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IIpu eusuenni xinemuxu eucoxomemnepamypHozo
CYWIHHS NUeHUYT 6CMAHO0BJIEHO, W0 68 KIHUI NOCMIUHO-
20 nepiody cywinna 6i00yeaemvcsa pizke 3pOCMAnHA
memnepamypu nazpisanns 3epna. Temnepamypnuii
cmpubox 6i00yeaemocs uepes 31He600HEHHA NOGEPXHI
3epna, Koau 1020 cepedns 6i0HOCHA 6002iCMb 3HA-
xX00umvcs Oauzbko 00 KOHOUUiNNOI i cmanosumes —
15...16 %. I'pynmyrouuco na uiii 3axoHoMmipHOCMI,
PO3POONEHUT CROCIO YNPABHIHHA eKCROZUULIEIO CYULTH-
HA 3epHa 6 GUCOKOmMeMNEepamypHux cywaprax Ges
BUKOPUCTMAHHSA NOMOUHUX B0J1020MIPI6.

Cnoci6 3acnosanuii nHa 00HOUACHOMY KOHMPO-
N memnepamypu HazpieanHs mamepiany memne-
pamypHumu oamuuxamu Ha 6Cill 008HCUHI CYUWMUTD-
Hoi xamepu. Bumipsani 3snauenns 3 memnepamyprux
damyuxie nepeoaromvcs 6 MiKpOKOHmMpOIEP 3 MENMOIO
ix nepioduunoi anpoxcumauii noaHOMOM MpPemvbo20
cmynens i 3Haxo00xHceHHs: NOXIOHOT PynKuii Opy2020
nopsoxy.

Mikpoxoumponep 3anpoepamosanuii na 6una-
YEHHS KPUMUMHOI MOUKU OpY2020 NOPsOKY — Mic-
Ue3Haxo0MHceHHs 3epHa, W0 MAe KOHOUUIUHY 60JI0-
eicmv. Ompumanuii pesyromam nNOPi6HIOEMbCA 3
MAKCUMATLHOIO 008IHCUHOI0 WNAXY 3EPHA NO CYWUTTD-
Hill Kamepi 3 Memoro nooaIbuL020 NIUEY HA NPOOYK-
MUBHICMb UNYCKHO20 NPUCMPOIO.

Pozpoonenuit cnoci6 ynpasiinns excno3uuieio
CYWinHs 3epHA 8 BUCOKOMEMNEPAMYPHUX CYUAPKAX
3abe3neuye HeoOXiONULL Hac memnepamypmnozo eniu-
8Y azeHmMa CYwiHHs HA 3ePHO, AKICMb NPOUECY, 3HU-
JHceHHs enepeosumpam na cywinus sepua. Ha ocroei
Ub020 CROCOOY ABMOMAMUIOBAHUU NPOUEC CYWTHHS
0e3 suxopucmanns 00pozux, NOMOHHUX B0JI020MIPi6
3epHa, w0 npauioms 3 6UCOK0I0 NOXUOKOIO GUMI-
prosans
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CYWIHHAM, eKCRO3UUIsl CYWIHNS, KIHEMUKA CYWIHHS
| o

|DOI: 10‘15587/1729-4061.2018.133607|

DEVELOPMENT OF
THE METHOD OF
EXPOSURE CONTROL
OF GRAIN DRYING IN
HIGH-TEMPERATURE
DRYERS

M. Volkhonov

Doctor of Technical Sciences, Professor*
E-mail: vms72@mail.ru

I. Jabbarov

Postgraduate student*®

E-mail: idzhabbarov@yandex.ru

V. Soldatov

Doctor of Technical Sciences, Professor**
E-mail: soldmel@rambler.ru

I. Smirnov

PhD, Associate Professor*

E-mail: iwan-smirnow@rambler.ru

*Department of Technical systems in the agro-
industrial complex***

**Department of Information Technologies in Electric
Power Engineering***

***Federal State Budget Educational Institution
of Higher Education "Kostroma State Agricultural
Academy" FGBOU VO Kostroma

State Agricultural Academy

Training Town, 34, Kostroma Region, Karavaevo

Village, Russia, 156530

1. Introduction

Grain production has a great impact on the economy and
food security of the country. China, India, Russia, the USA,
France, Canada produce 55.4 % of the world’s grain volume
[1]. In humid areas, drying is usually required for 50-55%
of the grain yield. With a moisture decrease from 20 % to
standard, in rainy years in some regions the whole crop is
subjected to drying. The importance of drying grows with
increasing volumes of grain production [3].

