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1. Introduction

The processes of hydrothermal treatment of materials to dry are power-consuming, and the application
of thermo-moist treatment is the main means to create energy saving technologies of their drying.
The use of thermal regimes of drying which vary in time can significantly save the thermal energy
in the process and increase the material quality parameters. When the temperature of the drying
agent decreases, the temperature of the surface layers of the material decreases too. In this regard,
an additional temperature gradient arises that drives the moisture movement in the material to dry.
During cooling, the relative moisture of drying agent increases, thermo moist processing of the surface
of the material has place due to which internal stresses are reduced. There are still undefined moments
how to perform thermo moist processing and how long it should be for different materials. This requires
the development of methods for studying the processes of heat and mass transfer and diagnosis of stress-
strain state of materials, and determining according to the results of diagnosis the optimal values of the
parameters of the drying agent [1|. To avoid material cracking is also possible in the way of decreasing
of the tensile stress by reducing the differences in moisture along cross-section. This can be achieved
by weakening of the regime at the beginning of drying and conducting thermo treatment in the middle
and at the end of the process [2|. Problems of modeling the drying processes with taking into account
changes in the state of moisture in the body over time, qualitative analysis of the formation and
dynamics of the area of dried pores in terms of isothermal drying and two-phase zone are investigated
in [3-6].
The aim of this paper is to construct an approximate solution of the nonlinear problem of drying
the layer of the thickness
2Lo(—Lo <y < Lo) (1)

under the influence of a convection and heat unsteady flow of the drying agent in order to estimate
the influence of variable in time thermal regime of the drying plant onto the process.
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2 Chaplya Ye. Ya., HayvasB. ., Torskyy A.R.

The evenness and symmetry of bilateral drying the material is reached by means of circulation of
drying agent. We shall solve the problem as a problem with changeable in time boundary of phase
transition. Mass transfer occurs with the thickness (1) of the body.

2. Problem formulation

The problem is reduced to solving the following system of equations in the dried domain.
The equation of balance of energy (the heat equation)

or 0 oT
I(cyyw a’la 1=ID)esys| o = 5 | A W, Ly <y<Ly O0<Ly<Lo. 2.1
e+ e+ (1= e 5o = 2L (R 50) + y< Lo o 21
The equation of mass transfer
K,0°P 9 [ (a%ﬂ K, 0P Ve
w—2==+—|D =0, Yo"+ Di| 5 ) =0. 2.2
ng 02 oy |\ oy g Oy F\ oy 22)

The equation of energy balance on the moving boundary of phase transitions y = L,,

oT K, 0P
—Ae—— ==L . (2.3)
Y |y=rm+0 tg Y ly—r,. 10
Linearized equation of state on moving boundary of phase transitions y = L,
T = Tink + i P, (2'4)

where ¢y, Yu; Ca, Vo 18 the heat capacity and the density of vapor and air, respectively; F' is the source
factor, II is the porosity of the material; D1 = (D + 1.064,/ %E) is the effective coefficient of diffusion;

K, is the coefficient of gas permeability; j, is the coefficient of dynamic viscosity; R, T are the gas
constant and the temperature; ¢ is the coefficient of vapour molecular flow; T}, = gg’i/v’“, Ak = %,
here T}, V}. are the critical temperature and the volume, r; is the heat of phase transition.

In particular, in |7, 8] the temperature of saturated vapour T, = 83 + 16 - 1075 P, is linear approx-
imation of the state equation for the change of saturated vapour pressure P,.

On the border y = Ly we assume a heat transfer by Newton’s law

oT
Aem—+a|T —u(t)] =0, 2.5
gy +alT —u(t) (25)
where & is the heat transfer coefficient, u(t) is variable in time the temperature of drying agent, A, is
effective thermal conductance of dried domain; and on the interface of a phase transition y = L,,, we
consider that
T="Tn, (2.6)

where T, is unknown phase transition temperature dependent only on the vapor pressure F,, i.e.
T, = f(Pp). In addition, we use the formula

-1

Dy = Dj; = (1/D° + (1 — aijys) / Dij) ™~
where D%a = Dév = D1 is the effective coefficient of diffusion, Dy, = Dy, = D;; is the effective binary
coefficient of diffusion in macropores, the term in the expression D5° = D™ represents the Knudsen’s

effect of vapour flow in micropores.
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Solving the thermal-convective drying problem for porous solids 3

