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ADAPTATION OF MATHEMATICAL MODEL
OF HEAT AND ENERGY CHARACTERISTICS
OF MEDIUM PRESSURE BOILERS TO REAL
OPERATING CONDITIONS

The object of this research is the thermal and energy characteristics of medium-pressure boilers at the thermal
power plant of a metallurgical plant operating on a common steam header. The fuel used is a mixture of blast fur-
nace and natural gases. The volume fraction of blast furnace gas is 80—95 %. The characteristics of blast-furnace
gas are not constant: the elementary composition, humidity and dust content change significantly.

The mathematical model developed for the purpose of comprehensive optimization of the modes of joint operation
of boilers requires adaptation of the energy characteristics obtained by calculation to real operating conditions.
Adaptation of the calculated energy characteristics was carried out individually on the basis of thermal balance
tests of boilers and taking into account the design and operational features of each boiler. During the tests, the
Jraction of the convective component of heat transfer in the furnace for the considered boiler units was determined
using a non-stationary heat meter. The absolute value of the heat flux density was determined according to the
theory of non-stationary regular heating of the sensitive element (SE). It was found that as the fuel burns out,
the level of heat fluxes decreases, and with an increase in the thermal fraction of blast furnace gas, the absolute
value of local falling fluxes decreases. The average share of the convective component is 1520 %. It is proposed
to adapt to the real operating conditions of the superheater and tail heating surfaces using empirical correction
Jactors obtained during processing of the results of balance tests.

Taking into account the proportion of convective heat flux in the furnace makes it possible to more accurately
determine the parameters of the heat carriers along the steam-gas path of the boiler, and, therefore, it is possible
to obtain adapted energy characteristics of the boilers. In comparison with analytical calculated dependences, the
proposed method provides an individual approach to the operating modes of boilers. Thanks to this, it is possible
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to reduce the error in determining the optimal solutions to less than 1 %.
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1. Introduction

In the last decade, highly efficient combined power
plants based on modern cycles and processes have been
actively introduced in the thermal power industry. In ad-
dition, the widespread use of microelectronics, computer
control systems makes it possible to further increase the
operational efficiency of both existing power plants and
new ones. The rise in prices for primary energy sources,
their scarcity require the development and implementation
of a wide range of energy saving measures. One of the
ways to save energy in the production of thermal energy at
combined heat and power plants (CHP) and boiler houses
is the choice of optimal operating modes of equipment.
Operating modes are largely determined by the charac-
teristics of a specific consumer: daily, weekly and seasonal
load schedules, the structure and equipment of existing
power supply systems, the technical ability to connect to
centralized networks. In addition, it is necessary to take
into account circuit designs, characteristics of not only
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the power plant and other circuit elements, the climatic
conditions of the region and much more.

Special attention is paid to the issues of mathematical
and technical and economic analysis of the effectiveness
of combined technologies, primarily in heat power engi-
neering. The development of approaches to mathematical
modeling of such technologies, optimization methods and
appropriate software allows to choose effective solutions
that ultimately lead to a decrease in production costs.

The power industry began to deal with the solution
of optimal problems from the middle of the last century,
when large power systems, thermal power plants, combined
heat and power plants appeared.

A significant contribution to the formation of optimization
processes in the energy sector is shown in studies [1—3]. A fun-
damental contribution to the theory of optimization of thermal
power plants was made in works [4—6]. A number of works
of this school have not lost their significance even now [5, 7].

All mentioned works are mainly of a theoretical nature,
based on analytical dependencies, therefore, research that
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took into account the real state of heat and power equipment
is relevant. The modern use of high-speed personal electronic
computers (PC) makes it possible to implement more complex
optimization mathematical models and correct them during
the time during which changes in energy characteristics occur.

2. The ohject of research
and its technological audit

The object of this research is the thermal and energy
characteristics of medium-pressure boilers of the combined
heat and power plant of a metallurgical plant operating
on a common steam collector.

The work investigated the medium pressure boiler block
of the combined heat and power plant CHPP-1 of the Pri-
vate Joint Stock Company (PJSC) «Illich Iron and Steel
Works of Mariupol» (Ukraine), which includes 4 boilers
CKTI-75/39F2-4 (USSR) and 2 boilers TP-150-2 (USSR).
All boilers operate on a common steam collector of 32 atm,
420 °C. The fuel used is a mixture of blast furnace and
natural gases with a share of blast furnace gas, which varies
in the range of 80-95 %. Blast furnace gas characteristics
are also changing. The elementary composition, humidity
and dust content of blast furnace gas change.

