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A B S T R A C T   

The design and mission requirements of aero vehicles, which vary on a day-to-day basis, have 
become major study concerns in the burgeoning aviation sector. In addition to the design and 
mission criteria that must be met in an aero vehicle design, the designers’ primary goals are to 
construct original, innovative, environmentally friendly, fuel-efficient, and sustainable designs. In 
this study, a detailed conceptual design of a helicopter that does not need a notable runway for 
operation and is limited by mission and design requirements is offered. Within the scope of this 
research, a competitor analysis study was undertaken in accordance with the defined criteria, and 
design approaches were chosen based on the outcomes of competitor analysis. In addition, this 
research, which looks for an environmentally friendly and sustainable design, was developed with 
the aviation industry’s demands in mind by analyzing the International Helicopter Safety Team’s 
(IHST) data. As a result of the reports analyzed and considering the causes and consequences of 
accidents that have happened, the objective of the design research was to achieve a sustainable, 
ecologically friendly, and fuel-efficient design by reducing the number of accidents and damage. 
The planning and design processes as a result of this examination are essential as a step towards 
the helicopter being an original design and in the context of solution methodologies. This 
archetypal design aims to shed light on helicopter design studies and serve as a roadmap for 
future research.   
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1. Introduction 

In the developing and changing aviation industry, design is a concept that affects the entire vital process of aircraft, from per-
formance to production [1]. In aviation especially, which has become a fundamental concept today, it is necessary to pay attention to 
many parameters in order to design an environmentally friendly system [2] by ensuring sustainability [3]. Additionally, it is crucial to 
produce an environmentally friendly solution as well as an ergonomic one [4]. Therefore, helicopter design is a vital process that must 
be undertaken considering many different parameters [5]. There are numerous advantages and disadvantages of using helicopter-class 
vehicles, a serious study in the aviation industry, and the design processes need to be conducted meticulously [6]. Among these ad-
vantages, helicopters do not need a runway under take-off and landing conditions. Moreover, helicopter systems are used for search, 
rescue, and transportation purposes even in the most difficult of terrain conditions [7]. These vehicles have the disadvantage of being 
unable to fly at high altitudes or high speeds. Considering these advantages and disadvantages, a design study should be conducted in 
terms of sustainability. 

In this study, the preliminary design of a light-class helicopter, considering ergonomics, environment, and sustainability factors, is 
detailed. The planned work process, design requirements, and calculations were supported by considering the design and task re-
quirements, based on various approaches. Within the scope of the process, the needs of the sector in helicopter design were discussed 
by giving importance to the literature studies. Investigating deficiencies and errors in helicopter systems, the cause of many accidents 
are experienced every year, the system and design criteria that should be added were also determined in this research. 

Various improvements in terms of design are required for helicopter accidents, which occur in excess of 100 worldwide every year. 
Within the scope of design, the helicopter crashworthiness and survivability analysis study conducted by Purdue University [8] in 2016 
was examined, and solutions were developed to minimize the possibility of errors and accidents in the system. In this study, it was 
concluded that accidents frequently occur due to obstacle impact, resonance, weather conditions, and visibility. As a solution to these, 
solutions such as a cockpit design with optimum visibility and the addition of dampers to the landing gear to reduce ground resonance 
are considered within the scope of the design. In addition, it can be mentioned that it is also important to make predictions about 
software reliability [9] and studies on software detection in datasets [10] in order to minimize the possibility of errors and accidents in 
the system. 

In the structure of the study, a design methodology has been determined based on the research in the literature, and an envi-
ronmentally friendly light-class general-purpose helicopter design, which is verified by performance analyses, has been put forward by 
adhering to this methodology. The optimum design in terms of performance, cost, and environmental features is determined by 
comparing it with similar products identified in the literature. The study concluded with theoretical calculations and methodology to 
determine the innovative features of the design. 

2. Design methodology 

2.1. Design requirements 

The basis of the design was to produce a high-speed, environmentally friendly, and sustainable utility helicopter that would 
complete the determined mission profile in the shortest possible time, with low procurement and operating costs. The cockpit design 
for a pilot and four passengers specified in the job description was designed at an optimum volume based on anthropometric data. In 
the helicopter study, the design was made by considering reliability, manufacturability, environmentalism, energy consumption 

Table 1 
Requirements matrix: Design parameters, impact rate, requirements, and the part where these parameters are examined in the research.  

Design Parameters Effect 
Rate 

Requirements 

Sustainability 10 The most environmentally friendly propulsion system design is prioritized. 
Weight 8 Since the effect of weight is encountered at many stages of the design, it is aimed to obtain minimum weight. 
Manufacturability 6 In order to be competitive for the archetypal helicopter, the choice of parts and elements that cannot be produced have 

been avoided. 
Vibration 6 Active and passive systems are integrated into the design in order to minimize vibrations to the structures and systems. 
Noise 7 Compliance of the archetypal helicopter with CS-36 certification standards has been observed. 
Originality 6 The design should be original and offer new solutions to the industry. 
Autorotation 6 Design requirements have been considered in order to perform a safe landing in failure situations. 
Stability 6 Stability and stability control have been carried out in order to ensure that the helicopter is statically and dynamically 

stable. 
Cost 5 Production and operating costs are considered for the design in order to create a competitive product. 
Structural strength 6 Maintaining the structural integrity of the helicopter is considered during the design phases. 
Range 7 High range performance is aimed at without air refueling. 
Endurance 7 The helicopter must have high endurance efficiency. 
Mission altitude 7 Altitude values that meet the intended mission requirements must be achieved. 
Innovative 

technology 
7 The capability of design should be increased with innovative technologies. 

High speed 6 The aircraft must have a high cruise speed relative to its competitors 
Total 100   
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reduction, innovative technology, and sustainability. An archetypal helicopter’s design work has been put forward within the 
determined requirements. In addition to the determined mission profile and requirements, additional requirements were created 
within the framework of the design in order to obtain a unique, innovative, and high-performance helicopter. Depending on these 
requirements, a requirement matrix was created, and the impact ratios of the requirements have been determined (Table 1). 

Helicopter design work is a process in which all parameters should be examined together, considering multi-disciplinary man-
agement. However, the impact rates depending on the requirement matrix created are effective in determining the methodology and 
points that required importance within the scope of the study [11]. As a part of archetypal helicopter design work, a design meth-
odology is created to proceed in a systematic and planned manner, and the design study is carried out by adhering to the methodology. 
In the context of the design methodology shown in Fig. 1, configuration choices depending on the various requirements were 
determined by the decision matrices generated. 

Helicopter sizing was conducted depending on the design variables, requirements, and configuration, and performance calculations 
were started with consideration of various aerodynamic parameters. At the point where it converged to the estimated weight value at 
first, evaluation steps such as vibration, noise, and cost were started at the design stage. While paying attention to these parameters, it 
was considered that the design is made for an environmentally friendly and sustainable light-class helicopter. It can be said that the 
design work is a set of iterative processes. Weight and power calculations can be obtained within the scope of iterative processes. Until 
these values are in the expected range, the design parameters should be changed and the process of designing a helicopter should be 
managed by a number of different design disciplines [12]. 

2.2. Design configuration selections 

In the designed light-class archetypal helicopter, configuration selections were made as a result of the decision matrices created 
among many configurations in the subsystem and design parameters. Decision matrices were created by considering the advantages 
and disadvantages of the configuration types. Table 2 shows the configuration and design decisions used in the final design. When the 
configurations are analyzed, it is seen that a fenestron-type tail was selected in order to reflect the environmentalist features of the 
noise emission level. In addition to this, a single-engine configuration was preferred due to cost considerations. In addition, the 
configurations determined within the scope of the design were determined to be competitive compared to similar helicopters in the 
literature. Configuration choices were verified by the design methodology, and manufacturability, suitability, and environmental 

Fig. 1. Flow chart of design methodology.  
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friendliness were also taken into consideration within the scope of the selection criteria. 

2.3. Performance analysis 

The performance of the helicopter encompasses a set of studies covering all design processes and parameters affecting flight and 
operational conditions. Additionally, an accurate evaluation of helicopter design parameters and an estimation of basic flight per-
formance in the early design stages are critical in terms of cost-effectiveness [13]. An archetypal helicopter performance analysis 
methodology is shown in Fig. 2. Within the scope of the established methodology, helicopter performance was examined, the necessary 

Table 2 
The configuration and design decisions are used in the final design. 

Fig. 2. Estimation of MTOW from the archetypal helicopter performance analysis.  
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Table 3 
Benchmarking of helicopters in the light-utility class.  

