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Nomenclature 

𝐷𝐿 = Disk Loading (𝑙𝑏/𝑓𝑡2),   

𝑊 = Weight (𝑙𝑏), 

𝐴 = Area (𝑓𝑡2) 

𝑇 = Thrust (𝑙𝑏), 

𝐿 = Lift (𝑙𝑏), 

𝐷 = Drag (𝑙𝑏), 

𝜇 = Dynamic Viscosity (lb. s/ft2 ), 

𝜌 = Density (𝑠𝑙𝑢𝑔/𝑓𝑡3 ), 

𝑣 = Speed (𝑓𝑡/𝑠), 

𝑐 = Chord Length (𝑓𝑡), 

𝑅𝑒 =  Reynolds Number, 

𝛺 = The Rotational Speed of the Main Rotor (𝑟𝑎𝑑/𝑠), 

𝜎 = Blade Solidity, 

𝑊𝐸 = Empty Weight (𝑙𝑏), 

𝑊𝐺 = Gross Weight (𝑙𝑏), 

𝑊𝑅 = Main Rotor Group Weight (𝑙𝑏), 

𝑊𝐸 = Tail Rotor Group Weight (𝑙𝑏), 

𝑊𝑇𝑅 = Empty Weight (𝑙𝑏), 

𝑊𝑇 = Turbine Group Weight (𝑙𝑏), 

𝑊𝑃𝑆 = Powerplant Section Group Weight (𝑙𝑏), 

𝑊𝐹𝑆 = Flight Control Group Weight (𝑙𝑏), 

𝑊𝐿𝐺 = Landing Gear Group Weight (𝑙𝑏), 

𝑊𝐹𝐿 = Fuselage Group Weight (𝑙𝑏), 

𝑊𝐴𝑉 = Fixed Weight of the Avionics (𝑙𝑏), 

𝑊𝐶 = Crew Weight for 1 Pilot (𝑙𝑏), 

𝑊𝑃𝐿 = Weight of 4 Passengers, and 1 Pilot (𝑙𝑏), 

𝑊𝐹 = Fuel Weight (𝑙𝑏), 

𝑃𝑟 = Installed Power (h. p. ), 

𝑃𝑎 = Available Power (h. p. ), 

𝜂𝑝𝑟 = Propulsive Efficiency 
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1. Introduction 

The aim of this design report is to give readers an overview about the helicopter that was designed 

to be feasible in terms of market realities and manufacturing. According to the design requirements, a 

literature survey is obtained, and competitor analysis has been conducted among the helicopters which 

are already in the market. Based on this research, an attempt is being made to design a better helicopter 

in terms of performance and operability than the ones under consideration. Configuration selection, 

performance and weight estimation analyses, airframe and subsystems are obtained to accomplish this. 

According to the specifications, the designed helicopter is intended to be optimized to have the most 

effective conceptual design: low production and operational costs. Furthermore, the design is intended 

to be lightweight, capable of reaching high ranges and to have a cruise speed with strong performance 

characteristics. 

 

Design Requirements and Literature Survey 

2.1. Requirements and specification 

According to the report provided by TEKNOFEST, design requirements with performance targets 

and mission requirements are: 

 

Design Requirements: 

 Helicopter shall accommodate one pilot and four passengers, and minimum crew is one pilot 

and pilot weight is 90 kg, and also each passenger weight is 100 kg with luggage.  

 The noise emission level of the design should be less than the limits set by CS-36 certification 

requirements.  

 Helicopter should be powered by a turboshaft engine. 

 Maximum take-off weight, operational and procurement cost of the helicopter shall be 

competitive compared to the existing turbine engine powered light helicopter. 

 

Point Performance Targets: 

 Minimum hover ceiling (OGE): 6000 ft (ISA+20°C, MTOW)  

 Minimum range: 500 km at 4000 ft ISA+20°C, MTOW (without reserve fuel, only flight)  

 Minimum endurance: 2.5 h at 4000 ft ISA+20°C, MTOW (without reserve fuel, only flight)  

 Autorotation capability and safe power-off landing capability. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Transport Mission 
Profile 
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* Climb and descent distances will be included in the cruise segment. 

** Total time of mission profile included reserve is 120 minute or faster. 

 

1.2. Literature survey 

An extensive literature and market survey is performed to analyze and compare the 

specifications and characteristics of the existing helicopters in the market [1], [4], [26], [35]. The survey 

allowed us to establish and compare important characteristics of the light utility helicopters such weight, 

size, disc loading, blade loading, power plant, as well as performance related characteristics including 

range, endurance, ceiling, and others. These values are used as the reference values for the design 

helicopter, with a design goal to reduce the weight and enhance the performance for the defined mission. 

In addition, a literature survey was done for the helicopter engines, to study and compare their 

characteristics such as weight, size, fuel consumption, and power output [1], [4], [26], [35]are commonly 

used in helicopters. Most light utility helicopters use piston engines; however, several turboshaft-engine 

helicopters are available on the market.  

Another outcome of the literature survey was to define the sub-systems of the rotorcraft, as well 

as the methodology to be used for conceptual design procedure, aerodynamic and performance analysis 

[23] to provide the framework for the conceptual design of a helicopter, and performance estimation 

methodology based on the blade-element theory, which was adopted in the design process.  

 

In this design, Autodesk AutoCAD is used for 2D, and Inventor is used for 3D model analysis 

of the helicopter. Power and weight estimation is performed using MATLAB. AutoCAD and Inventor 

are computer-aided design software that helps to draw and edit 2D and 3D designs quickly and easily 

[30], MATLAB is a programming and computing platform used to analyze data, develop algorithms, 

and build models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Table 2. Competitor Analysis Results 
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1.3. AE-6 Features and Design Methodology 

The AE-6 was designed in accordance with the specifications provided. The helicopter has a 

crew capacity of 5. This crew is seat in the order of 2 in the cockpit, and 3 at the rear. Th cockpit is 

designed with the concept of the bubble canopy in mind where the aim is to have minimum hinderance 

to the pilot’s line of vision by any framework. Moreover, the the helicopter is equipped with skids instead 

of a retractable landing gear to allow it operate from a variety of terrains, while also simplifying the take 

off and landing procedure. 

 

3.Configuration Selection 

3.1. Rotorcraft configuration. 

The design helicopter has a conventional configuration represented by a single-main rotor 

helicopter with a tail rotor. This configuration is set by the design requirements. The main rotor type is 

selected as a semi-articulated (teetering) type. Teetering rotor hub provides the simplest design suitable 

for light utility helicopters. It features two blades attached to the rotor shaft with a single teeter (flap) 

hinge. Feathering bearings on each blade provide individual blade pitch control. In order to reduce the 

steady coning loads, the hub is built-in precone angle and to reduce Coriolis forces it is designed 

underslung [23]. Moreover, teetering hub will minimize loads caused by aerodynamic imbalances or 

dynamic effects such as rotor rotation and the other benefit of teetering hubs is that the two blades appear 

to balance each other. 

4. Preliminary Sizing and Conceptual Design 

The design methodology is adopted from [25] and is shown in Figure. 1 below. According to this 

methodology, the sizing and performance calculations start with the given requirements, then are 

followed by the estimation of the weights of the components based on the statistical equations. The 

maximum takeoff weight represents the sum of the weights of the components, crew, payload, and the 

fuel weight. Then performance of the helicopter is recalculated. The iterative process is done until the 

convergence is obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Conceptual Design Process [25] 
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4.1. Main Rotor Design  

Main rotor design includes determining the diameter, tip speed, rotor solidity, number of blades, 

blade planform and twist, blade tip shape, as well as airfoil selection. 

 

4.1.1. Rotor Diameter 

 

Some performance analysis plays an important role in choosing rotor diameter. If size, weight, 

cost limitations, transportation requirements, and maneuverability are considered, a smaller rotor 

diameter will be a better choice thus, overall parasite drag decreases, and a lighter hub is provided.  

Rotor diameter can be determined as, 

 

where, W is the weight and DL is the disk loading.   where A is the main rotor area of the 

helicopter, 𝐴 =  𝜋𝑅2 and 𝑅 is the radius of the main rotor. For the designed helicopter, calculated weight 

is 2830 lb., and disk loading is 3.3 𝑙𝑏/𝑓𝑡2. Therefore, the rotor diameter is calculated to be equal to 

16.3 𝑓𝑡. 

4.1.2. Tip Speed 

For the main rotor, the tip speed 𝑉𝑡𝑖𝑝 is defined as the product of the rotor angular velocity 𝛺 

and the rotor radius 𝑅, 𝑉𝑡𝑖𝑝 = 𝛺𝑅.  