In addition to the above, the specific operating condi-
tions of medium-pressure boilers at CHPP-1 are:

— operation of boilers No. 7-10 on individual chim-

neys, and two TP-150-2 — on a common chimney;

— the presence in the thermal circuit of CHPP-1 of the

backpressure turbine R-12 (USSR) and parallel to the turbine

of standby high-speed reduction-cooling units (SHROU)
between the live steam pipelines 100 atm and 32 atm;

— on boilers CKTI-75/39F2-4 and TP-150-2, the same

type of direct-flow flat-flare burners (two each) are

installed, despite the fact that the productivity and
volume of the furnaces differ significantly.

Boiler No. 10 has now been reconstructed by replac-
ing all heating surfaces, lining, instruments and automa-
tion. This makes it possible to establish the nature of the
change in the operational characteristics of the boiler as
the heating surfaces become dirty and worn out.

Fig. 1 shows the changes in the productivity of each
of the boilers. Typical for boilers CKTI-75/39F2-4 and
TP-150-2, the general nature of the load change during
the day is associated with variable operation.

The total interval for changing the productivity of
all boilers is 30 t/h, that is, this is the average resource
within which the load can be redistributed between boilers.
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3. The aim and ohjectives of research

The aim of research is to adapt the calculated mathemati-
cal model of the boiler in accordance with the parameters
of real operating equipment by introducing and determin-
ing a number of correction factors based on the results
of heat engineering measurements and tests of the boiler.

To do this, it is necessary to do:

1. Correction of the method for calculating heat trans-
fer in the boiler furnace by measuring the proportion of
the convective component and its dependence on specific
operating factors.

2. Correction of the method of calculating heat transfer
for convective heating surfaces by introducing and deter-
mining the real pollution factors and thermal efficiency
of each of the heating surfaces.

3. Determination of empirical coefficients for taking into
account the dependence of the suction cup size on the load,
fuel composition and the aerodynamic mode of the boiler.

4. Research of exiting solutions
of the prohlem

The work [8] presents the results of experimental and
numerical studies of the process of coal combustion in
a pulverized coal boiler. The pilot focused on optimizing
coal combustion to achieve the best performance in the
power generation process. The main goal of the work was to
increase the efficiency of the boiler based on improved tech-
nology for monitoring the operating conditions of boilers.
Experimental studies were carried out on an OP-650 pulver-
ized coal boiler located in the EDF Polska Rybnik power
plant. The optimization process used modern measuring
systems for flue gas temperature distribution and fuel-air
distribution. The gas temperature measurement system
allows online monitoring of the temperature distribution
at the outlet from the furnace. The optimal combustion
process was determined by the uniform temperature dis-
tribution measured online. However, the work did not
take into account the dependence of the boiler efficiency
on the combustion modes.

The processes of heat exchange in boilers, taking into
account the radiation component, were considered in [9, 10].
Thermal radiation is a process of internal energy distribu-
tion of a radiating body by electromagnetic waves. The
study of the influence of particle fractions on the surface
of radiant heat transfer in circulating fluidized beds (CFB)
is the main one for most. Heat transfer calculations can be
extended as well as energy transfer during
combustion. The best knowledge of radiative
heat transfer can be used to achieve better
performance. In the case of using a natural
blast-furnace mixture, the combustion pro-
ducts also contain solid particles, but the
composition of the gases and the temperature
level are somewhat different.

In the study [11], the efficiency of the
boiler units of the Mazandaran Cement Plant
(Iran) and two methods useful for increas-
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ing the efficiency of the boiler, based on the
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. 3 5 ; o 11 13 15 17 19 21 23 optimization (?f excess air a.nd the installation
Time.h of an economizer, are considered. Of the two
1me, methods, managing excess air in the boiler
Fig. 1. Change in boiler load during the day was more difficult than using an economizer.
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Under normal conditions, the boiler operated at 55 % of
its capacity. At the same time, the amount of excess air
and the boiler efficiency were 63.43 % and 77.48 %, re-
spectively. Excess air was needed during the combustion
process to ensure complete combustion. On the other hand,
the minimum heat loss and thus the maximum boiler ef-
ficiency was achieved using the optimal level of excess air.
The results showed that installing an economizer on a boiler
can reduce operating costs by reducing fuel volume. This
will also lead to increased boiler efficiency. The work is
devoted to stationary modes of boiler operation and does
not take into account the effect of excess air on the ef-
ficiency under variable modes.

