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ABSTRACT

A NEW CONCEPT ON DESIGN OF HELICOPTER AND ROTOR

Mehmet H. Dogru
M. Sc. Thesis in Mechanical Eng.
Supervisor: Prof. Dr. ibrahim H. Giizelbey
July 2012, 58 pages

The purpose of this study is to eliminate one of the important problems of the
helicopters. This problem is the created reverse torque on helicopters because of the
rotation of the main rotor. The complicated and the detailed mechanism may be
simplified and an alternative solution for the created reverse torque may be

implemented. So, this thesis will concentrate on the innovative thoughts.

The calculation and the measurements of the created reverse torque are the
primary tasks of this thesis. The static tapping system and the spring system are used
to measure the reverse torque. The blade element theory is used to calculate the
reverse torque. The validated torque from the calculation and measurements has been

used to design a new anti-torque system.

The new anti-torque system has removed the tail part of an existing model
helicopter. The tail rotor has been changed with a ducted fan. So a smaller, lighter
and safer helicopter has been designed and constructed from the tail part point of

view.

Key Words: Helicopter, Anti-Torque, Ducted Fan, Blade Element Theory



OZET

HELIKOPTER VE ROTOR TASARIMINA YENI BiR YAKLASIM

Mehmet H. Dogru
Yiiksek Lisans Tezi, Makina Miihendisligi
Danisman: Prof. Dr. Ibrahim H. Giizelbey
Temmuz 2012, 58 sayfa

Bu c¢alismanin amaci helikopter en Onemli problemlerinden birini
gidermektir. Bu problem helikopterin ana rotorunun doniisiinden dolay1 olusan ters
torktur. Karmasik ve detayli mekanizmalar basitlestirilmis ve olusan ters tork icin

alternatif ¢oziimler uygulanmistir.

Olusan ters torkun hesaplanmasi ve Ol¢iilmesi bu tezin birincil gorevidir.
Bundan dolayr duragan basing ve yay sistemi, ters torku 6l¢mek i¢in kullanilmistir.
Ayrica pala eleman teorisi de ters torku hesaplamak icin kullamlmustir. Olgiim ve

hesaplamalarla dogrulanan tork yeni anti-tork sistemi tasarimi i¢in kullanilmistir.

Yeni anti-tork sistemi var olan helikopterlerdeki kuyruk kismini ortadan
kaldirmigtir. Kuyruk rotoru kanal fani ile degistirilmistir. Bundan dolay1 daha kiigiik,
hafif ve gilivenli bir helikopter, kuyruk kismina bakis acisindan, tasarlanmis ve

tretilmistir.

Anahtar Kelimeler: Helikopter, Anti-Tork, Kanal Fan, Pala Eleman Teorisi
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

A helicopter can be defined as a flying machine using rotating wings to
provide lift, propulsion, and control forces that enable the aircraft to hover relative to
the ground without forward flight speed to generate these forces. The thrust on the
rotor is generated by the aerodynamic lift forces of the spinning blades. The rotation
of rotor is obtained from the engine. It is the relatively low amount of power
required to lift the machine compared to other vertical takeoff and landing (VTOL)
machines that makes the helicopter unique. Efficient hovering flight with low power
requirements comes about by accelerating a large mass of air at a relatively low
velocity such as helicopters. In addition, the helicopter must be able to fly forward,
climb, cruise at a high speed as much as possible, and then descend and come back to
a hovering mode for landing. Of course these flight capabilities have a cost in terms
of mechanical and aerodynamic complexity and higher power requirements. All of
these factors have some influences on the design, acquisition, and operational costs

of the helicopter [1].

A helicopter is an aircraft that is lifted and propelled by one or more
horizontal rotors, each rotor consisting of two or more rotor blades. Helicopters are
classified as rotorcraft or rotary-wing aircraft to distinguish them from fixed-wing

aircraft [2].

The first flying attempt of human had been realized by Ibn Firnas in 9"
century. The second attempt had been done by Ismail ibn Hammad al-Cevheri. Those
attempts had been collected, improved, reinvented and drawn by Leonardo da Vinci
[3]. Later on Hezarfen Ahmed Celebi had flown successfully [4]. All those real

flying attempts may be considered as ornithopter concepts.



Igor Ivanovich Sikorsky was a Russian (later American) pioneer of aviation
in helicopters. Sikorsky started in his vertical flight studies and tests in 1909 in
Russia. In 1929, he applied to patent for his helicopter studies. Later on, His design
plans eventually culminated in the first flight of the Vought-Sikorsky VS-300 in
1939 [3]. Time-line shows the development of helicopter until 1950 in the figure 1.1.

A helicopter can fly straight up or straight down, forward, backward, or
sideways. It can even hover. Unlike most airplanes, helicopters can take off and land
in a small space. In addition, they can fly safely at much slower speeds and lower
altitudes than airplanes. However, they cannot fly as fast as most planes. Most
helicopters cannot exceed 200 miles (320 kilometers) per hour. At faster flight
speeds, the velocity of the rotor blade tips approaches the speed of sound, and it
becomes difficult to rotate the rotor. At high speeds, strong vibrations also develop
that could damage the blades. Helicopters also use more fuel than airplanes to travel

the same distance. In general, helicopters can fly only two to three hours. [1]
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1.2 RESEARCH OBJECTIVES and TASKS

In this thesis, the fundamental objective is investigated and developed
helicopter and rotor systems. Helicopter is researched and studied for eliminating
some problems. These problems are overcome with our new design. Research tasks

can be summarized as follows:

1. Reviewing the helicopter and rotor systems in the literature.
The description of the created torque by main rotor
Using a suitable system to balance the created torque

Application to a model helicopter.

“wok w

Validation of experimental and theoretical studies.

1.3 LAYOUT OF THESIS

A literature review about Helicopters, Rotor Systems, Design Concept and
Analysis has been summarized in chapter two. Basic theory on helicopter and rotor is
reviewed in chapter three. Air compressor is reviewed in chapter four. Design
parameters are searched and added from literature. In the chapter five, the created
torque and production of duct fan is studied. Case study is done in this chapter. In the
chapter six, results and discussions are interpreted about thesis. In the chapter seven,

conclusions have been given.



CHAPTER 2
LITERATURE SURVEY

2.1 INTRODUCTION

In this chapter, a summary of literature review which is related to helicopter
rotors and other equipments is given. There are many problems in the control of
helicopter due to two independent rotors. The helicopter has almost the most
complex structure among aircrafts. In addition, the helicopter involves
multidisciplinary work like structure, control, aerodynamic, mechanism and

vibration.

