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B pabome noxazano, umo 60 MHOZUX MEXHON0ZUYECKUX NPOUECCAX CbIPbesble Mamepua-
JIbl N00GEP2AIONMCA GbICOKOMEMNEAMYPHOI mepMUiecKoil odpabomke u, ¢ OOIbUIUHCIEGE CBOEM,
UMeEm 2e0MempPUlecKyto hopmy KaHOHUUECKO20 6Uda: NAACHURA, WUIUHOD U chepa. B kauecmee
MUN0B020 MENIOMACCOOOMEHHO20 NPOYecca 6 pabome paccmMomper nPouecc KOHGEKMUGHOIL Cyul-
ku. IlIpoueccel, npomexaroujue 8 yciosuax mepmuiecKkoil 00padomyu, npueedeHvl K 3a0auam nepe-
HOCA 0713 HEOZPAHUYEHHOIUL NAACIUNBL, WHIUHOPA U Wapa ¢ ZPAHUYHBIMU YCI108UAMU REPBO20 POOd,
K020a Ha NOGePXHOCHMU MEepo020 mena 3a0aH HOMeHYUAl nepeHoca (memnepamypa, 6,1a20cooep-
acanue). Ilpeocmaesnensvt viparicenusn 011 pacyemos 6 YciaoGusax NPOU3E0IbHO20 PACHpEOe1eHUA
HAYANLHBIX 3HAYEHUTI HOMEHYUATI08 NEPEHOCA, MAK U 014 PaéHOMEPHBIX pacnpedenenuil. Iloka3za-
HO, YUMo HPU MOOETUPOBCAHUU MENI08BIX U MACCOOOMEHHBIX NPOUECCO8, 8 KOMOPBIX Mmenodusuue-
CKUe XapaKmepucmuKu meepoozo mena CyuieCmeeHHO MeHAIOMCA 80 8DeMeHU RPOUecca mepmooo-
padomku, ucnonv3oeanue panee papadomaHHbIX U3BECHMHBIX PEUICHUII CMAHOBUMCA Hpodiema-
muunvim. Paccmompenst «30HanbHulily Memoo u memoo «mukponpoueccos». Ilokazano, umo onsa
060ux mMemooos, Ha 0CHO6e IKCREPUMEHMANIbHBIX OAHHBIX 0 OUHAMUKE HeMnepamypsvl U MaAcco -
(6n1azocooepsrcanus) mamepuana ¢ meueHuUem 6PEMEHU HPOYeEccd, ONPEOeAIOm UX 3a6UCUMOCHIU
om cpedHux (no «30He» Ul «MUKponpouyeccy») memnepamyp u maccocooepycanui. Ilocnedyro-
WUM IMANOM 014 pacuemos no «30HAIbHOMY» Memooy nPeocmasiena opmanuzayus pe3yavma-
mMo6, NOJIYYEeHHDbIX 6 GUOE ZUCMOZDAMM 3HAUECHUI KOIPPUuyuenmos mMacconpoeooHocmu om cpeo-
HUX 3Hauenull maccooeprycanuii. /[na memooa «MUKPORPOUECCO6» 6 pacyemax O0OHOBPEMEHHO
MOJHCHO 3a0eliCme06amsy U KUHEMUYECKylo Kpugyio. A0eKeamuocms paciemmnsvix IKCHepuUMeHmais-
HbBIX OAHHBIX MeM 0obuLe, UeM MeHbUle OUANA30H UMEPAEMBIX 3HAUEHUIl meMnepamyp U Macco-
cooeporcanuii. Ommeueno, Ymo nPU HEPAGHOMEPHBIX HAYATLHBIX YCAOGUAX AHATUMUYECKUE Pelie-
HUA 3a0auu Menjionepenocd, KaKk npasuino, npeoCcmasaaiomcs ¢ (hopme deckoneunvix paooe Dypeoe.
Cxooumocmo paoa @ypve yxyouwiaemces c ymeHvuieHUEeM 6peMeHHbIX UuHmepeanos. bonvuwas akmy-
Al1bHOCHb NPUMEHEHUA PACCMOMPEHHBIX MENO008 RPOCIEHCUBACHICA NPU MOOETUPOBAHUU Men-
Jlomacconepenoca ¢ UHMEHCUBHBIMU npoyeccamu (azoevix nepexooos.
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This paper shows that, in many technological processes, raw materials are subjected to