Investigation of the convective component of heat
transfer both in furnaces and on heating surfaces is very
important. Thus, in [12], measures were considered for
the simultaneous calculation of the thermal field both
on the side of the masonry and on the side of the wall
tubes, as well as at the root walls of the tubes in the
convective zone of the boiler. The calculation method
allows flexible modeling of heat transfer parameters in
the convective zone of the boiler at variable load [13].
The presented techniques are quite complex for variant
calculations under variable modes.

Work [14] focuses on the study of the effect of the size
of the furnace on the heat transfer mechanism of the burn-
ing coal particles. Numerical simulations of coal combustion
fields were carried out in three different furnaces (actual
large-caliber boilers 915 MW, 2.4 MW and 0.76 MW). The
work focuses on coal as a fuel. The high accuracy of the
modeling methods was confirmed by the measured data.
When comparing numerous simulations between three dif-
ferent boilers, it was found that the settling time of high
temperature particles for a small size furnace is shorter
than for a larger one even if the residence time of the
particles, the high temperature gas passes, is the same.

The inclination angle and type of burner and their effect
on nitrogen oxide emissions were considered in [15]. As
a burner, a torch burner with a variable angle of combustion
of internal secondary air was chosen and a laboratory scale
for opposite firing was created. Temperature distribution
and NO, emissions are calculated constructively. Com-
bustion characteristics are experimentally evaluated from
ignition and burnup data. Meanwhile, emission reductions
are analyzed through measurements. This study examines
the various ratios of the concentration of coal and air
in the internal and external environments, thermal loads
and coal. The results showed the possibility of increasing
the intensity of the combustion processes of the coal-air
mixture by 10 %, depending on the angle of inclination
from the load change and at temperatures above 200 °C.
The research technique can be used when burning natural
blast-furnace mixture in industrial boilers.

Aerodynamic processes and heat exchange in the fur-
nace of a steam boiler with a secondary radiator were
considered in studies [16, 17]. For the analysis, water-tube
boilers were used, which are common in industrial and
municipal boiler houses, and they are used as sources of
heat and steam supply. The implementation of measures
to ensure environmental efficiency at an acceptable level,
the use of modern burners and the automation of boilers
for worn out and outdated boiler structures that require
significant reconstruction and significant financial costs
were analyzed. The results of a numerical study of heat

transfer processes during the combustion of fossil fuels
have shown the effectiveness of placing a secondary tubular
reversible radiator in the volume of the boiler furnace.
It was found that the density of the radiant heat flux
increases by 15-20 %, the temperature of the flue gases
at the outlet from the furnace decreases and amounts to
970 °C. The dimensions of the flame of the torch exclude
its collision with the surfaces of the shielded pipes. During
the combustion of the gas mixture, the concentration of
nitrogen oxides at the outlet of the boiler furnace does
not exceed 125 mg/m®. In this case, the numerical study
of heat transfer in the boiler furnace is suitable mainly
for fossil fuels and does not take into account the pecu-
liarities of combustion of low-calorific gases.

In the above studies, the authors have modeled the
energy characteristics of boiler units and determined the
influence of various operating parameters on the efficiency
of boilers. However, an experimental study, taking into
account the operating parameters of operating boilers and
determining the influence of the convective component, was
not carried out, which emphasizes the prospects of research.

5. Methods of research

The fraction of the convective component was de-
termined using an unsteady heat meter. A diagram of
a non-stationary heat meter is shown in Fig. 2. The non-
stationary heat meter consists of a body 3, in which a sensi-
tive element (SE) 5 is pressed, which is cylinder made of
steel X18HIT. A chromel-alumel thermocouple is inserted
into the sensing element. The holder 1 is welded to the
body, with the help of which the heat meter is placed
into the boiler furnace. The heat meter is made according
to the design and recommendations given in [18, 19].

