CHEMISTRY & CHEMICAL TECHNOLOGY

Vol. 8, No. 3, 2014

Chemical Technology

Iryna Matkivska, Yaroslav Gumnytskyi and Volodymyr Atamanyuk

KINETICS OF DIFFUSION MASS TRANSFER DURING FILTRATION
DRYING OF GRAIN MATERIALS

Lviv Polytechnic National University
12, S. Bandery str., 79013 Lviv, Ukraine; iramatkivska@ukr.net

Received: January 12, 2014 / Revised: January 21, 2014 / Accepted: May 29, 2014

a Matkivskal., Gumnytskyi Y., Atamanyuk V., 2014

Abstract. The work deals with theoretical and expe-
rimental investigations concerning coefficient of moisture
pore diffusion from grain during filtration drying. To
determine the coefficient of pore diffusion the model was
used basing on the solution of differential equation under
boundary conditions of the firg type. The egtimated
dependence of the coefficients on heat agent temperature
was obtained.
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1. Introduction

Ethyl alcohol is a product which is widely used in
food and chemical industry, microbiology, medicine and
other branches of industry. It is well-known that cereal
crops (wheat, corn, oats, millet, barley, rye, etc.) are used
as a raw materia for alcohol production. All crops must
meet the following demands. moisture content is not less
than 14.5 %, impurities content — no more than 5 %, bulk
density — not less than 710 kg/m®, grain admixtures — no
more than 15 %. Thus it is necessary to dry the crops till
the graded grain state. The drying has an essentia effect
on techno-economical characteristics of grain because just
at this stage 80 % of all energy is consumed [1]. It isa
matter of common knowledge that 8-10 % of all energy in
the world is consumed for drying [2]. The drying method,
grain dryer design and optimal regime are connected with
material properties and have to ensure the necessary
quality and properties of wheat grain under minimal
consumption of energy.

The direct-fired dryers are widely used in the
industry but the analysis of their operation shows their
unavailability concerning energy saving, ecology and
product safety [3]. While drying the sowing grain the
energy consumption is greater by 1.3 times compared with
that of bread grain [4]. Therefore we propose to use
filtration drying (FD) as one of the most effective,

intensive, low-temperature and environmentally friendly
methods. The essence of the process is to filter a heat
agent by the direction “moist material — perforated
partition” due to pressure difference.

It is known that grain is characterized by the
presence of internal moisture which is evaporated due to
the internal diffusion. It is a limiting stage of drying.
Hence the investigation of pore-diffusion mass transfer
during grain drying is an urgent problem.

V. Atamanyuk [5] developed a mathematical model
of moaisture distribution in the spherical particle during its
drying. On the basis of the model he determined the pore
diffusion coefficient D, and its dependence on external
hydrodynamics as Eq. (1):
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The pore diffusion mass transfer during FD of
“energy willow” was investigated by M. Mosyuk [6]. To
determine pore diffusion coefficient D, |. Barna et al. [7]
studied FD kinetics of single spherical granule the pores
of which are kinetically equal. The dependence of D, on
temperature [6, 7] is represented by the following
dependence:
D., =D+ AXT - 293) )
To determine the pore diffusion coefficient for the
cereal grain during convective drying S. Kang et al. [8]
used the anaytical solution of diffusion differential
equation for the infinite cylinder:
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However, all above-mentioned dependencies are
correct only for investigated materias and drying
methods, namely for definite technological parameters,
structures, layer porosity, particles geometrical size, etc. It
is impossible to use them for determination of pore
diffusion coefficient of wheat grain because the difference
between experimental and calculated data is great.
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Table 1
Main characteristics of “ Zolotokolos’ wheat grain [9]
Phoulks Padds Wei ght of 1000 &, k de-103, a,
kg/m® kg/m® grains, Gy, kg m¥m?® m m%m?®
751.81 1181.3 461-10° 0.3636 0.8 1.56 934.67
Table 2
Geometrical characteristicsof “Zolotokolos’ wheat grain [9]
Averaged linear sizes, m Area of grain externa Grain volume, V10,
Length, I-10° Thickness, a-10° Width, b-10° surface, §;-10°, m m®
7.01 3.148 3.876 7.32 454

The aim of this work is to study diffusion mass
transfer during grain FD of “Zolotokolos® wheat and to
determine diffusion coefficient depending on heat agent
temperature.

