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In this study, we present a physicomathematical model for convective drying of a mul-
ticomponent body of the capillary-porous structure, considering moisture transfer dy-
namics at both macro and micro levels. Recognizing the impact of the material’s lo-
cal structure on drying processes, particularly in phase transformations, the model inte-
grates the continuum-thermodynamic approach pioneered by Ya. Burak, Ye. Chaplya, and
B. Gayvas. This approach addresses the interrelated mechanical, thermal, and diffusion
processes occurring in heterogeneous, nonequilibrium systems, where local thermodynamic
equilibrium assumptions allow equilibrium state descriptions by conjugate physical param-
eters. The unique dual-level approach captures moisture exchange between an individual
grain and the grain bed, enabling realistic simulations of the drying process by directly
accounting for phase transformations and material structure influences. The presented
methodology allows simultaneous solving of mass transfer equations for the grain bed and
individual grains, supported by numerical experimentation. The results reveal distinct
moisture distribution patterns across the grain bed and within individual grains, with
variations influenced by drying agent velocity. The novelty of this approach lies in its si-
multaneous treatment of grain-scale and bed-scale moisture transfer, providing a detailed
perspective on moisture dynamics. This model has potential applications in optimizing
industrial drying processes for capillary-porous materials, enhancing efficiency and cost-
effectiveness.

Keywords: drying; capillary-porous; moisture concentration; moisture diffusion; mized
boundary condition; phase transition; continuum-thermodynamics; mass transfer.
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1. Introduction

The dynamics of drying processes are directly or indirectly influenced by the local (microscopic) struc-
ture of the material. Such influences are particularly related to the presence of physically distinct
states of moisture particles, which differ in mobility and undergo phase transformations. The rate of
moisture movement within the material primarily depends on the types of moisture bonding with the
body, which should be considered on a microscopic level.

The continuum-thermodynamic approach to constructing physicomathematical models of solid so-
lution mechanics, describing interconnected mechanical, thermal, and diffusion processes that account
for local changes in the states of constituent components, was developed in the works of Ya. Burak
and Ye. Chaplya, and was further advanced in the heat-moisture transfer models in capillary-porous
bodies by B. Gayvas. This approach is based on the following principles: for spatially heterogeneous
and nonequilibrium systems, the hypothesis of local thermodynamic equilibrium is assumed, which
implies that the state of physically small subregions of the system is determined by conjugate physical
parameters describing the equilibrium state. For mechanical, physical, and chemical processes, the
conjugate parameters include pressure and volume, stress and strain tensors, absolute temperature
and entropy for thermal conduction, and chemical potential and particle concentration for diffusion.
Balance and kinetic relations, as well as equations of state, are used to determine changes in mass,
energy, and momentum.

978 (© 2024 Lviv Polytechnic National University



Modeling mass transfer processes in multicomponent capillary—porous bodies under ... 979

This approach is applied to the problem of convective drying of a layer of multicomponent capillary-
porous material under mixed boundary conditions, where the displacement vector and the deviation
of moisture concentration are taken as the solving functions.

2. Literature overview

The field of thermodynamics and statistical mechanics owes much of its foundation to J. Willard Gibbs,
who, in his 1902 work, “Elementary Principles in Statistical Mechanics”, laid out essential principles
that continue to guide scientific approaches to understanding equilibrium and non-equilibrium states in
complex systems. Following Gibbs, significant contributions to the thermodynamics of irreversible pro-
cesses were made by S. R. de Groot in “Thermodynamics of Irreversible Processes” and 1. Gyarmati in
“Non-Equilibrium Thermodynamics: Field Theory and Variational Principles”, who developed frame-
works for describing energy dissipation in non-equilibrium systems. Similarly, the work of A. V. Luikov
on heat and mass transfer in capillary-porous bodies extended these ideas specifically into drying pro-
cesses, providing a basis for understanding diffusion and phase transitions within porous materials.

In Ukrainian science, Ya. Burak and Ye. Chaplya have made significant contributions to the develop-
ment of continuum-thermodynamic models that integrate mechanical, thermal, and diffusion processes
in capillary-porous materials [1-3]. Their collaboration with O. Chernukha advanced the principles of
local thermodynamic equilibrium, introducing mathematical models that account for local changes in
the states of the constituent components in solid solutions [1]. By the 1990s, Ye.Chaplya extended
these continuum-thermodynamic models further by incorporating diffusion and structural effects within
porous media, as detailed in his foundational works on the theory of solid solutions |[2,4].

