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Abstract. To design dryers and develop efficient grain dgyjprocess the mathematical modeling and computer
simulation are widely used:he approach of a thin-layer drying models can beduand the goodness of this models
essentially defines the simulation results for lirking. The principal objectives of the present work aceobtain an
experimental data on soybean drying dynamics &éréifit temperatures, airflow velocities and airatdle humidity
for varies initial moisture contents of seed; toapticreate a mathematical thin-layer drying modml $oybean; to
validate the model with experimental data adjustihg heat and mass transfer coefficients and théstare
diffusivity. Experimental equipment was developed ased to obtain the thin-layer drying data. Thiger drying
dynamics tests were conducted for soybean in tingdeature range 45-110°C, velocity range 0-3 milsyedative
humidity range 10-50% and variation of grain moisticontent 13-32%. To generate air of required Hditpithe
water vapor was injected after the air heater. Raténfluence of these parameters on drying rasiovaried during
drying process. The dominant factor in initial tinsemass transfer on the contact surface betweghesm seed and
air. In posterior time a diffusion process insidgyBean seed begins to limit a mass flux rate, hgnn a dominant
factor. With increase of initial grain moisture dent at the same temperature the drying rate iniratial stage
increases. With time this rate decreases and ceaasdspend on initial grain moisture content. Wailgmentation of
temperature the drying rate increases at all valoéitial grain moisture content. The increaseadf velocity in the
investigated interval leads initially to accelemti of drying process for all moisture contents dethperatures,
specifying an essential role of mass transfer amirgperiphery. This increase is more essentialdgring at higher
temperatures. With reduction of moisture contentriudrying the role of mass diffusion inside gramtreases and
velocity influence reduces. At absence of airflédxQ) the drying ratio practically does not depend moisture
content for initial moisture contents, greater thahl19 %. At small moisture contents (13 %) theindyyprocess is
essentially slowed down. To use the obtained i=sultnodels of deep beds it was proposed to canlidesoybean
seed composed by two compartment with differenstea coefficients, considering the effects oliditin coeficient in
1-st and 2-st compartment and convective transfelcurface of grain. The mathematical model isspmeed by
system of two ordinary differential equations.
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1. INTRODUCTION

Due to a humid climate during harvesting of soybfenmoisture content of seed is very high, up4e8 % dry
basis, (d.b.). Therefore practically all soybeanpcbefore the beginning of storage is exposed ¢cqss of drying.
Considering immense volumes of a crop, even mimmprovement and acceleration of drying process ghgsificant
economic benefit.

So the drying process in dryers presents somerergants: should be quick, because the flow of ggapply in the
storage units can not be stopped at harvest tinust tre efficient, where a prescribed amount of wageds to be
removed so that the grain reach the moisture comigpropriate for the storage; should be safe lsscthe grain can
not suffer damage that affect their future purpeset should be economical, being carried out withimmal operating
cost. To meet these requirements is necessary dw lamd monitor the physical phenomena present endttying
process of industrial dryers and in this sensepthghematical modeling and the numerical simulatiombined with
experimental results in an efficient alternative éime low cost.

To design dryers and develop efficient grain drypngcess the mathematical modeling and computerlation are
widely used (Courtoigt.al, 1991). There are various mathematical modelsegciibe the drying process. These
models consider the heat and mass transfer betgegm and air, the heat and moisture transfer esifigrain, a
deviation from equilibrium state between grain alnging air, variation of physical properties of,ampor and grains
with temperature and humidity variation (Parry, 39Bhatchatouriaet.al, 2003).

Generally these models represent a system of teeggrand moisture transfer differential equations &n
individual grain located in a layer, the heat arebmtransfer differential equations for a surféca grain, where there
is a contact of air and grain, and the energy amdsntonservation equations of the humid air (Broekeal, 1982,
Khatchatourian and Oliveira, 2006).
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Nonlinearity of these equations does not allowdoeive analytical solution for interesting appliezises. Used
numerical methods (finite difference method, firetement method, etc.) represent integration dorfthiying camera)
as the subdomains set in which for a finding of @ayameter during each moment of time is selectsinalified
interpolation equation (usually linear or squan#jlaBecause of subdomain sizes smallness the p&eenehange
inside subdomain is insignificant; therefore folcadation of the local mass flow and heat flow déaes the approach
of a thin-layer drying model can be used. Thus, gbedness of thin-layer drying models essentiallfingts the
simulation results for bulk drying.

