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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. The article discusses key aspects of preparing fuel components for
efficient combustion in boiler units. The main challenge lies in ensuring complete
and stable combustion of pulverized fuels while minimizing ignition energy costs
and reducing risks of incomplete combustion, which can cause tube slagging and
lower overall efficiency. The topic is highly relevant due to the need to improve the
performance of thermal power plants and adapt to fuels with varying characteristics.
The study analyzes coal dust mixture preparation, focusing on mixing processes,
dispersion, and the influence of aerosol concentration and primary air temperature
on fuel burnout rates. Theoretical methods were employed to evaluate combustion
dynamics, including particle burnout time estimated with Nusselt and Blinov
formulas, which incorporate diffusion effects, flame aerodynamics, and reaction
kinetics. Key factors such as grinding fineness, excess air ratio, and furnace
temperature were investigated. A core hypothesis is that a compact rocket burner
generating a supersonic, high-temperature flame significantly improves ignition
stability and combustion efficiency of pulverized coal. Results indicate that
optimal conditions are achieved at an excess air ratio of a = 1.2-1.25 and with a
properly dispersed mixture. The developed thermal tool ensures reliable ignition
with minimal specific energy consumption, enhances combustion stability, and
increases the efficiency of boiler units. The results obtained can be used in practice
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to modernize pulverized coal combustion systems at thermal power plants, as
well as in the design of new boiler plants that require stable and economical fuel
combustion.

Keywords: combustion, thermal tool, shock waves, fuel components, boiler
unit
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AHHoOTanmusA. Maxkanana Ka3aHIBIK arperarTapblHIa OTBIHIBI THIMII JKary
YIIiH OTBIH KOMITOHEHTTEPiH JTalbIHIAyIbIH HET13T1 acleKTiJiepi KapacThIPhLIa b,
Heri3ri MiHAET — YHTaKTaIFaH OTHIHABI TYTAC )KOHE TYPAKTHI JKaFy/Ibl KAMTaMachI3
eTy, TyTaHyFa KETeTiH OSHEprusl HIBIFBIHBIH OapbIHIIA a3alTy J>KOHE TOJBIK
’KaHOay KaymiH TeMeHJeTy, Oyl KyObIpIapIblH KOXKJaHybIHAa >KOHE >KaJIIbI
naiganel ocep kod(ppUIMEHTIHIH TOMEHJIeyiHe OKellyl MYMKiH. Byl TakeIpbIm
KBUTY 3JEKTpP CTAaHIUSUIAPBIHBIH OHIMIUIITIH apTTHIPY JKOHE OPTYPJIi CHMATTaFbl
OTHIH TYpJepiHe OeiiMIeny KaKeTTUTliriHe OalIaHBICTBI ©3€KTi OOJBII OTHIP.
3eprTeyae KeMip YHTaFblHAH KOCHa JaiblHIAy TajlAaHaabl, dcipece apanacThlpy
IpoLecTepi, JUCHEPCTUIIK JKOHE a’POCMECh KOHIEHTPALMACHI MEH OacTaIKbl
ayaHbBIH TEMIIEPaTyPaChIHBIH JKaHy *KbULIaMJIBIFBIHA dcepi KapacThIpbuIabl. JKany
JTMHAMHKACHIH Oaranay YIIiH TEOPHUSUIBIK SJICTep KOJIAHBUIIBI, COHBIH IIIiHIIE
OenmekTep/iH JXaHy YakbIThIH IU(dy3us ocepiH, KallbIH a’pOIUHAMHKACHIH
’KOHE peakIMs KHHETHKachlH eckeperiH Hyccenst men bmwHOB dopmynamapsi
OOHBIHINIA ecenTey. ¥ HTaKTally I9peKeci, apThIK aya KOA(PGUITMESHTI dKOHE TOTTHIK
KaMepa TeMIleparypachl CHUSKTHI Herisri (akropmap 3eprreni. Herisri runoresa
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— aca KOFapbl TeMIIepaTypasbl IbIOBICTaH XbUIAAM >KaJIBIH TY3€TiH BIKIIAMIbI
3BIMBIPAH/IBIK OTTHIK KOMIp YHTAFbIHBIH TYTaHy TYPAKTBUIBIFBIH JKOHE >KaHy
TUIMJIUTITIH  afTapibIKTail apTThipanbl. HoTwkenep KepCceTKeHIEH, OHTAMIbI
mapTTap apTeiK aya koddduimenti o = 1,2-1,25 ke3iHge koHE KOCIAHBIH JIYPHIC
aucriepeTi OeniHyiHAEe KaMTaMmachl3 €TiIeAl. O3ipJeHreH TepMOKYpal CeHiMIi
TYTaHy/bl MUHAMAJIZbl MEHILIIKTI HEPTHS MIBIFBIHBIMEH KaMTaMachl3 €Till, JKaHy
TYPaKTBUIBIFBIH JKaKCapTaAbl XKOHE Ka3aHJBIK arperarTapblHbIH Maiiianbl acep
K03(GUIMEHTIH apTThIPabl. AJBIHFaH HOTHIKEJIEP JKBUTY JICKTP CTAaHLIMSIIAPbIHIA
LIaH KeMipiMEH JKary KyHenepiH aHFbIPTY YILUiH, COHIAH-aK OTHIHHBIH TYPaKThl
KOHE YHEMJI >KaHYBIH Tajall eTeTiH ’KaHa Ka3aHAbIK KOHJIBIPFBIIAPBIH KoOanay
Ke31HJe MPaKTHKa/a Mai1atanblTybl MYMKIH.