2. Experimental

2.1. Investigation objects

The grain of “Zolotokolos” wheat was chosen as an
investigation object. This sort of wheat is widely used for
alcohol production. Its main characteristics are
represented in Tables 1 and 2.

Fig. 1. Cross-section of wheat grain (photo from
SuperCool pics.com)

According to the classfication of solid materials
subjected to drying, the grain is a colloid capillary-porous
body [4]. Internal parts of the grain are bounded by a great
number of micro- and macrocapillaries through which the
moisture is diffused toward external aleurone layer and
then transferred to the heat agent as a steam. The aleurone
layer consists of thick-walled cells through which the
moisture is leaked. The internal part of the grain consists
of thin-walled cells and its weight is much greater

compared with that of aleurone layer (Fig. 1). Taking into
account that the grain is a live biological system sensitive
to the temperature change, it is necessary to dry it under
the conditions ensuring high quality of the end product.

2.2. Investigation Procedure

The investigations were carried out using
laboratory plant and procedure described in [10]. The
process parameters are: layer height H = 80 mm, range of
heat agent temperatures 313-353 K, filtration speed is
1v=1,38 m/s. The coefficient of moisture pore diffusion
mass transfer is the function of two parameters. moisture
gradient and temperature gradient. Under the same
difference of internal moisture content the temperature
factor is a decisive one while determining the pore
diffusion coefficient Dy. It is known that FD method
combines two phenomena:

1. Moisture removal from aleurone layer externd
surface that increases internal gradient of moisture
content.

2. Possibility of using heat agent at the tempe-
rature determined by biological nature of the grain.

We determined experimentally the change of grain
moisture content at different temperatures and dynamics
of grain layer heating during FD to determine its average
temperature.

3. Results and Discussion

The experimental results of FD kinetics are
represented in Fig. 2 and dynamics of grain layer heating
(H = 80 mm) at 333 K (heat agent temperature) during
FD. The average temperature of wheat grain was
determined in accordance with heat balance equation.

The analysis of obtained results shows that kinetic
curve of wheat grain drying is characterized by only
second period of drying. The increase of heat agent
temperature decreases drying time (Fig. 2). The reason is
the increase of grain layer temperature and coefficient of
pore diffusion, correspondingly.
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Fig. 2. FD kinetics of “Zolotokolos’
wheat grain at different temperatures of heat agent

The method of D,, determination is based on
mathematical solution of pore diffusion differential
equation. To describe moisture diffusion in the grain we
assume the following positions in view of wheat grain
complex form:

— thegrain hasacylindrical form of finite size;

— every graininthelayer is uniformly washed by
heat agent;

— moisture content on
corresponds to that in heat agent;

— initial moisture is uniformly distributed in the
grain volume.

Taking into account all above-mentioned the task
was reduced to the boundary conditions of the first order
for the cylinder of finite size, when moisture content is a
function of three variables (time, radius and coordinate 2).
The diffusion equation hasthe form [11]:

2 2 A
W _p, AW, 1IW TWO
qit e qr r qr 9z g

According to corresponding initial and boundary
conditions:

the grain surface

ivxf(r,z,O)=V\{°

| ®
FW(r2t) =wg, W(Rzt) =W,

where D, — coefficient of pore diffusion, mé/s; r and R —
running radius and grain radius, respectively, m; | —grain
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Fig. 3. Heat consumption during FD of grain layer: for heating

of the heat agent (1); for moisture evaporation (2) and for heating

of the grain layer (3)

length, m; t —time, s; W', Wey, W — running, equilibrium
and initial moisture content, respectively, kg H.O/kg dry
material.

