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PROBLEMS OF OPERATING HEATING BOILERS OF INCREASED
ENVIRONMENTAL EFFICIENCY

Purpose. Ensuring reliable operation of heating heat-generating devices with recirculation and exhaust gas heat recovery.

Methodology. The normative methods of thermal calculation for surface heat exchange devices and the software according to
the requirements of regulatory methods for this type of equipment for processing the results of our own experimental studies on
heat exchange during deep cooling of combustion products of gas-consuming boilers were used.

Findings. Calculation studies on the thermal operation modes during the heating period under the conditions of recirculation and
heat recovery of flue gases of gas-fired water-heating boiler plants not equipped with air heaters were carried out. The main charac-
teristics were determined of the thermal and humidity operation state for the air-supply ducts of these installations under the condi-
tions of recirculation of flue gases’ part into the blown air. Regularities of temperature and dew point changes in the mixture of ad-
mixed gases and air under the conditions of using traditional heat recovery technologies and without them in different boiler modes
and with different parts of recirculated gases were established. Problems of ensuring the operability and reliability of such boiler plants
are highlighted. It is shown that these problems are related to condensate formation on the internal surfaces of air ducts and their
freezing in some operating modes during in the cold period of the heating season. It is also shown that an effective solution to existing
problems can be the use of air heaters in heat recovery systems to preheat the blown air before its mixing with recirculation gases.

Originality. For the first time, the thermal and humidity operation modes of the air-supply ducts of heating boiler plants with
increased environmental efficiency, which is ensured by boiler exhaust gases recirculation into the blown air, have been investigated.

Practical value. The obtained research results will be used in the design of systems of recirculation and heat recovery of heat-
generating devices’ exhaust gases to improve their environmental and thermal efficiency.

Keywords: nitrogen oxides, exhaust gas recirculation, heat recovery, air-supply channels, thermal and humidity conditions

Introduction. Modern trends in the use of fuel-consuming
thermal power plants for various purposes are largely related to
the requirements for improving their environmental and eco-
nomic performance [1, 2]. The main directions of meeting
these requirements in the design and operation of municipal
heat and power facilities are the reduction of toxic substances
in the environment with gas emissions from boiler plants |3, 4]
and fuel savings in them through the use of efficient waste heat
recovery technologies [5, 6].

Literature review. The latest heat recovery technologies in
the municipal heat and power industry are based on deep cool-
ing of gas emissions from boiler houses through the combined
use of recovered heat to heating different heat transfer agents
characterized by different temperature potentials [7]. Deep
cooling is realized when the exhaust gas temperature drops be-
low the dew point of the water vapor contained in the gases.
These technologies provide an increase in the coefficient of the
use heat of fuel (CUHF) of heat-generating installations by
5—10 %. In addition to fuel savings as a result of the use of heat
recovery technologies, an environmental effect corresponding
to a decrease in fuel consumption is also achieved. And if deep
flue gas cooling is achieved, there is also an additional environ-
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mental benefit due to the dissolution of carbon and nitrogen
oxides in the condensate formed during deep cooling.

As for the further improvement of the environmental perfor-
mance of the considered heat-generating facilities, the corre-
sponding trends are associated with a decrease in the formation
of nitrogen oxides in the boiler furnace space, which, according
to the research, mainly determine the toxicity of combustion
products of heat-generating devices operating on natural gas [3].

Reducing the amount of “thermal” NOx formation can be
achieved by influencing mainly the maximum combustion
temperature, which is ensured by introducing ballast gases,
water and steam into the combustion zone or into the combus-
tion air, as well as by two- and three-stage combustion of fuel,
which reduces the temperature level and oxygen content in the
maximum temperatures zone.

Among the ways to reduce nitrogen oxide emissions in
gas-fired boilers, the most common is the use of the method
for recirculating the waste combustion products into the boiler
furnace space [3, 6]. Many publications, for example [2, 3],
are devoted to the research results on application of this meth-
od for ecologization of heat-generating objects, which testify
to the effectiveness of its use. In particular, a sufficiently prov-
en way to implement said recirculation is to introduce flue
gases into the boiler furnace mixed with blown air. This results

54 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2023, N° 6



in a decrease in the combustion temperature in the furnace
due to the fuel consumption for heating the introduced ballast
(flue gases with a relatively low thermal potential). Reducing
this temperature helps to suppress the nitrogen oxides forma-
tion in the furnace space, which reduces their emissions by up
to 60 % [3, 6], and according to some data, up to 90 % [8].

