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Po3pobra onmumanvioz0 KepyeanHs NPOUECOM BUNANIOBAHHS
8yeseuesux 6upodie nepeddauae 6paxyeans 6NAUGI8 XapaxmepHux
301 neui ma 00HOPIOHOCMI MeMNEPAMYPHOZ0 NOJISL NO 3A20MOBKAM.
Hane meepoicenns eumazae po3pooxy mamemamuunoi mooeni neui
8UNANIOBANNS 3 PO3N0JineHuMU napamempamu. Bidomo, wo wac po3-
Paxynky maxux mooesei 00cumv eauxuil, a 8iomax ix sacmocyean-
HA 8 peanvHOMy uaci ne movcauge. Bionosiono do euwe cxasamnoeo
015 N00aNBWOT PO3POOKU CUCmeEMU ONMUMATLHO20 KEPYBAHHI NPO-
Uecom euUNaNO6ants icCHYe nompeda y cnpoueHHi noeHoi mamema-
mununoi modeai, wo 3ade3neuye NOMpPiGHUI HaAC PO3PAXYHKY.

Pospobaena ma docnioxicena cnpowena mamemamuuna mMooesn
npouecy eunamosanis, AKka 6iopiznsaemocs 6i0 eidomux modenet
MEHWUM HACOM POIPAXYHKY NPU 00MPUMAHHI NOCMABTEHUX BUMO?Z
w000 ii mounocmi.

Bcmanosneno, wo ona eunadxie suxopucmanns n>15 nepuux
Oasuc-eexmopie 3a6e3nenye UKOHAHHA 0OMEIHCEHH NO 0ONYCMUMILL
noxubui anpoxcumayii 3navens Koedivienmie Myp’e. Moxcausicmo
eubopy onmumanvioi cmpyxmypu idenmuixauiinux mooeneil
BUHAMAE MONHCAUBICID OMPUMAHH MEMNEPAMYPHUX 3HIMKIE CRPO-
wenoi mamemamunnoi moodei 3 He0OXIOHO10 MOUHICMIO.

Ompumani pesynvmamu 00360AA10Mb ZHYUKO 00pamu eapianm
cnpowenoi mamemamuunoi mooeni 6i10n06i0HO 00 MEXHIMHUX MOJIC-
ausocmeti 004UCAI0BATLHOT MEXHIKU.

Bpaxosytouu, wo y npouyeci 6unanioéanns Gyzieueéux eupooie
BUHAUATIVHUMU MEMNEPAMYPAMU € MEMNEPAMYPU 3A20MOB0K, MO
0ns docaidcenns axocmi cnpouenux mooeaeu oyau oopani Control
points nuwe no 3azomogram.

Ockinvku npoyec 6unanto8ants yzieuesux upooie cKaadacnmo-
€1 3 MPbLOX OCHOGHUX emanie, mo 01 A0eK6aAmMH020 MOOEI0BAHHS
marxozo npouecy Oyao peanizoeano mpu cnpowseHi Mamemamuri
Modeni danux emanis.

Hocaidxcenns mounocmi cnpousenux mooesei 6Ka0UAN0 NOPie-
HAHHA 3HAMEHb MeMnepamyp, Po3PaAxo8aHux 3a CNPOUEHO0 Mooe-
10, 3 memnepamypamu, 00UUCTIEHUMU 34 NOUAMKOB0I0 MOOENNIO0,
aKa y 0anomy 6unaoxy po3znsianacs K 2eHepamop excnepumen-
ManbHUX 0aHUX

Kniouogi cnosa: npouec eunanoganns, memnepamyphi noas,
Memo0 po30iieHHs IMIHHUX, 8Y2Jleuesi 6Upoou
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of the key stages in the whole technological process is baking

carbon products, carried out in a closed-top multi-chamber

Manufacturing of carbon products is an extremely pow-
er-intensive and therefore costly technological process. One

furnace. The multi-chamber baking furnace is an object
with extremely high energy consumption and even an insig-




nificant reduction in fuel consumption, taking into account
current cost, leads to significant savings and cheaper fin-
ished products.

Successful solution of the problem of increasing the
efficiency of this process by introducing optimal operation
modes determines real opportunities for reducing the energy
consumption of this production.

