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Jlns naacmunuacmozo nosimponazpieaua, w0 6xoo0umo
6 mennoymunizayiiiny cucmemy KOMeAvbHOI YCMAHOGKU,
docnidiceno enaue 1oz0 menaoizuunux napamempis na
empamy excepzemuMHoi NOMYNCHOCMI NPU PIZHUX PeHCU-
Max pobomu onanioeanviozo komaa. Memoouxa po3paxynxy
empam y 0anomy noeimponazpieaui IPYHMYEMvCsa HA BUKO-
PUCMAHHI KOMNJIIEKCHOZ20 ni0X00Y, AKUN NOEOHYE excepee-
muuni Memoou 3 mMemooamu mepmMoOUHAMIKU He360POMHUX
npouecie. Mamemamuuna moodenv 6xouae oupepenuiiire
pisnanna banancy excepeii ma pieHAHHS MenJAONPOSIOHOCHI
011 NOGIMPOHAZPIEAUA NPU ZPAHUMHUX YMOBAX MPEMb020
pooy. Tupepenuiiine pisnanns 6anancy excepeii po3e’sza-
HO CYMICHO 3 PiBHAHHAM menjonposionocmi. B pesyavma-
mi P036°A3aHHS OMPUMAHO PO3PAXYHKOBL 3ATEHCHOCH Ot
BU3HAUEHHST BMPAM eKCepzemuuHOi NOMYI}CHOCH, NOG A3a-
HUX 3 npoyecamu menjonepeoadi.

Pospaxosano empamu excepeemuunoi nomydxchocmi 6
00C0XHCYBAHUX MENIOYMUIZAMOPAX NPU 3MIHI KoeiuieH-
ma menyionpogionocmi naacmunu, xKoediuicuma mennoeio-
daui 3 00Ky Oumoeux 2azié i pedxcumy podomu Komaa.
Ompumani 3anexcnocmi 6i0 xoeiuiema menionposiono-
cmi 0151 PO32NAHYMUX PEHCUMIE POOOMU KOMAA MaAIONb 061
YimKo eupanceni OiNAMKU, HA NepuLill 3 AKUX Cnocmepiea-
€MbCsL 6IOHOCHO HeeenuKe 30LbUEHHS 6MmMpPam excepeemuy-
HOT nomydjcHocmi npu 3meHwenHi Koediyienma menaonpo-
eionocmi, Ha Opyeiill — empamu excepeemuuHoi NOMYHICHOCME
8 Menoymunizamopi nopiGHAHO Pi3Ko 3pocmaiomo. Jns
docnioxncenoi nocaidosnocmi pescumie xKomiaa nepexio 6io
11020 MAKCUMATILHOT MENONPOOYKMUBHOCME 00 MIHIMATb-
HOi CYnPo6o0HCYEMbCL 3IMEHUEHHAM 6MPAM eKCeP2emutHoi
nomysicHocmi. Ananoziunuil xapaxmep mMae maxKoxyc 3anexnc-
Hicmb 610 KoeiyicHma menaonposioHoCmi 6i0HOCH020 6KA-
Oy empam excepzemuuHoi NOMYHCHOCML 8 NPOUECAX MENJ0-
nepedaui ¢ ix cymaphi sHavenns 8 menaoymunizamopi. Ipu
UbOMY MAIOMb MicUe He3HAUHT BI0OMIHHOCTI 810HOCH020 6K1A-
0y Odanux empam npu pi3HUX pexcumax podomu xKomaa.
Koegiyieum mennosioda4i 3 00Ky 0uUMOBuUx 2a3i6 6 MeHcax
00H020 peXcuMy KOmaa MeHul CYmmeeo, Hidc KoediuicHm
menyionpogionocmi mamepiany meniooOMiHHOI NoGepxHi,
8NIUBAE HA BMPAMU eKCePeMUUHOT NOMYN’CHOCMI 8 npoue-
cax mennonepedaui. Bcmanoeneno oonacmi 3minu xoediui-
€HMA MenaonposioHOCmi ma pexcumu podomu Kom.aa, 3a
AKUX 6MPAmMU eKcepemuutoi NOMYNCHOCHL 8 MenOYMmuii-
3amopi MiHiManvHi

