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Computer-integrated system for controlling the wear resistance
of heat exchange tubes of solid fuel boilers with the distribution
of coal flows between control influences
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National University "Odesa Polytechnic

Abstract : This article presents the development of a computer-integrated control system for optimizing
the wear resistance of heat exchange tubes in solid fuel boilers. The proposed model accounts for the quality
and abrasiveness of solid fuel, which significantly impacts boiler efficiency and maintenance costs. The sys-
tem integrates two independent monitoring channels: one assessing the chemical composition of the fuel and
the other analyzing the abrasive content in flue gases. By dynamically adjusting fuel distribution, the system
minimizes erosion of heat exchange surfaces, prolongs the operational lifespan of boiler components, and
reduces downtime. Simulation results confirm the system’s effectiveness in enhancing thermal efficiency and
operational stability. The proposed approach offers a viable solution for improving the reliability and sus-

tainability of solid fuel energy systems.
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Introduction

Coal is the second largest source of primary en-
ergy after oil and occupies almost 26% of the world
energy market. In addition, coal is of primary im-
portance in the production of electricity, cement and
steel. Approximately two-thirds of the world's coal
production is spent on electricity production and
about 15% is used in the metallurgical industry [1-
2].

The total annual world coal production is 7,813
million tons. The main world leaders in coal produc-
tion are: China, India, the USA, Indonesia and Aus-
tralia. The top ten largest coal consumers are also
headed by China, followed by India, the USA, Ger-
many, Turkey and South Africa. The main feature of
this type of fuel is that approximately 80% of the
coal produced is used in the country of its produc-
tion, in contrast to natural gas — 68% and oil — 42%.
This fact can be explained by the lower energy den-
sity of coal compared to gas and oil, as well as sig-
nificantly higher costs for its transportation [3-5] .

The main problem of coal use is slag formation
and ash deposition, as well as the process of dust
erosion of the tube surfaces of steam boilers and
auxiliary thermal equipment [6,7] .

However, despite the above-mentioned "disad-
vantages"”, the role and significance of coal in global
industry remains very significant.
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1. Problem justification

The problem of wear resistance of the surfaces
of heat exchange tubes of solid fuel steam boilers of
domestic thermal power plants is very important,
since it determines the reliability and duration of
uninterrupted operation of power equipment.

Premature repair of elements of this nature re-
quires considerable time and, especially in today's
conditions, can significantly affect the stability of
the power system of our country [8,9].

To date, computer-integrated control systems
(CICS) of power units of thermal power plants use
models that take into account the condition of the
surfaces of heat-exchange tubes of steam boilers.
The arguments of the model are the characteristics
of the quality of solid fuel provided by the supplier
of this fuel. However, in fact, the service life of
screen and heat-exchange tubes differs significantly
from the term obtained during modeling. This fact
can be explained by the discrepancy between the
abrasive component of coal at the time of unloading
to the warehouse and its amount formed during coal
combustion [8,9].

The solution to this problem is possible by im-
proving the load control system of a solid fuel steam
boiler with two independent channels for monitoring
the condition of the surfaces of the heat exchange
tubes of the boiler unit. In this case, one channel will
detect the compliance of the chemical composition
of the fuel with the specified one, and the other will
detect the abrasive component in the flue gases after
coal combustion.
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Therefore, the purpose of this article is to im-
prove the computer-integrated control system for the
wear resistance of heat exchange tubes of a solid

Table 1
Solid fuel consumption at TPPs

fuel steam boiler by introducing the distribution of Electrical Fuel con- Consgmptlon
: ) TPP | power, sumption, million
solid fuel flow between control influences, unload- MW Ka/s tons/vear
ing conditions, and solid fuel quality analysis . g y
2. KISU model of wear resistance of heat A 3600 290.32 9.16
exchange surfaces Az 3600 290.32 9.16
The first and main problem of wear resistance As 2400 193.55 6.10

of heat exchange surfaces is the fact that the actual
quality of solid fuel and the quality characteristics
specified in the transport documents do not match.
The lack of proper coal quality control forces the
personnel of thermal stations to use fuel of inade-
guate quality, which leads to such negative conse-
guences as abrasive wear of the surfaces of heat
exchange pipes.

