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Purpose. To determine the most perfect system for mine compressor waste heat recovery regarding its ther-
modynamic properties and identify the elements where the largest exergy losses occur. Conduct comparative ana-
lysis between direct heating, heat pump and cogeneration waste heat recovery systems.

Methodology. Mathematical modelling of thermodynamic processes occurring in waste heart recovery sys-
tems and mine compressors has been applied. Comparative exergy analysis of the mine compressor with waste

heat recovery systems has been performed.

Findings. The detailed exergy analysis of direct heating, heat pump and cogeneration waste heat recovery
technologies used for the mine compressor waste heat recovery has been made. It has been determined that cogen-
eration waste heat recovery system operating in heating mode has the highest exergy efficiency.

Originality. A detailed exergy analysis of the elements of mine compressors with waste heat recovery systems
has been made for the first time. The most exergy efficient mine compressor waste heat recovery system has been

determined.

Practical value. The diagrams of exergy flows which allow determining exergy losses in each element of the
mine compressors with direct heating, heat pump and cogeneration waste heat recovery systems have been designed.
Keywords: mine compressor exergy analysis, heat recovery, heat pump, cogeneration technology

Introduction. Air compressor stations which pro-
duce air for mining machinery operation and different
technological processes are one of the main energy
consumers in coal and iron mines. Therefore, the ef-
ficiency of mining greatly depends on the efficient
production, transmission and consumption of com-
pressed air. It is known that along with the mechanical
work produced, mining air compressors release large
amounts of energy in the form of waste heat. In a typi-
cal compressor cooling system, all the heat produced
as a result of a compressor operation is lost to the envi-
ronment, not only lowering the energy efficiency but
also causing the environmental problems such as glob-
al warming and heat pollution. The amount of this
heat can reach 90% of the total electrical energy con-
sumed by the compressor. Since during the compres-
sor operation the amount of waste heat produced is
almost the same as the total amount of waste heat pro-
duced, it is reasonable to try to recover this waste heat
for power generation or useful heat production.

Moreover, since a great amount of fossil fuel (basi-
cally coal) in Ukrainian mines is burned annually in
boilers for heating or hot water supply, any measures for
the reduction of fossil fuel consumption could bring eco-
nomic and environmental benefits, increasing the effi-
ciency of mining. That is why waste heat recovery from
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compressor stations can increase the efficiency of com-
pressed air production, as well as that of mining overall.

Analysis of the recent research. Research in the
field of mine compressor waste heat recovery have
been conducted by G. P. Gerasymenko, V.A. Murzin,
Y.A.Tseitlin, V.A.Boiko, V.B.Skripnikov, teams of
scientists in the National Mining University, Institute
of Technical Physics of Heat, Institute of Technical
Mechanics, Institute of Mine Mechanics named after
M. M. Fedorov and other leading scientific research
and design institutes.

The following ways of waste heat recovery have
been suggested: water heating for hot water and heat-
ing system; air heating which is supplied to the mine in
cold seasons; generating cold using absorption refrig-
eration machines, and electric power generation [1, 2].

Waste heat recovery for heat and electrical energy
generation is considered the most promising one. To
obtain high-grade heat energy, direct heating and heat
pump technology are used. For electricity generation
cogeneration technology, based on the simultaneous
generation of heat and electrical energy is used.

An important advantage of using a heat pump
along with the mine compressor is closed cooling wa-
ter circuit, which ensures the absence of scale forma-
tion on the surfaces of the heat exchange tubes and
leads to a significant increase of overhaul period and
lower repair costs of air coolers.
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The temperature of the inlet cooling water greatly
influences the cost of compressed air production and
affects the operation of the heat pump. However, the
nature of this influence is ambiguous. On the one
hand, the increase in cooling water inlet temperature
leads to increasing COP. On the other hand, when the
cooling water inlet temperature increases, the com-
pressed air outlet temperature (as a result compression
work) also increases. This results in turbo-compressor
performance decrease. Therefore, it is important to
determine the temperature mode of cooling water cir-
culation loop at which the efficiency of turbo-com-
pressor heat pump system is the highest.

To get electricity, the cogeneration technology ba-
sed on simultaneous generation of electrical and heat
energy is used.

