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Abstract

To create the concept of a hybrid turbo-electric power plant as a single unit integrated into the power
plant of a regional aircraft with a capacity of up to 80 seats and a flight range of up to 1000 km, the
effect of water injection and the use of hydrogen as the main fuel on the efficiency of a turboprop engine
was investigated. The variants of water injection at the inlet to the compressor and to the combustion
chamber were investigated. Hydrogen is supplied at the inlet to the combustion chamber instead of
traditional aviation fuel. The results of mathematical modelling were partially verified. Water injection
will increase the power of the turboprop engine by up to 10%, and the use of hydrogen will reduce the
amount of harmful emissions. The obtained results demonstrate satisfactory convergence of the
calculated and experimental data. The error of the results under the assumptions made does not exceed
3%. The proposed measures can be partially implemented at the existing turboprop engines.

Nomenclature

Alt — altitude, m;

EE — electric engine;

FC — fuel cells;

GTE - gas turbine engine;

HTEP — hybrid turbo-electric propulsion;
M — Mach number;

MM — mathematical model;

LHV — Lower Heating Value, kKal/kg;
PP — power plant;

TPE — turboprop engine;

Tt — total temperature, K;

th — ambient temperature, C;

WAR — humidity content;

Wf — fuel consumption, kg/s;

1. Introduction

Fierce competition among aviation companies is forcing aircraft engine manufacturers to improve their fuel efficiency
and environmental performance. The impact of aviation emissions on the environment further stimulates the
development of new technologies and the use of unconventional schemes in the development of new aircraft engines.
The capabilities of an aircraft are determined by the characteristics of the engine as part of the PP. Today, TPEs are
widely used in most types of aircraft due to their high fuel efficiency. With each new generation of TPE, their specific
power increases. At the same time, the use of high-tech technologies leads to a significant increase in the cost of new
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engines. Therefore, today, the most pressing issues are the deep modernization of the existing fleet of turboprop aircraft
and the reduction of operating costs through the use of hybrid power plants.

There is also a need to gradually switch transport to alternative energy sources. Particular attention should be paid to
hydrogen. Research on the use of fuel cells to combine technologies for their use as a source of water to increase TPE
power and the use of hydrogen as the main fuel will allow the regional aviation sector to solve some of the
environmental problems.

At the same time, one of the scientific and technical issues is the study of heat transfer processes in a multiphase gas
flow based on the injection of various mixtures into an aircraft engine. The development and improvement of methods
for studying the working process of advanced TPEs is an urgent and pressing issue for aircraft engine developers.
The presented results are based on research carried out within the framework of the EFACA project (Environmentally
clean aviation for all classes of aircraft), financed by the European Commission through the program "Horizon Europe™
(Grant agreement No. 101056866), included in the cluster "Climate, energy and mobility”. EFACA aims to promote a
greener aviation sector by developing new technologies using electric and hybrid thermoelectric power plants and new
sustainable fuels to combat climate change by 2050 (www.efaca.eu).

2. Literature analysis and task setting

The European Flightpath 2050 program and NASA's Environmentally Responsible Aviation N+ program have set
ambitious targets for reducing emissions and external noise from aircraft engines at specific time points. However,
improving existing technologies is not enough to achieve them, and a number of breakthrough technologies need to be
envisaged and implemented.

To ensure ultra-low or even zero emissions of harmful substances from aircraft, a number of international research and
development projects have already been carried out to introduce hybrid-electric technologies [1], [2], [3], [4], [5].
Improving the environmental performance of existing aircraft can only be realized through a comprehensive
improvement of the airframe and power plant, in particular through the study of new breakthrough design and physical
principles in the field of aircraft engines and power plants, in particular, the introduction of a hybrid turbo-electric
propulsion (HTEP) using hydrogen technologies [6].

The introduction of hybrid-electric technology not only challenges traditional schemes, but also provides an
opportunity to use the full potential of these technologies through synergistic morphological and system integration of
the subsystems of the power plant and the aircraft.

Today, leading aviation companies are exploring various schemes of HTEP. The analysis of such schemes shows the
existence of the principle of separation of the required power (thrust) received from a gas turbine engine (GTE) and an
electric engine (EE) [7], [8], [9].