Fig. 2. Scheme of a non-stationary heat meter:
1 — holder; 2 — thermocouple leads; 3 — body; 4 — heat insulating filler;
5 — sensitive element

The heat meter was introduced into the furnace through
the hatches in such a way that the end surface of the heat
meter with the SE was in the same plane with the wall
tubes. The convective component was determined from the
ratio of heat fluxes incident on the sensitive element with
mirror-like and blackened surfaces. The blackening of the
SE surface was carried out with a mixture of soot and
BF glue. Such a surface has a blackness of 0.97-0.98. The
polished SE surface made of steel X18H9T has a black-
ness degree of 0.08-0.09.

The absolute value of the heat flux density was deter-
mined according to the theory of non-stationary regular
heating of the SE by measuring the time interval during
which the SE temperature increased from 100 to 150 °C.
The temperature was recorded with a digital thermometer
with an error of 0.5 °C, and the time was recorded with
a stopwatch.

The regular mode of temperature variation in time is
linear at an arbitrary point of the SE for two points in
time. For SE with a surface emissivity close to 1:
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where o — the coefficient of heat transfer by radiation and
convection, respectively; 61, 8, — SE temperatures at the
end and at the beginning of heating; At — SE heating time;
v — coefficient of non-uniformity of the SE temperature field;
Pm> Cm> Fmy V — density, heat capacity, heat exchange area and
SE volume of SE material; r and ¢ — indices that relate to
heat transfer by radiation and convection.
For SE with a surface emissivity close to zero:

_(ln91—ln02) v )
ac_mecm V. (2)
Preliminary calculations showed that o,=0.250,, the
ratio of the coefficients of non-uniformity of SE tempera-
ture fields is y.=~0.94ys,.

Accordingly, with the same temperature range for SE
heating, let’s obtain:

o +o, At v,
o, Aty

3)

or the proportion of the convective component in the total
heat flux:

= (4)

In this case, it is necessary to take into account the coef-
ficient of transition from ablution of a flat surface (SE heat
meter) to ablution of a cylindrical surface (shield tube).
According to [19, 20], this coefficient is about 0.7.

The final calculation of the fraction of the convective
component was carried out according to the formula:

q. At,
=07\ 1-094 " |. 5)

T

”

Fig. 3 shows the points of measurement of local heat
fluxes in the furnace of boilers CKTI-75 and TP-150.
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Fig. 3. Schemes for measuring heat fluxes on boilers:
a — TP 150-2; b — CKTI-75/39F2-4 No. 7, 9;
¢ — CKTI-75/39F2-4 No. 8, 10

Table 1 shows the results of measurements of heat
fluxes and convective components.

Tahle 1
Results of measurements of heat fluxes on boilers
CHKTI-75/39F2-4 No. 7 hoiler
Measurement Level Level Level Mod
location B6m | 129m | 150m oce
Proportion of =38 t/h
the convective 0.224 0.18 0.11 B,=36000 m%h
component Bp=750 m%/h
CHKTI-75/39F2-4 No. 8 hoiler
Measurement Level Level Level Mod
location B6m | 129m | 150m oce
Proportion of D0=137 t/h
the convective 0.264 0.224 0.16 By,=33000 m%/h
component B,,=620 m%h
CKTI-75/39F2-4 No. 9 boiler
Measurement Level Level Level Mod
location 86m | 129m | 150 m oce
Proportion of D=34 t/h
the convective 0.182 0.15 0.08 B;=27000 m%h
component B,,=820 m%h
TP 150-2 No. 11 bailer
Measurement Level Level Level Mod
location B6m | 128m | 150m oce
Proportion of D=76 t/h
the convective 0.18 0.11 0.05 B,,=60000 m%/h
component B,,=500 m%h
TP 150-2 No. 12 baoiler
Measurement Level Level Level Mod
location 88m | 120m | 158 m oce
Proportion of =80 t/h
the convective 0.22 0.14 0.08 B,,=68000 m%h
component BE‘Z:750 m%/h

For the developed mathematical model, it was not the
absolute value of the heat flux in the furnace that was
important, but the fraction of the convective component.
Since it was necessary to confirm the validity of the ap-
plication of the methodology for calculating complex heat
exchange in the furnace when burning a mixture of natural
and blast furnace gases.