Specifications 

Bell 206B3 Jet 
Ranger 

Robinson 
R66 

Bell 206 Enstrom 
480 

Eurocopter 
EC120 Colibri 

MD Helicopters 
MD 500 

Bell 505 Jet 
Ranger 

Robinson 
R44 

OH-6 Sikorsky 
XH-39 

Schweizer 
S333 

Archetypal 

Capacity 1 + 4 1 + 4 1 + 4 1 + 4 1 + 4 2 + 3 1 + 4 2 + 3 2 + 4 1 + 3 1–3 1 + 4 
Length [m] 12.09 8.99 12.09 9.09 11.52 9.93 12.93 11.66 9.24 12.5 9.5 9.33 
Height [m] 2.84 3.48 2.84 2.92 3.4 2.67 3.25 3.28 2.48 2.92 3.35 3.117 
Empty Weight [kg] 1057 585 1057 760 960 722 989 658 557 955 549 549 
MTOW [kg] 1520 1225 1520 1293 1715 1610 1669 1134 1225 1525 1157 1287.37 
Main Rotor 

Diameter [m] 
10.16 10 10.16 9.75 10 8.33 11.28 10.01 8.03 10.67 8.38 9.7 

Maximum Speed 
[km.h− 1] 

220 – 220 – – 282 232 240 – 251 – 242.61 

Cruise Speed [km. 
h− 1] 

– 200 – 211 226 250 – 200 240 222 194 222 

Range [km] 693 650 693 700 727 430 617 560 610 450 591 662 
Service Ceiling [m] 4100 4300 4100 3962 5180 5700 5670 – 4800 5500 – 6067 
Rate of Climb [m. 

s− 1] 
6.9 5.1 6.9 7.62 6.1 10.5 – – 10.50 – 7.0 7.37  
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acceptance and iterative processes were determined, and performance analysis methods were developed. 
The performance review methodology covers solidity which is initialized by accepting the values of aspect ratio, disc loading, blade 

loading, the figure of merit, maximum take-off weight (MTOW), and specific fuel consumption (SFC) [14]. After the maximum 
required power and fuel capacity calculation steps based on the mission profile, and using the momentum theory, the weight value 
calculation is performed. Various iteration processes are applied until the calculation converges to the estimation. Parameters such as 
power obtained after convergence, range, rate of climb, airtime, fuel consumption, and altitude values constitute the performance 
parameters of the archetypal helicopter. Additionally, stability analyses, noise emissions levels, and vibration analyses performed in 
the follow-up of the helicopter’s design processes are included in the performance analysis processes. The performance analysis 
processes, which are iterative methods, are continued until they meet the requirements [15]. For example, an unstable helicopter 
design involves rewinding and optimizing the design processes. 

2.4. Benchmarking of current products 

During the design process, helicopters close to the mission requirements in terms of weight and performance parameters are 
determined. This determination sheds light on the statistical methods used in the design study. Weight, geometric dimensions, and 
performance parameters obtained as a result of the design should be compared with the helicopter specifications gathered from the 
literature. This comparison determines the positives and negatives within the scope of competitor product analysis. The helicopters 
gathered from the literature research and the characteristics of the archetypal helicopter obtained as a result of the design study are 
shown in Table 3. When archetypal helicopter and rival helicopters are examined, it can be seen that the archetypal helicopter is lighter 
in weight with the same passenger capacity. The performance parameters provide an advantage over competing helicopters, revealing 
the various advantages (being manufacturable, environmentally friendly, and sustainable) and uniqueness of this design. The fact that 
the geometric parameters are larger than rival helicopters provides certain advantages and disadvantages. On the plus side, an increase 
in passenger comfort can be advantageous but an increased drag force can be a disadvantage. However, within the scope of the design 
study, the aim was to consider these advantages and disadvantages in a balanced way and to observe the optimum situation. During a 
review of competing products, it was also found that the offered design is better because it has more innovative technology, low 
production costs, as well as less noise and vibration. 

3. The selection and design of subsystems 

Many sub-systems need consideration, due to the helicopter’s structure and in order to perform its operations. These sub-systems 
not only add structure to the helicopter but also enable it to be evaluated in the qualified helicopter class [16]. The sub-systems were 
examined under the headings of power transmission systems, control-avionics systems, rotor systems, propulsion systems, structural 
systems, and others. The volumes and locations of the subsystems are explained in detail. 

3.1. Power transmission system 

The power transmission system of the archetypal helicopter consists of a shaft, gears, bearings, clutch, brake system, and lubri-
cation system. In the designed helicopter, the engine and the power transmission system connected to the engine were positioned at the 
top of the helicopter. The goal is to design the power transmission system to be as light as possible by keeping the distance between the 
engine and the blades as short as possible, in line with the aims of being cost-effective and environmentally friendly [17]. In the 
helicopter design process, the effects of power transmission elements on torsional vibrations due to vibrations created by the engine 
and blade systems were investigated. The main rotor power transmission system consists of various gear structures. A bevel gear 
reduction was used in the first stage of the main rotor power transmission system. For the second stage, both bevel gears and planetary 
gears were preferred. The main advantage of planetary gears is that multiple contact positions separate a large torque, resulting in an 
efficient and more compact speed reduction. This also enables the use of higher reduction ratios of about 5:1 that are not easily 
achieved with other gear configurations. Gears are made of AISI 9310 high strength gear steel and gearboxes were planned to be 
manufactured from magnesium due to its ability to dampen vibration. The main rotor shaft was designed to handle dynamic and static 
loads. Additionally, it was planned to manufacture the main rotor shaft from titanium 6AI-4V material. The powertrain reduces the 
engine’s speed from approximately 435 rpm to 23 162 rpm [14]. These rotational speeds were given for the hover condition. For the 
tail rotor, an electric tail rotor configuration was preferred over the conventional tail rotor. This configuration eliminated all of the 
traditional mechanical anti-torque components such as gearboxes, driveshaft, and tail rotor hubs and was replaced by an electric motor 
and fan. Since most of the power would be transferred to the main rotor, efficiency will be achieved in terms of performance, and since 
there is no shaft between the stern and the engine, the negative effects of torsional force are avoided. 

3.2. Control and avionics systems 

The purpose of control and avionics systems was to design a modern and ergonomic system to provide the pilot with the ability to 
control the helicopter, maximize the design in terms of technology, and improve flight and mission capabilities [18]. It was planned to 
achieve these goals in the design process by integrating modern sensors, flight displays, and control architecture, which would provide 
greater control authority and minimize pilot workload. While doing this, the cost, weight, required maintenance cost, sustainability, 
and reliability parameters were considered. The central control computer, which was planned to be used in the archetypal helicopter, 
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is a mission computer that provides management of avionics systems in a single center. This reduces the pilot’s workload by supporting 
the pilot with an advanced processing capability in the execution of the tasks. The structural integrity and usage tracking system 
planned to be implemented in the archetypal helicopter was a sensor-based monitoring system that monitors and controls the per-
formance of critical components of the helicopter. This prevents accident risks by detecting mechanical failures before they turn into 
catastrophic failures. The avionics activation and display control panel planned for use in the archetypal helicopter was an avionics 
control panel designed for barometric adjustment, route selection, radar height adjustment, reset and emergency transmitter acti-
vation, emergency communication, and emergency communication functions. The air inertial navigation system planned for use in the 
archetypal helicopter was a navigation class fiberoptic gyroscope air inertial navigation system with an embedded global positioning 
system receiver. It continuously provides the linear acceleration, linear and angular velocity, position, and orientation information to 
the system it is on. 

Active matrix liquid crystal display (AMLCD) technology was used in the design of the VMFD-810 multifunctional central cockpit 
display. It has various features such as a digital video input display, digital input/output processing, compatibility with mission 
computers, high resolution, compact design, ease of integration, configurable bezel keys, horizontal/vertical screen selection, wide 
illumination range, and wide viewing angle. The system was used as a cockpit screen in the designed archetypal helicopter. The 
helicopter was equipped with a weather radar for all-terrain and navigational maps. In the designed archetypal helicopter, the radar 
was placed on the nose of the helicopter fuselage. DHS-300 is an analog intercom system which provides the management of the radios, 
receivers, and audio warning devices on the helicopter and the communication interface with the pilot and co-pilot. It meets the voice 
communication needs of users in noisy environments in a high-quality and reliable manner digitally. This was therefore used for the 
communication system in the archetypal helicopter. It was decided to use the Helicopter Obstacle Detection System (HETS) as the anti- 
collision system. The Active HETS system, which operates in different bands, with high efficiency, high beam quality, and indifferent 
power ranges, is a system that ensures that warnings are given to the pilots at the appropriate time in case of a potential collisions with 
an obstacle, which is a common cause of helicopter crashes. In the archetypal helicopter, this system was used to minimize accidents 
and damage. The fuel hydraulic gauge used in the archetypal helicopter provides information to the pilot regarding the amount of fuel 
in the tank, hydraulic pressure, and fuel balance status. It has features such as being suitable for mission computers and easy 
integration. 