2.2 STUDIES ON HELICOPTERS

Helicopters have been used in many fields, such as army, medical industry
and transportation for years. In this respect, helicopters have been investigated only
from structural point of view which is blade structure, fuselage structure and rotor
structure by the researchers. In addition, there are many studies about aerodynamics

of helicopter and dynamics of helicopter and materials of component of helicopter.

2.2.1 Flight Control of the Helicopters

A helicopter is a type of rotorcraft in which lift and thrust are supplied by one
or more engine driven rotors. Many scientist and researchers have been investigating
flight control of the helicopters for years. They have investigated different rotor types
for controlling of the helicopter. Sergio et al. [5] tried to get the dynamical model of
an original tri-rotor helicopter. The helicopter is created of three rotors with
stationary pitch propellers; two fixed rotors turning in opposite directions and one
rotor that can be tilted to control the yaw displacement. The roll and the forward

displacement are controlled by using a nested saturations control law. The pitch and



lateral displacement are controlled in a similar way. The nonlinear controller

performance is tested on real experiments using a tri-rotor rotorcraft.

Tilt rotor is also a different rotor type which is either hovering or thrusting
aircraft. This active control achieves with control structures and mathematical
models. Song and Wang [6] studied the progresses of the research work on the
designing flight control system. Flight control law of the tilt rotor aircraft is designed
with the help of an inner/outer loop control structure and an eigenstructure
assignment algorithm on the basis of a proper mathematical model already verified
by the wind tunnel tests. The proposed control law has been born out through the

construction of the flight control system and the flight tests.

Many researchers study for developing unmanned aircraft. Kemao et al. [7]
presented the design and implementation of an autonomous flight control law for a
small-scale unmanned aerial vehicle (UAV) helicopter. The approach is
decentralized in nature by incorporating a newly developed nonlinear control
technique, namely the composite nonlinear feedback control, together with dynamic
inversion. The overall control law consists of three hierarchical layers, namely, the
kernel control, command generator and flight scheduling. They are implemented and
verified in flight tests on the actual UAV helicopter. The flight test results
demonstrate that the UAV helicopter is capable of carrying out complicated flight

missions autonomously.

2.2.2 Aerodynamics

Aerodynamics of helicopter must support two theories, which is momentum
theory and blade element theory. The momentum theory is based on the laws of
conservation of mass, momentum and energy and the blade element theory is
basically the application of the standard process of aerofoil theory to the rotating
blade. If the researchers do an optimization or analysis, they use basics of fluid
dynamics. Flow characteristic is divided by two sections, which is laminar flow and
turbulent flow. Many scientists studied on classification to flow speed like subsonic,

transonic (sonic), supersonic and hypersonic.



Conlisk [8] discussed the fundamental acromechanics of the wake and the
flow on the blade and the primary methods of analysis, computation, and experiment
employed to uncover the physics of the rotor wake are described. The helicopter
rotor wake is among the most complex fluid dynamic structures being three
dimensional and in many cases unsteady. The wake begins at the blades where the
flow can be transonic near the blade tip and undergo compressible dynamic stall.
Farther down in the wake, the flow is essentially incompressible. Moreover, the rotor
blades undergo complex unsteady motions because of the necessity to balance

moments; they are elastic as well.

While they are analyzing aerodynamics of helicopter, they use some of
analysis program. This program can measure flow distance or flow characteristic.
Chen et al. [9] presented results of the MSU TURBO simulations which show
predicted range extension with stall control technology compared to measurements,
and characteristics of the compressor flow field with and without stall control
technology in this paper. All military and commercial gas turbine engine systems can

benefit from the proposed work.

2.2.3 Design and Structure

For more years, many people have thought and designed an aircraft. They
thought different type and style of helicopter. At first times, they designed simple
models for flying, but when the helicopter fly, they noticed that something were
false. While the time was going to forward, they faced many problems. So they
improved their systems or designs. According to their thought, the most important
design parameters were blade geometry and rotor type for helicopter. As they entered
deep of helicopter systems, they had to build up some mathematical and geometrical
equations and then they applied this equations and derivations their systems. In this
manner, they developed more and more. Due to there is still design problems today,

they do many determination of design parameter experiment.

Guowei et al. [10] presented a comprehensive design methodology for
constructing small-scale UAV helicopters. The systematic design procedure, which

includes hardware component selection, design and integration, as well as



experimental evaluation, is utilized to construct a fully functional UAV helicopter,
named SheLion. Various ground and flight tests have been performed to verify the
feasibility and reliability of SheLion. This simple, systematic and effective
methodology can be easily followed and used for building small-scale UAV

helicopters for general research purposes.

Peter G. Hamel and Jiirgen Kaletka [11] described as the extraction of
system characteristics from measured flight test data. Therefore it provides an
excellent tool for determining and improving mathematical models for a wide range
of applications. The increasing need for accurate models for the design of high
bandwidth control systems for rotorcraft has initiated a high interest in and a more
intensive use of system identification. The full range of identification approaches
was applied to dedicated helicopter flight-test-data including data quality checking
and the determination and verification of flight mechanical models. It was mainly
concentrated on the identification of six degrees of freedom rigid body models,
which provide a realistic description of the rotorcraft dynamics for the lower and

medium frequency range.

Structure is almost the most important topic on an aircraft. Many researchers
have studied to constitute a suitable material for aircraft because this material must
be durable against temperature, pressure and vibration. Vibration causes fatigue on
active or non-active parts on aircraft. Fatigue is most harmful situation for systems.
Because of this vibration, scientists study to improve composite materials, which is
sturdy against internal and external force. Separately lubricant systems are very
important for aircraft systems. If lubricant systems don’t operate truly, many parts

may be damaged. As a result of this, failure may happen.

M. Balasko et al. [12] performed combined neutron- and X-ray radiography
measurements at the Budapest Research Reactor. Several types of defects are
detected, analyzed and typified. Among the most frequent and important defects
observed are cavities, holes and/or cracks in the sealing elements on the interface of
the honeycomb structure and the section boarders. In homogeneities of the resin
materials (resin-rich or starved areas) at the core-honeycomb surfaces proved to be

another important point. Defects are detected at the adhesive filling, and water
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percolation is visualized at the sealing interfaces of the honeycomb sections.

Corrosion effects and metal inclusions have also been detected.

