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Design of Unmanned Helicopter Equipped with Turboshaft Engine for Agriculture Spraying
Mission Based on Thermodynamic Analysis
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ABSTRACT: In this study, the thermodynamic cycle of a turboshaft engine whose design parameters
were determined in accordance with an agricultural spraying unmanned helicopter was performed. After
the solid model of the unmanned helicopter was created, a tank was designed to carry additives and
water. The design requirements of the turboshaft engine were determined by deciding the maximum
power requirement of the unmanned helicopter in accordance with the design parameters of the tank.
The performance parameters of each component of the turboshaft engine are presented through
diagrams. In addition, entropy generation (exergy destruction) and loop diagrams are presented to the
literature depending on performance parameters. This study provides evidence that the design
parameters of a manned and/or unmanned helicopter should be considered depending on the
environmental conditions. The effect of ambient temperature and pressure varying with altitude on all
components of the engine appears as the rate of exergy destruction. Thereby, it is necessary to analyze
the ambient temperature and pressure in determining the required design parameters. The relationship
of temperature-pressure-entropy production according to the station numbers of the engine is presented
through diagrams. It is clearly seen that entropy production increases with the increase in temperature
in the components of the turboshaft. Since the aero-vehicle needs maximum power requirements during
the take-off phase and its power is associated with temperature, pressure and many other parameters, the
take-off phase is an important process in all flight stages.
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INTRODUCTION

Underlying Information

All energy conversion systems in the world are examined by scientists, legislators and researchers
due to increasing environmental problems and the danger of decreasing the amounts of global fossil
sources. Researchers and scientists have focused their attention on increasing the efficiency of the energy
conversion systems by generating more output than the current output value to the fixed input value.
Thus they support the reduction of negative factors such as air pollution and climate change by producing
more outputs to the same input value. Sectors that have become aware of adverse environmental impacts
together with researchers and scientists have examined their energy conversion systems. The aviation
sector -both military and commercial aviation- has begun to use different analysis methods to determine
the sustainability parameters of various engines equipped with all aircraft. The entire aviation sector has
added thermodynamic analysis methods into aero-engine design parameters to develop propulsion
systems aimed at decreasing the environmental impact by minimizing the energy consumption of the
aircraft-engine pair.

Unmanned aerial vehicles —single rotor, multirotor, fixed wing and hybrid- are now being used in
all sectors and thus deserve to be the subject of all researches. Unmanned aerial vehicles (UAVS) perform
many different missions in various sectors. For this reason, various studies in the literature have
described different missions to UAVSs. Outstanding issues in the researches carried out in order to
perform UAVs duties in the sector are as follows in the literature; to analyze urban traffic (Salvo et al.,
2014), site detection and heritage management in archaeological survey projects (Stek, 2016), automated
asphalt pavement inspection (Zakeri et al., 2016), forest monitoring (Zhang et al., 2016), to investigate
patterns of tiger and prey poaching (Aziz et al., 2017), to image textile evidence at crime scenes
(Bucknell and Bassindale, 2017), to monitor forest health during a simulated disease outbreak (Dash et
al., 2017), for safety inspection on construction sites (De Melo et al., 2017), to monitor and to manage
pedestrian traffic (Sutheerakul et al., 2017), to analyze vegetation (Senthilnath et al., 2017), suitable site
selection of dam construction, to model farmland topography (Ajayi et al., 2018), inspection of mobile
cranes (Belmonte, 2018), detection of buried archaeological remains (Calleja et al., 2018), reducing CO2
emissions, delivery (Goodchild and Toy, 2018), mixing of biochemical samples (Katariya et al., 2018),
monitoring of solar photovoltaic power plants (Kumar et al., 2018), photogrammetry (Langhammer et
al., 2018), lake imaging and monitoring (Liardon et al., 2018), to estimate forest structural attributes
(Liu, 2018), microwave tomography radar imaging (Ludeno et al., 2018), to monitor and detect for at-
risk persons (luga et al., 2018), applications in the built environment, building inspection (Rakha and
Gorodetsky, 2018), to determine Rapid melting dynamics of an alpine glacier (Rossini et al., 2018), to
map river landscape (Rusnak et al., 2018), bridge inspection (Seo et al., 2018), trajectory tracking
(Singha et al., 2018), to map an earthquake-induced landslide (Valkaniotis et al., 2018), crop growth
information collection (Wang et al., 2018), building model reconstruction (Zheng et al., 2018), to
monitor vegetated terrain (Akturk and Altunel, 2019), aerial imaging of vineyard crops (Andujar et al.,
2019), volcano monitoring (De Beni et al., 2019), detecting ‘poachers’ with drones (Hambrecht et al.,
2019), mapping for archaeology (Hill, 2019), to determine how conservation management programs and
techniques have affected herbicide use and distribution (Malone and Foster, 2019), to transport medical
equipment (McCall, 2019), soil salinity assessment of cropland (Ivushkin et al., 2019), the detection and
monitoring of marine fauna (Verfuss et al., 2019), to control bird damage to wine grapes (Wang et al.,
2019), monitoring vessels in emission control areas (Xia et al., 2019).
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Earlier Researches

