This paper considers a technique for mo-
dernizing the power plant (PP) of a regional air-
craft. The modernization is based on the injec-
tion of water or a water-methanol mixture into
the compressor or combustion chamber of a tur-
boprop engine (TPE). An algorithm has been
developed for the thermodynamic calculation of
TPE parameters, taking into consideration the
injected mixture; the mathematical model (MM)
has been improved. Methodical studies of the
operability and range of application of the
improved MM were carried out. The results
of mathematical modeling were validated. For
verification, the AI-450M turboshaft engine
produced by GP Tvchenko-Progress (Ukraine)
was used as an object of research. Based on
the improved MM, a software module has been
developed to study the performance charac-
teristics of a regional aircraft with a TPE.
The influence of water injection and a water-
methanol mixture on the TPE operating process
and the operational characteristics of a regional
passenger aircraft has been studied.

The proposed measures could be imple-
mented in existing TPEs. This would allow the
operation of aircraft without significant mo-
dernization of the airport infrastructure. For
TPE, the injection of water and a water-metha-
nol mixture is an alternative way of boosting
in order to temporarily improve performance.
A given modernization technique could improve
the TPE power up to ~10 %, as well as reduce
the amount of harmful emissions.

The results obtained showed a satisfacto-
ry convergence of estimated and experimental
data. The error of the results under the accep-
ted assumptions does not exceed 3 %. The cal-
culation results demonstrate the advantages of
injection at the take-off stage of the aircraft to
reduce the take-off distance (up to 45 % in hot
conditions TAMB = +30 °C) and reduce the time
of climbing the echelon (~10 %)
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1. Introduction

In the context of globalization of the aviation market,
modern aviation companies compete in terms of price and
technical characteristics, quality of services, and environ-
mental requirements. The strict policies of aviation compa-
nies and the desire for higher profits force manufacturers of
aircraft and aircraft engines to improve their fuel efficiency
and environmental performance. Dependence on aircraft
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imports, volatile fuel prices, and the impact of aviation emis-
sions on the environment further stimulate the development
of new technologies.

The capabilities of the aircraft are determined by the
characteristics of the PP engine. Due to their high fuel effi-
ciency, TPEs are widely used on most types of aircraft. With
each new generation of TPE, their specific capacity increases.
At the same time, the use of advanced technologies leads to
a significant increase in the cost of new engines. Therefore,




the deep modernization of the existing fleet of aircraft equipped
with TPEs and the reduction of operating costs based on the
use of hybrid PPs have become topical issues.

There is also a need for a gradual transfer of transpor-
tation means to alternative energy carriers. Particular at-
tention should be paid to alcohols (in particular methanol).
Combining water or water-methanol mixture injection tech-
nology with future emission reduction technologies, such as
auxiliary PPs using fuel cells, would allow the aviation sector
to solve some of the environmental challenges.

At the same time, one of the scientific and technical issues
is the study of the heat exchange process in a multiphase gas
flow based on the injection of different mixtures. Devising
and improving methods for investigating the workflow of
promising TPEs is a relevant task for engine designers.

2. Literature review and problem statement

For TPEs, water injection (H,O) is a suitable alternative for
replacing the most common method for turbojet engines (T]Es)
to temporarily improve performance — the afterburner com-
bustion chamber. A temporary improvement in performance
is especially necessary when operating an aircraft under hot
conditions and on high-altitude airfields with a shortened run-
way. Using water injection without increasing power leads to
a reduction in NOy emissions [1]. Work [1] reports the results
of studying the effect of injection of pure water without impuri-
ties of other substances only on reducing NOyx emissions.

The cooling action from water injection leads to a de-
crease in the temperature of working fluid throughout the
gas-air path of the engine behind the injection site. This
could prolong the resource and reduce the cost of operating
the engine and aircraft. Paper [2] reports the results of CFD
calculations for modeling the injection in the stage of the
axial compressor.