Grain drying is the most energy-intensive and expensive
operation in post-harvest processing, which requires large
amounts of fuel and electric energy to operate dryers [4]. In
the grain production, direct energy consumption for drying
is up to 35 % and in the cost of drying — 70-75 % [2].

At the moment, there is a problem all over the world
in the accurate determination of grain moisture during
both continuous-flow drying and on portable devices. The
problem lies in the accuracy of determination, design com-
plexity and price of the device. Technical implementation of

continuous-flow grain moisture meters in order to automate
the grain drying exposure control requires the development
of direct measurement methods implemented by automatic
devices — moisture meters.

All moisture meters have the same drawbacks, such as
high measurement error, difficulty of fitting into the process
flow sheet of the dryer and high cost.

High measurement errors are caused by the peculiarities
of the drying process. The physicomechanical properties of
the grain heap coming for drying have stochastic nature,
strongly depend on environmental parameters, especially
in humid areas. When operating dryers equipped with con-
ductivity or dielcometric continuous-flow moisture meters,
a variation of grain moisture from 11 to 17 %, with standard
14 %, due to measurement inaccuracy is observed at the
dryer outlet. Grain overdrying leads to wasting of a large
amount of thermal energy, about 58.3 MJ per 1% of the
excessively evaporated moisture of a ton of dried grain. In
case of underdrying, the operator is forced to re-pass the
grain through the dryer, while significantly reducing its




performance and increasing the damage of damp grains from
their excessive interaction with the working bodies of con-
veyors and dryers. Therefore, at present, the use of existing
continuous-flow moisture meters in grain dryers inevitably
leads to a decrease in quality and an increase in the cost of
finished products.

2. Literature review and problem statement

At present and the last not less than half a century, the
methods based on changes in the physical characteristics
of grain with a change in its moisture have been applied to
measure grain moisture [5]. There is a dependence of grain
temperature change on moisture during drying, which is
confirmed by the results of the studies given in [6]. Math-
ematical modeling of drying has been also given in [7],
where the theoretical background for the dependence of the
material drying rate on temperature has been confirmed
experimentally.

The kinetics of soybean seed drying has been given in
[8]. The obtained Wang and Singh mathematical model con-
firms the dependence of the soybean heating temperature on
changes in moisture during drying.

The results of the study of the drying kinetics of a dense
layer of grain materials in a microwave field have been pre-
sented in [9]. It has been shown that moisture and tempera-
ture changes over time correspond to the curves character-
istic of drying of colloidal capillary-porous bodies with other
methods of heat supply.

Mathematical modeling of the seed drying kinetics has
been presented in [10]. Statistical results have shown that
the Henderson-Pabis model can also be applied to the kinet-
ics of drying of a thin seed layer.

Modeling of drying curves has been also carried out for
basil leaves at temperatures of 50, 60, 70 and 80 °C to assess
the effect of drying temperature on the color of dried leaves.
It has been found that the behavior of drying curves of basil
leaves was similar to most agricultural products [11].

The revealed regularities indicate the dependence of
temperature changes of capillary-porous colloidal bodies on
moisture during drying. Today, however, no one suggests
using these regularities for the material heating temperature
dependence to control dryers without expensive, faulty con-
tinuous-flow moisture meters.

Generally, conductivity and dielcometric grain mois-
ture meters are the most common for rapid analysis in
terms of physical principles of work. Thus, in conductivity
meters, the functional dependence of electric conductiv-
ity of the material on moisture is used. Dry grain is a
dielectric, and becomes conductive when damp. Specific
resistance of grain depends on the moisture content and
varies in a fairly wide range. Using conductivity sensors for
accurate measurement of grain moisture is problematic. It
is especially difficult to control small values of grain mois-
ture by conductivity meters. In this case, electric resistance
is large, and additional external factors increase the mea-
surement error. In the most important moisture range of
5-17 %, even a single grain has tens of MQ resistance. For
the grain sample, the order of resistance values will be even
greater. It is technically difficult to measure the resistance
of hundreds of MQ with a small error and, accordingly, to
obtain an accurate moisture value. The conductivity meth-
od of measurement is quite suitable for materials having

low initial resistance, but it is difficult to implement for
continuous-flow grain sensors [12].