high-temperature heat treatment and, in most cases, they have a geometric shape of the canonical
form: a plate, a cylinder and a sphere. The convection drying process is considered as a typical
heat and mass transfer process. The processes occurring under heat treatment conditions are re-
duced to transfer problems for an unbounded plate, cylinder, and ball with boundary conditions
of the first kind, when the transfer potential (temperature, moisture content) is set on the surface
of a solid. A number of expressions for calculations in the context of arbitrary distribution of ini-
tial values of transfer potentials as well as for uniform distributions are presented. It is shown
that, when modeling heat and mass transfer processes in which the thermophysical characteris-
tics of a solid body change significantly in the course of thermal treatment thereof, the use of al-
ready known solutions that have been previously developed becomes problematic. The «zonal»
method and the «micro-processes» method are considered herein. It is shown that, for both meth-
ods, on the basis of experimental data referring to the dynamics of temperature and mass (mois-
ture) content of the material over the course of the process, their dependences on the average (for
the «zone» or «micro - process») temperatures and mass contents are determined. The next stage
for calculations using the «zonaly method is formalization of the results obtained in the form of
histograms of the values of mass conductivity coefficients from the average values of mass con-
tents. For the «micro-processesy method, the kinetic curve can be used in calculations simultane-
ously. The smaller the range of measured values of temperatures and mass contents is the greater
is the adequacy of calculated experimental data. It is emphasized that, under uneven initial condi-
tions, analytical solutions to the heat transfer problem are usually presented in the form of infi-
nite Fourier series. The convergence of the Fourier series deteriorates with decreasing time inter-
vals. The great relevance of the application of the considered methods can be traced when model-
ing heat and mass transfer with intensive processes of phase transitions.

Key words: heat treatment, heat and mass transfer, plate, cylinder, sphere, «zonal» method, «micro-

processes» method

INTRODUCTION

In many technological processes of chemical
[1], construction [2, 3], food [4], textile [5] and other
industries, the evolution of raw material to the final
commodity product is accompanied by heat treatment
of the material having a geometric shape in the so-
called canonical form: a plate, a cylinder and a sphere.

Under such conditions, in bodies, regardless
of the specific technology like drying plywood (boards)
at woodworking enterprises or drying fabrics at textile

enterprises, the material being processed can be repre-
sented from a geometric point of view by an unlim-
ited plate. At the same time, modeling of the phenom-
ena of heat and mass conductivity (diffusion in the
solid phase) can be carried out on the basis of a uni-
fied theory of heat and mass transfer [6-9].

METHODS OF THEORETICAL ANALYSIS

As a mathematical basis for solving boundary
value problems of heat and mass transfer, the differ-
ential equation of non-stationary transfer of a sub-
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stance (heat or mass of a substance) with the corre-

sponding boundary (initial and boundary) conditions

is used:

20 (x,1)
ot

where 6(x, 7) — the potential of substance transfer for
heat transfer; 6 — temperature, K; K., — the substance
transfer coefficient depending arbitrarily on the trans-
fer potentials (K, — a — thermal conductivity, m*/s; K,
— k — mass conductivity (diffusion in the solid phase),
m?s); qy(x,T) — specific volume source (flow) of
heat or mass of the substance, respectively, Kis;
kg/(m*-s), conditioned by the phase transition of the
substance.

As a typical heat and mass transfer process,
we will consider thermal convection drying [6, 10],
which increases the temperature — t, and reduces the
mass (moisture content — u. This changes the coeffi-
cients of heat and mass conductivity:

a = a(t,u); k =k(t,u) 2

The further analysis of the methodology will
be performed with reference to transfer problems for
an unbounded plate, cylinder, and ball with boundary
conditions of the first kind, when the transfer poten-
tial (temperature, moisture content) is set on the sur-
face of a solid body. Some examples of this type of
problem for an unbounded plate are given in [7, 11].

In this case, for the sake of simplicity, we
shall consider the condition which involves the ab-
sence of an internal source.

Solutions to the problems of non-
interconnected internal transfer of heat and mass of a
substance, provided that the transfer coefficients are
constant, will be written in the form [8, 9]:

= div[ Ky (x, 1) gradd(x,7)] + qy(x, 1) (1)

- fora plcgte:
— 2 : . _ 2
0(x,1) Rn;1 sin(pm * %) exp(—mnm?Fonm) x
xfOR 0 (x") sin( un'mx_l)dx' 3)
- for a cylinder:
0(x,7) = % ]c;(j?J exp(—nm Fopm)x
nm=1 71 .un,m)
%[ 06 (x") o (Hnmx™)dx’ @)
- for a ball:
0(x,1) = %Z;’{’,mﬂ%sin(unm - %) exp(—tnm 2 F opm )%
x fOR x' 0o (x")sin(up mx 1) dx’ (5)

where R — is half the thickness for an unlimited plate;
radius, for a cylinder, or a ball; u, ,,, — the root of the
corresponding characteristic equation; index n refers
to heat transfer problems (u,,, Fo,,), and index m — refers
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to mass transfer problems (u,,, Fo,,); X — the dimen-
sional coordinate, x’ — the current coordinate in the
integration interval [0-R]; ¥ = x/R — the dimension-
less coordinate; Jo, J; — Bessel functions of order 0O
and 1. It's worth noting that the calculations using
expressions (3)-(5) allow us to obtain results for a
arbitrary initial distribution of the transfer potential.