Previous studies show that it is possible to con-
trol the wear resistance of heat exchange surfaces by
timely accounting for the abrasive impurity con-
tained in the solid fuel. Such a system can be based
on the distribution of the solid fuel flow between
control influences and unloading conditions, as well
as checking the quality of coal received from suppli-
ers [10].

2.1. Transport problem of solid fuel supply

To construct the transport problem, Zaporizhia,
Vuglehirska, and Burshtynska TPPs were selected,

which operate on solid fuel and are respectively
designated A, A, and Aas.

Suppliers are mines of the Donetsk coal basin
(except Volynvugol and Lvivvugol ). The case of a
coal shortage on the domestic market was also taken
into account. In this case, South Africa was chosen
as the coal supplier.

The distances from the ports of the Odesa re-
gion (TIS port and Pivdenny port ) to the selected
TPPs are, respectively: to Zaporizhzhia - 555 km, to
the city of Svitlodarsk (Vuglehirska TPP) - 845 km,
and to the city of Burshtyn - 764 km.

The cost of transporting coal from the mines of
the Donetsk Basin is shown in Table 2. Taking into
account the relative cheapness of coal from South
Africa (2,724.96 UAH per ton), as well as the loca-
tion of the port of Pivdenny in relation to the select-
ed thermal power plants, the scheme of importing
coal from South Africa turns out to be cheaper and
more profitable in terms of procurement.

The transport problem was solved taking into
account the annual needs of the thermal power plant
and the annual production of the selected mines [11].

Table 2

Cost of transporting coal per year from each mine, million UAH.
127.1801847 45.53740265 25.05064244 0.525 B: | Volyn coal
744.1657721 733.8540063 112.856549 2.9655 B> | Lviv Coal
66.7066685 19.85776548 242.3418564 0.998 Bs | Myrnograd-coal
101.2467087 34.75224867 350.532524 1.4165 B, | Selydiv-coal
185.097695 65.47338679 610.4285685 2.5483 Bs | Dobropillya town
62.04281552 6.4617811 8.502343553 0.2515 Bs | Sosnivka
61.55068896 19.52414327 221.7148473 0.8565 Bz | Vugledar town
71.45735598 80.15046498 156.475962 0.9 Bs | Alexandria city
628.2408455 585.0998432 3084.581662 13.9575 By | Pavlohrad city
A A, As Z SAn=2B n=24.42

The assessment of coal transportation for three
selected TPPs  (Zaporizhzhia, = Vuglehirska,
Burshtynska) showed that coal imports from South
Africa, despite its lower quality and transportation
time, can be a significant support in case of fuel
shortage. The study shows that even taking into ac-

count the additional costs of coal enrichment to re-

duce ash content, it is still economically beneficial
due to savings from reduced equipment wear. In
addition, the optimal transportation plan determin-
esthe most efficient distribution of coal from differ-
ent mines and the South African supplier to the TPP.
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2.2. Mathematical model of the parametric
scheme of a solid fuel boiler

The mathematical model is built on the basis of
equations (2.1) and a parametric scheme (Fig. 1).

[ W = Wenricn (Ad' VpurCh)
L= Llog (x; VpuTCh)
C = Crpp(Ad, Toquip)

T = Tequip (Ad: Vpurch)
V= Vpurch (Ad)

ZTPP = (2.1)

where Wenrich (Ad, Vpurch ) — a function describing the
costs associated with the fuel enrichment process,
depending on Ad and the purchase volume Vpurch ;

Liog (X,Vpurch ) — @ function describing the costs
associated with logistics, depending on the volume
of purchase (Vpurch );

Vpurch (Ad) — function of determining the re-
quired volume for purchase taking into account the
abrasiveness of the fuel;

Crep (Ad, Teqip) — a function describing the
costs of a thermal power plant associated with envi-
ronmental pollution, repair and replacement of
equipment due to the operation of highly abrasive
fuel, depending on the operation time before an ur-
gent stop for repair;

Tequip (Ad, Vpurch ) is a function for calculating
the time of current operation before repair.