The most important issue in the use of an EE in an aircraft PP is the need to store electricity that can be generated in
batteries or fuel cells (FC). At the current stage of technology development, it is clear that the energy capacity obtained
from batteries is several times less than the energy capacity obtained from hydrogen, taking into account its storage
conditions. Therefore, it is expedient to consider the HTEP schemes without using batteries as the main source of
energy, and to obtain the necessary energy for the EE from FC. Therefore, the study of the integration characteristics
of FC, GTE and other components of hybrid systems (evaporators, heat exchangers, etc.) is important for the efficiency
of the aircraft-HTEP system as a whole [10], [11].

That is why the concept of creating a HTEP based on a turboprop engine with EE and FC for a regional aircraft is an
urgent scientific and technical task of mutual integration of processes in HTEP components. This will increase its take-
off power when operating with FC. Parasitic heat from FC can be used as a coolant for hydrogen evaporation for the
needs of FC. Heat from combustion products of the GTE can be used for hydrogen evaporation.

In turn, water, which is a by-product of the physical and chemical processes that take place in FC, can also be used in
the GTE operating cycle. Water injection was first used on commercial transport aircraft more than 75 years ago. At
that time, the technology of injecting water into an aircraft engine was used to increase power or thrust during take-off
[12]. On the first jet aircraft, water was sprayed at the inlet to the engine's air intake or compressor to cool the air. This
made it possible to increase the flow of working fluid through the engine and its thrust during take-off on a hot day
[13]. Later, water injection to increase thrust was used in Boeing 707-120 Stratoliner aircraft powered by Pratt &
Whitney JT3C-6 engines and in Boeing 747-100 and 200 aircraft powered by Pratt & Whitney JT9D-3AW and -7AW
engines [14], [15]. Papers [14] and [15] present research on finding the optimum between fuel consumption and water
consumption to reduce NOx emissions on takeoff for a specific aircraft with a specific engine type.

For TPEs, water injection is an alternative to replace the most common short-term performance improvement method
for turbojet engines, the afterburner. The use of water injection without increasing power leads to a reduction in NOx
emissions. Paper [16] presents the results of studies on the impact of water injection on the technical, environmental,
and economic characteristics of the engine.

The cooling effect of water injection leads to a decrease in the temperature of the working fluid not only at the injection
point, but also throughout the gas-air path of the engine [17]. In turn, the operation of the engine at lower temperatures
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of the working fluid will increase the service life. It is expected that the cost of complicating the design and operation
of an aircraft with water injection will be offset by savings in engine maintenance and an increase in its service life.
These savings will create sufficient market demand for the development and implementation of water injection systems
as an additional technology to improve engine performance and reduce aircraft emissions [18].

There are two common methods of injecting water into the flow path of an aircraft engine:

— water injection at the compressor inlet. Paper [19] considers the effect of water injection into the compressor only on
the characteristics of a gas turbine. Papers [20] and [21] demonstrate the results of studies on the effect of water mist
injection in the intermediate stages of the compressor. However, works [20] and [21] do not reflect the effect of water
injection on the engine parameters as a whole. Paper [22] describes the results of mathematical modelling of the effect
of coolant injection into the compressor only for a turbojet twin-circuit engine;

— water injection into the combustion chamber [23]. Work [23] describes the results of mathematical modelling of the
effect of coolant injection on engine parameters only at the outlet of the combustion chamber.

Injecting water into the compressor or combustion chamber will improve performance. Water injection at the
compressor inlet has been shown to have a positive effect on engine performance [24] and at the same time reduces
the gas temperature at the turbine inlet. In addition, water injection at the compressor inlet can reduce NOx emissions
by up to 50% [25]. Work [24] shows the effect of water injection on the performance characteristics of various types
of engines. However, work [24] does not indicate the effect of water injection on reducing harmful emissions. Paper
[25] presents the results of studies of the effect of water injection into the compressor on the gas temperature in the
turbine and NOx emissions only for a turbojet engine.

In turn, the injection of water and the use of hydrogen as the main fuel requires the improvement of the mathematical
model of the working process of the TPE based on changes in the thermophysical properties and phase transitions of
the working fluid. There is a need to conduct experimental work to verify the results obtained.

Paper [26] presents a method for modelling a one-dimensional multiphase workflow to study the effect of water
injection into a compressor. The multiphase workflow takes into account the heat transfer during the phase transition
of water, and the general model uses heat transfer and gas properties to simulate the properties of the working fluid.
The combined models are validated using experimental data and information on the operating cycle of the FT8 onshore
industrial gas turbine. Parametric studies were carried out to determine the change in the performance of the fan and
axial compressor in the event of water or water vapour ingress during aircraft operation on aircraft carriers. Paper [27]
demonstrates the results of experimental studies of the effect of water injection on the characteristics of the TV3-117
engine.