In the open literature, the thermodynamic analysis is employed to provide a detailed map of the
design, performance, optimization and environmental parameters of turbomachines due to the
development of aerial vehicle and industry. The articles where performance parameters of turboshaft
engines are reported using the thermodynamic analysis are listed as follow by year; Aydin et al. (2012),
perform thermodynamic analysis through data obtained from an experimental turboshaft/turboprop
engine at various power settings. They state that the aero engine, which is the subject of the study, is a
turboprop engine and can also be used in helicopters as a turboshaft engine and present exergetic
performance parameters of the engine to the literature by means of thermodynamic analysis. The results
obtained from the study are important for understanding the operating conditions of propeller aircraft
and helicopters under different loads. Turan and Aydin (2016), employ thermodynamic analysis to
obtain detailed information about a turboshaft engine and its components used in helicopter applications.
The study demonstrates a thermodynamic analysis on the basis of energy and exergy. They state that the
turboshaft engine, which is the subject of the analysis, is used for both military and civilian purposes.
They suggested that energy and exergy-based analysis of turboshaft engines would be useful in the
design of future rotary-wing aircraft. Coban et al. (2017), investigate the performance parameters of a
military helicopter engine via thermodynamic analysis and present the exergy destruction rates of the
engine components to the literature by calculating the energy and exergy amounts of turboshaft engine
under different loads. Components exergy destruction rates are determined under 284 Nm 436 Nm 547
Nm 579 Nm load values of the engine, respectively. Turboshaft engine data are obtained from the
experiments carried out at the level where the test rig was set up. They also examined the turboshaft
engine performance parameters in terms of the relative exergy destruction, the fuel depletion ratio, the
efficiency lack, the improvement potential. Koruyucu (2019), investigates the electric hybridization of
a turboshaft engine used as a power system in light helicopters. Koruyucu also developed a parallel
hybrid system by incorporating an electric motor into a light-duty helicopter equipped with a turboshaft
engine and examined the energy and exergy parameters of the helicopter under the maximum power
setting. In addition, there are articles in the open literature where analyses of other aeronautics and
astronautics engines, except turboshaft engines, are carried out (Sohret, 2018a; Sohret 2018b).

The motivation of this study is to apply the thermodynamic analysis to determine the design parameters
of a turboshaft engine that can be equipped with an unmanned helicopter (UH) designed for use in
agricultural spraying. The contributions of the study to the literature are as follows;

(i) Demonstration of turboshaft engine selection according to the requirements (mission type, payload,
volume, power setting, maximum take-off weight etc.) determined in the study.

(ii) Presentation of a helicopter engine pair whose requirements are determined according to a specific

mission.