Kmouogi cnosa: empamu excepeemuunoi nomydmcrHocmi,
menyoQizuuni napamempu, npoyecu menaonepeoai, pexicu-
Mu pobomu xomaa
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1. Introduction
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One of the important factors for saving fuel and material
resources in energy generation is to utilize the heat of waste
gases from heat power units. Implementation of effective
heat utilization technologies makes it possible to signifi-
cantly improve the utilization ratio of heat from fuel of these
units. At present, studies into the efficiency and optimiza-
tion of heat recovery systems are typically conducted using

any single method of analysis — exergetic, technological, etc.
However, that does not make it possible to analyze the work
of units from different standpoints and to employ, in the
development of its designs, parameters that are maximally
close to optimal. Forming the specified technologies must be
based on the application of modern integrated approaches to
the analysis of effectiveness of heat recovery equipment. A
series of studies address the operation of energy converting
systems based on the comprehensive methods of exergetic




economy, the methods that combine exergy analysis with
elements from the theory of linear systems, multilevel op-
timization, etc. As far as modern heat recovery systems are
concerned, the analysis is complicated by the need to take
into consideration the large number of structural, technolog-
ical and thermal-technical parameters that are responsible
for the effectiveness of such systems.

The proposed integrated approach to the analysis of
effectiveness of heat recovery equipment based on exer-
getic methods, as well as methods of thermodynamics of
irreversible processes, allows us to overcome the identified
difficulties. In this case, a dependence of the performance
characteristics of this equipment on the specified defining
parameters could be obtained in an analytical form. Given
the above, it is a relevant task to analyze the effectiveness of
heat recovery systems using integrated approaches.

2. Literature review and problem statement

Exergy analysis is known to be an important tool to
study the effectiveness of energy plants of different types.
This is related, particularly, to that some exergetic char-
acteristics are quite sensitive to changes in the structural
and operating parameters of plants and could be used as a
measure of their thermodynamic efficiency. Paper [1] noted
that the exergy analysis could be regarded as a technique to
acquire information that identifies areas in which technical
and other improvements could be implemented when devel-
oping energy technologies.

Papers [2—4] provide an example of research based on
the class of exergetic methods. In [2], an installation for
the production of hydrogen from biomass was used as an
example of using exergy analysis to assess both its overall
and exergetic efficiency. Paper [3] reported an exergy
analysis for the efficiency of an absorption refrigerating
machine, and defined the variables that unambiguously
characterize its performance. To analyze the efficiency of
a boiler room, article [4] applied a balance method of exer-
getic analysis, which is used to consider two basic types of
exergetic losses associated with irreversible combustion of
fuel and a heat transfer. However, applying a given method
to the installation as a whole does not make it possible to
analyze the effectiveness of each of its element, to localize
exergetic losses and to determine values for characteris-
tics at which these losses are minimal.

Paper [5] noted that even though exergy analysis is a
powerful tool to design, evaluate, and improve energy con-
version systems, the lack of an appropriate formal procedure
to employ the results of a given analysis significantly limits
the scope of its application. Analyzing the effectiveness of
the specified units using the methods of exergy analysis only,
without the application of integrated approaches, does not
make it possible to examine work of these units in terms of
technological, thermophysical, economic, and other aspects,
which limits the completeness of the analysis performed.
Studies [6—9] are the examples of research based on the em-
ployment of integrated approaches.

Based on an integrated exergetic-economic approach,
the authors of [6] assessed the operation of a combined cy-
cle power plant. They considered total exergetic losses, as
well as losses for each component of the system, which are
determined by the physical, technological, and economic
constraints. The authors analyzed the level of eliminated

exergetic losses, which provides a realistic assessment of
the potential for improving the thermodynamic efficiency
of the system’s components.

