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THE WAYS OF IMPROVING THE EFFICIENCY OF GAS TURBINE PLANTS BASED
ON AIRCRAFT GAS TURBINE ENGINES

Introduction

In the world practice, gas turbine plants (GTP)
based on aviation gas turbine engines (GTE) have
become quite widespread. These can be as newly
designed and manufactured GTP, which use design
solutions or even individual units of aircraft engines,
and GTP, obtained by converting aircraft engines
that have exhausted flight service life time on
aircraft and to be disposed of. Since convertible
GTE, designed in previous decades, tend to have
relatively low operating cycle parameters (the
pressure ratio in the compressor is not more than
10...12, and the gas temperature in a turbine
entrance 7, turbine was not above 1200...1300 K),
and the thermal efficiency of such engines, as a rule,
does not exceed 25..27 %. In this regard, when
converting such engines into GTP, the need to find
ways to improve their fuel efficiency becomes very
topical problem.

The problem of improving the fuel efficiency of
gas turbine engines used in terrestrial gas
installations, i.e. reducing fuel consumption per unit
of useful energy they produce, is important in two
aspects. On the one hand, it improves the economic
performance of enterprises using such installations,
as the cost of fuel used by such installations to create
a unit of the useful energy they produce is the largest
share (part) of the cost of these useful products. On
the other hand, reducing the amount of burned fuel
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reduces emissions of combustion products into the
atmosphere, which reduces the harmful impact of
engines on the environmental situation not only near
the location of enterprises that use gas turbines. This
second aspect of this problem has taken on particular
importance in recent decades, when not only on a
one-city or one country, but also globally, the
challenge of reducing the harmful effects of gas
turbines becomes very important for the
environment protection.

Crux of problem

In various investigations devoted to solving the
problem of increasing the fuel efficiency of ground-
based gas turbine plants, several methods for solving
it are considered.

Among these methods, the main one is to
increase the parameters of the operating process and,
above all, the degree of increase in pressure in the
cycle, the gas temperature in entrance of the turbine,
as well as the increase in the efficiency of the
compressor, combustion chamber and turbine units
[1;2;3].

All these methods, of course, can be effective in
the design of new gas turbine plants, but they
certainly require the use of new and expensive
materials for the manufacture of structural elements
of gas turbines. As applied to gas-turbine units,
created on the basis of aviation gas-turbine engines,
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which have exhausted their service life time on
aircraft, the most acceptable way to increase fuel
efficiency is to use complex cycles of their
operation.

Analysis of recent research and publications

Different aspects of creating ground-based power
plants based on aircraft gas turbine engines have
been discussed in mane scientific publications.

In particular, in publications [1; 3; 4] several
transformations of main structural engine units and
functional systems which should be performed
during converting aircraft engines into ground base
installation are analysed.

In the works/1,5/recovering some portion of the
heat of exhaust gases removed from the turbine, is
called as one of the possible ways to increase the
efficiency of gas turbines created on the basis of
converted aircraft engines.

However, in these works there are no
quantitative estimates of degree of influence of
regeneration on thermal efficiency of engine at
different engine operating conditions and first of all
at different air temperatures at the engine inlet (and
therefore for different climatic conditions of
operation). In publication [6] investigation of fuel
temperature  influence on characteristics  of
thermodynamic cycle is discussed in details. But this
investigation concerns mainly not gas turbine
engines but ram jet engines.

Aim of this paper

In the framework of this study, we consider two
ways to solve the problem of increasing the fuel
efficiency of ground-based gas turbines created on
the basis of aircraft turboprops and turboshaft
engines that have fulfilled the flight resource: the
use of heat recovery from exhaust gases coming
from the engine and the return of this heat to the gas
turbine’s duty cycle and preheating the fuel before it
feeding into the combustion chamber.

The efficiency of the heat recovery effect on
increasing the thermal efficiency of the gas turbine
cycle created on the basis of a turboprop engine with
relatively low parameters of a simple Brayton cycle
was considered in detail in [4].

Calculations carried out in that article using the
thermophysical properties of the working fluid in the
form of an ideal gas showed that the use of heat
recovery from gases leaving the turbine and
returning it to the working cycle by heating the air
compressed by the compressor before it is fed into
the combustion chamber, the thermal efficiency of
the cycle can be increased by 2-3 percent at
different regeneration rates.

Since, as it was shown in [4], the temperature of
the exhaust gas after the regenerator still remains

significant (more than 300 °C), this allows us to
propose another way to increase the efficiency of
ground-based gas turbine plant due to preheating the
fuel by products of burning coming out of
regenerator before fuel is fed to the combustion
chamber.

The purpose of this study is to assess the
combined effects of heat regeneration and fuel
preheating on fuel consumption and gas turbine
power, as well as analysis of the impact of these two
factors on the effective use of fuel in GTP.

The calculations have been carried out taking into
account the differences of thermophysical properties
of the real air in a compressor and real products of
combustion in a combustion chamber and turbine as
compared to the ideal gas properties usually taken in
most researches, including [4].