On the surfaces of porous plate, the conditions of convective mass transfer are satisfied. Due to
the symmetry of the problem, let us write down them only for one of the sides. The conditions on the
surfaces y = Ly and y = L,,, of the gas domain can be written as follows

for y = Ly
K oP 0y )
%——+D1< ) = —J1,  Ya = Va0, 2.7
fg Oy oy 27
for y = L,
FYU = 7717 (28)
j1=80w—")- (2.9)

Here 3 is the mass transfer coefficient, vn is the density of saturated vapor at the given temperature
of phase transition (unknown), 7 is the density of vapor in environment outside the porous body (in

a drying agent). We introduce dimensionless variables 7 = g—%, K = %0, Km = LL—T;, where k,, the

dimensionless coordinate of the boundary of the phase transition. In particular cases the temperature
of the drying agent can be represented as a Fourier series

p
u(r) =oag+ Y _ (ancos it + By sinv2r) . (2.10)

n=1

The equations of the movement of the interface

dt H’)/LLO .

with the initial condition
Km = 1. (2.12)

The system of equations (2.1), (2.12) describes a model of convective heat-drying of a plate (layer)
in a drying installation with variable boundary phase transition.
The heat equation takes the form

or 0T (k,T)
— =——F—+F 2.1
)= D, (213)
L*wW A
where F' = is the source factor, a = - and the boundary
acy H[(l - ’im)(CU’Yv + Ca’)/a)] + (1 - H)Cs’)/s
conditions on the boundary x =1
oT alg
— 4+ H[T — = H=— 2.14
—+ HIT —u(r)] =0, = (214)

and on the interface of the phase transition kK = k,,
T="T,. (2.15)
We solve the problem under the following initial condition
T(k,0) = f(k). (2.16)

Further, to construct the solution of the problem (2.1), (2.5), and (2.7) we use the influence func-
tion (Green’s) of the problem with the variable boundary of phase transition k,, under homogeneous
boundary conditions of the first and the third kind.
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The influence function

oo | Sinpn(k=rm) (- €) ¢ g (=0]
G(k, km,&,T) = Z [ fin } |:COSH (1-9) — e
n=1

- , 2.17
COSMn(l_Km) [(/’L’I2’L+H2) (1_"€m)+H] ( )
where p,, are the roots of the transcendental equation
Hn
tg pn (1 — k) = R (2.18)

is obtained from the solution of the heat conduction problem (2.13), (2.14) where the functions u(7) and
W are given implicitly using Laplace transforms, formulae of Duhamel-Neumann, and the convolution
theorem under the assumption that

To(Em,7) =0, wu(l,7)=0.

2.1. Representation of the solution of heat conduction problem in trigonometric form

It is known that an arbitrary function defined at the interval of the length 2[ can be expanded in a
Fourier series, which is identical with the Fourier series of its periodic extension along the whole axis
Oz. Let the control functions u(7 are represented as a trigonometric series (2.6). The solution of the
heat conduction problem (2.13)—(2.16) under the absence of internal sources F' = 0 we try in the form

T(k,7)=Ti(k,7) +T%(k, 7).

Here the function

Ty (k,T) = @o(k) + Z [gon(n) cos 1/27' + Xxn(k)sin 1/27'] (2.19)
n=1

is the solution of the heat equation that satisfies the boundary conditions of the problem, but does
not satisfy the initial condition. T™* is the solution of the heat conduction problem that satisfies the
initial condition and the homogeneous boundary conditions. Therefore, it is basic for solving at the
initial period when the temperature distribution is strongly affected by the initial state, i.e. during the
irregular regime.

If we substitute the solution (2.19) into the equation (2.13) and into the boundary conditions, to
determine the unknown functions ¢, (k), xn(k) (n = 0,1,...,p; vy = 0) we obtain the system of
equations [9]

d*p
dﬂ; —2Xn=0 (n=0,1,...,p; vp=0),
d2
d:; + 120, =0 (n=1,...,p;), (2.20)
and taking into account the representations (2.19) — the boundary conditions take the form
depn (1
%() + Hop(1) = Han,  @n(kim) =0 (n=0,1,...,p); (2.21)
dxn(1
%() + Hyn(1) = HBn,  Xu(km) =0, (n=0,1,....p). (2.22)
The term T™(k, ) we determine from the heat equation
or* 0*T*(k,T)
5 (FT) = ——5 57— (2.23)
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Solving the thermal-convective drying problem for porous solids 5

with homogeneous boundary conditions

or*(1, )
Ok

and the initial condition so that it satisfies the condition (2.7). T*(k,0) = f(k) — To(k), where Ty(k)
is the solution of the problem (2.19)-(2.22) for 7 = 0.
From the first equation of the system (2.20) for n = 0 we find ¢o(k) = ag + bok, where

+HT*(1,7) =0, T*(km,7) =0 (2.24)

" :Tm(l‘l—H)—Haolim b — H(ag —Tpp) (2.95)
T+ HO k)] T L HO = R '
T, is still unknown function.
For solving the system of equations (2.22) (n =1,...,p), we introduce the complex function

P (k) = en(k) — ixn(K).
Then the associated system of equations (2.22) for functions ¢, (k), xn(k) is reduced to separate p
equations for complex functions @, (k)
>,
dr?