Tyiiin ce3mep: >xaHy, TepMO KypaJl, COKKbIJIbI TOJKBIH, OTHIH KOMIIOHEHTTEPI,
Ka3aHIbIK arperar
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AHHoOTanusi. B crarbe paccMaTpuBaIOTCsl KIIOYEBBIC ACTEKTHI MOATOTOBKU
TOIIMBHBIX KOMIIOHEHTOB JUIs 3()()EKTUBHOTO CKHUTaHMS B KOTEIBHBIX arperarax.
OcHoBHas 3a/1a4a 3aKIIFOYAETCsl B 00€CIICUCHUH TTOJTHOTO ¥ CTa0MIIBHOTO COKUTaHUS
MBIJICBUIHBIX TOIJIMB NP MHUHMMH3ALMM 3aTpaT SHEPTUH Ha BOCIIAMEHEHHE U
CHIYKCHUH PUCKA HETIOTHOTO CTOPaHHsI, KOTOPOE MOXKET MPUBECTH K 3aIIITAKOBAHHIO
TpYO M CHIKEHUIO 0011ero ko3 UIMEeHTa NONE3HOro IeHCTBUS. DTa TeMa BeChbMa
aKTyaJIbHa B CBS3M C HEOOXOAMMOCTBIO TOBBIICHHS TPOU3BOUTEIbHOCTH TETIIIOBBIX
SNEKTPOCTAHIMHA M afanTaldd K TOIUIMBY C Pa3JIMYHBIMH XapaKTEPHCTHUKAMH.
B wuccriemoBaHnM aHanM3MpyeTcs MPUTOTOBICHHWE NBUICYTOJIBHOH CMECH C
yAeJleHneM 0co00ro BHUMAaHHS MpoleccaM CMELIMBAaHUS, IUCIEPCHOCTH U
BJIIMSHUIO KOHLEHTPAMU a’3pOCMECH M TEeMIIEpaTyphl MEPBHYHOIO BO3AyXa Ha
CKOPOCTb BBITOpaHMS TOIUIMBA. [ OLEHKM AMHAMHMKHM TOPEHHS MCIOIb30BaHbI
TEOPETUYECKHE METOIBI, B TOM YHCIIE PAacu€T BPEMEHM BBITOPAHUSI YaCTHILl IO
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¢opmymam Hyccenbra m brawHOBa, KOTOpBhIe YYUTHIBAIOT 3(D(eKThl muddy3nun,
a’POMHAMHUKY TUIAMEHH W KHUHETHUKY peakiuu. VcciienoBaHbl Takue KITFOUYEBHIE
(hakTOpHI, KaK TOHKOCTh MTOMOJIA, K03 PHIMeHT N30BITKA BO3yXa U TeMIleparypa
TOTIOYHOUM Kamepbl. OCHOBHAsI THUIOTE3a 3aKIIOYACTCSl B TOM, YTO KOMIIAKTHAS
pakeTHas TOpelka, TeHePUPYIOIIasi CBEPX3BYKOBOE BBICOKOTEMITEPATypHOE TIIaMsl,
3HAYUTEIBHO TMOBBIIAET CTA0MILHOCTh BOCILUIAMEHEHHS H 3(PPEKTHBHOCTH
CTOpaHUs YroJbHOW MBUTH. Pe3ynbTaThl MOKa3bIBAIOT, YTO ONITUMAIIBHBIE YCIOBUS
JOCTUTAFOTCS IPY KO3 PHUIHEeHTe N30bITKa BO3ayxa o= 1,2-1,25 v ipu Ha pIexkaiieM
pacrpefieNieHu CMECH M0 AMCIIEPCHOCTH. Pa3paboTaHHBIN TEPMOMHCTPYMEHT
oOecrieuynBaeT Han&KHOE BOCIUIAMEHEHHE TIPH MHUHUMAIBHBIX  YAECITBHBIX
SHEprosarparax, MOBHIIIIAET CTAOMIEHOCTh TOPSHHS U YBEITUYNBAET KOAPPUIIHESHT
TMTOJIE3HOTO JICWCTBUS KOTEIBHBIX arperatoB. [lorydeHHbIe pe3yapTaThl MOTYT OBITh
WCTIOJTH30BAHBI Ha TIPAKTUKE JIJIST MOJICPHU3AIINU CUCTEM IThLIEYTOIIEHOTO CYKUTaHUS
Ha TETIOBBIX 3JIEKTPOCTAHIIMSIX, a TAKKE TP MPOSKTUPOBAHUH HOBBIX KOTEIIBHBIX
YCTaHOBOK, TPEOYIOIINX YCTOHYNBOTO U IKOHOMHUYHOTO TOPEHUS TOTUIHBA.