2.2.4 Analysis

Analysis is a matter that it is flagship of engineering. Many researchers use
analyzing with different methods both design and experiment. While an aircraft is
designing or producing, some of researchers or producers use analysis methods
which are failure analysis, structural analysis, aerodynamic analysis, error analysis
and so on. They use some analysis packet programs like Ansys, Abaqus or Pro-
engineer. They improve their algorithms due to those commercial packages’ results.
They designed rotor type, blade geometry, control of helicopter, electrical systems of
helicopter, fuselage type and analyzed the aerodynamics of helicopter and mechanics

of helicopter using those softwares.

N.J. Lourenco et al. [13] analyzed the causes of a rupture which occurred
with the main rotor grip device of a civil helicopter, which failed when the aircraft
was attempting to land. From the visual examination of the fractured surface, it was
possible to observe typical beach marks, thus indicating the occurrence of fatigue
failure. Further examination, by using scanning electron microscopy (SEM) and
metallography of the crack site, confirmed that the failure is caused by the
mechanism of fatigue-crack initiation and growth from a corrosion pit located at the

region of the blade retaining bolt hole.

Nathan A. Miller and Donald L. Kunz [14] conducted in order characterize
the adjustment mapping of the Vibration Management Enhancement Program’s PC-
ground base system (PC-GBS), and compare it to the linear adjustment mapping used
in the aviation vibration analyzer (AVA). Results show that, in a majority of
situations, the neural network algorithms in PC-GBS produce adjustments that are
identical to those produced by a linear algorithm similar to that used by AVA.
Therefore, the use of neural networks for creating the mapping between adjustments

and vibration response provides no significant improvement over a linear mapping.



D. McLean and H. Matsuda [15] presented the designs for a fuzzy-logic
controller and neural-network (NN) controllers which are used to provide acceptable
station-keeping performance for a single main rotor helicopter. The effectiveness of
the proposed designs is established from an examination of a number of results
obtained from a simulation of the controlled helicopter. The required training and
recall data needed for the NN were obtained from there sponses of the same
helicopter type being controlled in a station-keeping mode by a continuous, linear,
optimal feedback control law, obtained by solving a linear quadratic regulator

problem.

G. Heredia et al. [16] presented an actuator and sensor FDI system for small
autonomous helicopters in this paper. Fault detection is accomplished by evaluating
any significant change in the behavior of the vehicle with respect to the fault-free
behavior, which is estimated by using observers. Several types of faults have been
considered. The effectiveness of the proposed approach is demonstrated by means of

experimental results and simulations.

M. Balasko et al. [17] performed to inspect the possible defects in the
composite structure of helicopter rotor blades combined neutron- and X-ray
radiography investigations at the Budapest Research Reactor. Imperfections in the
honeycomb structure, resin rich or starved areas at the core-honeycomb surfaces, in
homogeneities at the adhesive filling and water percolation at the sealing interfaces

of the honeycomb sections were discovered.

2.2.5 Ducted Fan

In the literature, researchers have studied about propulsion systems and their

analysis.

Aerodynamic performance of an aircraft propeller has been examined using
the blade element and the momentum theory with vortex concept by Rwigema [18]
and Wald [19]. The effects of blade tip modifications on a wind turbine blade have

been carried out with an existing program which considers the curving of the blade
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axis in or out of the plane of rotation. The study is performed with a two-bladed rotor

system with the NREL blade by Chattot [20].

A small aircraft powered by a ducted fan propulsion system has been
developed by Ritschl et al. [21]. The proposed aircraft will be certificated in the

ultra-light aircraft category.

Hence an analysis programming study have been carried out to provide an
improved capability to existing software developed for estimating the performance of
a ducted fan in a uniform axial flow. The capabilities have been added for modeling
the center body, providing non-linear blade lift characteristics, calculating
performance at very low advance ratios, calculation duct surface pressure
distributions, and computing performance at angle of attack by Michael and Spangler

[22].

On the other hand cross-flow fans give unique opportunities for distributed
propulsion and flow control due to their potential for span-wise integration in aircraft
wings. Cross-flow fan propulsion and flow control concepts have been studied by

Dang and Bushnell [23].

A meaningful noise reduction can be achieved by reducing the diameter of a
transonic propeller at constant rotational speed. The number of blades can be
increased to obtain the required thrust. For this purpose, the blade element, a panel
and Euler methods have been used. The blade element method has been involved
into the work for the aerodynamic design and the panel method has been chosen for
the aero-acoustic calculation. The inviscid panel method show that tip shape studies

have little effects on noise but it affects efficiency directly by lieser et al. [24].
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2.3 CONCLUSIONS

The literature review donated that there are many publications about
helicopters. The few studies have focused on the controlling of the helicopter,
analyzing the rotor shaft and rotor mechanism. But most of the researchers have been
focused on the blade and the fuselage structure because of their simplicity.

Investigations of control of helicopter and rotors may still require more works.

So our research will be focused on the following concepts:

1. The elimination of the complexity of the rotor mechanism.

The alternative and effective control for the helicopter.

The reduction of the weight of helicopter.

A

The independence of the control system from main rotor
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CHAPTER 3

BASIC THEORY OF HELICOPTER AND ROTOR

3.1 INTRODUCTION

The helicopter is a kind of aircraft which is capable of vertical, horizontal,
and stationary flight and high maneuver capability. Adversely they are more
expensive to operate and difficult maintenance than aircrafts. The helicopter and its
versatility have changed the daily life and combat tactics significantly. Moreover

helicopters save lives, forests and money and can help to police and army [25].

3.1.1 How Helicopter Works

The principle of flight of an airplane, a bird, a rocket and a helicopter is based

upon the aerodynamics rules. These rules are gravity, lift, drag, and thrust.

A helicopter flies by different methods than aircrafts. Its rotors and wings
rotate in order to produce lift (Figure 3.1). In forward flight, this rotation is both

hover and thrust the helicopter.

Figure 3.1 Blade Lift Effect [26]

Pilot can control the helicopter rotor systems with cyclic and collective
(Figure 3.2). The cyclic lever is in front of the pilot and he uses to bank maneuver to

left or right and to make the helicopter go forward or aft (backward).
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Pilot has a collective, which is placed at left side of the pilot. The pilot uses
the collective for increase or decrease velocity and ascends or descends the

helicopter. The collective can also be considered as power control.

Collective Lever Starter
ldle Relesse

Engine controd (E mergency)

Power Trim Switch

Figure 3.2 Collective [26]

The helicopter’s tail rotor provides controlling of the helicopter’s nose
direction left or right. The tail rotor is controlled with foot pedals which are

controlled by pilot. The tail rotors behave as a rudder on the helicopter.