There are two common ways to inject water (or other
coolants) into the flowing part of an aircraft engine:

— injection at the inlet to the compressor. Works [3, 4] ree
port the results of studying the effect of water mist injection
in the intermediate stages of the compressor. The cited works
do not reflect the effect of injection on the engine parameters
as a whole. Work [5] describes the results of mathematical
modeling of the effect of coolant injection into the compres-
sor only for turbofan engine;

— direct injection into the combustion chamber (CC) [6].
Study [6] reports the results of mathematical modeling of the
effect of coolant injection on the engine parameters only at
the outlet from CC.

Water injection at the compressor inlet demonstrates
a positive effect on engine performance [7]. At the same time,
it ensures a decrease in the temperature of the gas at the inlet
to the turbine. Also, the injection of water at the compressor
inlet makes it possible to achieve a reduction in NOx emis-
sions of up to 50 % [8]. Work [7] displays the effect of water
injection on the performance characteristics of different
types of engines. However, the cited work does not indicate
the effect of water injection on the reduction of harmful
emissions. Paper [8] reports the results of studying the ef-
fect of pure water injection into the compressor on the gas
temperature in the turbine and NOy emissions only for TJE.

It is expected that the costs of complicating the design
and operation of the aircraft with water injection could be
compensated by saving on engine maintenance and prolong-

ing its service life. These savings would generate sufficient
market demand for the development and implementation of
water injection systems as an additional technology to im-
prove engine performance and reduce aircraft emissions [9].

Water injection to increase thrust was practically implemen-
ted in Boeing 707-120 Stratoliner aircraft with Pratt & Whit-
ney JT3C-6 engines, and in Boeing 747-100 and 200 aircraft
with Pratt & Whitney JT9D-3AW and -7AW engines [1].

Attention should be paid to water-methanol mixtures as
an alternative to water. Methanol (CH30H) is a promising
fuel but the transition to methanol as the main fuel is not
considered. The low calorific value of methanol leads to an
increase in fuel consumption and an increase in the volume
of fuel tanks or a decrease in flight range. In addition, the use
of 100 % methanol is limited by its high toxicity and aggres-
siveness to structural materials [10]. Methanol can be used as
an additive in small quantities to increase engine power while
reducing the temperature of the working fluid. Also, when
using a water-methanol mixture, emissions of combustion
products are reduced. Work [11] reports the results of study-
ing the effect of injection of a water-methanol mixture on the
temperature of gases and the amount of harmful substances in
the combustion products of the internal combustion engine.
The issue of injection of a water-methanol mixture into air-
craft jet engines and, in particular, TPE, is little studied.

In turn, the injection of water or a water-methanol mix-
ture requires the improvement of MM of the working process
of TPE based on changes in the thermophysical properties
and phase transitions of the working medium. There is a need
to conduct experimental work to verify the results obtained.
Work [12] reports the results of experimental studies into
the effect of pure water injection only on the performance
characteristics of the TV3-117 engine.

Thus, the technology of injection of water and a water-
methanol mixture in TPE has prospects for development;
further research is needed to improve the performance of
aircraft equipped with TPE. It is necessary to identify ways
to solve tasks to ensure the operability of TPE when using
the injection system. Overcoming these challenges would
improve performance and reduce engine NOx emissions.

3. The aim and objectives of the study

The purpose of this research is to improve the methodo-
logy for modeling the working process of TPE based on the
injection of water and a water-methanol mixture to increase
the efficiency of PP equipped with TPE for a regional pas-
senger aircraft for 100 passengers. The improved methodo-
logy could make it possible to carry out further research
to improve the efficiency of PP equipped with TPE based
on the injection of water and a water-methanol mixture for
a regional passenger aircraft for 100 passengers.

To achieve the goal of research, it is necessary to solve the
following tasks:

— to verify the devised procedure for changing the thermo-
physical properties and phase transitions of working medium
when injecting water or a water-methanol mixture into
a turboprop engine;

— to verify the results of mathematical modeling of the
engine workflow with experimental data;

—to investigate the influence of the injection site and
the type of injected mixture on the performance characte-
ristics of TPE;



— to study the operational characteristics of TPE with
the injection of water and a water-methanol mixture for
a regional passenger aircraft for 100 passengers.