The maximum level of falling fluxes is fixed at the
level of the burners. As the fuel burns out, the level of
heat flux decreases. With an increase in the thermal frac-
tion of blast furnace gas, the absolute value of local fall-
ing fluxes decreases. The average share of the convective
component is 15-20 %.

6. Research results

6.1. Methodology for accounting the peculiarities of
heat transfer in the furnace. When a significant amount
of blast furnace gas is burned in a mixture with high-
calorific natural gas, heat exchange between the torch and
the screens occurs at low torch temperatures and relatively
high gas flow rates.

The specificity of burning gaseous fuels in flat-flame
burners (boilers CKTI-75/39F2-4 No. 7, 9 and TP 150-2
No. 11, 12), especially with an increase in the share of blast
furnace gas, creates increased velocities in the near-wall zone
of the combustion chamber. This fact is confirmed visually,
especially in the furnaces of boilers CKTI-75/39F2-4. Due
to the relatively small volume of the furnace, turbulent ed-
dies are observed and high heat fluxes take place. Thus, in

;28
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the case of predominant combustion of blast-furnace gas at
relatively low temperatures in the torch core, the propor-
tion of convective heat exchange with screens is significant.
The application of the main provisions of the «norma-
tive method» [21] for calculating single-chamber furnaces
with flat-flame and vortex burners when burning a blast-
furnace-natural mixture showed that it does not sufficiently
take into account the conditions of complex heat transfer,
namely, convective heat transfer to the screens. To deter-
mine the heat transfer coefficient to the wall tubes, let’s
use the criterion dependence for the longitudinal turbulent
flow around the heating surfaces [21]:
Nuy,, =0.023Rel8 Prdf (6)
where Nu,, — Nusselt criterion for the gas flow, which washes
the screen pipes; Re,, — Reynolds criterion for gas flow, which
washes the screen tubes; Pr,, — Prandtl criterion for the same
stream. The value of these criteria is determined according to
the well-known method for calculating heat transfer.
Taking into account the fact that in the investigated
range of temperature variation of flue gases the value of
the Prandtl criterion is practically constant and equal to
~0.56, expression (6) takes the form:
Ny, = 0.018RelS (7)
Heat flux in screen tubes. The value ¢ can be writ-
ten down:

qg” = (X‘;CF (Tf _Tur)y (8)

The calculation of heat transfer in the furnace, tak-
ing into account the heat transfer by convection during
combustion of a mixture of blast furnace and natural gases
in the mathematical model, was carried out according to
the following method. In this case, the calculation basis
of the method is a system of equations describing heat
exchange in the furnace. It includes the equations of ra-
diation heat exchange of the combustion medium with
heating surfaces:

6086H1
Be

Q= (T} -T), (10)

where 8, — emissivity of an absolutely black body; H; — ex-
changeable heating surface; Ty — effective temperature of the
combustion medium; T, — temperature of the contaminated
surface wall, which perceives radiant energy; B, — estimated
fuel consumption; €, — reduced degree of furnace emissivity.

According to [21], the reduced emissivity is determined
by the formula:

71 11
€= [1 J, 11
]

€, €/

where g — effective absorbing capacity of the smooth-tube
screens; €7 — blackness degree of the torch; y — shielding
degree of the combustion chamber.

With the upper input of blast furnace gas, Ty is cal-
culated as follows [20, 22]:

where o — coefficient of heat transfer from gases

o,

qdg
1 afeg (1_ "’8'" )}[1—0.161142.12.103%, +1)]
1

to the pipe wall; T,, T;” - flame temperature
and the temperature of the outer wall of the pipe, T, =,
respectively.

Calculation by formula (8) showed that the
proportion of heat absorption in the furnace of the
CKTI-75/39F2-4 boiler due to convection in the
range of variation of the thermal fraction of blast
furnace gas from 0 to 0.8 varies from 10 to 30 %.