Capacity dielcometric sensors are strongly dependent on
grain properties, since it is impossible to take into account
all properties of grain and flow only in terms of dielectric
permeability. To obtain accurate moisture values from such
sensors in the continuous-flow measurement conditions,
it is necessary to ensure the reproducibility of the factors
affecting the measurement results. As a rule, it is necessary
to stabilize the flow density in the measuring space of the
sensing element and to ensure the stability of the measuring
cell, especially under possible contamination, varying water
hardness. In the production environment, this forces one
to use additional devices or to introduce hardware error
corrections. At least after each change of one grain grade
to another or after changing the composition of the milling
blend, it is necessary to carry out a new calibration of the
moisture sensor to achieve the required measurement accu-
racy. This entails the need for laborious laboratory measure-
ments. At the same time, this means certain limitations for
existing moisture meters based on dielcometric properties
of grain [12]. Practice shows that during grain drying there
is a redistribution of moisture from the inner layers outside.
For this reason, conductivity or dielcometric sensors operate
with an error of 0.5 % to 3 % or higher, since they measure
mainly “external” moisture. The accuracy of measurement is
strongly influenced by the physicomechanical properties of
the grain heap coming for drying, environmental parameters
that are stochastic, especially in the non-chernozem zone of
the Russian Federation. When operating dryers equipped
with such sensors, an increase in the cost and decrease in the
quality of grain drying are inevitable, since if underdried,
the grain should be re-passed through the dryer, which leads
to additional damage by the transporting devices.

Grain overdrying entails energy overexpenditure, while
the quality of seeds decreases from excessive dehydration.

There is a model of intelligent control of the grain drying
process [13], based on automatic control of parameters of the
drying agent and grain moisture in real time. This scheme
uses a microcontroller, temperature and moisture sensors, a
data acquisition system and an industrial control computer.
The drawback of this model is the absence of an automatic
system of grain temperature control in real time, which can
lead to overheating of seeds, as well as the high cost of the
continuous-flow moisture meter.

The studies [14] of the grain drying control process
provided a relationship between the high-temperature
drying parameters: initial moisture, grain heating tem-
perature and time of subsequent ventilation. The disad-
vantage of this model is unsuitability for dryers with a
stochastically moving grain layer, since this study only
deals with a fixed layer.

The system of automated determination of grain drying
parameters is known [15]. The drawback of this system is the
use of industrial grain moisture sensors, which have a high
cost and need constant calibration when changing the dryer
operating modes.

In [16], the authors use the least-squares method to
calibrate the data of the resistance sensor for determining
grain moisture in real time. The use of the resistance sensor
is associated with an increase in the measurement error due
to the formation of surface moisture when drying the grain
with moisture above 20 %, which is characteristic of harvest-
ing conditions in humid areas.



Thus, the known automatic control systems of the
high-temperature drying process use conductivity, dielcom-
etric or resistance sensors for continuous-flow measurement
of grain moisture. Due to the measurement error of the sen-
sors, variation in the relative moisture of grains from 11 % —
overdrying, up to 17 % — underdrying is observed at the
dryer outlet. Grain overdrying leads to wasting of a large
amount of thermal energy, about 58.3 MJ per 1 % of the ex-
cessively evaporated moisture of a ton of dried grain. In case
of underdrying, the operator is forced to re-pass the grain
through the dryer, while significantly reducing its perfor-
mance and increasing the damage of damp grains from their
excessive interaction with the working bodies of conveyors
and dryers. To date, no methods and devices for timely grain
removal from the drying chamber of high-temperature con-
tinuous-flow dryers at the end of the constant drying rate
period have been developed.

3. The aim and objectives of the study

The aim of the study is to develop a method and a de-
vice for timely grain removal from the drying chamber of
high-temperature continuous-flow dryers based on the ki-
netics of drying without the use of continuous-flow moisture
meters.

To achieve the aim, the following objectives were set:

— to justify the method of exposure control of high-tem-
perature grain drying based on the nature of temperature
changes during dehydration;

— to develop an algorithm of the grain drying exposure
control automation system based on the developed method;

— to obtain analytical expressions for determining the
grain path through the drying chamber, after which it reach-
es a standard moisture, and use them in the microcontroller
programming.

4. Materials and methods of the study of the method of
exposure control of grain drying in high-temperature
dryers

To explain the idea, let us consider the kinetics of the
drying process typical for damp capillary-porous colloidal
bodies, including grain, grass and oil seeds in their inter-
action with air [18]. It is obvious that the drying curves
(Fig. 1) are correlated, which, when analyzing changes in
one curve, makes it possible to objectively judge changes
in the others. We suggest using these regularities for con-
trol and management of the process of moisture changes in
the material based on the nature of temperature changes,
which has distinctive features in each drying period [19].
The method is based on simultaneous control of the mate-
rial heating temperature by temperature
sensors installed over the entire length

Program module of process control

standard moisture. The result is compared with the length
of the drying chamber in order to subsequently affect the
discharger performance.
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U — grain moisture, %; T — grain temperature, deg;

% — drying rate, %/h; T — drying time, min.