4. The study materials and methods

Our MM of TPE has been built on the basis of a general
approach to solving the system of basic equations [13]. The
system of basic equations of gas motion is a mathematical
apparatus that describes the gas-dynamic, thermodynamic,
and physical relations in the elements of the engine. The sys-
tem includes the following equations [14, 15]:

— continuity equation;

— energy conservation equation;

— equation of the first law of thermodynamics in relation
to the flow of gas;

— Bernoulli’s generalized equation;

— Euler’s equation on the amount of motion;

— Euler’s equation on the momentum of the amount
of motion.

Our MM is a method for solving a system of nonlinear
equations implemented in the Fortran programming lan-
guage [16], which provide for the following:

— the thermodynamic consistency of engine components
and elements;

— the invariability of the geometric parameters of the engine;

—the preservation of physical and gas-dynamic links
between the components and elements of the engine;

— fulfillment of the equation of continuity of flow of works
ing medium for all components and elements of the engine;

— maintaining the specified control parameters.

A given approach [17]:

— provides the necessary modeling accuracy at the early
stages of research work;

— makes it possible to make a choice of rational thermom
dynamic parameters;

— makes it possible to select the law of controlling the injece
tion of coolant in TPE at the specified characteristics of the units.

The procedure of thermodynamic calculation is compiled
taking into consideration the dependence on temperature of
the thermodynamic properties of air and combustion pro-
ducts with relative fuel consumption (FAR). The dissocia-
tion of molecules is disregarded.

Changes in the thermophysical properties of the work-
ing medium are taken into consideration depending on its
composition and temperature. For the specified fuel [18],
the composition of the gas depends only on the coefficient
of excess air. Instead, our MM uses relative fuel consump-
tion (FAR) [15]. The values of enthalpy (i), gas entropy (.5),
gas constant (R), and adiabatic indicator (k) are given as poly-
nomial dependences for the average process temperature (7).

MM determines the thermodynamic properties of the
working medium depending on the amount of liquid injected.
Based on the actual properties of gases: Ny (dinitrogen),
O, (dioxygen), Ar (argon), CO, (carbon dioxide), H,O (water),
CH30H (methanol) [19, 20], the following is determined:

— the percentage composition of gases in the air and the
thermodynamic properties of this air (Cp, i, S, R, k);

— the percentage composition of gases in the resulting
combustion products and the thermodynamic properties of
these combustion products (Cp, i, S, R, k).

To study the workflow regarding the injection of water and
water-methanol mixtures in TPE, the algorithm for calculat-

ing the thermodynamic parameters of the engine and its MM
has been supplemented. Our additions take into consideration:

— the required amount of injected liquid and its effect on
the properties of the working medium;

— adjustment of the characteristics of TPE units taking
into consideration the injected liquid,;

— the thermodynamic properties of the working medium
depending on the amount of liquid injected.

Our experimental studies were carried out at the bench of
the experimental research complex at the State Enterprise (SE)
«Ivchenko-Progress» (Zaporizhzhia, Ukraine) (Fig. 1, a).
The chosen object of research is the AI-450M turboshaft
engine produced by SE Ivchenko-Progress (Zaporizhzhia,
Ukraine) (Fig. 1, b) [21]. A set of experimental and research
works on the design and preliminary testing of the water injec-
tion system for the application of a 30-minute power mode at
high atmospheric temperatures up to plus 35 °C was carried
out [22, 23]. According to the plan of experimental work:

—a technical order was released for the development of
a water injection system into the AI-450M engine [24];

— a bench water injection system was designed. According
to the adopted scheme, water injection is carried out by boosting
the water tank with compressed air using the engine compressor;

—a manifold with injectors was designed for water in-
jection into the engine inlet. To avoid mechanical clogging of
the nozzles, a filter is installed in front of the water collector;

—an electrical circuit for controlling water injection was
developed;

— bench tests of the water injection system were performed.

Fig. 1. Experimental research base:
a — test bench at SE «lvchenko-Progress»;
b— Al-450M engine

Based on the improved MM, a software module has been de-
veloped for the study of the operational characteristics of TPE,
taking into consideration water and water-methanol mixtures.