In a particular case, for uniform initial distri-
butions of temperatures and mass contents, expres-
sions (3)-(5) can be written in dimensionless form:

- for a plate:
0%, Fonm) = D A m(tm)
nm=1
X Cos(ﬂn,mf)eXp(_.urzl,m Fonm) (6)

- for a cylinder:

H(X'Fon,m) = Z A%,m(ﬂn,m)x

nm=1
X ]O(Mn,mf) exp(_.u%,mFOn,m) (7)
- for a ball:
9(72' Fon,m) = Z Af m (U, m )X
nm=1

1 . _
X; ’ Sln(#n,mx) exp(_.urzl,mFOn,m) (8)
Where A, . (1nm) — coefficients of charac-
teristic equations and, respectively, for heat and mass

exchange problems will be:
t(x,T)—-t,

0(x,Fo,) - T(X,Fo,) = P 9
0(%, Fo,,) — U(%, Fo,) = % (10)

Where t(x,7) u u(x,7) — values of physical
quantities of temperature and mass (moisture) con-
tent; t,, U, — the values at a certain point taken as the
initial; t; — the temperature of the medium; u, — the
equilibrium mass (moisture) content.

It is important to notice that the calculations
using expressions (3)-(5) allow us to obtain results for
an arbitrary distribution of transfer potentials, and the
calculations using formulas (6)-(8) — only for uniform
initial distributions of potentials.

RESULTS AND DISCUSSION

For modeling heat and mass transfer process-
es in which the thermophysical characteristics of a
solid body change significantly over time due to
changes in t and u, the use of solutions becomes very
problematic.

Fig. 1 shows typical curves of changes in
temperature and humidity of the material during con-
vection drying [6].
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T
Fig. 1. Typical curves of changes in temperature (1) and humidity (2)
of the material during convection drying
Puc. 1. Kpussle usmeHenus temrepatypsl (1) u BnaxsocTH (2)
Mmarepualia rnpu KOHBeKL[PIOHHOfI CYLIKE

Fig. 2 shows the data corresponding to this
solution in respect of the change in the coefficient of
thermal conductivity from temperature [3, 12], as well
as the coefficient of mass conductivity as a function
of mass content [9].

»

0 t,u

Fig. 2. Thermal curves of changes in the coefficient of thermal con-
ductivity -1 (from temperature) and mass conductivity -2 (from mass
content)

Puc. 2. TennoBsle kKprBble W3MEHEHNUS KO3 PHUIEHTa TeMITepa-
TYPOTPOBOAHOCTH - 1 (OT TemIepaTypbl) 1 MacCOMPOBOAHOCTH -
2 (oT MaccocoaepKaHusi)

The difficulties in using these solutions lie in
the significant dependence of the transfer coefficients
on the values of local temperatures and mass contents
at any given time of the process.

In this case, expressions (6)-(8), which allow
calculating the dynamics of the fields of heat and
mass transfer potentials based on the results of known
values of the coefficients at the beginning of the process
(at = = 0), will give increasing calculation error over
time. Applying formulas (3)-(5) will lead to difficul-
ties under the given initial condition.

However, the difficulties [10, 13, 14] that
used to be principal before do not cause significant
problems in calculations and design when using the
«zonal» method [9] or the «micro-processes» method

C.B. ®enocos, M.O. bakanos

[3]. Both methods provide preliminary experimental
information about changes in temperature and mass
(moisture) content of the material during the process
(kinetic curves during drying), and determine depend-
encies of the type of expressions (2) (usually in the
form of power formulas).

The next stage for calculations using the
«zonal» method is formalization of the results ob-
tained in the form of histograms of the values of mass
conductivity coefficients from the average values of
mass contents. According to the «micro-processes»
method, the kinetic curve is simultaneously used in
the calculations.

0 wyy Mol T

Fig. 3. Illustration for the «zonal» method and the method of «mi-
croprocesses»: 1- kinetic curve of changes in average values of
mass contents from time to time; 2- histograms of values of mass
conductivity coefficients from average values of mass contents
Puc. 3. Mimtroctpanus K «30HATBHOMY)» METOIY H METOY «MHUK-
pomponeccoB»: 1- xuHETHYECKAs KpHuBas N3MCHCHUA CPEIHUX
3HAYEHUI MacCoJIepKaHUIi OT BPEMEHH; 2- THCTOTPaMMBI 3Have-
HUil K03 PUIIIEHTOB MaCCOIPOBOAHOCTH OT CPEIHUX 3HAUCHHUI
MaccoepKaHun

At the same time, the smaller the range of
measured values of temperatures and mass contents,
the greater the adequacy of the calculated and exper-
imental data.

However, there is another practical difficulty:
most analytical cases of the heat transfer problem for
non-uniform initial conditions are presented in the
form of infinite Fourier series. The convergence of
the Fourier series deteriorates with decreasing time
intervals (Fo). Overcoming this difficulty can be car-
ried out either by improving solutions [8, 9], or by
using an approximate method [3], the accuracy of cal-
culations for which increases with a decrease in the

time of the «micro-processy.
CONCLUSIONS

The value of the presented methods increases
when modeling heat and mass transfer processes in
which intensive phase transition processes occur. Ex-
amples of this are the results given in [15-23].
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