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Summary. Postharvest processing of grain is an
important step in the overall grain production
process. It makes possible not only quantitative
and qualitative preservation of the harvest, but
also ensures maximum profit from its sale at the
most favorable market conditions. Convective
heat treatment (drying, cooling) guarantees
commercial harvest conservation, prevents its
loss, and in some cases improves the quality of
the finished product.

The necessity of intensification and
automation of technological processes of
postharvest grain processing requires the
development of methods of mathematical
modeling of energy-intensive processes of
convective heat treatment. The determination
and substantiation of optimum modes and
parameters of equipment operation to ensure the
preservation of grain quality is possible only
when  applying  mathematical  modeling
techniques.

In this work, a mathematical model of
particulate material drying is presented through
a system of differential equations in partial
derivatives of which the variable in time and
space relationship between heat and mass
transfer processes in the material and a drying
agent is reflected.

The aim of the research was to determine
the dynamics of the interrelated fields of
unsteady temperature and moisture content of
the material and the drying agent on the basis of
mathematical models of heat and mass transfer
in the layer of particulate material in convective
heat approach or heat retraction.

The implementation of the mathematical
model proposed in the standard mathematical set
allows analyzing efficiency of machines and
equipment for the convective heat treatment of
particulate agricultural materials in a dense
layer, according the determinant technological
parameters and operating modes.

Key words: heat and mass transfer, active
ventilation, thermal drying, mathematical model,
temperature field, field of moisture content.

INTRODUCTION

The increase in agricultural production on
a background of expensive energy assets causes

the demand of advanced energy saving
technologies and equipment design. Major
energy consumption in postharvest grain

processing concerns with heat and mass transfer
processes, including the processes of drying and
cooling — which make up the main industrial
methods of grain preservation [1]. But the actual
problem does not consist only in the creation
and implementation of new energy-saving
technologies and equipment, but also in the
reduction of financial costs of the development
process itself [2 — 4].

The most common method of agricultural
materials (grain harvest, forage raw materials,
fruit and vegetable crop seeds) preservation is
drying or cooling by filtration drying or cooling
agent through unmixed layer of particulate
material in a stationary (active ventilation for
dehydration or cooling) and a moving state
(moving product on the line or gravity columns).

Determination of the optimal modes of
heat treatment of grain materials and their
implementation by means of automation requires
an adequate mathematical model that takes into
account simultaneous modification of the
parameters of the material and filtered gas in
space and time. A promising direction of
obtaining the dynamic characteristics of the
process of treating particulate material in filtered
layer is the use of computer modeling techniques
based on mathematical description of
interrelated non-stationary processes of heat and
mass transfer.
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THE ANALYSIS OF RECENT RESEARCHES
AND PUBLICATIONS

Since the analysis of processes of heat
treatment and drying of particulate materials in
stationary (unmoved) layer is an essential
element of heat and mass transfer modeling in
the dryer with cross movement of material and
drying agent, a sufficient number of publications
is devoted this issue [5-20]. General theory of
heat and material transfer regarding the drying
process is developed and generalized in the
works [5 - 7]. Analytical solutions of the
equations of heat and mass transfer for bodies of
classical forms were received by O.V. Lykov.
Analytical solution of equations for particles of
the material in the layer where processes occur
in alternating mode has not been received yet [8,
9]. Therefore, a simplified thermal mass transfer
mechanism is used for the applied tasks solution
for drying in a dense layer [10, 11]. A step
numerical calculation method of heat and mass
transfer processes in the grain mass is
considered to be the most versatile and allows to
obtain approximate solutions of the process
dynamics [12], it provides a sufficient accuracy
to solve some engineering problems, but
requires considerable preparation of software
settings for each task. In the research [15],
during the numerical solution of equations of
mathematical model of heat and mass transfer
the impact of variable height settings layer of
drying agent on the equilibrium moisture content
of grain and the rate of drying was not
considered. In the work [13] the analytical
mathematical models of the dynamics of drying
material developed based only on analysis of the
mass transfer process regardless the influence of
temperature is presented. In the works [16, 17]
simplified mathematical models of the drying
process of plant materials in a dense layer by
means of active ventilation are given, but
solutions of differential equations don’t take into
account the effect of drying agent temperature

on the rate of material drying. In the issue [18]
an analytical solution of the temperature
distribution in the layer of particulate material in
the gas filtration is presented.

Thus the problem of determining the
dynamics of heat and mass transfer processes
during particulate material filtration drying on
the basis of cross-linking is not completely
solved, but approximate solutions of heat or
mass transfer equations in partial derivatives are
known.

OBJECTIVES

The purpose of research consists in the
determination of the dynamics of inter-related of
unsteady temperature fields and moisture
content of the material and drying agent based
on mathematical models of heat and mass
transfer in the layer of particulate material under
the convective heat input.