The atmospheric air is compressed by the turbo-
compressor and cooled in the air coolers. In order to
increase the temperature potential of the waste heat re-
covered, and to keep the outlet temperature of com-
pressed air within a required range, the implementation
of new types of air coolers is suggested. The new types of
proposed air coolers consist of two sections: the first
section along the air flow is for waste heat recovery and
the second one is for the further cooling of the com-
pressed air to the required temperature. To convert the
waste heat into power, the power plant working on ORC
is used. There are several advantages of using ORC to
recover low grade waste heat, including a smaller size,
environmental soundness and great flexibility. The main
advantage of the ORC is its superior performance in re-
covering low temperature waste heat. The ORC has be-
come widely practised for generating power from differ-
ent heat sources such as geothermal, solar, waste, heat
of internal combustion engines and gas turbines [3—5].

Unsolved aspects of the problem. In-depth
quantitative analysis of waste heat recovery systems
based on the heat pump and cogeneration technology
as well as the technology of direct heating of the trans-
fer agent has being performed by the scientists of Dni-
propetrovsk National Mining University [6—8].

Further research in the field of mine compressor
waste heat recovery requires a detailed exergy analysis
of each system with the establishment of the value of
exergy losses in each element of the system and identi-
fying the elements which have the largest exergy losses.

The objective of this study is to conduct a com-
parative exergy analysis between the direct heating of
the mine compressor, heat pump and cogeneration
waste heat recovery systems.

Presentation of the main research. At a given
temperature of the cooling water at the inlet to the com-
pressor air coolers 7, (evaporator outlet of the heat
pump), the problem of heat pump and turbo-compres-
sor system operation mode calculation is divided into
two independent parts. The first part is the turbo-com-
pressor operation mode calculation and the second one
is the heat pump operation mode calculation.

As the initial data, an aerodynamic compressor per-
formance curve and air cooler characteristics are used.
To recalculate the compressor performance curve un-
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der new temperature conditions (which differ from the
rated ones), the mathematical model [8] is used. This
model is based on the assumption that the compression
work of the uncooled sections remains the same at both
rated and actual modes provided the actual gas volu-
metric flow rate also remains constant. In compliance
with this assumption, pressure ratio for an i—uncooled
section at a given inlet air temperature is expressed as

nk
T k-1 k-1

g =Sl eM 1 |+1]
T

ina

where 7, , is related absolute inlet air temperature for
an i-uncooled section; 7}, , is actual absolute inlet air
temperature; g, is the rating value of pressure ratio for
an i-uncooled section; V; is volumetric flow at the en-
trance to an i-uncooled section; 1; is polytropic effi-
ciency of an /-uncooled section; & is a polytropic com-
pression exponent.

As a result of the turbo-compressor operation
mode calculation, the value of outlet cooling water
temperature 7, and heat transferred from the com-
pressed air Q, are considered to be the initial data for
heat pump operation mode calculation.

At the given Q,, t,,, t,, and the hot water outlet
temperature for hot water supply system, the problem
of the heat pump operation mode calculation is to de-
termine the parameters of the thermodynamic cycle as
well as electrical power rate consumed by the heat
pump motor.

The objective of the operating conditions of the
heat pump under the given conditions and water tem-
perature, prepared for the hot water system of the en-
terprise, is to determine the parameters of the thermo-
dynamic cycle as well as electric power consumed by
the drive motor of the compressor of the heat pump.

The calculation of operation mode of the turbo-com-
pressor with cogeneration waste heat recovery system was
made on the basis of the modelling of operation mode of
the turbo-compressor and power plant with ORC.

A certain challenge is to choose an appropriate or-
ganic working fluid which can meet all requirements
and constraints imposed on the system. The working
fluid should exhibit chemical stability at the operating
pressure and temperature, environmental friendliness
and low toxicity. In addition, it should be non-corro-
sive, non-flammable, and non-auto-igniting, as well
as having good material compatibility. Another char-
acteristic that must be considered during the selection
of the organic working fluid is its shape of the saturat-
ed curve. With respect to the slope of the saturated
curve in the 7-s diagram, all organic working fluids are
divided into three groups: dry fluids have a positive
slope; wet fluids have a negative slope; while isentropic
fluids have an infinitely large slope. Basically, dry and
isentropic fluids are more preferable, since they do not
condense when the fluid goes through the turbine. The
aim is to extend turbine blade service life by preventing
their damage due to working fluid condensation. Since
one of the main objectives of this study is to determine
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the conditions under which the highest value of power
is obtained, it is desirable to choose the working fluid
whose critical temperature is slightly higher than the
temperature of the upper heat reservoir. In this case,
the fluid evaporation enthalpy is minimal, and the
working fluid flow rate is maximum, which influences
the highest value of power output [9, 10].