Taking into account the significant level of convective
heat absorption in the furnaces of CHP boilers when burn-
ing a mixture of fuels with different heats of combustion,
it is necessary to take it into account when calculating
combustion chambers operating under similar conditions.
According to the «normative methods, the heat transferred
by convection is determined by the formula:

o H, (T, -T,)
Q=——5— ©
where o — coefficient of heat transfer by convection to
the wall tubes; Ty — effective temperature of the combustion
medium; T, — the temperature of the contaminated surface
wall perceives radiant energy; H. — heating surface, which
perceives radiant energy; B, — estimated fuel consumption.

At the same time, when calculating convective heat
transfer using formula (9), it is necessary to take into
account the fact that the generalized heat transfer coef-
ficient to the screens o should be related to the surface,
washed by flue gases directly. In general, this surface dif-
fers from the surface of the screens, they perceive radiant
energy by about 10 %.

o (12)

qdg
0.92-10%¢,H, [1—82{1— "; J]zn(z.u.m*qz, +1)
1

where

1.4(1.44—qq) at 0< gy <0.65,
0.17(7.18 - q,,) at 0.65< g,, <0.80;

¢ — heat stress of the furnace volume.
The heat balance equation of the combustion chamber:

Q=0(Qi—17), (13)

where Q, — useful heat release in the furnace, which is deter-
mined by [21]; I}/ — enthalpy of combustion products at the
exit from the furnace; ¢ — coefficient of heat conservation.

Heat transferred by convection is determined by for-
mula (9). To calculate the generalized heat transfer coef-
ficient, the equivalent velocity at the outlet from the blast
furnace part of the burner is taken. Average values of the
heat transfer coefficient are 50-95 W /(m2K).

Closes the equation for determining the heat content
and, accordingly, the temperature of gases at the outlet
from the furnace:

Q+Q =0(Qi-1I7). (14)
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The calculation of the temperature at the outlet of
the combustion chamber is performed by the method of
successive approximations in accordance with the gene-
rally accepted method. Comparison of the temperature at
the outlet from the furnace, calculated by the proposed
method with the experimental values, indicates a good
agreement between the experimental and calculated data.

6.2. Determination of efficiency factors of heating sur-
faces. One of the hard to predict factors when comparing
the experimental and calculated characteristics of boilers
are the efficiency and contamination coefficients of heating
surfaces. In this work, the adaptation of the mathematical
model is carried out by introducing into the calculation
of the correction factors found experimentally and ana-
lytically for the operating equipment.

The amount of heat absorbed by the water in the
economizer:

Q:Dﬁw(iom‘,_iin)) (15)

where the consumption of feed water Dy, which is deter-
mined by the panel device; iy, and i;, — direct measurements
of the temperature of the heat carrier (water).

The correction factor ., is included in the heat transfer
equations at the heating surface:

Q = errkr,henr Atmum Hcalr ) ( 1 6)

where At.u, — temperature head on the surface for ideal
counterflow; H,q, — area of the heat-absorbing surface, de-
termined according to the drawings of the boiler; Kieor —
calculated heat transfer coefficient.
The correction factor includes:
— correction for a decrease in the heat exchange
area H,q., since part of the tubes during operation
can be plugged:

H real

By = L
ek )
H cale

A7)

— coefficient of efficiency of the heating surface &g,
which can be greater or less than the standard;

— the coefficient of transition to a complex heat exchange
scheme Wy, is determined for the adopted scheme of
the movement of heat carriers in terms of temperature
differences. Correction factor:

D/ur (iou[ - iin)

X‘Yl'l’ = g&ﬂ? ° hSL'T .\VSLT = Krhem,Atmuchalc . (18)
For air heaters:
Qs =Va((cit),, (cit),)- (19)
Correction factor for air heaters:

V. ((c,t L —lat),
Yoo zgab.hab.%b:M. (20)

K theor Atmunt H cale

The value of the temperature difference is calculated
according to the usual method for counterflow:

At, - At,
At b

lHTt_m

At(?{luﬂf = (2 1 )

The values k., were calculated according to the
normative method [21] as for the case without taking
into account the negative factors of operation.

The found values y were then entered into the mathe-
matical model. The verification of the conformity of the
thermal efficiency coefficients is carried out with the
coincidence of the temperature distribution in the gas,
air, steam-water paths of the boiler during the calcula-
tion and according to the test results of one basic mode.
According to the described method, the values y, and
Xse Were determined for boilers TP-150-2 (No. 11, 12),
CKTI-75/39F2-4 (No. 7-9).

