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RESUMO

Como mostram os numeros, a tendéncia de usar combustiveis sélidos no setor de energia do
Cazaquistao permanecera por um longo tempo. Com isto, a tendéncia mundial passa a ser o endurecimento dos
requisitos ambientais, que impdem a tarefa de continuar a melhorar a eficiéncia da combustdo do carvao, de
forma a minimizar as emissdes de substancias nocivas e gases com efeito de estufa na atmosfera. O objetivo do
artigo é realizar testes complexos de engenharia térmica da caldeira de agua quente KSVr-0.43. Para isso, foram
utilizados tais instrumentos de medi¢do e controle como dispositivos secundarios padrdo da sala da caldeira,
analisador de gases industrial Testo-350, mddulo de controle (leitura) Testo-454 com sondas de temperatura e
o tubo de Pitot, medidor de numero de fuligem Testo-308, medidor de temperatura 2TPM1, medidor de fluxo
liquido Vzlet-PRC portateis e crondmetro com certificados validos de verificagdo e calibracdo. A analise da
composicdo dos gases, parametros técnicos da caldeira de agua quente KSVr-0.43 realizada no modo de
operacao investigado com carvao de Shubarkol durante o teste de longa duragédo, mostrou que € possivel operar
caldeiras desta série em modos de baixa carga sem forgar o ar e combustivel, permitindo reduzir as emissdes
de 6xidos de NOx toxicos e gases de efeito estufa CO2 na atmosfera. Ao mesmo tempo, a combustao do carvéao
de Shubarkol sem forgar o ar € caracterizada por emissdes significativas de mondéxido de carbono CO. Os 6xidos
de nitrogénio NOx formados se decompdem em reagdes com CO para formar nitrogénio molecular e oxigénio.

Palavras-chave: combustéo, residuo de coque na camada, etapas da combustédo do carvdo, emissées de
substéncias nocivas.

ABSTRACT

Experience shows that the trend towards using solid fuels in the energy sector of Kazakhstan will be
implemented for a rather long time. At the same time, the global trend is currently tightening environmental
requirements. They set the task to continue improving coal combustion efficiency and minimize emissions of
harmful substances and greenhouse gases into the atmosphere. This article aims to conduct complex thermal
engineering tests of the KCVr-0.43 hot water boiler. For this, the following measurement and control tools were
used: the standard boiler room secondary devices, an industrial gas analyzer Testo-350, a control (reading)
module Testo-454 with temperature probes and a Pitot tube, a soot number meter Testo-308, a temperature meter
2TPM1, a portable liquid flow meter Vzlet-PRC and a stopwatch. All they had valid verification and calibration
certificates. An analysis of the gas composition and technical parameters of the KCVr-0.43 hot water boiler in the
investigated operation mode with Shubarkul coal during a long-term test showed that it seems possible to operate
boilers of this series under low load conditions without boosting air and fuel. They can reduce emissions of toxic
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NOx and greenhouse gases CO: into the atmosphere. In this case, burning Shubarkul coal without forcing through
the air is characterized by significant carbon monoxide CO emissions. The formed nitrogen oxides NOx
decompose in reactions with CO with the formation of molecular nitrogen and oxygen.

Keywords: burning, coke residue in the layer, coal-burning stages, emissions of harmful substances.
AHHOTALUUA

