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Abstract. Burning fuel in large quantities when
using hot water boilers leads to losses, which
reduces the energy conversion efficiency of the
boiler. Therefore, there were mainly small energy-
saving stoves designed to burn fuel. The author
proposed to use a small boiler with a firebox with a
vertical grate. A small boiler with an adjustable grate
water heater with a capacity of 50 kW was installed
in the boarding school building. Combustion of any
fuel in such a furnace had following results: a) the
productivity of the boiler unit had been increased
to 79-81 %; b) heat loss reduced by 2 times and
harmful emissions into the atmosphere in 1.5 once.
The costs of providing thermal energy compared
to other operating boiler houses amounted to
14 400 somoni (1 200 dollars). This is 18 % less than
the costs of the previous heating season without
using the proposed boiler. The efficiency of heating
processes in the boiler was assessed during one
heating season.

Key words: hot water boiler, furnace, vertical grate,
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AHHoOTauma. CKkuraHue Tonamea B 60NbLWINX KOMK-
yecTBax Mpu UCMONb30BaHWM BOLOIPENHbIX KOTIOB
NPUBOAUT K OnpefeneHHbIM NoTePAM, UTO CHUXKAET
KN4 kotna. NMoatomy AnA cxuraHua Tonamea 6biiu
pa3paboTaHbl ManiorabaputHble 3SHeprocbeperato-
Wwue neyn. ABTOp NPeanoXma NCnosib3oBatb Mano-
rabapuTHbIA KOTE C TOMKOW C BePTUKaNIbHOWM KO-
NIOCHUKOBOW pelueTkol. ManorabapuTHbIn KoTen ¢
BOAOHarpeBaTefieM C perynnpyemMorn KONoCHNKOBOM
pelueTKol MoLWHOCTbI0 50 KBT 6bin ycTaHOBEH B 31a-
HUW WKONbI-MHTepHaTa. CKuraHue nioboro Tonnanea
B TaKOW TOMKe NPUBENO K CliefyoLWmnm pe3ysibTaTam:
a) Npov3BOAMUTENbHOCTb KOTioarperata yBennuu-
nacb o 79-81 %; 6) noTepu Tenna COKPaTUINCb B2
pa3a, a BpeaHble BbIbpockl B atmochepy — B 1.5 pasa.
3aTpaTbl Ha obecrneyeHne TEMSIOBOW dHeprven no
CPaBHEHUIO C APYrUMU OENCTBYIOWUMA KOTeSbHbI-
Mn coctaBunu 14 400 comonu (1 200 gonn.). 310 Ha
18 % MeHblLuUe 3aTpaT NpeablgyLero oTonUTeNbHOro
ce30Ha 6e3 MCNonb30BaHNA NpeasiaraeéMoro Kotna.
O$PEKTMBHOCTb TEMIOBbIX MPOLIECCOB B KOT/E OLle-
HMBanacb B TeYEHWE OHOrO OTOMUTENIbHOIO Ce30Ha.

KnioueBble cnoBa: BOLOrperiHbIA KOTeN, TOMKa, Bep-
TKaJIbHaA KOSIOCHUKOBAsA PeLIeTKa, TepMoarHaMunye-
CKWUI aHanwm3, sHeproadpPpeKTUBHOCTb, NOTEPM Temna C
ZAbIMOBbIMU ra3amu, TemnepaTtypa CropaHua TonamBa
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Introduction

In Tajikistan, one of the main types of accessible
and economically viable fuel is coal and lignite. At the
same time, coal has disadvantages, such as high heat
loss due to mechanical and chemical underburning,
and a negative impact on the environment due
to dangerous emissions of carbon dioxide and
combustion products. In this regard, low-power
solid fuel hot water boilers are traditionally used for
heating and hot water supply [1].

The main types of fuel for such stoves are wood,
coal and manure - local fuel, which is waste from
livestock farming. Solid fuel obtained from different
deposits differ from each other in their properties
and combustion products.

The main values of the thermophysical
properties of coal from some deposits in Tajikistan
are presented in Table 1.

The efficiency of thermal processes in the boiler
was evaluated using the first and second laws of
thermodynamics. Based on the energy balance,

the boiler efficiency was assessed [2-4]. The work is
based on well-known research in the field of heat
generating plants by K. F. Roddatis, A. N. Poltaretsky,
V. M. Fokin, E. G. Volkovyskiy, N. B. Lieberman,
Yu. L. Gusev. It is also necessary to note the works
of A. V. Vikhrov and L. K. Ramzin, which address the
issues of the organization of solid fuel combustion
and the design features of boilers with furnaces of
layered construction.