This article focuses on assessing the effect of
preheating the fuel before it is fed into the
combustion chamber on the fuel efficiency of gas
turbine units built on the basis of aircraft engines
that have exhausted life time on airplane or
helicopter during their operation in various climatic
conditions.

To assess the efficiency of the gas turbine
process, we will use the generally accepted [5; 6; 7]
formula for calculating the thermal efficiency of the
Brayton cycle

“=% _1_4 (1)

n=——- >
9 q,

where 1, is the thermal efficiency of the cycle; g, is

the amount of heat released when the supplied fuel is
completely burned in the combustion chamber, and
¢> 1s the amount of heat lost with the combustion
products leaving the engine, and also due to heat
transfer to the structural elements of the hot part of
the engine and incomplete combustion of fuel in the
combustion chamber.

To ensure a decrease in the fuel consumption
supplied to the combustion chamber, it is proposed
to preheat it through the use of secondary energy
resources, namely due to the utilized heat of the
exhaust gas exiting the engine turbine.

The thermal efficiency of the cycle with the
regeneration and heating of the fuel with exhaust gas
will be calculated by the formula

w
n=—""—"—"—"
ql - qreg - qfh
where w is the work of the cycle; g, is the heat
supplied in the combustion chamber; ¢, — heat

supplied to the working fluid in the regenerator;
4 5, — the amount of heat spent for heating the fuel.
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We will evaluate the fuel efficiency by a
coefficient representing the ratio of the fuel
consumption spent on useful work of the cycle and
fuel consumption spent for heating the gases

_G-G, . G,

. 1-
T]qu (;1 (;1 )

)

where G, is the mass of fuel proportional to the

amount of heat transferred in the combustion
chamber to the working fluid per unit time; G is the
mass of fuel spent on heating the gases leaving the
engine and other heat losses. The ratio described by
equation (2) will be called the "fuel utilization
factor" and denoted as n ;.

Provided that a constant initial temperature of the
air at the engine inlet and a constant maximum gas
temperature in the cycle are maintained, the amount
of fuel spent on heating the exhaust gases G, does

not depend on whether this fuel was heated up or
not, before being transferred to the combustion
chamber, at that time as the amount of actually
consumed fuel, taking into account increased in its
enthalpy due to preheating, obviously, will be
required less.

Denote this downward-corrected amount of fuel

as G,

In accordance with this, formula (2) can be
converted to next form as:
. G, -G,
W = T A , 3
/Ay 3)

lcor

Lcor -

where 1, is the fuel utilization factor; G, is the

adjusted amount of preheated fuel.
The corrected amount of preheated fuel G

lcor

can be represented as the difference in the mass of
fuel proportional to the amount of heat G, and the

mass of fuel Gpreh proportional to the amount of

heat supplied to the fuel during its preheating:
Glcor = Gl - Gpreh : (4)

In further calculations, we turn to the
consideration of the amounts of heat corresponding
to the combustion of one kilogram of fuel and the
heat spent on heating one kilogram of fuel if the fuel
was heated by burning a certain amount of the same
fuel.

The amount of heat Oy, required for preheating
one kilogram of fuel from the initial temperature (we
take 7, = 0 °C) to the final temperature 7, we
calculate as:

O =C,AT =c, (Tf - T, ) .
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where ¢, is the specific heat of the fuel, AT is the
degree of fuel heating.

The amount of fuel G,, used to obtain the
amount of heat O, for preheating one kilogram of
fuel is determined taking into account the lower

calorific value of the fuel QJIZ as:

Gfph :prh/Q;.

Taking into account the effect of the fuel
preheating, we determine the corrected amount of

fuel G, . , which must be fed into the combustion
chamber
Gieor =G, =G
After these transformations, formula (3) takes the
form:
G -G
Mgy = IG :

lcor

_6-G
or Ny GG,

In this study in order to analyze the influence of
these two effects on the energy efficiency of a gas
turbine plant based on the PW-6A aircraft turboprop
engine that has spent its flight life time and the fuel
utilization coefficients were calculated for cycles
with constant rate of regeneration and different
degreases of the fuel preheating.

These calculations were performed for different
initial temperatures of the working fluid that
corresponds different climatic conditions.

The calculation method is based on the algorithm
for determination the parameters of a GTP operating
according the Brayton cycle, the calculation scheme
of the plant is shown in Fig. 1 [5].

The proposed gas turbine plant should have two
types of heat exchangers:

— regenerator (recuperator), which returns part
of the heat of the exhaust gases to the cycle
(Fig. 1, b), heat exchanger included in the GTP
cycle;

— fuel heater (is not included in the GTP cycle),
the exhaust gases are the sources of this heat.

These two heat exchangers can be combined into
one unit, as suggested in the patent [8], and are
shown in Fig. 2.

At the same time, exhaust gases are sent
primarily to the first section 1 for heating the
compressed air compressor before it is fed into the
combustion chamber, and after that they are sent to
the second section 2 for preheating fuel.

When fuel is burned, combustion products are
formed in gas turbine plants.