3. Results of studying the working process
of a turboprop engine

3. 1. Verification of the devised procedure for changing
the thermophysical properties and phase transitions of
working medium

In order to verify the devised methodology for calculat-
ing the thermodynamic properties of working fluid and clean
products of fuel combustion, a comparative analysis of the
results obtained with the calculation data of other authors
was carried out [25]. Fig. 2,3 illustrate the comparison of
heat capacity, enthalpy, and entropy for dry air and pure com-
bustion products of kerosene as a function of temperature.
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A comparative analysis of the obtained results
of MM calculation with the data reported in [26],
which were confirmed experimentally, was carried
out (Table 1). The calculation results demonstrate
a satisfactory convergence with the data from techni-
cal order [26] (Table 1); an error under the accepted
assumptions does not exceed 2 %.
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x  Calculation results based on the built MM

Fig. 4. Change in the specific equivalent fuel consumption (ESFC)
depending on engine operating mode and water injection
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Fig. 5. Change in fuel consumption (WF) depending on engine operating mode and water injection

No deviations and obvious changes in the nature of the
dependences in Fig. 4, 5 are observed.

3. 3. Investigating the influence of the injection site
and the type of injected mixture on the performance of
a turboprop engine

When using the MM constructed, the effect of injection
on the engine parameters under hot operating conditions for
take-off mode was evaluated. According to the recommenda-
tions from the World Meteorological Organization [27], the
maximum adopted moisture content value was WAR=0.04
for the conditions ALT=0 m. The maximum concentration

of methanol in water in calculations does not exceed 15 %
due to its toxicity.

Our calculations for the study of the influence of the injec-
tion site were performed using water for two possible options:

— water injection at the compressor inlet;

— water injection at the inlet to the combustion chamber.

The basic results of modeling water injection at the inlet
to the compressor and combustion chamber of the AI-450M
engine under a take-off mode are given in Table 2.

Table 3 gives the results of modeling the injection of wa-
ter, a water-methanol mixture, and methanol at the inlet to
the compressor of the AI-450M engine under a take-off mode.

Table 2

Basic simulation results (hot operating conditions) — ALT=0; M=0; TAMB=+30 °C

Parameter | No injection | Injection at compressor inlet | Injection at combustion chamber inlet
Inlet parameter
Compressor
WAR 0 0.0400 0
WA 1 1.0363 0.9969
PR 1 1.0334 1.0065
ETA 1 0.9928 1.0017
TC 1 0.9783 1.0012
ﬁ const
Combustion chamber
WAR 0 0.0400 0.0400
WA 1.0362 1.0368
TCH 1 0.9916 0.9430
Gas generator turbine
TH 1 0.9908 0.9428
PR 1 0.9957 0.9934
ETA 1 0.9990
Free turbine
T 1 1.0015 0.9519
PR 1 1.0328 1.0116
ETA 1 1.0003 1.0022
Engine parameter
PWSD 1 1.1100 1.0213
WF 1 1.1391 1.0484
ESFC 1 1.0257 1.0268




Table 3

Basic results of modeling the injection of water and methanol at the inlet to the compressor of the Al-450M engine
under a take-off mode (ALT=0; M=0; TAMB=++30 °C)

Parameter No injection H,0O injection | H,O injection with 15 % CH30H | CH3OH injection
Compressor

WAR 0 0.0400 0.0400 0
WARL 0 0 0.0060 0.0400
WA 1 1.0363 1.0490 1.0247
PR 1 1.0334 1.0522 1.0050
ETA 1 0.9928 0.9859 0.9953
TC 1 0.9783 0.9824 0.9724

NR const
Combustion chamber
TCH 1 0.9916 1.0064 0.9995
Gas generator turbine
TH 1 0.9908 1.0050 0.9928
PR 1 0.9957 0.9943 1.0020
1 1 1 0.9998
Free turbine
T 1 1.0015 1.0203 0.9888
PR 1 1.0328 1.0500 1.0026
ETA 1 1.0003 0.9992 1.0005
Engine parameter

PWSD 1 1.1100 1.1687 1.0046
We s 1 1.1391 1.0553 0.3882
Wenon - - 0.2767 1.8125
WF 1 1.1391 1.3321 2.2006
m 1 1.0262 0.9030 0.3864
ESFC 1 1.0262 1.1398 2.1905

When performing calculations for verification, the use of
our improved MM faced certain difficulties. In a multiphase,
heat transfer-aware workflow, finding the values of the expla-
natory variables that render the residues to near-zero values
with the predefined accuracy takes longer.