The solution of this problem involves research on the
baking process, the results of which will be used to create an
optimal process control system.

Baking carbon products in the multi-chamber furnace
is characterized by complex physical and chemical pro-
cesses and significant spatial distribution of temperatures
throughout the volume. The neglect of these features leads
to fundamental errors in solving automatic control problems.
In this regard, such processes are mathematically described
by rather complex distributed-parameter models.

The calculation time of the above models ranges from
several hours to several dozen hours, which considerably
slows down the study of the baking process and makes it im-
possible to use them further in the development of a real-time
process control system.

Since it is impossible to carry out pilot studies on in-
dustrial equipment for technical and economic reasons to
solve the above problem, mathematical modeling is used as a
method of research.

As the main purpose of baking is full heating and tem-
perature uniformity of workpieces, modeling should be car-
ried out with the distributed-parameter model. It is known
that the calculation time of such models is quite large, which
causes the problem of mathematical model reduction. To
date, there are specialized computing systems that can eas-
ily handle the described models, but their application in the
industrial sector is inappropriate for a number of reasons.
Therefore, the problem of limited computational capabilities
remains open, and ways to solve it are relevant.

2. Literature review and problem statement

Materials [1] describe the problems of management of
distributed-parameter systems. The issue of approximate
solution of various problems takes a significant place in
these studies. The work is based on studies of the problem
of approximate solution of optimal control problems, which
is based on the approximation of the controlled system by
Fourier series expansion.

The work [2] proposes a method of reduction of limit-
ed-volume models, which ensures that the resulting model
is conservative, thus preserving the structure inherent in
limited sampling volumes. Conventional model reduction
methods often cause a loss of mass, momentum or energy in
liquid streams, which leads to unstable model reduction. The
method discussed in [2] preserves the mass and momentum
in finite volume sampling, but this method does not keep
fluid flow energy.

Materials in [3] describe the method of Craig-Bampton
component mode synthesis (CMS). This method can be
considered as an engineering approach to the reduction of
the number of equations, and hence to loss of accuracy due
to the lack of description of the physico-chemical process
characteristics.

The paper [4] examines the method of reduction of the
expanding IRS system by obtaining an equivalent trans-

formation based on dynamic rather than static reduction.
This method is considered as a reduction of the number of
equations, and therefore loss of accuracy due to the lack of
description of the physico-chemical process characteristics.

The paper [5] describes the dimensionality reduction meth-
od, called discrete empirical interpolation, which is a modifi-
cation of the orthogonal decomposition method. The authors
propose the discrete empirical interpolation method suitable
for dimensionality reduction of systems of specific ordinary
differential equations. The question remains how inaccuracies
of coefficients in approximation may affect the final solution.

The authors [6] presented a new model of reduction based
on orthogonal decomposition for solving Navier-Stokes
equations, which is a hybrid of two existing approaches,
namely, the quadratic expansion method and the discrete
empirical interpolation method. It was noted in the paper
that unstructured grids can cause stability problems for
reduced order models.

The paper [7] describes a method combining orthogonal
decomposition and concepts of the balanced implementa-
tion theory. The method is especially effective with a small
number of results of interest. In the given algorithm, there
are several solutions that should be made arbitrarily, relying
on experience and intuition. The lack of description of these
solutions is the drawback of this method.

The author of [8] presents the main ideas, concepts and
methods for simplifying the kinetics of reactions: quasi-sta-
tionary, quasi-equilibrium, slow invariant manifolds and
boundary degrees. The given methods are aimed at simpli-
fying the chemical and biochemical kinetics of the model,
which is inappropriate in this study.

In [9], a comparative study of seven model reduction
algorithms is conducted and conclusions about the most
effective of them when applied to six different dynamic sys-
tems are drawn. The results show that the use of the Krylov
method requires the selection of interpolation points. How-
ever, the selection of these points is not an automated process
and should be defined by the user, and the point selection
algorithm is not described.

