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ABSTRACT

The work is devoted to information support of grain infrared drying, on the basis of a rational choice of the
process temperature and computer control. The model is developed and the original system of differential
equations for double and single inlet of heat from the infrared source. Implemented into software a system
of information support of infrared drying grain, with user-friendly interface, intuitive control components, as
well as the presentation of the forecast and the resulting information. Experimental studies of the influence
of various parameters of the information support system for infrared grain drying on heat exchange and
evaporation of moisture in a drying chamber were performed. The evaluation of various options for using the
module of information support systems for infrared grain drying was carried out.

Keywords: information technology, grain drying, infrared radiation, management, decision support.

1. INTRODUCTION

The electrical means efficiency of infrared (IR)
radiation is caused by the appliance of new
scientifically-founded methods and facilities of
command over energy supply with controllers and
personal computers (PC), the new information
technologies and systems. The necessity and
effectiveness of infrared grain drying information
support are defined by the process control
demand, which makes it possible to ensure high
technical and economic indexes on account of
reducing the loss of the final product, the
consumption of raw material, conventional fuel or
electricity.

The existence of various flow scenarios in IR
grain drying provides need for appliance of
situations recognition methods in the form of a set
of expert knowledge about the material properties,
and the feasibility of creating a system module of
infrared grain drying information support. Such
information support of IR drying process is to
include the development of information-
analytical database on material, forecasting
module for determining the heat -capacity,
humidity, protein, gluten and other characteristics
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that gives possibility to reduce losses in the course
of IR drying, as compared to traditional process
control technology.

As a real-world experience of the operation of
infrared grain drying shows, there are still no
models that allow for the density of the incident
heat flux on the surface of the grain mass in the
drying chamber. The lack of adaptability of
information support systems for infrared drying of
grain, is one of the problems hampering the
introduction of computer technologies used in
infrared drying of various agricultural products.
The drying process, in many respects, remains
imperative and is not provided with information
support, which makes it possible to take into
account the factors influencing penetration of
infrared waves into capillary-porous products.

The indicated problems caused relevance of the
research topic, its focus and content.

2. ANALYSIS OF THE PUBLISHED DATA
AND THE FORMULATION OF THE
PROBLEM

Mathematical modeling of infrared drying of
various products studied by many authors [1], [2].
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A significant contribution to the development
of industrial technology of grain drying process
made the study [3], [4].

Methodological bases of grain drying processes
are based on the theory of drying of capillary-
porous colloidal bodies, without taking into
account the parameters of the grain layer. This
hinders the search for new ways, methods,
parameters and modes. Therefore, to increase the
efficiency of processes of drying freshly
harvested grain is needed to further the study of
patterns of interconnected heat and moisture in the
drying chambers of various types of grain dryers.
These issues are the subject of [5]-[8].

The checks carried out by different authors
previously proposed mathematical models of IR
drying [9-11] showed that the discrepancy
between the models considered large enough (7—
12%). Thus all authors involved issues modeling
drying process, note that even a slight excess of
the threshold temperature drying medium (usually
air) leads to a decrease in grain germination and
denaturation of proteins, which in turn degrades
the biological and economic final product value,
and also complicates the possibility of applying
these models in information systems for the
various types of dryers [12—15].

The analysis of previous studies has shown that
deviations in drying time, distinguished by the
author, differ by several times. However, the
heating time - this is one of the most important
indicators, which determines the final consumer
properties of the grain. The efficiency of electrical
means of infrared radiation is determined by the
application of new approved scientific methods
and energy supply management tools using the
controllers and PCs, the new information
technologies and systems.

Beside this, analysis of works [1,4, 5, 7, 9, 11,
14] has shown that authors in their researches, do
not touch such important aspect of drying process
as its information support. However, with the
informatization of many technological processes
in the field of agricultural produce, authors are
seeing this aspect of the study as very topical. This
is related to the need for reduction of losses when
drying grain, as well as other agricultural
products, which can be achieved by introducing
modern computerized systems. Although at some
degree informatization of the technological
process of infrared drying was touched by other
authors in works [2, 3, 8, 10], these publications
do not cover many of the issues that we are trying
to solve in our study. In particular, in analyzed
works, the models for information maintenance
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systems of grain drying in the infra-red range are
not fully considered, the influence of density of
heat flux falling on a surface of a grain mass in the
Drying chamber.