The use of this method of ecologization of heat and power
facilities is quite common in boilers with high heating capacity.
In most situations of implementation of this method, exhaust
gases are taken for mixing into the blown air before the air heat-
er of such a thermal power plant. The temperature of the se-
lected gases is usually 300—400 °C [4]. The use of the consid-
ered method of ecologization for heating boiler installations of
small heating capacity, which are usually not equipped with air
heaters, is associated with certain problems. So, when a part of
the boiler exhaust gases with a temperature significantly lower
than 300 °C is added to the cold blown air, condensate forma-
tion occurs on the internal surfaces of the air ducts and in the
blowing fan [9]. In some operating modes, namely at negative
ambient temperatures, icing of specified elements of the con-
sidered heat and power plants is observed. These problems are
exacerbated in the case by the use of heat recovery systems, as
these systems are characterized by a significant decrease in the
temperature of the exhaust gases. By mixing cooled gases into
the blown air, increased condensate formation on the surfaces
of the air ductsis realized. The relevance of this work is to study
and analyze the thermal and humidity operation condition of
the air-supply ducts of a water-heating boiler plant with and
without a heat recovery system in the case of applying a meth-
od of ecologization of this installation by recirculating flue
gases mixed with blown air into the furnace space.

Purpose. The purpose is to carry out research aimed at en-
suring reliable operation of heating heat-generating facilities
with recycling and heat recovery of flue gases.

According to the goal, the following main tasks were to be
solved:

- execution of a thermal calculation of a boiler with flue gas
recirculation into its furnace space mixed with blowing air for
the selected heat-network schedule of the boiler house;

- determination of the thermal and humidity characteris-
tics of the formed air-gas mixture at different volumes of gas
recirculation (admixing);

- development of directions for ensuring the operation re-
liability of the considered heat-generating installation during
the heating period.

Methods. Calculation studies were performed for a gas-
tube heating boiler BSHW-2.0G (steel heater-water gas boiler
with a capacity of 2 MW) with a nominal heat capacity of
2 MW, operating on natural gas. The flue gas recirculation
technology was implemented by introducing a part of the ex-
haust gases mixed with the blown air into the gas burner device.

To perform thermal calculations of the boiler, the appro-
priate software was created in accordance with the require-
ments of regulatory methods for this type of equipment. Cal-
culations were made for different operating modes of the boil-
er during the heating period in accordance with the thermal
schedule of the boiler room. The share of ballasted gases added
to the blown air was 10—20 %, which corresponds to the prac-
tical values of this indicator when implementing the consid-
ered method of environmentalization. The studies were car-
ried out when the boiler unit was connected to a heating sys-
tem with an estimated ambient temperature of —20 °C and a
temperature difference of the heat-transfer-agent Az, = 25 °C.
The boiler efficiency was calculated based on the higher heat-
ing value of the fuel. The technical characteristics of the boiler
in the nominal mode are indicated in Table 1.

During the studies, the boiler relative heating capacity y
varied from 30 to 100 % during the heating period in accor-
dance with the increase in atmospheric air temperature from
—20 to +10 °C. To determine the moisture indicators of the
combustion products and the air-gas mixture, data on the

Table 1
The boiler characteristics BSHW-2.0G

Parameter name Value
Fuel type natural gas
Boiler load, % 100
Boiler heating capacity, MW 2.0
Higher heating value of the fuel, kcal/m? 9410
Excess air coefficient 1.1
Heat losses from chemical underburning, % 0.5
Heat loss to the environment, % 1.0
Inlet water temperature, °C 70
Outlet water temperature, °C 95
Efficiency, % 82.0
Fuel consumption, m?/hour 219
Exhaust gas temperature, °C 160

moisture content of the air in accordance with the specified
ambient temperatures were used.

The operation situations of the considered heat-generating
installation with and without a gas emissions heat recovery
system were considered under the conditions of using two op-
tions for implementing of ballast mixing method into the
blowing air (Fig. 1).

At the boiler plant in question, a traditional heat recovery sys-
tem with a single heat recovery exchanger was used. The heat re-
covery unit is designed to preheat the return heat network water
before it enters the boiler. The temperature indicators of this water
corresponded to the parameters of the heating network schedule
of the selected heating system and varied from 70 to 35 °C. A wa-

Ambient
air
B Exhaust CH
gases
a
Ambient
air
B Exhaust WHE CH
gases
b

Fig. 1. Implementation options of the method of flue gas mixing
into the blown air: with their selection after the boiler (a)
and after the heat recovery exchanger (b):

B — boiler; WHE — water-heating heat exchanger; CH — chimney
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ter-heating heat exchanger with bundles of transverse-finned
pipes served as a heat exchanger. Bimetallic pipes with a steel base
and aluminum fins were used in the pipe bundle. The movement
of heat carriers is countercurrent with the passage of water in the
pipes and exhaust gases in the inter-pipe space.