KuaroueBbie c1oBa: ropeHre, TEPMOMHCTPYMEHT, YIapHbBIC BOJTHBI, TOTUTHBHBIE
KOMITOHEHTHI, KOTJIearperar

Introduction. Combustion is a chemical process of interaction between
a substance and an oxidising agent, accompanied by intense heat release. A
characteristic feature of the combustion process is the rapidity of the reaction. This
distinguishes combustion from other oxidising processes with slow heat release.
The role of oxidising agent in boiler plants is played by atmospheric air oxygen
(Reznyakov et al., 1968; Babii et al., 1986: 54; Ustimenko et al., 1982: 30).

In order for each fuel particle fed into the furnace to meet a sufficient amount of
oxidant for combustion, it is necessary to prepare a mixture of fuel and air (Boiko,
2005: 76; Leithner et al., 2003: 84).

There are two principles of mixture formation: kinetic (Figure 1, a), diffusion
(Figure 1, b).

Fuel Fuel

/
l

Air

VAN
NESN N RSN

Figure 1 — The scheme of the formation

Under the same principle, the mixture of fuel and air is homogeneous in the
mixture of water and water. After that, the mixture is fed into the furnace, where
it ignites and burns. With this principle of combustion, the combustion rate is
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determined mainly by the rate of reaction and does not depend on the rate of supply
of oxidizer (Leithner, 2006: 25).

With the diffuse combustion principle, fuel and air are fed into the furnace
separately. In this case, the rate of combustion is greater than the rate of combustion
is no longer determined by the rate of reaction, but by the rate of supply of oxidizer.
When using the kinetic principle of combustion, the main factor is the rate of
expansion of the flame, i.e. the speed at which the ignition front is moving in the
flow. In contrast to the layer-by-layer process, the process is not characterized by a
sudden movement of the fuel cells together with the gas-air flow, which transports
them through the furnace chamber in a suspended state. In order to ensure complete
combustion of the fuel in the suspended state, the time limits for their combustion
are limited (1-2 seconds), the fuel particles are changed to a dusty state. The speeds
of these specks of dust are very small, and the impact of the flax is enormous. For
example, coal dust at a diameter of 30 microns has a specific gravity of 500 m%/kg
and a wind velocity of 3.5%10° m/s. Due to the low velocity of the wind, the dust
flows with the flow of the gas at a speed equal to the speed of the gas. Consequently,
in the facial processes, the rate of dust particle rotation is almost zero (Bejarano et
al., 2008: 270).