In this regard, our study differs from the work
of other authors. Thus, all the foregoing makes our
research relevant.

2.1. Aims and objectives of the study

The purpose of the research - to develop a
mathematical model for the system of information
support of grain infrared drying.

To achieve the goal of the work is necessary to
achieve the following objectives:

— to develop a model of the heat flux density
incident on the surface of the grain mass in the
drying chamber, taking into account factors
affecting the penetration of infrared waves in
capillary-porous products;

— to carry out pilot studies the influence of
various parameters of information support system
of infrared drying grain on heat transfer and
evaporation in the drying chamber, equipped with
control hardware and software package.

2.2. The model of the system of information
support of grain infrared drying

The information support system of IR grain
drying is offered with due to external and
controlling influences, as shown in Figure 1 .

In view of the infrared radiation heat transfer
theory, is being offered a system of differential
equations of motion of heat and moisture in the
grain mass by using infrared drying with double-
sided heat supply [16—-18]:

a—T:ONZT+¢€L6—Y;

or c, 0t )]
Y Y 4 DT

T

where § — heat and moisture factor 1/K; 97 —
ot
temperature gradient K/m; oy — the gradient of

or

& - of

proportionality g:i (let's assume that the

moisture  content; coefficient

»
source surface is proportional to the apparent
surface (projections of surface of the infrared
radiation onto a plane perpendicular to the beam),
the ratio of effective surface of spiral's radiation
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Forto the surface of a direct Nichrome wire F},); »

— latent heat of evaporation, k&J/ kg; Vo Laplace
operator; D — material transmittance coefficient.
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Figure 1: Scheme of the system module of infrared grain drying information support

Integral equation of warm and moisture transfer
is as follows [19-21]

ay dr
t)=r-p,-R,—+p, R, ¢, —
Q() pO UdZ' pO v pdT

(2

where R, = U/F the ratio of volume of the body
to the surface.

Thus, the components of heat and moisture
transfer can be expressed as the following
equations:

dy
q(@)y =r-po-R,-—;
dr 3
N S
q T 0 v “p dZ'.
The resulting system of Equations (3)

determines the main parameter for the system
module of infrared grain drying information
support - the moisture content in the grain mass,
as it's the very one which determines the quality
of the process.
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A solution to the equation provided with
boundary conditions is a function T=f(x, 7, E,, Wy,).
In order both arguments, which are being
differentiated, increased in the process of
dehydration, it's necessary to replace the moisture
concentration with dry maters, we get:

or a T r-p

w
= - + Y]
a 2 a
dc, “L 0x° ¢, p C%T-cp-p

As a result of the drying process mathematical
model implementation (4), the thermal fields are
determined by the product layer, depending on the
concentration of dry matter, the optimum time
exposure at various initial moisture content in
grain, and others. Solution to differential
equations of heat and moisture transfer with
boundary conditions, which correspond to the
combined drying of colloid capillary—porous
materials, and their analysis using similarity
criteria and internal evaporation rate showed, that
the movement of moisture from the inner layers to
the surface at a constant drying rate period occurs
as a liquid as well as vapor.

If we look at the actual drying grain process on
the conveyor belt, there may be a situation where
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it is not realistic to provide an even layer height.
Consequently, during the IR drying the heat
unequally penetrates into the interior of the grain
mass, and in various layers the material has a
different temperature. Each layer is described by
its equation, using the model constructing
procedure for each separate layer [21-23].

For the first layer (heat supply directly from the
IR source)

drldr =k (T, =)+ k(=T + o
+k3'(To_T1)-

The change in temperature in the i and n layer
can be described respectively by the following
equations:

dll/dr=k, (T, =T))+k, (T, =T});

dl,/dr=k, (T, =T)).

Q)

As a result of mathematical modeling of the IR
grain drying system of differential equations of
the drying process of colloidal capillary-porous
bodies with unilateral and bilateral heat input
depending on the concentration of dry matters,

taking into account the optimal exposure time at
various initial moisture content of grain, was
obtained.