For the design helicopter, the main rotor radius is determined to be equal to 16.3 ft, and the rotor 

angular velocity is selected to be equal to 450 RPM, yielding the tip speed equal to 744.5 ft/s, which 

corresponds to Mach number 0.66. This value provides a sufficient margin necessary not to exceed the 

drag divergence Mach number on the advancing blade.  

4.1.3. Rotor Solidity 

 

The ratio of the total blade area to the disk area is called rotor solidity. Selecting the rotor solidity 

requires a careful consideration of blade stall limits. Accordingly, lower value of solidity helps to 

minimize the profile power, and decreases stall margin and most of the small helicopters have small 

rotor solidity values [23]. Therefore, according to our calculations, 0.061 is chosen.  

4.1.4. Blades 

 

           When deciding on the blade numbers, weight, hub drag, reliability, maintainability and tip loss 

effects are considered. Increasing the number of blades causes more vibration loads; therefore, 2 blades 

are used for this design.  

For producing more lift along its span and since rotational velocity increases toward the blade tip, blade 

twisting is used. Moreover, for higher pitch angles where velocity is low and lower pitch angles near the 

tip, negative blade twist (washout) should be used [25]. Therefore, blade twist is chosen to be -8 degrees 

for this design.  

            According to blade type geometry, since tip vortex produces some changes in angle of attack, 

anhedral blade tip can increase flight performance of the helicopter. Tip taper and sweep increase rotor 

performance, and reduce compressibility effects near the tip, Onera SPP8 blade tip shape is chosen for 

this design [25].  
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4.1.5. Airfoil Selection  

The choice of airfoil is made to give the rotor good aerodynamic efficiency while also meeting 

the structural requirements of the blade. It is considered to have a high maximum lift coefficient, good 

lift-to-drag ratio over a wide range of Mach numbers, high Mach drag divergence number, and low 

pitching moment when comparing different types of airfoils. Lighter weight, higher rotor thrust, low 

power consumption, minimal torsional moments, control loads and vibrations, and the ability to fly at 

high forward speeds are all aspects considered. XFLR-5 [45] is used to complete comparisons between 

NACA 0012, and VR-7 for our design. Plots are generated using parameters such as 𝑁𝑐𝑟𝑖𝑡. = 9 where 

the model is assumed in an average wind tunnel, 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑎𝑛𝑒𝑙𝑠 = 101, 𝑅𝑒𝑚𝑎𝑥 and 𝑅𝑒𝑚𝑖𝑛. 

Maximum and minimum Reynolds numbers are calculated as:  

𝑅𝑒𝑚𝑎𝑥 =
𝜌∗𝑉𝑡𝑖𝑝∗𝑐

𝜇
, 

where 𝜌 = 1.225
𝑘𝑔

𝑚3 is the density, 𝑐 = 0.205 𝑚 is the chord length, and 𝜇 = 1.789 ∗ 10−5 𝑘𝑔∗𝑚

𝑠
 is the 

dynamic viscosity. Tip speed has the value  𝑉𝑡𝑖𝑝 = 768.056 
𝑓𝑡

𝑠
= 234.045

𝑚

𝑠
. 

𝑅𝑒𝑚𝑖𝑛 =
𝜌∗𝑉𝑚𝑖𝑛∗𝑐

𝜇
, 

 where  𝑉𝑚𝑖𝑛 is the minimum speed. and it is calculated as:  

𝑉𝑚𝑖𝑛 = Ω ∗ 𝑅𝑚𝑖𝑛. 

𝑅𝑚𝑖𝑛 = 0.199 𝑚 is the minimum radius that calculated at 4 % root cut-out. Table 3. shows the  

𝑐𝑙α ,   𝑐𝑑0 values for angle of attack ranges from −5° ≤ 𝐴𝑂𝐴 ≤ 20° and Reynolds number from 

 𝑅𝑒𝑚𝑖𝑛 ≈  130 ∗ 103 ≤ 𝑅𝑒 ≤  𝑅𝑒𝑚𝑎𝑥 ≈ 3.3 ∗ 106 .  Table 1. Shows the analysis done for VR-7. 

 

Table 1. XFLR5 Analysis Results for VR-7 

 

Reynolds 

number 

100K 783K 1.467M 2.15M 2.833M 3.517M 

AOA (deg) 𝐶𝐿𝛼
 𝐶𝐿𝛼

 𝐶𝐿𝛼
 𝐶𝐿𝛼

 𝐶𝐿𝛼
 𝐶𝐿𝛼

 

-5 N/A 0.04 N/A 0.05 0.05 
 

0.05 
 

0 71.6 0.12 0.12 0.12      0.12 
  

0.11 

5 0.06 0.12 0.13 0.12 0.11 0.11 

10 0.06 0.07 0.078 0.041 0.073 
 

 
0.08 

15 -0.006 0.02 0.15 -0.007 0.016 0.055 

20 -0.052 -0.022 -0.015 -0.02  
-0.022 

 
 

-0.006 

Average 𝐶𝐿𝛼
 14.34 0.06 0.09 0.052  

0.06 
 

0.07 

𝐶𝐷0
 N/A 0.01 N/A 0.008 0.008 0.007 

Average 𝑐𝑑0   

for all Re  

0.008 
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Here lift coefficiet at specific angle of attack is found using the relation: 

𝐶𝐿𝛼
=

𝐶𝐿2 −𝐶𝐿1

𝛼1−𝛼2
, 

And average value of 𝐶𝐿𝛼
 is calculated for every Reynold number.  

Drag coefficient at zero lift, 𝐶𝐷0
 , is found from graphs seen in Figure. 2 with the corresponding angle 

of attack where lift coefficient is 0. 

 

 

 

 

 

 

 

 

 

Since VR-7 gives a high lift-to-drag ratio and low pitching moment, it was deemed 

appropriate to be selected for our design. NACA 0012 analysis has been done in the same way 

and results are provided in the Appendix. 

4.2. Tail Rotor Sizing  

One of the major components of a helicopter is the tail rotor. Anti-torque force, yaw stability 

and weathercock stability is provided by it. In addition, the main rotor and empennage affects the tail 

rotor, and it has a complex aerodynamic structure [25]. According to the historical trends the ratio of the 

main rotor radius to the tail rotor radius for light helicopters is around 5 [25]. Therefore, for the main 

rotor radius 𝑅 = 16.3  𝑓𝑡. The tail rotor radius is calculated to be equal to 3.29 𝑓𝑡. 

4.3. Fuselage Design 

As per the requirement that was presented, the helicopter 

is to incorporate a crew of a total five. The fuselage was 

designed with the aspect of sizing it to be enough for the 

crew, along with the capacity to contain the transmission 

systems, fuel tank, and the engine. The frontal part of the 

fuselage consists of the nose and the   cockpit. The cockpit 

is designed with a bubble canopy shape in mind with the 

idea that no framework will have hindrances in the line of 

sight of the pilots. The cockpit is designed to have a 

capacity of 2 with both having the ability to pilot the 

helicopter. The cockpit is followed by the seating 

Figure 3. Fuselage of the Helicopter 

Figure 2. Cl, Cd, Cm vs. Alpha Graphs, respectively for VR-7 
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arrangement for the rest of the crew where threeseats in a row are placed. The ergonomics of the cabin 

of the helicopter are decided for the use of minimum material according to the height of 1.76m which 

the average height of Turkish men as per the “worlddata.info” site (0.15m taller than women, thus the 

cabin can accommodate for both) [4]. The helicopter has a little clearance above the heads of the crew 

with consideration of having some safety clearance, along with space for the presence of the power 

transmission mechanism. Following this section there is the fuel tank, which has been sized to use 

minimum possible length while keeping the volume. 

4.4. Empennage Design  

The tail design consists of vertical and horizontal tails. Static stability in yaw and lateral 

directional dynamic stability is provided with the vertical tail of a helicopter. Thanks to vertical tail, 

unstable yaw moment from the fuselage and positive static stability comes from the tail rotor canceled, 

moreover anti-torque force in cruise at low speed can be approachable with a vertical tail. On the other 

hand, the horizontal tail of a helicopter provides static and dynamic longitudinal stability, and it can be 

used for guarding the tail rotor, in this way, safety is improved. 

Figure 4.Empennage Design of the Helicopter 

 

5. Airframe and Subsystems 

5.1 Transmission 

The transmission system transfers power from the engine to the main rotor, tail rotor, and other 
accessories during normal flight conditions. The main components of the transmission system are the 
main rotor transmission, tail rotor drive system, clutch, and freewheeling unit [17]. Depending on 
availability, Magnesium reinforced with Silicon Carbide particles was chosen for the transmission case 
since it provides higher strength-to-weight ratios as well as maintaining the heat resistance advantage of 
metal over organic materials [20].  