Kak nokasblBatoT undpbl, TEHOEHUMSA C UCNOMNb30BaHUEM TBEPAOrO TONMMBA B SHEPTrETUYECKOM CEKTOpE
KasaxctaHa OyaeT peanusoBbiBaTbCH elle AOCTATOMHO gonroe Bpems. [lpy 3TOM MMPOBbBIM TPEeHAOM B
HacTosilLlee BpeMsi SBMSIETCA y)KecTodeHue TpeboBaHWM MO 3KOMOrMu, KOTopble CTaBAT 3agadvy npodorkatb
COBepLUEHCTBOBaTb 3(PEKTUBHOCTE CXUIaHWUsA YIMs, MaKCMMarbHO CHMXaTb BbIOPOCHI BPEeAdHbIX BELLECTB U
MapHUKOBBIX ra3oB B atMocdepy. Llenbio crtaTbu sBNsieTCA NpoBefeHWE KOMMMEKCHBIX TEMNNOTEXHUYECKUX
ucnbiTaHni BogorpenHoro kotna KCBp-0.43. [Ins atoro 6binmM MCNonb3oBaHbl TakMe CpencTtBa U3MEPEHUsT U
KOHTPOMs!, KakK LITaTHble BTOPWYHbIE MNPUOOPbLI KOTESNbHOW, rasoaHanM3aTop MpoMbilneHHbIn Testo-350,
yNpaensawowWmn (CYnTbiBaowmn) Moaynb Testo-454 ¢ TemnepaTypHbIMK 30HAaMu u Tpybkon MnuTo, nameputens
caxesoro uncna Testo-308, nsmeputens Temnepatypbl 2TPM1, pacxogomep XnAKOCTU nNopTaTuBHbIN Banet-
MPL » cekyHOoomep, nmeroLme AencTByoWmne cepTudurkaTbl NOBEPKM U KanmbpoBku. BeINONHEHHbIM aHanns no
COCTaBy rasoB, TEXHUYECKUM NapameTpam BogorpenHoro kotrna KCBp-0.43 B nccnegoBaHHOM pexmme paboThl
Ha LUyGapkynbckom yrne npu ANATENBHOM WUCMbITAHWM MoKasan, 4YTO MNPEeACTaBnsieTcs BO3MOXHbLIM
9KCMNMyaTupoBaTb KOTMbl 9TOWM CEPUU B peXMMax marnblx Harpy3ok 6e3 chopcupoBKM MO BO3AYXY W TOMMMBY,
NMO3BONSAKLUNX CHU3UTb BbIBPOCHI TOKCUYHBIX OKkMcnoB NOX n napHukoBbix razoB CO2 B atmocdepy. Npn aTom
CcXkuranne kameHHoro LLy6apkynbckoro yrna 6e3 chopCcMpoBKM MO BO3OYXY XapakTepPU3YHTCA 3HAYUTENbHBIMU
BblGpocamu oknck yrrnepoga CO, n obpasoBaBwmecs okucrnbl a3ota NOx pasnaratotca B peakumsix ¢ CO ¢
obpasoBaHMeM MOSEKYNSIPHOro a3oTa U Kucrnopogaa.

KnioueBble crnoBa: cxuzaHue, KOKCO8bII ocmamok 8 cjioe, cmaduu 20PEHUSI KaMEeHHO20 yaris, 8blI6pochkl
8pedHbIX seLweCcms.

1. INTRODUCTION: flare process approaches its limit physically
(Braconnier et al., 2020). Layer burning of coal
allows maximum retention and capture of solid

coarse and fine fractions of slag and ash particles

1.1. Problem statement

The current state of affairs shows that the
use of solid fuels in the energy sector of
Kazakhstan will be implemented for a rather long
time (Decree of the Government..., 2014).
Simultaneously, the global trend is currently
tightening environmental requirements, which set
the task to continue to improve the efficiency of
coal-burning and minimize emissions of harmful
substances and greenhouse gases into the
atmosphere (Liu et al., 2017a; Chen et al., 2020).
Therefore, at the Department of Thermal Power
Plants of the Non-profit joint-stock Company
“Almaty University of Energy and Communications
named after Gumarbek Daukeev”, research is
actively ongoing to develop new designs of hot
water and steam boilers, mechanical furnace and
burner devices with high efficiency, to reduce both
specific fuel consumption and harmful emissions.
For small and medium-sized coal-fired boiler
houses, bed burning is typical (Kang and Ding,
2020; Maznoy et al, 2020). According to
estimates, for a layered combustion process, there
are significant opportunities to intensify the
combustion of solid fuels (Ermakov, 2005;
Kamenetsky, 2010). In this case, the intensity of
combustion on the surface of coal particles in the

within the boiler on a grate (Ermakov, 2005;
Kamenetskii, 2006; Kamenetskii, 2013a; Bao et
al., 2020).