2.3. Modeling infrared grain drying system
with LABVIEW

Information technologies and the modern high-
level programming languages have helped to
develop a computer model and system of the IR
grain drying processes optimization.

In order to increase measurement accuracy in
the experimental researches, as well as to expedite
processing of the statistical data arrays, the
automated control system (ACS) to measure and
record the IR drying parameters, based on the use
of hardware and software information technology,
have been developed.

This ACS includes sensing devices
(temperature and humidity sensors); an
input—output devices (ADC - DAC); a computer;
corresponding software; elements of hardware
control, which are used for implementation of the
processes; an operator (Figure 2.).

Environment
LabVIEW 10,

Primary N
signal
converters __E—|
.| Fees
ADC
DAC

Delphi 2010

Regulating elements
equipment for
implementation of
research processes

Figure 2: Scheme of the automated control and adjustment of parameters of studied IR grain drying system

Interfaces are implemented in Delphi, basic
procedures - in Object Pascal, VBA, LabVIEW 10
technology were also used (see fig. 3 for the
details).
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Figure 3: IR source temperature regulation and
control module
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The ACS system includes several subsystems
with software modules for the information and
intelligence support; databases with physico-
chemical and biological indicators of dried
products, as well as the module for statistical
processing of the results of experiments; a
statistical models repository in the form of
regression equations combined in the generalized
model; also modules to estimate the quality of a
dried product.

Subsystem for modeling heat and mass transfer
processes in the IR grain drying includes function
to determine parametric field changes in
temperature, humidity and biological components
of the product while drying; it is designed to
calculate the optimal process conditions and
select the type of energy supply (IR, combined
drying and other methods, mathematical models
of which have been previously described in the
second chapter).

The module for temperature control, developed
in Delphi 2010, and partly in LabVIEW, was also
designed for graphical representation of changes
in temperature and humidity in the different zones
(layers) of a grain mass in the drying chamber.

The subsystem for the temperature monitoring
and control is designed based on a personal
computer (PC) with LabVIEW software
environment and NI DAQ - PCIX board modules
(input-output device) on the following principles:
a relatively simple hardware design, reliable and
convenient software interface.

Subsystem is functioning in the following
manner: the signals from the humidity sensors
(MD7822) and temperature (USB thermometers)
are transferred to DAQ-board - multifunction data
collection unit, where they are converted into a
digital code, filtered from interference and are
translated into values in accordance to the selected
units of measurement (in this case in volts). The
signal in digital form was transferred into a
computer, where via the software product
"Control and regulation of the temperature of IR
— drying grain" developed in Delphi and
LabVIEW, it averaged over a specified time
interval. Then the signal was calibrated using
coefficients to the Celsius degrees and displayed
on the monitor of the virtual oscilloscope, see.
Fig. 2, and then compared with the critical values.
Fig. 4 shows the results of simulation in
LabVIEW of the process of IR grain drying for

T, =328 338 K option.
With the virtual oscilloscope made it possible

to monitor changes in temperature of IR drying in
time. Then the signal is fed to the device that
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controls switching on and off of the infrared lamp.
The block diagram of this software is shown in
Fig. 5.

Figure 4: Oscillogram of the temperature simulation
of a drying chamber generated in the LabVIEW
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Figure 5: Block diagram of the drying
chamber LabVIEW

Model developed ACS can be represented as an
ordered set

A=(7,X,Y,S, a pB), (7)

where T — a set of points in time at which there
is an ACS; X, Y — respectively a set of input and
output signals; S — the set of states of the ACS;
0. — transitions operator, reflecting the
mechanism of state changes of ACS under the
action of internal and external disturbances; f —

outputs operator, describes generation of an
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output signal as a response of ACS to internal and
external disturbances.

Measured parameters are observed in the state
S(f )E S in the multitude instants of time
t, = {z‘} when the input action X(Z) e X.

This means that any change of the output
vector y(t)e Y with fixed vector X(t)e X

corresponds to a certain change of the vector of
state of ACS

Y(tl);’& Y(tz):> S(tl)i S(t2 )5

8).
Vi,t,er ®

Due to this, output variables y | j=1,J are
used as characteristics in the current state of ACS.
With hardware and software defined value )’

of the measured physical quantity Y. Therewith,
the measurement is represented as specific
information process, the result of which is to
obtain quantitative information on the measured
physical quantities - measuring data.