—i2®, =0 (n=1,2,...,p), i=+—1, (2.26)
having the solutions
®, (k) = Cpch Vivpk 4+ Dy, shVivgk. (2.27)

From these expressions, after presenting complex coefficients in algebraic form C,, = a, + ib,, D, =
= ¢y, + id,, and considering that /i = %, and denoting

Unk .

% = Vnk,

ch ﬂyn/@ = ch Uy, co8 Uy + 7 Sh Uy 8IN Uy,
sh Vivpk = sh Dy COS Dpy + 1 Ch Dy SID Dy (2.28)
we find the functions ¢, (k) and x, (k):
Son(ﬁ) =a,Y1 (ﬁnm ﬁnn) - bnYQ (ﬁnm ﬁrm) + CnYEB (ﬁnm ﬂnn) - dnY4 (ﬁnm ﬁrm) 5 (229)
Xn(“) = —apYs (ﬁnm ﬁnn)_bnyl (ﬁnm ﬂnn)_cnYZl (ﬁnm ﬁnn)_dnYB (ﬁnm ﬁnli) 5 (n =1,2,... ,P)- (230)
Here Yy, (Unk, Vnk) (m = 1,2,3,4) are hyperbole-trigonometric functions of the form
Y1 (Dnis Ukn) = ch Upye €OS Ugrey, Yo (Uniy Vi) = Sh Upye SIN Dy, (2.31)

Y3 (Upis Ukr) = Sh ¥y €08 Uk, Ya (Dpiy Ukr) = €D Dy SIN Dy (2.32)

On the basis of the boundary conditions, the coefficients a,, b,, ¢,, d, are the functions of the
moving coordinate k., and they have the form

_ Al(ﬁm) . AQ(’%W)
) = R T R 23
c (/’i ) A3("<‘3m) d (/’i )_ A4("<‘3m) .
n m A(Fém) ) n m) — A(de) I

where A;(kp, (i =1,2,3,4) are determinants of the fourth order. In order to simplify the solving, we
denote Yy, (Ung, Uni) = Y (%)
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With this, we take into account that

V(28] = 21 () = Vi ], 3 (228 = 2 [V )+ Y2 )
B (%5) = 2o un) ], Vi () = L5 DG 4 ViG] (230

A(km) = |0;j| are determinants of the system of equations A(ky, )z, = f, where @, = (an, b, Cn, dy)?

=3 () ()] ()

o= () ()] o ()

=325 1 ()]s (2

o= () ()] o ()
)

12, 022 = =011, 023 =014, 024 = —013,

b1 = Vi (%mm) , p= Y <%nm> A <\/§ m> T <\} >
041 = —Y2 <%“m> y i = =1 (\V/% ) , Oa3 = =Yy <%Km> , 04g = —Y3 (7 ) (2.35)

The column of constant terms has the form

Hao,

f= gfﬁn . (2.36)

0

A solution of the boundary value problem (2.23), (2.24) we write as follows

/ > sin K—K
T (k,7) = /G(K, Em,&,7)f1 (&) dé = ZAnM exp (—,uiT) ) (2.37)
n=1 Hn
1 H |
Ap = A (s o) /fl(f) I:COS pn(1—&) + E sin pp (1 =€) | d€, (2.38)
Ay, (fony Bm) = €08 iy, (1 — Kp) [(u% + H?) (1= fip) + H|, (2.39)
fi(k) = f(x) = To, (2.40)

where

To = T1(k,0) = Z@n
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Solving the thermal-convective drying problem for porous solids 7

If the initial temperature distribution is uniform, i.e. T'(k,0) = Tp, with taking into account (2.17),
the contribution of the initial temperature into T*(k, i, 7) has the form

T () = 3 2 (5 = ) ff — ) gn (e T, (2.41)
n=1 n
2T0H in t, (1 — K, H
A = 0 {smu (1 —Km) — =5 [cos pin(1 = Km) — 1]} . (2.42)
Ay fn M