In view of the aforesaid, the fluid with positive
slope of the saturated curve in the 7-s diagram is used
as a working one. For that working fluid (d7/ds),,> 0,
where dT is temperature increment; ds stands for en-
tropy increment.

While modelling the stepped character of the low-
boiling working fluid, temperature changes are con-
sidered during heating and vapour generation in air
coolers as well as corresponding temperature changes
of the heating air. The inlet temperature of the heating
air is determined on the basis of the modelling of the
characteristics and operation modes of the uncooled
sections of the turbo-compressor.

It is known that exergy efficiency is the main indi-
cator of thermodynamic perfection of thermal instal-
lations and systems

Eoul
nex - Ein
and
n,=1-2F
ex E >

where E;,, E,, stand for exergy power at the inlet and
outlet of the system; AFE refers to exergy losses.

Exergy power in any section of the flow is deter-
mined as a product of the mass flow rate and specific
exergy of the flow in a given section, and is calculated
by the formula of Louis-Stodola

E=me=m[(i - ip) + To(sy— )1,

where 7, s are specific enthalpy and entropy of the flow
at the given part of the system; iy, s, are specific en-
thalpy and entropy of heat transfer system; 7;is abso-
lute temperature of the environment.

Exergy losses in a given element of the system are
defined as the difference between inlet and outlet ex-
ergy flows. For example, for a given heat exchanger,
exergy losses occurring while transferring heat from
the heating to the heated medium are determined as

AE=m(e,—ey) —my(e;—e,),

where e,, e, and m, are specific exergy of the flow of
the heating medium at the inlet and outlet of the ele-
ment and its mass flow rate; e., e; and m, are specific
exergy of the flow of the heated medium at the inlet
and outlet of the element and its mass flow rate.
Relative exergy efficiency is defined as the ratio of
the exergy losses in each element to the total losses of

energy in the system ZAE

_AE
Mo = Y AE

68

The study was conducted for K-250-61-5turbo-
compressor, widely used at mining enterprises.

Exergy analysis was performed under the following
conditions: air temperature was 15 °C and ambient
pressure was 0.1 MPa; final air pressure (absolute) was
0.9 MPa; cooling water pumped temperature was
30 °C; temperature of the water pumped to hot water
supply system was given as 45 °C.

The thermodynamic properties of the working fluids
were calculated by REFPROP 7.0, developed by the Na-
tional Institute of Standards and Technology of the Unit-
ed States. The ORC simulation was performed using a
simulation program written by the author with MathLab.

In [6—8] the schemas were developed, the analysis
were conducted and the main energy indexes for heat
pump, cogeneration technology and the technology of
the direct heating of the heat transfer agent were deter-
mined.

For the compressor with a typical cooling system,
as well as with the usage of cogeneration technology
and the technology of the direct heating electrical en-
ergy consumed by turbo-compressor motor and for
heat pump the electrical energy consumed by the com-
pressor of the heat pump was considered as input ex-
ergy. The sum of the compressed air exergy at the out-
let of the compressor, the electrical energy produced
(in case of cogeneration waste heat recovery imple-
mentation) and the heat energy produced for heat sup-
ply system (in case cogeneration, heat pump and di-
rect heating waste heat recovery systems usage) was
considered as output exergy.

Research results. The main results of the exergy
analysis of the mine compressors with different waste
heat recovery systems are shown in Table.

The table shows that exergy efficiency reaches the
highest value when the ORC power plant operates in the
heating mode. For each waste heat recovery system in-
depth exergy analyses for every element of the system was
performed and exergy diagrams were designed (Fig. 1—3).

Conclusion and recommendations for further
research. The diagrams show that both heat pump
and cogeneration waste heat recovery systems operat-
ing in a heating mode have the highest exergy losses
caused by irreversibility of heat exchange processes in
the evaporator and condenser.