When determining the values of the observed
physical quantity, measuring result were resented
with LabVIEW virtual tools, in the form of the
analytical correlation:

y=hy,

where ; — the current measured Y value; yo—

(€))

the value of magnitude adopted as a sample; k —
the ratio of the measured value to the value of the
sample.

Thus, information modeling in the initial phase
of the research, allowed to study all aspects of
information support of the grain drying. This
enabled us to define efficient parameters and
modes of IR grain drying, particularly through the
introduction of a computerized data management
system.

2.4. Experimental study of the influence of
various parameters of information support
system of grain infrared drying on heat and
evaporation in a drying chamber

The laboratory studies were conducted on the
experimental setup. The device is a double-strand
drying chamber equipped with infrared drying
sources and hardware-software operational modes
control system — "Monitoring and control of IR
grain drying temperature".
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The purpose of experimental research of
hardware-software part of the drying chamber —
learning IR drying mode control system, detection
of properties, which adversely affect the system
availability as a whole, and any exception to these
properties, or reduce of their influence.

In each series three experiments were carried
out: at a temperature of infrared heaters
=303...373 K in the experiments with drier only
by supply of radiant energy and at a constant
temperature of prepared air 76 = 303...313 K and
Tp = 323..363 K. The experiments were
performed with initial grain moisture in the range
of —20-22%.

Based on the analysis of scientific literature and
the results obtained during the preliminary tests at
installation, there was chosen a full factorial
experiment by the active planning method,
realizing the possible combinations of three
independent controllable factors: the temperature
of the source of infrared radiation radiation (X)
303-353 K; the thickness of the material layer
(X2) 5-12 mm; exposure time (X3) 20—-60 min.
The output parameters were selected the
temperature on the surface of the grain mass and
the amount of absorbed radiation energy. Basic
drying modes are shown in Tables 1 and 2.
Besides, the object to the hardware-software part
of the drying chamber is to maintain the
technological temperature curve in drying process
by controlling the IR grain radiators in drying
zone. Also, the problem of experimental research
includes — verification of theoretical positions to
optimize the process of IR grain drying, revealing
a number of physical quantities, as well as the
hardware-software part of the drying chamber
software improvement.
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Table 1 : The main modes of experimental researches (IR drier)

Parameters
g ) = G}
g < J = = ° 2 N T < =
g S o o S $ 5 TE £ 5
=3 = P &~ &~ >~ N > 5 g S
5 = N =
288— 303—
1 298 333 292-2951310-330| 38-45 20,8-20,4 | 16,1-14,7 0,5-1 0-60 5-6
288— 313
2 292-2951310-335| 40-47 20,9-20,5 | 14,5-14,1 0,5-1 0-45 5-6
298 343
288— 323—
3 208 353 292-2951320-345| 41-49 20,7-20,6 | 14,3-13,9 0,5-1 0-40 6-8
4 288 333~ 292-2951328-348 | 36-42 21,2-20,9 | 13,9-13.8 0,5-1 0-30 6-8
298 363 4 > > > 5
5 2289%; 33473; 292-295 | 343-353 | 38-44 21,4-20,6 | 13,9-13,6 0,5-1 0-30 810

Table 2 : The main modes of experimental researches (IR drying + convective heat transfer)

Parameters
= — - ) D
~
E | o< | 2| = | = | ]| = s | Bl sy
s | S| 2| & & | =] 2| 5| E|E] 8]z
&= > $ )
1 288-298 | 303-323 | 292295 | 310-330 | 3944 | 20,7-20,4 | 15,7-4,5 | 0,5-1 | 0-60 | 5-8 2-5
2 288-298 | 313-333 | 292295 | 310-335 | 4249 | 20,6-20,5 | 14,2-14,0| 0,5-1 | 0-45 5-8 2-5
3 288-298 | 323-343 | 292295 | 320-345 | 42-47 | 20,7-20,6 | 14,0-13,8 [ 0,5-1 | 0-40 | 810 | 2-5
4 288-298 | 333-353 | 292295 | 328-348 | 40-45 | 20,9-20,5 | 13,8-13,7 0,5-1 | 0-30 | 810 | 2-5
5 288-298 | 343-353 | 292295 | 343-353 | 4549 | 21,7-21,1 [ 13,7-13,6 | 0,5-1 | 0-30 [ 10-12 | 2-5

The basic research results obtained during the real
experiment on the stand with appliance of the
hardware-software operational modes control
system of IR grain drying process are presented in
Tables 3, 4 and also as shown in Figure 6.