P
The contribution of the sum > ¢, (k) into T*(k, k) We represent as

S\H

p
Z €) X Gk, ki, €, 7)dE,

[oe) .
=% SNt (K = Fom) g -y mpin (2.43)
—~ [in
n
where
p ~ ~ ~ ~
= [akzjgkl bk D O s — Ak 2| (2.44)
k=1
. 2
ki = NS ki (2.45)

n

Zit (v 1, ) = (A1) (91kn @11k [0k, Bikné] + gokn Pr2kn [k, Borné])r +
+ (Do) (g1kn Po1kn [0k, Briné] + Gorn Pazkn [k, Bornél) e, ;
Zs (W vk 1, Bin) = (A1) (92kn a2k [0k, Bokné] — gikn P31kn [k, Bknél)r +
+ (Dan) (g2rn azkn [0, Briné] — gikn Patkn [0k, Birnél)y,, ;
Zres (1 vk 1, n) = (A1) (91kn Patkn [0k, Birné] + gokn Pazkn [k, Borné])r —
— (Aan) (9260 Psokn [0kE, Bokn] + Gikn P3tkn [0k, Brentl) s, ;
Zoa (Vi 1, ) = (A1) (91kn @21k [0k, Bikné] — gokn Paokn [k, Borné])r +

+ (A2n) (g2kn P1okn [0kE, Bokn€] — Gikn Piikn [0k, Brentl) s, - (2.46)
H H
A1y = €08 Uy, + — 8in iy, Aoy = Sin fy, — — COS fhny,
[in [in

{on Yz [on, Bjgné] + BijknYa [, Biknél} = P1jkn(§);
{ou Ya [on, Bjkné] — BijknY1 [l s Bjknél} = Pojkn(§);
{—an Ya[arg, Bjkn€] + BjknYs (il Biknél} = P3jkn(§):
]

{on Y1 [on€, Bjgn€] + BijknY2 [, Bjkn]} = Pujrn (€); (2.47)
akZ%, ﬁlan%-i-Mm 52kn=—%+,um
1 1

(2.48)

Jikn = N 27 9okn = N 27
Vi Vi 2”_k
z{ﬁ(ﬁw)} {ﬁ( ﬂun)]
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* * - sin /’Ln(’k‘; — ’k‘;m) —
™ +1y = — B (km)e 7, 2.49
=3 =B ) (2.49)
Bun(m) = A (i) + A%, (Kim). (2.50)

This sum contributes to the temperature change just within the interval [k, 1] of variable thickness.
Thereby, the temperature under random convective heating, depending on the time, can be written
as

P o S
. sin K—K -
T(s,7) ngl ) cos 1/ T 4 Xn(K) sin 1/7217'] + ngl #W)Bn(ﬁm)e M%T, (2.51)
where
2T H (i - Ll
n

Efate W () 7 ()] ~wtem [220 () - 2 ()]

I/k’ 7 % Vk'%m 7 % I/k‘ 7 % Vk"im
oo [ 2 (G ) = 25 () = oeton) (200 (35) - 20 () -
This formula shows that
B, (km =1)=0.

It should be noted that in the formula (2.51), the temperature of phase transition is still unknown.

3. Solving the problem of moisture conduction during convective drying

Transfer of vapor-air mixture in a dried area occurs mainly by means of the mechanism of molecular
diffusion, effusion, and filtration. For diffusion transfer, the driving force is the partial pressure gradient,
for filtration — the total pressure gradient in the gas phase. The structure of the medium occupied by
the gas phase does not significantly affect the value of the effective diffusion coefficient. In contrast
to diffusion, gas filtration in wetted porous matrices depends to a large extend on the structure. The
gas filtration coeflicient increases with increasing porosity, the size of particles of input material, and
the reduction of liquid content in pores. The dependence of the filtration coefficient on the porosity
is described by the formula K = cII3(1 — II)~2d exp (—5/{7271), where II is the porosity, d is the average
particle size of the skeleton, x,, is the saturation of the pore space with liquid, ¢ is the empirical
constant ¢~ 1.6-1077 +3.4-107".