The calculation of the heat recovery unit used was per-
formed using well-known modern regulatory methods and the
results of our own experimental studies in the implementation
of deep exhaust gas cooling. Namely, the determination of
heat transfer coefficients during cooling of gases below the dew
point of water vapor contained in combustion products was
carried out according to the methodology developed at the In-
stitute of Engineering Thermophysics of NAS of Ukraine us-
ing the results of the experiments [10].

Results. When performing the boiler thermal calculation,
its main characteristics were determined, in particular, the
adiabatic combustion temperature and the temperature and
moisture content of the boiler flue gases, depending on its
relative heat load. The research data on the adiabatic tempera-
ture in the case of using the recirculation scheme according to
Fig. 1, a are given in Table 2. The data obtained were calcu-
lated under the conditions of maintaining the natural gas con-
sumption per boiler, which corresponds in each studied mode
to the value of this consumption without flue gas admixture.

The research results show that the addition of ballast to the
boiler combustion space under these conditions causes a de-
crease in the adiabatic combustion temperature tad by 137—
263 °C due to the need for fuel heat consumption to heat the
introduced ballast to this temperature. And the greater the re-
circulation share Y, the greater the level of reduction of the
specified temperature in the furnace space.

As shown by the calculation studies, if the gas consumption
to the boiler is maintained at the level of its value without the
use of recirculation, it leads to a decrease in the water heated
temperature in the boiler compared of the boiler plant needs
according to the heating network schedule. This circumstance
is due to a decrease in the adiabatic combustion temperature.
For example, in the nominal mode, if the recirculation share y,
increases within 10—20 %, the water heated in the boiler tem-
perature decreases by 0.9—1.4 °C, respectively. As a result,
when a part of the ballasted gases enters the furnace space, its
design heat capacity is not achieved. And the higher the recir-
culation share y, the more noticeable the decrease in this heat
capacity. The maximum heat capacity of the boiler decreases
by 3.6—5.6 % as the y share increases from 10 to 20 %.

Flue gas recirculation under the considered conditions also
causes small changes in the boiler exhaust gases temperature 7,
(Table 3). As can be seen from the table, under the conditions of
using the recirculation method, the temperature 7, decreases
slightly (by 1.6—2.5 °C) in the nominal mode (at minimum ambi-
ent temperatures, 7, = —20 °C) and increases with an increase in

eration modes under the considered conditions of implement-
ing the recirculation combustion products method.

As can be seen from the table, the moisture content value
varies slightly only depending on the operational performance of
the boiler plant due to changes in the combustion air moisture
content during the heating season. In other words, the moisture
content X, of the waste gases under conditions of their partial
recirculation corresponds to the moisture content of admixed
ballast, regardless of the proportion of this mixture y.

Using the obtained data on the temperature and moisture
content of the boiler exhaust gases with a recirculation system,
calculations were performed of the thermal and humidity pa-
rameters of the air-gas mixture that will enter the boiler furnace
in its different operation modes. To determine these indicators,
as noted, data on air moisture content in accordance with am-
bient temperatures during the heating period were used. The
obtained results for the situation of adding combustion prod-
ucts to the blown air after the boiler (Fig. 1, a) are shown in
Fig. 2. The given data indicate that, depending on the operating
mode and the admixed gases part, the air-gas mixture tempera-
ture varies from ¢,,,, = -4 to ¢, = +21 °C, and the dew point of
this mixture — from % =+20 to 1% =+34°C.As can be seen
from the above graphs, the temperatures 7, and 7% increase
when applying the considered method of ecologization of the
boiler plant, and the more so, the greater the proportion of ad-
mixture . The results of the studies also showed that in all the
investigated heat-generating installation modes during the
heating period, a decrease in the temperature of the mixture
tmix below the dew point rdpmix point is observed. That is, the
use of recirculation under consideration in all modes leads to
condensation on the internal surfaces of the air-supply ducts
and in the fan. In some modes, the temperature of the mixture
fmix takes on negative values. In particular, the reduction of
mmix below 0 °C at x = 10 % is realized at a relative heat load of
the boiler y > of 85 %. According to the accepted heat network
schedule, this load corresponds to the ambient temperature
t.m=—15°C. As can be seen from the graphs shown in Fig. 2, at
x =15 and y =20 %, negative values of fmix are not observed.