There are some thin-layer drying equations for saybin the literature (Soares, 1986; Wigiteal, 1981, Osborn
et.al, 1992, Hutchinson and Otten, 1983, ASAE, 199&8)th& same time the variation interval of experitaédata to
obtain these equations not always was sufficieessidies practically there are no reliable data dluence of air
velocity and initial air humidity on dynamics ofyiing in a thin-layer. Considering the tendency targensification of
drying process, complication of dryers layout arsk wf wider interval of change of initial parametesriation
(temperature, drying air velocity, and air humiditgriation inside drying camera) there is a netgdsr additional
researches of thin-layer model for soybean.

The principal objectives of the present work are:

a) to obtain an experimental data on soybean dryintadhcs at different airflow velocities and temparas for

varies initial moisture contents of seed,;

b) to adapt/create a mathematical thin-layer dryinglehéor soybean;

c) to validate the model with experimental data adjgsthe heat and mass transfer coefficients andnibisture

diffusivity.

2. MATHEMATICAL MODEL
2.1. Concept of thin-layer

Despite of wide use, the concept of thin layer negusome specification. For example, Jagtasal (1991) defined
a thin layer as "a thickness meeting the requirdriet the temperature and relative humidity ofdhgng air does not
change when passing through the grain layer irdtii|mg process”. But actually, local values of thgmrameters vary
as a result of the heat and mass transfer betwagmand air. Therefore it is pertinently to spgéfdifference between
the thin layer concepts, used in mathematical nsodal in experimental researches. The models basdde thin
layer concept use continuous functions of distidoubf grain and air parameters in a layer, congigethe heat and
mass transfer between grain and air in source tefrtige corresponding equations. For 2D (crosstjoain dryers) and
3D models the thin layer concept loses sense as #Hre no layers with identical characteristicserEfore the thin
layer equations used in these models play a roleaad (point or linear) source power (mass or hekd receive the
empirical thin layer equations in experimental egshes, it is necessary to satisfy next conditidysthe change of
average relative humidity and air temperature asage through a layer of grain should be infinitedj 2) the change
of moisture content and grain temperature on deptla layer should be infinitesimal (in comparisoiithwtime
variation).

2.2. Two compartment model for thin-layer drying ofsoybean
In this work the two-layer graimodel has been chosen, considering non uniformilmlision of moisture inside the
grain. The mathematical model is presented by systietwo ordinary differential equations.

The modeling considers the gradient of moisturetemnwithin the grain through a representationhaf grain in
two concentric compartments.

The mass of water in graimy,q) is represented by:

Myg =My M =g Vg M (1)

where: my is the mass of dry grain (kg is the average moisture content of grain (decimal) is density of
grain (kg/n); V, is the volume of grain (i

Defining 7; as the volume ratio (volume of compartment dividbgdtotal volume of the grain) in compartment i
(i=1,2), the mass of water in the grain in the cartipents is:

Mygi = Pg Vg Ti M 2

The average moisture content of grain is:
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M=M;7;+M5y 15 3)

where: 7, andr, are the ratio of volume in the compartments 1 2nespectively (dimensionlessyi; and M,

are the average moisture content in the comparsrieahd 2, respectively (decimal).
For the first compartment the flow rate of moistdifusion between compartments 1 and 2 can beemris:

d oM
~Dip =2 (PgVgTiM1) = pgVgTi =+ (4)

8(Myg1) _
ot

where: tis the time (s)D4, is the rate of water flow between compartmentad 2 (kg/s).
The rate of mass transfer inside the grain is detexd by:

9(Myg1)
atgl =~D1p = ~k12(M1 =M3) =-BVg(M1 - M3) ©

where B1 is the coefficient of mass transfer betwa@mpartments (kg/sin
From the equations (4) and (5) arrives at:

—ag"tl = —ky(My - M2) (6)

ki is the drying constant or coefficient of proportdity (s?).
For the second compartment should take into acctheneffect of diffusion within the grain and alde mass
transfer by convection at the surface of the graie representation of this compartment is sugdeste

oM
T2=‘k1(M2‘M1)‘qk2(M2‘Me)n (7)

where: k is the drying constant & q is a factor that considers the influence af &locity on drying
(dimensionless), is the equilibrium moisture content (decimal)sraiconstant (dimensionless).