MATERIAL AND METHODS

The First Law Equations

The thermodynamic analysis of turbomachinery is carried out assuming that it operates under
steady-state steady-flow (SSSF) process. In the first law of thermodynamics defined as energy
conservation, enthalpies of energy conversion system components expressed as the sum of internal
energy, flow energy, kinetic and potential energy. Energies rate of change can be defined as (Arntz,
2014);
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VZ
V.(p8hiV) = V.(p8eV) + pooV.V +V.(p = o)V + V. (p V) )

Clearly writing the energy flow from the environment to the control volume and/or from the
control volume to the environment for a steady-state steady-flow process is shown in Eq 2 (Dincer and
Rosen, 2012);

) i ‘/Lfl ° i . Vozu
Qin + Win + Z min [hin + 7 + gzin] = Qout + Wout + Z Mout [hout + Tt + 8Zout (2)
Entropy
Entropy presenting the difference between reversible and irreversibility is the concept proving that
non-theoretical cycles of energy conversion systems will take place in one direction (Eq. 3).
dQ
s > — 3
2 ®)
The entropy change obtained using the relationship between entropy, the specific heat at constant
pressure and gas constant is shown in Eq. 4.
ds = dT R dP
S = Cp T p
Isentropic Relations, Speed of Sound, Stagnation properties
The relationship between pressure and temperature at the inlet and outlet of the energy conversion
system components can be defined as follows (Mattingly, 2006);

(4)

Pout daP Tout dT
Rf —=c f — (5)
Pin P b Tin T
The speed of sound is expressed by the following Eq. 6;
da
=—p— 6
a=-p (6)
Speed of sound for perfect gas is expressed as follow;
dP d(cp”
dp dp

Eg. 8, 9, 10 are described the stagnation temperature, stagnation pressure and stagnation density
relationship in terms of the Mach number, respectively (Mattingly, 2006).
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Exergy Equations

Based on the definition of Marmolejo-Correa and Gundersen (2012), the temperature-based
(thermo) part of physical exergy is shown in Eq. 11 and the pressure-based (mechanical) part of physical
exergy is shown in Eq. 12.

Exyp, = m[(h(T, p) — h{To, p)) — To(s{T, p) — 5{To, p))] (11)
E'x,’;h = m[("(To, p) — "{To, po)) — To(s{To, P} — 5{To, Po))] (12)
Chemical exergy of a gas mixture is described as follow;
j j
eXcp = Z Yi€Xen,i + Ry To Z yilny; (13)
i=1 i
FRAMEWORK

Unmanned Helicopter Design Parameters

Unmanned aerial vehicles can fly unaccompanied by the onboard existence of pilot and are either
ground-controlled or autonomously operated during the duty flight (Narayanan et al., 2015). Therefore,
it is used in many applications today. The unmanned aerial vehicle that the subject of this study is an
autonomous helicopter. The unmanned helicopter is designed for use in agriculture spraying. The solid
model design of the unmanned helicopter is shown in Fig. 1a, 1b. Fig. 1a is shown a side view of UH
and Fig. 1b is shown the isometric view of UH. The maximum take-off power of the unmanned
helicopter designed for spraying agricultural is estimated at 1500 kW. The UH, which is equipped with
a tank, is assumed to have a pesticide carrying capacity of 42 liters (Fig. 2). The radius and height of the
42 liters tank are 15 cm and 60 cm respectively. The wall thickness is 2 cm.