Since the 90s of the twentieth century, research
has been carried out on the conditions for the
efficientcombustion offuels of various compositions
without the formation of harmful emissions into
the atmosphere. Research is mainly aimed at
identifying methods, mechanisms for controlling
and organizing fuel combustion processes with
minimal emissions of harmful substances into
the atmosphere. The most effective methods for
calculating thermal conditions in a limited volume
are described in the works [5-8]. Research on this
topic was conducted by [9-11].

Table 1
Tabnuya 1

Thermophysical properties of coal of the main deposits in Tajikistan
Tepmocpusuyeckue colicmea yz/is OCHOBHbIX MeCMOpPOX0eHUU TaoXXuKucmana

N::I;i :S; :he Heat of Ic(:;)/rlr(\;ustion, Humidity, % AT Yield of vola‘!’:/iole substances,
Hakimi 27017-32573 52-174 4.8-19.7 26.8-46.9
Fan-Yagnob 32260 0.35-1.88 3.9-24.5 23.1-36.9
Sayat 30919 4.9 323 3243
Ziddi 28 085-32175 3.4-10.2 12.6-33.7 4.9-25.8
Mienadu 35026 1.1 11.1-30 4.9-25.8
Ravnou 31694 0.3-9.6 6.3-34.8 29.3-38.3
Nazar-Aylock 35145 0.78-4.66 1.2-4.2 3.0-5.0
Shurab 27 964 13.1 12.5 348
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However, in existing publications, practically
no attention is paid to optimizing the operating
modes of low-power solid fuel water boilers when
operating on coal with high ash content. In existing
small boilers there is no solid fuel discharge, the
firebox has only one burner, and the fireplace grate
is fixed. My colleagues and | have also devoted
our research to exploring this topic [12-14]. In the
design of a small boiler proposed by the author, all
types of fuel are burned; the grate inside the firebox
is movable in the vertical direction. A distinctive
feature of the circuit is the presence of a small
water heater boiler. The volume of the firebox has
increased for burning other solid fuels, taking into
account their characteristics.

The purpose ofthe studyisto develop the design
of a hot water boiler for efficient combustion of fuels
of various compositions. To develop the design of a
water-heating boiler, a mathematical description of
the combustion processes of fuel when the volume
of the combustion space changes was carried out.
A design of a water-heating boiler with a movable
grate was developed, and experimental studies of
the combustion of high-ash fuel on a movable grate
were carried out.

The thickness of the radiating layer is calculated
according to the formula:

§=3.6.V./F,,

where V, is the volume of the furnace chamber, m?,
F..—the surface area of the furnace walls, m.

The issues related to the energy and heat
release analysis of the efficient combustion of solid
fuel can be quite broad and complex. However, here
are several factors that should be considered when
analyzing the efficiency of low-power solid fuel hot
water boilers:

1. A method used to conduct an energy analysis
of the solid fuel combustion.

2. Factors affecting the efficiency of solid fuel
combustion.

3. Parameters and indicators used to analyze heat
release in solid fuel combustion.

4. Existing technologies for improving
efficiency of solid fuel combustion.

the

5. Environmental aspects that should be
considered in the analysis of solid fuel
combustion.

6. Opportunities to optimize the solid fuel
combustion process to achieve maximum
energy efficiency and minimum exhaust
emissions.

Exergetic analysis is one of the tools for
evaluating the effectiveness of thermodynamic
processes. It allows us to determine the maximum
possible use of energy that can be extracted from
the system to perform useful work.

When exergetic analysis is applied to boilers,
it helps to determine the level of energy losses
associated with processes such as heat exchange,
diffusion, friction and others. This makes it possible
to identify problem areas that can be optimized to
increase boiler efficiency.

Object and methods of research

The object of the study is a hot water boiler unit
with the vertical grate of furnace.

The thermodynamic efficiency of a system at
equilibrium includes:

1. Efficiency (reduces the energy conversion
efficiency) is the ratio of useful energy used to
energy expended. In the case of a reversible
transition, efficiency can be defined as the ratio
of work obtained to heat expended.

2. Thermal efficiency is the ratio of heat generated
to heat consumed. In a reversible process, the
thermal efficiency will be maximum and equal
to unity.