Another aspect is that many boiler houses
with low-power hot water boilers are located near
residential buildings. Their chimneys rarely
exceed 15-20 m and are low sources of toxic
emissions and greenhouse gases. The total
number of hot-water and heating domestic solid
fuel boilers operating in the territory of Kazakhstan
is tens of thousands (Fuel and energy..., 2018).
Such sources of harmful emissions must have
more stringent requirements for the content of
harmful substances released into the atmosphere
(Zhang et al., 2017; Liu et al., 2017b; Kornilova
and Trubaev, 2018). However, coal prismatic and
cylindrical coal-fired boilers with heat pipes
widespread in Kazakhstan have an efficiency of
not higher than 55-65%. Often, the water volume
in a cylindrical boiler is several times greater than
in a water tube boiler of the same capacity. The
presence of a large volume of water in the boiler
(especially in emergencies with frequent
interruptions in the supply of energy and the
cessation of water circulation with unauthorized
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coal burning in a furnace with a large layer of coal)
can trigger vaporization processes in the boiler
and an accident (Volynkina and Pryanichnikov,
2002; Bochkarev et al., 2011).

Conventional traditional water-tube boilers
of a classical profile in active heat transfer used
only up to 84% of the pipe surface (except for
cylindrical) (Zhang et al., 2018; Van Kenhove et
al., 2019). Therefore, a new series of solid fuel hot
water tube boilers were developed with the
minimum possible volume of water in the boiler
and with the maximum (up to 96%) use of the pipe
surface in active heat transfer (Alekseenko et al.,
2019). When creating a new hot water boiler
(Orumbaev and Airich, 2007), the authors solved
the problem of ensuring reliable operation at water
pressures corresponding to the operation of hot
water boilers, both according to the open hot water
supply scheme (when the water pressure
decreased to values close to the boiling
temperature) and the closed-circuit (Raji¢ et al.,
2018). The connection order of the screens in the
new boiler allows you to work effectively in
operating conditions both in the optimal mode
(with a nominal water flow rate) and to reduce the
heat load by up to 20% with minimum water
pressure and stable operation (Labidi et al., 2017).

This article aims to conduct complex
thermal engineering tests of the KCVr-0.43 hot
water boiler (Almaty, Republic of Kazakhstan).

1.2. Theoretical overview

Analysis of the results of tests performed in
earlier works (Glazyrin et al., 2010; Kamenetskii,
2013b) with small coal-fired boilers during layer-
by-layer combustion showed a large unevenness
in the content of CO; in the exhaust gases and the
emission of nitrogen oxides NO,. Measurements
made at the time of the release and combustion of
volatile components from coals with the content of
a volatile component of V.o = 35-37% showed that
the concentration of NOyx in the exhaust gases
behind the boiler with a fire grate and with manual
maintenance is a maximum of 250-350 mg/m3,
and the oxide carbon CO 15000-40000 mg/m?
(Kamenetskii, 2013c; Widzinski et al., 2019). In
experiments with fuel boosting at a fire grate
thermal stress of 300 kW/m?, with coal burning in
a layer, the maximum value of carbon monoxide
emissions is 2.3%, at 454 kW/m? 3%, and at 715
kW/mZ2, the maximum value of carbon monoxide is
already 6.0%. The average values for a burning
cycle of 10 minutes between casts, according to
the test procedure, are 0.5%, 0.8%, and 1.3% with
air excess factors of 1.32-1.44, respectively
(Kamenetskii, 2006; Babenko et al., 2017;

Jasinskas et al., 2020).

Change in layer forcing (increase in air
supply under the grates) in experiments
(Kamenetskii, 2006; Kamenetskii, 2013b) showed
that the nature of the gas composition curves does
not change, but the length of successive burnout
zones of coal is reduced. This is illustrated clearly
in Figures 1a and 1b, which qualitatively and
quantitatively illustrate the nature of Donetsk coal
burning with a layer forced through the air from
875 m3/m?xh to 2430 m3/m?xh. This corresponds
to the average airflow velocity w, = 0.23 m/s and
wo = 0.68 m/s and the average thermal intensity of
the furnace gum = 0.76x10° kcal/m?xh and qsum =
2.2x10% kcal/m?xh, respectively. From the
experimental data presented in (Ermakov, 2005;
Kamenetskii, 2006; Kamenetskii, 2013a), an
increase in air supply by 2.77 times increases the
thermal stress of the layered furnace by 2.89
times. Simultaneously, the duration of CO
formation is reduced by 2.66 times, and the
absolute values of CO formation are reduced from
8% to 5%.