It is impossible to find the moisture content along
grain radius and length, thereby we determine the average
value of moaisture content in the grain volume according to

Eq. (6):

W=t QY >V (6)
V \%
Then taking into account the similarity of heat and
mass transfer the solution of Eq. (4) with boundary
conditions (5) and average value (6) is[11]:
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where A =———, rr)q=(2><n-1)><B —roots of the
m, xJ; x(m) 2
first kind Bessal function of zero-order;
2 R
=(-D)™x—; =(2xm- 1) K =—;
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Fo=D, % /R’ —the Fourier number.
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Table3
Dy valuesat different temper atur es of heat agents
t, K 293 313 323 333 353
D,/ 10, m’/s 04 21 3.76 741 14.2
D, X0°,m’ /s
A 16
-0.1 : : ]
] +
£+ t=313K .
: & t=323K 123
] t=333K ]
-0.2 ¢ | ]
] A t=353K .
5 ° +
-0.3 }\*\\ . ]
] + ]
] N\ ] /7
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Fig. 4. Dependence of A vale on FD time for the whest grain

Thus Eq. (7) has the form:
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where B =4/nf , B, =2/nf..

We introduce the following designations:
Wow, In(Dw*/(B, >B,)) _

To simplify the calculations we use only the first
roots of the characteristic equation. Taking the logarithm
of Eq. (8) with mentioned simplifications we obtain the
graphical dependence A = f(t) (Fig. 4).

Analyzing Fig. 4 we seethat experimental data may
be approximated by a straight line and the coefficient of
pore diffusion Dy, is determined according to the slope
ratio, i.e.:

D, =tga xR}’ 9

Table 3 represents D,, values depending on the heat
agent temperature.

Fig. 5. Dependence of D,, on temperature for the wheat grain

The increase of heat agent temperature increases
the value of Dy, (Table 3, Fig. 5). This fact is not in
contradiction with the physical essence of the process but
in agreement with literature data [8, 12]. To use in
practice the obtained experimental data for other
temperatures we determined the coefficient of pore
diffusion depending on temperature and approximated
them by power dependence.

Then the calculated dependence of Dy, within the
temperature range 313 £ T £ 353 K may be represented as
follows:

D, =DZ® +0.39X0 ¥ Xt - 293)? (10)

Comparing Eqg. (10) and analytical dependencies
given in the literature we assume that the temperature
influence is greater for the biological object than that for
other ones, especialy of mineral nature.

4. Conclusions

We investigated the kinetics of “Zolotokolos
wheat grain filtration drying at different temperatures and
determined that drying proceeds in the second period. We
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analytically described the pore diffusion mass transfer
during grain filtration drying based on the solution of pore
diffusion equation. The dependence of pore diffusion
coefficient on temperature was investigated as well. The
calculated values ae in good agreement with
experimental data within 313-353K and maximum
relative error islessthan 9.3 %.
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KIHETUKA JJA®Y3IMHOI'O
MACOIIEPEHECEHHS
1T YAC ®LUIbTPAIIIMHOI'O BUCYIITYBAHHSA
3EPHOBUX MATEPIAJIIB

Anomauin. B pobomi npedcmagneni meopemuuni ma exc-
NePUMEHMALbHI QOCHIOJNCEHHST 3 GU3HAYEHHS. Koeiyienma GHym-
Piwnbol Qughysii’ 6onoeu i3 3epna muenuyi nio vac Ginempayiino2o
cywiinns. J[ns 3Haxo0dicents: Koegiyichma eHympiunboi ougy3ii
BUKOPUCIAHA MOOETb, WO 0a3VeMbCsi HA PO36 3Ky Ougepen-
YitiHO20  DIGHAHHS GHYMPIWUHLOI OUY3ii 3a 2panuyHux yMmoe
nepuwiozo  pody. Ompumana po3paxyHKo8a 3anedlcHicms Ol
BUBHAUEHHsL Koepiyienmie eHympiuboi ougysii 6i0 memnepamypu
Meniogoeo azenmy.

Kniouoei  cnosa. roeghiyiecnm  6HympiwHboi
KIHEMUKA 8UCYULYBAHHSL, B0JI0208MICH, 36DHO NULEHUYI.
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