When the main rotor blade rotates, they constantly change their pitch or angle
of attack with cyclic and collective controls that is commanded by pilot (Figure 3.3).

Angle of attack is an important concept to move the helicopter forward or backward.

X

Figure 3.3 Angle of Attack of Blade [26]

Helicopters generally use piston engines for source of power. Hence a gear
box is used to transfer engine power into the main rotor and tail rotor. This is a

special gear box named as combiner gear box [26].
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3.1.2 Rotor Configurations
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Figure 3. 4. Rotor Configuration [27]

The common type of rotor is a main rotor
and a tail rotor together. The tail rotor
produces negative torque against main
rotor. Pilots also use tail rotor to control
vertical movements on the hover.

Tandem rotor is used in huge helicopter
rotor systems. Basically two equal rotors
produce equal power but in the opposite
rotation aspect. So rotors will balance
each other. Because of this system’s
complexity, control mechanism will be
more complicated than the conventional
helicopters which have a tail rotor. The
control provided by rotor disc, which are
bending against each other.

Two rotors side by side system is used in
huge helicopter in early times. But
because of these size, this system was
never become a popular system.

Two rotors, comb into one another
system works a gearwheel. One system
returns to each other through. This system
has not tail rotor because of one’s
produced torque is balanced by other
rotor.

The coaxial rotor system has two rotors.
One of the rotors is placed under the other
one and it rotates in opposite direction.
The lift difference between the two rotors
is used to control vertical movement of
helicopter. Helicopter’s right or left turn
depends on the torque difference between
two rotors [27].
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3.1.3 Rotor Systems

Rotor systems have three rotor combinations most likely the fully articulated,

rigid rotor systems and semi-rigid. (Figure 3-5).

FULLY ARTICULATED HUB

FEATHERING THRUST BEARING

OFFSET FLAPPING HINGE

RIGID HUB WITH FLEXIBLE

BLADE ROOTS
VIRTUAL FLAPPING HINGE

WVIRTUAL LEAD-LAG HINGE
§ FEATHERING BEARING

TENSION-TORSION STRAP PACK

TEETERING HUB

FEATHER BEARING FOR
COLLECTIVE PITCH CHANGE

Figure 3.5 Rotor Systems [28]

More than two blades combine on the fully articulated rotor system. The lead-
lag is enabled by vertical hinge pins. Each blade moves independently according to

the rotor head.

Pitch control, flaps and hubs twist and bend to provide the lead-lag on the

rigid rotor systems.
Two rotor blades are used in the semi-rigid rotor systems. Horizontal hinge

pin is used for flapping independently. This system allows pitch movement [28].

Teetering hub rotor system is considered in this thesis.
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3.2 BASIC THEORY ON HELICOPTER

3.2.1 Theories of Helicopter Flight

Helicopter aerodynamicists support two theories of helicopter flight: The

Momentum Theory and the Blade Element Theory.

Blade element theory (BET) provides to find moments acting on a rotor blade
and the aerodynamic forces in the forward flight. In this study, we applied blade
element and momentum theory (MT) to describe the trust and torque of produced of

helicopter main rotor.

Newton's investigation, which indicates that action and reaction principle, is
the fundamental of the Momentum Theory. The mentioned action is the produced
upward rotor trust and the reaction is the downward velocity in the rotor wake. The
rotor thrust achieves the helicopter flight with total aerodynamic force produced in

the rotor system.

The Momentum Theory adequately provides an explanation for no-wind,

hovering flight, but it does not cover all of the bases. This is why we need BET.

INDUCED DRAG

ANGLE OF ATTACK

LIFT RESULTANT

VELOCITY

BLADE
FITCH

@UCED VELOCITY

ROTATIONAL
VELOQCITY

PROFILE

Figure 3.6 Blade Velocity Profile and Angle of Attack [28]
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The Blade Element Theory is applied where the Momentum Theory is not
reliable. Combination induced velocity and rotational velocity vectors are shown in

the figure 3.6 [28].

3.2.1.1 Momentum Theory

The helicopter rotor produces an upward thrust by driving a column of air
downwards through the structure of helicopter. A relationship between the produced
thrust and the created velocity for the air can be obtained by the application of the
laws of conservation of mass, momentum and energy to the overall process. This
approach is commonly referred to the momentum theory. It corresponds essentially
to the theory by Glauert for aircraft propeller which is based on earlier work by

Rankine and Froude for marine propellers [29].

R R
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Figure 3.7 Propeller Stream Tube [18§]

For the axial direction, the change in flow momentum along a stream-tube

(Figure 3.7) must equal the thrust produced by the propeller.

T = prREVy(Vs — Vo) (3.1)

The conservation of mass is applied to the stream-tube control volume,

ALV, = AV, = AV (3.2)
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For upstream, the static pressure is p, and the velocity V.. The static
pressure falls to a value p~ immediately upstream of the actuator disc and rises
discontinnuously through the disc, to a value p* immediately downstream, although
the velocity remains constant at V between these two planes, which are an

infinitesimal distance apart. The thrust is therefore given by [18].
T=@ —-pHA (3.3)

3.2.1.2 Blade Element Theory

Blade element theory is basically the application of the standard process of
aerofoil theory to the rotating blade. The blade is assumed to be rigid at normal
rotational speeds so that the outward centrifugal force is the largest force acting on a
blade and sufficient to hold the blade in rigid form. In vertical flight (including
hover), the main complication is the need to integrate the elementary forces along the
blade span. Offsetting this, useful simplification occurs because the blade incidence
and induced flow angles are normally small enough to allow small-angle

approximations to be made [29].

zero lift line
for section
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Figure 3.8 Blade Element Velocity Profile

Unless steady state of flow is assumed, momentum theory does not provide
enough equations to solve for the differential propeller thrust and torque at a given

span location. Blade element theory uses geometrical properties to determine the
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forces exerted by a propeller on the flow field. Lift and drag force consists of due to

velocity flow (Figure 3.8). Propeller thrust is calculated using these equations [18].