They carry a large potential of secondary heat
energy sufficient both as to heat the compressed air
in the compressor and to preheat the fuel.
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Fig. 1. Schemetic diagrams of GTP, operating with different Brayton cycles:
a — conventional basic Brayton cycle; b — regenerative Brayton cycle

Fig. 2. Doubled heat exchanger [8]: / — gas-to-air
section; 2 — gas-to-fuel section

Heating the fuel leads to an increase in the
enthalpy of the fuel and allows to reduce its
consumption. To preheat fuel by exhaust gases, the
heater is installed on a branch from the exhaust tract,
that is, on the bypass, which allows regulate the
mass flow rate of exhaust gas through the heater and
even completely disconnect it.

Justification of choice of engine

The engine PW-6A was considered as a part of a
ground based Gas Turbine Installation (GTI)
operating at reduced modes, which is necessary to
obtain acceptable service life time of the turbine
assembly parts (operation time usually 50-60
thousand hours is accepted). The following initial
data were taken:

— air pressure at the inlet of the engine:
p, =10103 Pa;

— pressure ratio: m =6.3 :1;

— air temperature at the compressor inlet:
T, =288 K;

— the temperature of the combustion products
before the turbine 7, = 1340 K;

— lower calorific value of kerosene Q;" = 40,

8 MJ/kg;
— degree of regeneration: 6= 0.8;
— the internal relative efficiency of the

compressor and turbine 1, = 0.89, n, = 091,
respectively.

We calculated the value to which the fuel
utilization factor is increased due to preheating of
kerosene. The calculation has been done for one
kilogram of kerosene. The fuel utilization factor can
be expressed as ratio of the quantity of fuel spent in
the initial cycle (without fuel preheating) to heat the
working fluid (gases) to the amount of fuel actually
spent for heating of working fluid in cycle, reduced
by amount of fuel, that was saved due to fuel
preheating. Amount of fuel used in basic cycle for
useful purposes is determined as the difference of
the spent fuel mass and the fuel equivalent to heat
loss with the exhaust gases. The corrected fuel
utilization factor for one kg of fuel is determined as:

[1_(1_Gfac )]

-G,

b

nfu cor —

where G, — heating mass of fuel; G,,, — actual

fac
amount of fuel used to heat working fluid.

One of the ways to improve the modern
mathematical models of gas turbine engines used in
thermodynamic calculations is the calculation of the
thermodynamic properties of the working fluid (air
and combustion products as real gases). The
calculation of the properties of the working fluid as
real gases is currently based on a number of basic
assumptions:

— fuel combustion is complete with an excess air
coefficient o > 1.0, combustion products-non-
reactive mixture of CO,, water vapor, O, and
atmospheric nitrogen, the volume composition of
which depends only on the value of o and the fuel
composition;

— working fluids (air and combustion products)
are a mixture of components that have the properties
of an ideal gas, with constant thermodynamic
properties that depend only on temperature.

If all components of the fuel are completely
oxidized in the theoretically necessary amount of air
(o =1) and there is no heat loss, the temperature of
the combustion products will be as high as possible.
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As is well known, the actual combustion
temperature depends on the heating value of the fuel,
the initial temperature of the fuel, the state of the
fuel and the oxidizer, overall combustion efficiency,
heat transfer conditions, etc.

The specific amount of heat released as a result
of the combustion of the air — fuel mixture in the
combustion chambers of the gas turbine engine is
calculated as:

9 =Cp (T3 - T2) )
where ¢, — the isobaric specific heat of gases
formed during the combustion; 7,, 75 — air

temperature at the outlet of the compressor and the
gas turbine inlet.

This form of the equation for determination the
amount of heat is considered fair and this expression
is generally accepted.

For calculation the temperature of the
combustion products, it is assumed that all the
rejected heat Q is transferred to the combustion

products. Thus, the temperature of the combustion
products depends on the amount of heat (O, the mass

of combustion products and their specific heats, as
well as the initial temperature of the working fluid.
The amount of heat can be determined from the
equation:

Q = mccpc (T3 _TZ)’

where m, is the mass of combustion products; ¢,

is the isobaric specific heat of the combustion
products; 7, is the temperature of the working fluid

at the outlet of the compressor, 7] is the temperature

of the working fluid at the inlet of the turbine.

In the combustion process the heat supply occurs
with  variable = parameters, therefore, the
thermodynamic properties of the working fluid and
fuel are also not constant. Burning process begins
under conditions when the working fluid is almost

pure air with a temperature of 7,, and the atomized

fuel, as a rule, has a temperature different from 7, .

The specific heat of air and fuel (fresh fuel-air
mixture), of course, differs from the specific heat of
combustion products. In addition, the specific heat
of different substances of combustion products is not
the same, so

Q:ijcpj(Ts_Tz)’

where m; is the mass of the j-th component of

J

combustion products; is the specific heat at

Cpj
constant pressure of the j-th component of

combustion products.
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Since  ¢,; = f(T'), this

yZ)
determining the amount of heat is valid only for an
infinitesimal temperature range, i.e.

60 =3 mjeydl .
dT is the change in the

expression  for

where expression m;c
enthalpy of the j-th component of the combustion
products.