In order to give the torch sufficient stability in the sense of the absence of
phenomena of coarse separation and evaporation of large particles on the surface,
of the order of tens and hundreds of microns, different grinding is recommended for
different fuels. That is, the windage of the ships is extremely developed (Khatami
etal., 2012: 1254).

The high rate of dust particle rotation leads to a deterioration in the conditions of
turbulent exchange due to the behavior of coal dust particles. But this is not the case
in any computer: there is a significant increase in molecular diffusion (the diffusion
coefficient for fine dust is higher); there is a significant decrease in the amount of
fuel in each speck of dust; there is a significant decrease in the amount of particles
of non-natural shape, which is due to the dust particles pulsate and turn on the line
(depending on the position in the flow) (Hunt et al., 1995: 118).

Materials and methods of research. The flare process is characterized by a
negligible amount of fuel in the furnace (unlike the layered one). This leads to
inertia-free process, and therefore to extreme sensitivity to adjustment and various
disturbances (operation of the feeder, etc.).

During dust combustion, each particle of fuel goes through the same sequential
stages as with the layered combustion method, namely:

1) heating of a mixture of air and dust to the ignition temperature (heating,
drying, gasification);

2) the actual combustion process of volatiles and coke.

The first way to reduce the flame length is to reduce the I part. The following
methods can be used to accelerate the preparation process:

1) reducing the amount of primary air;
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2) increase in its temperature;

3) reduction of dust humidity;

4) increase of temperature in the furnace.

The required air heating temperature depends on the quantity and quality of
volatiles contained in the fuel. Studies have shown that at an air temperature of
900°C, ignition for all fuels is almost instantaneous. The faster the ignition occurs,
the better the volume of the furnace will be used, the better the coal particles will be
burnt out, the less will be the loss of g,. This is especially important when burning
fuels with low volatile yield. Therefore, when burning anthracite and lean coal,
high air heating (400-450°C) is used to shorten the ignition path. At the same time,
the amount of primary air is reduced to 15-17 % of the total amount (Doroshchuk
etal., 1979: 138).

In modern boilers the furnace chambers are covered with screens. The screens,
absorbing heat, reduce the flame temperature and slow down the combustion process.
Therefore, when burning fuels such as anthracite and lean coal, the furnace chamber
walls (screens) are covered with incendiary belts at some distance. This increases
the temperature in the furnace at the place of dust-air mixture exit and intensifies
the preparatory processes. When the boiler load is reduced, the temperature in the
furnace chamber drops. Practice has shown that there is a minimum boiler load,
below which combustion becomes unstable due to low combustion temperatures.
For anthracite, for example, the minimum load based on combustion stability is 50
- 60 % of the nominal load (Kuang et al., 2013: 5520).

The dust burnout rate depends on:

1) the fineness of grinding;

2) the aerodynamics of the furnace;

3) temperature in the furnace.

Since the relative velocity of dust particles in the flare is small (0.5-0.7 m/s),
the combustion of dust in the flare is almost similar to combustion in a stationary
medium.

Assuming that the combustion of a dust particle occurs in a relatively stationary
medium, Nusselt proposed a formula for the theoretical time, s, of combustion of
a dust particle:

— ¥ravy

T = 144 P (1)
where r, - the partial radius of the particle;
y — specific carbon weight;
v, — is the thermal volume of air required for complete combustion of 1 kg of

fuel, nm®*/kg;

D, — diffusion coefficient, m*/h;
T  — the average temperature of the medium in K,
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Tow =17 (2)

where T, — temperature of the external surface of the burning powder;

T, - temperature of the surrounding air.

The formula shows that the time of complete combustion is proportional to the
square of the particle size and inversely proportional to the temperature.

The actual combustion time can be obtained from the Nusselt combustion time
by correcting for the excess air factor:

T, = Tof (@) 3)

The actual time of complete combustion decreases with increasing o. Nusselt's
formula is not quite accurate due to a number of simplifications (dust is spherical,
the law of heat transfer for a stationary medium is applied, etc.). Nusselt's formula
is theoretical, not verified by experience. Nusselt considered the process of
combustion of a single particle and took into account only diffusion without taking
into account the kinetics of the process. He assumed that combustion occurs only
on the surface of the particle. Blinov proved that combustion takes place also in the
pores of the fuel.