Based on the exergy analysis it has been shown that
cogeneration waste heat recovery system operating in a

Table

The results of the exergy analysis of mine compressors
Cooling system f\‘;; Ek(ej\[/’ ?(\EV’ Nex
Typical 1447.7 | 933.8 | 513.9 | 0.645
Direct heating 1447.7 | 985.4 | 462.3 | 0.681
Heat pump 1752.4 | 1092.6 | 659.8 | 0.624
Cogeneration (heat mode) | 1447.7 | 1032.5 | 415.2 | 0.713
Ifl‘())%f;eraﬁo“ (condenser | 14477 | 10212 | 426.5 | 0.705
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heating mode is the most perfect system of mine tur-
bo-compressor waste heat regarding its thermody-
namic properties. It has been shown that in all consid-
ered waste heat recovery systems the highest exergy
losses occur in heat exchanges.

Another advantage of the cogeneration technology
is its flexibility. It makes it possible to generate both
heat and electricity according to the mining needs. For
instance, in summer time when demand for heat en-
ergy is low, the cogeneration waste heat recovery sys-
tem can work in a power mode. In winter, when de-
mand for heat energy increases, the cogeneration sys-
tem can run in a eating mode generating mostly heat
energy.

To increase the exergy efficiency of heat exchanges
of the waste heat recovery systems the additional re-
search is to determine the optimal design and opera-
tional parameters of the heat exchanges to be done.
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Meta. BuszHauutu HauOinbll TEPMOAMHAMIYHO
JIOCKOHAJly CHUCTeMy YTWJi3alil Teria axXTHUX
KOMITPECOPHMX YCTAHOBOK i BUSIBUTH €JICMCHTH, B
SIKMX BTpaTU €KCepril HaWOIIbI, LIJISXOM MpPOBE-
IIEHHSI MOPIiBHSUTBHOTO €KCEePTreTUYHOIO aHajli3y Te-
MJIOHACOCHOI, KOTeHepaliiiHOI TeXHOJIOTIi Ta TeXHO-
JIOTii MPSIMOTrO Harpisy.

MeTonuka. MaTteMaTUYHEe MOACTIOBAHHSI Tep-
MOAMHAMIYHUX TIPOLIECIB, 1110 MPOTIKAIOTh Yy TEIIOY-
TUJi3alifHUX YCTAaHOBKAX i LIaXTHOMY KOMIIpecopi
MpU iX CIiabHii poOoTi. [TopiBHSIBHMIT eKCepreTuy-
HUI aHaJi3 CUCTeM YTWIi3allil Terjia CTUCHYTOIO MO~
BIiTpsI INIAXTHUX KOMIPECOPHUX YCTAHOBOK.

Pesynbratii. BUKOHAHO €eKCepreTUYHUUN aHasi3
TEeMJIOHACOCHOI, KOTeHepalilfHOI TeXHOJOTIN yTUi-
3allii Teruia IIAaXTHUX KOMIIPECOPHUX YCTAaHOBOK, a
TaKOX TEXHOJIOTil IpsSIMOro HarpiBy. BcTaHoBiieHO,
o excepretuuHuii KKJI Mae HaliOLIb1 BUCOKE 3HA-
YeHHsI B pa3i KoreHepauiiiHO1 yTuiIi3alii TerJia, sike
BiZBOIMTHCS Bill CTUCKYBAHOIO MOBITpPs, IIPU POOOTI
TETJIOCUJIOBO1 YCTAHOBKM MO TeTUIo(piKaliiHOMY 11~
KJTy.

HaykoBa HoBH3HA. Yriepllle NPOBENCHUN Ie-
TabHUN €KCepPreTUYHUI aHali3 eJeMEeHTIB CHUCTEM
yTUIi3alii Teria MaxXTHUX KOMIPECOPHUX YCTaHO-
BOK 3i BCTAaHOBJIEHHSIM HaWOUIbII TePMOAWHAMIYHO
JIOCKOHAJIOl TEXHOJIOTii BMKOPUCTAHHSI HU3bKOIO-
TEeHIiaJIbHOTO TeTLIa.

IIpakTnyna 3nayumicTb. [ToOynoBaHi giarpamu
MOTOKIB €KCEeprii, 1110 JO3BOJISIIOTh BU3HAUYUTHU BTpaTU
eKceprii B KOXXKHOMY eJIEeMEHTi CUCTeMM yTUJli3allii Te-
Ila CTUCHYTOTIO MOBITPSl IIAXTHUX KOMIIPECOPHUX
YCTaHOBOK.