B. Gayvas extended this approach to specific cases of convective drying, analyzing wood and other
porous materials under realistic environmental conditions in a series of studies that refined the theo-
retical framework and practical application of these models [5-7,11].

B. Gayvas et al. further contributed by developing numerical methods to simulate heat and mass
transfer in capillary-porous materials, with practical applications in optimizing industrial drying pro-
cesses for materials like wood and grains. This series of studies emphasized the structural effects of
porous media, aiming for accurate predictions of drying rates and energy optimization within these
processes [8-10].

The works of Y. Sokolovskyy et al. expanded these foundations by focusing on convection drying
processes in anisotropic materials, accounting for phase transition boundaries, which are critical in
modeling the complex moisture transport in anisotropic and biophysical materials. Their studies use
mathematical models to account for anisotropy in materials, enabling simulations that more accurately
reflect moisture distribution and heat transfer in heterogeneous media [17-19].

Concurrently, P. Pukach et al. contributed to modeling mass transfer through their studies on impu-
rity diffusion in layered structures under statistical conditions. By formulating mathematical models
incorporating stochastic influences from point mass sources, Pukach’s research provides additional
insights into diffusive processes [16].

Recent works by P. Kostrobiy, B. Markovych, M. Tokarchuk, and others contribute significantly to
the statistical and kinetic modeling of complex systems, including semiconductor structures, catalytic
processes, and dense fluids in non-equilibrium conditions. Notably, their studies provide insights into
diffusion processes and reaction kinetics within porous and layered materials. These theories support
the multiscale approach necessary for modeling moisture distribution in capillary-porous and granular
media, as seen in drying applications [14,15,20].

B. Gera et al. have contributed to understanding temperature distribution in transport facility metal
structures and the application of heat-resistant coatings, which indirectly support research on moisture
and temperature management in capillary-porous bodies. These studies emphasize the importance of
controlled drying conditions and structural adaptations for minimizing stress and deformation under
thermal effects [12].

Research by Tuller and Hansmann on adsorption and capillary condensation in porous media pro-
vided additional insights into liquid retention mechanisms and interfacial configurations in angular
pores. Their work has been instrumental in understanding moisture retention and movement, partic-
ularly relevant to drying processes in porous bodies [13,21].
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By applying a continuum-thermodynamic approach that integrates diffusion, phase transitions,
and the effects of capillary-porous structures, our work utilizes the aforementioned thermodynamic
principles of mass transfer to model moisture distribution under realistic mixed boundary conditions.

3. Materials and methods

We distinguish between the movement of moisture within the porous bed of the multicomponent
material and the movement of moisture within individual particles. This distinction is necessary to
consider the influence of all forms of moisture on the drying regime. The influence is associated with
the presence of physically different states of moisture particles, which vary in mobility and undergo
phase transformations.

A capillary-porous body is considered a solid solution of skeletal particles, moisture, and air. We
assume that the equilibrium thermodynamic state of such a body is determined by the values of
conjugate macroscopic parameters:

T+S7 Uaﬁ%Eaﬁ7 M;;:_mlm a7/8217—37 k:O7—17
where T is the absolute temperature, S is entropy, c®? are the components of the Cauchy stress tensor,
€qp are the strain tensor components, 1 is the chemical potential of component k, and my, is its mass.
The quantities with index k = 0 correspond to the skeleton, and £ = 1 corresponds to the moisture.

We assume the body is divided into representative physically small elements whose states are
described by the same conjugate parameters as the entire body:

T+ AS, Ua6+€aﬁ, uﬁg—Amk, 0475:1,—3, k:o,—l
When deriving the equations of state, linear approximations are used for small deviations of the

independent parameters 01" = T' — T, dcag = €ag, and 0Cy, = Cj, — C’,g from their values in the initial
thermodynamic state:

s = S0, T = T07 Uaﬁ = péaﬁa Eaﬁ = 07 Ck = 01(37 M;c = :u2/7

where P is the pore pressure, and 7 is the Kronecker delta. Values marked with “0” denote initial
state parameters.
Next, we present balance equations based on the solid solution theory model:

TaB = [(K — §G> € — Kﬁc} dap + 2Geqg,

£0
V-0=0, Vx(Vxe)l=0o,
@:DAC—DEAe,
or

where K is the bulk modulus, G is the shear modulus, S is the volumetric expansion coefficient, a is
the chemical potential concentration coefficient, pg is the initial density, and ¢ is the first invariant of
the strain tensor ¢ = [V @u + (V@ u)’]/2.