The experimental work by G.F. Knorre
(1951) with a two- and three-row thin layer of
spherical particles of solid fuel showed that after
heating the layer and transition the layering
process to the high-temperature coke burning
mode, even such a thin layer is enough to
consume all of the oxygen from the air passing
upward through the thin layer of fuel (Barkan and
Kornev, 2017; Krol and Poskrobko, 2017;
Nakamura et al., 2019). Therefore, in the known
and used in practice range of increasing airflow
under a thin layer of burning coke (during forced
combustion), chemical reactions in the high-
temperature coke burning zone proceed at a much
higher rate than oxygen supply, and the process
proceeds in the diffusion region (Surawski et al.,
2020; Hampp and Lindstedt, 2020). At high
temperatures developed in the layer, the reactions
of reduction of CO2 and H20 on the heated surface
of solid carbon begin to distill and displace the
oxidation of solid carbon (Saha et al., 2020).

2. MATERIALS AND METHODS:

In a boiler house preliminarily prepared for
thermotechnical tests (Figure 2) with a KCVr-0.43
hot water solid fuel boiler with a fire grate area of
0.98 m? and a furnace volume of Vim = 1.66 m?,
the horizontal part of the flue behind the boiler was
located in the boiler room. The boiler operates on
such fuel as brown coal, hard coal. KSVR-0.43
(according to Figure 3) is structurally a solid-fuel
hot-water boiler with a horizontal layout with a
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layer furnace. The boiler consists of parallel pipes
connected to collectors having partitions, external,
ceiling and front screens, assembled in a furnace
screen with the first and second collectors, a layer
grid, herewith the water supply pipe is connected
to the collector of the ceiling screen, and the front
screen has a step collector connected through a
rack to the bypass pipe connected to the first
collector of the furnace screen, forming a loading
opening for supplying solid fuel to the boiler. The
ascending part of the flue behind the boiler is
made with a three-fold increase in cross-section
for collecting ash. In front of the chimney, a smoke
exhaust was installed in parallel with a bypass to
the main gas flue duct to ensure the reliable
operation of the boiler and in natural draft mode
(Nguyen and Sirignano, 2018). A chimney with a
325 mm diameter and a height of 12 m, preheated
by the operation of the boiler in the nominal mode
without a smoke exhauster, provided a vacuum of
up to 100-150 Pa.

Complex thermotechnical tests were
carried out, which consisted of a set of technical
measures: instrumental gas analysis of the
composition of exhaust gases in the furnace and
in the boiler flue (by means of a portable industrial
gas analyzer based on an electrochemical method
for determining the concentrations of gas mixture
components); instrument analysis of the heat
transfer agent flow rate and assessment of the
heat flow with standard and portable measuring
devices (ultrasonic method using a portable
ultrasonic flow meter with temperature sensors
and using standard thermometers); technical
analysis of the composition of coal fuel and
furnace refuse (with sampling and analysis in a
chemical laboratory using a calorimetric bomb).
Complex thermotechnical tests of the KCVr-0.43
hot water boiler were carried out in an operating
coal-fired boiler house and following the
procedures (Kamenetskii, 2009; Kamenetskii,
2013c; Domestic heating..., 2016), with the
authors repeatedly used in tests of other boiler
units with tested measuring instruments. In
particular, the following measurement and control
tools were used: standard secondary equipment of
the boiler room, industrial gas analyzer Testo-350,
control (reading) module Testo-454 with
temperature probes, and Pitot tube, soot number
meter Testo-308, temperature meter 2TPM1,
portable liquid flow meter Vzlet-PRC and
stopwatch. All of them had valid verification and
calibration certificates (Ruan et al., 2020).

Technical characteristics of the presented
batch of Shubarkul coal used in thermal
engineering tests in an existing boiler house

(according to the data from the supplied fuel
passport) were as follows: fuel carbon content of
as-received basis Ccont = (49.56+51.81)%; total
moisture  of as-received basis Mot =
(19.4+19.7)%; ash content of as-received basis
Acont = (13.6+14.19)%; Vium = 44%; net calorific
value of fuel Qnev = (18.43+23.11) MJ/kg or
(4409.8+5530) kcal/lkg; N = (0.45+0.51)%; fuel
sulfur content of as-received basis Scont = 0.42%.

The first series of above mentioned
measurements were carried out on 30.01.2020 in
two modes. In the first mode — during the period
after casting a portion of Shubarkul coal in the
burning layer and when a stable combustion mode
was reached, at a boiler heat power Npnp = 230 kW
and a thermal stress of the combustion mirror
(firebed surface heat release rate) gms = 309.3
kW/m2. In the second mode — during the period
after the complete separation and burning out of
volatile components of Shubarkul coal with stable
combustion of coke. The heat power Nynp Of the
KCVr-0.43 boiler was 136 kW, with the thermal
stress of the combustion mirror gmns was 204
kW/m?2.