(b)

(@) )
Figure 2. Dimensioning and schematic solid model of spraying tank (a) solid model, (b) section.
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Turboshaft Engine Design Requirements and Assumptions

The equipment of the unmanned helicopter equipped with a tank, which will be used for
agricultural spraying, also includes a turboshaft engine. Cycle parameters of turboshaft engine, which
was designed for UH and thermodynamically analyzed, were generated through GasTurb 12 software.
Schematic illustration of the turboshaft engine of agricultural spraying UH is shown in Fig. 3. The
illustrative representation of the turboshaft engine includes the station numbers of the engine. 2, 3, 31,
4,41, 5, 6 and 8 describe air inlet, compressor exit, burner inlet, burner exit, stator outlet, turbine exit,
exhaust path and exhaust, respectively. In the design of turboshaft engine, the cooling ratio of the nozzle
guide vane component (NGV) that is located between the outlet of the combustion chamber and the inlet
of the turbine in turboshaft engines is accepted as 8.75%. The task of NGV is to guide the combustion
product flow out of the combustion chamber and ensure that it enters the turbine properly. Since NGV
is exposed to very high temperatures, it must be cooled continuously. Therefore the cooling of the NVG
component of the agriculture spraying UH's engine was considered 8.75%. In addition, the cooling ratio
of high-pressure turbine (HPT) was designed as 1.25%.
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Figure 3. Schematic representation of turboshaft Figure 4. Dimensioning the engine with design
engine designed for agricultural spraying UH. requirements.

The design requirements and assumptions of the turboshaft engine are listed in Table 1.
Thermodynamic performance parameters of the unmanned helicopter were calculated at maximum
power requirement at sea level. Since the maximum power requirements of aircraft are under takeoff
operation mode, the unmanned helicopter modelled at takeoff flight phase. The throttle level setting must
be at the maximum for the turboshaft engine to reach maximum power. In addition, the airflow rate
required for the combustion reaction, the fuel type and the fuel heating value are listed in Table 1. Since
the modelling was carried out at sea level, the ambient temperature and pressure were determined as
288.15 K and 101.325 kPa, respectively. The characteristics of the overall turboshaft engine and the
local characteristics of the engine components are listed in Table 1. Dimensioning the engine with design
requirements is shown in Fig. 4. See also Fig. 4 is shown the length and radius within the station numbers
of the engine.
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Table 1. The design requirements and assumptions of the turboshaft engine.

Altitude at sea level
Flight phase take-_off (maximum power
requirement)
Power setting at maximum throttle
Mass flow corrected to standard day conditions | kg/s | 5.2
Inlet pressure ratio 0.99
Pressure ratio 12
Burner exit temperature K 1450
Burner design efficiency 0.99
Fuel heating value | MJ/kg | 43.124
Fuel type JP-8
Mechanical efficiency 0.99
Burner pressure ratio 0.97
Exhaust pressure ratio (Pg/Pamp) 1.03
Shaft power delivered | kW | 1511.7
Ambient temperature K 288.15
Ambient pressure | kPa | 101.325
Compressor tip speed | m/s | 330
Compressor inlet radius ratio 0.5
Compressor inlet Mach number 0.54
Number of stages for compressor 9
Number of stages for turbine 4

RESULTS AND DISCUSSIONS

In this study, the turboshaft engine was modelled based upon data obtained from the design
requirements of software for an agriculture spraying duty flight. In this part of the research, the results
of the design requirements and the thermodynamic analysis of the results are presented.