6.3. Analysis of the properties of blast furnace gas and
their influence on the efficiency of heilers. Blast furnace
gas at CHPP-1 is supplied from an off-site collector with
a composition averaged over all blast furnaces. The gas
has a high humidity (up to 90-100 %) and in some pe-
riods — a fairly high dust content. Its average temperature
fluctuates in the range of 35-65 °C.

One of the difficulties in the operational distribution
of loads between boilers that burn blast furnace gas and
their mixtures is the variable value of the composition
and the heat of combustion. The nature of the influence
of the composition and the heat of combustion on the
efficiency is unambiguous: with a decrease in the heat of
combustion, the efficiency of the boiler decreases. More-
over, the heat of combustion of blast furnace gas affects
to a greater extent than the composition.

The heat and composition of the blast furnace gas
changes significantly in the daily and annual sections. This
is due to the operation of blast furnaces and gas purifiers.
There are no calorimeters for determining the heat of
combustion of blast furnace gas at CHPP-1. Changes in
the composition and heat of combustion of blast furnace
gas were analyzed according to the data of the gas analysis
laboratory of the plant. Fig. 4 shows the nature of the
change in the heat of blast furnace gas over the past two
years. No explicit seasonal dependences of the calorific
value and gas composition have been established. Since
the composition of the gas depends on many factors (the
supply and quality of coke, the composition of the charge,
the course of the furnace, etc.), it is not possible to predict
the characteristics of the blast furnace gas.

To take into account the properties of blast furnace gas
when optimizing loads, it is possible to go in two ways:

— to install a calorimeter at CHPP-1, receive operational

information on the properties of blast furnace gas and

adjust the optimal loads in accordance with it;

— to distribute the loads according to the average com-

position and the heat of combustion, and when they

change, introduce correction factors. In this work, the
second way is used. Based on the results of the analysis
of changes in the composition of blast furnace gas, the
average composition of the gas and the heat of combus-
tion were determined as CO=24.15 %, CO»,=15.97 %,
Hy=5.7 %. Calorific value — 817 kcal/m3.
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7. SWOT analysis of research resulis

Strengths. The strength of this research is the adapta-
tion of the developed theoretical model for calculating
heat transfer. Experimental studies carried out on real
boilers confirm the theoretical conclusions on improving
the energy efficiency of medium pressure boilers.

Weaknesses. Weaknesses include the need for initial
capital costs to analyze the system where the implementa-
tion of certain measures is planned. This study examines
boilers after conversion from solid fuel to mixed gas. The
heat and composition of the blast furnace gas changes
significantly in the daily and annual sections. This is
due to the operation of blast furnaces and gas purifiers.
There are no calorimeters for determining the heat of
combustion of blast furnace gas at CHPP-1. For a more
accurate analysis, it is necessary to additionally provide
the enterprise with measures to assess the composition
of the fuel and the load on the boiler units at a specific
point in time.

Opportunities. The conducted research is based on ope-
rating boilers after conversion from solid fuel to liquid
fuel (a mixture of natural and blast-furnace gases). Based
on it, it is possible to calculate the heat transfer in the
furnace, taking into account the convective part of the
heat transfer in the furnace. This, in turn, will improve
the efficiency of existing systems and will improve equip-
ment replacement.

Threats. An enterprise, a CHPP or a boiler house will
require capital investments to analyze the boiler equip-
ment and operating parameters.

1. According to the developed method of measuring
the proportion of the convective component in the fur-
nace, which averaged 20-25 %. The peculiarities of heat
exchange in the furnace were taken into account according
to a special method developed for calculations for flat-
flame combustion of a natural blast-furnace mixture.

2. Tests of TP-150-2 and CKTI-75/39F2-4 boilers in
the main operating modes allowed to determine the true
coefficients of efficiency and contamination of convective
heating surfaces. Their values turned out to be 1.2—1.5 times
lower than those recommended by the normative methods.

3. Based on the obtained experimental coefficients of
efficiency and contamination of heating surfaces, the adap-

tation of the mathematical model to real conditions was
carried out. Analysis of the calculation and test results
showed sufficient convergence for most parameters. This
makes it possible to calculate the performance of boilers
in all operating modes.
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