The second series of heat engineering
tests were carried out on 02.20.2020 on the same
KCVr-0.43 boiler without cleaning the convective
heating surfaces. The thermal performance of the
boiler in the first mode with the start of loading a
new portion of coal reached N = 248 kW with a
thermal stress gms = 328 kW/m?2, and in the second
mode, after reaching a stable coke burning mode,
the thermal performance was N = 226 kW with
thermal stress of the combustion mirror in layer gms
= 283 kW/m?2. The conditions for the release of the
heat-transfer agent as far as possible the
operation of the existing boiler room remained the
same. According to standard devices, the water
temperature at the boiler inlet is t; = 35-39°C, the
water temperature at the boiler outlet was in the
first experiment t; = 50-54°C and At = 15°C, the
average constant water flow through the boiler G
=2.17 kg/s.

3. RESULTS AND DISCUSSION:

The results of the heat engineering tests
(Table 1) in the first mode and in the second mode
on coal from Shubarkul coalfield on a boiler with a
manual layer grate made it possible to estimate
emissions by the content of O;, CO, SO, NO,
NO-, NO,, CO- in real operating conditions. Table
1 presents the measurement results for the
periods 30.01.2020 and 02.20.2020. Each row
displays the average values of the quantities in
each experiment, divided by time. It should be
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noted that the oxygen O» content is somewhat
overestimated. Suction cups partially explain this
through the loading door since it had to be ajar
during measurements directly above the burning
coal layer.

In the first part, the average values of the
results of gas composition measurements in the
furnace, at the height of 250-350 mm above the
layer, and the boiler gas duct after 5-10 minutes
from the moment of casting a portion of coal are
given. For this regime, SOz and NO,, characteristic
of the active phase of fuel combustion, are noted.
In this case, the NOy values reach their maximum
values (up to 631.05 mg/m?), and the CO content
decreases (up to 1982.83 mg/m?3). The second
part shows the average values of the results of the
gas composition measurements during prolonged
burning of the coke residue of coal with
measurements at the height of 200-350 mm above
a thin low-temperature layer of the grate. The
second regime is characterized by the absence of
S0O2 and NO: in the composition. The absence of
NO3 and the minimum values of NOy (up to 48.07
mg/m3) are explained by the active, reducing
medium with a high content of CO (up to 32739.45
mg/m?3).

In the course of the experiment, the
dependence of an increase in SO2, NO, NO;, and
exhaust gas temperature Teg was observed as the
distance from the front increased by 300 mm, 600
mm, and 1200 mm to the back wall of the furnace
at the height of 200-210 mm above the layer of
dying coke residue (uneven air intake with natural
traction and the influence of cold air entering
through front leaks). The total duration of the gas
composition measurements continued in the
active phase of combustion of about 40 minutes,
and in the phase of the stabilized process of
burning out of coke residue about 3-4 hours.

For the obtained data, calculation Tables
1-2 were compiled, and values were approximated
with a confidence value of R? = 0.63...0.91. The
lowest value was obtained for the curve of
measurement values in the composition of Oz, due
to the technical impossibility of eliminating the
suction of outside air into the furnace. Also, to
preserve the properties of piecewise continuity,
monotony, and limitation, values due to “misses”
and a gross error in measurements were
excluded. For data analysis, the most indicative
time sections were taken from the data set of two
test series 01/30/2020 and 02/20/2020. For each
series, the average values and the obtained
characteristic experimental data are presented in
Table 2. Data analysis showed a clear separation
of combustion modes. The first mode

characterizes the active phase of coal combustion
with forced air supply. The beginning of the second
mode occurs after the volatile components
completely burn out, reduce the air supply by the
blower fan and turn off the smoke exhaust, i.e., the
transition to stable combustion of coke residue
with a natural draft and without blowing.