Fig. 1. Typical drying curves of capillary-porous colloidal

materials, a — warm-up period; b — constant drying rate
period; ¢ — falling drying rate period

The device based on the developed method is made. It
consists of a housing with a display for selecting the grain
type, microprocessor, correction unit, measuring circuit of the
display unit, remote optical temperature sensors, return com-
munication lines of the microprocessor with the dryer drive.

The device for grain drying exposure control automation
sends the command to perform measurements to measuring
sensors (Fig. 2). After the time required to convert the tem-
perature into a digital code, the controller alternately reads
the measurement results from the sensors. The data obtained
are subjected to mathematical processing, the results of
which are used for a control action on the dispenser, which
regulates the rate of grain displacement in the drying cham-
ber — the time of temperature action of the drying agent on
grain. Then, after a certain time, the process is repeated.

The operation algorithm of the dryer with the developed
exposure control system of grain drying is as follows. In order
to bring the dryer (Fig. 3) to the continuous-flow — steady-
state mode, it is necessary to warm it up to the set tempera-
ture. For this, the conditioning and heating system is switched
on, and damp grain is filled in. At the end of filling, when the
hopper is full, the grain low level sensor 3 is triggered. At the
same time, the command is given to activate the automated
drying exposure control system, which at a frequency of
1-5 Hz interrogates temperature sensors and operates ac-
cording to the algorithm shown in Fig. 2. In the transitional
mode — before the dryer is brought to the steady-state mode,
the readings of grain temperature sensors in the dryer will
change according to the kinetics — drying periods (Fig. 4-7).

Program module of network exchange with the controller

of the drying chamber. The measured

temperature values from the sensors are

i
Measurement start

Receiving a request from the controller |
]

’ (measurement start command)
T

transmitted to the microcontroller in or-
der to periodically approximate them with

Receiving data from sensors
(data reading command)

Request processing

the cubic polynomial and find the deriv- ‘
ative of the second-order function. The

Data processing (graphing, calculation
of mathematical dependences)
T

Response formation
S

microcontroller is programmed to deter- | |

Dispenser control decision

I [ Sending data to the controller |

T

mine the second-order critical point — the
location (grain path) of the grain, having

Fig. 2. Algorithm of the drying exposure control automation system
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Fig. 3. Grain drying kinetics, the flowchart of the drying box
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with temperature sensors; Xk — grain path from the
beginning of the drying chamber to the section where the
grain reaches standard moisture
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Fig. 4. Temperature sensor readings after filling the dryer
with fresh, damp grain
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Fig. 5. Temperature sensor readings — all grain in
the warm-up period
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Fig. 6. Temperature sensor readings during grain transition
from the warm-up period to the constant drying rate period
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Fig. 7. Temperature sensor readings during grain transition
from the constant drying rate period to the falling drying rate
period
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Fig. 8. Temperature sensor readings in the continuous-flow
mode of the dryer — grain passes all drying periods

When grain reaches a standard moisture, the grain sur-
face is dehydrated — a temperature jump occurs at point A
(Fig. 7, 8) due to the lack of moisture on the surface of the
grains that cools them. The grain drying exposure control
system compares the location of the grain, having moisture
close to standard, — its path (distance to point A) with the
length of the drying chamber (Fig. 3). If it is less than Lmin,
the discharge dispenser 6 is activated. The system automati-
cally selects the rotor speed of the dispenser so that the grain
path (to point A) is in the range from Lmin to Lmax. In the
absence of an inflection point, the dispenser is switched off.

5. Results of studies on the possibility of using analytical
expressions to determine the drying end

The nature of the mathematical dependences obtained
as a result of laboratory studies of processing of experimen-
tal data on high-temperature drying of wheat grain [19]
confirms the information available in the literature on the
kinetics of drying of capillary-porous colloidal bodies. The
obtained temperature dependences on the drying time have
inflection points and are well approximated by the cubic
polynomial. Obviously, a sharp increase in temperature oc-



curs due to surface dehydration of the material, its average
relative moisture is close to standard and makes 15...16 %.
Therefore, grain at the beginning of the intense temperature
increase must be discharged from the dryer and brought to
standard moisture as it is cooled in the cooler. In this case,
grain quality is preserved and the possibility of energy over-
expenditure resulting from material overdrying is excluded.