The main shortcomings of existing reduction methods
are ambiguity in the selection of algorithm parameters or
loss of physico-chemical characteristics due to the reduction
of the number of equations, which is unacceptable when
modeling the process of baking carbon products. In [10], it is
shown that the methods of the first group are characterized
by the loss of properties, which are determined by the spa-
tial distribution of controlled processes. Consequently, they
contradict the requirements for the mathematical model of
the baking process.

Given the above, to ensure the physico-chemical char-
acteristics and distribution of furnace parameters, it is
advisable to apply the methods of the second group. They
are characterized by an approximate representation of exact
solutions of partial differential equations modeling the be-
havior of distributed-parameter objects. One such method is
orthogonal decomposition (Fourier method), which is best
suited to solve the problem and meets all the conditions of
the finite model.

3. The aim and objectives of the study

The aim of this work is to construct and study the re-
duced mathematical model of the process of baking carbon



products based on the orthogonal decomposition method.
This will significantly reduce calculation time in compliance
with the requirements of the initial complex mathematical
model.

To achieve this aim, the following objectives were ac-
complished:

— to determine the basis vectors and Fourier coefficients;

—to choose the optimal structure of identification
models;

— to investigate the accuracy and adequacy of the ob-
tained reduced mathematical model.

4. Materials and methods of reduction of the
mathematical model of the process of baking carbon
products

4. 1. Method of reduction of the mathematical model
by the Fourier method

Since the Fourier method is the orthogonal decomposi-
tion method and the method of the second group, it is nec-
essary to form samples of temperature fields with the initial
complex mathematical model.

Reduction of the mathematical model of the process of
baking carbon products requires obtaining fairly accurate
modeling results not only during the whole modeling time,
but also throughout the whole device, which is satisfied by
the variable separation method.

The process of baking carbon products consists of three
main stages, such as flue gas heating, “under fire” chamber
and cooling. Accordingly, for the adequate modeling of such
a process and obtaining the corresponding temperature

fields, three complete mathematical models of these stages
were implemented on the basis of the mathematical model
presented in [11]. Thus, the reduced mathematical model of
the baking process will include three reduced models of the
main process stages.

The mathematical implementation of this method is giv-
en in [12] and determines the representation of approximate
modeling results by the bounded series

TE0=Y,, a(0)9,), 1)

where @; — basis vectors, a; — values of Fourier coefficients.

In view of the above, the model reduction algorithm
includes:

1. Formation of samples of temperature fields with three
initial complex mathematical models, three main stages of
the campaign, throughout the modeling time and through-
out the baking furnace volume.

2. Determination of the series of basis vectors based on
the formed samples of temperature fields.

3. Choosing the best model structure describing the de-
pendencies between u(t) and {a;(¢)}i-1".

4. 2. Calculation of basis vectors and Fourier coeffi-
cients

As aresult of singular value decomposition, the values of
basis vectors @; were obtained, some of which are presented
in Table 1-3. Then the values of the Fourier coefficients
(Table 4-6) were determined by the formula (1). Since in
this case the computational grid is 18.644 knots, and the
number of time steps is 480 hours, calculation results are
given only partially.

Table 1
Values of basis vectors for the reduced model of air cooling of the furnace chamber
i
1 2 3 K
g

1 -0.00881275 0.00109225 0.00362483 0.001615686426

2 -0.00909725 0.001877298 0.00581828 —0.002641292723
3 -0.00873969 0.001036539 0.00318769 —-0.013192636318
4 -0.00924921 0.000946707 0.0072734 —0.000312211223
5 -0.00926741 0.001181525 0.0074772 0.003119028133

L -0.00918001 0.001083891 0.00643872 0.00991501328390

Table 2
Values of basis vectors for the reduced model of flue gas heating of the furnace chamber
i
1 2 3 K
g

1 -0.00651927 —0.00345675 -0.0065497 -0.00042032235265
2 -0.00631024 —-0.00386776 -0.0079724 -0.001121240848478
3 —-0.00657570 —0.00326930 -0.0061790 0.003174325474985
4 -0.00618794 —0.00330912 -0.0091424 —-4.39514395905e-05
5 -0.00614540 —-0.00315756 -0.0095306 -0.00019734264029
L —-0.00614641 —0.00311091 -0.0095918 -0.000567698956155




Table 3

Values of basis vectors for the reduced model of the furnace chamber heating during natural gas combustion