 

Transferring the engine power to the main rotor will be done by gearbox in addition to reducing 
or increasing the revolutions of shafts. The axes of the shafts of main rotor and engine are intersecting 
so to transmit motion and power from engine to main rotor, bevel gears are used. This way the direction 
of motion is changed. Optionally, while transmitting larger amounts of power, it is more advantageous 
to use helical bevel gears over the same volume. Also, helical bevel gears operate more silently. 

 
Transmission requires lubrication and cooling to decrease the abrasion due to contacting of the 

gears. As per the training sessions given by TUSAS, AE-6 uses lubrication oil sprayed from the nozzles 
located near the contact points, then this oil is collected in an oil pan. The temparature in the oil pan is 
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measured using sensors to warn in case the oil becomes too hot. This hot oil is then transferred to oil 
cooler to enable to regain its lubrication abilities. 

 
5.2 Engine and Fuel System 

  5.2.1 The Engine 

The engine is a turboshaft, Rolls Royce M250-C20R with a two-stage LP turbine, two-stage HP turbine, 

four to six-stage axial and single-stage centrifugal compressor [21]. Further specifications on the engine 
are as follows: 

Table 4.Basic engine specifications [21] 

 

To significantly reduce the ingestion of foreign objects into the engine, the air is filtered prior 

to entering the compressor. An engine inlet barrier filter (IBF), which is made of multi-layer cotton with 

specially formulated oil layer increasing the efficiency of the filter, is used [21]. Titanium firewalls are 

located in front of and above the engine to physically isolate it from the airframe. It also prevents any 

hazardous quantity of liquid, gas, or flame from passing through the firewall to other parts of the 

helicopter [9]. A temperature switch is mounted to the firewall above the engine to detect a fire in the 

engine compartment [35]. 

5.2.2 Fuel Types & Fuel Consumption 

Various types of fuel have been considered for the helicopter's engine (Rolls Royce M250-
C20R), as shown in the table below. 

Table 5. Fuel Types [5], [11], [24], [42] 
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When deciding on a fuel type, two factors were considered which are freezing point and flash 
point. The freezing point is the temperature at which fuel components begin to solidify into wax crystals 
so a material with a lower freezing point is preferable. On the other hand, the flash point is the lowest 
temperature at which a chemical can vaporize and form an ignitable mixture in the air and a lower flash 
point indicates greater flammability. For safety purposes, a liquid with a flash point between 73°F and 
140°F will be classified as flammable liquid. Thus, the JP-8, JET-A, and JET-A1 were considered as 

potential fuel options for our helicopter. However, since JP-8 is typically used for military purposes and 
Jet A does not typically include static dissipater additives that aid in the reduction of static charges 
caused by movement when compared to others, JET-A1 was selected as the fuel. 

Using its properties, the size of the fuel tank and mass of the fuel were calculated as seen below: 

 For 2 hours of flight, 1 x Rolls Royce M250-C20R is used, so total engine power is 450 h.p, 

SFC value is 0.608 lb/hp. h and propulsive efficiency is taken as η𝑝𝑟 = 0.85 [32]. 

𝑃𝑟 =  𝑃𝑎  𝑥 η𝑝𝑟 ,  

𝑊𝑓𝑢𝑒𝑙 = 𝑆𝐹𝐶 x 𝑃𝑟  x 𝑡𝑖𝑚𝑒, 

Then, 𝑊𝑓𝑢𝑒𝑙  is calculated as 471.32 lb. 

 

 

 

Tank sloshing occurs when a tank filled with either fuel or any fluid is subjected to external excitation 
forces [27]. This affects the stability of the vehicle as it may shift the center of gravity. Normally, to 
minimize the sloshing throughout the flight, compartments or baffles are used. However, comparing the 

cfd analysis of compartments and baffles, it can be observed that baffles are more efficient in reducing 
the sloshing as well as providing a lighter fuel tank structure [6]. Thus, baffles are used along the cross 
section of the fuel tank as shown below. 

 

         Figure 5. Structure of the baffled rectangular fuel tank [27] 
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     5.3. Electrical System 

Primary system components are a 17 amp-hour 
Lithium-Ion battery, a 165-ampere starter-generator, a 
solid-state voltage regulator, external power and 
grounding receptacle [6]. Besides heated static ports 

and pitot tube are used instead of unheated ones so as 
to prevent ice formation over them. The battery switch 
controls the battery relay which connects the battery to 
the 28-volt DC electrical system [38]. The battery is 
located in an area to the left side of the baggage 
compartment. A wire protected by a fuse near the 
battery bypasses the battery and enables the 

tachometers and clock to receive battery power with 
the battery switch off [38]. A schematic of the electrical 
system can be seen in Figure 6.  

 

 

 

 

 

 

 Hydrolic System 

 

The aircraft uses a fly by wire system for its control. As per a technical paper for a PHM system for 

the use of hydraulics in a fly by wire system of a helicopter, the use of the on-board hydraulics in this 

system is to provide the actuators that control the rotating parts of the helicopter with power, along 

with providing power to other utilities [46]. The hydraulics are utilized in a well-established fly by 

wire system such that the actuators have a mechanical feedback which is linked to the stability and 

control augmentation system, to provide stable flight throughout the operation [46].  

 

5.4 Landing Gear 

 

A skid-type landing gear is used which absorbs most hard landings elastically. The four landing 
gear struts are fitted with aerodynamic fairings to reduce air drag [35]. 

 
Landing gear and related components are made of Aluminum. Whereas, depending on availability using 
composite materials has a number of structural benefits such as fatigue resistance and also it will yield 
lighter landing gear structure. 
 

 5.5. Manufacturing Methods 

 

 Major structural components of a helicopter are made of aluminum allyos and composite 
materials. Metals are usually formed by the common metal-forming processes such as shearing, 
blanking, forging, cutting, routing, and investment casting. Composite materials are advantageous due 
to the light weight, high strength and stiffness, high fatigue and corrosion resistance. Major 
manufacturing method for structural composite parts in airplanes and helicopters is the autoclave 
thermoset pre-impregnated (prepreg) composite technology.  Unidirectional or woven fabric fiber layers 
are pre-impregnated with resin to enable a fast and easy lay-up without the need to apply resin by hand. 
This manufacturing process ensured the required quality of the manufactured parts, and enables the 

production of complex integral parts [44].  The polycarbonate windscreen and windows are constructed 
by laying the sheet over a mold, heating it, and forming it with air pressure, so-called “freeblowing” 
[20].   

 Figure 6. The configuration of the electrical system [38] 
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5.6. Avionics and Instruments 

The avionics suite of a helicopter primarily consists of the display and management of multiple 

systems, navigation, and communication systems for the pilots. It is also a necessary component in the 
design of any helicopter in order for it to perform its mission. Faster and more intelligent avionic suites 
are required for modern avionics. Our choices and the reasons for them are discussed further below [34]. 
 
The flight deck system used is the Garmin G1000NXi, which is an integrated flight deck system with 
two display units, one for primary flight displays (PFDs) and one for multifunction displays (MFDs). It 
provides a visual approach to any runway with autopilot guidance, as well as HIS mapping. The vertical 

situation display (VSD) also shows the pilot's flight path as well as icing and turbulence weather shrouds 
at all flight levels. 
 

Stereo Intercom System, Single COM provides full radio and intercom capabilities for the pilot and 
co-pilot. 

 

Garmin GTR 225B COM Radio provides automatically displays tuned frequency's navaid or airport 
identifier, and because of its capabilities, it never misses a transmission while also reducing the pilot's 

workload. 

 
 
Garmin GTX 335 Transponder w ADS-B Out provides more accurate and useful traffic surveillance 
data to ATC, including aircraft flight ID, position, altitude, velocity, climb/descent, and heading 

information. 
 
 
 
Instruments 

 Airspeed indicator 

 Altimeter 
 Rotor/engine dual tachometer 
 Manifold pressure gage 
 Vertical speed indicator 
 Magnetic compass 
 Gage panel and Ammeter 

 Carburetor temperature gage 
 Oil Temp and Pressure gages 
 Cylinder head temp gage 
 Fuel gages 
 Digital OAT gage/voltmeter 
 Hourmeter 
 Quartz clock  
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Figure 7. Space Allocation for Avionics and Instruments 

 

5.7 Space Allocation for Subsystems 

 

Figure 8. Space Allocation for Subsystems 

 

6. Performance Analysis 

6.1 Weight Estimation 

Gross Weight:   𝑊𝐺  = 𝑊𝐸  + 𝑊𝐶  + 𝑊𝑃𝐿  + 𝑊𝐹 , 

For the initial weight estimation process according to the requirements and competitor analysis, 

we initially estimated the gross weight of the helicopter to be 2830 𝑙𝑏 and the corresponding estimated 

disk loading would be 3.3 𝑙𝑏
𝑓𝑡2⁄ .  