The two-compartment mathematical model for dryimg tayer is presented by a system of two ordirmhffgrential
equations:

oM, _ —ky(Mq - M,);

ot
o (8)
_at2 = —kl(Mz - Ml)_q DkZ(M2 - Me)n

Obviously,k is related with a diffusion coefficient in 1-stmapartment and, unites the effects of diffusion in 2-st
compartment and convective transfer on a surfaggaii.
Applying the moisture ratio average of the gralire $ystems can be presented in form;

MR, ~ky (MR, ~ MR, )
alxth 1 ()
"2 = —ky(MR, ~MRy) - Ty (Mo ~ M) MRS
The moisture ratio average (MR) of the grain idrokd by:
MR = M-Me (10)
Mo — Mg

My is the initial moisture content of grain (decimal)
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Second equation in system (9) presents the infri@hdrying rate from: a) initial moisture contéM and, b) air
humidity through equilibrium moisture contelk. As experimental data show the coefficiekisand k, depend on
temperature. The influence of initial moisture @ntonk; andk, can be neglected. To consider the velocity infbgen
on drying, the coefficierit, was multiplied by factor:

_ 2.33_02?/ 1 (11)
l+e
that is equal to 1 when V=0.9 m/s (basic velocity).
Using the method of inverse problem the coefficddgte k were obtained for different moisture contentsiatst
and temperatures, for the same initial velocity .@=@/s. The problem is solved by minimizing an chje function
through the method of least squares. The funciatefined as:

2

N
S= mmkl,kz Z [M measuredalues M calculated/alueJ (12)
i=1

where N is the total number of measurements ofrtbisture M taken during the experiment.
3. EXPERIMENTAL STUDY

Figure 1 shows the experimental equipment useddtairo the thin-layer drying data. The equipmentsisis of
ventilating fan, orifice plate, heat booster, sgseof steam generation and injection, system od dafjuisition and
thin-layer drying box.

The thin-layer drying box consists of a cylindricagtal tube of small height with an internal screenwhich is
placed a grain mass of approximately 200 grams.iiss of grain in the thin-layer drying box is detmed on an
analytical balance at regular interval of timethe entrance region of thin-layer is measured éneperature and the
humidity of the drying air. This procedure allowsdbtain the soybean drying dynamics.

Thin-layer drying tests were conducted for soybigathe temperature range 45-2€0 velocity range 0.05-3 m/s,
grain moisture content 13-32% with variation of @Elative humidity (10-50%). To generate air ofuiggd humidity
the water vapor was injected after the air he##of experiments were realized with replicatianguarantee the data
reliability.

Ventilating fan
Control panel

Data aquigition system

Thin layer
drying box

" Orifice
plate

resistors

Steam 1yection
aystem

Storage of
condensged water

Steam generation systemn

Figure 1. Experimental equipment developed foistest
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4. RESULTS AND SIMULATION

In Figs. 2-7 some of the received experimental datadrying soybean dynamics are presented. Satisfac
concordance between these data and Soares (1986 )pdssented in Figs. 2 and 3, confirms reliabitif the chosen
measurement technique. As these Figs. show, witlease of initial grain moisture content at the saemperature the
drying rate in an initial stage increases.
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—— : Predicted
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Figure 2. Soybean drying dynamics in a thin-layatifierent initial grain moisture contents: T=70°C
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Figure 3. Soybean drying dynamics in a thin-layatifierent initial grain moisture contents: T=60°C

With time this rate decreases and ceases to depeimtial grain moisture content (Fig. 4). Withcamentation of
temperature (Fig. 5) the drying rate increased aabues of initial grain moisture content.

The augmentation of air velocity initially (fromr@/s up to 0.9-1 m/s) leads to acceleration of dyyirocess (Fig.
6). This shows an essential role of mass transfquasiphery of grain for small air velocities fanitial drying period.
Posterior augmentation of air velocity quasi doesintensify drying process. With decrease of gramisture content
as a result of drying the role of moisture diffusimside grain increases and the influence of aloaity on drying
process is decreasing.

In the absence of air streaii=0) the rate of reduction of grain moisture contersctically does not depend on
initial grain moisture content (for initial conceation greater than 0.19). At small moisture con{e®.13) the drying
rate is essentially slowed down.