It should be noted that the air-gas mixture temperature 7,,;,
is usually higher than the temperature 7, of the air-supply net-
works’ inner surface of the boiler plant during their operation
in open areas. This is due to heat loss to the environment from
the outer surface of these air ducts. The difference between the
temperatures 7,; and £, significantly depends on the boiler
mode, the design features of the air ducts and their thermal
insulation. At ambient temperatures below 0 °C, when ¢, takes

Table 3

Exhaust gases temperature 7, in different boiler modes
during the heating period and at different shares x of

these indicators. In particular, temperature £,,, changes by 2.7— recirculated gases
4.4 °C at a minimum boiler load of nearly 30 % and #,,, =+10 °C. Share of Exhaust gases temperature 7, °C at different
Table 4 shows the calculated data on the values of the boil- recirculation ambient temperatures z,,,,, °C
er exhaust gases absolute moisture content in different its op- 1, % 50 ~10 0 10
0 160.0 133.7 106.2 71.0
Table 2 10 157.5 135.5 108.2 73.7
Adiabatic combustion temperature 7, in different boiler
modes during the heating period and at different shares y of 15 158.0 136.1 109.0 74.6
recirculated gases 20 158.4 136.6 109.6 75.4
Share of Adiabatic combustion temperature 7,,, “C at Tuble 4
i i different ambient temperatures 7,,,,, °C . L .
recucu;mon ’ Exhaust gases moisture content of X, in different boiler
x> 7 —20 -10 0 10 modes during the heating period
0 1848 186 1866 1878 Share of Exhaust gases moisture content X,,, g/kg d.g. at
10 1711 1716 1724 1733 recirculation different ambient temperatures #,,,, “°C
15 1653 1657 1663 1671 % % -20 -10 0 10
20 1600 1604 1609 1615 0-20 139.7 139.8 140.0 140.4

56 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2023, N° 6



mix’

15

5 e S

15 - —¢1 —&—2

30 40 50 60 70 80 90 Y,%
a
tdpmix’
°C
i\—‘-__"_ bt ——e
——— -
=8

.

20— ——1 —W—2 o

——3 —e—4

30 40 50 60 70 80
b

-40
90 v,%

Fig. 2. Dependence of the air-gas mixture temperature t,,;, (a) and
its dew point 1% (b) on the boiler’s relative load'y at different

shares vy, of recirculated gases at their selection after the boiler:
1—9=0%;2—10%; 3—15% 4—20%

on negative values, icing of some sections of the air ducts and
blower fan is likely. At the same time, icing of these sections
will occur at temperatures 7, lightly higher than 0 °C. That is,
unfavorable operation mode of the air-supply ducts in terms of
their icing will occur at lower boiler loads y and higher gas re-
circulation shares, in particular, at y = 15 and y = 20 %.

Studies have also been carried out on the thermal and hu-
midity indicators considered in this paper for a boiler plant
with flue gas recirculation under the conditions of using a tra-
ditional heat recovery system with a water-heating heat recov-
ery exchanger. In this case, the recirculated gases are selected
after the heat recovery exchanger, as shown in Fig. 1, b.

The results of the performed thermal calculations showed
that when applying the heat recovery system under consider-
ation, provided that the gas consumption to the boiler remains at
the level without using gas recirculation, the water heated in the
boiler temperature may be higher than required by the heat net-
work schedule. This is explained by the fact the boiler is already
coming with water heated in a heat recovery exchanger. In this
case, the heat capacity of the specified installation (boiler with
heat recovery exchanger) in some modes may be higher than
planned according to the specified schedule. That is, the nomi-
nal heat capacity of this installation may be exceeded (y>100 %).

During the studies on the considered heat generating

units, the temperature l:’h’g, moisture content X e",,’g of the ex-

haust gases (after the heat recovery exchanger), the tempera-

ture of the mixture of blown air and these gases " and its

dew point %" were also determined. The relevant calculated

data are given in Tables 5, 6 and Fig. 3.