Taking into account the system of equations
(2.1) and the CISU scheme, the system of equations
of the mathematical model took the form:

Msl = Mfa1 + Mfaaz + MAda3;

Mioss = Mgby + Mg by + Mygbs;

Vies = Mfcl + MyesCy + Mepc3;

TOp = Mfdl + Mfadz + MAdd3 +
+Myesdy + Mepds;

LN = Mfe1 + Mresez + Mene3.

(2.2)

where are ap, by, ¢,, dpy,, epconstant coefficients,n =
1,3; m = 1,5;
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Fig. 1. Scheme of the KISU wear resistance of heat exchange surfaces of a solid fuel boiler
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M; — fuel consumption, kg/h;

M,,,— consumption of enriched fuel, kg/h;

M,..s— reserve fuel consumption, kg/h;

M; - ash consumption, kg/h;

M ad — fuel ash content, %;

Mg;— consumption of the total amount of ash-slag
pulp, kg/h;

Top— operating time before replacing heat ex-
changer tubes, hours;

M,,ss— carbon losses due to the discrepancy be-
tween the declared and actual ash content, which
necessitates enrichment or use of reserves, kg/h;

V;.os— fuel stock in reserve warehouse, t;

N — power of the station, MW.

The parametric diagram of a solid fuel steam
boiler is built based on three main indicators: the
current volume of solid fuel reserves, the operating
time of heat exchange surfaces before repair or re-
placement, and the current flow of fly ash (Fig. 2).

Ad

Mfuel
M pulp ash.
MTES
Merichm
I
Ty
e P

Vre 5

Texp.

A J

Fig. 2 Adapted parametric diagram of a solid fuel steam boiler

According to the parametric diagram of the
boiler unit shown in Fig. 2, the system of equations
(2.1) will take the form:

My o = Mg — Fy o(My, Aq)
Vies = Vo — Fen(Mf:Ad: Men)
Top = To — Fr(M;, A%,)
Mgsh — Mg =0
where M is the total ash consumption.
To study changes in the system over time, dif-

ferential equations were constructed based on sys-
tems (2.2) and (2.3), which are given below:

(2.3)

am
( d:d = (Mash + dMash) -
_(Msl + dMsl)

My
drd = dMysp — dMg;

Thus, the presented mathematical model of a
steam boiler describes the relationships between the
main parameters that characterize the wear re-
sistance of heat exchange surfaces, namely: solid
fuel and ash consumption, reserve stocks of solid
fuel, and operating time before repair of heat ex-
change surfaces.

(2.4)
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2.3. Fuzzy controller for controlling the wear
resistance of heat exchange surfaces

To build a fuzzy controller for controlling the
wear resistance of heat exchange surfaces, the fol-
lowing classification of solid fuel according to its
guality was adopted (Table 3). Coal quality classes

Based on the defined coal quality classes, con-
trol influences were established that correspond to
the defined solid fuel quality classes (Table 4).

Table 4
Correspondence of control influences to
coal guality classes

are divided according to the conditional clustering coal quality L
presented in [12] and can be classified as "Ideal”, | class controlling influence
"Good" or other based on test results.
Ideal Transfer to reserve warehouse.
Table 3 -
Classification of solid fuels by degree Good Use for burning.
of abrasiveness Partially enrich or mix with
Normal
Ad Fuel quality class reserve. : _
Unsatisfied Enrich, or enrich and mix with
5-9% Good Bad Mix with the reserve, or use only
the reserve.
9-16% Normal - ] ]
5 — Based on the defined solid fuel quality classes
16-30% Unsatisfied and their corresponding control influences, the pro-
30+% Bad posed regulation scheme is shown below in Fig. 3.
1 3
N —*  Reserve stock _|/\’/\'—=Mcl,.ﬁ.-.
M
: =
McA | | |4 Fuel enrichment X—M(_..A' Boiler A
-
Mz, Az
Y }
a
1 2 3 4
L T 1 A
Ml s e m e

Material flows (coal)

Information flows (coal consumption, amount of ash, capacitv)

Fig. 3 Scheme of regulation of wear resistance of heat exchange surfaces

The next step was to build a fuzzy controller
control system block, which is shown in Fig. 4.