Figure 4 shows the burn-up quality of
Shubarkul coal with the smoke exhauster turned
off and the airflow supplied by natural draft at a
speed of up to 0.075 m/s under a thin layer of coal.
The marked curves on the graph were obtained by
approximation and smoothing by a polynomial (in
this case, the approximation confidence value was
R? > 0.63) Comparison with Figures 1a and 1b at
an airflow velocity of w, = 0.23 m/s and w, = 0.68
m/s and an average thermal stress of the furnace
Qum = 882 kW/m? and gum = 2552 kW/m?,
respectively, shows that in Figure 4 with thermal
stress of up to grum = 193 kW/m?, the graph of coal
burnout in a thin layer is more extended in time
relative to Figures 1a and 1b, while the harmful
emissions of NOy and CO; are significantly
reduced. As can be seen from Table 2 and Figure
4, immediately after loading coal onto the grid and
heating a fresh portion of solid fuel, the output of
volatile components and its active burning
increases the thermal stress of the combustion
mirror and the thermal stress of the boiler furnace
volume. Similarly, the level of NOx emissions
varies depending on the operating mode of the
manual layered furnace and depending on the
loading time of fresh coal (Figure 5).

An increase in the temperature of the torch
over a thin layer of coal in the furnace affects the
increase in water temperature at the outlet of the
boiler on visually fixed secondary devices. During
this period, the maximum NO; emission is
observed and reaches 10-15 minutes after casting
up to 630 mg/m3, while the growth of CO; output
begins and is about 7-8%, and the CO emission is
about 1840-3680 mg/m® (Figure 6). After thirty
minutes of burning coal in the layer after casting
(the blower fan supply was reduced to a minimum,
followed by switching off, and the smoke
exhauster was turned off), NO emissions begin to
decrease by more than a quarter from the
maximum to 400-300 mg/m?3, the percentage of
COg; is reduced to 4%, CO content increases by
order of magnitude to 5000 mg/m3. In the next
twenty minutes after stabilizing the coke
combustion processes without forced air supply
and in natural draft mode, the oxides NOx and CO;
continue to decrease, the SO, content in the gases
decreases to zero the percentage of CO rapidly
increases.
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An hour and a half after loading, the
maximum burning of volatile components and the
beginning of stable combustion of coke of
Shubarkul coal with a continuing natural decrease
in the layer thickness in the natural draft mode,
NOx emissions decrease to 232 mg/m3, CO;
content to 2.1%, CO content increases to the level
of 23000 mg/m3. Further, the combustion process
completely switches to the second mode (burning
a thin coke layer). Stable indicators note this after
90 minutes of the experiment and 7-8 hours after
casting coal. In this mode, the minimum values of
NOx = 48.07 mg/m? are noted, while the values of
the carbon monoxide CO content in the gases are
maintained at the level of 25000-27000 mg/m3.
The intense onset of the burning of volatile
components does not immediately warm up the
entire fresh portion of coal above the layer after it
is loaded. However, this ensures a high-
temperature level in the furnace volume (Figure 7).

The staged combustion (characteristic of
the works by Knorre (1951)) was obtained (Figure
1). However, this test process took significantly
less time (Figure 8) due to several factors. First of
all, forcing combustion through the air with a
maximum flow of the blower fan ensured a
powerful uniform flow with high speed. This
intensified the process of active heating and
combustion of fuel as much as possible, with the
maximum yield of volatile components. Secondly,
the process took the shortest possible time due to
the layer thinness and the lack of fuel boost (the
experiment was conducted for one portion of coal).

According to the data presented, it is clear
that the oxygen zone is quite short, and the
reduction reaction with the repeated formation of
CO (CO,+C = 2CO0) occurs quickly and stretches
over a long period, stabilizing after 90 minutes of
the experiment. In the active stage of combustion,
the reaction oxygen content above the layer is
already insufficient due to its consumption in the
lower coke layer. Therefore, the nitrogen of the
“late” volatile components during coke combustion
does not have time to react due to the carbon
surface reduction reaction. Therefore, short-term
maximum emissions of nitrogen oxides from 555
mg/m3 to 760 mg/m? after casting a fresh portion
of the fuel remain at the level of (limiting) average
values of nitrogen oxide emissions with the flare
method of burning coals. However, after
completing the active phase of combustion and the
maximum vyield of volatile components upon
completion of forcing, the coke combustion
process stabilizes but is characterized by
unevenness in the layer area. Due to the
impossibility of a uniform air supply, separate

active combustion zones arise under the layer,
where there is enough air for the process, and
“smoldering” zones in places where there is either
insufficient air or the temperature is already shifted
from the optimal reaction zone.