Lift equation is,

1 -
AL = Cy 5 pVresyC- dr (3.4)
Drag equation is,

AD = Cp 5 pVigyic. dr (3.5)

Change in thrust is calculated,

AT = ALcos(®) — ADsin(®) (3.6)

AT = %pvl?esultC(CL COS(Q)) — Cpsin (Q)))Bdr 3-7)
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CHAPTER 4

AIR COMPRESSORS

4.1 INTRODUCTION

In this chapter, a duct fan system is designed with a new concept rotor like a
compressor. This fan system provides an anti-torque for balancing helicopter. This
fan is used instead of the tail rotor. A torque meter is designed for calculating how
much torque requires. All of these systems are manufactured and adapted in

workshop of mechanical engineering.

4.2 GENERAL COMPRESSOR

Compressors are mechanical devices used to increase the pressure of air, gas
or vapor. The inlet or suction pressure can range from low sub-atmospheric pressure
levels to any pressure level compatible with piping and vessel strength limits.
Compressor pressure ratio is defined as the ratio of the absolute discharge pressure to

the absolute suction pressure.

Compression theory is primarily defined by the Ideal Gas Laws and the First
and Second Laws of Thermodynamics. The Ideal Gas Law is based on the behavior

of pure substances and takes the following form:

Pv=RT 4.1
Where
P = Absolute Pressure
v = Specific Volume
R = Gas Constant

T = Absolute Temperature
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The ideal gas law can be manipulated to obtain several useful relationships.
Both sides of the equation are multiplied by the mass “m” of the gas, the specific

volume becomes total volume:

V =mv

PV = mRT (4.2)

Considering that the mass of any gas is defined as the number of moles times
its molecular weight
m=nX mw
and
PV =nxmw x RT 4.3)
and

R=mw x R (4.4)

Where R is the universal gas constant

(4.5)

Dividing both sides by time the total volume turns into volumetric flow and

the mass flow per unit time turns into the mass flow rate W [30].

PQ =WRT (4.6)
Where
W = Mass flow rate

Q = Volumetric flow rate
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4.3 COMPRESSOR TYPES

Figure 4.1 indicates the two main compressor types: aerodynamic and

displacement.

Displacement type compressors trap a certain amount of gas or air in a
compression chamber and the volume is reduced mechanically. When the speed
remains constant, the air flow also stays constant with the changes in the discharge

pressure.

In dynamic type compressors, the impellers rotate at very fast and the energy
caused by the high speed of impellers provides a continuous flow of gas or air. The
energy caused by the high speed of impellers turns into pressure energy either by the
diffusers or discharge volutes. In centrifugal type aerodynamic compressors, the
relation between the head (or pressure) generated and the flow of air is determined

by the geometry of the impeller.

Compressor Types
Displacement Aerodynamic
Reciprocating Rotating Centrifugal Jl Axial
Screw
Single-Acting
Scroll Ducted Fan
= Double-Acting
Liquid Ring
=1 Diaphragm Vane
Lobe

Figure 4.1 Compressor Types
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4.3.1 Displacement Compressor

This type of compressors has two different types: rotary and reciprocating.

4.3.1.1 Reciprocating compressor

In figure 4.2 the shown reciprocating type of compressor is used widely in
industrial applications for both refrigerant and air compressing purposes. They are
characterized by the air or gas flowing out which stays approximately constant over
the discharge pressure range and works with the principle of a bicycle pump. The
output flow is pulsating and the capacity of the compressor is directly proportional to

the velocity.

Connecting Rod Pistor
Cylinder
Crankshaft 5D"-"U Loaded Sucthion Valve

=LUCIOr

Lina

F g . Disc 16
| mm 2 = J i Ling
Piston Rinos

Figure 4.2 A Cross-Sectional View of a Reciprocating Compressor [31]

There are different variations of the reciprocating type compressors. Four
most commonly used reciprocating type compressors are, vertical, tandem,
horizontal, horizontal balance opposed. Single stage designed horizontal balance-
opposed compressors operates at a capacity up to 10.000 cfm and multiple stage
designed ones works in a range between 200 to 5.000 cfm. Hence the vertical types

work in a capacity in between 50 to 150.
Reciprocating compressor types:

1. Single Acting
2. Double Acting
3. Diaphragm
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4.3.1.2 Rotary compressor

Compressor rotor (Figure 4.3) is placed instead of pistons in the reciprocating
type compressor, which give a continuous pulsation-free discharge. Rotary
compressors work with high speeds and compared to reciprocating compressors
rotary compressors give higher outputs. The rotary compressors are in compact size,
light, easy maintainable and initial costs are low. Because of this reason they have a
very wide use in industrial applications. The rotary type compressors are operated in

the size ranges of 30-200 hp or 22-150 kW.

Shaft seals

Cr_inlinf_] jackets

— £ Asymetric rotors
Anti-friction and !
roller bearings

Figure 4.3 Rotary Compressor [31]

Types of rotary compressors:
1. Lobe

2. Screw

3. Vane

4. Scroll

5. Liquid Ring

4.3.2. Aerodynamic Compressors

4.3.2.1 Centrifugal Air Compressor

Figure 4.4 shows a view of a centrifugal type of air compressor. In this type
of compressor, the impeller’s rotational energy is transferred to air. They may be
called as dynamic type compressor. The pressure and the momentum of air are
changed by the rotor. The air enters into stationary diffuser and the momentum turns

to a useful pressure. The centrifugal type air compressor is designed for oil-free
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usage. Atmospheric vents and shaft seals are used to separate the lubricated gear and
the air.

The centrifugal type compressor works continuously. It does not contain
many moving parts so that this type compressor is suitable for high volume

applications.

Dischargs

‘Waar-Hings

Woauie

Figure 4.4 View of Centrifugal Compressor [31]

In high capacity applications centrifugal compressors are suitable. In the
following table 4.1 the selection criteria of compressors are listed according to the

type of application. [31]

Table 4.1 General Selection Criteria of Compressors [31]

Capacity(m?/h) Pressure (bar)
Type of Compressor From To From To
Roots blower 100 30000 0.1 1
compressor single stage
Reciprocating
-Single/two Stage 100 12000 0.8 12
-Multi Stage 100 12000 12.0 700
Screw
-Single Stage 100 2400 0.8 13
-Two Stage 100 2200 0.8 24
Centrifugal 600 300000 0.1 450
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4.3.2.2 Axial Air Compressor

The air flow and the rotational axis are parallel in the axial type compressors.
Several rows of airfoil cascades compose the compressor. These rows are called as
rotors. Rotors are connected to a central main shaft and rotate with high speed.
Stators are the other rows which are stationary. The stators are responsible of the
pressure increase. Hence the spiraling of air flow around the shaft is prevented by
stators by making the flow parallel to the axis back. Figure 4.5 shows a computer
modeled axial type compressor with stators and rotors. The axial compressor is
connected to the shaft which gets the power from the turbine situated at the end of

the blue shaft.