50'1= OM|N

Pressure Ratio P3/P
Pressure Ratio P,/P,
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Figure 5. Axial compressor map generated by Figure 6. Turbine map generated by GasTurb 12
GasTurb 12 software. software.
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The compressor pressure ratio-mass flow graph is given in Fig. 5. Axial compressors map is
generated by the software. The yellow square shown in the circle is shown the requirements of the
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designed turboshaft engine on the compressor map. In other words, the compressor map point which is
suitable for turboshaft engine problem definition of the unmanned helicopter to be used for agricultural
spraying is given in Fig. 5. See also Fig. 5 is given an idea of what the turbine design map should look
like through the compressor map. Point of attention on the compressor map is the effect of the air mass
flow on the compression ratio. The density of the air decreases as the air temperature increases due to
the inverse ratio between air density and temperature. Due to the decrease in air density, it will cause a
decrease in the air mass flow entering the compressor. The effect is manifested by slowing down the
compressor and reducing the pressure ratio. Compressor achieves a lower pressure ratio by slowing
down its velocity to compensate for the lower mass flow. Compressor efficiency is not greatly affected
by the low-pressure ratio and velocity drop due to air temperature rise. Therefore, the compressor
pressure ratio and air mass flow rate to be selected in the design stage are important location on the
compressor map. The turbine map generated by the software is shown in Fig. 6. Although the graph of
the turbine map is different from the compressor map, the behavior of the turbine is approximately
similar. Increasing the inlet temperature of the turbine requires less mass flow to produce the same power
rate of the turbine. Therefore, the turbine rotates at the same velocity as the compressor. Because it is
connected to the compressor via a shaft. If a deceleration occurs in the compressor, it will be felt in the
turbine. As a result, the turbine map of the agriculture spraying unmanned helicopter was obtained as
shown in Fig. 6. The volume and pressure relationship of the mass flows through the components of the
designed turboshaft engine is shown in Fig 7. The diagram also is shown the station numbers of the
engine. The path from point 2 to point 3 defines the pressure-volume change of the airflow through the
compressor. The path from point 3 to point 4 is shown for the combustion chamber and 4-5 describes
the relationship between pressure-volume in the turbine. The total temperature and pressure values at
the inlets and outlets of the components are shown graphically in Fig. 8. In the graph, the total
temperature is expressed in yellow squares per station. The total pressure is indicated by a plus sign in
blue. Considering the total pressure, the pressure loss in the combustion chamber is seen between stations
3 and 4. Many studies in the literature have addressed pressure loss in the combustion chamber (Roth
and Mavris, 2000; Lefebvre and Ballal, 2010; Boyce, 2012; Sohret et al., 2015; Coban et al., 2017).
When the total temperature is taken into consideration, the temperature increase due to the compression
between the compressor inlet and outlet can easily be read from the graph (Sohret et al., 2015; Coban et
al., 2017).
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Figure 7. Pressure-volume diagram of turboshaft Figure 8. Total temperature and total pressure values
engine operating at maximum load. according to the station numbers of the engine.
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Figure 9. Fuel-air ratio and mass flow diagrams Figure 10. Velocity, area and Mach number diagrams
according to the station numbers of the engine. according to the station numbers of the engine.

Fuel-air ratio and mass flow diagrams according to the station numbers of the engine are shown in
Fig. 9. In the diagram, the yellow squares show the mass flow rates passing through the stations, and the
blue plus sign indicate the fuel-air ratio across the station. When mass flows are evaluated based on
components, the following results are obtained. Airflow through the compressor is constant. Due to the
separation of cooling air at the compressor outlet, Less air than the air entering the compressor at the
inlet of the combustion chamber is available. Although the air in the combustion chamber is blending
with fuel, a mass flow less than the mass flow at the compressor inlet progressively decreases along the
combustion chamber. Decreasing progressively of the mass flow through the combustion chamber is an
indication that the cooling air is being withdrawn from the component. At the exit of the combustion
chamber, there is now the mass flow of the combustion products. The increase of the mass flow at the
turbine inlet is due to the addition of cooling air. According to the law of conservation of mass, the flow
of combustion products at the turbine outlet must be greater than the mass flow of air at the compressor
inlet. This excess is clearly seen in the diagram. Throughout the remaining stations, the mass flow rates
of combustion products are constant (Igwe, 2019; Kilani et al., 2019). When the fuel-air ratio is evaluated
based on the components, the following results are obtained for Fig. 9. Since the fuel flow is not present
at the compressor inlet and outlet, the fuel-air ratio is not available. An increase in the fuel-air ratio
occurs due to fuel spraying throughout the combustion chamber. Both the increase in the fuel flow and
the separation of some air from the airflow for cooling starting from the inlet of the combustion chamber
increases the fuel-air ratio in the combustion chamber. The remarkable point occurs in the turbine. Fuel-
air ratio decreases throughout the turbine. The increase in the fuel-air ratio in the turbine is due to the
fact that the cooling air is included in the flow to increase the total airflow rate. The fuel-air ratio is
constant in the remaining parts of the turboshaft engine (Krishnan, et al., 2018; Sanaye et al., 2018).