Thus, the injection of water and the use of hydrogen as the main fuel in the TPE have prospects for simultaneous
implementation when creating the concept of a hybrid turbo-electric power plant. However, further research is needed
to determine and improve the performance characteristics of an aircraft with a TPE as part of a hybrid turbine-electric
propulsion system concept. It is necessary to identify ways to solve the problems of mathematical modelling and
ensuring the performance of the TPE when using water injection and hydrogen as the main fuel. Overcoming these
problems will improve performance and reduce engine emissions. The combination of water injection and the use of
hydrogen as the main fuel will allow the aviation sector to solve some of the environmental and environmental
protection tasks.

3. Aims and objectives of the research

The aim of the research is to improve the methodology for modelling the operation of the TPE based on water injection
and the use of hydrogen as the main fuel to increase the efficiency of a HTEP with a TPE as part of a regional aircraft
with a capacity of up to 80 seats and a flight range of up to 1000 km. The improved methodology will allow for further
research to improve the efficiency of a HTEP with a TPE as part of a regional aircraft with a capacity of up to 80 seats
and a flight range of up to 1000 km.

To achieve the research goal, the following tasks need to be solved:

— to verify the developed methodology for changing the thermophysical properties and phase transitions of the working
fluid during water injection into the TPE;

— to verify the results of mathematical modelling of the engine operating process with experimental data;

— to investigate the impact of the water injection point on the performance characteristics of the TPE;

— to study the impact of water injection and the use of hydrogen as the main fuel on the performance of the TPE.

To solve the tasks, scientific methods and the theory of work processes of air-jet engines, system analysis, mathematical
modelling, computational mathematics and computer-aided design systems were used.
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4. Materials and methods of the study

MM of TPE has been built on the basis of a general approach to solving the system of basic equations [28]. 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 system includes the following equations [29], [30]:

— 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.

MM is a method for solving a system of nonlinear equations implemented in the Fortran programming language [31],
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 working medium for all components and elements of the engine;
— maintaining the specified control parameters.

A given approach [32]:

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

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

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

The thermodynamic calculation methodology is based on the temperature dependence of the thermodynamic properties
of air and combustion products with relative fuel consumption (FAR). The dissociation of molecules is not taken into
account.

Changes in the thermophysical properties of the working fluid are taken into account depending on its composition
and temperature. For a given fuel [33], the gas composition depends only on the excess air ratio. Instead, the MM uses
the relative fuel consumption (FAR). The values of enthalpy (i), gas entropy (S), gas constant (R), and isentropic
coefficient (k) are given as polynomial dependencies for the average process temperature (T).

The MM determines the thermodynamic properties of the working fluid depending on the amount of injected liquid.
According to the available properties of gases: N2 (diazote), O, (dioxygen), Ar (argon), CO- (carbon dioxide), H.O
(water), [34], [35], the following are 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 formed combustion products and the thermodynamic properties of these
combustion products (Cs, i, S, R, k).

The algorithm for calculating the thermodynamic parameters of the engine and its MM has been supplemented to study
the workflow for water injection into the TPE. The additions take into account:

— the required amount of injected water and its effect on the properties of the working fluid;

— adjustment of the characteristics of TPE components with regard to water;

— thermodynamic properties of the working fluid depending on the amount of injected water.

Experimental studies were carried out at the stand of the experimental research complex of the Joint-Stock Company
(JSC) "lvchenko-Progress" (Zaporizhzhia, Ukraine) (Fig. 1, a). The turbine engine manufactured by JSC "lvchenko-
Progress" (Zaporizhzhia, Ukraine) was chosen as the object of research (Fig 1, b) [36]. A set of experimental and
research works on the design and preliminary testing of a water injection system for the application of a 30-minute
power mode at high ambient temperatures up to plus 35 °C was carried out [37], [38]. According to the plan of
experimental work:

— the terms of reference for the development of a water injection system for the engine;

—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 injection into the engine inlet. To avoid mechanical clogging of the
nozzles, a filter is installed in front of the water collector;

—an electrical control circuit for water injection was developed;

— bench tests of the water injection system were performed.
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Figure 1: Experimental research base:
a — test bench at JSC "lvchenko-Progress”; b — engine manufactured by JSC "Ivchenko-Progress™

On the basis of the improved MM, a software module was developed to study the performance characteristics of the
TPE with water injection.