It is intrinsic to all series of experiments that
with increasing temperature of the infrared
radiation source, the grain layer temperature is
increasing continuously, which is connected to a
decrease in the amount of humidity in the grain.
Upon that with the increase of operating IR source
temperature up to 7,=343-352 K, run up to the
optimum temperature of the grain mass 7.=333—
368 K occurs 15—18 minutes faster, which, in turn,
reduces the total drying time for about 35-45%.
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Table 3 : The results of experimental researches

Parameters
o Manageable rates Response function
;.E) o~ ~ ch-,
E = 2 = > N S
2 Z g = < << ¥
5 < £ % ~ N %
&~ = S
1 303-333 5-8 60 300-330 16,1-14,7 3,9-5.3
2 313-343 5-8 45 309-341 14,5-14,1 6-6,4
3 323-353 8-10 40 321-352 14,3-13,9 6,2-6,6
4 333-363 8-10 30 331-361 13,9-13,8 6,6-6,7
5 343-373 10-12 30 342-370 13,9-13,6 6,85-7,25
Table 4 : The results of experimental researches
Parameters
Manageable rates Addi-tional Response function
factor
%)
= £ 2o E o @ > < S
2 = E £ g £ < £
o L I B < £ 3
¢
1 303-333 5-8 60 2-5 301-328 15,7-14,5 5,5-6,7
2 313-343 5-8 45 2-5 307-339 14,2-14,0 6,3-6,5
3 323-353 8-10 40 2-5 318-349 14,0-13,8 6,8-7,0
4 333-363 8-10 30 2-5 327-358 13,8-13,7 6,95-7,05
5 343-373 10-12 30 2-5 339-367 13,7-13,6 7,1-7,2
60.0 240
',
55.0 'g,&"&
. et | J Py + 220
[
450 g [ N’K | et =T L 200
. b ] | A =
= R el L] g
= 400 e el '..dr ~
T K‘M Tt | + 180 =
E By all B PN S 0 L and B
S Pad purs T L b=
= LT | ] " 1160 2
§ 300 Poammy L N'E-&_. T e Fe] g
£ Lot T Lot e e [ g
£ 250 /_\(/5 ":::—4-" 1 140
P andandl
20,0 ¥
+ 120
15.0
10,0 10,0

0 25 50 73 100 125 150 175 200 2235 250 275 300 325 350 3735 400 4235 450 475 500 5235 550 3735 600

—4— Grain temperature (Exp 1), C
e (Grain humidity (Exp 1), %

—8— Grain temperature (Exp 2). C
—s#— Grain humidity (Exp 2). %

= (rain temperature (Exp 3). C
—a— Grain humidity (Exp 3). %

Drying time, min
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Figure 6 : The dependence of grain temperature on the drying time (Experiment 1 — infrared heat input)
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Developed computer IR drying control system
allows selecting and calculating rational process
parameters  inclusive of grain  material
characteristics.

In the system module of infrared grain drying
information support (SMIGDIS), a special input
into windows is contemplated, thermal
parameters — initial temperature and humidity of
the drying product, as well as printing the

LEES & 1 2 4

outcome: changes in temperature and humidity of
grain, the selection of technological regimes at
which the drying of the products will have food
and biological value in accordance to maximum
value of the quality functional, as shown in Figure
7.

= Y N
3] 1R drying control =S
Initia| data
i Additianal criteria (choose the prarity)
Tons, C £ Hiclogical value Dirying brme:
Tmax, € a0 1 1
Sampling time of 2 w2
temperature sensors, sec |3 &1 3
Sampling time of £l 4 4
humidity sensors, sec
5 5
IR emitters’ regutation (adjustment capacity of the heat flow, W) IR emitter temperature
45 (T3]
e Base
46 [T
Lrd
Frint
46 [T ]
W3
5 Home
W4 L2}
45 "
w5 M5
Close:

Figure 7 : Interface of IR heaters control module

The hardware and software temperature control
module of infrared sources "Quirin" for
information support of grain infrared drying
system was implemented on a printed circuit
board with a microcontroller Atmel ATMegal6.