Figure 4.5 Axial Compressor [32]

The blades on stator or rotor create a pressure difference like an airfoil of a
spinning propeller. The unsteady flow variations are created by continuously passing
of the compressor blades around the upstream blade wakes. In a compressor design
the designer should determine the axial type compressor performance by using wind-
tunnel test and some advanced computational models. The ratio of the pressure
across the compressor CPR is responsible of characterization of the performance. It
is necessary that the shaft’s rotational speed to produce the increase in pressure and
the factor of efficiency shows how much additional study has to be done related to an

ideal axial compressor. [32]
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CHAPTER 5

EXPERIMENTAL SETUP AND CASE STUDY

5.1 CREATED TORQUE BY MAIN ROTOR

5.1.1 Introduction

The rotation of main rotor creates turning moment. If this moment has not
been balanced, helicopter turns around own axis. An experimental setup has been
designed and constructed to determine the moment like a tail rotor, NOTAR (No Tail

Rotor) and Fenestron systems.

A system was designed to learn how much force needs to balance moment of
main rotor. The system is produced with bearing. All of these components were

produced in mechanical engineering workshop without roller-bearing.

5.1.2 Production Steps

Firstly, a suitable system is designed to calculate force in tail rotor. It needs to

calculate moment. It is manufactured according to test helicopter geometry.

A steel rod is used for stage shaft (Figure 5.1) and shaft (Figure 5.2). They are

generated on turning machine.

3 g

Figure 5. 1 Stage Shaft Figure 5. 2 Shaft
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A tackle system is utilized for sliding yarn (Figure 5.3). It is taken from
photocopying machine sliding systems. A metal plate is used to fix helicopter (Figure

5.4).

Figure 5. 3 Tackle Figure 5. 4 Upper Plate

Two ball-bearing (Figure 5.5) and two bearing (Figure 5.6) are used for
bearing the upper plate. Then, the helicopter is placed on this plate.

&

Figure S. 5 Ball-Bearing Figure 5. 6 Bearing

v

A carrier system (Figure 5.7) is hung on the yarn. Some weights (Figure 5.8)

are added the carrier system. Then the measurement is taken from sensitive scale.

~

Figure 5. 7 Carier Figure 5. 8 Weight
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In the figure 5.9, the sensitive scale is utilized for calculation tensile force. Its

precision is 0,1 gram and the capacity of sensitive scale is 3000 gram.

Figure 5. 9 Sensitive Scale

In the figure 5.10 and figure 5.12, isometric view of body is shown. All of
these equipments are established on the body (Figure 5.11).

e

Figure 5. 10 Body
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Figure 5. 11 Torque-meter Assembly-1

Figure 5. 12 Torque meter Assembly-2

5.1.3 Evaluation of the Helicopter Torque

Firstly, the helicopter is placed on the upper plate. Then, it is fixed using four
screws on the upper plate. Tail shaft is stuck with a collar from A point (Figure 5.13
and Figure 5.14). A tip of yarn is connected from A point and other point of yarn is

connected to carrier. 300 grams weights (total weights) are placed on the carrier.
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When the helicopter is operated then the tail shaft is started to hold weights.
Meanwhile, the lifting amount is read from indicator of sensitive scale. This test is
repeated 20 times different dates and circumstances. The measurement values are in

the table 5.1. The biggest measurement value is 0,1 kilograms.

Table 5. 1 Tail Rotor Holding Weight.

Test No Weight(gram) Test No Weight(gram)
1 98.5 11 99.6
2 98.8 12 99.5
3 99.3 13 99.7
4 98.7 14 99.5
5 99.2 15 99.3
6 100 16 99.4
7 97.4 17 98.1
8 97.6 18 98.4
9 98.0 19 98.5
10 971.7 20 98.3

5.1.3.1 Calculation of the Torque

Newton’s second law (Equation 5.1) is used for calculation the torque.
F=Force,
m=Mass,
a= Gravitational Acceleration Constant = 9.80665 m/s*

F=mXxa (5.1)

A yarn is attached the tail shaft from A point. The distance between A point

and main shaft measurement is X=0.275 m in the figure 5.13.

F=0.100x9.80665=0.980 kgm/s’
=0.980 N
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Main Gear
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L
Figure 5. 13 Torque meter Tail Mechanism

Main Gear

; Li
Figure 5. 14 Torque meter Tail Mechanism

Torque calculation formula is utilized with force and length and computed the

necessary torque for balancing the helicopter in the equation 5.2.

Tran=Torque,

Li=Distance of the moment test point to main gear,
Ttaﬂ:FXLi (52)

=0.980x%0.275
=0.2695 Nm
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5.2 DUCTED FAN

5.2.1 Introduction

When axial fans are not capable of producing high pressure, they are
convenient for the application of handling high volumes of air relatively to low
pressures. In common they have low prices and operate with good efficiency. Most
of these fans have large hugs and may have the blades in the shape of an airfoil.
Generally the blades are not close to each other, they may be produced in many
different shapes. The most efficient blades have the similar sections of airfoil. Angle
change is given to the blade at varying positions from hub to tip twist. The air is
generally directed and aligned into the fan blades by the usage of inlet guide vanes

which imparts energy to the air coming in.

Axial type fans are efficient and can work in high static pressure. The power
of the fan is designed which does not have overloading. The guide vanes are used to
eliminate the swirl imparted to air by the fan blades. Hence it can be at the outlet side

in some designs [33].

5.2.2 Production of Duct Fan

A ducted fan consists of the following parts which are screws (Figure 5.15),
bolts (Figure 5.16), hub (Figure 5.17). They produce the torque to balance main
rotor’s produced torque. A brushless electric engine (Figure 5.22) is also used for

rotating the propeller (Figure 5.18).

< v Y

Figure 5. 15 Screw Figure 5. 16 Bolt Figure 5. 17 Hub
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Figure 5. 18 Propeller ~ Figure S. 19 Tail Shaft  Figure 5. 20 Brass Metal Strip

Brass metal strip (Figure 5.20) is used to fix the ducted fan to helicopter tail
shaft (Figure 5.19). Duct fan case (Figure 5.23) is assembled to brass metal. Electric
engine shaft is elongated with shaft (Figure 5.21).

y

j‘q . ;")\’ Iy
Figure S. 21 Shaft Figure 5. 22 Engine Figure 5. 23 Duct Fan Case

5.2.3 Performance and Thrust Calculation with Static Tapping Systems

Two setups have been prepared for experiments. These setups are used for the
static tapping (Figure 5.26 and Figure 5.27) and spring system (Figure 5.32) for 70
mm duct fan (Figure 5.24) which has features in the table 5.2.

