/ /   L n L L n L L  is dimensionless half 

thickness of plate (Figures 6-8).

Conclusion III

Decreasing of moisture content is caused by the 
increasing of evaporation sources that are a result of 
inhomogeneous microwave heating of the plate and 
change of the thermodynamic state of two component 
mixture. 

On the pictures below, it's depicted the distribution 
of fl ows by liquid x

LJ  (Figure 9), water vapor x
íJ  

(Figure 10-12) and dry air x
aJ  (Figure 13) along 

half the thickness of the plate in the diff erent time 
intervals.

Conclusion IV

In the neighborhood of a time point bt that 
correlates to achievement of boiling temperature 
at normal conditions, its fi xed changes of fl ow 
distribution for liquid and gas mixture components 
by the thickness of the plate (dashed line). This is due 
to an increase in the intensity (Figure 12) of internal 

sources of evaporation 
 . int

I  along the thickness of 
the plate.

The distribution of specifi c stresses *
xxT  (Figure 

14) and /
*
xx zzT  (Figure 15) and small deformations 

*
xxE  (Figure 15) and /

*
xx zzE  (Figure 16) in a solid 

matrix (frame or skeleton) over the half-thickness 
of the plate is shown by the following graphical 
dependencies (Figure 17).

The dynamics of thermal stress distribution T
St  

Figure 4 The surface emission coeffi  cient for heat and mass transfer.
Figure 5 The values of internal and surface diffusion coeffi  cients at the 
evaporation surface.

Figure 6 The distribution of the pore saturation by liquid.

Figure 7 The distribution of the temperature fi eld.

Figure 8 The distribution of the molar fraction for water vapor.
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Figure 8 The distribution of the molar fraction for water vapor.

Figure 9 Distribution of the liquid fl ow.

Figure 10 Distribution of the water vapor fl ow.

Figure 11 Distribution of the dry air fl ow.

Figure 12 Distribution of an internal evaporation sources.

Figure 13 Distribution of stress in longitudinal direction.

Figure 14 Distribution of stress in tangential direction.

Figure 15 Distribution of strains in longitudinal direction.
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(Figure 18) along the thickness of the plate is also 
shown in the form of the corresponding graphical 
dependence

From the pictures below see fi gures 14,15 it is 
follows that longitudinal components of stress 
tension are joined fi rst with the distribution of the 
temperature fi eld (Figure 7) and nonlinear behavior of 
the tangential component of stress tension is results 
of infl uence of the nonlinear evaporation processes 
(Figure 6) especially near the surface of sample.

The main advantage of the reviewed method 
for computer modelling of internal heating into 
this scientifi c mini repot is that under microwave 
treatment of porous heavily moisturized sample 
due to specifi c boundary conditions and linear 
combination of heat and mass transfer equation only 
hydraulic components of phase fl ows are considered 
under conditions of immediately transferring of 
liquid phase (water) into gas phase (water vapour) at 
the surface of evaporation. It is getting the possibility 
of applying such modelling to the medical industry 
for heating biological objects without damaging their 
internal structure. For example, as the acceleration 
of heating human transplant organs after Static Cold 

Storage (SCS) or worming of damaged tissues after 
cryoablation (freezing) during immunotherapy for 
threat tumours under the extreme medical human 
conditions. As it was seen from the mentioned above 
results of the computer simulation, there is no 
signifi cant stress state, which corresponds basically 
to the changes in thermal properties of the porous 
skeleton. In the case of biological tissue, the internal 
heating mode can be regulated not only by the 
thickness of the sample but also through the changing 
of power and frequency of external microwave 
irradiation.
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