The archetypal helicopter has features such as a display of engine parameters, a compact design with its power source, compat-
ibility with mission computer applications, and easy integration. The Autopilot Control Panel used in the archetypal helicopter pro-
vides an operator interface for the upper functions of the autopilot system. Apart from the large set of upper functions, it also provides a 
head angle and height presetting capabilities. The operator interface design was designed in accordance with the “MIL-HDBK-1472 F 
Human Factor Engineering” standard. During the helicopter’s flight and operational stages, the pilot needs to read numerous pa-
rameters (direction, pressure, temperature, and others) in the cockpit ergonomically. Therefore, the pilot can observe these parameters 
with the help of indicators located in the cockpit [19]. In the archetypal helicopter design, flight aid indicators were used in the cockpit 
to increase the safety of flight operations. Instruments found in the cockpit configuration are the following: an audio control panel; 
NAV/COMM, avionics specified by JAR-27 standards (magnetic compass, altimeter, and airspeed indicator), artificial horizon indi-
cator; fuel gauge; fuel pressure gauge; transmission oil temperature, and pressure gauges; engine oil temperature, and pressure gauges; 
turbine gas temperature gauge, gas generator tachometer; rotor/turbine tachometer; torque meter; outdoor temperature gauge; 
ammeter/voltmeter; a 3-way intercom (pilot, copilot, and crew) intercom with earphone connection; fan-assisted ventilation; and 
heater/anti-fog and ceiling light. In helicopter design architecture, flight information is provided to the pilot from the main flight 
screen. Additionally, there are discrete displays for relevant parameters in the cockpit to show the data of the helicopter systems [19]. 
All indicators receive data from the relevant sensors by direct connection. Communication and navigation radios are operated by way 
of a control unit in the cockpit. In addition, there is a backup flight indicator in the cockpit to be used in emergencies, which receives 
and displays data from sensors completely independent of the helicopter’s main systems [20]. Flight control systems are systems in 
which the pilot controls the helicopter rotor. It has three different control inputs: collective, cyclical, and counter-torque. The col-
lective check is located on the left side of the pilot’s seat. The rotary control arm rises from under the front of the pilot’s seat. 

Fig. 3. Fully articulated rotor system.  
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3.3. Rotor systems 

The main rotor system consists of a 3-blade fully articulated rotor with an SC-1095 airfoil providing excellent lift/drag ratio and 
high lift force (Fig. 3). In the fully articulated rotor system, a number of hinges and bearings allow the blades to move in all three axes. 
Each rotor blade is connected to the rotor hub by a series of hinges that allow the blade to move independently of the others. The blades 
make pitch movements around the longitudinal axis, forward-backward movement within the rotational plane, and flutter up and 
down perpendicular to the rotational plane. Therefore, the helicopter has high maneuverability and a good control response [21]. The 
shaft is positioned in the upper part of the body in order that the center of gravity is in line with the vertical axis. 

Helicopter blades are one of the components of the helicopter that affect its helicopter’s fuel consumption, emissions, sustain-
ability, and performance in landing, take-off, and all other flight steps. A design methodology that considers high performance, ef-
ficiency, durability, and low acoustics was used in the design of helicopter blades. Within the scope of the blade design study, a basic 
blade geometry was created using the SC-1095 airfoil. The designed blade geometry was studied aerodynamically within the boundary 
conditions depending on the design and task requirements. The pressure loads along the blade were discovered as a result of this 
examination, and the data obtained here are used in the structural analysis. Along with the structural investigation, deformation and 
equivalent Von Mises stresses are determined depending on the compressive loads and boundary conditions [22]. A pre-stressed modal 
analysis study was carried out using these stress values. The frequency values were found by examining the modal analysis study in six 
modes. Since weight is an important concept in helicopter systems, material selection criteria consist of certain parameters such as 
lightness and strength [23]. Materials such as aluminum, composites, and titanium were used in the design of the blade (Fig. 4). The 
blade surface was determined as carbon fiber composite. 

Vibration is one structural condition that helicopter systems are most exposed to. If vibration control is not provided, the helicopter 
will be subjected to a serious vibration load and damage from take-off. Since the ground resonance location situation is a dynamic 
instability situation, the plan is to use various dampers for vibration and ground resonance control in the helicopter system. An 
example of these dampers is the lead-lag damping system [22]. In terms of the innovative technology of the designed helicopter system, 
the vibration damping system mainly includes active systems. It was intended to dampen vibrations together with the actuators. 
Additionally, the aim was to reduce the vibration frequency with the optimizations made depending on the vibration values in the 
blade design methodology. 

A fan-type anti-torque system was designed for the helicopter, as it provides safety in flights close to the ground, saves fuel by 
requiring less power in level flights, and provides high maneuverability for the aircraft. The main components of the fan type design 
are the duct (inlet port, core, stator, and diffuser) fan, and horizontal and vertical tails. An electric motor was preferred in the heli-
copter, as in the Bell Reveals 429. In this way, weight saving was achieved by not using the tail rotor drive shaft and gears, making it 
possible to design greener rotorcraft by saving weight and reducing fuel consumption. The main reasons for choosing this system are 
that it costs less, is faster than a shaft tail rotor, has fewer mechanical parts, and is significantly quieter. The advantages of this system 
are that it mitigates carbon emissions, reduces fuel consumption, and reduces the maintenance needs of the aircraft thanks to there 
being fewer mechanical parts. Additionally, most ground crashes in helicopters are caused by the tail rotor, which rotates much faster 
than the main rotor. This configuration, which has more controllability, was aimed at reducing the probability of accidents. A brushless 
DC motor was used for the motor. Brushless DC motors work with direct current and it converts alternating current into direct current, 
which is supplied to the electric motor of the tail rotor. A reasonable power-to-weight ratio value for an electric motor for general 
aviation rules is between six and eight kW/kg. The driving power required for the electric motors is provided by batteries (Fig. 5). For 
this reason, lithium-ion batteries were preferred since they exhibit high energy density and high energy efficiency compared to other 
batteries [24]. 

3.4. Propulsion system 

In this step, the greener helicopter’s engine selection, the air intake into the engine system, exhaust designs, and selection criteria 
were determined. For the engine selection, the required power values had to be found in the helicopter design process [25]. As a result 
of the power calculations made before the engine selection, it was determined that the power required for the helicopter’s 1219 m 
(4000 ft) operating altitude is 317 hp and the required power for operation at sea level is 326 hp. Based on these power calculations, 
turboshaft helicopter engines with similar power values were determined. With the decision matrix created, engine selection was 
performed, considering the advantages and disadvantages. In the decision matrix, the model, power value, weight, and specific fuel 

Fig. 4. The materials used in the blade design and their application section.  

E. Gunaltili et al.                                                                                                                                                                                                       



Heliyon 9 (2023) e17369

9

consumption were considered. As a result of the selection, it was decided that the most suitable engine is the Rolls-Royce C20J [18]. 
The weight of this selected engine is 73 kg (161 lb), its take-off power is 420 hp, and the specific fuel consumption is 0.65 lbm. lbs.hr− 1. 
The fact that both the engine weight and the specific fuel value of this engine are at an extremely optimum level compared to their 
counterparts of similar power puts the helicopter in an advantageous position in terms of weight and is also environmentally friendly. 

The air intake serves to provide the engine with sufficient flow and regular airflow with low-pressure loss under all altitude and 
temperature conditions. This structure provides air circulation in the engine area as well as the air required by the engine. There are 
two air intakes in total in the helicopter. The air intake is designed as an elliptical to draw air into the chamber with a smoother 
transition [26]. The air intake is located so that it coincides with the natural flow lines that occur along the hull. At the same time, it 
will prevent foreign objects that may come from outside from entering the helicopter by locating them on the upper parts of the 
helicopter. The exhausts, on the other hand, are located at an angle of 30◦ to the helicopter’s longitudinal axis, so that the flow from the 
engines does not affect the composite tail or main rotor blades [27]. At the same time, not to be affected by the downwash caused by 
the rotor, it was rotated 15◦ around its central axis, and with air bring directed slightly more upwards. Sand filters were installed in the 
exhaust system to prevent outside particles from entering the engine and causing damage. Two pieces of exhaust evacuating structures 
were used in the helicopter (Fig. 6). 

3.5. Structural systems 

The designed archetypal helicopter was structurally robust with a wide design to allow high maneuverability and operational 
capability. The structure was semi-monocoque, consisting of the main partition, beam, and support elements. In the archetypal he-
licopter, the aim should be to protect the structure and sustainability by transferring loads coming from the engine during the flight 
operation and the reaction forces coming from the ground during the landing operations to the fuselage. In the body design, the system 
strength was increased by defining the load paths within the semi-monocoque structure. Additionally, the aim was to meet the loads, 
such as wind and pressure, that may occur on the tail side of the fuselage by way of the load paths. The load paths are shown in Fig. 7. 

The body structure was kept wide for the pilot and passenger compartments, and an ergonomic design was provided with comfort 
monitoring (Fig. 8). The structure was designed to minimize vibration loads that may be applied to the body. Within the scope of the 
design, the semi-monocoque structure design increased the strength and was evaluated according to the load criteria such as bending, 
tension, and compression. In addition, the body structure was designed to withstand two G’s of force in 60-degree rotation operations 
within the scope of FAA certification. Since the tail structure is of fan type, a circular cage system was created while designing the tail. 
Additionally, the tail rod, which provides the tail and body connection, was designed as a truss system to minimize any errors that may 
arise from the transmission. The tail bar, which consists of three main compartment structures in the tail structure, consists of lon-
gitudinal beams connected to the body’s main load-bearing element to increase strength. This structure was an effective tool for the 
helicopter to be light and durable. To mount the engine system to the helicopter fuselage, thin beams and a cage structure were formed 
on the upper structure of the fuselage. This structure was important for the transmission of loads coming from the engine by hosting the 

Fig. 5. Tail unit and electric motor configuration.  