Velocity, area and Mach number diagrams according to the station numbers of the engine are
shown in Fig. 10. In Fig. 10, the yellow, blue, and red marks show the speed, area, and Mach number,
respectively. It is seen that the velocity along the compressor decreases considering the stations marked
with yellow color in the diagram. It is seen that the velocity increases between 3-4 and 4-5. Looking at
the curve drawn with blue color, it was observed that the area increased in all the remaining components
starting from the turbine. When the Mach number is examined, it is observed that the Mach number
decreases throughout the compressor. The reason for the decrease in the Mach number in the compressor
is the increase in the static pressure by decreasing the dynamic pressure. In the turbine, the number of
Mach increases along the turbine. The dynamic pressure of the combustion products increases and the
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static pressure decreases in the turbine. At the same time, the change of the Mach number in both the
compressor and the turbine is understood by the velocity curve drawn in yellow. The increase in the
velocity causes to increase the dynamic pressure and the decrease in the velocity causes to decrease the
static pressure (Kaya et al., 2016).
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Figure 11. Specific heat capacity and density diagrams Figure 12. Diagram of temperature-entropy relationship
according to the station numbers of the engine. according to the station numbers of the engine.
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Figure 13. Diagram of enthalpy-entropy relationship Figure 14. Enthalpy and entropy generation rates according
according to the station numbers of the engine. to the station numbers of the engine.

Specific heat capacity and density diagrams according to the station numbers of the engine are
shown in Fig. 11. The density diagram is highlighted in yellow and the specific heat capacity diagram is
marked in blue. When the density curve is taken into consideration, the increase in the density of the air
due to the compression in the compressor and the decrease in the density of the combustion products
due to the expansion of the turbine can be seen from the graph. Changes in the specific heat capacity are
a function of temperature, hence change rates increase with rising temperature. The specific heat capacity
is highest at the turbine inlet or combustion chamber outlet. In addition, the highest density value occurs
at the compressor outlet.

Diagram of temperature-entropy generation relationship according to the station numbers of the
engine is shown in Fig. 12. It is clearly seen that entropy generation increases with the rising at the
temperature in turboshaft's components. It is understood from the temperature-entropy loop that the
component with the highest increase in entropy generation is the combustion chamber. The loop diagram
also shows that the highest rate of exergy destruction (known as exergy generation) occurs in the
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combustion chamber. One of the mistakes made when performing the thermodynamic analysis of
turbomachinery is the reduction of entropy in the turbine. It is evident from Fig. 12 that the total entropy
production will always be positive despite the decrease in temperature in the turbine (expansion process).

Diagram of enthalpy-entropy relationship and enthalpy and entropy generation rates according to
the station numbers of the engine are shown in Fig. 13 and Fig. 14, respectively. The enthalpy-entropy
relationship is presented as an engine-loop diagram. The grid of enthalpy in the loop presents the work
produced in the turbine and the rate of work the compressor needs. Therefore, back work ratio of the
turboshaft engine and the amount of power required for the cockpit (lighting, ventilation, etc.) are easily
obtained from the graph. Enthalpy and entropy generation rates are indicated by yellow color and blue
color respectively in Fig. 14.

Exergy rates according to the station numbers of the engine are indicated in Fig. 15. Exergy rate
at the compressor input called the station 2 is zero as can be seen from the graph. Since the air enters the
compressor at ambient temperature and ambient pressure, the exergy rate of station 2 is zero. In addition,
the amount of chemical exergy (function of temperature and pressure) caused by different gases in the
air is negligible. Exergy rate increases throughout the compressor. The increase in the temperature and
pressure of the air caused by the compression process in the compressor has led to an increase in the
compressor output exergy rate. The highest rate of exergy occurred in the combustion chamber. The
reason for the highest amount of exergy in the combustion chamber is the fuel chemical exergy. The rate
of exergy decreases due to decreasing temperature and pressure at the turbine outlet.