3. Exergy efficiency is the ratio of released exergy
(useful work) to stored exergy (expended heat).
In a reversible process, the exergy efficiency will
be equal to unity.

In an adiabatic process, the efficiency will
be high since the system does not lose or release
thermal energy.

Let us consider a method for studying
technological and exergy processes based on the
second law of thermodynamics. The action of these
processes occurs under conditions of interaction
of the system with an equilibrium environment.
Environmental parameters ensure the constancy
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Fig. 1. Diagram of a hot-water sectional solid fuel boiler: 1 — firebox; 2 — movable grate; 3 - lifting mechanism;

4 - the beam-receiving surface (additional drum); 5 - the transition gas pipe; 6 — the lower gas distribution chamber
outlet; 7 — the main drum of the boiler; 8 — the central exhaust pipe; 9 — upper gas distribution chamber; 10 — exhaust pipes
with descending flows; 11— exhaust pipes with ascending flows; 12 — thermometer; 13 — chimney with gate; 14 - cold
water inlet pipe; 15 — heated water outlet pipe; 16 — transition pipe; 17 - air outlet pipe; 18 — ash pan; 19 — thermometer
Puc. 1. Cxema 80002peliH020 CeKYUOHHO20 M8epOomMonIuBHO20 Koma: 1 — monka; 2 — N008UXHAA KOJTOCHUKOBAsA
pewemka; 3 — N00beMHbIU MeXaHU3M; 4 — JTy4esoCcnpUHUMAroWas No8epxXHoCcMe (00NoTHUMebHbIlU 6apabaH);

5 — nepexooHas 2azosas mpy6a; 6 — HUXHASA 2a3opacnpedesiumesibHAs KAMepa 0meooHds; 7 — 0CHo8HoU bapabaH
Koma; 8 — UeHMpanbHasA 2a300Me8ooHas mpy6a; 9 — 8epxHsAs eazopacnpedenumesnsHas kamepd, 10 — 2a300M800HbIe
mpy6bl ¢ HUCXO0AWUMU nomokamu; 11 — 2a300meodHele mpy6bbl ¢ 80CX00AWUMU Nomokamu; 12 — mepmomemp;

13 = dbiMOX00 ¢ Wubepom; 14 — nampy6ok 8xo0a xo/100HOU 800bI; 15 — nampy60ok 8bix00a HazpemoUl 800bl;

16 — nepexo0HoU nampy6ok; 17 — nampy6ok geinycka 8030yxa; 18 — 30/16HUK; 19 — mepmomemp

of the thermodynamic system, and energy is
converted into work. There are several types of
work. To improve the efficiency of the boiler, the
concept of chemical filling can be used [2-5, 10-14].

If calculate the exergy balance, you can take into
account the excess lost in the process of switching
between components:

Eent = Eex +ZED[ 4

where E__is exergy supplied to the object with flows
of matter and energy;

E_ - exergy leaving the installation;

E,.— exergy losses.

The article discusses the equipment of a furnace
with a variable volume of combustion space. Coal
from the Ziddi deposit was used to produce flue
gases. Their temperature was 300 K. In the mixing

chamber, the combustion products were diluted
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with air (T, = 293 K, moisture content d = 0.01 kg/kg,
p = 9.8 - 10* Pa. The air consumption for complete
combustion of 1 kg of fuel is 46.7 m*/kg [4].

The exergy balanceforthefurnaceis determined
by the formula:

E,=E,+AE +AE,

the env.

where E, is exergy of the initial fuel E, = 5 383 kcal/kg
=22 538 kJ/kg;
E_, - exergy of combustion products in the furnace
at adiabatic combustion temperature;

e o exergy of the heat flow into the
environment;
AE - 1otal losses in the furnace.

According to calculations, the energy
conversion efficiency of the furnace can be about
89 %. The operation of the furnace with a variable
volume of combustion space is 15-20 % more
efficient than standard furnace.

Results
Therefore, the exergy efficiency of the boilern_,
characterizes the share of usefully used exergy:

where E__, E_ are spent and used exergy,
respectively; E_, - common transit exergy, that
is, exergy that passes from the entrance to the
equipment to its exit without participation in energy
exchange processes. For the waste heat boiler in
this case, the transit exergy includes the exergy of
the feed water flows £ , and the air £, as well as the
physical exergy of the exhaust gas flow of the soot
production. The coal from the Ziddi deposit has the
following characteristics of its combustion, m3/kg:
Vo= 5.51;V,, = 0.915 V= 42V, ;= 0.615; V_=573.
For coal from the Ziddi deposit (Q)= 22500 kJ/kg) the
exergy of coal combustion products was calculated
(table 2, 3).