Fig. 6. The locations of the air-intake and the exhaust.  
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engine system. 
While choosing the landing gear configuration, a choice was made by creating a decision matrix that includes wheeled and skid- 

type configurations. Considering the dimensions and structure of the helicopter, it was seen that the skid-type landing gear gave the 
most efficient results. The advantages of skid-type landing gear are that it is mechanically simple in design, lighter in weight, less 
costly, and requires less maintenance. Considering the concept of functionality, the landing gear design was made to adapt to safety 
and structural demands. Under the skid tubes, there were wear plates that can be replaced to protect the load-bearing tubes from 
damage (Fig. 9). 

Computer-aided design was used to conduct a Landing Gear Total Deformation Analysis and a Landing Gear Equivalent Strain 

Fig. 7. Illustrative representation of load paths and mounting points.  

Fig. 8. The body structure of the archetypal helicopter.  

Fig. 9. Landing gear of the archetypal helicopter.  
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Analysis on the landing gear (Fig. 10). This indicated that the designed landing gear was good enough according to the structural limits 
in the CFD analysis, which are indicated by color showing minimum and maximum (Fig. 10). 

The location of the ground contact points concerning the helicopter’s center of gravity was chosen considering the two balance 
angles, the pitch and roll angles. To ensure good lateral stability of the helicopter, the roll angle should be less than 60◦, and the pitch 
angle should be less than 30◦ (Fig. 11) [28]. 

To avoid the danger of ground resonance, the landing system must have damping elements that provide sufficient damping. The 
damping elements should be located between the fuselage and landing system and should ensure the stability of the system in case of 
possible ground resonance [29]. A number of dampers are placed on the landing gear to ensure stability. There are four elastomer 
insulators and four hydraulic damper cylinders in the damper slide (Fig. 12). The body damping elements used can both reduce the 
body frequencies and provide the necessary body damping [30]. Additional spacers were designed to connect the elastomer insulators 
to the skid. Therefore, it is possible to add insulators to the system without disturbing the integrity of the sled. In addition, hydraulic 
dampers were used to further increase the damping between the body and the skid. Hydraulic dampers were placed between the slide 
and the body. 

Fasteners are an issue that is overlooked in helicopter design processes. However, considering the weight of the fasteners to be used 
during the design and the mounting and strength conditions they provide to the structure, it is necessary to examine the connection 
systems by adding them to the methodology in the helicopter design process [30]. Table 4 shows the difference between a conventional 
riveted body panel and a laser beam welded body panel. As a result of this comparison, it was decided to use laser beam welding as the 
connection method for joining helicopter parts due to its advantages, such as weight and low number of parts. 

3.6. Cockpit, cabin, and cargo compartment 

There are numerous parameters to be considered in cockpit design. One of these parameters is the anthropometric measurements of 
the pilot. All intended users must operate the helicopter effectively and efficiently [31]. From this point of view, a pilot’s body weight 
of 90 kg was taken as a reference for cockpit sizing. In addition, the extensible design of the pilot seat was planned in such a way that it 
does not adversely affect the viewing angle, even for those of various body sizes. At the same time, ergonomic conditions were 
considered during the design stage of the cockpit. Maximum pilot viewing angles were provided in the cockpit design, and the front 
fuselage and pilot seat design was performed according to these data. Cockpit sizing according to anthropometric calculations is shown 
in Fig. 13, and the pilot’s viewing angle is shown in Fig. 14. 

There was one pilot in the cockpit and four passengers at the back, with two facing each other, in the designed light-class helicopter. 
To a great extent, the comfort of the passengers was also considered of importance, and ergonomic conditions were considered in the 
seat placements. The area behind the passenger cabin will be used as the cargo compartment. Because of the location of the fuel tanks 
under the cabin, it was decided to use the area behind the passenger cabin as the cargo compartment. Additionally, there are areas 
where passengers can put their luggage behind their seats. In the Computational Aided-Design (CAD) environment, the cargo section 
was designed, and the volume was found to be 0.45 m3. 

The aerodynamic flight movements of the helicopter are provided by the flight control subsystems. Generally, cyclic, collective, and 
anti-torque pedals are used in helicopters. Under cyclic control, the main rotor blades move independently of each other, while at the 
same time the inclination angle changes of the blades are independent of each other. It is the system that provides the back and forth 
and lateral movement of the helicopter. Collective control, on the other hand, provides control of the inclination angles of the main 

Fig. 10. Landing gear total deformation and equivalent strain analysis.  
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rotor blades. The difference from the cyclic control is that all of the blades move together, and the tilt angles change equally. As a 
result, it either increases or decreases the total transport generated from the rotor [32]. The system is controlled according to the climb, 
descent, and level of flight performed by the helicopter. On the other hand, anti-torque pedals change the pitch of the tail rotor to 
increase or decrease the thrust of the tail rotor and to provide control of the helicopter in the yaw axis. 

3.7. Blade profile selection 

Many blade profiles can be used on the main rotor of the helicopter. Of these different blade profiles, non-symmetrical blade 
profiles were selected. This is because symmetrical airfoils have a low maximum lift coefficient despite having zero tilt moment. This 
results in a low stall margin, but this limits the maneuverability of the helicopter [33]. For these reasons, the SC 1095 airfoil was used 
(Fig. 15). It was thought that the selected blade profile would provide high performance. Additionally, the features of the selected 
blade profile are shown in Fig. 16(a–c). Fig. 16(a) presents the relation of Cl − Cd, while Fig. 16(b) shows Cl/Cd − α. Moreover, Fig. 16 
(c) illustrates Cp. The airfoil selection used in the tail rotor also followed the requirements. An asymmetrical blade profile with a zero 
inclination point in the tail profile was chosen. Care was taken to select an airfoil that would provide the highest performance values in 
the created airfoil pool. Within the scope of the study, it was decided that the airfoil to be used in the tail rotor would be an NACA 0012. 

Fig. 11. The roll angle and the pitch angle of the archetypal helicopter.  

Fig. 12. The location of the elastomer isolator and hydraulic damper cylinders.  

Table 4 
Benchmarking of a conventional riveted body panel and a laser beam welded body panel (Adapted from Ref. [30]).  

Connection Type Laser Beam Welding Rivet 

Advantage Reduces the number of parts and structural complexity It is resistant to vibrations and safe 
Lighter There is no change in the crystal structure, therefore no distortion 
Works without contact According to the welding, it is a more elastic connection 
No mechanical contact occurs  

Disadvantage There is no damage tolerance behavior It is difficult to audit 
Crack growth rates are high in heat-affected areas An overlay connection is possible, which aggravates the construction 
The initial investment cost is high The rivet hole in the base material reduces the strength  
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4. Performance calculations 

4.1. Main rotor calculations and design 

In terms of the design process for helicopters, there are a number of assumptions and optimization steps, and environmental 
concerns are at the forefront of this design process. One of the basic steps in starting the design process is the main rotor design 
(Table 5). The main parameter to be determined for the design study is the gross weight of the helicopter. Considering the design 
requirements, the MTOW value was determined to be 1500 kg (3307 lb). These weight estimations shed light on the weight estimation 
values with iterations performed depending on various parameter values in the later stages of the design process. The empty weight of 
the helicopter was assumed to be 60% of the initial estimated MTOW (ratio from literature) [23]. As an initial estimate, the curb weight 
was assumed to be 900 kg (1948.2 lb). 

According to the information obtained in the literature, in the case of a helicopter hovering, the main rotor Mach number should 
not exceed 0.65 [34]. For this reason, the maximum type speed can be found depending on the Mach number and sound velocity 
parameters determined. After this, to find the rotor radius value, the disc loading value must be found. In the literature, this parameter 
is determined from the weight and disc loading values of similar helicopters. After this parameter is determined, the rotor radius value 
can be determined depending on the MTOW. According to the determined type speed and rotor radius value, the angular velocity value 
can be easily found. After these operations, the machete solidity value should be found. This value changes depending on the thrust 
coefficient and blade loading values. The thrust coefficient value depends on certain parameters such as thrust, type velocity, density, 

Fig. 13. The cockpit and cabin sizing according to anthropometric calculations.  

Fig. 14. The view from the pilot’s eye.  