Table 5

Exhaust gases temperature te”,f in different boiler modes
during the heating period and at different shares y of
recirculated gases

Share of Exhaust gases temperature ’:Zg’ °C at different
recirculation ambient temperatures 7,,,, “C
% 20 5[0 s o[ s [ w0
0 83.6 | 76.0 | 67.2 | 58.6 | 56.0 | 52.2 | 46.1
10 84.7 | 77.2 | 68.2 | 59.3 | 56.3 | 52.7 | 46.7
15 85.4 | 77.7 | 68.7 | 59.7 | 56.4 | 52.9 | 47.1
20 859 | 782 | 69.2 | 60.1 | 56.6 | 53.1 | 47.4

Table 6

Exhaust gases moisture content of X :’;g in different boiler
modes during the heating period and at different shares y of
recirculated gases

Share of Exhaust gases moisture content X :’,1’ - g/kgd.g. at
recirculation different ambient temperatures 7,,;,,"C

% 20 | =15 | =10 ] =5 | 0 5 110

0 139.7 | 139.7 | 139.7 | 139.7 | 120.1 | 96.7 | 67.6

10 139.7 | 139.7 | 139.8 | 139.9 | 122.2 [ 99.3 | 70.2

15 139.7 | 139.7 | 139.8 | 139.9 | 123.2 | 100.5 | 71.6

20 139.7 | 139.7 | 139.8 | 139.9 | 124.1 | 1017 | 72.9
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Fig. 3. Dependence of the air-gas mixture temperature 1, (a)

and its dew point %" (b) on the boiler’s relative load y at
different shares y of recirculated gases at their selection af-
ter the heat recovery exchanger:

I1—%=0%;2—10%;3—15%; 4—20%
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According to the obtained results, both in the case of gas
selection for addition to the blown air after the heat recovery
unit and in the case of selection of these gases after the boiler,
for all its operation modes, the dew point values exceeds the
temperature of the air-gas mixture. And the higher the value of
the share y in this mixture, the more noticeable the decrease in
thr

mix

loads, negative values of

and the increase in the dew point 7%, At some boiler
thr

mix

are also observed. The research

results indicate that the air-gas mixture temperature . and

its dew point %" when combustion products are selected af-
ter heat recovery are somewhat lower than when they are se-
lected after the boiler. For example, in the case of the recircu-
lated gases selection after the heat recovery unit, under the
condition of reducing the relative boiler heat load from the

maximum to the minimum, the temperature value 7" varies

from —11 to +16 °C, and the dew point %" of this mixture is

from +20 to +31 °C, respectively, depending on the admixed
gases’ part. Under the conditions of selecting gases from the
boiler, the corresponding indicators varied from t,,, = —4 to

=+21°C and from (% =+20 to 1% =+34°C.
The data obtained also testified that under the conditions
of mixing gases into the blown air after the heat recovery ex-

changer, the mixture temperature . decreases below 0 °C at

lower boiler loads and, accordingly, higher ambient tempera-
tures compared to the situation of recycled gases selection after
the boiler.

According to the results of the performed studies, the im-
plementation of negative values the air-gas mixture tempera-

tmix

ture 7 when adding exhaust gases with a share of y = 10 % to

cold air is observed at lower values of the boiler load (y > 70 %)
compared to the situation with the selection of recirculation
gases after the boiler, where this indicated decrease occurs
only at y > 85 %. When heat recovery is used in accordance
with the selected boiler house heat schedule, the indicated
relative heat load y = 70 % corresponds to the ambient tem-
perature f,,,, ~ —6 °C. Under the condition of mixing gases into
the air after the heat exchanger, negative values of t”;;x when

adding these gases with a share of y > 10 % are also observed.

Thus, at y = 15 %, the temperature t,',’,ﬁx takes negative values

approximately at y > 80 % and under the condition y = 20 %,
" <0°C aty>90 %. In the case of a relative load y = 80 %,

the ambient temperature corresponds to the value of ¢,,, ~
~—10°Cand aty =90 %, the value of z,,,, <—15 °C.

The excess value of the air-gas mixture dew point over this
mixture temperature (Af,, =i% —f . Ath" =g _ghr ) ip
different operation modes of the boiler plant during the heat-
ing period for both investigated variants of this installation
with the considered its ecologization method (Fig. 1) was also
evaluated. Fig. 4 shows the relevant data.

The data shown in Fig. 4 shows that the higher the heat load
v (correspondingly, the lower the ambient temperature 7,,,;), the

greater values of Az, and A7 . That is, during the heating sea-
son in a cold period, the level of gas-air mixture temperature
increase required to prevent condensation in the air ducts is
higher. This fact is obvious, given the low temperature indica-
tors for the air supplied for combustion during this period.

The obtained research results also show that under the
condition of the selection of recirculated gases from the boiler
to prevent condensation and icing of its air ducts in the nomi-
nal operating mode and, accordingly, during the coldest peri-
od of the heating season, the mixture temperature should be
higher by at least Az, = 25 °C (excluding heat losses from the
air ducts surface). During the warmest period of this season
(tmp = 10 °C) and, accordingly, at the minimum boiler load
(y = 30 %), the necessary range of Armix increase is the small-
est and corresponds to At,,, > 13 °C.