5. Verification of the developed methodology for changing the thermophysical
properties and phase transitions of the working fluid

In order to verify the developed methodology for calculating the thermodynamic properties of the working fluid and
clean fuel combustion products, a comparative analysis of the results obtained with the data of calculations by other
authors was carried out [39]. Fig. 2 shows a comparison of the heat capacity, enthalpy, and entropy for dry air and pure
kerosene combustion products depending on temperature.

The results of the calculation coincide with the calculations of other authors with sufficient accuracy [39]. The
calculation error does not exceed 3%, which can be explained by the assumptions made in the calculations. The
developed methodology for determining the thermodynamic properties of the working fluid makes it possible to assess
the impact of other fuels and mixtures on the engine's operating process.

i’ CP! S! I(T)_I(O)v x)&(x\ CP: Sy
kCal/kg kCal/ kCallkg o0 kCal/
" (kg'K) x@”‘ / (kg'K)
KR 1500 2,4
500 ¥ 2
oo™
P 1250 e 2
400 1= 16 o
f 1000 4—¢ 1,6
300 12 X /
J’f 750 % 12
(HOO©
200 f 0.8 500 00 0,8
100 0.4 09
Hooodpooodpooodpoo® | 250 -60—(#/, 0,4
0 0 0 0
0 500 1000 1500 2000 T,K 0 500 1000 1500 2000 T,K
a b

Mass enthalpy [39];

¢ Calculated mass enthalpy;
=== Mass heat capacity [39];

O Calculated mass heat capacity;
==+2++ Mass entropy [39];

X Calculated mass entropy.

Figure 2: Thermodynamic properties:
a — dry air depending on temperature; b — pure kerosene combustion products depending on temperature
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6. Results of the TPE workflow study

Based on the results of the tests, the MM for calculating the parameters of an engine with water injection was verified.
A comparative analysis of the results of mathematical modelling with experimental data was carried out (Table 1). The
data in Table 1 are presented in relative terms. The data obtained from the experiments were taken as indicator (1).
The results of the calculations have a satisfactory agreement with the experiment (Table 1), and the error under the
assumptions made does not exceed 2%.

Table 1: Comparative analysis of the calculation results with experimental data (normal operating conditions —
Alt=0; M=0; th=+15 °C)

Range
Parameter Maximum take-off Take-off
Test MM Test MM
Output shaft power 1 1.0137 1 1.0076
Wi 1 1.0045 1 1.0032
Specific e_quwalent fuel 1 0.9907 1 0.9949
consumption

Subsequently, using the verified MM, computational studies were carried out to assess the effect of water injection on
engine parameters under hot operating conditions for take-off, as well as the change in the NOx emission index
depending on the engine operating mode. Table 2 shows the main results of modelling water injection at the inlet to
the compressor and combustion chamber of the engine in take-off mode in relative terms. For comparison, the ratio of
the considered parameters for the variant without water injection is taken as indicator (1). The calculated value of the
moisture content (WAR) for studying the effect of water injection at the inlet to the compressor and the engine
combustion chamber is assumed to be the same and has a value of WAR=0.04.

Table 2: Main modelling results (hot operating conditions — Alt=0; M=0; th=+30 °C)

Iniection at the Injection at the
Parameter Without injection . . combustion chamber
compressor inlet inlet

Output shaft power 1 1.1100 1.0213

Tt4l 1 1.0015 0.9519

Wt 1 1.1391 1.0484
Specific eguwalent fuel 1 1.0257 1.0268
consumption

It follows from Table 2 that for engine modes where it is necessary to maintain a constant value of power at the
propeller shaft, fuel consumption will be lower with the use of water injection, which will have a positive effect on the
environmental characteristics of the engine and the aircraft as a whole. In addition, water injection at the inlet to the
combustion chamber can significantly reduce the temperature of the working fluid at the inlet to the turbine, which
will have a positive impact on the engine's service life.

Figure 3 shows the dependence of the change in the NOx emission index (EI(NOx)) on the fuel flow rate through the
combustion chamber (Wf) without water injection (WAR=0) and with water injection (WAR=0.004).
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Figure 3: Dependence of the NOx emission index change on the fuel flow in combustion chamber

The data in Figure 3 confirm that water injection alone can reduce NOx emissions by up to 2%, depending on the
operating mode.