' 1 2 3 K
g
1 —0.00777750 —0.00538909 0.00038946 0.00271268452697
2 —0.00775877 —-0.00707303 0.00259699 —0.007262256218404
3 —-0.00778102 —-0.00502355 2.9184e-05 0.00929180972554
4 —0.00775588 —-0.00750436 0.00452306 —0.001962873255037
5 —0.00775142 —0.00773580 0.00500481 0.0006750066028036
L —0.00774061 —-0.00737207 0.00290409 —-0.00226721050656
Table 4
Values of coefficients af#) for the reduced model of air cooling of the furnace chamber
t
} 1 2 3 4 K
1
1 —159666.60 —159741.40 —159543.86 —158640.12 —108392.34
2 —14,149 —14377.628 —13985.091 -12074.4 -5453.0216
3 —25812.031 —25847.576 —25642.069 —24771.8 -300.85632
4 —5593.8867 -5600.4843 —5419.6085 —4777.508 1995.88646
K -2.891e-05 —0.0185042 —0.0047972 —0.0043852 3.00532e-05
Table 5
Values of coefficients af#) for the reduced model of flue gas heating of the furnace chamber
t
, 1 2 3 4 K
1
1 —34584.8 —33644.597 —33926.856 —34431.05 —56711.148
2 —1083.7427 —2173.7684 -1816.5613 -1319.9563 519.31363
3 —6285.0128 —6595.2336 —6514.4854 -6317.149 1262.46
4 -3151.31 -3556.79 —3440.4324 -3122.141 -630.822
K 0.00021720 5.4489e—-05 0.00022263 —-0.0002076 —0.0023041
Table 6
Values of coefficients af?) for the reduced model of the furnace chamber heating during natural gas combustion
t
: 1 2 3 4 K
1
1 -162630.44 -162990.99 -162429.38 -161755.36 —172434.36
2 —1819.8016 —1254.3905 —2075.8492 -3058.9365 5542.23760
3 -312.56606 —17.745882 —454.97879 -962.09776 —1434.4278
4 322.015976 188.584054 128.332304 263.336444 —479.77911
K 0.00022711 0.00749919 —0.0045488 0.00050447 0.000213122

The calculation time of reduced mathematical models
depends directly on the dimension of the corresponding ma-
trices. Obviously, the next step should be to determine the
admissible dimensions of the matrices, taking into account
the given permissible error.

4. 3. Choosing the optimal model structure
To estimate the quality of approximation, the error for
cases of using n=1..30 of first basis vectors was calculated.
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where T4=F,A, — approximated temperature matrix, F,,
A, — first n basis vectors and Fourier coefficients, respective-
ly. For the given maximum permissible error e;,,=0.1, the
use of more than 15 basis vectors in further studies proved to
be inappropriate, since such a number has already provided
the condition e <en.y. Further increase in the number of
basis vectors would lead to the error decrease, but also to a
slowdown of the model calculation, which is inappropriate
within this work. We accept 7,,,,=15.

As a result of identification, for each of n=1...15, the fol-
lowing models were found which most accurately describe
the connection between the values of the coefficients a;(t)



and the input signals of the model u(¢). In all cases, ARX
autoregression models with the following structure coped
with the task best of all:

Table 9

Data on optimal structures of identification models of
furnace chamber heating during natural gas combustion