The authors of paper [7], using an integrated approach
based on the combination of a method of exergetic analysis
and a multilevel optimization method, acquired data on the
optimal values for the regime and structural parameters of
a combined heat recovery installation that exploited wa-
ter- and air heating equipment. Applying the results of the
conducted research when designing the installation helped
improve its effectiveness by 2.5 %.

Study [8] reports a comparative analysis of two com-
prehensive methods to optimize a heat recovery plant for
boiler rooms, which combine, in the first case, the exergetic
and structurally-variant methods, in the second case, the
exergetic method and a method of multilevel optimization.
According to the results of comparison, it has been shown
that the exergetic-technological efficiency of a heat recovery
plant, optimized by using a multilevel optimization method,
is 2 % higher than that of the same installation, optimized by
applying a structural-variant method.

Paper [9] outlines basic thermodynamic provisions for
the integrated approach to analyzing the effectiveness and
optimization of heat recovery systems based on the use of ex-
ergetic and structural-variant methods, adapted to studying
heat recovery systems with complex structures. The applica-
tion of research results has made it possible to improve effec-
tiveness of the heat recovery systems by 3-4 % on average.

An analysis of the scientific literature [1-5] that we per-
formed has revealed that not enough attention has been paid
to date to the practical application of results from exergetic
research. The integrated approaches considered in papers [6-9]
do not make it possible to differentiate exergetic losses in a
plant and to employ results of research in order to identify the
conditions under which the level of losses would be minimal.
To solve these problems, it is possible to apply an integrated
approach that combines exergetic methods with the methods
of thermodynamics of irreversible processes. Such an approach
would make it possible to separate the losses of exergetic power
in a plant based on causes and regions of their localization, to
select exergetic losses related to heat transfer, and to define
the thermophysical and modal parameters under which losses
would be minimal. The application of a given approach would
provide an opportunity to identify ways to improve the effec-
tiveness of heat recovery systems in boiler plants.

3. The aim and objectives of the study

The aim of this work is to determine the losses of exer-
getic power in heat transfer processes in a plate air heater
based on an integrated approach that would make it possible
to separate the specified losses for causes and regions of
their localization, as well as to determine values for the ther-
mophysical and mode parameters under which these losses
could be minimal. That would make it possible to improve
the efficiency of the air heater.

By applying the proposed procedure, we have derived an
analytical dependence of the losses of exergetic power in the
processes of heat transfer in the plate of an air heater on its
thermophysical parameters.

To accomplish the aim, the following tasks have been set:

-to devise a procedure for calculating the losses of
exergetic power in the processes of heat transfer in the air



heater of a heat recovery system after the boiler VK-21-M2
(KSVa-2.0G) and to construct a dependence of these losses
on the thermophysical parameters of the air heater in the
analytical form;

- to determine the magnitudes of losses of exergetic
power under different thermophysical parameters of the air
heater and different operational modes of the boiler and to
establish the contribution of these losses in the processes of
heat transfer to the total losses of exergetic power;

- to identify the regions of change in the thermophys-
ical parameters and operational modes of the boiler at
which the losses of exergetic power in the heat transfer
processes are minimal.

4. Methods to study the effectiveness of a gas-air heat
recovery plant

We have investigated regularities of change in the effec-
tiveness of the plate air heater in a heat recovery system of the
boiler unit based on the analysis of losses of exergetic power
in the heat transfer processes. These losses were determined
using the devised procedure based on the application of an
integrated approach that combines exergetic methods and the
methods of thermodynamics of irreversible processes.