At?x("
°C
—-—
—a—2 / /
2 R 7‘/ e
15
o]
10—t
30 40 50 60 70 80 90 1,%
a
Athr?xc’
A

30 %’

20 7
Pz e
Nzt pa

||

90 100 v, %

0

30 40 50 60 70 80
b

Fig. 4. Dependence of the excess value At,, and AL, of the
air-gas mixture dew point over the this mixture temperature
on the boiler’s relative load v at different shares v, of recir-
culated gases during their selection after the boiler (a) and
the heat recovery exchanger (b):

1—%=10%;2-15%;3-20%

According to the results of the studies, under the condi-
tions of adding flue gases to the furnace space after heat recov-
ery, it is necessary to increase the gas-air mixture temperature

mix by A" =10-33°C to prevent condensation and icing of
the air-supply ducts surfaces, depending on the heat generat-
ing unit operating parameters and the shares of admixed com-
bustion products.

As for the comparison of data Az, and A" for the two
variants of the boiler environmentalization method considered
in this work, as can be seen, that gas extraction after the heat
recovery unit requires a higher level of air-gas mixture thermal
potential increase to prevent condensate formation. Thus, at
the maximum boiler load and a share y = 20 % of recirculated
combustion products, the value of At,,. is 20 °C for the variant

in Fig. 1, aand A" =32°C — for the variant in Fig. 1, 5. That
is, the difference between indicated options regarding the ex-
cess of the dew point over the air-gas mixture temperature

(Af!r —At,.) in this case is equal to 12 °C. During the warm
period of the heating season, the difference between the re-
spective values becomes noticeably smaller and does not ex-
ceed 3°C.

As already noted, the study results shown in Figs. 2—4 were
obtained without taking into account heat losses from the air-
supply channels surface. These losses are mainly determined
by the design features of these channels and the conditions of
their heat exchange with the environment. The actual levels of
excess of the dew point temperature over the temperature of
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the air-gas mixture will be higher and will be calculated for the
specific conditions of the considered ecologization boiler
plants method application.

It should also be emphasized that the calculation results
obtained in this paper relate to the implementation of the de-
scribed recycling method provided that the natural gas con-
sumption of the heat generating unit remains at the same level
as the value of this consumption without recycling, i.e., at
% = 0 %. Calculation studies were also carried out, provided
that the needs of the boiler house heat schedule with respect to
the direct water heated in the boiler for the two investigated
variants of boiler plants (Fig. 1). The research results showed
that when using flue gas recirculation without heat recovery
(Fig. 1, a), gas consumption per boiler slightly increases. For
the variant in Fig. 1, b, the fuel consumption is somewhat re-
duced due to the partial heating of the heating system return
heat-network water in the heat recovery exchanger. The re-
search results also showed that the obtained changes in gas
consumption do not cause significant changes in the thermal
and humidity parameters of flue gases and air-gas mixture in
both considered variants of flue gas selection for mixing into
the blown air.

Therefore, based on the results of the research performed,
it can be concluded that the operation of the considered heat-
ing installations with the addition of combustion products to
the cold blown air causes conditions favorable for condensate
formation in the air-supply communications of these heat-
generating facilities. Throughout the entire period of operation
during the heating season, this condensate formation will oc-
cur, and during operation at negative ambient temperatures,
icing of these communications will also occur. Ensuring the
operability of the considered heat generating units of increased
environmental efficiency requires the development of special
measures to ensure that the mixture of recirculated gases and
air temperature exceeds the dew point. One such measure
could be the use of heat exchangers to preheat the air before it
is mixed with recirculated combustion products. These heat
exchangers can be air heaters-heat exchangers, which are part
of heat recovery systems with the combined use of recovered
heat for heating the return heat-network water and combus-
tion air. In these air heaters, this air will be heated by cooling
in the process of heat recovery of the boiler’s gas emissions.
The level of air heating and the level of these emissions cooling
must ensure the absence of condensate formation in the air
ducts and fan of boiler plants when using flue gas recirculation
systems into blown air. In this case, to prevent condensation in
the gas exhaust ducts of these installations with deep cooling of
gas emissions, appropriate thermal methods of protection
these ducts should be applied [7].

The second measure to improve the reliability of the heat
generating unit with the ecologization considered method
can be the organization of hot combustion products extrac-
tion from the convective part of the boiler. The use of this
measure is very problematic, usually, due to the developers’
prohibition of boilers to interfere in its design, since this
leads to disruption of the heat transfer processes in this heat
unit itself.