As mentioned above, the experimental dependence of
grain temperature on drying time has the form of a cubic
polynomial. In this case, this polynomial has an inflection
point. The entire drying process is carried out by the micro-
controller. To program the microcontroller, it is necessary to
find analytical expressions of the approximating function, its
derivatives, and also the inflection point. To ensure the nec-
essary accuracy of determining the moment of grain removal
from the drying chamber, the derivatives and the inflection
point must be found at least once a minute during the drying
process. That is, there is no one standard cubic polynomial
suitable for all cases. Therefore, we present the analytical
expressions obtained. They are used in the program in C++
to program the microcontroller.

The initial experimental data for the calculation example
are presented in Table 1.

Table 1

Dependence of temperature Y (degrees) on the grain path
along the drying chamber X (meters)

_ _ Xo= | X3= | Xy= 5= | Xe= _
X|Xo=01X4=0-143] o601 -0 429 [ =0.596 | =0.739| =0.882 | X7~
Y| 15 26 35 41 47 50 53 | 56

We look for the approximating function in the form [20]:
Y=F(X).

This function F(X) at points Xy, X;...X,, should take val-
ues as close as possible to the table values Yi, Y;...Y,,.

We look for the approximating cubic function in the
form:

F(x,a,b,c)za-x3+b-x2+c-x+d. )

According to the least-squares method, we write down
the sum of the squared differences [20]:

n

Z(yi—F(xl.,a,b,c))z=<I)(a,b,c,d). 2)

i=1

We find the derivatives of (1) with respect to the param-
eters a, b, ¢, d-

OF 4, oF , OF oF
T Ty, Doy g, 3
a T e U ad )
To find the deviation minimum ®(a, b, ¢, d), we equate
the derivatives to zero and obtain the system of equations:
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From (4), taking into account (2), we obtain the equa-
tions:

S -ad - )i =0

it
$-et--ci-ot et
i=1
z’l:(yi —ax] —bx} —cx, _d)'xi =0,
p)

Z(yi—axf—bxf —cx, —d)-1=0.

L i=t

We transform (5):

2 —ax] =ba - exf —d) =0,
2;(% x?—ax? —bx! —cx? —dx?) =0,
> (yx —ax) —bx} —cx! —dx;)=0,
2;(% —ax? —bx? —cx, —dx)=0.

We transform (6):

72; Y, xl= Z;(axf —bx? —cx} —dx?),

Syt =Y (] bl -l —di)),
2:[:1%'3(1' =Z:l=1(axi4_bxf_cxi2_dxi ),
»2;% = z;(axf —bxf —cx; —d).

We transform (7):

We transform (8):
([a-M1+b-M2+c-M3+d-M4=MS5,
a-M2+b-M3+c-Mb+d-M6=M7,
a-M3+b-Mb+c-M6+d-M8=M9,
la-M4+b-M6+c-M8+d=M10,

which denote:

L PWIRE
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MS:iﬁ‘xfi Mlxzii‘x3
nsia a noig "
M5zlzn:y.xfi M(}:lzn:xj2
ni=11” ni=1”

M7=iiyixf, M8=iz”:xi,
nog n-i

M9:12n‘yix,., M10=12n‘y,..
n'5 n'g

We write (9) in the matrix form:

[0Y) <040y Wi +cY xidY x=
Ay by x kY xl+dy, xf =
az; X+ bz; X cz; Xt dz; X, = z; Y,
_“2,1175;3 +bz;xf +cz;xl. +d-n= z;yi.
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M1 M2 M3 Mi4||a M5

M2 M3 M4 M6||b|=| M7 (11)

M3 M4 M6 MS8||c M9

M4 M6 M8 1 d M10

We denote:
M1 M2 M3 M4 M5

M=|M2 M3 M4i M6 Mo=| M7 |. 12)
M3 M4i M6 MS M9

M4 M6 M8 1 M10

Then from (11), taking into account (12), we obtain the
required coefficients a, b, ¢, d:

a
bl=M" Mo. (13)
c
d

We denote the inverse matrix:

P=M". 14)

After transformations (14), we obtain the elements of the
matrix P:

pryo IM4-M6-MS— MA4* -
D\-M6*+M3-M6-M3-M8>)