In (Kamenetskii, 2006; Babenko et al.,
2017) studies of the formation of nitrogen oxides
when burning coal in briquettes, nitrogen oxide
emissions are reduced by six times. In this work,
according to the experimental results shown in
Tables 1 and 2 and in Figure 5, values of NOy
emissions of the order of 150-48 mg/m® are
achieved, and in the active phase after complete
burn-up, volatile components emissions were of
the order of 300 mg/m3. However, the obtained
coke combustion regime without blowing and at a
natural draft should be further optimized. So, with
natural traction and without forcing through the air,
the unevenness of the process increases over
time. After a long period (7-8 hours) without
casting a new portion of coal and forcing
combustion, the furnace cools down, the intensity
of combustion reactions decreases, and
insufficient burning increases. Therefore, the
process in this stage should be further optimized.
This question is the goal of further studies of coal
combustion regime in the bed in boilers with a
manual furnace. In the future, it is planned to carry
out new heat engineering tests to clarify and
confirm the following conclusions:

1. Reducing the supply of blow air to a
minimum under the fire grate with a thin layer of
coal, and the results of experiments should show
that the nature of the curves O,, CO, CH4, CO,
and NOy does not change qualitatively. However,
at the same time, their duration increases
significantly, along with the burnout zone of the
coke residue of Shubarkul coal.

2. When burning Shubarkul coal in layered
furnaces with manual maintenance, keep a small
thickness of the layer recommended for working
with long-flame coals of not more than 100 mm
and optimize the forcing process by air.

3. To eliminate the dip and entrainment of
coal fractions less than 8+10 mm, the coal fines
should be sieved since this size corresponds to
that of the groove on all grates (conventional in the
practice of burning in the bed) in furnaces with
manual maintenance.

4. CONCLUSIONS:

The results obtained in the form of practical
data on the operation modes of a hot water boiler
allowed authors to achieve the research goal and
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show the constructive need for organizing a stable
combustion process with air supply (primary and
secondary) by forcing the air supply or changing
the design of the grate (in tests in a hot-water
boiler, the cross-section of the grate was 20% of
the total surface area of the grate). According to
the data obtained, the possibility of
implementation and separation into two stages of
the combustion process (to efficiently burn solid
fuel in a thin layer on a fixed fire grate) has been
experimentally shown, and the operation of a hot
water boiler with manual maintenance has been
confirmed by the example of long-term burning of
Shubarkul coal. The obtained work experience
makes it possible to conditionally divide the first
stage of coal heating, emission, and active
combustion of volatile components with a further
variation in the supply of secondary air to scarce
combustion zones by the oxidizing agent.

An analysis of the gas composition and
technical parameters of the KCVr-0.43 boiler in the
investigated operation mode at Shubarkul coal
during a long-term test showed that it seems
possible to operate the boilers of this series under
low load conditions without forcing through air and
fuel. This can reduce emissions of toxic NOx and
greenhouse gases CO; into the atmosphere.
Moreover, burning of Shubarkul coal without
forcing through the air is characterized by
significant emissions of carbon monoxide CO, and
the formed nitrogen oxides NOy decompose in
reactions with CO with the formation of molecular
nitrogen and oxygen.
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Table 1. The results of measurements of the gas composition in the furnace and gas collection