The input values for the fuzzy controller were
selected as the abrasiveness of coal (Ad) and the
fullness of the reserve warehouse. As the control
influence of the controller, the distribution of the
coal flow by fractions in the following directions
was taken: replenishment of the reserve warehouse

(store) directly for burning (burning), enrichment
(concentrator) and rejection of the current coal and
use of the reserve (reserve _ out). The fuzzification
of the variables Ad and the volumes of the reserve
warehouse is shown in Fig. 5.

The control problem condition presented in Fig.
5 corresponds to the coal classes given in Table 3
and will influence the choice of control influence.
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Fig. 4 Scheme of the control unit of the fuzzy controller
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Fig. 5 Fuzzification of variables Ad and reserve stock volumes
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The flow distribution rules are programmed as
follows:

1. if (Ads is ideal (0-5)) and (store is full) then
(store is small)( burning is large)(concentrator is
small)(reserve_out is small);

2. if (Ads is ideal (0-5)) and (store is norm) then
(store is normal)( burning is normal)(concentrator is
small)(reserve_out is small);

3. if (Ads is ideal (0-5)) and (store is empty)
then (store is large)( burning is normal)(concentrator
is small)(reserve_out is small);

4. if (Ads is good (5-9)) and (store is full) then
(store is small)(burning is large)(concentrator is
small)( reserve_out is small);

5. if (Ads is good (5-9)) and (store is norm)
then (store is small)(burning is large)(concentrator is
small)( reserve_out is small);

6. if (Ads is good (5-9)) and (store is empty)
then  (store is  normal)(burning is  nor-
mal)(concentrator is small)( reserve_out is small);

7. if (Ads is norm (9-16)) and (store is full) then
(store is small)(burning is large)(concentrator is
small)( reserve_out is small);

8. if (Ads is norm (9-16)) and (store is norm)
then (store is small)(burning is large)(concentrator is
small)( reserve_out is small);

9. if (Ads is norm (9-16)) and (store is empty)
then (store is small)(burning is large)(concentrator is
normal)( reserve_out is small);

10. if (Ads is unsatisfied (16-30)) then (store is
small)(burning is normal)(concentrator is normal)(
reserve_out is normal);

11. if (Ads is bad (30-40)) then (store is
small)(burning is small)(concentrator is normal)(
reserve_out is large).

And the condition of the problem shown in Fig.
6 and Fig. 7 will affect the degree of replenishment
and use of the TPP reserve.
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Fig. 6 Defuzzification of the control influences “store” and “burning”
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Fig. 7 Defuzzification of the control influences "concentrator" and "reserve_out"

Using “ Rule Viewer ” the settings of the pro-
grammed rules were checked. The results of the
check are presented below:

- at Ad = 5%, and the reserve warehouse oc-
cupancy is 74.7%: the reserve warehouse occupancy
rate is 0.438; burning — 0.561;

- at Ad = 0.238%, and the reserve warehouse
occupancy is 26.1%: the reserve warehouse occu-
pancy rate is 0.501; burning — 0.5;

- at Ad = 7.2%, and the reserve warehouse oc-
cupancy is 71.8%: the reserve warehouse occupancy
rate is 0.0161; combustion — 0.814;

- at Ad = 8.81%, and the reserve warehouse
filling rate is 10%: the reserve warehouse filling rate
is 0.418; combustion — 0.511; enrichment — 0.35;

- at Ad = 15.8%, and the reserve warehouse is
100% full : the reserve warehouse filling degree is
0.0146; combustion — 0.36; enrichment — 0.285;

- at Ad = 39.1%, and the reserve storage is
100% full : the reserve storage filling rate is 0.0175;
combustion — 0.0183; enrichment — 0.331; reserve
fuel use — 0.673.

2.4. Simulation of the operation of a fuzzy
controller at different degrees of fuel abrasiveness

The developed fuzzy controller works by frac-
tional distribution of solid fuel flow directions. Of
significant interest is the operation of the controller
at different levels of abrasive materials contained in
coal.