Fig. 15. SC-1095 profile (Re = 300,000 M = 0.65).  
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and area. The blade loading range of high-speed helicopters is chosen as the initial estimate, between 0.065 and 0.07 [19]. The number 
of blades should be chosen at the optimum point, according to the design parameters of the helicopter. The greater the weight of the 
helicopter, the greater the lifting force of its blades should be. Additionally, surface areas vary depending on the number of blades. 
Considering all of these parameters, it was deemed appropriate to use three blades in the design. Table 5 shows the initial estimation 

Fig. 16. The features of the selected blade profile: (a) Cl − Cd, (b) Cl/Cd − α and (c) Cp.  

Table 5 
Main rotor design specifications.  

Parameters SI Unit (Imperial Units) Values 

MTOW [kg] [lb] 1500 (3307) 
Number of Blades N/A N/A 3 
Density [kg. (m3)− 1] [slug. (ft3)− 1] 1.088 (0.00211114) 
Disc loading [kg. (m2)− 1] [lb. (ft2)− 1] 17.40 (3.5641) 
Blade loading N/A N/A 0.067 
α [m.s− 1] [ft.s− 1] 340.27 (1116.3713) 
Mmrmax N/A N/A 0.65 
Vmrtip [m.s− 1] [ft.s− 1] 221.1755 (725.6413) 
Rmr [m] [ft] 4.8527 (15.9210) 
Area [m2] [ft2] 73.98 (796.3250) 
μmrmax 

[rad.s− 1] [rad.s− 1] 45.5770 
Cthrust N/A N/A 0.0032 
Blade chord [m] [ft] 0.2432 (0.7978) 
AR N/A N/A 19.95 
Clift N/A N/A 0.402  

E. Gunaltili et al.                                                                                                                                                                                                       



Heliyon 9 (2023) e17369

15

parameters of the main rotor. 

4.2. Tail rotor calculations and design 

The tail rotor produces an anti-torque force against the torque produced by the main rotor on the fuselage. It also gives the he-
licopter yaw stability and control in the yaw axis. Another advantage of the tail rotor is stability. For instance, if the nose is swinging to 
the left, the tail rotor will provide additional climbing performance [19]. The tail rotor was designed, dependent on various parameters 
(Table 6). The tail rotor radius is a parameter based on the MTOW. The rpm of the tail rotor is related to the rpm of the main rotor. It is 
accepted as approximately 4.5 times the main rotor rpm value [20]. The value of 6.5 was chosen because the tail rotor opening ratio 
value should be between 4.5 and 8 within the scope of the literature research. While calculating the chord value of the tail rotor, it was 
found to depend on the rotor radius and aperture ratio. In addition, the fan type tail was selected with the decision matrix made as the 
tail type mentioned earlier. Depending on this selection, the number of blades of the tail rotor was determined as six. At the command 
of the pilot, these six blades move angularly and define the movement in the yaw axis and the anti-torque. 

4.3. Fan type tail calculations and design 

The design parameters, such as high aerodynamic efficiency are aimed at the fan design. The horizontal tail is positioned above the 
vertical tail, preventing it from being affected by the downwash condition. The inlet lip consists of a round section that creates the 
suction force that allows air to be drawn. Experimental results by the United Technology Research Center (UTRC) show that a tip 
radius of 5–7% of the fan diameter should be present. The lip radius selected for the current configuration is 7% of the fan diameter 
[35]. The hub consists of fan blades and stator parts. The number of fan blades was determined as six. The stator blades help increase 
efficiency by reducing the eddy component downstream of the fan. The number of stator blades was obtained from the literature and 
taken as ten for the fan-type tail [36]. The role of the diffuser is to prevent trail narrowing, which is typical of conventional tail rotors 
while preventing flow separation. The diffusion angle was chosen as five, based on values suggested in the literature [37]. 

While designing, the appropriate fan diameter and beam were selected for a helicopter of this size by researching the literature. 
Design parameters such as the channel width, diffuser angle, and so on seen in Fig. 17 were later selected in accordance with the 
literature. High aerodynamic efficiency was the aim of the fan design. In addition, the horizontal tail was positioned on top of the 
vertical tail to prevent a downwash situation. A fan-type anti-torque system was designed for the helicopter, as it requires less power on 
straight flights, provides safety in near-ground flights, and offers high maneuverability for the aircraft. 

4.4. Helicopter sizing calculations 

The overall dimensioning of the helicopter should aim at it being quick, simple, and sustainable during the preliminary design 
work. It is necessary to use a number of quasi-experimental design tools to create a suitable configuration during the design phase [23]. 
One of the most commonly used tools is to perform a design trend study, based on the statistical data for existing helicopters. A 
literature review of similar helicopters that meet the mission requirements was conducted. It is desired to establish a design trend using 
the data of similar helicopters in Table 3. Overall dimensions, such as fuselage height-length, landing gear width, and tail rotor arm 
were determined at this stage based on statistical data. The graphics used to calculate the overall dimensions of the helicopter are 
shown in Fig. 18(a–c) together with the equations created. Fig. 18(a) is a graph comparing the fuselage height – main rotor diameter – 
fuselage length of existing helicopters and the archetypal helicopter, whilst Fig. 18(b) presents main rotor diameter – landing gear 
width. Moreover, Fig. 18(c) shows main rotor diameter – vertical tail arm of the archetypal helicopter. 

Table 6 
Tail rotor design specifications.  

Parameters SI Unit (Imperial Unit) Values 

Rtr [m] [ft] 0.6675 (2.1901) 
rpm [rad.s− 1] [rad.s− 1] 204.99 
Cd0 N/A N/A 0.000138 
LCG to tail rotor m ft 5.67 (18.6111) 
ARtail N/A N/A 6.5 
b N/A N/A 6 
c N/A N/A 0.3369 
Soliditytail N/A N/A 0.2938 
Thrust [kN] [ft.lb.s− 2] 20.770 (4669.37) 
Vtip [m.s− 1] [ft.s− 1] 136.9125 (449.1881) 
Areatail [m2] [ft2] 1.3999 (15.0688) 
Cthrust− tail N/A N/A 0.0226 
B N/A N/A 0.9646 
Pitr [kW] [hp] 9.7429 (13.0655) 
Po [kW] [hp] 0.01983 (0.0266) 
PTtr− hover [kW] [hp] 9.7627 (13.0921)  
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4.5. Weight breakdown calculations 

Various design variable parameters, depending on the determined task requirements, constitute the basic building blocks of the 
design [38]. Here, the design variable parameters were used in the main and tail rotor sizing calculations together with the initial 
weight estimation. After sizing the rotor, the power calculations of the rotors were performed, and the weight breakdowns were shown 
according to these power values. In this part, iterative steps were followed and the optimization process was observed. The steps of this 
method are shown in Table 7. 

One of the factors affecting many parameters while designing a helicopter is the power calculations step. Power calculations were 
widely examined, and first of all, the required power value in the suspended state was estimated. According to the estimation, after the 

Fig. 17. Fan-type tail duct design.  

Fig. 18a. Helicopter sizing graphs; (a) fuselage height – main rotor diameter – fuselage length  
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weight iteration was concluded, the values converged to a 10% difference in the fourth iteration, and the general weight breakdown, 
including each subsystem of the helicopter, is shown in Table 8. 

4.6. General performance calculations 

At this level of helicopter performance calculations, the power coefficients are calculated for different sections in the mission 
profile, adhering to Leishman [34] and Johnson [19]. The total power was calculated by finding the induced power, parasitic power, 
profile power, and climbing power for each section from the power coefficients found. 

While conducting the performance calculations, separate calculations were made for ten different task divisions: ground operation, 

Fig. 18b. (b) main rotor diameter – landing gear width, (c) main rotor diameter – vertical tail arm.  
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take-off, climb, cruise, landing, ground operation, take-off, cruise, descent, and landing. In addition, the necessary calculations for 15 
min of flight at the best airspeed for the desired reserve fuel were made in the mission section.  

• While calculating the power coefficients, the empirical correction factor was accepted as κ = 1.15 in the hovering flight and κ = 1.2 
in the forward flight section [19,34].  

• While calculating the power in the ground running sections, the engine was considered as having 7% of the maximum power that 
the engine can give, according to International Civil Aviation Organization (ICAO) standards, at 100% RPM rotor speed at idle.  

• The total power required in hover flight, climb, descent, and level flight situations was obtained by increasing the main rotor power 
by approximately 10%, considering the power losses.  

• Calculations have been made considering the best climb speed of 7.38 m s− 1 (24.2 ft s− 1) in the climbing and descending sections. In 
addition, the distances covered in the climbing and descending sections were included in the range in forward flight. 

In the calculations made for each segment, the amount of fuel spent for each mission was subtracted, and a new weight was 

Table 7 
Weight estimation iteration.  

Parameter SI Unit (Imperial) 1 2 3 4 5 6 

Soliditymr N/A  0.0546 0.0525 0.0500 0.0479 0.0460 
Blade 

Number 
N/A  3 3 3 3 3 

Cd0− mr N/A  0.01 0.01 0.01 0.01 0.01 
Disc Loading [kg. (m2)− 1] [lbs. 