Empty Weight (𝑊𝐸) is obtained from the component build up method given as: 

𝑊𝐸 = 𝑊𝑅 + 𝑊𝑇𝑅 + 𝑊𝑇 + 𝑊𝑃𝑆 + 𝑊𝐷𝑆 + 𝑊𝐹𝑆 + 𝑊𝐿𝐺 + 𝑊𝐹𝐿 , 

where, 𝑊𝑅  is the main rotor group weight, 𝑊𝑇𝑅 is the tail rotor group weight, 𝑊𝑇  is the turbine group 

weight, 𝑊𝑃𝑆 is the power plant group weight, 𝑊𝐷𝑆 is the mechanical drive group weight, 𝑊𝐹𝑆 is the 

flight system group, 𝑊𝐿𝐺  is the landing gear group weight and 𝑊𝐹𝐿  is the fuselage group weight. These 



 

17 
 

weight components are predominantly defined as functions of the gross weight, main and tail rotor 

radius, blade solidity, engine horsepower, blade rotational speed, fuselage dimensions, cruise speed and 

blade tip velocity. 

The statistical equation for the main rotor group weight (𝑊𝑅) is given by  

𝑊𝑅 = 1.7𝑊𝐺
0.342𝑅1.58𝜎0.63. 

The corresponding equation for the tail rotor group weight (𝑊𝑇𝑅) is given by 

𝑊𝑇𝑅 = 7.12 (
𝑊𝐺

1000
)

0.446

𝑅𝑇𝑅
1.62𝜎𝑇𝑅

0.660. 

The turbine group weight (𝑊𝑇) is determined sorely by the available engine horsepower (HP). 

𝑊𝑇 = 0.166𝐻𝑃, 

The power plant section group weight (𝑊𝑃𝑆) is determined as a function of the helicopter gross weight 

and the blade rotation speed 𝜔,  

𝑊𝑃𝑆 = 0.00155𝑊𝐺
1.07𝜔0.54,  where,  𝜔 =

𝑉𝑡

𝑅
. 

The mechanical drive system group weight (𝑊𝐷𝑆) is a function of blade radius and blade tip speed  𝑉𝑡 =

768  𝑓𝑡/𝑠 . 

𝑊𝐷𝑆 = 42.4 (
𝐻𝑃 × 𝑅

𝑉𝑡
)

0.763

. 

The flight control group weight (𝑊𝐹𝑆) is determined as a function of the gross weight and cruise speed 

𝑉𝐶  of 110 knots,  

𝑊𝐹𝑆 = 0.0225𝑊𝐺
0.712𝑉𝐶

0.653. 

The landing gear group geight (𝑊𝐿𝐺) is determined as a function of the helicopter gross weight, 

𝑊𝐿𝐺 = 0.0475𝑊𝐺
0.975. 

The fuselage group weight (𝑊𝐹𝐿) is calculated according to the gross weight, fuselage length 𝐿 equal to  

12.5 ft, fuselage width W equal 4.8 ft and fuselage height H equal to 6ft, all detemined from the 

drawings. 

𝑊𝐹𝐿 = 0.0382𝑊𝐺
0.598𝐿0.945𝑊0.453𝐻0.295. 

Additional weight components are the fixed weight of the avionics 𝑊𝐴𝑉 = 80 𝑙𝑏; crew weight  (1 pilot) 

𝑊𝐶  = 198.4 𝑙𝑏 ; weight of 4 passengers and luggage 𝑊𝑃𝐿 = 881.9 𝑙𝑏. 

Fuel weight (𝑊𝐹) is determined from the fuel requirements for the mission and also considering the 

engine SFC. 

𝑊𝐹 = 471 𝑙𝑏,   

The gross weight of the helicopter is determined as follows, 

 𝑊𝐺  = 𝑊𝐸  + 𝑊𝐶  + 𝑊𝑃𝐿  + 𝑊𝐹 . 
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As a result of an iterative solution obtained using MATLAB given in the appendix, the empty and 

gross weight were calculated to be, 𝑊𝐸 = 1229 𝑙𝑏 and 𝑊𝐺 = 2830 𝑙𝑏. 

 

6.2. Power Requirements  

Performance analysis covers estimation of the figure of merit, power required in forward flight, 

and the rate of climb. Figure of merit is the ratio of the ideal power to the the actual power requried to 

hover: 

𝐹𝑀 =  
𝑃𝑖

𝑘𝑖𝑃𝑖 + 𝑃0 
 ,  

where 𝑘𝑖 = 1.15 is an empirical correction factor for the induced power, 𝑃𝑖 is the induced power, and 

𝑃0 is the profile power in hover. Using the momentum theory and blade element theory in hover, the 

induced and profile power in hover is defined as: 

𝑃𝑖 = 𝑘𝑖𝑣𝑖𝑇 = 𝑘𝑖√
𝑇3/2

2𝜌𝐴
, 𝑃0 =

1

8
𝜎𝐶𝐷0

𝜌𝐴(𝛺𝑅)2.  

The figure of merit for the design helicopter is calculated to be equal to 0.6. 

Estimation of the power required in hover and forward flight is done using the blade element 

theory [20]. Power required in forward flight consists of three components, namely, induced power, 

rotor profile power, and fuselage parasite power. Additional miscellaneous power includes tail rotor 

power, transmission power, and power for other electronic components.  Miscellaneous power is 

considered to be 15% of the total power requirements in hover, and 8% of the total power in forward 

flight at high speed. According to [Seddon], the total power as a function of the forward flight speed is 

given by: 

𝑃 = 𝑘𝑖𝑣𝑖𝑇 +
1

8
 𝐶𝐷0

𝜌𝐴𝑏𝑉𝑡𝑖𝑝
3 [1 + 𝑘 (

𝑉

𝑉𝑡𝑖𝑝
)

2

] +
1

2
𝜌𝑉3𝑓, 

where 𝑘 = 4.65 is an empirical correction factor for the profile power, 𝑣𝑖 is the induced velocity, 𝑉𝑡𝑖𝑝 

is the tip tpeed, 𝑉 is the forward flight speed, 𝐶𝐷0
 is the blade drag coefficient, 𝐴𝑏 is the blades area, and 

𝑓 is the fuselage equivalent flat-plat area. The empirical correction factors are used for induced and 

profile power calculation to eliminate the deficiency of the analytical expression due to neglecting 

nonlinear effects, the spanwise component of the blade drag and reverse flow region on the retreating 

side of the rotor. The induced velocity in forward flight is given by: 

𝑣𝑖 =  −
1

2
𝑉2 +

1

2
√𝑉4 + 4 (

𝑇

2 𝜌𝐴 
)

2

 . 

Figure 9 and Figure 10 shows the total power and its components as a function of the forward 

speed, as well as the power available.  

The maximum rate of climb 𝑅/𝐶 in vertical flight is calculated as the ratio of the excess power 

to the weight of the helicopter,  

𝑅/𝐶 =
𝛥𝑃

𝑊
=

𝑃𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 − 𝑃

𝑊
. 
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Relative climbing velocity:     

𝜆𝑐 =
𝑉

𝛺𝑅
=

𝑉𝑐

𝑉𝑡𝑖𝑝
 

The highest rate of climb at a given flight velocity 𝑉 and altitude 𝐻 is achieved when maximum available 

engine power  𝑃𝐴(𝐶𝑝,𝐴
) for this altitude is applied.  

Assuming that the main rotor receives ~90% of the total engine power the rate of climb: 

𝜆𝐶 =
1

𝜁
[

0.9𝐶𝑃,𝐴

𝐶𝑇
− 𝑘𝜆𝑖 −

𝜎

8

𝐶𝐷0

𝐶𝑇
(1 + 𝐾𝜇2) −

𝜇3

2𝐶𝑇

𝑓

𝐴
]  

Parameter 𝜁 ≈ 1.3 accounts for additional losses caused by changes in relative flow direction. 

Considering that the tail rotor power equal to 15% of the total power requirements in hover, the 

maximum rate of climb is calculated to be equal to 34.72 ft/s that is equivalent to 2083 ft/min at ISA 

and 33.65 ft/s  that is equivalent to 2019 ft/min at ISA+20°C, which satisfies the requirements of the 

mission.  

The maximum forward speed is 

obtained from the intersection of the power 

available, and power required curves. 

Assuming the miscellaneous power equal to 

5% of the total power in forward flight, the 

maximum velocity is determined to be equal 

to 130 knots (240.76 km/h), which satisfy 

the requirements for the mission.           