P ] M4-M6%—MA4>-M8+M3-M4—
D\-M3-M6-M8—M2-M6+M2-M8 |

S|~

L3 M8 M3 -M4—M3*+M3-M6> -
~M42-M6+M2-M4s—M2-MS8-M6)

p14—1 M8 -M3*-2M3-M4-M6+
D\+M4> - M2-M8-Mb+M2-M6>)

P21=P12,

pyg_ IM3-M4-MS8—M3% -
D\-M6-M4>—M1-M8” + M1-M6 )’

pog_ L M4& —M1-M4+M2-M3—-M3-M4-M6—
D\ M2 -M4-M8+M1-M6-MS8 ’

pogo L[ M3*-M6-M3-M4*~M2-M8-M3+
D\+M2-M4-M6+M1-M8-M4-M1-M6" )

P31=P13, (15)

P32=P23,

D

p3g_ ! IM2-M4-M6—M2* -
~M3-M4>—~M1-M6>+M1-M3)

P34_1(M8~M22—M64M2~M3—M2~M42+ ]
- ,

D\ +M3? Mb—M1-M8-M3+M1-M6-M4
P41=P14,
P42=P24,
P43 =P34,

1(2M2-M3-M4—M6-M22— ]

P44=—
D\-M3*+M1-M6-M3—M1- M4

That is, the matrix P has the form:

P11
pP=|P21
P31
P41

P12
P22
P32
P42

P13
P23
P33
P43

P14
P24 .
P34
P44

(16)

In this case, the determinant of the matrix is:

D=M2*- M8 -M2* M6+2M2-M3-M4—
—2M2-M3-M6-M8-2-M2-M4*- M8+
+2M2-M4-M6*—M3* +2M3% - M4-M8+M3* M6* —
—3M3-M4* M6+M1-M3-M6—M1-M3- M8 +
+M4"—M1-MA4> +2M1-M4-M6-M8— M1-M6". A7)

Then from (13), taking into account (14) and (16), we
obtain the coefficients of the approximating cubic polyno-
mial (1):

a=P11-M5+P12- M7+ P13- M9+ P14- M10,
b=P21-M5+P22-M7+ P23- M9+ P24- M10,
c=P31-M5+P32-M7+P33-M9+ P34-M10,

d=P41-M5+ P42- M7+ P43- M9+ P44- M10. (18)

That is, the cubic approximating polynomial with regard
to (18) is:

PL(x)=a-x’+b-x*+c-x+d. (19)

As mentioned, the cubic function of grain temperature
dependence on drying time has an inflection point. When
this temperature reaches the corresponding inflection point,
it is necessary to stop the drying process and discharge grain
from the dryer. Thus, it is necessary to find this inflection
point and the corresponding grain path and grain tempera-
ture. To do this, we use the condition that at the inflection
point of the function its second derivative is zero [21].



We find the first derivative of (19).

PL=3-a-x*+2-b-x+c. (20)
We find the second derivative of (19).
PL =6-a-x+2-b. (21)

We equate the second derivative (21) to zero and find the
grain drying time Xp corresponding to the inflection point.

b

Xp=——-.
P 3-a

(22)

We find the temperature value Yp corresponding to the
inflection point at Xp. To this end, we substitute the expres-
sion (22) in (19) and make transformations.

Then we get:
3 2
yp:a.(i’) +b.(i’) +C,(i’) d
3-a 3-a 3-a
or
v b-(2-b2—9-c~a) i 93
T @9

In order to make sure that the point (Xp, Yp) is the in-
flection point, we use the condition that the third derivative
should not be zero.

We find the third derivative of (19).

PL =6-a. (24)

It is seen from (24) that the third derivative is not zero.
An exception is the point at a=0, when the cubic function
turns into a quadratic function, and it has an extremum, and
not an inflection point. Thus, the point (Xp, Yp) is exactly
the inflection point.

To confirm the correctness of the presented mathemat-
ical calculations, we construct the approximating cubic
polynomial and find its inflection point for the function
from Table 1. The corresponding graph is shown in Fig. 9.
In this figure, the curve PL(x) corresponds to the curve
T=f(x) in Fig. 1.

58
53
1
g E 48 PL(x)
53 T
53 M Yp
g=
SR
£g®
.33
s
Y

23 %5

0 02 0,4 0,6 0,8 1

T — grain path, Xi — tabulated points

Fig. 9. Tabulated values Xiand Yj, the graph of the cubic polynomial

PL(x), the inflection point Xp and Yp
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From Fig. 9, it is seen that the cubic polynomial well
approximates the given tabulated function and has an in-
flection point at Xp=0.849 and Yp=>52.522 according to the
expressions (22), (23). The coefficients of the polynomial
(18), (19) are: a=31.906, b=-81.25, ¢=90.304, d=14.897.