For a wet capillary-porous body, the vapor pressure in the pores P generally does not depend on
moisture content and equals the saturation pressure P,,, corresponding to the current temperature.
During evaporation, the pore or capillary vapor pressure exceeds the saturated vapor pressure outside
the body at the same temperature. This results in an excess pressure, driving vapor movement,
primarily through molecular diffusion and convective transport.

4. Formulation of the problem and key equations

In the Cartesian coordinate system, we consider a porous bed of thickness L, composed of identical,
moist dispersed particles of radius R, with the Oz-axis perpendicular to the layer surfaces. The flow
velocity of the drying agent (air-vapor mixture) is assumed to be constant and equal to v. The particles
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in this bed remain stationary, with increasing distances between them as air flows through, expanding
the volume of the intergrain environment. The porous bed is defined with boundaries at z = 0 and
z=1L.

At the macro level, the moisture concentration in the porous bed, c.(z,7), is governed by a
convective-diffusion equation:

Oc,, Oc,, &,
+uv =D,— +J
or 0z © 022 '
where v is the drying agent’s velocity, D, is the diffusion coefficient, and J represents the local moisture
source intensity.

To represent the local moisture source term, J, we introduce it in the form:
J=alJ R,

where a depends on the packing and size of the grains. The term Jg represents the moisture flux from
the surface of a single grain, defined by:

-~ Jc
JR — —DE

TZR.
Now, we express Jp as:
2D6c = Ap(T)
R fon,

n=1

JR = (Sin Hn — fn COS Nn) :

Substituting back, the local moisture source term J(7) becomes:
2Ddc = Ay,
J(1) =aJr = -« R&c nZ::l MS—) (Sin g, — fip, COS fiyy) -
The time change of the moisture flux at the interface of the particle can be found as follows:
J(1) = ez do(T) — codo(T),

where ~
2D K Ay (1)
a_
R Lhn

n=1

Jo(T) = —

(Sin iy, — fin, cOS fip) -

This substitution allows us to rewrite the governing equation as follows:

Oc, de, 8262
W + U@ = Dzw + CZJO(T) - COJO(T)'

5. Quasi-stationary approximation

In the quasi-stationary approximation, we neglect the time derivative, which yields:
d?c, dc,
— — U=+ ¢, Jo(T) = coJo(T).
2552 5, T ¢ o(1) = coJo(T)
This equation is a second-order linear differential equation with constant coefficients. Solving it
requires first finding the homogeneous part:

DA% — o+ Jy() =0,

vt/ v?—4D,Jy(T)
A2 = .
2D,
The general solution of the homogeneous equation is as follows:

Con(z) = K1eM? + Kpe??,
and we add a particular solution c,,(z,7T) = ¢o to form the complete solution:

c.(z,7) = K1eM* 4+ K9e™?? + ¢.

with solutions for A:
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6. Application of mixed boundary conditions

Using the mixed boundary conditions at z = 0 and z = L:

1. At z=0: 5
Cz
-D 9z = H(Cz - Camb)7

Substituting ¢, (0,7) = K1 + Ko + ¢o:
—DMKy —DMNKy=H (Kl + Ko+ ¢o — Camb) -
2. At z = L: 3
-D aCZZ = H(c, — ),
Substituting ¢, (L, 7) = KjeML 4+ Kye*2l + ¢q:

DMK M — D)okt = [ (Klem + Kope?l 4 g — c§°) .

Solving these simultaneous equations, we find:
(Camb — €0)e2E + (¢ — cp)

Kl — A ;
Ky — (Camb — co)eAlL + (¢ — )
A )

where
A = el ML,
The final expression for the moisture concentration c¢,(z,7) with the boundary conditions applied
is:

c,(z,7) = [(camb - co)eAQL + (¥ — o) A~leMz 4 [(camb — co)eAlL + (¥ — o) AN 4 .