 

 

 

 

 

Performance Analysis (ISA+20°C) 

High temperature will affect performance characteristics of the helicopter. When temperature increases, 

with pressure constant, air density decreases. In performance calsulations it is assumed that air density 

decreases by about 1% for a 3°C increase in temperature. Changes in the air density will result in the 

changes of the power required and power available, hence the performance characteristics.  Hence, the 

air density 20°C and 101.325 kPa, is equal to 1.2041
𝑘𝑔

𝑚3⁄ . ISA+20°C 's maximum velocity is interpreted 

in the same way as ISA and is equal to 131 knots (242.61 km/h). 

Figure 9. Power Required vs. Forward Velocity for ISA 
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6.3 Range, Endurance, Hover Ceiling and Mission Profile Performance 

The endurance, E, and range, R, will depend on how much fuel we have onboard. While 

calculating this parameters, angle of attack 𝛼 is assumed to be constant. 

Endurance, E, is calculated as:  

𝐸 =
𝑊𝐹𝑢𝑒𝑙

𝑐
∗

1

𝑃𝑚𝑎𝑥𝐸
,  

where 𝑊𝐹𝑢𝑒𝑙  is the fuel weight and 𝑐 is the specific fuel consumption. Maximum endurance is found 

where the power, P, is minimum that is the minimum point on the Power Required vs. Forward 

Velocity graph and corresponding value is 𝑃𝑚𝑎𝑥𝐸 = 174 ℎ𝑝. Maximum endurance values obtained:  

𝐸 = 3.8 ℎ for ISA, 

𝐸 = 3.9 ℎ for ISA+20°C. 

 

Range, R, is calculated as:  

𝑅 =
𝑉𝑚𝑎𝑥𝑅

𝑃𝑚𝑎𝑥𝑅
∗

𝑊𝐹𝑢𝑒𝑙

𝑐
, 

 

where 𝑊𝐹𝑢𝑒𝑙  and 𝑐 are fixed values like in the endurance calculations. Maximum range is found where 
𝑃

𝑉⁄   is a minimum where the tangent drawn from the origin touches to the power required curve and 

corresponding value is 𝑃𝑚𝑎𝑥𝑅 = 213 ℎ𝑝  and 𝑉𝑚𝑎𝑥𝑅 = 80 𝑘𝑛𝑜𝑡𝑠. Maximum range values obtained are:  

𝑅 = 1,734,580 ft = 528.7 𝑘𝑚  for ISA, 

𝑅 = 1,750,984 ft = 533.7 𝑘𝑚  for ISA+20°C 

 

 

Figure 10. Power Required vs. Forward Velocity for 

ISA+20°C 
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Hover and Service Ceiling:  

Hover ceiling out of ground effect (OGE) is determined by the point where the power available equals 
the power required to hover at a given gross weight. Hover ceiling in ground effect is substantially 
higher than the OGE ceiling due to due to reduction of the induced power required by ground effect. 
Corresponding values are:  

Hover Ceiling (HOGE) [𝑓𝑡] : 𝑜𝑣𝑒𝑟 10,000 𝑓𝑡 (0.8 𝑘𝑔
𝑚3⁄ )  for ISA, 

     𝑜𝑣𝑒𝑟 10,000 𝑓𝑡 (0.82 𝑘𝑔
𝑚3⁄ )  for ISA+20°C. 

 

Hover Ceiling (HIGE) [𝑓𝑡]:  𝑜𝑣𝑒𝑟 10,000  𝑓𝑡 (0.75 𝑘𝑔
𝑚3⁄ ) for ISA, 

     𝑜𝑣𝑒𝑟 10,000 𝑓𝑡 (0.77 𝑘𝑔
𝑚3⁄ )  for ISA+20°C. 

 

 

Additionally, service ceiling is the height at which the aircraft can maintain 100 𝑓𝑡
𝑚𝑖𝑛⁄  using 

continus power and it is always indicated at best climb speed, which means the rotor is at its most 
efficient point, thus it can be quite high. Corresponding values are: 

 

Service Ceiling [𝑓𝑡]:   15,000 𝑓𝑡 (0.77 𝑘𝑔
𝑚3⁄ )  for ISA, 

     14,600 𝑓𝑡 (0.78 𝑘𝑔
𝑚3⁄ )  for ISA+20°C. 

 

The maximum speed the helicopter can fly at is when the total power 𝑃𝑇 curve intersects the 

power available 𝑃𝑎 curve which is assumed to be constant for our design at 450 ℎ𝑝. The corresponding 

forward speed is found as 𝑉𝑚𝑎𝑥 = 131 𝑘𝑛𝑜𝑡𝑠 for ISA and 𝑉𝑚𝑎𝑥 = 130 𝑘𝑛𝑜𝑡𝑠 for ISA+20°C.  

6.4 Power Requirement of Sub Systems and Loss Calculations 

Rotor transmission, engine nose gearboxes, drive system cooling fans and transmission-mounted 

accessories (ex. generators, hydrolic pumps) are main sources of the power losses. 

6.4.1. Engine Installation Loss 

For a variety of reasons, the engine installed in the helicopter will not typically deliver the same power 

as it does in the engine manufacturer's test cell. Some of these reasons, as well as their potential 

consequences, are as follows [31]: 

 

Table.6 Installation Losses 

Inlet Pressure Losses due to duct friction 1-4% of power 

Inlet Pressure Losses due to particle 
seperator 

3-10% of power 

Exhaust back pressure due to friction 0.5-2% of power 

Exhaust back pressure due to infrared 

suppressor 

3-15% of power 

Rise in inlet temperature due to exhaust 
reingestion 

1-4 ℉ 

Compressor bleed 1-20% of power 

Engine-mounted accessories Up to 100 h.p. 
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6.4.2 Transmission Losses 

The power losses in the transmission is mainly due to the gearboxes and gears and it can be calculated 

as [30]: 

ℎ. 𝑝𝑡𝑟𝑎𝑛𝑠. = 0.0025[4000 + 𝑒𝑛𝑔𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟] + 0.00875[4000 + 𝑟𝑜𝑡𝑜𝑟 𝑝𝑜𝑤𝑒𝑟], 

where assuming that the engine power is equal to rotor power, and engine power is 450 h.p. 

ℎ. 𝑝𝑡𝑟𝑎𝑛𝑠. = 50.06 ℎ. 𝑝. 

            6.4.3 Generator and Hydrolic Pump Losses 

𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝐿𝑜𝑠𝑠 =
𝐿𝑜𝑎𝑑 𝑖𝑛 𝑤𝑎𝑡𝑡𝑠

(0.75)(746)
, ℎ. 𝑝. 

𝐻𝑦𝑑𝑟𝑜𝑙𝑖𝑐 𝑃𝑢𝑚𝑝 𝐿𝑜𝑠𝑠𝑒𝑠 =  
(𝐷𝑒𝑠𝑖𝑔𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑝𝑠𝑖)(𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒, 𝑔𝑝𝑚)

(0.80)(1714)
, ℎ. 𝑝. 

 

For performance calculations of our design, it is assumed that the load is 4620.00 watts according to 

chosen generator, flow rate is 1.3 gpm, and design pressure assumed as 3000 psi. Therefore,  

𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝐿𝑜𝑠𝑠 = 8.26 ℎ. 𝑝. 

𝐻𝑦𝑑𝑟𝑜𝑙𝑖𝑐 𝑃𝑢𝑚𝑝 𝐿𝑜𝑠𝑠𝑒𝑠 = 2.85 ℎ. 𝑝. 

 

 

 

6.4.4 Transmission-Mounted Accessories Loss 

To calculate transmission-mounted accessory loss, atmospheric density ratio for standard day conditions 

is required, and for 4000 feet pressure altitude density ratio is taken as 0.85 (Appendix C, Standard 

Atmospheric Charts [31]), and power of engine is 450 h.p. 

 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑎𝑛𝑑 𝐴𝑐𝑐𝑒𝑠𝑠𝑜𝑟𝑦 𝐿𝑜𝑠𝑠 (ℎ𝑝) =
ρ

𝜌0
(56 + 0.0112 𝑥 ℎ. 𝑝.𝑒𝑛𝑔𝑖𝑛𝑒 ), 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑎𝑛𝑑 𝐴𝑐𝑐𝑒𝑠𝑠𝑜𝑟𝑦 𝐿𝑜𝑠𝑠 (ℎ𝑝) = 51.8 ℎ. 𝑝.  