chamber
Test Measuring 0., Co, SO0, NO, xol;’] CO., NO,, CH, TocoC
No. point % mg/im* mg/m® mg/m? g % mg/m® mg/m? 9
In the 1st mode — active combustion (after 5-10 minutes from the moment of loading coal)
10-20’, in the o 0 - - ™
1 furnace, above & o R © 2 5 0 0 S
the layer, © % A § iy < % % §
30.01.2020
20-30’, in the - - o « «
furnace, above & © 3 N N S © N 0
2 the layer, © % ‘: ﬁ o ™ % % 'é
30.01.2020
30-40’, in the
in the furnace, N S 3 S © © & A 2
3 above the ; o : o) Q e ™ o) oo
layer S~ N g ° ¥ g 2 S
30.01.2020
5-15', in the = ~ R Q ° © 8 3 R
4 flue, R~ < o s @ % 5 N
20.02.2020 = N © < © @ o~
1530, inthe g & o 5 5 o 9 © 8
5 flue, P S - © P 3 = <t To}
20.02.2020  ~ o < & 3 2 3
30-40,inthe ¥ § @ p 5 o o 3 ©
6 flue, s B 3 = 2 5
20.02.2020 -~ 3 -~ ™ el 3 N
In the 2nd mode — afterburning (after 7-8 hours from the moment of the last coal loading)
In the furnace, Q ™ ©
over a layer of 3 o o = 2 g @ N 3
1 30 cm, s P S N < 2 X S S
30.01.2020 S - -
In the furnace, g o ©
2 over a layer of % - o 8 3 N 0 « 38
30 cm, o 3 o o o - » % b
30.01.2020 ™ T
In the furnace, 8 © =)
3 overalayerof N % o R 8 10 N - N
30 cm, © ) ° 2 N - o N NS
30.01.2020 ™ T -
In the furnace, 8 © ©
4 overalayerof G < o 3 o o < S 3
0em, - ® R S g ° < 3 g 2
20.02.2020 & - N
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NO .,

Test Measuring 0., Co, SO, NO, ma/m CO., NO;, CH, T.coC
No. point % mg/m®* mg/m® mg/m? 9 % mg/m® mg/m? o
In the furnace, 3 )
5 over a layer of & o o N o 83 S o &
30 cm, @ pos © S © - ) o S
20.02.2020 N <
[(e]
o o) o
6 In the flue, & © o © o Q @ 2 3
20.02.2020 @ % S o S - ﬁ e ©
N - ™

Table 2. Experimental test data (average values) of the KCVr-0.43 hot water boiler and coal

characteristics
Parameters of the The 1st mode The 2nd mode The 1st mode Exit to the 2nd
boiler KCVr-0.43, (from the (in the long coke (from the moment mode
coal characteristics moment of coal burn out), of coal casting), (stabilization of
casting), 30.01.20 20.01.20 the process),
30.01.20 20.02.20
Ash content on 13.61 13.61 14.19 14.19
working weight Acont, %
Humidity Mcont, % 19.48 19.48 19.73 19.73
Nitrogen content, % 0.41 0.41 0.51 0.51
Net calorific value of 22743 22743 23154 23154
coal Qnev, kJ/kg
Boiler heat power Bhp, 230 136 248 226
kw
Consumption of 0.0133 0.0088 0.0139 0.012
Shubarkul coal Ct,
kg/s
Thermal stress of the 309.3 204.2 328 283
combustion mirror gws,
kW/m?
Thermal stress of the 182.2 120.5 193 167
furnace volume Qgsum,
kW/m?
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Figure 1. The composition of the gases over a thin layer of coal on a grate with a layer forced through
the air when burning Donetsk coal at an air flow rate: a) w, = 0.68 m/s; b) w, = 0.23 m/s

Sourse: Knorre (1951), Kamenetskii (2006).
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Figure 2. Diagram of the elements of the measuring system for thermotechnical testing of the boiler
KSVr-0.43 (O and R — direct and return pipes of the heat-transfer agent; Ms, Ts — standard
manometers and thermometers installed on the direct and return lines of the heat-transfer agent, dP —
measurement of vacuum in a furnace with a Pitot tube probe, G1 — measuring the gas composition in
a furnace with a gas analyzer probe, T1 — measuring the thermocouple Pitot tube temperature in the
furnace, T2 — measuring the air temperature in the hearth under the grate with a thermocouple, T3 —
measuring the temperature of the exhaust gases in the gas collection part (duct) with a thermocouple,
G2 — measuring the temperature of the flue gases in the gas collection part (gas duct) with a gas
analyzer probe
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Figure 3. Front and side view of the hot water solid fuel boiler KSVR-0.43
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Figure 4. The composition of the gases over a thin coal layer on a grate with forced air over the
layer and during natural draft at burning Shubarkul coal in a layer up to 70 mm at an airflow rate of w,
= 0.075 m/ s (with separation of the combustion regime time: 0-80 minutes — from the moment of coal

loading; 430-520 minutes — during the stable process of coke burning out)
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Figure 6. Approximate CO and CO; content measurements data for two combustion modes
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Figure 7. Approximate data of measurements of the temperature of gases in the furnace for two
combustion modes
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Figure 8. Measurement data of CO and CO; in the active stage of burning of Shubarkul coal with
forced air
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