yO+ay(-D+..+a,y(t—na)= n na nb nk
=bu(t —nk)+...+ b u(t —nb—nk+1)+e(t). 3) 1 1 4 5
. . . . 2 1 1 1
Table 7-9 contains data on the configuration of optimal
identification models for each n. 3 1 4 5
4 1 1 1
Table 7
5 1 1 1
Data on optimal structures of identification models of air
cooling of the furnace chamber 6 1 1 !
7 1 1 1
n na nb nk
8 1 1 1
1 1 5 5
9 1 1 2
2 1 2 2
10 1 1 4
3 1 5 5
11 1 1 1
4 1 2 3
12 1 1 1
5 1 2 3
13 1 1 1
6 1 2 3
14 1 1 1
7 ! ! 4 15 1 1 1
8 1 1 4
9 1 ! 4 The model with n=1 showed the worst results ex-
10 1 1 4 pected due to the poor quality of approximation of
11 1 9 4 temperature images by only one basis vector, but accu-
racy increases significantly with increasing their number
12 1 1 4
(Table 10).
13 1 1 4
14 1 1 4 Table 10
15 1 1 4 Square error of reproduction of temperature images
Structure . Flue gas “Under fire”
Table 8 No./Stage Cooling heating chamber
Data on optimal stru.ctures of identification models of flue 1 447489265765 | 1063.3982465 | 1295.7262703
gas heating of the furnace chamber
2 2318.82575130 | 681.73729622 | 737.57468543
n na nb nk 3 256.816261076 | 724.74649292 | 36.145530539
! ! 2 2 4 123.94032455 | 335.18327552 | 14630939708
2 ! 2 2 5 101.34883148 | 309.27127258 | 109.51076554
3 ! ! 2 6 98.015308988 | 291.40143175 | 68.809944111
4 ! 3 2 7 103.34683314 | 290.69538448 | 79.505159875
> ! ! ! 8 93.850797632 | 221.31068331 | 63.681677027
6 ! ! 1 9 72.858692183 | 200.50024623 | 71.950127685
7 ! ! ! 10 72.567943544 | 190.83444156 | 52.850688386
8 1 ! ! 11 38.189108850 | 183.77816952 | 55.789743076
9 ! ! 2 12 55.176655556 | 160.05799027 | 57.942293222
10 ! ! 2 13 30.441986682 | 177.41770938 | 56.8910246698
“ ! ! 2 14 30.426011949 | 14593273566 | 60.7601747592
12 ! ! 2 15 21.879654817 | 144.70491576 | 24.017044386
13 1 1 2
14 1 1 2 So, as a result of calculation of the error of the reduced
5 ) ) 5 models, it was found that the reduced models using the first
15 basis vectors (n=15) are the most accurate for all stages.

The errors of the obtained models were calculated by the
formula (3), where T4 was replaced with T); — the matrix of
temperatures modeled by the reduced models.

Obviously, with increasing the number of basis vectors, it
is possible to achieve better reproduction of temperature
images, but this will lead to an increase in calculation time,
which is inappropriate.



4. 4. Investigation of the accuracy and adequacy of the
obtained reduced mathematical model

Given that in the process of burning carbon products, the
defining temperatures are workpiece temperatures, control
points of workpieces were chosen for the quality study of
reduced models. The arrangement of the control points is as
follows (Fig. 1):

— on the axes of the workpieces at a distance of 100 mm
from the upper (2, 6, 10, 14, 18) and lower (4, 8, 12, 16, 20)
ends, respectively;

—on the periphery of the workpieces of the lower row:
at a distance of 100 mm from the upper (1, 3, 5,7, 9, 11, 13,
15,17, 19).

The study of the quality of the developed reduced math-
ematical models included the study of their accuracy and ad-
equacy for each chosen control point and for each operating
mode of the baking chamber.

The accuracy of mathematical models was estimated
by three kinds of error — absolute, relative and normalized
absolute. The results of the accuracy study for all operating
modes are presented in Table 11-13.

The results listed in Table 11-13 indicate that the
developed reduced mathematical models rather accurately
track the results of calculations for the initial complex

The adequacy of the reduced mathematical model was
investigated using Student’s and Fisher’s criteria [13]. The
results of the study are shown in Table 15-17.