In addition, Nusselt assumed that combustion occurs by a complete reaction in
CO,. Here there is diffusive combustion, in which, as it is known, CO formation
takes place (Leithner, 2005: 137).

Another formula was proposed by Blinov:

— AplE _
Tg = ATy Bry

“)

_ By 1 By
£k

=" B = —
C, LoTwi*pS®’

where £ is the amount of oxygen consumed per unit weight of carbon;

r, - initial radius of the particle;

y - specific weight of carbon in g/cm?;

C, - initial concentration of oxygen in gases in kg/m’;

W, - gas velocity in cm/s;

D, - diffusion coefficient in m?/h;

k, - reaction rate constant, strongly increasing with increasing temperature.
It is determined by the Arrhenius formula:

£

k, = ke ET, )
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where e = 2.7183 is the base of the natural logarithm;

¢ - activation energy kcal/g*mol;

T is the absolute temperature in K;

R is the universal gas constant in kcal/g*mol.

The Blinov formula takes into account the velocity of gases. In addition to the
diffusion coefficient, the reaction rate constant is also taken into account.

Blinov's formula is verified experimentally and does not have the simplifications
made in Nusselt's formula.

In deriving the formula, Blinov assumed that combustion occurs simultaneously
in CO, and CO, i.e., he used the complex theory of combustion.

The dust combustion rate depends on the excess air ratio and the grinding
fineness. The operating experience has shown that the best results are obtained at
a=12-1.25.

The combustion rate of coal dust in the furnace chamber is not constant,
because at the beginning of the combustion of small fractions this rate is maximum,
and after that the combustion process slows down. Thus, at coarse grinding the
combustion process is slow and the flame is stretched. This leads to an increase
in the temperature of the first rows of tubes, which causes their slagging. Figure 2
shows a graph of coal dust burnout of different grinding fineness by time.

100%
e e 2
75 el
D
50

v
]

0 25 50 75 100%

Burnout time

Burnout rate

Figure 2 - Variation of particle burn-up fraction
curve 1 =R =5 %, curve 2 — R = 15 %, curve 3 — R, =25 %, curve 4 — R, =35 %

The graph shows that most of the particles burn out quickly. The remaining
small part of larger particles burns out during the rest of the time.

Consequently, in order to ensure good combustion of not a large number of the
largest particles, it is necessary to increase the length of the flame, for example,
by increasing the volume of the furnace or by adopting a smaller volume of the
furnace, deliberately go to incomplete combustion of large particles, i.e. increase
the loss g,
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Depending on the boiler load, the values of fuel particle burnout are characterised
by the curves in the graph Figure 3. The character of the curves shows that the
percentage of burnout at the first metres of the flame length grows faster than at the
last metres. The percentage of dust burnout at high boiler loads is less than at low
loads. This is explained by the increase in gas velocities with increasing load, and,
consequently, by the decrease in the residence time of dust particles in the furnace.
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Figure 3 - Graph of fuel particle burnout along the flare length
[ — particle burn-up curves along the flame length, II — temperature variation along the length of
the plume

The temperature in the furnace increases with increasing boiler load. The
increase of gas temperature at the first metres of the flame length is due to the fact
that the heat input due to fuel combustion is greater than its consumption.

The process of dust combustion can be characterised not only by the particle
burning rate and temperature change curves, but also by the change of gas
composition along the length of the flame (Figure 4). The curve of oxygen content
along the length of the flame decreases all the time. Only at the end of the furnace
the curve goes almost horizontally and even rises a little due to air suction.

20%

L\

o
co 2
L R~
0 5 10 15
Torch length

co,

Figure 4 - Variation of gas composition along the length of the flare
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The curve of CO, content at the beginning sharply increases, and at the end it
also begins to decrease due to air suction. In the middle part of the curve there is a
saddle in the active combustion zone. Lack of oxygen causes a partial conversion
of CO, to CO. The saddle of the CO, curve corresponds to the maximum of the CO
and H, curve.

In modern powerful boilers, the combustion process is designed in such a way
that the CO and H, content at the furnace outlet is zero.