If into the equations (2.2) we introduce the dimensionless variables v, = Va0, Yo = Y0, ¥ = Lok,
then we calculate the values of the dimensionless variables
DiMapg 5 1 Ma

b=

s 3.1
K~,0RTy Yao My’ (3.1)

al:

and assume D; to be D = (D + 1.064¢4/ RTO) for a given change in temperature of the drying agent,

where Ty is the initial temperature; after that we can linearize the original system of equations. Here 7,4,
is the air density on the outer walls of the plate. If we integrate the equation of the system (2.2) under
the condition that the air density is not significantly changed along the length of the capillary, the den-

sity of vapour 7n(k, ky,) will be determined as follows 7 = [—A + v/ (A+1)2—=2B(m —no)(k — km) |,
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Solving the thermal-convective drying problem for porous solids 9

where A = ( =—p'A B = LOB On the surface k = 1, the equation is satisfied

b (mi-1)
(1+a) 2

+m =1+ 8 (m—mno) (1 —kpm) =0, (3.2)

the solution of which determines the value of the dimensionless density of vapour on the outer surface
of the plate. Here 71, 1o are the relative saturations of vapour on the surface of the plate and in the
drying agent. Denote z,, = 1 — Kk,;,, where z,, is the relative moisture loss in the drying process, and
denote the change of the width of the dried area. A physically reasonable solution has the form

m = —(A+ Bzy) + \/U + Sz + B222,, (3.3)

where

U=(A+1)?2 S=2B(A+mn).

After determining the vapour density value on a wall, according to the condition (3.3) the value of
the flux j we present in the form

j:Hl{—(a1+Bzm)+\/U+Szm—|—B2z,%l}, (3.4)

where a1 = A+ ny, Hy = B’Yno JIIL~r, and the pressure at arbitrary point is equal to

T RT (k, 66m),  (3.5)

P (K, km) = ’;\ZnRT(Fc) = [—A—i— \/(A—|— 1% = 2B (m —mo) (k — mm)] AL

(2

where 7, is the unknown value.

4. Determination of the phase transition temperature with taking into account tem-
perature gradient with the thickness of the plate

Let us determine phase transition temperature 7T}, from the condition (2.3)

K oP
—A— — . 4.1
A kug or | (4.1)

R=Km =Km

where
P
T (Km,T) = (ap — Z @ (Km) cos V2T 4 X, (K ) sin 2 7|+ ZB (km)e~ HaT
n=1 n=1

Note, that ¢!, (km), Xb (km), Bn (km) are related with with expansion coefficients of the drying agent
temperature control function. Therefore, we present

H H
T;; (F':7 "im77—) ‘Nm = (’k‘;m77—7 OCTMMTMH) - TmH—H =& — alQva a1 = H—Hv
P o0 ,
D (K, Ty Oy s Uy H) = T H [0 (Fm) COSVET + Xhye (K SR V2T] + Z By (km) e 7
n=1 n=1

is a part of the temperature gradient, which is dependent on the expansion coefficients and the frequency
associated with a change in temperature of the drying agent, moisture saturation of the porous medium,
the rate drying agent.

Mathematical Modeling and Computing, Vol.2, No. 1, pp. 1-15 (2015)
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Considering the transport coefficients and specific heat of phase transition 7 to be constant value
(when with the change in temperature of the phase transition from 100 to 150°C, the change of rj rep-
resents less than 20%) [7], and taking into account the linearized dependence between the temperature

and the pressure of phase transition T}, = Tyuk + i Pp, where the coefficient o, ~ 16-107° has the
dimension [%], and Ty =~ (83 4+ 273.15)°K, we obtain the quadratic equation to determine T,
2
> o =0, (4.2)
i=0

with the following coefficients

B (m —mo) B (1 —no)
= 1 = (AT L1 T, — T3,
02 A+ 1 + a2 ( + Cll) Cl A+1 + ( + Cll) + L2 |, CO mk

Qi Allg _ 16 p1g
e 10%71: Ky

C11 =

The solution of this equation

B B
Tt = Tk [A+1(771 ?70)+0412]/[A+1(771 770)+0612(1+C11)}+

B B
+ Tk [A+1 (m — 770)611@]/ [A—H (m —no)+a12(1+011)} X

x {ka [Aiil (m —mo) + 0612} - (1 +ecn) ‘I’} : (4.3)

T2 =P (1 +C”)/[AL;1 (m —no) +0612(1+611)] -

A+1 A+1
B
X {ka [A—H (m — o) +0412} - (1 +011)‘1>}

H
1+H
Here and further, the argument next to the function ® we do not write for simplification. The second

root of the equation depends mainly on the temperature gradient and is crucial for hard drying.
By linearizing of the expression (4.3), and neglecting the temperature gradient squares, we obtain