(ft2)− 1]  
19.87 (4.07) 19.09 (3.91) 18.21 (3.73) 17.38 (3.56) 16.75 (3.43) 

Density [kg. (m3)− 1] [slug. 
(ft3)− 1] 

1.088 (0.0021) 1.088 (0.0021) 1.088 (0.0021) 1.088 (0.0021) 1.088 (0.0021) 1.088 (0.0021) 

α [m.s− 1] [ft.s− 1]  340.27 
(1116.37) 

340.27 
(1116.37) 

340.27 
(1116.37) 

340.27 
(1116.37) 

340.27 
(1116.37) 

Mach 
Number 

N/A  0.65 0.65 0.65 0.65 0.65 

Vmrtip [m.s− 1] [ft.s− 1] 221.175 
(725.64) 

221.175 
(725.64) 

221.175 
(725.64) 

221.175 
(725.64) 

221.175 
(725.64) 

221.175 
(725.64) 

Powertot [kW] [hp]  200.52 (272.63) 190.22 (258.12) 176.15 (239.50) 164.62 (223.83) 154.94 (210.66) 
Rmr [m] [ft] 4.853 (15.921) 4.905 (16.092) 4.897 (16.066) 4.874 (15.991) 4.853 (15.921) 4.833 (15.858) 
Areamr [m2] [ft2]  75.58 (813.53) 75.33 (810.87) 74.63 (803.33) 73.98 (796.32) 73.38 (789.99) 
μmrmax 

[rad.s− 1]  45.09 45.17 45.38 45.8 45.76 
Cthrust− mr N/A  0.0037 0.0035 0.0034 0.0032 0.0031 
Blade 

Loading 
N/A  0.07 0.07 0.07 0.07 0.07 

Blade Chord [m] [ft]  0.28 (0.92) 0.27 (0.88) 0.26 (0.84) 0.24 (0.80) 0.23 (0.76) 
ARmr N/A  17.50 18.18 19.09 19.96 20.76 
WRotor-Blades [kg] [lb]  62.85 (138.55) 55.08 (121.41) 48.57 (107.08) 43.13 (95,08) 38.58 (85,06) 
WHub/Hinges [kg] [lb]  39.03 (86.04) 34.64 (76.36) 31.04 (68.43) 27.96 (61.65) 25.34 (55.87) 
WTotal [kg] [lb]  101.9 (224.59) 89.71 (197.77) 79.61 (175.52) 71.09 (156.73) 63.93 (140.94) 
WPropulsion [kg] [lb]  148.4 (327.16) 140.5 (309.74) 130.4 (287.40) 121.8 (268.59) 114.7 (252.80) 
WFuselage [kg] [lb]  189.0 (416.68) 167.8 (370.04) 150.7 (332.30) 136.04 (299.92) 123.50 (272.27) 
WControl [kg] [lb]  54.0 (119.05) 47.96 (105.73) 43.06 (94.94) 38.87 (85.69) 35.28 (77.79) 
WElectrical [kg] [lb]  54.0 (119.05) 47.96 (105.73) 43.06 (94.94) 38.87 (85.69) 35.28 (77.79) 
WFixed-Eq [kg] [lb]  252.0 (555.58) 223.8 (493.39) 200.97 (443.07) 181.39 (399.89) 164.66 (363.02) 
WEmpty [kg] [lb] 900.02 

(1984.20) 
799.28 
(1762.11) 

717.76 
(1582.40) 

647.81 
(1428.18) 

588.09 
(1296.52) 

537.33 
(1184.61) 

WFuel [kg] [lb]  149.7 (330) 149.7 (330) 149.7 (330) 149.7 (330) 149.7 (330) 
WPayload [kg] [lb]  489.9 (1080) 489.9 (1080) 489.9 (1080) 489.9 (1080) 489.9 (1080) 
WGross [kg] [lb] 1500.03 

(3307.00) 
1438.85 
(3172.11) 

1357.33 
(2992.40) 

1287.37 
(2838.18) 

1227.66 
(2706.52) 

1176.90 
(2594.61) 

According to Mouille and D’Ambra [37], the blade loading value is that the blade loading range of high-speed helicopters, and this is chosen as the 
initial estimate. This value is between 0.065 and 0.07. According to this data, other parameters were included in the iteration and subsequently 
calculated. 

Table 8 
Weight estimation iteration power table.  

Parameters Units 1 2 3 4 5 

B N/A 0.9715 0.9720 0.9727 0.9733 0.9738 
Pimr− TL [kW] [hp] 134.9524 180.9742 126.91752 170.1992 116.7493 156.5635 108.2483 145.1634 101.1527 135.6480 
Pomr [kW] [hp] 68.34958 91.6583 65.5616 87.9196 61.8473 82.9386 58.6599 78.6643 55.9387 75.0150 
PTmr− hover [kW] [hp] 203.3021 272.6326 192.4791 258.1188 178.5967 239.5021 166.9083 223.8277 157.0914 210.6631  
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Table 9 
Task profile performance.   

Ground Operation Take-Off Climb Cruise Landing Ground Operation Take-Off Cruise Descent Landing Reserve 

Mission Weight [kg] N/A 1287.29 1285.03 1284.12 1210.18 N/A 809.66 808.75 757.05 756.59 755.23 
[lb] 2838 2833 2831 2668 1785 1783 1669 1668 1665 
Induced Power [kW] N/A 143.92 4.47 6.31 139.29 N/A 76.06 4.26 1.7 67.11 2.16 
[hp] 193 6 8.46 186.80 102 5.71 2.28 90 2.9 
Profile Power [kW] N/A 17.89 17.48 34.69 17.15 N/A 17.48 37.17 18.02 18.02 18.02 
[hp] 24 23.45 46.53 23 23.45 49.85 24.17 24.17 24.17 
Parasite Power [kW] N/A N/A N/A 168.53 N/A N/A N/A 93.21 N/A N/A 105.89 
[hp] 226 125 142 
Climb Power [kW] N/A N/A 67.86 92.89 N/A N/A N/A 58.16 39.52 N/A 54.44 
[hp] 91 124.57 78 53 73 
Total Power [kW] 21.92 161.82 90.23 302.75 156.59 21.92 93.21 213.27 59.66 93.21 199.85 
[hp] 29.4 217 121 406 210 29.4 125 286 80 125 268 
Fuel Consumption [kg] 1.33 2.25 1.10 73.48 0.95 0.67 0.57 51.71 0.73 1.14 9.07 
[lb] 2.94 4.95 2.43 162 2.1 1.47 1.25 114 1.6 2.51 20 
Distance N/A N/A 0.877 149.12 N/A N/A N/A 149.12 0.877 N/A N/A 
[km] 2877.30 489238.8 489238.8 2877.30 
Time in Mode [min] 10 2 2 35 1 5 1 35 2 2 15  
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calculated for the following flight segment. Weight reduction in the passenger compartment was also considered. As a result of the 
MATLAB code, separate power values for each task section, the distance covered, and the time spent during the task are shown in 
Table 9. While our estimated fuel consumption in the weight breakdown was 149.68 kg (330 lb), the fuel consumption in the mission 
profile calculation was 142.99 kg (315.25 l b). Calculations were continued considering that 6.8 kg (15 lb) of extra fuel was left in the 
tank extra as an assumption for tolerance. 

Within the scope of requirements, the task profile performance was examined and performance parameters such as speed and 
duration, were found for all operational steps in the performance content. The performance parameters found are shown in Table 9. 
The helicopter’s range, airtime, rate of climb, and altitude values must be included in the design calculations. These mentioned pa-
rameters are those that affect how well the helicopter works and should be considered as much as possible in the design methods. 

4.7. Range and airtime 

Range and airtime are mainly related to weight, power, and specific fuel consumption of the engine. For the helicopter to reach its 
maximum range, it must have high speed. To maximize the airtime, the helicopter must fly in the minimum power range [36]. For this 
reason, optimum situation monitoring should be made in in-flight operations, and the aim should be to ensure that the range and 
airtime are efficient. While calculating the range, the power values were recalculated after the engine selection was used. As a result of 
the range calculation made, the range speed was found to be 50.29 m s− 1 (165 ft s− 1) for International Standard Atmosphere (ISA) 
standards and 357.83 nmi in ISA standards. The calculations were performed for ISA and ISA (+20 ◦C). The range calculation gave us a 
really strong advantage when the competitor analysis was conducted. 

The velocity for airtime is the name given to the velocity of the Prereq curve at its minimum position when the Prereq and Available 
curves are plotted on the power-velocity graph. The speed at this point is the speed required at minimum power. This shows us the 
speed at which the system stays in the air the longest. This speed was set at 28.04 m s− 1 92 (ft s− 1). In addition, the intersection point of 
the Prereq and Available curves on the curve shows the maximum speed of the helicopter. This value was found to be 67.67 m s− 1 (222 
ft s− 1) and was detailed in the attached chart. The airtime of the helicopter was a parameter related to the minimum power value and 
fuel weight of the helicopter. While calculating this parameter, the minimum power value in the best air retention graph was 
determined as 141.9 hp. When the operations related to this value and fuel load were completed, the duration of the helicopter in the 
air was determined as 3.7504 h by ISA standards. This value provides a convergent value in the competitor analysis, and is more than 
enough time to fulfill the given tasks. Figs. 19 and 20 show the results of these processes for both ISA and ISA (+20 ◦C). 