Increasing the accuracy of calculation of the
Brayton cycle processes of real gas requires more
strictly  determination of the working fluid
thermodynamic properties over a wide range of
temperatures and pressures. Calculation the
relationship among the temperature and pressure of a
gas in adiabatic compression and expansion
processes requires accurate knowledge of the
adiabatic exponent. The validity and correctness of

determination of the specific heat Cp of working

fluid, the adiabatic exponent k& of the compression
and expansion processes depend on the reliability of
evaluation of the efficiency of the GTP as a whole.
Not taking into account changes in the
thermodynamic properties of the working fluid leads
to large errors in the calculations of real efficiency
of gas turbine plants in the direction of their increase
in comparison with efficiency of real GTP. It is
enough to note that the main thermodynamic
properties of air (the working fluid in the
compressor) differ by 20-30 % if compared with the
thermodynamic properties of gases (products of
burning). The customers of GTP, in case of using
GTP at the thermal power station, will have real
losses in the form of unrealized benefits and not
confirmed economic parameters of gas turbine plant.

The burning process begins only when fuel
droplets are transforms into vapour. When air is
mixed with fuel vapours, a gas mixture is formed
with new parameters that differ from the original
ones. During burning process calculation, it is
necessary to know the values of the expected
parameters of the working fluid (combustion
products). This is especially important for transient
modes. There is no solution to this problem in the
literature. The papers [9; 10] contain information
about the thermodynamic properties of gaseous
substances and gas mixtures. However, these results
are not complete, or they are obtained for a limited
set of initial data and conditions that affect
thermodynamic parameters.

Determination of the
properties of the working fluid

thermophysical

In this paper, the parameters of the gas mixture
state were determined using the known parameters
of state of the gas mixture components.
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Consider the concrete working fluids (air, fuel,
and combustion products).
To determine the values of the isobaric specific

heat c¢,, the gas constant R, and the adiabatic

exponent k of working fluids, it is necessary to know
their chemical composition.

The volume composition of the air was taken as a
percentage according to ISO 6976 [9] data. It is

p° . .
given in table 1.
Table 1
Air volume composition
Elements N, O, Ar | CO, Ne He CH, Kr H, NO, CO Xe
V"lume(,/fra"“on’ 78.102(20.946 | 0.916 [0.033 | 0.0018 | 0.0005 | 0.00015 |0.0001|0.00005 [0.00003|0.00002(0.00001

The composition of combustion products is
determined by their temperature, pressure, and
chemical composition of the fuel.

The composition of the combustion products can
be determined by the given gas temperature at the

outlet of the combustion chamber 73, the excess air

coefficient o, and the thermal balance written for the
combustion chamber.

Table 1 values of the true specific heat of the
main components of air and combustion products
were taken as initial data [9; 10; 11].

The calculation of isobaric specific heats of the
main components of combustion products in a given
range of pressures and temperatures was performed
using analytical expressions obtained as a function
of temperature and pressure, taking into account the
effect of thermal dissociation in the paper [10].

Specific  heat graphical dependence on

temperature and pressure ¢ p= f (T R p) represents

the surface.

As example the nature of the change in the
nitrogen isobaric specific heat depending on
pressure and temperature is shown in Fig. 3 [10].

Fig. 3. Dependence isobaric specific heat of
nitrogen from temperature and pressure [9]

Table 2 shows the calculated dependencies for
the main components of the combustion products in
the specified pressure range of 0.1 ... 200 bar and
temperatures of 150...2870 K.

Table 2
Dependencies for calculation of isobaric specific heat
Gas Isobaric specific heat Coefficients
Nitrogen 4
_ j
¢p ‘Tzconst - Z(;ij
=
Oxygen . {X;} — coefficients
¢ -N'x depending of
P | T'=const ; s temperature
Argon
Cp| T=const — Xo+Xip
Steam 5 .
— J
Cp| T=const = ZOij
=
Carbon s
S B ; N\ .
dioxide ¢yl 72 const = ZY/T {¥; } — coefficients
=0 depending of pressure
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The gas constant. Adiabatic exponent

The gas constant is numerically equal to the ratio
of the universal gas constant to the molar mass of
the substance. The specific gas constant for a

mixture of gases R,, is equal to the sum of the
products of the gas constants of individual gases R;

by their mass fractions g;, i.e.:

J
R, = ZRigi
i=1

or with sufficient accuracy it can be determined by
the formula:

/o
R, :8314,412ﬁ:w,
i=1""1 ZMi’”i
i=1

where g;and r; are the mass and volume fractions

of i-th component in the mixture; M;is the molar
mass of i-th component.

Cp
Ki(kg K) L~

14 ,/

y
/

12 /
/

0 200

/|

400 600 800 1000 1200 T.K

Fig. 4. Change of the air specific heat depending

Results of investigation

As part of this work, calculations were made of
values the fuel utilization factor 1, and the thermal

efficiency of the cycle for the GTP operating on the
simple cycle of Brighton (i.e. without regeneration
of heat of the exhaust gases), but with preliminary
heated liquid fuel (aircraft kerosene brand TS-1).
The calculation was made for different degrees of
fuel heating from zero degrees Celsius to two
hundred degrees Celsius. The results of these
calculations are presented in table 3.