3. 4. Investigating the performance characteristics of
a turboprop engine with injection for a regional passen-
ger aircraft

Based on the analysis of the requirements for modifica-
tions of regional aircraft of the passenger category and the
preliminary studies conducted on take-off and landing char-
acteristics, weight calculations, preliminary construction of
the structural and layout scheme of a regional aircraft for
100 passenger seats was carried out.

In order to study a change in the range of the engine’s
working process, when equipped with water injection, the fol-
lowing flight stages were selected: take-off, take-off ALT to the
circle, acceleration VTAS to climb, climbing the echelon ALT.

To study the performance characteristics of the air-
craft, the basic initial data were set such as the engine
equivalent power under a take-off mode (TO) (ALT=0m)
EPW=6100 kW, engine output shaft speed NP=1000 rpm.
At cruising altitude ALT=9000 m at maximum conti-
nuous mode (CM), the engine equivalent power value is
EPW=2600 kW, engine output shaft speed NP=850 rpm.

To determine the mass of the equipment related to the
water mixture injection system, a modified Khukhorev for-
mula was used to calculate the mass of the fuel system [28].

The time of climb is set from the condition of the rational
angle of speed gain, taking into consideration the change in
engine equivalent power by flight altitudes. Flight stages,
flight altitude, and engine characteristics for the mode of
operation under the conditions of the international standard
atmosphere (ISA) are given in Table 4.

Table 4
Basic parameters to form the flight profile of the aircraft
Flight |ALT,| l\gogfa(_’f EPW, | ESFC, | .
stage m fion kW | kg/(kW-h) | ~
0.024 TO 6100 0.2558
TO run 0.44
0.229 TO 6546 0.2471
TO to 0.229 TO 6546 0.2471
ALT 0.6
circle | 250 10298 | TO | 6658 | 0.2441
Accele- 250 | 0.298 TO 6658 0.2441
ration to 03
VTAS | 450 | 0386 | TO | 7014 | 0.2404 ’
climb
450 | 0.386 CM 5350 0.2594 65
4000 | 0.482 CM 3779 0.2492 ’
Climbing | 4000 | 0482 | CM | 3779 | 0.2492
the eche- 9
lon ALT |8000]0.635 | CM | 2631 | 02351
8000 | 0.635 CM 2631 0.2351 9 g
9000 | 0.640 CM 2262 0,2336 ’




Studies have been conducted on changing the characte-
ristics of TPE equipped with water injection. The calculation
of the characteristics of TPE and the need for the required
mass of the mixture was carried out in two stages:

— without injection of additional liquids;

— when injecting only water with its different content in
the airflow (the mass of water in relation to 1 kg of dry air
is0.2 %, 0.4 %, 0.6 %, 0.9 %, 1.3 %).

To substantiate the feasibility of using injection in TPE,
a calculation was performed for several conditions of take-off
of the aircraft: ISA, ISA+20 °C, and ISA+30 °C.

The results of calculating the characteristics of TPE with
an increase in power due to water injection at the specified
points of flight of the aircraft under ISA, ISA+20 °C, and
ISA+30 °C are given in Tables 5, 6.

As one knows, an increase in the quantitative compo-
sition of water cools the air more and this forces us to pay
special attention to the choice of engine control laws. The

amount of water for the injection system should be optimized
when considering in detail the flight cycle of the aircraft.

To calculate the characteristics of the flight cycle of the
aircraft, the maximum masses of water necessary to ensure
guiding the aircraft to the echelon altitude with maximum
speed and minimum time were selected.

The basic results of calculating the characteristics of the
flight cycle of the aircraft are given in Table 7.

We studied the take-off characteristics of the aircraft for
the following variants:

— ISA, no injection;

— ISA, injection 0.6 % H,O while maintaining NR=const;

— ISA, ISA +20 °C no water injection;

— ISA, ISA +20 °C, 0.9 % H,0 while maintaining TH=const.