At modern thermal power plants, solid fuel is preliminarily crushed and blown
into the furnace chamber in the form of dust mixed with air, where it burns in a
suspended state in the gas flow. To transform large pieces of wet fuel into dry coal
dust suitable for combustion, solid fuel is subjected to the preparation process in the
dust preparation system, which consists in preliminary coarse crushing into pieces
of several tens of millimetres, drying and further grinding to dust-like state with
particle size of several tens or hundreds of micrometres.

By converting lump fuel into coal dust, a multiple increase in the response
surface is achieved. Thus, if a piece of coal with a diameter of 15 mm is crushed
into particles of 50 microns, the total surface area of the obtained particles will
be 300 times larger than that of the original particle. The increase in the response
surface significantly improves combustion conditions, since fuel combustion is a
heterogeneous process (fuel and oxidant are in different aggregate states - solid and
gaseous, respectively) occurring on the surface of fuel particles (Smorodin, et al,
2018: 112).

The main advantages of combustion of solid fuels in the pulverised state are the
following:

— possibility of combustion with sufficiently high efficiency of any fuel,
including low-reactive anthracites, as well as high-moisture and high-ash coals and
coal preparation waste;

— practically unrestricted by the conditions of fuel combustion unit output of
the boiler;

— full mechanisation of the furnace process, ease of regulation, possibility of
full automation of the furnace process;

— absence of moving parts in the furnace, which increases the operational
reliability of the unit.

The disadvantages of combustion of fuels in a pulverised state are:

— complexity, cumbersomeness and in most cases high cost of dust preparation
equipment;

— significant power consumption for dust preparation, for example, for
anthracite it is 25...30 kWh/t;

— low (0.1...0.3 MW/m?) volumetric densities of heat release in the furnace at
solid fuel flaring, which is explained by low mass concentration of fuel in the unit
volume of the furnace (20...30 g/m?), as well as by unfavourable conditions of
oxidant supply to the reaction surface and removal of combustion products due to
low relative velocity of burning particles in the gas-air flow.
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Results. On the basis of the analysis of the process of combustion of fuel
components in boiler units, for combustion of pulverised fuels (coals) a small-sized
unit, made in the form of a thermo-instrument, allowing to create a high-speed and
high-temperature flame of combustion, has been developed (Povetkin, et al, 2022:
4). The task of the development is to create a device that allows igniting the air
mixture with minimum specific energy consumption. This increases the reliability
of pulverised coal fuel ignition and stability of its subsequent combustion due to
the use of increasing the power of the burner flame and full utilization of its energy
characteristics.

As an actuating device for ignition of fuel acrosmixture a small-size rocket
burner built into a resonance chamber with supersonic gas stream of high speed
and temperature is used. In this case, the combustion process of fuel components
(air-hydrocarbon fuel) is carried out in the formed, in the supersonic flow of the
gas jet of the thermal tool (Bukayeva et al., 2020: 45). The solution of the problem
is achieved by the fact that excite compaction jumps along the formed jet of the
burner torch after its introduction into a special nozzle, the inner diameter of the
nozzle hole is slightly larger than the diameter of the critical cross-section of the
Laval nozzle of the burner, and made perforated for atmospheric air ejection.

Implementation of this method is conditioned by the use of a new design device
consisting of a flame-jet burner with a Laval nozzle and a cylindrical nozzle coaxial
to the nozzle with two rows of ejection windows at its outlet. The ejection windows
of'the first row are designed to excite a powerful stationary compaction jump (shock
wave) at the beginning of the main section of the main supersonic jet of the burner,
in which the fuel is afterburning, supplied in excess from the combustion chamber
7 through the Laval nozzle 8. This makes it possible to increase the flare power
using high-speed combustion in the stationary jump of the nozzle compaction, i.e.
increase the energy characteristics of the flare. Such introduction of the new flare
to the operating mode allows to obtain a high-power flare with a more complete
utilisation of its energy characteristics without using bulky compressor equipment
and large-sized burners. The second perforation cascade is designed to create an
underlying layer of ejected atmospheric air for cooling the nozzle outlet nozzle.