DL

1X2X 3 5X6X 7X9X 10X 1 13 14X 15 17 18X 19

4X 8 X 12X 16 X 20 X

Fig. 1. Arrangement of control points in the baking campaign

model. modeling
Table 11
Results of the accuracy study of the flue gas heating model
Control points
Measure of accuracy
No. 1 No. 3 No. 5 No. 7 No.9 | No.13 | No.14 | No.15 | No.17 | No. 19
Mean absolute error (°C) 9.55 11.2 11.25 9.7 9.77 8.42 10 10.42 8.55 10.47
Mean relative error (%) 2.52 3.23 3.16 2.85 2.65 2.37 2.8 3.2 2.3 2.1
Normalized mean absolute error (%) | 0.81 0.95 0.95 0.82 0.83 0.71 0.85 0.88 0.72 0.89
Table 12
Results of the accuracy study of the “under fire” chamber model
Control points
Measure of accuracy
No. 1 No. 3 No. 5 No. 7 No.9 | No.13 | No.14 | No.15 | No.17 | No. 19
Mean absolute error (°C) 131 10.1 11.9 10.2 10.5 8.3 8.3 9.6 10.1 9.5
Mean relative error (%) 1.23 1.03 1.19 1.08 1.0 0.79 0.86 1.00 1.03 0.81
Normalized mean absolute error (%) 1.11 0.86 1.01 0.86 0.89 0.7 0.71 0.81 0.86 0.8
Table 13
Results of the accuracy study of the air cooling model
Control points
Measure of accuracy
No. 1 No. 3 No. 5 No. 7 No.9 | No.13 | No.14 | No.15 | No.17 | No. 19
Mean absolute error (°C) 9.55 11.2 11.25 9.7 9.77 8.42 10 10.42 8.55 10.47
Mean relative error (%) 2.52 3.23 3.16 2.85 2.65 2.37 2.8 3.2 2.3 2.1
Normalized mean absolute error (%) | 0.81 0.95 0.95 0.82 0.83 0.71 0.85 0.88 0.72 0.89
Table 14
Results of the accuracy check of the general model
Control points
Measure of accuracy
No. 1 No. 3 No. 5 No. 7 No.9 | No.13 | No.14 | No.15 | No.17 | No.19
Mean absolute error (°C) 10.26 10.98 11.38 9 9.92 8.4 9.72 10.26 8.86 10.28
Mean relative error (%) 2.26 2.79 277 2.49 2.32 2.05 241 2.82 2.08 1.88
Normalized mean absolute error (%) | 0.87 0.93 0.97 0.83 0.84 0.71 0.82 0.87 0.75 0.87




Table 15

Results of the adequacy study of the flue gas heating model

Control points
Criterion
No. 1 No. 3 No. 5 No. 7 No. 9 No. 13 No. 14 No. 15 No. 17 No. 19
Student’s calculated 1.48 1.46 1.38 1.44 1.42 1.47 1.54 1.56 1.57 1.59
Student’s table 1.68 1.68 1.68 1.68 1.68 1.68 1.68 1.68 1.68 1.68
Fisher’s calculated 0.97 1.05 1.05 1.01 0.95 1.02 0.97 0.95 0.98 1
Fisher's table 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Table 16
Results of the adequacy study of the “under fire” chamber model
Control points
Criterion
No. 1 No. 3 No. 5 No. 7 No. 9 No. 13 No. 14 No. 15 No. 17 No. 19
Student’s calculated 1.6 1.66 1.71 1.74 1.68 1.63 1.75 1.73 1.78 1.69
Student’s table 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
Fisher’s calculated 1.31 1.19 1.05 0.83 0.84 0.83 1.19 1.06 1.02 0.91
Fisher’s table 2.32 2.32 2.32 2.32 2.32 2.32 2.32 2.32 2.32 2.32
Table 17
Results of the adequacy study of the air cooling model
Control points
Criterion
No. 1 No. 3 No. 5 No. 7 No.9 No. 13 No. 14 No. 15 No. 17 No. 19
Student’s calculated 1.48 1.46 1.38 1.44 1.42 1.47 1.54 1.56 1.57 1.59
Student’s table 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
Fisher’s calculated 0.97 1.05 1.05 1.01 0.95 1.02 0.97 0.95 0.98 1
Fisher’s table 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

By comparing the calculated values of Student’s and
Fisher’s criteria for control points with table ones, we

can conclude that there is no reason to
reject hypotheses about the adequacy of
reduced mathematical models. Therefore,
we will assume that these mathematical
models adequately reproduce calculation
results for the initial complex mathemat-
ical model.

5. Results of reduction of the
mathematical model of the process of
baking carbon products

Since modeling of the reduced models
results in temperature dynamics through-
out the volume, it is expedient to repre-
sent temperatures only in some control
points for graphical representation of the
results.

Taking into account restrictions for the
paper volume, the results of simulation are
presented only for 4 control points.