Table 5. 2 Features of Duct Fan

Features of Duct fan Values
Engine 4800 (rpm/V) brushless engine
Engine Power 290 Watt

Battery 11.1 V lipo -3 cell -2300 mAh
Size 70 mm diameter

Hub diameter 29.5 mm

Weight 130 gr

Length 60 mm

Blade number 6

Stator number 4

Electronic Speed Control

30 amp esc (BEC) programmable
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Figure 5. 24 Duct Fan Systems Figure 5. 25 Remote Control

The duct fan has been placed in the pipe (Figure 5.27). The duct fan is
controlled by a remote control system (Figure 5.25). Static tapping holes have been
drilled on the pipe. Mass flow rate has same along the duct. Duct fan’s cross section
area has not been change along the duct. Static pressure has been measured with
alcoholmeter by static tapping (Figure 5.26). Then, the pressure has been multiplied
with duct fan cross sectional area and obtained thrust from this system. Air velocity
is detected on the outlet ducted fan by anemometer. Cycle of brushless electric

engine has been determined by tachometer (Figure 5.28).

Figure 5. 26 Static Tapping 3D View Figure 5. 27 Static Tapping Back View
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5.2.3.1 Equations for Static Tapping System
a) Air Density

Pitm = 690 mmHg T=22°C R = 287
T =273+ 22 =295

Atmospheric pressure has been measured as a column of mercury in the laboratory

conditions. Air density has been found with equation (5.4).

Patm = pgh (5.3)
= 13600 x 9,81 x 0,69
= 92 kpa
Potm = pRT (5.4)
— Patm
RT
B 92
P=10,287 x 295
p=112
b) Mean Velocity

Mean velocity has been calculated with volumetric flow rate over duct fan area with

equation (5.5). Volumetric flow rate is measured with anemometer (Figure 5.29).

(5.5)

Ume:m ==

Q
A

A=000385m?
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Figure S. 28 Tachometer Figure 5. 29 Anemometer

¢) Determine Nature of the Flow

Mach number has been found mean velocity over speed of sound in equation (5.6).

a=348 m/s
U
M = % (5.6)

The flow has been accepted incompressible due to less than 0.2 Mach number [35].

Some researcher accepts 0.3 as the limit for incompressibility [36].
d) Reynolds Numbers
Reynolds numbers has been found with equation (5.7).

u=1.705x 107°
— p X Umean X D

Re 5.7
" (57)

e) f Friction Factor

Friction factor f/ has been calculated by considering the flow as turbulent.

i

~0.079
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f) Calculations the Loss

Duct fan is placed inside a pipe (Figure 5.30), so some losses have been created due
to friction. Hj,ss has been calculated equation (5.9). Darcy-weisbach friction factor
has been computed on equation (5.8).

2
Ume:m

2Xg

L
H|055=4><]CX[BX ] (5'9)

g) General Equations

Bernoulli equations are used to find pressure differences between inlet and outlet
duct fan. Due to nature of incompressible flow, the Bernoulli equation has been

applied to find pressure differences.
Uy’ U,
et ag T + Hap =gty T + Hjoss (5.10)

Air density (p) is not change any measure in the pipe. This has been found equation
(5.6). Due to both unchanged air density and cross sectional area, air velocity has

been same everywhere in the pipe. So the continuity equation is;

p. Ui Ay =p. Uy Ay (5.11.a)
A=A,

p. U Ay = p. Uy Ay (5.11.b)
U, =0, (5.11.¢)

z, and Z, have the same vertical height, so the equation (5.10) will be reduced to the

following equation.

P P.

— + Hpan = — + Higss (5.12.a)
pg pg

AP = p- 8- (Hfan - Hloss) (512b)
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The parameters of the experiment such as V¢ , Heap » RPM , Q have been measured
with anemometer, tachometer and alcoholmeter. Other parameters on the Table 5.3

have been calculated with above equations.

Figure 5. 30 Static Tapping System Left View

h) Thrust Calculation

Thrust is calculated static pressure multiply cross sectional area (Figure 5.31).

Tstatic pressure = AP X A (5.13)

Figure 5. 31 Duct Fan Systems in Pipe
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5.2.4 Thrust Calculation with Spring Systems

Another thrust calculation system has been designed as a spring system
(Figure 5.32). In this system, the trust created by duct fan is measured with a spring
and pulley system. First and final lengths of spring are measured and the spring

coefficient is described. Then the static thrust has been calculated.

Figure S. 32 Spring System

5.2.4.1 Equations for Spring Systems

a) Determination of Spring Constant

Spring has been fixed to a flat plate. First length of spring has been measured
and recorded with digital compass (Figure 5.33). A weight has been hanged on to
spring then the length of spring has been measured and recorded. When weight has

been divided to differences of between two measures, spring coefficient has been

found.
L¢ = 0,02545
X = Le - Lf
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Figure 5. 34 Spring System Front Side

b) Thrust Calculation

Force has been calculated with multiplication of differences between first length of

spring and last length of spring. Spring is clearly shown in the figure 5.35.

Fspring = Kspring- X (5.14)

Many values have been calculated and given on the Table 5.4 according to various

RPM.
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Figure 5. 35 Schematics representation of Spring System
Tspring: Z — Fspring: (y +2)= 0 (5.15)

y=0.175
z=0.125

Thrust is calculated using moment rule. It is shown in the figure 5.35. Ty ing has

been found with the equation 5.15.
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Table 5. 3 Test Results for Static Tapping Systems