The technical result of the useful model is the increase of burner torch power
due to more complete combustion of fuel components in compaction jumps (shock
waves) and, as a consequence, the increase of fuel mixture ignition efficiency due
to high temperature of the burner torch and its high acoustic power of the gas flow
in the formed acoustic field, allowing to intensify the combustion processes of
fuel aero mixture. There are no solutions identified in the prior art having features
coinciding with the distinctive features of the utility model. Therefore, it can be
stated that the proposed technical solution fulfils the condition of inventive step.

Figure 5 shows a longitudinal section of a supersonic pulverised fuel ignition
device.
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Figure 5 - Supersonic device for pulverised coal fuel ignition

The proposed supersonic device for ignition of pulverised coal fuel contains
a body 1, a cylindrical resonance chamber 2, a zone of combustion of fuel
components 3, an entrance to the resonance chamber 4 and a fuel line 5, a supersonic
thermoinjector 6 having a combustion chamber 7 with a Laval nozzle 8, behind the
Laval nozzle an elongated cylindrical nozzle 9 is made, located coaxially with the
Laval nozzle 8, in which ejection windows 10 are made, at an angle to the axis of
the nozzle.

The end of the nozzle 9 is made with a slightly larger diameter and has ejection
windows 11 for sucking in the ejected outside air going to cool the outlet nozzle 12.

The burner device 6 is equipped with lines for supplying fuel components - air
13, fuel 14, control valves 17, 18 and swirler 19 for supplying swirled air flow into
the combustion chamber 7, nozzle 20 for supplying fuel and its atomisation.

Also for cooling the surface of the nozzle 9, in the area of development of the
centre of combustion of fuel components, the latter is provided with a removable
protective casing 21 and formed between the outer surface of the nozzle 9 and the
casing 21 gap 15, annular channel 16, through which the ejected external air is
sucked, the oxygen of which goes to maintain combustion in the jump seal, and the
gap 15 is made larger than the total area of the ejected windows, providing, due to
the speed of the incoming cooling air through the guaranteed gap 15 and cooling of
the surface of the nozzle 9.

The combustion chamber 7, Laval nozzle 8 and nozzle 9 are made of heat-
resistant steel, supersonic device for ignition of pulverised coal fuel 5 is made
parallel to the longitudinal axis of the resonance chamber 2, the fuel line 5 is
introduced into the latter, the longitudinal axis of which is directed at an angle to
the longitudinal axis of the resonance chamber 2.

The operation of the supersonic thermal tool device for ignition of pulverised coal
fuel is carried out as follows. Prepared pulverised coal fuel is fed into the resonance
chamber 2 through the fuel pipeline 5 to the combustion zone 3, simultaneously,
fuel components (air, solar oil) are fed into the combustion chamber 7 of the thermal
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tool 6 through the pipeline 12,13, and further, through the swirler 19, nozzles 20,
their mixing and ignition from the electric candle (not shown in the figure) takes
place, and their combustion takes place on the whole space in the combustion
chamber 7 of the thermal tool 6. Then the flame of the combustible mixture from
the combustion chamber 7 moves through the Laval nozzle § and nozzle 9 into the
resonance chamber 2, into the combustion region of the fuel components.

The torch from a supersonic burner - thermo-tool has high aerodynamic and
thermal properties, the velocity of the torch flow is of the order of 2 km/s, and its
temperature and acoustic parameters, respectively, are - 2000°C and more than 120
dB of sound pressure or power level.

As a result, intensive mixing of fuel particles takes place in the resonance
chamber, and this is facilitated by a powerful acoustic field in which fuel particles
interact during their combustion, i.e. due to the rotation of elementary fuel
particles and exposure of their new free surfaces, there is an intensification of their
combustion, with the release of the maximum amount of heat into the boiler space.
Superimposition of a powerful acoustic field generated by the nozzle apparatus
8 of the thermal tools 6 on the combustion zone of the fuel components coming
from the fuel line 5, makes it possible to additionally increase the parameters of the
combustion process and, in general, to increase the productivity of the boiler unit
process.

The process of formation of the torch of the thermal tool 6 and its feeding
through the Laval nozzle 8 into the combustion zone 3 occurs through a complex
design of the nozzle apparatus, in which the heat flow of glowing gases formed in
the combustion chamber 7, supersonic thermal tool 6, from the combustion of the
incoming fuel components of the fuel and oxidant (air) through the lines 13,14 and
nozzle apparatus 20 for fine atomisation of the fuel and air swirler 19, enters the
combustion chamber 7.