The results of calculating the characteristics of the flight
cycle are given in Table 8. The calculation results show the
advantages of water injection to reduce the take-off distance
and reduce the time of climbing the echelon.

Table 5
Results of calculating the characteristics of TPE during the aircraft take-off under different conditions
Mode EPW,kW | ESFC kg/(kW-h) | EPW,kW | ESFC kg/(kWh) | AEPW, kW
Flight stage ALT, m .
of operation ISA ISA+20 °C
0 TO 6100 0.2558 5240.4 0.2709 1486.3
TO run
0 TO 6546 0.2471 5643.8 0.2613 1556.1
0 TO 6546 0.2471 5643.8 0.2613 1556.1
TO to ALT circle
250 TO 6658 0.2441 57371 0.2580 1553.2
Acceleration 250 TO 6658 0.2441 5737.1 0.2580 1553.2
to VTAS climb 450 TO 7014 0.2404 6054.0 0.2538 1581.9
450 CM 5350 0.2594 44978 0.2819 1503.1
4000 CM 3779 0.2492 3083.7 0.2774 1092.3
Climbing 4000 cM 3779 0.2492 3083.7 0.2774 1092.3
the echelon ALT 8000 CcM 2631 0.2351 2152.3 0.2611 709.2
8000 CM 2631 0.2351 2152.3 0.2611 709.2
9000 CM 2262 0.2336 1846.9 0.2595 618.1
Table 6
Results of calculating the characteristics of TPE during the aircraft take-off under different conditions
Mode EPW, kW | ESFC, kg/(kW-h) | EPW,kW | ESFC, kg/(kW-h) | AEPW, kW
Flight stage ALT, m .
Of operatlon ISA ISA+30 °C
0 TO 6100 0.2558 4798.1 0.2801 1509.5
TO run
0 TO 6546 0.2471 5158.7 0.2705 1595.3
0 TO 6546 0.2471 5158.7 0.2705 1595.3
TO to ALT circle

250 TO 6658 0.2441 52441 0.2672 1604.4
Acceleration 250 TO 6658 0.2441 5244.1 0.2672 1604.4
to VTAS climb 450 TO 7014 0.2404 5541.6 0.2629 16569
450 CM 5350 0.2594 4123.1 0.2955 1399.5
4000 CM 3779 0.2492 2773.4 0.2953 1115.2
Climbing 4000 cM 3779 0.2492 27734 0.2953 11152
the echelon ALT 8000 CcM 2631 0.2351 1924.9 0.2794 749.3
8000 CM 2631 0.2351 1924.9 0.2794 749.3
9000 CM 2262 0.2336 1648.9 0.2781 651.4




Table 7

Results of calculating the characteristics of the aircraft flight cycle

ISA ISA+20 °C ISA+30°C
Parameter name 0.6 % H,0, 0.9 % H,0, 1.3 % H,0, | 1.3 % H,0,
NR=const TH=const TH=const TH=const
The total mass of the injection system with water, kg 326 566 1100 1100
The mass of fuel that is spent to ensure the operation of the injection system 43 6.1 125 129
from the TO run to setting echelon ALT, kg ’ ’ ’ ’
The mass of fuel that is spent on the transportation of the injection system 38 53 104 102
for the flight cycle, kg
Table 8
Results of flight cycle characteristics calculation
ISA, ISA, 1SA+20°C, | 1SAT20°C, 1 ygu i3gec, | ISAF0°C,
Parameter name no injection H,00.6% no injection H,0 0.9 %, no injection H;01.3%,
) Ehia ! TH=const ) TH=const
The t(?L:al mass of t}.lerinjection sys- 0 396 0 1100 0 1100
tem with a water mixture, kg
Maximum engine equivalent power
during TO, kW 6100 6755 5240 6727 4798 6308
TO distance, m 1372 1223 1970 1472 2809 1439
Time to climb the echelon ALT, min. 19.44 16.6 22.6 20.1 23.1 21.2
Time to accelerate aircraft to the
height of climbing the echelon, s 108.3 97.3 156.4 118.8 192.7 106.8

For each estimated case, it is necessary to specify the
flight cycle. When changing the purpose of an aircraft (for
example, for military use), there may be several flight cycles.
For each flight cycle, it is possible to organize a rational
working process in the engine. This would have a positive
impact on the performance of the aircraft.