KumrouoBi ciioBa: waxmmnuii komnpecop, excepee-
MUYHUL aHANE3, ymUAi3ayis menia, menioeull Ha-
coc, KOeeHepauyiliHa MmexHoN02is

Ileas. OnpenenuTth HauboJjiee TEPMOAMHAMUYE-
CKM COBEpIIEHHYIO CHUCTEMY YTWUIM3alUKM Teruia
IIaXTHBIX KOMIIPECCOPHBIX YCTAHOBOK W BBISIBUTH
SJIEMEHTHI, B KOTOPBIX MTOTEPH IKCEPTUM HAMOOJb-
IIMe ITyTeM TIPOBENCHMS CPAaBHUTEIBHOTO 3KCepre-
THUYECKOTO aHaM3a TEIUIOHACOCHOM, KOTeHepalln-
OHHOM TEXHOJIOTUU U TEXHOJIOTUU MPSIMOTO HArpeBa.

Meroanka. MaTteMaTudecKoe MOISIMPOBAHUE
TEPMOAMHAMUYECKUX IIPOLIECCOB, MPOTEKAIOIIUX B
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TEeIUIOYTUJIM3ALIMOHHBIX YCTAaHOBKAX W IIaXTHOM
KOMIIpeccope TIpHU UX COBMECTHOI paboTe. CpaBHI-
TEJIbHBINA 9KCePreTUUECKUI aHAIN3 CUCTEM YTUIA3a-
UM TeIlIa CXXATOTo BO3AyXa IIAXTHBIX KOMITPECCOp-
HBIX YCTAaHOBOK.

Pe3ynbraTbl. BbINOIHEH 3KCEpreTMYeCKUii aHa-
JIN3 TEIJIOHACOCHOM, KOTEHEPALIMOHHOM TEXHOJIOTUI
YTUIU3ALMU Terula IIaXTHBIX KOMIIPECCOPHBIX yCcTa-
HOBOK, a TaK>K€ TEXHOJIOTMU MPSIMOTO Harpesa. Ycra-
HOBJIEHO, 4TO akcepreTuueckuii KIT/I numeet Haubo-
Jiee BBICOKOE€ 3HaueHUe B cllyyae KOoreHepaluoOHHOM’
YTUIWU3alMKu Teria, OTBOAMMOIO OT CXKMUMaeMOoOTro
BO3Ayxa, MpU paboTe TEMJ0CUJIOBOI YCTAaHOBKHU IO
TeTI0(UKAITMOHHOMY IIUKITY.

Hayunas HoBu3HA. BriepBble mpou3sBeneH mne-
TaJIbHBIN YKCEPreTUYSCKUU aHAIU3 3JIEMEHTOB CH-
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I'EOMEXAHIYHA OIIHKA EOEKTUBHOCTI BIITHOBJIIOBAHOI'O
PEMOHTY KOJEKTOPHUX TOHEJEA METOJOM , TPYBA ¥ TPYBI“

Purpose. The development of analytical methods for forecasting the stress state of sewer tunnel linings, recon-
structed by the “pipe in pipe” technology, including ones in dense urban areas, the use of which allows geome-
chanical estimation of bearing capacity of the reconstructed facilities in operation in various mining conditions for
opening stability to fulfill.

Methodology. Obtaining rigorous solutions of the plane elasticity problems using the theory of analytic func-
tions of a complex variable, conformal mapping method, apparatus of analytic continuation of complex potentials
that are regular in the half-plane simulating the rock mass through its border, properties of Cauchy type integrals,
Faber polynomials and complex series.

Findings. A mathematical model of the interaction of a sewer tunnel restored by the “pipe in pipe” technol-
ogy, with the surrounding rock (soil) mass, as elements of a common deformable system that allows more thor-
oughly considering the impact of mining and geological conditions, external influences, as well as the basic design
parameters of the lining produced due to repairs, on the bearing capacity and strength of the reconstructed under-
ground structure as a whole.

Originality. A new approach to evaluating the effectiveness of repairing sewer tunnels, which is based on geo-
mechanical criterion, obtained on a study of the stress state and bearing capacity of three-layer underground
construction created by the “pipe in pipe” technology is proposed.

Practical value. The development of an algorithm for determining the stress state of shallow collector tunnel
linings, restored by the trenchless technology, under the action of various external loads and impacts, as well as
while developing a software that enables to make multivariant designs restore sewer tunnel linings, both for re-
search purposes and in practical design.
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