Modeling of the regulator operation was carried
out for cases when Ad = 35% at a warehouse occu-
pancy of 90% and when Ad continuously increases
from 14% to 35% at a warehouse occupancy of
100%.

The case with a constant value of Ad = 35%
(Fig. 8 and Fig. 9) shows that most of the solid fuel
flow to the furnace will come from the reserve,
while the delivered coal will be distributed between
the furnace and enrichment.

For the case of a variable value of Ad , namely
a constant increase from 14% to 35%, the scheme
and results are shown in Fig. 10 and Fig. 11, respec-
tively.
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Fig. 8 Coal flow control scheme with a constant abrasive component of 35%
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Fig. 10 Coal flow control scheme with increasing abrasiveness from 14% to 35
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Degree of flow distribution

Time

Fig. 11 Results graph for the scheme from Fig. 10

The results from Fig. 11 can be commented on
as follows:

- At the initial Ad = 14% (system operating
time t o= 0 s), almost the entire fuel flow is directed
to combustion.

- With the system operating time t 1 =50 s, Ad
changes to 24%. As a result, the following distribu-
tion of the fuel flow will be the controlling influence
- half of the thermal coal is sent for combustion,
mixing with reserve fuel, and the rest for enrich-
ment.

- At the end of the experiment ('t , = 100) at
Ad = 35%, the largest share of the burned fuel will
be thermal coal from the reserve. In this case, coal
from the supplier will be partially burned and par-
tially sent for enrichment.

From the results of the simulation, it can be
concluded that with a consistent increase in the con-
tent of abrasive material in solid fuel, the flow rate
of reserve fuel increases, and the flow rate of ash
fuel decreases. Thus, this fact can contribute to re-
ducing the erosion rate of heat exchange surfaces of
the steam boiler from the flow of abrasive material
during fuel combustion.

Conclusion

This article considers the problem of wear of
heat exchange tubes of solid fuel steam boilers and
proposes a method for improving their wear re-
sistance using a computer-integrated control system.
The developed mathematical model allows taking

into account variable parameters of fuel quality, in
particular its abrasiveness, which significantly af-
fects the duration of operation of boiler equipment.

The simulation modeling confirmed the effec-
tiveness of the proposed system, which allows to
reduce wear of heat exchange surfaces, optimize fuel
consumption and reduce operating costs. The use of
two independent fuel quality control channels con-
tributes to more precise regulation of the combustion
process and minimizes the negative impact of low-
quality fuel.

The results obtained can be used to further im-
prove automatic control systems for boiler units,
which will contribute to increasing the efficiency of
thermal power plants and reducing their environ-
mental impact.
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MOBEPXOHb TENJI000MiHHMX TPY0 TBepaAONAJIMBHUX KOTJI0arperarTis
3 PO3MOiJIOM MOTOKIB BYT'UIJIAA Mi’K KEPYIOUYMMH BILNIMBAMU