6. Discussion of results of improving the efficiency
of the power plant for a regional passenger aircraft

The calculation results on the verification of the con-
structed MM, given in Table 1, have a satisfactory conver-
gence with the data of the technical order [26]. The error of
calculations does not exceed 2 %.

The results of calculations, shown in Fig. 2, 3, on verifi-
cation of the results of mathematical modeling of the engine
workflow with experimental data coincide, with sufficient
accuracy, with the calculation data of other authors [25]. The
error of calculations does not exceed 4 %.

Our tests of the AI-450M engine (Zaporizhzhia, Ukraine)
at the bench of SE «Ivchenko-Progress» (Zaporizhzhia,
Ukraine) at an air temperature at the engine inlet of 25...35 °C
confirmed the efficiency and performance of water injection.

The data, shown in Fig. 4, 5, on changes in the specific
equivalent fuel consumption (ESFC) and fuel consump-
tion (WF) depending on the engine operating mode and
water injection demonstrate that there is a slight difference
between the calculation results and the tests. No deviations
and obvious changes in the nature of the dependences are
observed. Our analysis of the results showed that the esti-
mated values have a satisfactory convergence with the test
results of the AI-450M turboshaft engine. The maximum
error under the accepted assumptions does not exceed 5 %.

The results in Table 2 demonstrate that the injection
of water at the inlet to the compressor makes it possible to

get ~9 % more power than the injection of water into the
combustion chamber. However, the injection of water into
the combustion chamber reduces by ~5 % the temperature
at the inlet to the impeller of the compressor turbine. The
temperature drop is explained by the fact that evaporation in
the combustion chamber increases the flow rate and thermo-
dynamic properties of the gas passing through the turbine.
This makes it possible to achieve the necessary power to
rotate the compressor at a lower temperature value.

When maintaining a constant initial gas temperature in
front of the turbine, when water is injected at the inlet to the
combustion chamber, an increase in power occurs, by ~8 %.
Fuel consumption is also increased. With the injection of
methanol, there is also an additional increase in power with
a decrease in the consumption of the main fuel.

Thus, our studies on the choice of the place of injection
of water or a water-methanol mixture demonstrate that in-
jection in front of the compressor is a more economical way
to boost the engine. To improve environmental performance
without improving the performance of TPE, it is rational
to use injection into the combustion chamber.

Table 3 demonstrates that the injection of pure metha-
nol in front of the compressor can significantly reduce the
consumption of the main fuel but there is no effect on power
gain. Also, the use of methanol and water-methanol mixtures
requires addressing the following issues:

— cleaning the working fluid selected from the engine for
the aircraft air conditioning system (due to the toxicity of
methanol);

— modernization of the engine cooling system (working
fluid with methanol content selected for cooling behind the
compressor would ignite when flowing from the turbine blades).

Therefore, for further research on ways to improve the per-
formance of TPE for regional passenger aircraft, the option with
the injection of a water-methanol mixture is not considered.
It should also be noted that the amount of injected liquid and



the maximum increase in power is limited by the reserve of
stable operation of the compressors.

The change in the integration properties of the aircraft
affects the patterns of the operational characteristics of TPE
for a regional passenger aircraft for 100 passengers. Our work
takes into consideration the influence of water injection and
a water-methanol mixture on the change in the throttle and
climatic characteristics of TPE. The impact of changes in the
throttle and climatic characteristics of the aircraft on the per-
formance characteristics of the aircraft must be considered in
conjunction with the flight cycle of the aircraft.

The results of calculating the characteristics of the flight
cycle indicate the efficiency of the injection of 1.3 % of water
at the inlet to the compressor when maintaining TH=const
starting with ISA+20 °C and above. However, practical im-
plementation requires the following:

— selecting a reasonable place for placing a thermally
insulated water tank on the aircraft (to maintain water in
a liquid state at ALT>2 km) and equipment for its supply;

— choosing a reasonable injection site and a method to
optimize the characteristics of the engine at the stage of de-
signing the TPE;

— selecting sound engine control laws to optimize engine
performance when using the water injection system;

— introduction into the laws of engine management of
a sign of signaling the occurrence of icing with the subse-
quent warning of its occurrence;

— revision of the aircraft balance (when water is injected
into the engine, there is a rapid change in its mass);

— conducting research on the design of the mixing cham-
ber at the injection site (type, number, and location of injec-
tors) for effective evaporation and mixing of steam with air.
The course of these processes has a direct impact on the effect
of injection on engine parameters;

— determining the exact altitude-speed range of water injec-
tion in order to avoid icing of the inlet part of the compressor.