— T [ b (m — 770)C11(I):|/|: b (m — no)+0412(1+011)} X

where

a1 =

B B
T = Tk [A—H (m —mno) + 0612}/ [A——l—l (m —mno) + a2 (1+ 011)] + (4.4)

B B B
+ Tk [A—i— 1 (771 770) C11<I’]/ [—A—l— 1 (771 — 770) + a9 (1 + 611):| I:—A ) (m — 770) + a19

5. Determining the influence of changes in time in the temperature of the drying agent
on the drying process

After determining the flux of vapour on the surface, from the equations (3.2), (3.3), and (3.4) and
taking into account that 1 — k,,, = z,, is the loss of relative moisture in the drying process and the
change of the width of dried area, we obtain the equation for determining the relative moisture changes
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Solving the thermal-convective drying problem for porous solids 11

in time and the equations of the liquid-gas interface movement

dzm  §(2m, T (7)) BYn0To [
- — — + B + /U + Sz, + B222 ] 5.1
T T Tl L T, @ ) VU St B 5
under the initial condition 7 = 0:
Zm = 0. (5.2)

For the solving the Cauchy problem (5.1), (5.2) we use the change of variables:

VU + Sz + B222, = X + 2 B.
Considering

dzm - (—BX2+SY - BU
and 9om _ o (EBC+SX 5 ), (5.3)
2B dx (S —2BY)

2-U . 2BY — S
Zm =5 —=5, X— 01 =—F575—

we obtain the expression

15!

—Bx*+ Sx — BU) (1+T_m

where H = ,@'yno/ﬂ'yLL.
The first members of the left and right sides of the equation correspond to isothermal drying

—BY?+Sx — BU)

(
1 ((23;2 - 5)3)

dy = Hdt;. (5.5)

The effect of change in temperature of the drying agent in time is determined from the equation

—BX*+Sx - BU) T,
(=B + Sy )—df(:HdtW (5.6)

1 ((23;2—5)3) Ty

Substituting the expression of the phase transition temperature from the equation (4.4) into (5.6), we

obtain
dx _  HTy (2Bx — 9)° (x —a3) 1 (x —a1) 2en @ (5.7)
dt 4Bka [—B)ZQ + S)N( — BU] (X — ag) (X — a2)2 ’ .
where At At
ay =A+n, ax=a— B2, 03 =01~ —p—an (c11+1), (5.8)

Fm = 1 — SX*QT_XUB’ T = 2%, Ohe(km), Xne(km) are the derivatives of the functions ¢, (k), xn(k) for

K = K. The solution of the equation (5.7) must satisfy the initial condition
x|,y = VU. (5.9)

The solution of the equation we try approximately by method of iterations. Integration the equation
(5.7) from zero to t with taking into account (5.9) yields

t

X = /F(X, t)dt + xo- (5.10)
0
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In this equation the unknown function y is under the integral sign. Thus, we have come to the integral
equation for the function x that satisfies the equation (5.10) and the initial condition (5.9). We assume
X0 = X|t=0 = VU to be zero approximation of the solution.

The first approximation we obtain from (5.10) as

HT, (wﬁ—gf (ﬁ_ag) (\/ﬁ—al)%ql@l(l,t)

Xl(t) = ~ - + \/ﬁv
ABTi [-2BU + 5X] <\/U - a2> (\/ﬁ - a2)2
where ,
H L? 1 . qat at
O(1,t) = qogpt + o ; > [gp;m(l)sm V’%L2 + o (1) (cos Vags ~ 1)] . (5.11)
Substituting the first approximation into the integrand in the equation (5.10), we obtain the second
approximation
¢
w0 = [Foa®.0d+ .
0
or
HT, 2Bx1 (t) — S)°
o (1) = 0 (2Bx1 () = 5) "

ABTmk [~B3a (1) + S (t) - BU|

% 1 — %0110412 _ [x1(t) — a1] %cn@é(xl (t),t) N \/57
b 1) = ez) [ (1) —as)
@2 (Xl(t),t) = aol n Ht_|_
oy [ (1= O o EO=U s at
o 2 T ebe I — 1 X\ =%v 1\ at
T ;y% [%n( S—QBxl(t)>COSV"L2 + Xnr ( S—QB)Zl(t)>San"L2}+
XGM-U B U\ e
By (1- B, BO-U \ e
" 0( S—QBX1 >+Z ( —2B><1() cTHREE
X3 ()-U

where k1 (1) = 1— o are the arguments to functions O (Em1)s Xk (Fm1), Bo(Km1), Bn(Km1)-