That is, the critical point A in this case will be at a dis-
tance of 0.849 of the drying chamber length, while grain
temperature will be 52.5 °C.

In order to detect the inflection point, a different ap-
proach can be used. In the transition through the inflection
point, the sign of the second derivative of the function
changes [21]. Thus, if grain temperature measurements are
organized, then at each step “k” it is possible to compare the
sign of the second derivative (21) at the given and previous
steps. When the sign of the second derivative changes, the
product of its values at “k” and “k—1" steps becomes negative.
That is, the product PR can be controlled:

PR=PL,,-PL,. (25)

When the product PR becomes less than zero, it is possi-
ble to stop the drying process — to switch on the discharger.

6. Discussion of the results of the study on the
implementation of the developed method of exposure
control of grain drying

The implementation of the developed method in grain
drying exposure control systems will provide timely re-
moval of material from the drying chamber, from the influ-
ence of the drying agent, when its temperature approaches
a critical value. Constant temperature control by infrared
sensors — without contact with the control object, improves
the accuracy of temperature measurement, eliminates the
germ death, protein denaturation, gluten weakening. En-
ergy consumption in this case is minimum, because the
drying process is carried out in the modes recommended
by dryer developers, and there is no additional energy con-
sumption resulting from overdrying or re-drying if grain
is underdried. The disadvantages of the developed method
include the fact that when applied in drying units, complex
equipment will be used, and high qualification of mainte-
nance personnel will be required in order to maintain its
performance.

The obtained analytical expressions (18), (19),
(22), (23), (25) allow the microcontroller program-
ming and automatic control of grain drying expo-
sure, as well as efficiency improvement of the drying
process as a whole.

The results of this study can be used to automate
the operation of all types of high-temperature con-
tinuous-flow dryers — shaft, tower, hopper, airslide,
etc. At the same time, intervention in the existing au-
tomation systems is minimum. The control system of
grain drying exposure — grain discharge, can operate
as a separate device, remote sensors and the control
unit of which are easily mounted in any design and
electric circuit of the dryer.

The presented research results are a continu-
ation — the next stage of the author’s work in the
field of automation of a very complex technological
process of convective drying of capillary-porous
colloidal bodies [22]. In the future, the results of



these studies can be used to automate the drying process of
low-temperature dryers, including batch ones.

7. Conclusions

1. The method of exposure control of high-temperature
drying based on constant control of the temperature of
moving grain along the drying chamber and search for the
area of temperature jump due to dehydration is developed.
The studies have shown that an intense increase in grain
temperature occurs when it reaches a relative moisture of
15...16 %, close to standard. Therefore, grain at the begin-
ning of the intense temperature increase must be discharged
from the dryer and brought to the standard moisture when it
is cooled in the cooler. In this case, grain quality is preserved

and the possibility of energy overexpenditure resulting from
the material overdrying is excluded.

2. The algorithm of the grain drying exposure control
automation system, which, at a frequency of 1-5 Hz, in-
terrogates temperature sensors, approximates the obtained
values and calculates the derivative of the second-order
function is developed. The obtained result is compared
with the maximum length of the grain path along the
drying chamber in order to subsequently influence the dis-
charger performance.

3. Analytical expressions for determining the grain path
along the drying chamber, after which it reaches a standard
moisture are obtained. The derived analytical expressions
allow the microcontroller programming and automatic con-
trol of grain drying exposure, as well as efficiency improve-
ment of the drying process as a whole.