The next measure, which can ensure that the mixture of
recirculated gases and air temperature exceeds the dew point
temperature for environmentally efficient boilers, is to add a
part of this agent, already preheated outside the heat recovery
systems, into the cold blown air. The use of this measure, for
example, is possible if there is another boiler equipped with an
air-heater in the boiler plant and if it is possible to organize
this measure, given a number of conditions for its successful
implementation. In particular, the need for boilers’ simultane-
ous operation, the technical feasibility and economic viability
of supplying the heated agent, etc.

The analysis of the above measures indicates that the most
acceptable for the considered boiler plants is the use of heat
recovery systems equipped with air heaters-heat recovery. The

use of these heat recovery exchangers will ensure not only reli-
able operation of heat generating units with increased environ-
mental efficiency, but also fuel savings in them, as well as an
additional environmental effect by reducing the gas emissions
temperature potential.

Conclusions. For heating gas-consuming boilers using flue
gas recirculation into the blown air method, a set of studies was
carried out on the patterns of changes in the main thermal
characteristics and thermal and humidity parameters of the
exhaust gases and air-gas mixture of the boiler in its various
modes using traditional heat recovery technologies and with-
out them. In particular:

1. The adiabatic combustion temperature in the boiler fur-
nace is determined. It is shown that the addition of recircula-
tion gases to the furnace space under the considered condi-
tions causes a decrease in this temperature by 137—263 °C due
to the need to consume fuel heat for heating ballast gases. And
the greater the proportion of recirculation y, the greater the
decrease in the specified temperature in the boiler furnace.

2. The regularities of changes in the mixture of air and re-
circulated gases thermal and humidity characteristics (tem-
perature and dew point) during the heating period at different
shares of the recirculation gases selection after the boiler were
established. It is established that:

- the use of recirculation leads to a decrease in the air-gas
mixture temperature below its dew point in all studied modes
during the heating period;

- in some operating modes, there is a decrease in the mix-
ture temperature below 0 °C, which can cause icing of the air-
supply ducts surfaces operated in open areas.

3. The thermal and humidity indicators of the air-gas mix-
ture under the conditions of using the considered heat recov-
ery system for a boiler plant and when selecting exhaust gases
cooled in the heat recovery process for mixing into the blown
air were determined. Comparison of the obtained indicators
with the corresponding indicators without the use of heat re-
covery systems is carried out. It is shown that negative values
of the air-gas mixture temperature during the selection for
cooled gases recirculation after the heat recovery exchanger
are observed at lower values of the boiler relative heat load
(y> 70 %) compared to the situation of the selection of recir-
culation gases after the boiler, where negative values of the
mixture temperature are achieved only at y > 85 %.

4. The problems of ensuring the operability and reliabil-
ity of the considered heating boiler installations of relatively
low heating capacity when using the specified flue gas recir-
culation method are highlighted. It is shown that an effective
way to solve the existing problems can be the use of heat re-
covery exchangers in heat recovery systems designed to pre-
heat atmospheric air before it enters for mixing with recircu-
lation gases.

5. The minimum levels of preheating of the blown air,
which should ensure the absence of condensate formation in
the air-supply ducts of the boiler plant, are determined. These
levels during the gases recirculation after the boiler are 13—
25 °C, and when the cooled gases recirculation after heat re-
covery they correspond to the value of 10—33 °C.

The obtained research results will be used in the design of
new boiler plants using the considered method of their ecolo-
gization, in the creation of new efficient heat recovery systems
with the complex use of recovered heat for heating water and
blown air, as well as in the reconstruction of existing boiler
plants to improve their environmental and energy perfor-
mance.

The research data can also be used in educational process
in the training of specialists in heat-power engineering disci-
plines and environmental protection.

The work was carried out under the project No. 1.7.1.904
“Improving the efficiency of technology to reduce nitrogen oxide
emissions by recirculating flue gases in boilers of municipal and
industrial energy”.
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KOTEeJIbHUX YCTAHOBOK MiJABUIIEHOI €KOJIOTIYHOI
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Mera. 3abe3neyeHHs] HamiliHOI eKcrulyaTallii orao-
BaJIbHUX TEIJIOTCHEPYIOUMX arapariB i3 pelIMpKYJISAIIE0 Ta
TEIUIOYTUITI3aLli€l0 BiIXiTIHUX ra3iB.