5. Results of studying the effectiveness of a plate air
heater in the heat recovery system

5. 1. Development of procedure for calculating the
losses of exergetic power in the processes of heat transfer
in the air heater of a heat recovery system after the boiler
VK-21-M2 (KSVa-2.0G)

The examined plate air-heating heat recovery unit (air
heater) is part of the system of heat recovery in the heat-
ing boiler VK-21-M2 (KSVa-2.0G), designed for heating

blowing air (Fig. 1).
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Fig. 1. Main diagram of the boiler unit with a system of heat
recovery of the boiler’s flue gases: 1 — heating boiler;
2 — air heater; 3 — condensate collector; 4 — gas heater;
5 — chimney; 6 — gate; 7 — fan; 8 — smoke exhauster

In the examined heat recovery system, gas heater 4 is ap-
plied in order to protect the gas discharge tracts of the boiler
from condensate formation.

To devise a procedure for the calculation of losses of
exergetic power in the plate of an air heater, we employed
a mathematical model that includes a differential equation
of exergy balance and the equation of thermal conduc-
tivity for a plate under boundary conditions of the third
kind [7-9]:
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In the right-hand part of equation (1) the expression un-
der the sign of the derivative is the flow of heat exergy, the
second term is the exergetic power of internal heat sources,
and the third term is the losses of exergetic power associated
with thermal conductivity, viscosity of phases, inter-phase
heat exchange, friction between phases, etc.

Here, ¢, A, p are the specific heat capacity, thermal con-
ductivity coefficient, and density of the plate’s material; e is
the specific exergy; ¢ is the heat flux density; g, is the density
of internal sources of energy; T'is the temperature of the plate;
Ty is the initial temperature; ¢ is time; x is a coordinate; ., o,
are the coefficients of heat release from a wall of the plate to
air and flue gases, respectively; 0,, 8, are the temperatures of
air and flue gases; § is the plate’s thickness.

The losses of exergetic power for the entire system of
volume V are determined in the following way:

E,. =- Oj"a—Tdv ijz( JdV (7)

The result of solving (1) to (7) is the derived dependenc-
es for calculating the losses of exergetic power associated
with the processes of heat transfer in the plate with a thick-
ness of § without internal heat sources for the established
mode under boundary conditions of the third kind:
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D=Bi; K=A/B; P=(D+A)/4;
N=(C+A)/B; L=PK+N;
M=6,B/A(6,-6,);

R=M+PN; G=L"-4KR,

where F is the area of the plate; upper index: % is the heat
transfer; lower index: loss — are the losses.

3. 2. Calculation of losses of exergetic power in an air
heater under different thermophysical parameters of the
air heater and operational modes of the boiler

According to the derived estimation formula (8), we
determined losses of exergetic power in the plate air heater
(with 40 plates the size of 1x1 m) depending on thermal
conductivity coefficient A, convective heat transfer coef-
ficient from the side of flue gases as under different oper-
ational modes of the boiler (Fig. 2-5). We have considered
seven operational modes of the boiler in a sequence from
its maximum to its minimum load over a heating season.
In this case, we took into consideration that, according to
the regulations, if the boilers heat load is 50 % of the rated,
the respective number of boilers are set to the rated mode
with a decrease in the total number of operating boilers
[10]. The source data to solve the problem were consistent
with the regime card of the examined boiler VK-21-M2
(KSVa-2.0G) (Table 1). Calculation of total losses of ex-
ergetic power in the air heater was conducted according to
formula (9):

) ) T R p“?
Efm = G/g|:cfg(T;; ~T2)-T,| ¢, In—2 - —In K ]
o ' FOTE ug by
. TOIA[ R out
_Ga [ca(Tauut _Tam):l_TL ca lrl a‘ —711‘1 pa‘ , (9)
" w, p

where G is the consumption of heat carriers; p is pressure; R is
a gas constant; 7. is the ambient temperature; p is molecular
weight; upper indices: in — input, out — output; lower indexes:
Jg - flue gases; a - air.
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Fig. 3. Dependence of relative contribution K of the losses of
exergetic power in the processes of heat transfer to the total
losses of exergetic power in an air heater under different
operational modes of the boiler on the plate’s thermal
conductivity coefficient A: @ - modes 1-4; b — modes 5-7
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processes El‘;SS in an air heater under different operational
modes of the boiler at A=0.025 kW /mK
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Fig. 5. Dependence on a convective heat transfer coefficient
from the side of flue gases ay: a - losses of exergetic power
EI';SS; b - relative contribution K of the losses of exergetic

power in the processes of heat transfer to the total losses
E ' in an air heater

5. 3. Determining the regions of change in the thermo-
physical parameters and operational modes of the boiler
at which the loss of exergetic power in the heat transfer
processes are minimal