As it can be seen from the results of the
calculations, when fuel is heated by the transfer of
heat from the outgoing gases, the fuel utilization
factor increases as the fuel is heated. At the same

Volianska L. G., Gvozdetskyi I. I., Fakhar Mohammad, 2020

The adiabatic exponent for pure gas:

‘p

cp+R

k:

The adiabatic exponent of combustion products
depends on the parameters of the gas state (pressure
and temperature) and the composition of the mixture
and is determined by the formula

k:zrlkl >
i

where k; is the adiabatic exponent of the i-th

component of the mixture, #;is the volume fraction

of the i-th component.

The calculated dependences of the specific heat
and adiabatic exponent for air and combustion
products are shown in Fig. 4, 5.

14

—

0 200 400 600 800 1000 1200 T.K

Fig. 5. Dependence of the air adiabatic exponent on
temperature on temperature

time the thermal efficiency factor of the GTU cycle
increases too from 0,30 up to 0,307 i.e. by 0,98 %.

In addition, preheating the fuel helps to improve
the reliability of the engine starting process,
especially at low ambient air temperatures.

According to the proposed method of calculation
of the fuel utilization factor for operational cycle
with preheating of fuel before it is given to
combustor, described above and its influence on
thermal efficiency of such cycle, when engine
operates in accidence with simple Brayton cycle
without regeneration of heat taking into account the
thermal properties of the real working body in the
GTP, the following results were obtained (table 3).

Table 3 provides the results of calculations made
for liquid fuel (aviation kerosene brand TC-1).
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The lower calorific value of kerosene ij = 40,

8 MJ/kg [12; 13] when it is heated from the initial
temperature of T, = 0 °C up to different final
temperatures of 7. = 50 °C ... 200 °C.

Preheating kerosene to higher temperatures does
not seem feasible, as in this case it is not effective in
the primary combustion chamber area with the air
with a lower temperature than the fuel temperature.

Table 3
Results of fuel preheating evaluation
Final temperature of fuel 7 0°C 50 °C 100°C 125°C 150°C 200 °C

Amount of heat carried in with preheated

0 103,50 216,00 282,00 347,00 4940
fuel O, kI/xg ’ ’ ’ ’ ’
Amount of fuel G, used to obtain the

0 0,0025 0,0053 0,007 0,0085 0,012
amount of heat 0, , kg
Corrected thermal efficiency of cycle, % 30,0 30,07 30,16 30,2 30,28 30,73
Rate of increasing the th@rmal efficiency of B 0,255 0.53 0.7 0.86 0.98
cycle due to fuel preheating, %

Rate of increasing the thermal efficiency of cycle
due to fuel preheating is show in Fig. 6. The thermal
efficiency increases with increase degree of fuel
preheating. Slope of the curve is more at low degree
of fuel preheating.

Graphs have been drawn according the calculated
parameters. The calculated dependences of the
thermal efficiency change for different air
temperatures at the compressor inlet, taking into

A7),
0.8 /,/

0.6 /
0.4 //
0.2 /|

/

0 50 100

150 200 T.°C

Fig. 6. Rate of increasing the thermal efficiency of cycle
due to fuel preheating

Fig. 8 shows the estimated dependence of the
cycle thermal efficiency change for different air
temperatures 7 at the entrance the compressor with
regeneration (o = 0,8) (solid line) and for cycle with
the same degree of regeneration and fuel preheating
up to 200 °C (dotted line). As it is seen the effect of
fuel preheating on the thermal efficiency can reach
approximately by 1 % especially at low ambient
temperatures. At high ambient temperatures this effect
is considerably reduced. Even more clearly, the impact
of these tways to improve the fuel efficiency of a gas

account change in the thermodynamic properties of
the working fluid depending on the temperature
(solid line) and for the thermodynamic properties of
working body as ideal gas (dotted line) are shown in
Fig. 7. Calculation done for ideal gas properties of
the working fluid leads to increased results in
efficiency of gas turbine plants about by 2 % as
compared with efficiency determined for real gas
working fluid.

r]lh -
» -
.
.
. T
0.40 <7 —
\ .
= -
0.38 N S,
\ 3 . R
\ .
0.36 \\
N
0.34
280 290 300 310 320 330 T.K

Fig. 7. Changing the thermal efficiency for different
air temperature 7 at the inlet of the compressor

turbine plant based on convertible aircraft engines with
low working process parameters is shown in Fig. 9.

A generalized graph illustrating the extent of the
effect of heat regeneration and preheating of fuel on
the thermal efficiency of the gas turbine plant is
shown in Fig. 9. Here, line / corresponds to a gas
turbine plant operating on a basic Brayton cycle, line
2 corresponds to a cycle with heat regeneration, and
line 3 corresponds to a gas turbine plant operating on
a cycle with heat regeneration and with preheated
fuel.

Volianska L. G., Gvozdetskyi I. 1., Fakhar Mohammad, 2020
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Fig. 8. Dependences of the thermal efficiency
for different air temperature 7} at the inlet
of the compressor

As it is visible in the grath the most considerable
increase in the thermal efficiency (about 8 %) is
achived due to regeneration. This effect is more
considerable for low ambiante temperatures.