The verification of the obtained results of mathematical
modeling was carried out on the test bench only in terrestrial
operating conditions (ALT=0). Additional experimental
studies are needed to verify the results of mathematical mo-
deling on the effect of water injection and a water-methanol
mixture at other altitudes. The results of such studies can be
obtained when testing the engine on a flying laboratory or in
a thermobaric chamber at SE «Ivchenko-Progress» (Ukraine).
Conducting the studies would also help determine the range
of application of the injection system to prevent icing in the
gas-air path of the engine.

The devised procedure for defining the thermodynamic
properties of the working medium, if necessary, could make
it possible to assess the effect of other fuels and mixtures on
the engine workflow.

The formation of engine control laws, taking into consider-
ation water injection under different engine operating modes,
has a direct impact on the parameters of the entire PP. This
issue requires more investigation in separate research work.

For the use of water injection and a water-methanol mix-
ture, it is necessary:

— to optimize the characteristics of the engine gas gene-
rator for forced TO;

— for a safe flight, it is necessary to introduce refueling
and control of the level of injected liquid into the main-
tenance regulations. In the case of an insufficient level of
injected liquid, the aircraft would not be able to TO from
a short runway due to an insufficient thrust-to-weight ratio.

Additional experimental studies are needed to assess the
effect of injection of mixtures of different chemical compositions
on the gas-dynamic stability of compressors and turbine charac-
teristics. Such studies will make it possible to clarify and verify
the module for adjusting the characteristics of the engine com-
ponents depending on the composition of the injected liquid.

In turn, the improved procedure for calculating thermo-
dynamic parameters can be further advanced when studying
the performance characteristics of other types of engines in
other types of aircraft.

7. Conclusions

1. Our verification of the results of calculations according
to the devised procedure for changing the thermophysical
properties and phase transitions of working medium during
the injection of water or a water-methanol mixture into TPE
with experimental data coincide with sufficient accuracy
with the calculation data of other authors. The maximum
error does not exceed 4 %.

2. Testing the AI-450M engine (Zaporizhzhia, Ukraine)
at the bench of SE «Ivchenko-Progress» (Zaporizhzhia,
Ukraine) has confirmed the efficiency and operability of water
injection. No deviations and changes in the nature of the
estimated and experimental dependences were observed. The
estimated values have a satisfactory convergence with the test
results. The maximum error does not exceed 5 %. Efficient
multi-phase workflow improves performance and reduces
NOyx emissions. This requires a change in the workflow and
the modernization of the design of the engine elements.

3. Injecting water or a water-methanol mixture in front of
the compressor is a more economical way to boost the engine.
To improve environmental performance without improving
the performance of TPE, it is rational to use water injection
into the combustion chamber.

4. The greatest effect of water or a water-methanol mix-
ture injection is achieved at the most important stages of
flight — TO, climb, and acceleration of the aircraft. The use
of water injection in TPE is advisable to carry out in hot and
high-altitude areas of operation in order to temporarily im-
prove performance characteristics to reduce the TO distance
of the aircraft. Preliminary results of calculations show the
advantages of water injection at the TO stage of the aircraft
to reduce the TO distance (up to 45 % under hot conditions,
ISA+30°C) and reduce the time of climbing the eche-
lon (about 10 %). When using 1.3 % water while maintaining
TH=const under the conditions of ISA+20 °C, additional
fuel consumption (~23 kg) is required to implement water
injection in one flight cycle. At the same time, the dimensions
of the initial TPE remain unchanged. However, in the air
conditioning system, it is necessary to provide measures to
ensure the necessary cleanliness and temperature during the
intake of air from the engine into the passenger compartment.
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