Metoauka. BukopucroByBaaych HOpMaTUBHI METOIVUKI
TEIJIOBOTO PO3PaxyHKy MOBEPXHEBUX TEIMJIOOOMIHHUX arma-
paTiB Ta IporpamMHe 3a0e3MeUeHHST 3TiTHO 3 BUMOTaMU HOP-
MaTUBHUX METOIWK JUISI JAHOTO BUAY TEXHiKU IJIsi 0OpOOKHU
pe3yJNbTaTiB  BJIACHUX EKCIIEPUMEHTAIBHUX JIOCIiIKCHD
LLIOAO TETJI000MiHY TTPU IITMOOKOMY OXOJIOIKEHHI ITPOIYKTiB
3TOPSTHHS Ta30CITOXXUBAJTLHUX KOTJIIB.

Pe3syabratu. BuKoHaHi po3paxyHKOBi HOCIiIKEHHS
IIOJO0 TEIUIOBUX PEXKUMIB POOOTH IMPOTITOM OIATIOBATb-
HOTO IePioAy 3a YMOB PELUPKYIALIT i1 TeNIOyTHIi3aLii 1u-
MOBUX Ta3iB Tra30CIOXWBAJIbHUX BOXOTPIMHNX KOTEIBHUX
YCTaHOBOK, 1110 HEe OCHallleHi MoBiTpoHarpiBauamu. BusHa-
YeHi OCHOBHI XapaKTepUCTUKHU TEIJIOBOJOTiCHOTO CTaHy
eKcIuTyaTalii MoBiTpOMiABIAHMX KaHaJiB IIMX YCTAHOBOK Y
pasi peuupKysii YaCTUHU IMMOBUX ra3iB y IyTTbOBE MO-
BiTpsi. BcTaHOBJIEHI 3aKOHOMIPHOCTI 3MiHU TeMITepaTypHu i
TOYKM POCU CyMillli MiAMilllyBaHUX Ta3iB i MOBITPs 32 YMOB
3aCTOCYBAaHHSI TPaIMLIMHUX TEIUIOYTUIIi3aLliiHUX TEXHO-
JIOTiH i 6e3 HUX y Pi3HUX pexXumax KOTJja i 3a pi3HUX yac-
TOK pelMpPKYJbOBaHUX ra3iB. BucBitieHi npobiemu 3ade3-
TeYeHHST Tpalle3qaTHOCTI i HaZifHOCTI TAKMX KOTEIbHUX
ycTaHOBOK. [TokazaHo, 1110 1aHi mpo6JeMu MoB’a3aHi 3 BU-
MaJeHHSIM KOHIEHCATy Ha BHYTPIIIHIX ITOBEPXHSIX ITOBi-
TPOBOIB i iX OOMep3aHHIM Yy JESIKUX pexXumax poOOoTH B
XOJIOTHWI Tepion omaroBaJbHOrO ce30Hy. Iloka3aHo Ta-
KOX, 110 e(heKTMBHUM HAMpsSIMOM BUPILIEHHS HasSBHUX
Mpo06JIeM MOKe OyTH BUKOPUCTAHHS B CUCTEMaX TCIJIOYTH -
Jlizallii moBiTpoHAarpiBaviB /ISl MOTMEPEAHbOTO MimirpiBaH-
HSI IyTThOBOTO TTOBITPS MepeI MOro 3MIllyBaHHSIM 3 Ta3aMu
PEeLUMPKYJISILIi.

HaykoBa HoBU3HA. YTiepille TOCTiIXKEHi TeTIOBOJIOTICHI
peXUMM eKCILTyaTallii MOBITPOMIABIAHUX KaHAJiB OIasio-
BJILHUX KOTEJbHUX YCTAaHOBOK MiBUILEHOI €KOJIOTIYHOI
e(eKTUBHOCTI, 110 3a0e3MeUyIOThCSl 3aBAIKU PELIMPKYJISIIT
BiIXiIHUX Ta3iB KOTJIiB Y TyTThOBE MOBITPSI.

IIpakTiyna 3HaymmicTh. OTpMMaHi pe3yabTaTU AOCHTi-
IIKEHB OYIyTh BUKOPUCTAHHI TIPU ITPOCKTYBaHHI CUCTEM pe-
LIMPKYJISILIT Ta yTUJIi3alii TerIoTH BiIXiIHUX Ta3iB Teriore-
HEPYIOUUX anapariB ISl MiIBUIIEHHS iXHbOI €KOJIOTIUHOI Ta
TeIUI0BOi e(heKTUBHOCTI.

Kumowosi ciioBa: oxcudu azomy, peyupkyanuyis oumogux ea-
3i8, menaoymunizayis, nogimponiogioni Kananu, menioeon0z2ic-
HUIL pedcum
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