A comparative estimation of the distribution of
fuel consumption in the GTU for the useful work of
the cycle, for fuel preheating and for thermal losses
is shown in Fig. 10.

AT=50°C AT=100°C AT=150°C AT=200°C

fuel: M total delivered; [] used for work; Bl for fuel preheating: I thermal losses

Fig. 10. Distribution of fuel consumption in the GTU

As can be seen from the diagrams, when fuel is
heated, the part of fuel spent for the useful work of
the cycle increases, and the part of fuel associated
with the loss of heat with exhaust gases decreases,
that causes an increase in the fuel efficiency of the
GTU.

Conclusions

As a result of the calculations, the following
conclusions can be made:

1. Heat regeneration, heating the working fluid
(air) after it is compressed in the compressor and
before being fed into the combustion chamber by
exhaust gases leaving the engine is a fairly effective
way to increase the fuel efficiency of terrestrial gas
turbine plants created on the basis of aircraft engines
that have spent their flight life on airplanes and
helicopters.
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Fig. 9. Variation of thermal efficiency of GTP,
operating in accordance with different cycles:
1 — basic Brayton cycle; 2 — cycle with regeneration;
3 — cycle with regeneration and fuel preheating

2. Preheating the liquid fuel using for this
purpose the heat of the exhaust gases coming out of
the engine helps to increase the coefficient of fuel
utilization. The effect of preheating the fuel in this
way is manifested through the intensification of the
evaporation process of fuel droplets sprayed by jet
fuel injectors and the formation, thus forming a
homogeneous fuel-air mixture in the combustion
zone of the combustion chamber.

3. Preheating of gaseous fuel (natural gas) has
virtually no effect on engine fuel efficiency and the
coefficient of fuel utilization, but can be used as a
way to improve the reliability of starting a gas
turbine plant, especially when it is operated at low
temperatures and low ambient air pressures (in high-
mountain conditions).

4. Joint using heat of exhaust gases leaving the
engine for heating the working fluid (air) after its
compression in the compressor before feeding it to
the combustion chamber and for preheating the
liquid fuel is the most rational way to improve the
fuel efficiency of GTU created on the basis of
aircraft engines that have spent their life on aircraft
of civil aviation.
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Boasincbka JI. T'., I'Bo3aeunbkuii 1. I., Moxamman ®@apxan .
HIJIAXH IITIIBUINEHHA EOEKTUBHOCTI EHEPITOYCTAHOBOK HA BA3I ABIALIIMHUX
I'A3OTYPBIHHUX /IBUT'YHIB

LJopiuno y ceimi senuxa KinbKicmov asiayiliHux 08UcyHie, siki 6yau cnpoexmosai i eucomosaeri 10-20 pokie momy
i AKi euuepnanu Cceill AbOMHUL pecypc HA NOGIMPAHUX CYOHAX YUGLIbHOI I GillCbKOB8OI asiayii, 3HIMAOMbCS 3
excniyamayii  uyepe3 3HUJICEHHA IXHbOI excniayamayitunoi Haliinocmi. Ilpu yvomy Ointbwia uacuma iXHIX
KOHCMPYKMUGHUX 8Y371i8 I Oemanell we MAawmb 3HAYHI 3aNaci MIYHOCMI [ MOJCYmb Oymu 6UKOPUCMAHi y CKAaoi
HA3eMHUX YCMAHOBOK pi3HO20 npusHauenns. Pieenv napamempise pobouoco npoyecy, i nepwi 3a 6ce, CMyneHs
nioBUWeHHA MUCKY NOBIMps 68 KOMNpecopi ma memnepamypu 2asy neped mypOiHOw, € BIOHOCHO MAnumu, i momy

KoeghiyieHmu KopucHoi Oii maxux 08ucynié GIOHOCHO HU3bKI, A GIONOGIOHO 00 YbO20, NANUSHA ePEKMUSHICIMb MAKUX
08USYHIB He BION0BIOAE CYUACHUM GUMOSAM.

IIpobnema niosuwenHs narusHoi eqpekmueHoCmi CMayioHapHux 2a30mypoOiHHUX YCMAHOBOK, CIMEOPIO8AHUX HA Oa3i
agiayiinux 08USYHIG, WO BUYEPRANU CIl Pecypc HA NOGIMPSHUX CYOHAX, € AKMYAIbHOIO 3 KIIbKOX npudul. 3 00H020
00Ky, eapmicmb NAIUBA CMAHOBUMb 3HAYHY HACMKY 6 eKCHAYaAMmAayitiHux eumpamax niOnpuemcms, wjo ix
BUKOPUCIOBYIOMY, | HE2AMUBHO BNIUBAE HA eKOHOMIUHI NOKAZHUKU YUX RIONpUEMCmE. 3 iHuio20 OOKY, 3HAUHI gumpamu
nanuea o0OYMOBNIOMYb YMEOPEHHS GeAUKOI KINbKOCMi NPOOYKMIG 320pPSHHA , WO BUKUOAEMbCA 8 ammocdepy,
3a6pyouwouu ii. /[na supiwenus yiei npobremu 6 cmammi NPOROHYEMbCSL YOOCKOHANEHH. p0O01020 Npoyecy makux
CUNIOBUX YCMAHOBOK ULTAXOM pe2eHepayii menid, wo MICHMUmMbsCsa y GUXIONHUX 2a3ax i nonepeowill nidiepie nanusa
nepeo 1020 NOOABAHHAM 8 KAMepPY 320PSHHSL.