As a result, the printed circuit board was
designed for temperature control in the drying
chamber, as shown in Figure 8 [23-27].

Ten sensors of USB thermometers (five in the
upper and lower parts of the stand, as shown in
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Figure 9) is supplied to the drying chamber at
different levels and connected to a control panel.
At the interface displays the temperature of each
of the sources.
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Figure 8 : Machinery card for temperature control in drying chamber

Figure 9 : USB thermometers

In the frame of a module development of the
system module of infrared grain drying
information support and the program “System of
automatic grain infrared drying”, are designed and
created the database table with the biological
parameters of the drying material. This makes it
possible to more accurately predict the execution
time of operations, depending on factors such as
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heat transfer and heat transfer coefficients of
various cereal species, content of protein and
gluten and others.

3. RESULTS

The experimental research and testing
conducted on a pilot installation, as well as farms
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in Ukraine, have shown the feasibility of the
information systems use for the automated control
systems of drying grain infrared radiation. Such
an approach in grain drying saves a lot of
conventional fuel, to use a modular approach to
the revision of the existing equipment, as well as
a dried product of high quality.

The lack of flexibility in reconfiguring
SIPIKSZ — one of the main problems, hampering
the development of computer technologies, used
in information support drying processes of
different agricultural production systems. In
addition to the system of high-speed external
peripherals imposed certain limitations due to the
small capacity and the USB COM-2 personal
computer ports, which is part of SIPIKSZ.

Therefore, the prospects for further research are
to develop and equip the system with modern
USB thermometers. These devices allow to
accurately measure the temperature of the grain,
the drying agent and IR radiation source. In the
nearest future it is planned to equip the
experimental set speed thermometers with 3 USB-
interface to connect a PC with the installed
program management and IR heating elements
stand.

As a result of the research:

1. It was developed the mathematical model for
the system of information support of infrared
drying of grain, taking into account the density of
the heat flux incident on the surface of the grain
mass in the drying chamber, and other
technological factors affecting the penetration of
infrared waves in capillary-porous products. A
system of differential equations of the drying
process of colloidal capillary-porous bodies with
double and single heat inlet;

2. Were conducted experimental studies of the
influence of various parameters of information
support system of infrared drying grain on heat
transfer and evaporation in the drying chamber.
The evaluation of the various options for using
SIPIKSZ module. In a series of experiments, a
combined supply of heat (IR + convective
component), it was found that the reduction of
time for drying is between 32% to 39% for the
variant using the information system and high
controls, measuring and recording the IR drying
parameters.

However, the proposed model, in our opinion,
is more effective than similar models described in
works [1, 9, 11, 13].

The results presented here are not intended to
cover all of the issues related to this topic. They
simply reflect a set of shared conclusions that our
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group agreed, during an intense period of
common research (April 2014 — April 2018).

4. CONCLUSIONS

The work is devoted to information support of
grain infrared drying, on the basis of a rational
choice of the process temperature and computer
control.

It is indicated that the efficiency of electrical
means of infrared radiation (IR) used in the drying
process, is due to the application of new scientific
methods and energy supply management tools
using programmable controllers, computers, new
information technology (IT) and systems.

It was proposed a model of the drying process
of colloidal capillary-porous bodies with double
and single heat inlet depending on the
concentration of solids, it was selected a rational
exposure time of IR source with different initial
moisture content of grain.

Experimental researches were conducted and
testing of the proposed model, which showed high
efficiency of IT for computer control systems
grain drying using infrared radiation.

It was experimentally validated reducing
drying time up to 39% for the options to apply the
information system support and process control
with combined heat inlet. It was educed the
influence of the convective component of the
dynamics of the process of evaporation of
moisture from the grain mass with different
thickness.

The results obtained while being researched,
can significantly reduce the consumption of fuel,
use a modular approach to the revision of the
existing drying equipment, as well as a dried
product of high quality.
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