7. Numerical experiment

On the basis of the obtained formulae to determine the changes of moisture concentration in time, the
numerical experiments were carried out both at the macroscopic (grain bed) and microscopic levels
(individual grain).

For the numerical experiment, we investigate the convective drying process of wheat grain (“Tr.
durum Desf.” cultivar) under controlled ambient conditions to reduce the grain’s moisture content from
14% to 10%. The drying occurs at an ambient temperature of 20°C, with a relative humidity of 60%,
simulating moderate drying conditions.

The drying process of the wheat grain was simulated using the following key physico-chemical
characteristics of the material, the environment, and the drying agent:

The thickness of the bed L = 1 m, the average radius of the grain R = 2.00086 x 1073 m, the initial
moisture concentration in the grain ¢y = 5.5 x 107° kg HyO/kg dry matter, the packing coefficient
ap = 2.5, the effective moisture diffusion coefficient D = 1.34 x 1079 m? /s, the mass transfer coefficient
H =1.0 x 1077, the Fourier number for mass transfer Fp = 2.00086 x 10~7, the volumetric expansion
concentration coefficient 8 = 2.71389 x 10~* m? /kg, the saturated vapor concentration cz" = 1.73 x
10~2kg/m3, the shear modulus G = 6.833 x 10°kg/m?, the mechanical constant ¢ = 0.5, the bulk
modulus K = 9.1111 x 1075 kg/m?, Poisson’s ratio v = 0.2, and the drying agent velocity through the
grain bed v = 1.0 x 10~' m/s. The time step is 3600s. The radius step for the grain is 0.002m, and the
step in the bulk of the bed is 0.1 m. The convective air drying was conducted at two airflow velocities
(v =0.5m/s and v = 2.5m/s) to evaluate the impact of flow rate on the drying rate and moisture
distribution. Initial moisture concentration in the intergrain air-vapor space was set according to the
ambient relative humidity, while the top layer of the grain bed was considered to be in contact with
air at a saturated vapor concentration corresponding to the drying temperature of 20°C.

There are considered two cases of velocity of the drying agent: v = 0.5m/s, v = 2.5m/s.

Mathematical Modeling and Computing, Vol. 11, No. 4, pp. 978-986 (2024)



Modeling mass transfer processes in multicomponent capillary—porous bodies under ... 983

The value of cymp, the initial moisture concentration in the intergrain air-vapor space, was chosen
based on the ambient relative humidity and the saturation vapor concentration at the drying tempera-
ture of 20°C. This choice reflects the equilibrium moisture content that drying agent would have at 60%
relative humidity, which is a standard reference condition for ambient air in many drying processes.
At 20°C, the saturated vapor concentration of water vapor (100% relative humidity) is approximately
0.0173kg/m3. Since the relative humidity in the drying environment was set to 60%, the moisture
concentration in the intergrain space is ~ 0.0104kg/m?. This value of cymp = 0.0104kg/m> ensures
that the drying conditions reflect ambient moisture content, allowing the grains to dry gradually in
response to the lower moisture concentration of the intergrain air-vapor mixture. The choice of 60%
relative humidity provides a moderate drying environment without extreme desiccation, helping to
simulate a common air drying process.

The results of the numerical experiment demonstrate the dependencies of moisture concentration
distribution within an individual grain and across the grain bed on the macroscopic and microscopic
levels.

In Figures 1 and 2, it is shown the time variations of the moisture concentration ¢(r, z,7) in the
grain bed. These figures demonstrate the distribution of moisture concentration across the grain bed for
different velocities of the drying agent. Figure 1 corresponds to the drying agent velocity v = 0.5 m/s,
and Figure 2 corresponds to the velocity v = 2.5 m/s.

40000} ——//

Fig. 1. Moisture concentration distribution c¢(r, z,7) in the grain bed at different depths over time with the
drying agent velocity v = 0.5.

™ c(r,z,7)
j 0.00006

0.00004

-10.00002

Fig. 2. Moisture concentration distribution ¢(r, z,7) in the grain bed at different depths over time with the
drying agent velocity v = 2.5.