References
1. Wheat production in the world. Countries producing wheat. URL: http://ab-centre.ru/page/proizvodstvo-pshenicy-v-mire-stra-
ny-proizvoditeli-pshenicy
2. Information on holding a conference in Anapa, Krasnodar Territory on June 11-15, 2012. URL: http://www.drying-committee.ru/
dl.php?f=203
3. RUSSIA IN FIGURES. 2017, responsible for the issue: N. S. Bugakova I. V. Voronina T. A. Mikhailova, Brief statistical compilation,
June 30, 2017, Printed in the printing house "August Borg" 107497, Moscow, ul. Amurskaya, 5, p. 2.
4. Perfection of the constructions of active ventilation bins. URL: www.kgau.ru/new/all /konferenc/konferenc,/2009,/50.doc
5. Theory and practice of rapid moisture control of solid and liquid materials / Krichevsky E. S., Benzar V. K., Venediktov M. V. et. al,;
E. S. Krichevsky (Ed.). Moscow: Energy, 1980. 240 p.
6. Fundamentals of grain drying. URL: http://www.knowledgebank.irri.org/step-by-step-production/postharvest/drying /drying-ba-
sics/drying-process/fundamentals-of-grain-drying
7. Modelagem matematica das curvas de secagem e coeficiente de difusdo de graos de feijao-caupi (Vigna unguiculata (L.) Walp.) /
Morais S. J. da S., Devilla 1. A, Ferreira D. A., Teixeira I. R. // Revista Ciéncia Agrondomica. 2013. Vol. 44, Issue 3. P. 455-463.
doi: 10.1590/51806-66902013000300006
8. Coradi P. C, Fernandes C. H. P, Helmich J. C. Adjustment of mathematical models and quality of soybean grains in the drying with
high temperatures // Revista Brasileira de Engenharia Agricola e Ambiental. 2016. Vol. 20, Issue 4. P. 385-392. doi: 10.1590,/1807-
1929 /agriambi.v20n4p385-392
9. Volgusheva N. V. Kinetics of drying grain materials in the microwave field // Holodil'naya tekhnika i tekhnologiya. 2016. Vol. 52,
Issue 1. P. 62—65. URL: https://doaj.org/article/292517d0aad4490b8d20e039d86dctb1
10. Mathematical modeling of orange seed drying kinetics / Rosa D. P, Canti-Lozano D., Luna-Solano G., Polachini T. C., Te-
lis-Romero J. // Ciéncia e Agrotecnologia. 2015. Vol. 39, Issue 3. P. 291-300. doi: 10.1590/s1413-70542015000300011
11.  Kinetics of drying of basil leaves (Ocimum basilicum L.) in the infrared / Reis R. C. dos, Devilla I. A., Ascheri D. P. R., Servulo
A. C. O, Souza A. B. M. // Revista Brasileira de Engenharia Agricola e Ambiental. 2012. Vol. 16, Issue 12. P. 1349. doi: 10.1590/
s1415-43662012001200012
12.  Grain moisture sensor in the flow. URL: http://agrovektor.ru/art/1353-datchik-vlazhnosti-zerna-v-potoke.html
13. Model Predictive Control of the Grain Drying Process / Han F, Zuo C., Wu W,, Li J., Liu Z. // Mathematical Problems in Engi-
neering. 2012. Vol. 2012. P. 1-12. doi: 10.1155/2012,/584376
14.  On the question of process control combined grain drying / Afonkina V., Zakhakhatnov V., Mayerov V., Popov V. // Mordovia
University Bulletin. 2016. Vol. 26, Tssue 1. P. 032—039. doi: 10.15507,/0236-2910.026.201601.032-039
15. Parameters Online Detection and Model Predictive Control during the Grain Drying Process / Zhang L., Cui H., Li H., Han F,
Zhang Y., Wu W. // Mathematical Problems in Engineering. 2013. Vol. 2013. P. 1-7. doi: 10.1155/2013,/924698
16. Chen C., Wu C,, Li C. Design of Resistive Grain Moisture On-line Detector // MATEC Web of Conferences. 2017. Vol. 136.
P. 02005. doi: 10.1051/mateccont/201713602005
17.  SRT AIST 10.2-2010. Grain cleaning machines and aggregates, grain cleaning and drying complexes. Methods for assessing perfor-
mance. Instead of SRT AIST 10.2-2004 and Enter. from 2011.04.15. Moscow, 2011. 48 p.
18. Klenin N. I, Kiselev S. N., Levshin A. G. Agreecultural machines. Agreecultural equipment. Moscow: Colossus, 2008. 816 p.
19. Substantiation of the method of control and management of the drying end of capillary — porous colloidal materials / Volkhonov M. S.,
Gabalov S. L., Jabbarov 1. A, Volkhonov V. M. // Proceedings of the Kostroma State Agricultural Academy. 2016. Issue 84. P. 56—65.
20. Zavarygin V. M. Numerical methods. Moscow: Education, 1991. 250 p.
21. Bronshtein I. N, Semendyaev K. A. Handbook on Mathematics. Moscow: Nauka, 1967. 84 p.
22.

The basic principles of creating a system for automated control of the drying process in a mine air drier / Volkhonov M. S., Polozov S. A.,
Zyrin 1. S., Gabalov S. L., Dzhumaliev K. A. // Actual problems of science in the agro-industrial complex. Collection of articles of
the 66th scientific-practical conference of the State Agricultural Academy. 2016. P. 85-90.