Let us determine the exergy of flue gases in
the mixture obtained by diluting the combustion
products of coal with airin the amount of 46.7 m*/kg;
p=p,=9.8-10*Pa, T =293 K, W, = 0.01 kg/kg up to
the temperature of the mixture t =573 K.

There were firebox characteristics using in the
study:

«  hearth surface was 0.2826 m?;
«  side surface - 0.7536 m?
«  ceiling surface - 0.2703 m%;

n :Ecost _ Eoit = Ereas « the inner surface of the central exhaust pipe -
ex 7
ser Eentrance - redu 0'31 4 mz;
Table 2
Tabnuua 2
Exergy of the coal from the Ziddi deposit
kcepausa yzna 3u0OUHCKO20 MECMOpPOXOeHUS
Mole fracti
VC?” m/kg ole fractions Moisture content Chemical effect of the combustion
N co H.O X, ka/kg processe0 , kJ/kg
2 2 2
6.603 0.789 | 0.1750 | 0.0983 0.0162 1046
Table 3
Tabnuya 3
Thermodynamic parameters of flue gas components
TepmoduHamuyeckue napamempsl KOMNOHEHMO8 ObIMOBbIX 24308
Substances g g Ah, kJ/ NAh, kmol/ .
V,m’/kgt | N, kmol/m h, kJ/kmol | h, kJ/kmol Kkmol kgt S, kJ/(kmol-K)
co, 0.916 0.0412 12519 761 11751 478 30.43
N, 57.20 2.551 8789 581 8211 20949 21.64
0, 15.18 0.677 9100 590 8510 5769 22.26
H,0 1.75 0.071 10 351 673 9672 818 25.56
Total 78.64 351 28020
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« the surface of the ceiling of the flue pipe -
1.2265 m?%
«  furnace volume - 1.228525- 10-" m>.

The mass flow rate of combustion products
during the combustion of 1 kg of solid fuel is
determined by the dependence:

p

A
G, =1-—+1.306 -uV°,
0 100 H

forV [kq] fuel:

p

G=B-G,=B 1= A 13060V =f(B,oc,V°)
100

kﬂ dg. tr.h

or t(x)=t,+exp cf(B,u,V”)

In the process of energy and exergy analysis
of the efficiency of operation of low-power solid
fuel hot water boilers by installing a movable grate,
it was found that the variable volume of the furnace
space, helps us to reduce fuel consumption, and also
contributes to the afterburning of volatile gases and
unburned pulverized fractions of coal.

The calculation showed that the efficiency of the
furnace was 89 % and fuel consumption decreased
by 15-20 %. Heat loss from external gases amounted
to 8.8 %; heat losses from the use of mechanical
fuel amounted to 17.4 %. The productivity of the
boiler unit has been increased to 79-81 %. On the
issue of emission of harmful substances into the
atmosphere, a boiler model with removable grates
and combustion technology is considered in the Set
of rules 89.13330.2012" .

Conclusion

Based on the research carried out, an urgent
scientific problem has been solved - a low-power
solid fuel boiler with a movable furnace and
the possibility of regulating volumetric thermal
voltage has been developed for use in the water
heating system of detached buildings to ensure the
efficiency of solid fuel combustion. The proposed
boiler design ensured a minimum airflow rate for
complete combustion of solid fuel in the boiler
furnace and a maximum direct heat transfer
coefficient in the combustion chamber. The study
showed a number of findings:

1. The maximum efficiency of the proposed
furnace when burning various solid fuel (coal)
is established by changing the furnace space of
the boiler using a movable grate, which allows
us to adjust the volume of the furnace space.

Reducing and increasing the furnace space of a
small water heater helps maintain the required
boiler temperature, which leads to a reduction
in the content of nitrogen oxides by 20-25 %.

3. In the course of economic research and

implementation of the developed project, a

small boiler with an adjustable grate water

heater with a capacity of 50 kW was installed in
the boarding school building. Over the period
of operation, one season, compared to other
existing boiler houses, cost 14 400 somoni

(1.200 US dollars), which is 18 % less than the

initial costs of previous years for the provision

of thermal energy.

Based on the results of the study, a
comprehensive automated control system for
boiler operating modes will be created, providing
regulation of the volume of the combustion space,
air supply and removal of combustion products.

N
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