In Figures 3 and 4, the time variations of the moisture concentration ¢(r, z, 7) along the radius of an
individual grain are presented for different time moments. Specifically, Figure 3 shows the distribution
at 7 = 3600 seconds, illustrating the moisture profile after one hour of drying. Figure 4 displays the
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distribution at 7 = 18000 seconds, corresponding to five hours of drying. These figures highlight
how the moisture concentration decreases from the center to the outer surface of the grain over time,
reflecting the drying process as influenced by the diffusion of moisture and mass transfer at the grain
boundary.

0.0000487

0.0000294 4 > = 0.9

0.0000486 4 2 = 09 00000292 1
0.0000485 00000290
00000484 00000288
N | N ]
~ ~
T 0.0000483 - < 00000286 -

] 0.0000284
0.0000482

1 0.0000282
0.00004814 2z = 0.1

0.00002804 z = 0.1

0.0000480 . . . . . . . T T T
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020

r, m T, m

Fig. 3. Moisture concentration distribution ¢(r,z,7)  Fig.4. Moisture concentration distribution ¢(r, z, 7)
along the radius of an individual grain at depths z =  along the radius of an individual grain at depths z =
0.1 and z = 0.9 for 7 = 3600s. 0.1 and z = 0.9 for 7 = 18000s.

To analyze and compare the results obtained from the simulations with different velocities of the
drying agent (0.5m/s and 2.5m/s) in the grain bed, we can focus on several aspects: moisture con-
centration distribution in time. At each depth level z in the grain bed, the concentration profiles in
the two simulations reveal different rates of moisture reduction over time. A higher velocity of 2.5m/s
results in faster moisture reduction across the grain bed compared to the 0.5m/s case. This effect is
due to the enhanced air flow, which removes moisture more effectively. The following aspect is the
spatial gradient in concentration. At higher depths (near z = 0.9), the concentration in the 2.5m/s
case is lower compared to the 0.5m/s simulation at equivalent time steps. This suggests that the
drying process reaches deeper layers more effectively with increased drying agent velocity, which could
improve the uniformity of moisture removal.

With the comparison of radial moisture concentration distribution in a grain at different time
moments (3600s and 18000s) across two different depths, z = 0.1 and z = 0.9, we observe the
following: moisture gradient across radius. At 3600 seconds, the moisture concentration at z = 0.1
attains its maximum at the center (r = 0) and decreases slightly toward the outer shell. For z = 0.9,
the moisture levels are slightly higher, but also the maximum is at the center. This indicates a slight
moisture gradient, where moisture near the outer surface is slightly lower, especially at the deeper
grain bed level. Moisture decrease over time 18000 seconds is notable. For z = 0.1, moisture levels
reduce significantly to around 2.807 - 10~° kg HoO/kg dry matter at the center. At z = 0.9, moisture
values remain somewhat higher, showing that deeper layers retain more moisture, slowing the drying
process in the bed’s interior regions.

The concentration difference between z = 0.1 and z = 0.9 becomes more prominent over time.
At 3600 seconds, the moisture concentrations are close across z values, indicating uniform drying. By
18000 seconds, deeper layers at z = 0.9 maintain higher moisture levels than shallower ones, suggesting
that drying is more effective near the outer grain bed layers due to higher exposure to the drying agent.

8. Conclusion

In the paper, a model for convective drying of a multicomponent system, considering the process at
both micro and macro levels, is presented. The model accounts for phase transitions during drying, as
well as the effects of the material structure on moisture transfer. The mass transfer problems under
mixed boundary conditions are formulated for both the grain bed and an individual grain. A method-
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ology for the simultaneous solving of these problems is developed. Using the obtained solutions, a
numerical experiment is performed. The results provide clear regularities in the moisture concentra-
tion distribution at both levels. The novelty of this approach lies in the simultaneous consideration
of the grain bed and individual grains and explicitly modeling the moisture exchange between them.
This dual-level approach allows for a more accurate simulation of real-world drying processes, making
it potentially novel in comparison to the majority of existing models.
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MogentoBaHHs npouecisB maconepeHocy y 6araTOKOMMNOHEHTHUX Tinax
KanifsipHO-NOPUCTOI CTPYKTYPU 3a 3MIiLLAHUX FPAHUYHNX YMOB

Jmutpyk A.