 

Therefore, total power loss prediction is estimated to be approximately 112.97 h.p. 
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6.5 Noise Estimation 

 

 
Figure 11. Noise Types [8] 

Turboshaft engine exhaust noise has a broadband character and can become more noticeable 
after the helicopter has passed overhead the observer and rotor noise sources have become less 
dominant [19]. Rotor noise is a complicated subject. Loading noise also referred to as rotational noise 
when it is combined with thickness noise is caused by the forces exerted on the surrounding fluid by 
the blades during their periodic motion, and it is primarily directed under the rotor plane [43]. Air 
displacement as the blade travels through it causes thickness noise, which is primarily directed in the 

rotor's plane. The lift and drag forces on the blades cause loading noise. The majority of this is 
directed below the rotor. A tip vortex is also created by inducing an airflow around the blade. The 
following rotor blade turning around may intersect this vortex, below certain airspeeds, and during 
descent. The blade vortex interaction (BVI) creates highly impulsive, downward-directed vibrations in 
the air. This "blade slap" is usually noisy and annoying to passersby [8]. According to Julien Caillet, 
engineer and head of the acoustics department at Airbus Helicopters, “The BVI noise is the 
helicopter's most obvious noise in approach condition, which is why approach condition is the 

helicopter's noisiest flight condition.”.  
 Also since the high speed impulse (HSI), blade vortex interaction (BVI), tail rotor interaction (TRI) 
and tail rotor noise (TR) all contribute to the noise levels mainly during flybys, BVI is the key 
contributor of noise. As stated before, the pressure concentrations also known as surface pressure 
levels (SPL) resonate on the surface and determines the noise intensity at different ground locations. 
Surface pressure levels (SPL) can be measured in observer time and how they are perceived at 
different time intervals, and the gross weight of the helicopter influences the induced noise due to 
different blade lengths and engine size. [8]. 

 
Some special programs can be used to predict noise. Trimming the helicopter for the required 

flight state can be done using the flight simulator PSUHeloSim [37], and the MATLAB [30] model 
can then be used. The iterative results of the states and state derivatives produced from the flight 
simulation that ends once a prescribed flight condition is attained are obtained by running the 
PSUHeloSim and CHARM coupled simulation. Then, to provide high temporal and spatial loading 
data to PSU-WOPWOP [38] for noise prediction, a reconstruction process is carried out. PSU-

WOPWOP can estimate the acoustic pressure time history and any relevant noise metrics after the 
helicopter motion and blade loads have been stored [43]. 
 

6.6 Stability and Control Analysis 

From the control point of view, a helicopter represents a nonlinear dynamic system with strong 

cross coupling between the control (actuator) inputs, resulting into off‐axis responses. Control of a 

helicopter is achieved by changing the direction and magnitude of the thrust vector of the main rotor 

[23], [25], [32]. Four control inputs include the main rotor collective pitch 𝜃0, longitudinal cyclic pitch 

𝜃1𝑐, lateral cyclic pitch 𝜃1𝑠 , and tail rotor collective pitch 𝜃𝑇𝑅. 
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The main rotor collective pitch allows changing the pitch angle of the main rotor blades by the 

same amount, and therefore controls the magnitude of the main rotor thrust. Increasing collective input 

required increase in power, therefore in some helicopters, pilot must use the throttle control while 

increasing collective input.  The lateral and longitudinal cyclic pitch change the direction of the main 

rotor thrust vector. The tail rotor collective pitch changes the magnitude of thrust produced by the tail 

rotor, and hence provide the yaw control.  

By nature, helicopters are unstable, meaning that once a pilot takes hands off the cyclic, a 

helicopter’s attitude (angular orientation) will change very fast.  In addition, when pilot’s control is 

applied, there is significant cross-coupling of the resultant forces and moments acting on a helicopter.  

More skills required from a pilot to fly a helicopter compared to an airplane. Therefore, modern 

helicopters are equipped with stability augmentation systems (SAS) and trim functions, which reduce 

pilot’s workload and even allow a helicopter to be flown hands off.  

The following features are added to the design helicopter to improve stability characteristics.  

 

Bell-Hiller Mechanism, Fly-bar (Stabilizer bar) 

 
Arthur M. Young and a number of engineers have observed that by adding a stabilizer bar perpendicular 
to the two blades, stability can be improved significantly. The stabilizer bar works like a Faucalt 
pendulum, it has weighted ends that maintain a stable plane of rotation, and through mechanical 
linkages, internal and external forces on the rotor are damped by the mixed motion of the swashplate 
and the stable rotation of the bar result in reduced pitch rate. This makes it easier for the pilot to maintain 
control of the aircraft [29]. 

 
Stability Augmentation System (SAS) 

 
Stability Augmentation Systems are used in some helicopters to increase the stability by providing short-
term rate dampig in flight and hover. SAS, like trim systems requires “hands-on” flying. The most basic 
of these systems is a force trim system, which employs a magnetic clutch and springs to keep the cyclic 
control in the position it was released from. Electric actuators are used in more advanced systems to 

provide input to hydraulic servos. These servos are controlled by a computer that sences the helicopter's 
attitude. Other inputs, like speed, altitude, heading, and navigation information can be supplied to the 
computer to form a complete autopilot system. The pilot has the ability to overridde or disconnect the 
SAS anytime. By increasing basic aircraft control harmony and reducing disturbances, SAS minimizes 
pilot workload. When the pilot is required to conduct other tasks, such as sling loading and search and 
rescue operations, these systems come in handy [3]. 
 

 

Altitude Hold and Hover Stabilization Systems (AHHS) 

 
The AHHS system provides hands-free cyclic and collective control for cruise, low-altitude hover 
operations, precision hover and drift control, automatic descend to the ground, and automatic go-around 
in brownout or whiteout conditions, over-water hovers, and tight landing zones (LZ) and is a low-cost 
solution. This system increases safety and situational awareness in low visibility conditios. In other 
words, AHHS gives pilot safety, confidence and more precise control in blinding and debilitating 

conditions. This system integrates with the aircraft's existing flight control systems and can 
communicate with a variety of on-board sensor inputs such as GPS, INS, EGI, gyros, and accelerometers 
[2]. 
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6.6.1 Trim  

There are two basic types of trim solution: a “propulsive” (or “free-flight”) in which a trim 

solution simulated the free-flight conditions using the force and moment equations; and a “wind-tunnel” 

trim which is used when testing model rotors in wind tunnel. The first type is suitable during a conceptual 

design.  

The trim solution implies that for a given helicopter gross weight, altitude, c.g. location, forward 

speed and flight path angle, the following variables must be numerically evaluated: 

 Rotor controls (collective pitch 𝜃0, cyclic pitch 𝜃1𝑐, 𝜃1𝑠 , tail rotor collective pitch 𝜃𝑇𝑅) 

 Rotor disk orientation, which is described by flapping angles (𝛽0, 𝛽1𝑐, 𝛽1𝑠) 

 Vehicle orientation, described by inertial angles: pitch 𝜃𝐹 and roll 𝜙0 

 Aerodynamic angles: angle of attack 𝛼, sideslip 𝛽 (if not neglected) 

In addition, trim analysis requires calculation of the inflow ratio for the main and tail rotors (λMR, λTR), 

thrust coefficients for the main and tail rotors, H-force coefficient (main rotor drag), side force 
coefficient, power coefficient. Iterative approach is required to solve for the unknowns. Details on the 
trim equations can be found in [31]. Specialized software has been developed for the trim analysis of 
helicopters. For example, Heli-Dyn+, which is available in Turkey, allows to find a trim solution for a 
helicopter with defined mass and geometry properties for a specific flight condition [22]. Another 
example is PSUHeloSim software that can be used for trim solution [37]. 

 

6.6.2 Autorotation 

 
It is a type of helicopter flight in which the main rotor is powered solely by aerodynamic forces rather 
than engine power. It is a maneuver in which the engine is disconnected from the main rotor system and 
the rotor blades are only driven by the upward flow of air through the rotor. The AE-6 design allows for 
a freewheeling unit, which allows the main rotor to continue turning even when the engine is not 
mechanically running. As a result, in the event of engine failure, the pilot can safely land the helicopter 

[18]. Descent velocity during autorotation is usually defined by the certification requirements. 
 

6.7 Cabin Sizing 

As the size of the crew that operates the helicopter the size of the human plays a great factor in the sizing 

stage. The size of the humans was taken as per the data on the Turkish population of a hundred men 

aged between 22 and 45 as per a study from Mehmet Burak. Finally, the sizing is in compliance with 

the athropometric standards, take cockpit reach and compatibility to control in consideration  [39].  