In this study where turboshaft engine selection is made for agricultural spraying, all
thermodynamic performance parameters of the engine designed by the software are presented in Figure
5-15. In addition, the results of the engine design requirements are listed in Table 2. Temperature and
pressure values at component inlet/outlet are shown divided into static and dynamic values in Table 2.
Also, various efficiencies of components are seen in Table 2.
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Fig. 15. Exergy rates according to the station numbers of the engine.

542



Selcuk EKici 10(1): 532-546, 2020

Design of Unmanned Helicopter Equipped with Turboshaft Engine for Agriculture Spraying Mission Based on
Thermodynamic Analysis

Table 2. Results of engine design requirements.

Station Flow rate Temperature (K) Pressure (kPa) Corrected mass flow (kg/s)
Ambient - 288.15 101.325 -
1 5.148 288.15 101.325 -
2 5.148 288.15 100.312 5.2
3 5.148 630.42 1203.741 0.641
31 4.582 630.42 1203.741 -
4 4.689 1450 1167.629 0.913
41 5.140 1384.39 1167.629 0.978
5 5.204 843.14 106.495 8.470
6 5.204 843.14 104.365 -
8 5.204 843.14 104.365 8.643
Bleed 0.051 630.42 1203.733 -
Efficiencies Isentropic Polytropic Power 1511.7 kW
Compressor 0.85 0.89 PSFC 0.2562 kg/(kwWh)
Turbine 0.89 0.85 Thermal eff.  0.3259
Mechenical 0.99 - Fuel flow 0.10757 kg/s
Units St2 St3 St4 St5 Sté St8
Static temperature K 272.25 625.78 1441.46 809.15 834.39 836.91
Static pressure kPa 82.26 1171.27 1137.81 90.38 100.11 101.33
Velocity m/s 178.63 99.32 146.54 278.91 141.49 119.37
Mach number 0.54 0.2 0.2 0.5 0.25 0.21
Density  kg/m® 1.053 6.520 2.750 0.390 0.418 0.421

CONCLUSIONS

In this study, the thermodynamic cycle of a turboshaft engine whose design parameters were
determined in accordance with an agricultural spraying unmanned helicopter was performed. In addition,
the component-based performance parameters of the turboshaft engine required for the application of
the spraying duty were determined based on the maximum power requirement at the sea level. The
conclusions conducted from this study are as follows;

@ Entropy generation reaches its highest value in the combustion chamber component of the
turboshaft engine. In other words, the presence of the highest exergy destruction is found in the
combustion chamber. An improvement in the combustion chamber of the turboshaft engine during
the design phase may reduce the amount of exergy destruction. Information about entropy generation
can be obtained by changing the design parameters without being involved in any production and
motor testing process. But the irreversibility process belongs to the nature of the combustion reaction.

=

& This study provides evidence that the design parameters of a manned and/or unmanned helicopter
should be considered depending on the environmental conditions. The effect of ambient temperature
and pressure varying with altitude on all components of the engine appears as the rate of exergy
destruction. Thereby, it is necessary to analyze the ambient temperature and pressure in determining
the required design parameters. Since the aero-vehicle needs maximum power requirements during
the take-off phase and its power is associated with temperature, pressure and many other parameters,
the take-off phase is an important process in all flight stages.

3

& Particularly for designers, it would be beneficial to optimize the motor design requirements
according to the thermodynamic analysis results. Optimizing by exergy can be performed by
identifying the connections of each design requirement to other design requirements.

3

& Further studies can be compared with theoretical design data by testing with an engine to be
designed by producing an unmanned helicopter prototype capable of performing the spraying task in

case of support.
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