Havionaavruti ynisepcumem “JIvsiscora nosimexnixa’,
eyn. C. Bandepu, 12, 79013, Jlveis, Yrpaina

Y poboti npencTaBieHO (DiZUKO-MATEMATHIHY MOJIE/b KOHBEKTHBHOIO CYIIHHS Oararo-
KOMITOHEHTHOT'O Tijla KaIlJISPHO-MIOPUCTOI CTPYKTYPHU 3 yPaXyBaHHAM JUHAMIKIA BOJIOTO-
TIepEHEeCEeHHsT sIK HA MaKpO-, TaK 1 Ha MIKpOpiBHaX. Busnaioum BIJIUB JIOKAJIHHOI CTPYK-
TypHu MaTepiajy Ha MPOIECH CYIIHHS, 30KpeMa y (Pa30BUX IMEPETBOPEHHSIX, MOJEb 1HTe-
rpy€ KOHTHHYAJIbHO-TEePMOANHAMITHMIA Tiaxim, 3anmouarkoBanuit 4. Bypakom, €. Hamero
ta B. laitBacek. leit migxim crocyeTbcs B3a€MOIOB S3aHUX MEXAHIYHWX, TEIJIOBUX 1 JIH-
Gy3iftHIX TPOIECiB, MO BiIOYBaIOTHCS B TETEPOreHHNX, HEPIBHOBAYKHIX CHCTEMAaX, 1€ IpH-
IIyIIEHHs [IPO JIOKAJIbHY TEPMOJIUHAMIYHY PIBHOBAry JIO3BOJIAIOTH OIMCYBATH CTAH PiBHO-
Baru 3a JIONMOMOTOIO CIPs’KEeHUX (DI3UIHUX MmapaMeTpiB. YHIKaJbHUN IBOPIBHEBHUH ITiaXisT,
3aCTOCOBUH IIPU MOJIEJTIOBAHHI, OITUCYE OOMIH BOJIOTH MizK OKPEMHUM 3€PHOM i IITapoM 3epHa,
3a IPAHIYHUX YMOB TPETHOTO POLY, IO JIO3BOJISIE PEATICTUIHO MOJIETIOBATH IIPOIIEC CyTTiH-
Hsl TIUISIXOM TIPSIMOTO BpaXyBaHHs (Da30BUX MEPETBOPEHD i BIUVIMBY KAIISAPHOI CTPYKTYPH
Marepiasy. IIpencraBiena MeTomosIorist JO3BOJISE OJIHOYACHO PO3B SI3yBaTH PIBHAHHSA Ma-
COIIEPEHOCY JUId MIAPY 3€PHA Ta OKPEMHUX 3€PeH 3a 3MIIIaHUX MPAHUYHUX YMOB, IO IiJ-
TBEP/IKYETHCS IUCEJILHUM €KCIEePUMEHTOM. Pe3yabTaru mokKa3yoTh TiTKi 3aKOHOMIPHOCTI
PO3MOILTY BOJIOTH B 3€PHOBOMY IIIapi Ta BCEPEINHI OKPEMUX 3€PEH 13 3MiHAMU, 3a/I€KHU-
MU BiJI IIBUJIKOCTI CYMUJIbHOTO areHTa. HoBU3HA IIBOTO IMiIXO/Y IOJISITAE B OJIHOYACHOMY
pPO3TJIsiZli TIEPEHEeCEHHs BOJIOTM B O0JIACTI 3€pHUHU Ta B IIapi mapy, mo 3abe3mnedye se-
TaJIbHY IIePCIEeKTUBY auHaMiku Bojoru. s Mosens Mae morTeHIiifiHe 3acTOCYBaHHS I
ONTUMI3AIlT ITPOMUCJIOBUAX IPOIECIB CYIITIHHS KaIJISPHO-TIOPUCTUX MAaTepiaJIiB, Il IBUIIIEH-
He €PEKTUBHOCTI T4, €KOHOMIUHOCTI.

Knrouosi cnoBa: cywinha; Kaniaapho-nopucmuli; KOHUEHMPayis 60a02u; 0udysis 60140~
2U; BMIWAHT 2PAHUYHT YMOosU; Pa306ull nepexrid; KOHMUHYAALHO-MEPMOIUHAMINHUT Ti0-
x1d; maconepeHoc.
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