The high-speed gas flow from the combustion chamber 7, transformed in the
nozzle apparatus - Laval nozzle 8 into a supersonic flow, speed (about 2 km/s) and
temperature more than 2000°C, enters a special design of the nozzle 9, having a
passage diameter slightly larger than the output diameter of the Laval nozzle, as
well as ejection windows 10, 11 of the nozzle for feeding cold atmospheric air
into the supersonic gas flow and formation of a standing detonation shock wave
initiated by roughness of the inner surface of the nozzle aperture formed by drilling
of ejection windows 10,11 in which the unburned fuel components are afterburning
with high - more than 100 m/s combustion velocity, acquiring higher gas velocity
flows of 2.5 km/s and temperatures of more than 2000°C. In this case, the high-
speed, high-temperature torch of the burner 6 interacts with the pulverised coal air
mixture, ignites it, and the acoustic field intensifies this combustion process.

As a result of combustion of a part of coal the whole aero mixture is ignited,
release of combustible elements from coal and partial gasification of coke sludge
take place. At the outlet from the resonance chamber 1 a fuel mixture with
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temperature over 700°C and content of combustible substances in the gas phase up
to 40% is obtained. Such a mixture burns steadily, which allows its use for various
technological processes, for example, for ignition of pulverised coal aero mixture
when creating a more powerful pulverised coal flame (Vockrodt et al., 1999: 95).
Application of the proposed utility model allows to ignite pulverised coal fuel with
minimum specific energy consumption. It increases reliability of pulverised coal
fuel ignition and stability of its subsequent combustion.

At development of boilers of large capacity, it is possible to increase the flow
characteristics of supersonic thermal tool, with a slight change of design parameters
of thermal tool (diameter of combustion chamber, Laval nozzle and nozzle passage
diameter).

Discussion. The results of the study show that the use of supersonic thermal
tools provides more efficient ignition of pulverized coal aerosol mixture compared
to traditional burner devices. Analysis of the thermotechnical parameters showed
that the high flare temperature (about 2000 ° C) and supersonic flow rate (up to 2-2.5
km/s) contribute to the intensification of heat and mass exchange processes. This
allows us to achieve a reduction in the time for complete burnup of coal particles
by 20-30% while maintaining the stability of the process.

A comparative analysis of specific energy costs shows that the proposed design
reduces energy consumption for fuel ignition by 15-20% due to the optimal
distribution of heat flux and acoustic activation of the mixture. The use of a
resonance chamber and ejection windows ensures uniform mixing of dust with
the oxidizer, which reduces the likelihood of formation of incomplete combustion
zones and reduces the risk of slagging of pipes by 10-12%.

An important advantage is the scalability of the thermal tool: changing the
diameter of the combustion chamber and Laval nozzle allows you to adapt the
design for boilers of different capacities without a significant increase in operating
costs. This makes the technology applicable in modern thermal power plants and
industrial boilers of high productivity.

Thus, the analysis confirms that the introduction of supersonic thermal tools
increases the efficiency of boiler units, increasing the overall efficiency by 2-3%
due to more complete combustion of fuel and reduced heat loss.

Conclusion. The processes of mixing of fuel components are considered. At the
diffuse combustion principle fuel and air are fed into the furnace separately. The
flare combustion process is characterised by continuous movement of fuel particles
together with the gas-air flow.

It is established that at air temperature of 900°C ignition for all fuels is almost
immediate.

It is established that in powerful boilers the combustion process is characterised
by the fact that the CO and H, content at the furnace outlet is zero.

A device for ignition of fuel aerosmash, made in the form of a small-sized
rocket burner, which allows, with minimum specific energy consumption, to ignite
aerosmash, is developed. Due to the use of increased power of the burner torch and
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full utilisation of its energy characteristics, the reliability of pulverised coal fuel
ignition and stability of its subsequent combustion are increased.

Superimposition of a powerful acoustic field generated by the nozzle apparatus
of the thermal tools on the combustion zone of fuel components makes it possible
to increase the parameters of the combustion process of boiler units.
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