 

6.7.1 Seat Sizing 

Based on athropometric results the sized parameters are as follows [39]. (The given sizes are the 

minimum possible sizes that can be set along with their respective recommendations) 

1. Forward distance from back support: 66.0 cm (recommended to be 71.4cm or 74.7cm) 

2. Distance infront of seat and other fixed structures: 17.8cm 

3. Vertical distance between seat and other fixed structure: 7.6 cm 

4. Armrest level: 23.0 – 23.5 cm 

5. Cushion level: 21.0 cm 

 



 

26 
 

 

Figure 11. View of Pilot and Passenger Settlement 

 

The following data set provides the range of required antropometric parameters along with their 

averages: 

 

Table 7. Anthropometric parameters with given range and mean sizes [39] 

Parameter Range (cm) Mean (cm) 

Eye Level  95.2 – 104.0 99.6 

Eye Distance 36.3 – 44.8 40.6 

Elbow Level 35.4 – 46.2 40.8 

Arm Span 66.6 – 76.9 70.7 

Stature 166.7 – 182.5 174.6 

 

As the physical state of the passengers and the pilots is very similar the sizing of the pilot and passenger 

seats are done with similar parameters and conditions with the exception of the leg space provided for 

the passengers to be a little more flexibility that that of the pilots.  

  

6.7.2 Visual sizing and comfort placement 

The cockpit of the helicopter is to be designed and sized sized based on the anthropometric 

measurements. The idea behind is to provide the pilot with sufficient visual ability to perform the 

operations needed without too much movement of the head or the neck. As the visual displays within 

the cockpit are of great importance to the pilot throughout operation it is crucial that they are placed 

such that the view of the avionics and the displays comes with ease to the pilot without obstacles 

hindering line of sight or the pilot having to perform too many movements.  

Ones eyeballs can be rolled up by 48 degrees and rolled down by 66 degrees. This middle field of vision 

is responsible for the the recognition of faces and reading of text [40]. Based on multiple experiments 

have been conducted by Grandjean et al, Brown and Schaum, and Burak, where adjustable workstations 

with visual display units (VDU) were provided to be adjusted by the crew to their preferred line of site 

and compfort. The angle of these adjusted VDU was measured from the horizontal. It was found. That 

the preferred position of the VDU for each experiment respectively were found to be at an angle of  9, 

18, and 30 degrees [7],[13],[36]. As a result, an angle between these ranges is suitable for the design of 
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the cockpit. However, some movement of the neck is understandable in realistic situations, thus a 

tolerance of 15 degree to the given range is understandable [12]. 

The other parameter to adjust is the distance at which the VDU and avionics are to be placed for ease of 

operations for the pilot. The desirable distance from the pilots’ eyes is to be adjusted between 50cm to 

70 cm (this is done so to avoid eye strain). The figure below represents the entire setting of the system 

of the cokpit that has been described [12].   

 

6.8 Flight and Ground Safety 

People have been injured, some fatally, in helicopter accidents that could have been avoided if they 

had been informed of the proper way to board or deplane. The simplest way to avoid this type of 

accident is to turn off the rotors before passenger’s board or depart. Because this action is not always 

possible, and in order to fully appreciate the helicopter's vast and unique capabilities..  

 

 

Figure 14. Safety procedures for approaching or leaving a helicopter [18] 

Figure 13. Display of proposed layout [12] 
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It is frequently necessary to take on passengers or have them exit the helicopter while the engine and 

rotors are turning. To avoid accidents, it is critical that all persons involved in helicopter operations, 

including passengers, are made aware of all potential hazards and instructed on how to avoid them 

Before taking off, make sure the helicopter is airworthy by inspecting it according to the rotorcraft flight 

manual (RFM), pilot's operating handbook (POH), or other information provided by the operator or 

manufacturer [18]. Use the manufacturer's checklists during the engine start, rotor engagement, and 

system ground check. If a problem arises, have it resolved before proceeding. However, before 

performing these tasks, ensure that the area around and above the helicopter is clear of personnel and 

equipment. Place the rotor blades so that they are not parallel to the fuselage. 

 

6.9 Cost Estimation 

Several cost definitions are used to measure the cost of an aircraft in general.  The life cycle cost 

components are shown in Figure 1, where the cost of each component is proportional to the size of the 

corresponding block [33].  

The research, development, test and evaluation (RDTE) cost is a fixed (nonrecurring) cost that covers 

the expensed for the technology research, design engineering, prototype fabrication, flight and ground 

testing, and certification cost. The production (flyaway) cost is a recurring cost that comprises the costs 

for the labor and materials to manufacture the aircraft, also the production tooling costs. The production 

cost is reduced if the production quantity is increased (due to the learning curve effect).  

The purchase (acquisition) price covers the RDT&E costs and the production cost, including the profit. 

It depends on the quantity of the helicopters produced. Program cost includes the purchase price plus 

the cost of the ground support equipment and special constructions if they are required for the aircraft 

operations, maintenance and storage. Operations and maintenance cost is the largest component of the 

life-cycle cost, and covers the cost of fuel, oil, maintenance, crew and ground personnel, insurance, and 

various indirect costs. It also includes the depreciation cost (allocation of the purchase price out over a 

number of years, using a depreciation schedule). The smallest component of the life cycle cost is the 

disposal, which can be negative if a helicopter is resold.  

 

Figure 15. Life cycle cost components 
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During the conceptual design, a common method for purchase cost estimation is the use of cost 

estimating relationships, also called price predicting equations, which are developed using linear 

regression analysis based on historical data [14],[15],[16],[41]. When new technology and/or different 

requirements are introduced, the statistical equations must be updated.  According to [16], the helicopter 

prices are more sensitive to installed power than to weight empty. The regression analysis has shown 

that price is linearly dependent on the universal size factor that contains both weight empty and total 

engine(s) rated horsepower design parameters. Another important factor that effects the purchase price 

of a helicopter is the level of technological development, manufacturing and production capabilities of 

a country/region.  

The purchase price of the design helicopter is estimated from the competitor study and historical trends. 

It should be note that the labour cost in Turkey is relatively low as compared to the EU and the USA. In 

addition, Turkey has a developed technological base and manufacturing capabilities in aerospace 

industry. Therefore, most of the components of the design helicopter are assumed to be locally 

manufactured.  As a result, the approximate cost of the design helicopter is equal to US$ 800,000.  

 

6. Helicopter Design Layout 

 

 

 

 

 

 

 

 

Figure 16. Front View 

 

 

 

 

 

 

 

 

 

Figure 17.  Side View 
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Figure 18.  Landing and Take-off View 

 

 

 

Figure 19. Passenger Deployment 

Figure 18. Bottom View 



 

31 
 

 

Figure 20. View of Pilot and Passenger Settlement 

 

 

 

8. Changes 

In the preliminary report, the helicopter’s engine was the RR300. However, it could not meet the 

required maximum flight velocity when performing power analyses, therefore it was decided to replace 

it with a motor with better power. Moreover, although its power is higher than the previous engine, the 

weight of a helicopter has been reduced since M250’ weight is less than RR300. Accordingly, the radius 

of the main rotor and tail rotor has been changed to improve weight and performance. 

                      

9.  Conclusions 

The initial stages of the conceptual design of the helicopter resulted in determining the overall size and 

performance parameters. The design helicopter is 11.1m long, 1.74 m wide, and the height of 3.31 m. 

The main rotor diameter is equal to 4.96 m. This helicopter has been designed to accommodate four 

passengers and one pilot. The overall goal is to design a lightweight and fuel-efficient vehicle based on 

a designated mission profile and the requirements. The value of the gross weight was computed by an 

iterative MATLAB code which incorporated the empty weight, crew weight and fuel weight, as well as 

geometrical parameters. Power estimation has been performed using MATLAB with Blade Element 

Theory, which in turn was used to find figure of merit, power required for forward flight, and rate of 

climb. Maximum velocity has been obtained as 143 knots. This velocity satifies the mission’s 

requirement. Loss calculations is detailed with the effect of these losses. The engine is selected based 

on a comparative research of existing helicopter turboshaft engines of which its table can be found in 

section 5.2 in terms of fuel consumption, power and weight. The optimum engine is decided to be the 

Rolls Royce M250-C20R. Overall performance characteristics of the design helicopter align with the 

requirements and the mission profile.  
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APPENDIX 

APPENDIX 1 

Team Members: 

Our Advisor’s name is Anna Prach who is the Assistant Professor and coordinator of Aerospace 

Engineering Program at Middle East Technical University Northern Cyprus Campus. 

Ayça Muştu: Fourth year Aerospace Engineering student at Middle East Technical University Northern 

Cyprus Campus. Currently also participating in Airbus Sloshing Rocket Workshop. The role of this 

member is in the Power Loss Calculations, Main and Tail Rotor Design, Subsystems, Avionics and 

Instruments, Fuel Types and Flight and Ground Safety. 

Edanur Bolat: Third year aerospace engineering student at Middle East Technical University Northern 

Cyprus Campus. Currently also participating in Airbus Sloshing Rocket Workshop.The role of the 

member is subsystems, and engine and fuel system. 