Figure 7 presents the curves of soybean drying migsin thin- layer for two same initial moisturentents (0.13
b.s. and 0.19 b.s.). Curves with closed pointsesmond to the case of natural "initial" distribatifor "uniform”) of
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moisture inside of grain, when the grains were stibthduring a long period to equalizing of moistirefore drying
process (uniform "humidity" case).
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Figure 4. Dynamics of absolute drying rate variafio a thin layer
at different initial grain moisture contents
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Figure 5. Temperature influence on soybean dryyahics.
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Figure 6. Velocity influence on soybean drying dymes.
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Figure 7. Soybean drying dynamics in thin- layethwuniform" and "non uniform"
initial distribution of moisture inside of grain.

Curves with open points present an immediate coatiaon of drying of the grains with initial moistucontent of
0.32 or 0.22 just after reaching the medium valueoisture content the same to 0.19 and later ("d8n uniform"
case). It can admit that significant fall of dryingte in the "non uniform” case is conditioned hg toncentration
reduction in the peripheral layers of the grainimiyiof drying. This indicates that during of theyitig process the rate
of mass transfer between air and grain surfaceqrflas) in the initial moments, when the moistuncentration in
the peripheral layers of the grain is relativelghiis determined by the process of mass transféhe contact surface
between the grain and the air. In posterior momtasliffusion begins to limit the passage of wateide of the grain
and the concentration in the periphery of the gimtiminishing, reducing the intensity of massaflo

Thus, moisture distribution in grain essentiallfliences rate of drying. At identical average caviation of grain
moisture, rate of drying is not constant and depesfdmoisture distribution uniformity. Than more teraquantity the
grain lost up to current moment, the rate of drympss. The moisture leaves a grain from a serfduws it is logical to
assume, that there is more non-uniform distribubmoisture on radius for grain with greater mittconcentration in
comparison with other grains. Thus the more wet {gaconcentrated in the central part of grain amate dry in the
periphery. At a constant diffusion coefficient tlhansfer of moisture to periphery in these condgishould grow
because of a greater gradient of concentrationhaee the opposite effect than observed. Considgetihat the increase
of drying rate is limited with the air velocity irease (Fig. 8), i.e. convective mass transfemistdid, it is possible to
assume, that the diffusion coefficient has varialddue in a radial direction. These reasoningsvalto present
conditionally each grain consisting of the seveats, differing by value of a diffusion coefficten

So, the drying model should consider as water siifin process and non-uniform distribution of maistan radius
inside of grain, and mass transfer on contact sarfgtween grain and air.

As experimental data show (Figs. 8 andH®) coefficientk,; andk, depend on temperature.

The continue curves in Figs. 2, 3, 5 and 6 presanulation by proposed model. Compartment volumesew
assumed equals and?2.

Figure 10 presents the influence of air relativentdity on thin-layer drying. The value RH=5% at T=YC
corresponds to natural air humidity 66% at T= 20%Zluced by air heating from 20°C up to 70°C. Takies of RH
20% and 30% are obtained by vapor injection in beaster.

Initially, the increase of air humidity does notealsignificantly drying process. When the valueR¥i runs up to
30%, the decrease of drying process becomes stibktan

In model the influence of air relative humidity dinying dynamics is implemented by the equilibriunoisture
contentM.. In spite of correct qualitative direction of thigluence, its quantitative estimation must be rioyed.
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5. CONCLUSION

Experimental equipment was developed to study sayltkin-layer drying dynamics in the temperatunegea45-
1100C, velocity range 0-3 m/s, grain moisture confe3-32% with variation of air relative humidit§@-50%). It was
showed that rate of influence of these parameteidryging ratio is varied during drying process. Tueninant factor in
initial time is mass transfer on the contact swefaetween soybean seed and air. In posterior tidiéfusion process
inside soybean seed begins to limit a mass flux, tarning in a dominant factor. The increase ofvaiocity in the
investigated interval leads initially to accelevatiof drying process for all moisture contents dethperatures,
specifying an essential role of mass transfer @ingperiphery. With reduction of moisture contentidg drying the
role of mass diffusion inside grain increases ambbaity influence reduces. To similar soybean thiyer drying
dynamics the two-layer grain model has been chasesidering the soybean seed composed by two compats
with different transfer coefficients. The matheroati model is presented by system of two ordinarfyecntial
equations.
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