Fig. 2 shows that the examined air heater demon-
strates a significant dependence of losses of exergetic
power in the heat transfer processes on its thermal con-
ductivity coefficient A and operational modes of the boiler.



Table 1

Source data for the calculation of losses of exergetic power
in an air heater

Operational modes of the boiler VK-21-M2

Parameter (KSVa-2.0G)
1 2 3 4 5 6 7
Tf'g, °C | 156.8 | 145.5 | 133.2 | 120.0 | 130.8 | 116.5 | 95.3
T/‘é"', °C | 838 | 7714 | 715 | 645 | 76.6 | 69.0 | 57.9
", °C | -20.0 | -15.0 | -10.0 | =5.0 0 5.0 10.0
T, °C | 664 | 657 | 62.7 | 603 | 638 | 60.8 | 55.5

P » kPa |100.45|100.56 | 100.67|100.77 | 100.44 | 100.60 | 100.79
Pl kPa | 99.60 | 99.67 | 99.78 | 99.84 | 99.62 | 99.72 | 99.85
Gfg, kg/s| 091 | 0.81 | 0.70 | 0.60 | 091 | 0.78 | 0.57
Ga, kg/s | 083 | 0.73 | 0.64 | 0.54 | 0.83 | 0.71 | 0.52

In Fig. 2, the curves illustrating the losses of exergetic
power in an air heater depending on the plate’s coefficient
of thermal conductivity A demonstrate two distinct regions
for all operational modes of the boiler. Along the first re-
gion, a changing in the coefficient A from 0.04 kW/mK to
0.025 kW/mK leads to a relatively slight increase in the losses
of exergetic power in an air heater (0.1...0.6 kW). Along the
second region, a change in the coefficient of thermal conduc-
tivity from 0.025 kW/mK to 0.01 kW/mK results in that the
losses of exergetic power in an air heater increase relatively
sharply. In this case, the transition from the first to the fourth
and from the fifth to the seventh mode is accompanied by a
decrease in the losses of exergetic power for all values of A. It
should be noted that at high values of the coefficient of ther-
mal conductivity the dependence of losses of exergetic power
on the boiler operating mode is less evident than at low ther-
mal conductivity coefficients. A similar pattern is observed for
the dependence of relative contribution of the losses of exer-
getic power in the heat transfer processes K = E_100% / E"

loss loss

to the total losses of exergetic power E in an air heater on
the thermal conductivity coefficient (Fig. 3). However, in this
case, there are minor differences in the relative contribution
of these losses under different operational modes of the boiler.
Thus, the study has shown that the lowest losses of exergetic
power characterize the region of change in the coefficient of
thermal conductivity from 0.025 kW/mK to 0.040 kW/mK,
as well as the regions from the third to the seventh working
mode of an air heater.

It should be noted that the heat transfer coefficient
ay from the side of flue gases exerts a relatively small im-
pact on the losses of exergetic power in the heat transfer
processes in a plate within a single operational mode of
the boiler (Fig. 5). In this case, according to the data ob-
tained, a transition from the first to the seventh mode is
accompanied by a somewhat less pronounced decrease in
the losses of exergetic power with an increase in the val-
ues for ay. The dependence of the relative contribution of
losses of exergetic power in the heat transfer processes in a
plate to the total losses on this coefficient is generally the
same as on the coefficient of thermal conductivity.