Memoro pobomu € oyiHka pieHs CRiIbHO2O 6NIUBY peceHepayii menia GUXIOHUX 2a3ig i cmyneHs NnonepeoHbO2o
nidiepieanusa nanuea Ha NAIUEHY eeKmuHicms 2a30mypOiHHUX YCTNAHOBOK.

Ak 00’ekm 0ocniddcenns 6yno obpano 2azomypOiHHy YCMAHOBKY, AKA 0a3yeEmMbCsa HA BUKOPUCMAHHT A8iayiliHo20
myp608anbHo20 08UZYHA, WO BIONPAYI08A8 C8ill TbOMHULL pecypc , 3 000aHUM 00 Hb0O20 NOOBIUHUM MENnI00OMIHHUKOM
0151 NiQiepiBaHHsT CMUCHEHO20 8 KOMAPecopi NOGImpsi nepeo 1020 HAOXOOMNCEHHAM 00 Kamepu 320psHHs [ O
nonepeonvbo2o nidiepieanns namea. IIposedeHumu po3paxyHkamu ROKA3aHO, Wo CRLTbHUL eghekm 8I0 Yux 080X 3ax001i6
MODJICe CYymmeso nioguwyeamu  SHYmpIuHil Koeiyiecum ropucHnoi Oii eazomypOinnoi ycmanoexu. Ilpu yvomy
PO3PAXYHKU NPOBOOUNUCH 3 YPAXYBAHHAM 3MIHU MENIOQI3UYHUX 61acmuUeocmell NOGIMps 8 Komnpecopi i npooyKmie
320PAHHA 31 3MIHOI0 MEeMNepamypu K peairbHux 2asie.

KniouyoBi cnoBa: rasoTypGiHHWI ABWUryH; TepMoAMHaMiYHi BNacTMBOCTI;

nigirpiBaHHs nanvea; ePeKTUBHICTb.

pereHepartop TennoTu; nonepegHe
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Volianska L. G., Gvozdetskyi 1. 1., Fakhar Mohammad
THE WAYS OF IMPROVING THE EFFICIENCY OF GAS TURBINE PLANTS BASED ON
AIRCRAFT GAS TURBINE ENGINES

Every year in the world, a large number of aircraft engines designed and manufactured throught ten to twenty years
ago and spent their flight service life time on civil and military aircraft are decommissioned due to a decrease of their
operational reliability. In the same time, the most of their structural units and parts still have significant safety margins
and can be used as part of ground installations for various purposes. The level of parameters of the working process of
these engines, and first of all, the compressor pressure ratio of the compressor and the temperature of the gases in front
of the turbine, is relatively low, therefore the efficiency of such engines is relatively low, and therefore the fuel
efficiency of such engines does not meet modern requirements. The problem of improving the fuel efficiency of stationary
gas turbine plants based on aircraft engines that have exhausted their life on aircraft is urgent for several reasons. On
the one hand, the cost of fuel is a significant part of the operating costs of the enterprises that use them, and adversely
affects the economic performance of these enterprises. On the other hand, significant fuel consumption causes the
formation of large quantities of combustion products, which are emitted into the atmosphere, polluting it. To solve this
problem, in article it proposes to improve the working process of such power plants by Regeneration of the Heat of
Exhaust Gases and preheating the fuel before it is fed into the combustion chamber.

The purpose of this work is to evaluate the level of joint effect of heat recovery of the exhaust gases and the degree
of preheating of the fuel on the fuel efficiency of gas turbine plants. The object of the study was a gas turbine plant
based on an aircraft turbo engine that exhausted its flight life. It was proposed to add a dual heat exchanger into gas
turbine plant to heat the compressed air before entering the combustion chamber and preheating the fuel. The
calculations show that the combined effect of these two measures can significantly increase the internal efficiency of a
gas turbine plant. The calculations were carried out taking into account changes in the thermophysical properties of air
in the compressor and combustion products with changes in temperature as for real gases.

Keywords: gas turbine engine; thermodynamic properties; heat regeneration; fuel preheating; efficiency.