4.8. Calculations of climb rate and altitude values 

The rate of climb is a value obtained through various iterations. The maximum climb rate value at the point where the total power 
value calculated, according to the estimated entered climb rate value converges to the total power value calculated for the design is 
evaluated as a performance parameter [39]. As a result of the iteration, the maximum climb rate of the helicopter was found to be 7.37 
m s− 1 (24.2 ft s− 1). This value is similar to class helicopter values in the literature. In this section, the calculation of the maximum 
altitude values that the helicopter can reach in flight operations is shown. It is defined as the IGE altitude (in-ground effect) and is the 
altitude at which the ground effect exists. While finding this suspended altitude, the altitude value was decided by looking at the 
suspended ceiling Hovering in Ground Effect (HIGE) altitude-weight graph depending on the engine used. The IGE altitude determined 
separately for the ISA and ISA (+20 ◦C) conditions was 5200.8 m (17 063.1 ft) in the ISA condition. 

The OGE altitude (out-ground effect) can be defined as the altitude without ground effect, and this altitude value was found to be 
3687.6 m (12 098.6 ft) in the ISA condition. This value was discovered under the ISA (+20 ◦C) condition. The altitude value was 
determined by looking at the height-weight graph of the suspension ceiling Hovering Out of Ground Effect (HOGE). Service altitude 
was defined as the altitude at which the rate of climb drops to 30 m min− 1 (100 ft min− 1). Under the ISA condition, this attitude was 
determined to be 6067.7 m (19 907.3 ft). The service ceiling value was found with the help of a service floor graph. Range and airtime 
calculations for the ISA and ISA (+20 ◦C) standards are shown in Table 10. 

4.9. Autorotation calculations 

Autorotation is a piloting technique that allows the helicopter to land safely in the event of a malfunction in the engine when the 
helicopter is in the air [40]. Under normal conditions, air flows down the rotor while it is running, but in autorotation, air flows 
upwards from the rotor system. Fig. 21 below shows a schematic picture of a safe landing under autorotation conditions. The helicopter 
enters autorotation at position 2. In position 3, it can be seen that the forward speed of the helicopter slows down and at the same time 
it decreases the descent rate. In position 4, the distance between the tail and the ground gradually decreases. In this state, the helicopter 
is brought to the horizon, and in position 5, the helicopter will have lands safely. 

Overall designed helicopters must have autorotation capabilities (AI) and autorotation depends on certain parameters [34]. 

AI =
IRΩ2ρ

2WDLρ0
(1) 

The autorotation capability is determined from Eq. (1), the expression IRΩ22W− 1 denotes the kinetic energy of the rotor. At the 
same time, according to the literature research, AI should be at least 1.25 m3 kg− 1 (20 ft3. lb− 1) in single-engine helicopters and 0.62 
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m3 kg− 1 (10 ft3. lb− 1) in multi-engine helicopters for safe autorotation. 
As can be seen in Fig. 22, there are autorotation indexes of various helicopters according to the literature research [12]. As a result 

of the calculations, the autorotation index of the archetypal helicopter is approximately 37. This value is sufficient for safe 
autorotation. 

4.10. Noise emissions level calculations 

Noise level should be designed at a minimal level, considering passenger comfort and the discomfort it may create. The archetypal 
helicopter was designed with the aim of minimum noise level during flight and operational steps. 

While determining the noise level (sound pressure level, SPL), the Davidson & Hargest formula is used concerning Wayne Johnson’s 
[19] source. In Eq. (2), the noise value originating from the rotor is found in the hover flight condition. In the noise calculation made 
according to the equation, a noise value of approximately 86 dB was obtained. 

SPLhover = 10 log

[

(wR)6Ab

(
CT

σ

)2
]

− 36.7 (2) 

The noise level changes depending on the number of blades. The reason for this is that air escaping from the trailing edge, 
depending on the gaps of the blades, creates a swirl and the following blade hits this vortex. Therefore, the noise value should be 
determined in the design methodology and the optimum selection criteria should be observed in the number of blades depending on 
the noise value. Fig. 23 shows how loud a helicopter with three blades is based on how fast the tips are moving. 

The noise value obtained was examined depending on the CS-36 certification determined within the requirements. An innovative 
design was achieved by aiming to keep the value compared to the determined old and new limits below the limit values. Fig. 24 shows 

Fig. 19. The best range velocity chart under ISA conditions.  

Fig. 20. The best range velocity chart at ISA (+20 ◦C).  
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Table 10 
Range and airtime calculations.  

Parameter SI Unit (Imperial Units) ISA ISA (+20 ◦C) 

Tsea level [◦C] [◦R] 15 (518.67) 35 (554.67) 
T@4000ft [◦C] [◦R] 7.07 (504.41) 27.07 (540.41) 
Psea level [kPa] [Psf] 101.325 (2116.2) 106.11 (2216.2) 
P@4000ft [kPa] [Psf] 87.51 (1827.7) 87.70 (1831.7) 
SFC [kg.N.hr− 1] [lbm.lbs.hr− 1] 0.65 1.069 
ZHI αave N/A N/A 90 90 
β N/A N/A 0.5 0.5 
Qspec N/A N/A 0.9725 0.9743 
δspec N/A N/A 0.8627 0.8637 
ZHI N/A N/A 76.6542 76.7245 
PSHP [kW] [hp] 114.32 (153.31) 114.43 (153.45) 
Max Speed [m.s− 1] [ft.s− 1] 67.67 (222) 67.67 (222) 
Range Velocity [m.s− 1] [ft.s− 1] 50.29 (165) 51.82 (170) 
Endurance Velocity [m.s− 1] [ft.s− 1] 28.04 (92) 28.04 (92) 
RSHPReq− end [kW] [hp] 220.13 (295.21) 220.24 (295.35) 
Vfend [m.s− 1] [ft.s− 1] 44.99 (147.6042) 44.99 (147.6042) 
RSHPReq− cruise [kW] [hp] 273.9 (367.31) 274 (367.45) 
Vfcruise [m.s− 1] [ft.s− 1] 55.98 (183.6542) 56 (183.7245) 
FW [kg] [lb] 156.91 (345.93) 156.96 (346.03) 
FWadded [kg] [lb] 41.58 (91.67) 41.58 (91.57) 
RNGmax [nmi] 357.83 357.69 
Endurance [h] 3.75 3.75 
HIGE [m] [ft] 5200.8 (17063.1) 4332.5 (14214.4) 
HOGE [m] [ft] 3687.6 (12098.6) 2719.5 (8922.1) 
Service Ceiling [m] [ft] 6067.7 (19907.3) 5229.2 (17156.1)  

Fig. 21. Autorotation.  

Fig. 22. An autorotation performance comparison chart.  
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the graph of the old and new noise limits depending on the CS-36 standards, and dependent on the maximum take-off weight. Ac-
cording to the figure, the archetypal helicopter, which has an environmentally friendly and sustainable design, meets the noise 
emissions level certification conditions. Additionally, innovative designs were followed in order to reduce noise in the designed he-
licopter. To reduce the noise level created by the tail rotor, a fan-type tail design was performed, with the aim being of reducing the 
noise level originating from the tail. 

4.11. Stability calculations 

A time-dependent examination of the helicopter’s response to impact determines the dynamic stability of the helicopter. Stability, 
maneuverability, and controllability result from the movement of the helicopter in three axes. Operations are performed by taking the 
center of gravity of the three axes as the reference point. Longitudinal stability involves the pitch motion of the helicopter moving on its 
horizontal axis. Lateral stability is expressed as the stability of the helicopter along its longitudinal axis. Stability on its vertical axis is 
called directional stability. To perform the stability and control analysis, the methods of Padfield [36] and Prouty [41] are acted upon. 

Stability derivatives consist of force and moment derivatives concerning the vehicle’s translational velocities and angular veloc-
ities. For stability and control derivatives, the literature was searched and the values of the OH-6A model, which is a helicopter of a 
similar class and weight, were used [16]. The stability variants of the OH-6A helicopter for hover and forward flight at a speed of 130 
knots are given in Table 11. 

To solve the nonlinear equations of a helicopter with six degrees of freedom, linearization is first performed on a trim point. In this 
way, the behavior of the model is predicated. These equations are then expressed in state-space form. The general form of the state- 
space model of a system is in Eq. (3): 

Fig. 23. Noise level based on the number of blades.  

Fig. 24. CS-36 certification noise limit ranges.  
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{ẋ}= [A]{x} + [B]{u} (3) 

The matrices A and B contain the stability and control derivatives, respectively. Here, x is the state vector, u is the control input, A is 
the stability matrix, and B is the control matrix. The control vector u in this formulation includes the main rotor collective, the lon-
gitudinal and lateral loops, and the tail rotor collective. 