Continuing this process, we obtain formulae for the s** approximation

_ HT, (2BY.—1 (t) = 9)*
Xs () = 157 - 2, oo )
mhk {—BX5—1 (t)" + SXs—1 (t) — BU}
A+l s (t) — a1] Aoy Py (ye1 (1), 1
LAl TEenon t—[X 1 (t) —a1] “5=cnn ZgX 1(1),1) VT
(Xs—1(t) — az2) [Xs—1 ( ) — az]
i H P&, o) =U \  yat
@2 (Xem1(t),1) = a0t + > 7 P (1 - S—2By. 0 ) e T
n=1 " 57
. Xs—1 (t) -U Qa_t
+ (1 S— 2By (@) SIn vy, 7 +
~2 o0 ~2
X_l(t)—U> ( X—l(t)—U> —u3 2
4By (11— = V4N B, (1 Al e Hn iz, 5.12
0 < S - 23)(571 (t) nz:l S - 2-BXsfl (t) ( )
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5.1. Particular cases

In the case when in the solution of equation for determining the phase transition temperature (4.3)

the member T}, [Aijq (m —no) c11 @] can be neglected, we obtain two solutions of the equation (4.2)

T = T | O =) ens] [ | g n=mtaneen] . 69
T =21 +c11) / [%(m — o) + a12(1 + 011)] . (5.14)

The first expression (5.13) can be treated as an approximate linearized solution to the phase transi-
tion temperature of soft modes, the second expression (5.14) — of hard modes, in which the temperature
gradient in the body is the main factor represented by ® (K, T, ay, fin, H). Thus, we have defined the
non-stationary fields of potentials of energy and matter transference under the boundary conditions of
the third kind. The obtained approximate solutions establish the relations between heat-mass transfer
dependence and kinetic and geometric coefficients.

Define the relationship between time and dried area width for soft modes, when we can neglect the
second member for expression Ty,.

From the equations (5.1) we obtain the equation for determining the relative moisture change in
time and the equation of movement of the liquid-gas interface

dzm ](zm) BVnOTO
- - _ B U+ Sz, + B222 ] 5.15
7t = TonL ~ Tk (T 1 T (7)) L @+ Bom) + VU 4 8o + 5225, (5.15)
with the initial condition
if 7=0, z,=0. (5.16)

Substituting the expressions for the phase transition temperature from (5.13) into (5.15) and using
replacement (5.3), we obtain

4B [~BX? + SX — BU] g + BT [-BX* + SX — BU] (x — a2)

(2B9~( - S)3 TO (QB)Z _ 3)3 (X . ag) d)N( = Hdr. (5.17)

After factorizing (to simple multipliers) the left side of the equation (5.17), we obtain

AO BO Co ]
AB | — + o +
(X —a3)  (2Bx—-S) (2Bx - S)*
ABT [ Ay By o)) Dy ] )
+ = + ohs + + dy =dr, (5.18
Ty [(X—a3) (2Bx—S) (2Bx—-S)* (2Bx-S)° X (5.18)
where
Ag=——=. Cy=B(a¥-U), By=0, Aj—-— (a3 +2aas —U) (a3 — ap)
0 =) 0 — - ) 0o—VY, 1— ~"7p )
4B 1 AB (as — a1)3
D, - (—a3 + 2a1a3 — U) (a3 — az) B, - (ag — a3) 1 (—a3 + 2a1a3 — U)
8B2 (ag — a1)3 ’ 2 (a3 _ a1)2 ’
(al - a2) 2
C) = B(a7;—-U
' (a1 — as3) ( ! )
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The solution of the equation (5.18) has the following form

_l’_

(S| ot ]
H |2B |2yUB-S| 2B |[(2xB-5) (2J/UB-5)2 \/__ag
@{311'223 S‘ Cl[ 1 1 ]_
H WUB—-S| 2B|2YB-S 2J/UB-S

- % [(2231— S)2 <2ﬁ; - S)J } -

where

X = U + Sz, + B222, — 2,,B (zm =1—Km). (5.19)

6. Conclusions

The expression (5.19) defines the relations between the time of drying and the dried area width z,,
as the function of the heat transfer coefficient (by means of the parameters ag, ag), the mass transfer
coefficient (by means of the parameters B, S, C55), permeability, diffusion, and average temperature
(by means of the parameters A, U). The term in the first braces gives us the expression of the relative
moisture change in time for the stationary temperature of soft regime when drying conditions are such
that the temperature gradient can be neglected. Comparing the expression (5.19) with the expression
of isothermal drying, we see that if in the stationary case the time of drying depends on the relative
moisture of the drying agent and the mass transfer coeflicient; in the non-stationary mode all the
coefficients depend on the state equation at the interface as well as on the heat transfer coefficient,
which is not observable in isothermal convective drying. If z,, = 1, we obtain the complete time of
drying. As can be seen in the soft drying mode, we can control the process by increasing or decreasing
the blow rate by means of the heat H or mass B transfer coefficients, moisture of the drying agent ng
by means of the coefficients ay, S, and varying the time of the drying agent temperature change by
means of the coefficients «,,, 3, of the expansion of the control function u(7). All expressions we have
explicitly, so we can choose and minimize appropriate desired criteria of optimal mode of drying.