THE MAIN RESULTS OF THE RESEARCH

Because of the lack of analytical solutions
of differential equations describing the heat and
mass transfer in a thick layer of material at
alternating mode, simplified mechanisms of heat
and mass transfer between the material and
drying agent (moisture in the grain is in the
liquid state, heat and mass exchange occurs
between air and grain, temperature gradient
within individual grains is too small, the heat
exchange between air and grain is convective)
are used for applied purposes. But even using
simplified mechanisms causes describing the
process of heat and mass transfer system of
differential equations in partial derivatives (1-4)
[11] analytical or numerical solution of which is
associated with certain mathematical difficulties:
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where:

t — drying agent temperature, C; d — drying
agent moisture content, g/kg of dry air; U —
grain moisture content, %; 6 — grain
temperature, "C; V— drying agent speed, m/s; Co,
C, — heat capacity of grain and air, kJ/kg-'C; & —
pore volume of a grain layer; # — hidden heat of
vaporization, kJ/kg; «, — heat transfer
coefficient, kcal/kg-h °C; y, — bulk weight of
grain material, kg/m’; y, — required mass of air,
kg/m’; K — drying coefficient; 1/h; U, —
equilibrium grain moisture content, g/kg of raw
material; x — spatial coordinate, m; 7 — time, h.

Equilibrium grain moisture content
U, @.d) depends on the drying agent
parameters which, in its turn, changes when
passing through a layer of grain material.

The dependence of equilibrium moisture
content on drying agent temperature and
moisture content can be determined using the
empiric formula:

U.(t,d)=371985-t""" .4 . (5)

Figure 1 shows a graphic dependence of
moisture equilibrium on temperature and
moisture content of air obtained using the
formula (5) and Henderson formula [12].

Fig. 1. Dependence of equilibrium grain
moisture content on drying agent temperature
and moisture content (1 — using the Henderson
formula, 2 — using the formula (5))

The value of drying coefficient K in the
equation (4) for a low-temperature heat
treatment can be determined by empirical
dependence [19]:

K(1,6) = 0,025 %. ©)

The development of temperature fields in
a thick layer of particulate material with an
internal negative source of heat (evaporation)
with sufficient accuracy can be described by
analytical models set out in the work [20]:

0=0,+(, -0, )b exp(— Ax)j exp(—b7)l, (2\/ Abxt )dt , (7)

t=0,+(t, -0, )exp(— 4x)x

{ xp(— b7)l (2\/Abxr)+bjexp be)l (2\/Abxr)d , (8)

where:
A . ’ b [ J [ ] ’

g
0= Gn ; tl—o=1, ; Iy— Bessel function.

We decompose the Bessel function in a
line [21] and take the two first members:

1,2 Abxt )~ 1 - Abxr. ©)

Let’s substitute (9) y (7) - (8) and after
integration we’ll obtain:

t=0,+(t, -0, )exp(— Ax)[1 + Ax - (exp(~ br)-1)], (10)
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0=0,+(t,—0,) exp(— Ax—br)- [exp(br)(l — Ax)+ A(x+bxr)—l] . (11)

Fig. 3. Drying agent and grain material
temperature field (I- according to the
dependence (10), 2- according to the

Fig. 2. Drying agent temperature field (1—
according to the dependence (8), 2— according to
the dependence (10), 3 — according to the

dependence (3 at approximation dependence (11))
I, (2\/ Abxr)z 1) Average effective coefficients 4, b in

equations (10) and (11) should be determined on
the basis of experimental measurements of heat
transfer agent and grains temperature at the exit
of the layer in the mode &, =COM:,

Let’s substitute (10) - (11) into (5) - (6)
and the dependences got in (4) and, thus, we’ll
obtain the system of equations:

0(ex) , 0.y 02X 1w Co (ex)  y,r 0UGy) 1 (12)
51 5x Voo Ca & at Va Cag aT 100 )
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2

(U(r, x)—37.1985-(8, +(z, — 6, Jexp(— Ax 1+ Ax(exp(—bz)-1)]) " - d(x, x)). (15)
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The system of differential equations (12) -
(15) with constant coefficients, unlike systems
(1) - (4), is possible to be solved quantitatively
in mathematical set Mathematica. The graphic

Fig. 4. Changes of air temperature in a garin layer

in time and according to a layer height

Fig. 5. Changes of grain moisture in time and
according to a layer height

CONCLUSIONS

The proposed method for calculation of
heat and mass transfer in a dense layer under
convective heat treatment of grain allows the
determination of interrelated development of
unsteady temperature fields and moisture
content of the grain and the drying agent. It
makes it possible to substantiate rational modes
and parameters of machines for grain material
thermal processing for further conservation.
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MATEMATHUYECKOE MOJIEJINPOBAHUME
TEIINIOMACCOOBMEHHBIX [TPOLHECCOB
ITPU TEPMOOBPABOTKE 3EPHOBBIX
MATEPHAJIOB B ITJIOTHOM CJIOE