Lateral and longitudinal stabilities are studied separately in Eq. (4): 

Alat =
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(4) 

The longitudinal and lateral motion equations were solved in a MATLAB code. The results of the code were the eigenvalues which 
give information about the helicopter modes. Fig. 25(a and b) and 26(a, b) show the estimated longitudinal and lateral poles for cruise 
flight at a speed of 130 knots. Fig. 25(a) presents the longitudinal as well as Fig. 25(b) shows the lateral of suspended flight stability 

Table 11 
Derivatives of stability.  

Derivative Hover 130 knot Derivative Hover 130 knot 

Xu − 0.0257 − 0.057 L′
u 0.001 0.0047 

Xw 0.0113 0.0138 L′
w − 0.0064 − 0.1655 

Xq 0.3972 0.2905 L′
q − 1.136 − 1.626 

Xv 0.0004 0.0001 L′
v − 0.1516 − 0.2542 

Xp − 0.2494 − 0.2578 L′
p − 4.9198 − 4.8062 

Xr − 0.0185 − 0.024 L′
r − 0.2873 0.0213 

Yu 0.0158 0.0036 M′
u 0.0414 0.0498 

Yw − 0.0194 − 0.048 M′
w − 0.0196 − 0.0065 

Yq − 0.2573 − 0.3196 M′
q − 1.7645 − 2.9912 

Yv − 0.0435 − 0.1438 M′
v − 0.0086 − 0.1163 

Yp − 0.4104 − 0.4203 M′
p 0.3763 0.1693 

Yr 0.1045 0.4176 M′
r 0.0719 0.6034 

Zu − 0.0422 0.0178 N′
u − 0.0861 − 0.0301 

Zw − 0.3404 − 0.8096 N′
w 0.1018 0.134 

Zq 0.005 − 0.3092 N′
q − 0.1724 0.6085 

Zv − 0.044 − 0.0485 N′
v − 0.0054 0.3405 

Zp 0.0177 − 0.5825 N′
p − 1.0748 − 0.8152 

Zr 0.4495 0.6244 N′
r − 0.8645 − 2.643  

Fig. 25. Suspended flight stability modes; (a) longitudinal, (b) lateral.  
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modes. Moreover, Fig. 26(a) illustrates the longitudinal of advanced flight modes at a speed of 130 knots, on the other hand, Fig. 26(b) 
presents the lateral. 

Phugoid and heave modes appear to be almost stable during hover and at 130 knots of level flight. Heave damping describes the 
vertical wind response and appears to become more stable as speed increases. The roll and pitch modes were stable in both flight 
conditions. This shows that the helicopter has good roll and pitch damping. The Dutch roll mode becomes more stable as speed in-
creases. The roll mode was the most stable model. The size of the horizontal stabilizer affects stability. Increasing the planform area of 
the tail plane ensures speed stability and minimizes the nose-down position of the vehicle in forward flight. However, as the size of the 
horizontal stabilizer increases, the positive angle of attack tends to increase the archetypal helicopter’s flight control system, as seen in 
Fig. 27, which is a classic flight control system with collective, cyclical control, and pedal control. While collective control changes the 
amount of total carry over the rotor, cyclical control changes the direction of control using the gimbal. A gimbal is needed to transmit 
the controls given by the pilot to the main rotor. 

There are two plates in this system. While the top plate can rotate, the bottom plate does not. Furthermore, the two can move 
upwards together. According to the ball joint in the middle, the main rotor can be angled towards the desired side with control coming 
from the pilot. When the collective lever is pulled up in the helicopter, the gimbal mechanism goes up, and the thrust increases. 
Changing the cyclical control changes the direction of the helicopter, depending on the angle in the gimbal mechanism. At the same 
time, thanks to the pedals, the nose of the helicopter can be pulled up or down. There is a scissor mechanism in the main rotor, which is 
connected to the rotor by a top plate. The reason for the existence of the scissors is to ensure that the top plate rotates with the rotor and 
that there is no obstruction. Therefore, the rotor can rotate in three directions according to the control of the pilot. Controls from the 
pilot rule to the hydraulic systems, and from the hydraulic systems to the gimbal. Because the pilot will have difficulty controlling 
using arm power, mixing mechanisms were used here. 

4.12. Environmentally friendly and sustainable performance 

In the light-class utility helicopter designed in this study, sustainability and environmental factors were largely taken into 
consideration to a great extent. In the table of determination of criteria for the whole design, the sustainability impact was determined 
at an extremely high level of 10%. Performance calculations, on the other hand, were made with considerable attention paid to 
sustainability and environmental impact, as well as consideration of numerous other parameters. Additionally, in terms of sustain-
ability and environmentalism, helicopter scaling and structural design, including primary partition, beam, and support elements, were 

Fig. 26. Advanced flight modes at a speed of 130 knots; (a) longitudinal, (b) lateral.  

Fig. 27. Flight control system.  
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designed as a system that transfers loads from the engine during flight operation and reaction forces from the ground during landing 
operations to the fuselage. In addition, when the general performance calculations, autorotation calculations, weight breakdown 
calculations, and noise emissions level calculations are examined, it can be seen that the system is designed to be environmentally 
friendly and sustainable. 

As a result of calculations based on a number of parameters, it can be seen that the MTOW and empty weight values obtained as a 
result of this archetypal helicopter design are relatively low compared to equivalent helicopters. The low total and empty weight have 
led to a decrease in the fuel consumption of the helicopter design and made the system more environmentally friendly and sustainable. 
In addition, the archetypal helicopter has been designed with the aim of a minimum noise level during flight and operational steps for 
ecological purposes. As mentioned before, the objective of the research is to achieve a sustainable, ecologically friendly, and fuel- 
efficient design by reducing the number of accidents and damage. 

5. Conclusion 

Within the scope of this study, an environmentally friendly, economical, and ergonomic helicopter design is realized by considering 
numerous parameters. In addition to the determined mission profile and requirements, design requirements were established to obtain 
a sustainable, original, and high-performance helicopter design. Based on these requirements, a requirement matrix was created, and 
configurations were chosen by determining the impact ratios of the requirements. Within the scope of the methodology, weight and 
power calculations in the design study could be obtained within the scope of iterative processes. Authenticity was one of the most 
fundamental objectives in the design of the archetypal helicopter. A unique light-class helicopter design was obtained by comparing 
the performance parameters determined within the scope of the design study with competing products. Sub-systems were designed one 
by one as power transmission, control-avionics, rotor, propulsion, structural, and other sub-systems. CFD applications were used using 
the ANSYS program for blade profile selection and main rotor calculations, design, landing gear total deformation, and equivalent 
strain analysis and dimensioning calculations for the blade. In most of the general performance calculations, the MATLAB code was 
used over the formulas accepted in the literature. In summary, this study produced a completely unique, sustainable, and ergonomic 
light-class helicopter design by performing all performance calculations and considering numerous parameters. All the general fea-
tures and dimensions selected for the design are shown in Table 12. 

In summary, the design study, which was developed based on competitor product analyses and considering environmentalist 
features, revealed a helicopter design study with a similar passenger capacity, lower noise, lower emission level, high range, and 
innovative technologies. It is aimed at contributing to the literature by using innovative and environmentalist approaches within the 
scope of design. This contribution can be improved in many ways due to the wide range of design processes and helicopter design 
methodologies. Verification of the parameters determined in the helicopter design methodology with some flight and ground tests 
increases the convergence of the design methodology. The development of the design and the tests to be carried out in the future will 
make a significant contribution to the design literature. 

In addition, it may be possible to further develop concepts such as control and stability as future plans within the scope of the 

Table 12 
General features of the design.   

General Specifications Units Values 

Weight MTOW [kg] 1287.377 
Empty Weight [kg] 588.89 
Fuel Capacity [kg] 156.9 
Payload Capacity [kg] 490 

General Dimensions Fuselage Length [m] 9.33 
Fuselage Height [m] 3.117 
Fuselage Width [m] 1.6 
Landing Gear Width [m] 2.124 
Horizontal Tail Surface Area [m2] 0.145 
Vertical Tail Arm [m] 5.675 

Main Rotor Specifications Disc Loading [lb. (ft2)− 1] 3.564 
Blade Loading  0.067 
Blade Tip Velocity [m.s− 1] 221 
Blade Chord [m] 0.243 
Blade Airfoil  SC-1095 
Blade Radius [m] 4.852 
Blade Number  3 

Tail Rotor Specifications Blade Tip Velocity [m.s− 1] 136.91 
Blade Chord [m] 0.103 
Blade Airfoil  NACA-0012 
Blade Radius [m] 0.667 
Blade Number  6 
Tail Configuration  Fenestron 

Engine Specifications Power [hp] 420 
Weight [kg] 73.028 
Specific Fuel Consumption [lbm.lbs.hr− 1] 0.65  
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design. In addition, the design study has been developed with similar products in the literature, and the catalog of similar products can 
be further expanded and their performance characteristics improved. The authors of the study support all kinds of contributions to the 
literature and are open to all collaborations. 
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