Bouasinckas JI. I'., I'Boznenknii U. U., ®axap Moxamman
IIYTU NOBBILLEHUSA D@PEKTUBHOCTU SHEPI'OYCTAHOBOK HA BA3E ABUAIIMOHHBIX
T'A30TYPBUHHBIX IBUT'ATEJIEN

Eoicecoono 6 mupe 6Oonvuioe KOIUHECMBO ABUAYUOHHBIX Osu2ameineti, CNpOeKmMupOSAHHbIX U U320MOGIEHHbIX
decamub-08a0yams iem momy Ha3a0 U ompabomasuiux ceoll JEMHbIL pecypc HA 8030VUIHBIX CYOAX 2PaANCOAHCKOU U
60CHHOU ABUAYUU, CHUMAIOMCS ¢ IKCHIAYAMAYUU U3-30 CHUNCEHUSl YPOBHSL UX IKCHIYamayuoHHou Haodedxchocmu. Ipu
IMOM OOILUASL YACMb UX KOHCIPYKMUBHBIX V31106 U Oemaiell euje UMelom 3Ha4umenbhble 3andcvl RPOYHOCIU U MO2YM
ObIMb UCNOIB306ANbL 8 COCMABE HA3EMHBIX YCMAHOB0K DPA3IUYHO20 HA3HAYEHUs. YposeHv napamempos pabouezo
npoyecca, u npedjicoe 8ce20, CmeneHu NOoGbluleHUsi 0a8NeHUs 8030YXA 8 KOMNpeccope U memMnepamypbl 2a3o8 nepeo
MypOUHOU, OMHOCUMENbHO HEGbICOKUE, HNOIMOMY KOIDDuyuenmvl NOAE3H020 Oeticmseus makux oeuzcamenei
OMHOCUMENbHO HU3KUEe, a 3HAYUM U MONIUSHAA IPPekmusHocms makux oeueameneil He COOMEEmcmsyem
cospemennvim mpebosanusm. Ilpoorema nogviuenus monaueHoU IP@OeKmuUsHOCMU CIMAYUOHAPHBIX 2A30MYPOUHHBIX
YCMAHOBOK, €030a6aeMbiX HA 0a3ze ABUAYUOHHBIX OGueamenell, KOMopbvle UCYEPNau C80ll JemHbill pecypc Ha
B030VUIHbIX CYOAX, SGIAEMCsi AKMYanbHOU no Heckonvkum npudunam. C O0OHOU CMOPOHbLL, CMOUMOCHb MONIUGA
cocmasnisem 3HAYUMENbHYIO 000 6 IKCHIYAMAYUOHHBIX PACX00aX NPeOnpusimuil, KOMopbvle UX UCHOAb3YION, U
He2amugHo 6Nusiem Ha dKOHOMuYeckue nokazamenu smux npeonpusmuti. C Opyeoil cmopomwl, 3HAUUMENbHbIE PACXOO0bL
MONaUea 00yciagIueaom 00pazosanue HOILULO20 KOIUYECHEd NPOOYKMOG C2OpAaHUsl, KOMOpble 8blOPACHIBAemcs 6
ammocghepy, 3azpsasussn ee. [ peuwieHust Smotl npooiemMvl 8 CIMambe npeoiasaemcst YCO8epUEeHCmE08anue paboyezo
npoyecca maxkux CUILOBbIX YCMAHOBOK NymeM pe2eHepayuu menia OmpaboOmaHHbIX 2da308 U NPeosapumenbHO20
nooozpesa Monauga nepeo e2o nooayell  Kamepy C2opaHusl.

Lenvio pabomei s6ns€mMCs OYeHKa YpPosHs 00We20 8030€liCMEUs peceHepayuu Mmenia Omx00suux 2a308 u cmeneHu
npeosapumenbHo20 no0o2pesa MoNIUA Ha MONIUBHYIO dPHeKMUBHOCMb 2A30MYPOUHHBIX YCMAHOBOK.

B kauecmse obvexma uccnedosanus Ovlia GblOPAHO 2a30MypPOUHHASL YCMAHOBKA, KOMOpAs 6asupyemcs Ha
UCNONb30BAHUU ABUAYUOHHO20 MYPOOBATLHO20 08Ucamens, ompabomasuiezo 8ol AEMHbIIL pecypc, ¢ 006asieHuem 6
€20 cxemy COBOEHHO20 MENIOOOMEHHUKA, KOMOPbLL CLYICUM KaK O/l N0002Pesa CIHCAmMo20 8 KOMIpeccope 8030yxd
nepeo e20 NOCMynieHueM 8 Kamepy C2Opanust, mak u OJisi npedsapumenbHo20 nod02peda Monausd.

IIposedennvim pacuemam HOKA3aHO, YMoO 0Owull d¢hpexm om 3mux 08YX Mep MOICEM CYUIECNBEHHO NOBbLCUND
BHYmMpenHUti Kod(duyuenm noaesno2o Oeticmeusi 2a3omypounnoi ycmanogku. [lpu smom pacuemvl npoeoounucs ¢
VUemoM U3MEHEHUs. MenIoPU3UYECKUX CGOUCME 8030YXA 6 KOMNPECcope U NPOOYKMOS8 C20pAHusi ¢ U3MEHeHUeM
MmeMnepamypbl Kak peaibhblX 24308.

KnioueBble cnoBa: ra3oTypOuHHbIA [ABUraTenb; TEPMOAMHAMUYECKMe CBOWCTBA; pereHepatop TenmnoThl;
npefBapuUTerbHbli NOAOrPER TOMNMUBA; 3PMEKTUBHOCTb.
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