M. B. I'pitnn, O. C. Tapaxriii, I'. . I'ananrtep
Hayionanenuii ynisepcumem «Odecvka nonimexnixay

Anomauia. Y cmammi posensnymo npoonemy 3H0COCMIUKOCMI Menio0oMiHHUX mpyo meepoonaiueHux
napogux KOmiuie, W0 € 8aANCIUGUM ACNEKMOM NIOBUWEHHS eheKMUBHOCTNI MA HAOTUHOCII eHepeemUuiH020
obnaoHanus. 3anponoHO8AHO KOMN IOMEPHO-IHMEeZPOGaHy CUCMeEMY YNPAGIIHHA, AKA 6PAX08YE 3MIHHI napa-
Mempu AKOcmi naauea, 30Kpema to20 XiMiuHull ckiad ma abpasuenicme. Bukopucmanns makoi cucmemu
00360.715€ 30ILCHIO8AMU MOHIMOPUHE SIKOCHT NAIUBA 8 PENCUMI PEANbHO20 HACY, WO € KPUMUUHO 8ANCTUBUM
0 MiHIMi3ayii npoyecise eposii ma nPoo0BICeHHs MePMIHY eKCHIYamayii KomeabHo20 001a0HAHMHS.
OchosHo10 0CcOoOMUBICMIO 3aNPONOHOBAHOT MOOENI € GUKOPUCAHHA 080X HE3ANEHCHUX KAHANIE KOHMPONIO
axkocmi meepdozo nanusa. llepuwiuii kanan 8ionogioae 3a GU3HAYEHHs 8i0N0BIOHOCI XIMIUHO20 CKIA0Y NANU-
64 3a58NICHUM XAPAKMEPUCIMUKAM, WO 00380JIE NPOSHO3YEAMU PIGeHb YIMBOPEHHS BIOKIA0CHb | 3A0PYOHEHb.
Lpyauii kanan 30iticnioe ananiz emicmy abpasuGHUX YACMUHOK ¥ OUMOBUX 2a3aX NICs CRATIOBAHHS GY 2,
wo be3nocepeoHbo BNIUBAE HA WBUOKICMb 3HOUIEHHS MENIO0OMIHHUX NOBEPXOHb. 3a60aKU iHmezpayii yux
060X nioxo0dig cucmema 3abe3neyye mourne ma adanmuene pecyiio8anHs pelcumie pooomu Komaa, MiHimi-
3YI04U 6NIUG HUZLKOAKICHO20 NANUBA HA 3A2ATIbHY NPOOYKMUGHICIE KOMA0ASpe2amy.
3anpononosana cucmema maxodic 6KIIOUAE MAMEMAMUYNY MOOeNb O OYIHKU 008208IYHOCI MENI00OMIH-
HUX mpy06 3a1eJ4CHO 8I0 XapaKmepucmuxk namea ma ymoe ekcniyamayii. Peanizosano ancopumm pos3nooiny
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NOMOKI8 NANUBA MINC OCHOBHUMU KEPYIOUUMU BHAUBAMU, WO OdE 3MO2Y ONMUMI3Y8AMU Npoyec 20PiHHA,
SMEHWUMU 301bHICb 8i0X00168 MA NIOSUUMU eqheKMUBHICIb GUKOPUCTNAHHS eHep2emMUYHUX PecypCis.
Pesynomamu imimayitinoco mooenoeants niomeepounu ephekmusHicms po3podieHol cucmemu: 80an0cs
CYMmMeEBO 3MEHWUMYU WUOKICMb epo3ii meniooOMiHHUX mpyo, OnmuMizyeamu CHOJNCUBAHHS NAAUBA MA
SHU3UMU SUMPAMU HA MeXHiuHe 00Cny208y8anHs. Bukopucmanua makozo nioxody oae 3mo2y 3smeHuumu
npocmoi KomenbHo20 00NAOHAHHA, NIOBUWUMU CMAOIILHICMb POOOMU eHepeeMUUHUX CUCTNeM [ 3HUSUMU
He2amusHUll eKo02IYHULL 6NIIUE.
3anpononosana cucmema ynpasninHa Modxice OYmu UKOPUCMAHA SIK OCHO8A Ol NOOAIbULO20 80OCKOHAIECH-
HA A8MOMAMU308AHUX PilleHb V chepi KOHMPONIO 3HOULYBAHHA MaA e(eKkmusHocmi pobomu meepoonaiue-
nux komaie. Ii enposadaicenns 003601umo 3HaUHO NIOBUWUMU HAOIIHICMb eHEPeMUYHUX YCMAHOEOK, 3Hl-
3UMU eKCNYAMAYitiHi UMpamu ma nPoOOBXHCUMU MEPMIH iIXHbOI CyHcoU, Wo € aKmyarbHuUM 3A80aAHHAM
OJ151 CYHACHOI eHepeemuKu.

Knrouoei cnosa: meepoonaiunuii naposuii Komej, SKiCmMb meepoo20 RAIUBO, KOMN TOMepHO-
iHmezposana cucmema YNpAaeiiHHs, 3HOCOCMIUKICIb MeNni100OMIHHUX NOBEPXOHb, AOPA3UBHICMb MEEPO020
nanusa.

Otpumano 04.02.2025
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