As can be seen from Fig. 2—4, the tem-
perature curves, plotted by the reduced
and full mathematical models, practically
coincide for all control points in all operat-
ing modes (cooling, flue gas heating, under
fire chamber). The mean modeling error is:
for the cooling mode — 4.6 K (equivalent to
1.4 % in the modeling range), for the flue gas
heating mode — 12 K (10% in this heating

range and will decrease with increasing heating range), for
the under fire chamber mode — 4.8 K.
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Fig. 2. Temperature curves with control points of the reduced and full cooling
models in the time interval: a—50h, b—6 h

450 284 [— full model

= full model
—T1 282 —T1
400 full model full model
—T2 280 —T2
T.K  |—full model T.K —full model
— ’ ~—T3
35013 278
= full model = full model
—T4 276 —T4
300 /
274
250 272
0 10 20 30 40 50 4 6 8 10 12
t,h t,h
a b

Fig. 3. Temperature curves with control points of the reduced and full flue gas
heating models in the time interval: a— 50 h, 56— 13.3 h



Special attention is drawn to the reduced model of the
under fire chamber mode (Fig. 4). Despite the rather complex
temperature dynamics in this mode, the reduced mathemati-
cal model monitors all current changes rather accurately.

The proposed solution has no shortcomings of the meth-
ods that use reduction of the number of equations, since this
solution approximates the solution of the system with all
equations. Also, when developing the model, methods of struc-
tural-parameter identification are used,

1300 :?1” model 1270 which are well-known and well-described
1290 full model in the literature. So, this solution is devoid

—T2 1260 — limodell  of ambiguity in the choice of parameters.
1280 _%H model 1250 /—-n In the development of complex math-
170 —full model , fullmodel|  ematical models, consisting of a group of
—T4 1240 :gjl modell  Teduced models, one can face the problem of
1260 1230 T3 combining them. In this case, the reduced
1250 / 20 :guil modell  model of the baking process cpnsists of
three reduced models of the main process
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h Ch stages, having different numbers of state
‘; b ’ variables. Accordingly, the described re-

Fig. 4. Temperature curves with control points of the reduced and full

duction algorithm is complicated by solving
the problem of combining reduced models.

“under fire” chamber models: @ — workpiece No. 1; b — workpiece No. 2

Temperature curves with control points of the reduced
mathematical models show good results despite the complex
processes taking place at this stage. It can be seen that the
curves of the reduced and full models are almost identical
and partly overlap.

6. Discussion of the results of reduction of the
mathematical model of the process of burning carbon
products

The obtained results of the accuracy of the reduced
mathematical model can be characterized by the choice of
the permissible error of reproduction ey.x=0.1, and then
both the possible number of first basis vectors and structure
of the model. In this case, these parameters were taken from
the author’s considerations.

One of the advantages of the proposed solution is the
possibility to choose the necessary model structure directly
when developing the reduced model.

7. Conclusions

1. Using the initial complex models, temperature fields
for three main stages of the process of baking carbon prod-
ucts were obtained. By means of singular value decomposi-
tion, the values of the basis vectors were obtained. As a result
of the estimation of approximation quality, it was found
that the use of more than 15 basis vectors in this work was
impractical.

2. For each of the baking process stages, identification
of optimal model structures was carried out. The results
of the influence of the number of first basis vectors on the
accuracy of reproduction of temperature images are given. It
was found that for all the key stages of the baking process,
structures No. 15 coped with the task best of all.

3. The study of the accuracy and adequacy of the de-
veloped models was conducted. The results of the study of
the models showed their high efficiency. The mean absolute
error is about 10 °C, the mean relative error is 2—-3 %, and
the normalized mean absolute error ranges from 0.8 to 1.1 %.
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Haegedeno pesyavmamu excnepumenmanivhux pooim 3
00CTOIHCEHHS CYWIHHA WINbHOZ20 WAPY 3epHa 13 3acmocy-
BAHHAM MIKPOXBUNIb0B020 Hazpieanns. /{nsa ouinku edex-
MUBHOCMI BUKOPUCMAHHSA eHePeii MIKPOXBUNbOB020 NOJS
sueuascs psaod cnocobie nideedenns mennomu 00 3epua.
Hocaidxiceni MiKpOX6UIb06Uil, MIKPOXGUTILOBUN NYJAbCY-
104U, MUKPOXBUTLOBO-KOHBEKMUBHUY UUKTITUHUI 13 NPO-
0Y6K010 Wapy Hazpimum NOMOKOM NOGIMPs U NOSIMPAM
0e3 nonepednvoz20 nidiepiey, 00HOUACHUU MUKPOXEGUTILO-
80-KOHBEKMUBHUU CNOCOOU CYWIHHSA.