AnHotamusi. [locneybopounas  oOpaboTka
3epHa SBIIETCS BAKHBIM OJTalloM B OO0LIEM
nporecce MPOM3BOJACTBA 3€pHA, IO3BOJSIET HE
TOJBKO  KOJIMYECTBEHHO M KA4eCTBEHHO
COXpPaHUTh BBIPAIICHHBIH ypoXkall, HO W
obecrieunTh TIOJTyYCHHE MaKCUMaJIbHOM
OpuOBLIM OT €ro peaju3alud npu Haubosee
BBITOIHON KOHBIOHKTYpE pbhIHKa. KOHBEKTHBHAS
TepMooOpaboTKa (cymika, OXJIQXKJICHUE)
o0ecrieunBaeT IMPOMBILIUICHHYIO KOHCEPBAIHH
coOpaHHOTO  ypokas, TPEIOTBpAIlaeT €ro
MOTePH, a Takke B HEKOTOPBIX CIydasx
MOBBIIIAET Ka4e€CTBO TOTOBOTO MPOIYKTA.
HeoOxomumocTh  WHTEHCH(QUKAIMH U
aBTOMATH3aIlMd TEXHOJOTWYECKHX IPOIECCOB
nocieybopouHoit 00paboTku 3epHa Tpedyer
pa3BUTHS METO/IOB MaTeMaTHYECKOTO
MOJECTMPOBAHUS ~ DHEPrOEMKHX  IPOLECCOB
KOHBEKTHUBHOH TepMooOpaboTku. OmnpeaencHue
U 00OCHOBaHHE ONTUMAIBHBIX DPEKHUMOB H
mapaMeTpoB  paboThl  00OpyHOBaHUS IS
o0ecIieueHns! Ka4eCTBEHHOI KOHCEPBAaIHU 3epHa
BO3MOJKHO JIMIIb C KCIOJBb30BAHUEM METOJIOB
MaTEeMaTHYECKOTO MOJICIIUPOBaHHS.
MaremaTrdeckast MOAENIb CyIIKH JUCTIEp-
CHOTO MaTepuaja B paboTe MpeicTaBieHa B
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BHJE CHUCTEMBI AU(PepeHaTBHBIX yPaBHEHHIA
B YaCTHBIX MPOU3BOJHBIX, B KOTOPOH OTpaKeHa
MEPEeMEHHAsT BO BPEMEHH U NPOCTPAHCTBE,
B3aMMOCBSI3b MEXTY TETIOBBIMH u
MaccOOOMEHHBIMU TPOIEcCaMHi B MaTepHale W
CYIIMJIPHOM arcHTe.

Llenpto  MPOBENEHHBIX  WCCIICOBAHUI
OBUIO  OTpenelieHue  JMHAMHUKH  Pa3BUTHUSA
B3aMMOCBSI3aHHBIX ~ HECTAIIMOHAPHBIX  TOJEH
TEMIIEPATYPhI U BIATOCOJIEPIKAHUS MaTepuana u
CYIIMJILHOTO areHTa Ha OCHOBE MAaTEMAaTHYECKUX
MOJIeJIeH TIPOIIECCOB TEIUIO- U MaccooOMEHa B
CJIOE JTUCIIEPCHOTO MaTrepuaja IPH KOHBEK-
TUBHOM TIO/IBOJIC HJTU OTBO/IE TETLIOTHL.
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Peanuzanus paccmaTpuBaeMoil MaTema-
THYECKOU MoA€iIn B CTaHAApTHOM MaTeMa-
TUYECKOM TaKeTe II03BOJISIET aHAIM3UPOBATh
MPOU3BOAUTEIBLHOCT,  pabOTBl ~ MallMH |
o0OpyZoBaHMsl JIIsl KOHBEKTUBHOW  TEpMO-
00paboTKu JIACTICPCHBIX CEJTLCKOXO035Hi-
CTBCHHBIX MAaTepUaloB B IUIOTHOM CJIO€ B
3aBHCUMOCTH oT OTIPEIEISFOIINX
TEXHOJIOTMYECKUX IMapaMETpoOB U PEKUMOB
paboThI.
KiroueBbie cjoBa: Temio- M MaccooOMeH,
AKTHUBHOC BCHTWJIMPOBAHUC, TEpMHUYCCKas
CyIlIKa, MaTeMaTH4decKas MOJIeNb, TeMIepa-
TYpHOE T10JI€, M0JI€ BIarocoAep aHusl.