Muhammad Talha Ahmed Ansari: Graduate Mechanical Engineer with a Bachelors of Science Degree 

from Middle East Technical University Northern Cyprus Campus. Currently working as a Mechanical 

Engineering Trainee at the Saudi Arabian Glass Company. Participated and won third prize in the 

Enapter Generation Hydrogen and Teknofest 2020  helicopter design competition, and Hackathon 2021 

for modern agricultural methods using UAVs.  The role of this member is in helicopter sizing, CAD, 

subsystems, and avionics. 

Onismo Jimu: Fourth year Aerospace Engineering student at Middle East Technical University Northern 

Cyprus Campus. Currently also participating in Airbus Sloshing Rocket Workshop.The role of this 

member is in the Weight Estimation, Performance Analysis, Noise Estimation and Power Loss 

Calculations. 

Rabia İrem Yılmaz: Fourth year Aerospace Engineering student at Middle East Technical University 

Northern Cyprus Campus. Currently also participating in Airbus Sloshing Rocket Workshop. The role 

of this member is in the Main and Tail Rotor Design, Airfoil Selection,Performance Analysis, Noise 

Estimation, Stability and Control Analysis. 

Zeynep Kansu: Third year aerospace engineering student at Middle East Technical University Northern 

Cyprus Campus. Currently also participating in Airbus Sloshing Rocket Workshop. The role of this 

member is in transmission, avionics, engine, and fuel system. 
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APPENDIX 2  

Table1: General Properties of Design 

General Properties of Design 

Maximum Take-off Weight [kg] 1283.666 kg 

Empty Weight [kg] 557.465 kg 

Fuel Capacity [kg] 213.78 kg 

Useful Load Capacity [kg] 635.04 kg 

General Dimensions of Helicopter [m] Width: 2m, 
Length: 11.1 m, 
Height: 3.3 m 

Main Rotor Properties 
(The related properties defined in Section 4 of competition specification) 

Twist angle: -8°, 
chord length: 0.3 
ft 

Tail Rotor Properties 
(The related properties defined in Section 4 of competition specification) 

Twist angle: 0°, 
chord length: 1.5 
ft 

Engine Properties (Model, weight, power, fuel consumption) Model: Rolls 

Royce M250-
C20R 
Weight: 173 lb 
Power: 450 h.p. 

Sfc: 0.608 𝑙𝑏/
ℎ𝑝. ℎ 

 

APPENDIX 3 

Table 2: Helicopter Performance Summary (Sea Level, Maximum Take-off Weight) 

Helicopter Performance Summary ISA ISA+20°C 

Maximum Level Flight Speed VH [KIAS] 131 𝑘𝑛𝑜𝑡𝑠 130 𝑘𝑛𝑜𝑡𝑠 

Best Range Speed VBR [KIAS] 79  𝑘𝑛𝑜𝑡𝑠 78 𝑘𝑛𝑜𝑡𝑠 

Best Endurance Speed VBE [KIAS] 49 𝑘𝑛𝑜𝑡𝑠 48.6 𝑘𝑛𝑜𝑡𝑠 

Maximum Rate of Climb @ VBE [
𝑓𝑡

𝑚⁄ ] 2,083 
𝑓𝑡

𝑚⁄  2,019 
𝑓𝑡

𝑚⁄  

Hover Ceiling (HOGE) [𝑓𝑡] 13,800 𝑓𝑡 

(0.8
𝑘𝑔

𝑚3⁄ ) 

13,000 𝑓𝑡 

(0.82
𝑘𝑔

𝑚3⁄ ) 

Hover Ceiling (HIGE) [𝑓𝑡] 15,600  𝑓𝑡 

(0.75 
𝑘𝑔

𝑚3⁄ ) 

15,000 𝑓𝑡 

(0.77 
𝑘𝑔

𝑚3⁄ ) 

Service Ceiling [𝑓𝑡] 15,000 𝑓𝑡 

(0.77
𝑘𝑔

𝑚3⁄ ) 

14,600 𝑓𝑡 

(0.78
𝑘𝑔

𝑚3⁄ ) 

Maximum Range [𝑓𝑡] 1,734,580  𝑓𝑡 1,750,984 𝑓𝑡 

Maximum Endurance [𝑓𝑡] 3.8 𝑓𝑡 3.9 𝑓𝑡 
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APPENDIX 4 (Graphs and Codes) 

 

 

 

 

 

 

 

 

Table 1. NACA 0012 

 

Codes 
 
%% Weight Estimation %% 
W_c = 198.4; % Weight of 1 pilot 90kg 
W_pl= 881.9; % Weight of the 3 passengers in lb each weighing 100 kg,luggage 
included 
W_f = 521; % Weight of the fuel onboard in lb 
L = 12.4; % Length of the fuselage in ft 
W = 4.8; % Width of the fuselage ft  
H = 6; % Height of the fuselage in ft 
DL = 3.3; % Disk Loading lb/ft^2 
V_Mtip = 660 ; % Main rotor tip speed of 190m/s in ft/s 
V_Ttip = 606.955 ; % Tail rotor tip speed of 175m/s in ft/s 
V_c = 110; % Cruise velosity of 225km/h in kts 
HP = 440; % engine horsepower  
sig_mr = 0.061; % main rotor blade solidity 
sig_tr = 0.12; % tail rotor blade solidity 
 
 
W_g = 2800; % initial guess of gross take off weight in lb 
%Loop 
x=1; 
while x==1 

Reynolds 

number 

100K 620K 1.14M 1.16M 2.18M 2.7M 

AOA 𝑐𝑙α 𝑐𝑙α 𝑐𝑙α 𝑐𝑙α 𝑐𝑙α 𝑐𝑙α 

-5 0.0721 0.0721 0.140 0.114 0.113 
 

 
0.104 

0 0.336 0.105 0.108 0.111 0.112 
  

0.112 

5 0.083 0.164 0.142 0.132 0.115 0.120 

10 0.023 0.084 0.085 0.092 0.091 
 

 
0.090 

Average 𝑐𝑙α 0.128 0.106 0.118 0.111 0.106 
 

 
0.107 

𝑐𝑑0 0.0170 0.0058 0.0053 0.0051 0.0050  

Average 𝑐𝑑0 

for all Re 

0.0073 
   

  

Cm vs Alpha: VR-7 Cm vs Alpha: NACA 0012 
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%Main Rotor group weight (W_r) 
R=sqrt((W_g)/(pi*DL)); %Main Rotor radius 
W_r= 1.7*((W_g)^(0.342))*(R^(1.58))*(sig_mr^(0.63)); 
 
%Forward Propulsion group 
 W_p  = 0.146 * HP;   
 
%Tail rotor group weight (W_tr) 
R_tr = 0.25 * R; 
W_tr = 7.12*((W_g/1000)^(0.446)*(R_tr)^(1.62)*(sig_tr)^(0.660)); 
 
% Free shaft turbine power plant group weight (W_t) 
W_t = 0.166*HP; 
 
%Power plant section group (W_ps) 
omega = V_Mtip/R; % Rotational speed 
W_ps=0.00155*((W_g)^(1.07))*(omega^(0.54)); 
 
 
%Mechanical drive system group (W_ds) 
W_ds=42.4*(((HP*R)/(V_Mtip))^(0.763)); 
 
%Flight control group (W_fc) 
W_fc=0.0226*((W_g)^(0.712))*(V_c^(0.653)); 
 
%Landing gear group (W_lg) 
W_lg=0.0475*((W_g)^(0.975)); 
 
%Fuselage group (W_fl) 
W_fl=0.0382*((W_g)^(0.598)*(L)^(0.942)*(W)^(0.453)*(H)^(0/295)); 
 
%Avionics group weight (W_av) 
W_av = 80; % fixed value for the Garmin G1000H avionics kit 
 
%Empty weight using the weight group method 
W_empty = W_r + W_tr + W_t + W_ps + W_ds + W_fc + W_lg + W_fl + W_av; 
 
%Gross take-off weight (W_gTOW) 
W_gTOW = W_empty + W_c + W_pl + W_f; 
%%Absolute error 
Abs_error= abs(W_gTOW-W_g)/W_gTOW*100; %Absolute relative error 
if Abs_error <=0.0001 
 x=2; 
 else 
 W_g=(W_gTOW + W_g)/2; 
 end 
end 
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APPENDIX 5 (Technical Drawings) 

 

 

Figure 1. Technical drawing representation of the front view of the helicopter along with 

basic dimensions 
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Figure 2 Technical drawing representation of the top view of the helicopter along 

with basic dimensions 

Figure 3. Technical drawing representation of the side view of the helicopter along 

with basic dimensions 