[1] BileyP., Zaryeva Yu., BasyukI., KravecI., Kuleshnik Ya. Creation of energy saving technologies of lumber
drying. Scientific Bulletin of the Ukrainian State Forestry University. 9, 11, 189-191 (1999). (In Ukrainian)

[2] Voronov V., Mihayletsky Z. Automatic control of the drying processes. Kiev, Engineering (1982). (In Rus-
sian)

[3] HayvasB. On the porous solids drying in drying plants. 9th Inter. Symposium of Ukrainian Engineers in
Lviv. KINPATRI, Lviv. 110-112 (2009). (In Ukrainian)

[4] Burak Ya., Kondrat V., Hayvas B. On mathematical modeling of porous solids drying. Informative-mathe-
matical modeling of complex systems. Lviv, MIMUZ’2002. 153-161 (2002). (In Ukrainian)

[5] HayvasB. On the study of porous bodies drying. Mathematical problems of inhomogeneous structures
(2003). (In Ukrainian)

[6] Burak Ya., Hayvas B., Kondrat V. On mathematical modeling and studying the process of porous bodies
drying. Physical modeling and information technology. 1, 20—29 (2005). (In Ukrainian)

[7] Grinchik N. Heat and mass transfer in capillary porous media under intense vaporization with the movement
of the evaporation front. Theory and techniques of drying wet materials. Proceedings of the 5th Conference.
Minsk. 30-49 (1979). (In Russian)

[8] Vukalovic M. Thermophysical properties of water and steam. Moscow, Mechanical Engineering (1967). (In
Russian)

[9] Vihak V. Optimal control of time-dependent temperature regimes. Kiev, Naukova Dumka (1979). (In
Russian)

Mathematical Modeling and Computing, Vol.2, No. 1, pp.1-15 (2015)



Solving the thermal-convective drying problem for porous solids 15

NobypoBa po3B'sAA3Ky 3a4a4i NPO KOHBEKTUBHO-TEMNJIOBE OCYLLUEHHSA
NOPUCTUX TiJ1 B CYLUW/IbHUX YCTaHOBKaXx

Yamns €. 9.1, Taiiace B. 1.2, Topcebkuii A. P.2

L Inemumym mezanixu i npukaadnoi ingopmamury Yrisepcumemy Kasumipa Beauxoeo 6 Budzowi
eyn. Konepwixa, 1, 85-064 m. Budeowy, Hoavwa
2 [Jewmp mamemamusnozo modearosanra IITIIMM im. 5. C. ITidempueava HAH Yxpainu
eya. Jowc. Jlydaesa, 15, 79005, Jlvsis, Yxrpaina

Otrpumani B po60oTi HAO/IMKEHI PO3B’SI3KM OJIHOMIPHOI HEJIHIHOT MAaTeMAaTUIHOT MOJIeIi
[IPOTIECY CYIIHHA MOPUCTUX TLI JAIOTh MOXKJIUBICTH BCTAHOBUTHU TEMIIEPATYDPY (Ha3zoBOro
Iepexo/ly NpHU JOBITBHUX 3MIHAX TEMIIEPATYPHUX PEKHUMIB CYIIUIBHOIO areHTa, 3MiHy
BizHOCHOT BOsIOTOCTI B Tijli B mIporieci ocymreHHs, sik (QYHKINIO TeOMETPUIHIX Ta (DI3UIHIX
rmapameTrpiB, BIJIUB NMIBUJKOCTI Ta BIJHOCHOI BOJIOIOCT1 CYIIMJIBHOTO areHTa Ha IIPOIEC
CYIIIHHS 3 METOIO0 ONTUMI3allil IPOIeCy.

Kntouosi cnoBa: men.aosuli pescum, CYywuLbHUT G2eHM, DYTOMA KOOPIUHAMA 2PAHUYI
obaacmi Pasosozo nepexrody
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