To analyses the impact of using hydrogen as the main fuel, two different engine operation strategies were investigated:
— with the same temperature at the turbine inlet (Tt41);

— with the same power at the propeller shaft compared to the case of using aviation kerosene.

Hydrogen is supplied to the engine in the state of gas with a temperature of 80 °C. The results in Table 3 show that:
—in the operation mode with the same temperature at the turbine inlet (Tt41), the different properties of the gases
produced during the combustion of hydrogen (compared to kerosene) lead to an increase in turbine power and, as a
result, to an increase in power at the propeller shaft by 7.95%. The specific energy consumption remains virtually
unchanged when replacing kerosene with hydrogen gas;

—in the same power mode at the propeller shaft, the turbine inlet temperature (Tt41) decreases by 1.44%, but the
specific energy consumption increases by 2.84% when replacing kerosene with hydrogen gas.

From the results obtained (Table 3), it can be concluded that for operation with the same power at the propeller shaft,
the decrease in the temperature at the turbine inlet (Tt41) is compensated by an increase in the specific energy
consumption. Since for an aircraft with no changes in its design and payload weight, an increase in power is not
required for takeoff, the case of the engine operating at the same turbine inlet temperature (Tt41) is not considered
further.

Table 3: Main results of modelling the use of hydrogen as the main fuel (hot operating conditions — Alt=0; M=0;

th=+30 °C)

Parameter Aviation Kerosene use Steady-state t_emperature Steady-state power at the
at the turbine inlet propeller shaft

Output shaft power 1.0000 1.0795 1.0000
Tt41 1.0000 1.0000 0.9856
LHV, kKal/kg 10250 28670 28670
Energy fuel input (LHV), 1.0000 1.0880 1.0284
kKal
Power spesific energy
consumption (LHV), 1.0000 1.0079 1.0284
kKal/h.p.

A study of the effect of simultaneous injection of water into the combustion chamber and the use of hydrogen as the
main fuel on the efficiency of a TPE is presented in Table 4.
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Table 4: The main results of modelling the simultaneous injection of water into the combustion chamber and the use
of hydrogen as the main fuel on the efficiency of a turboprop engine (operating conditions — Alt=0; M=0; th=+30°C)

Parameter Auviation kerosene use Uzet ?gehggrfffgiizdcﬁvfﬁéeiPji?ﬁgton
Output shaft power 1.0000 1.0000
Tt41 1.0000 0.9300
LHV, kKal/kg 10250 28670
Energy fuel input (LHV), kKal 1.0000 1.0520
Egﬂiﬁgﬁi'ﬁ'?fﬂfﬁiykKauh.p. 1.0000 1.0520

The results obtained (Table 4) show that the temperature at the turbine inlet (Tt41) decreases by 7%, but the specific
energy consumption increases by 5.2% when replacing jet fuel with hydrogen gas. Operation of the engine at lower
temperatures of the working fluid will increase its service life.

Conclusion

The analysis of the results of the study on the effect of water injection and the use of hydrogen as the main fuel on the
efficiency of a turboprop engine allows us to draw the following conclusions:

1. In order to reduce the level of harmful substances in the engine operation mode with constant power, it is advisable
to use water injection at the inlet to the combustion chamber, as this reduces the temperature of the working fluid.

2. The simultaneous injection of water into the combustion chamber and the use of hydrogen as the main fuel can
reduce the temperature at the turbine inlet by about 7%: water injection by about 5% and hydrogen use by about 2%.
Reducing the temperature at the turbine inlet will increase the engine's service life.

3. Although the simultaneous use of water injection into the combustion chamber and the use of hydrogen leads to an
increase in specific energy consumption, the use of hydrogen as the main fuel will significantly reduce NOx emissions
and eliminate COx emissions altogether.

4. To reduce the specific energy consumption, additional studies of the effect of the injected hydrogen temperature are
needed.

5. To study the effect of water injection and the use of hydrogen as the main fuel, it is necessary to analyse the
characteristics of the TPE as part of the aircraft. The system should be designed as a single object with a given purpose
and using typical flight cycles. This is a separate area for further research.

6. A separate area for further research is to improve the mathematical model of the water evaporation chamber to
analyze the effectiveness of design solutions when used as part of a TPE.
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