Hocnidacenns Kinemuxu CYywinnsa 6 MIKPOX6UTbOBOMY
noJli NOKA3an0, Wo NPouec MoHCHA PO30LIUMU HA nepio-
ou npoezpiey (nyavosuii), nocmiinoi (nepwwuii) i nadaio-
40i (Opyeuii) weudxocmi cywinus. Ifi nepioou xapaxmep-
Hi O/ CYWIHHS KOJIOTOHUX KANIAAPHO-NOPUCIMUX Mill NPU
iHmux cnocooax nidsedenns mennomu. Ha niocmasei y3a-
2aNIbHEHHSL eKCRePUMEHMANLHUX 0AHUX N0 00CTIOIHCEHHIO
CywKu 3epHa peuKu, AUMeH10, 6i6Ca Mma NUeHUUi ompu-
MAHO eMNIpuMHi 3ANeHCHOCME 0Nl WEUOKOCMI CYWIHHSA
i cepedHboi memnepamypu 3epHa 6 nepuomy nepiooi.
IIpedcmasneni xinemuuni 3anexcHocmi 6 6e3po3IMipHOMY
8u2A0i, Y3a2anbHI010%L 0aHi N0 00CTIOHCEHUM 3EPHOBUM.

Komnnexcni docniocenns pisnux cnocooie nioseodet-
M5l MenJomu npu CYwiHHi CMABUNU Memol0 GU3HAUEH-
HSL ONMUMANLHO20 CROCOOY U PAUIOHATILHUX PEHCUMHUX
napamempis, wio 3adezneuyiomv 6UCOKY THMEHCUBHICHL
npouecy U HeoOXiOny sKiCmb 20m06020 nNPooyKmy npu
MinimanvHux enepzosumpamax. /{ns 3abesnenenns 6ipo-
2idnocmi 3icmaeyents 6ci 00CHIONHCEHH NPOBOOUNUCH 6
i0enmuunux ymoseax 3 00Hi€i U Mi€ro JHce 3¢PHOBOIO KYJb-
mypoto (0ogec). Busnaueno, wo xpawum € oonouachuil
MUKPOXBUTHO60-KOHBEKMUBHE NiD6e0eHHs eHepeii, npu
UbOoMYy nonepedniil nidiepie nosimps ne nepeddbaracmocs,
3A605KU MOMY MIHIMI3YIOMbCA NUMOMI BUMPAMU eHepeii.
Excnepumenmanvii 00CaAi0HCEHHA CYWIHHA 13 3ACMOCYEAH-
HAM MIKPOX6UNBbOBOZO NOJIL 0AIOMb MOJCAUBICMb Niidpa-
mu HeoOXIOHI napamempu npouecy: NOMYMCHICMb, memn
Haepieanus, macy i Qpopmy 3asanmascenns. Ha niocmaei
uux danux nepeoddaracmocs po3podKa mexnHonoe2ii cywin-
Hsl 3epHa i3 3aCMoCcy8anHiM eHepeii MiKpoXeUuIb06020 NOAA

Knrouoei croea: mikpoxsuivose nazpisanus, MuKpo-
X6UNbOBO-KOHBEKMUBHUI, 60J10208MicCm, meMnepamypa,
WEUOKICMb CYWIHHA, ONMUMATLHUU CNOCIO
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However, we can eliminate the disadvantages using micro-

wave-convective heat supply [1, 2]. We obtained convincing

Convective dryers are the most common for grain drying
currently. They have a series of significant disadvantages.

evidence of applicability of microwave technology and feasi-
bility of development of microwave dryers. There is success-