6. Discussion of results of studying the effectiveness of
a plate air heater

The integrated approach, employed for the air heat-
er of a heat recovery system after the boiler VK-21-M2
(KSVa-2.0G), in contrast to alternatives [6-9], has made
it possible to separate, in the examined air heater, the
losses of exergetic power for causes and regions of their
localization, and to identify losses due to heat transfer.
For the examined air heater, the analytical dependence
of these losses on thermophysical parameters, derived as
a result of solving jointly a differential equation of exer-
gy and the thermal conductivity equation, has made it
possible to establish patterns in a change in the specified
losses on the plate’s thermal conductivity coefficient and
the coefficient of convective heat transfer from the side of
flue gases under different operational modes of the boiler.
The advantage of a given approach, compared with the
approaches outlined in [1-5], is a possibility to apply our
research findings in order to improve efficiency of the air
heater by determining the region of change in the thermo-
physical and regime parameters at which the level of losses
of exergetic power in the air heater would be minimal.

The thermal conductivity coefficients’ range from
0.025 kW/mK to 0.040 kW/mK, which corresponds to
the lowest losses of exergetic power in an air heater, is
matched by the stainless steel of various types (chromium,
chromium molybdenum, chromium-nickel, etc.). The type
and grade of steel are defined when designing appropriate
heat exchangers depending on the need to ensure their
other characteristics (acid and temperature-resistance,
strength, etc.). At present, the fabrication of the packages
of plates for heat recovery units, along with the tradition-
ally used materials, successfully exploits the polymeric
micro- and nanocomposites, which possess a wide range
of thermophysical characteristics.

The present research has been performed into the air
heater that is composed of the packages of plates. The ap-
plication of this approach to analyze the losses of exergetic
power in heat recovery units of different types should in-
volve, in each particular case, the consideration of certain
boundary conditions for a thermal conductivity equation
and the derivation of appropriate analytical or numerical
solutions through by solving jointly a differential equa-
tion of exergy and the thermal conductivity equation.

Our research could be developed in the direction of
improvement of the procedure for analyzing the heat re-
covery units’ efficiency, which combines exergetic meth-
ods with the methods of thermodynamics of irreversible
processes. It is advisable to obtain values for the exergy
dissipators that would make it possible to separate losses
of exergetic power due to heat transfer and to determine
hydrodynamic losses during motion of heat carriers. That
would make it possible to establish the contribution of
each exergy dissipator to the total losses in an air heater
and to define the basic characteristics of the air heater
that ensure the minimum level of losses.

7. Conclusions

1. By using an integrated approach, combining exer-
getic methods with the methods of thermodynamics of



irreversible processes, we have devised a procedure for
calculating the losses of exergetic power in the heat transfer
processes in the plate air heater of a heat recovery system
after the boiler VK-21-M2 (KSVa-2.0G). The procedure
makes it possible, by using a joint solution to the differ-
ential equation of exergy and the thermal conductivity
equation, to derive an analytical dependence of the losses
of exergetic power in the heat transfer processes in a plate
heater on its thermophysical parameters.

2. Based on the devised procedure, we have determined
magnitudes of losses of exergetic power in the plate of an air
heater and the contribution of these losses in the processes
of heat transfer to the respective cumulative losses. We have
established dependences of these losses on the plate’s ther-
mal conductivity coefficient and a heat transfer coefficient

from the side of flue gases for different operational modes of
the boiler. It is shown that for all modes of operation of the
boiler an increase in the thermal conductivity coefficient
and the heat transfer coefficient from the side of flue gases
leads to a decrease in the losses of exergetic power, which is
associated with a decrease in the thermal resistance of heat
transfer with an increase in these coefficients.

3. We have identified regions of change in the thermo-
physical parameters and operational modes of the boiler
with a minimal level of losses of exergetic power. It is shown
that the lowest losses of exergetic power are observed in
the range of change in the plate’s thermal conductivity
coefficient from 0.025 kW/mK to 0.040 kW/mK and for a
sequence of the examined operational modes of the boiler
from the third to the seventh regime.
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