Q Duct Flow rate | Flow rate Mach | Density Static
RPM |m3/h Area kg/s m3/s Umean | Reynold | Number Air f Hloss | DELTAP | trust
4800 82 | 0,003848 | 0,025511 | 0,022777 | 5,9188 | 237689,02 | 0,017008 | 1,12 0,003 | 0,0511| 31,3050 | 0,1205
5500 95 | 0,003848 | 0,029555 | 0,026388 | 6,8572 | 275371,43 | 0,019704 | 1,12 0,003 | 0,0661 | 41,8988 | 0,1612
6500 | 119 | 0,003848 | 0,037022 | 0,033055 | 8,5895 | 344938,95 | 0,024682 | 1,12 0,003 | 0,0980 | 59,0116 | 0,2271
8500 | 153 | 0,003848 | 0,0476 0,0425 | 11,0437 | 443492,94 | 0,031734 | 1,12 0,003 | 0,1522 | 76,7346 | 0,2953
9000 | 157 | 0,003848 | 0,048844 | 0,043611 | 11,3324 | 455087,53 | 0,032564 | 1,12 0,003 | 0,1592 | 97,3722 | 0,3747
10000 | 178 | 0,003848 | 0,055377 | 0,049444 | 12,8482 | 515959,11 | 0,036920 | 1,12 0,002 | 0,1984 | 109,997 | 0,4233
11000 | 195 | 0,003848 | 0,060666 | 0,054166 | 14,0753 | 565236,10 | 0,040446 | 1,12 0,002 |0,2327| 138,694 | 0,5337
12000 | 216 | 0,003848 | 0,0672 0,06 15,5911 | 626107,68 | 0,044802 | 1,12 0,002 |0,2783 | 158,658 | 0,6106
13800 | 241 | 0,003848 | 0,074977 | 0,066944 | 17,3956 | 698573,85 | 0,049987 | 1,12 0,002 |0,3371| 208,979 | 0,8042
15000 | 268 | 0,003848 | 0,083377 | 0,074444 | 19,3445 | 776837,31 | 0,055587 | 1,12 0,002 | 0,4060 | 242,815 | 0,9344
15750 | 286 | 0,003848 | 0,088977 | 0,079444 | 20,6438 | 829012,95 | 0,059321 | 1,12 0,002 |0,4549| 293,911 | 1,1311
16750 | 294 | 0,003848 | 0,091466 | 0,081666 | 21,2212 | 852202,12 | 0,060980 | 1,12 0,002 |0,4774 | 362,777 | 1,3961
17500 | 309 | 0,003848 | 0,096133 | 0,085833 | 22,3040 | 895681,82 | 0,064091 | 1,12 0,002 | 0,5208 | 390,760 | 1,5038
18000 | 330 | 0,003848 | 0,102666 | 0,091666 | 23,8198 | 956553,40 | 0,068447 | 1,12 0,002 | 0,5844 | 401,471 | 1,5450
20500 | 371 | 0,003848 | 0,115422 | 0,103055 | 26,7792 | 1075397,9 | 0,076951 | 1,12 0,002 |0,7173 | 532,303 | 2,0485
24200 | 418 | 0,003848 | 0,130044 | 0,116111 | 30,1717 | 1211634,3 | 0,086700 | 1,12 0,002 | 0,8838 | 699,739 | 2,6928
25200 | 438 | 0,003848 | 0,136266 | 0,121666 | 31,6153 | 1269607,2 | 0,090848 | 1,12 0,002 | 0,9591 | 795,852 | 3,0627
26400 | 466 | 0,003848 | 0,144977 | 0,129444 | 33,6364 | 1350769,3 | 0,096656 | 1,12 0,002 |1,0690| 857,861 | 3,3013
27600 | 492 | 0,003848 | 0,153066 | 0,136666 | 35,5131 | 1426134,1 | 0,102049 | 1,12 0,002 |1,1755|943,675 | 3,6316
29400 | 560 | 0,003848 | 0,174222 | 0,155555 | 40,4214 | 1623242,1 | 0,116153 1,12 0,002 |1,4745|1045,78 | 4,0245
31200 | 600 | 0,003848 | 0,186666 | 0,166666 | 43,3087 | 1739188,0 | 0,124450 | 1,12 0,002 |1,6637|1125,11 | 4,3298
34800 | 680 | 0,003848 | 0,211555 | 0,188888 | 49,0832 | 1971079,7 | 0,141043 | 1,12 0,002 | 2,0711| 1407,05 | 5,4148
37000 | 745 | 0,003848 | 0,231777 | 0,206944 | 53,7750 | 2159491,7 | 0,154525 1,12 0,002 | 2,4299 | 1614,34 | 6,2125
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Table 5. 4 Test Results for Spring System

First End spring thrust with adding Friction

RPM Length length thrust force
4800 30,2 30,55 0,087906 0,118906
5500 30,2 30,7 0,12558 0,15658
6500 30,2 30,95 0,18837 0,21937
8500 30,2 31,25 0,263718 0,294718
9000 30,2 31,55 0,339066 0,370066
10000 30,2 31,74 | 0,3867864 0,4177864
11000 30,2 32,17 | 0,4947852 0,5257852
12000 30,2 32,48 |0,5726448 0,6036448
13800 30,2 33,24 | 0,7635264 0,7945264
15000 30,2 33,8 0,904176 0,935176
15750 30,2 34,53 | 1,0875228 1,1185228
16750 30,2 35,45 1,31859 1,34959
17500 30,2 35,95 1,44417 1,47517
18000 30,2 36,45 1,56975 1,60075
20500 30,2 37,9 1,933932 1,964932
24200 30,2 41,1 2,737644 2,768644
25200 30,2 42 2,963688 2,994688
26400 30,2 43,2 3,26508 3,29608
27600 30,2 44,3 3,541356 3,572356
29400 30,2 46 3,968328 3,999328
31200 30,2 47,2 4,26972 4,30072
34800 30,2 51,4 5,324592 5,355592
37000 30,2 54,7 6,15342 6,18442
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Figure 5. 36 Velocity and RPM Diagram of Ducted Fan (70 mm diameter) Using
Static Tapping System.
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Figure 5. 37 Comparing Thrust between Spring System and Static Tapping.
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5.2.5 Validations of These Systems

The determination of the produced trusts of a duct fan in various speeds and
RPMs has been achieved in two experimental approaches. Applied methods have the

similar results.

Two methods are compared in each other. Moreover error rate has been
calculated according to two methods. RPM and error rate have direct relationships
(Table 5.4). Velocity-RPM diagram for this duct fan is obtained (Figure 5.36) and it
has been also observed that Trust-RPM follows each others at low speed but

accuracy will be down at high speeds (Figure 5.37).

5.2.6 Assembling the Helicopter

The produced ducted fan is assembled to helicopter tail shaft (Figure 5.38).
Because of the ducted fan is plastic and using brass metal, new system is lighter than
helicopter tail rotor systems. Duct fan assembly is shown in the figure 5.38, figure

5.39 and 5.40 show the side views.

Figure 5. 38 Ducted Fan Full Assemble 1 Figure 5. 39 Ducted Fan Full Assemble 2

Ducted fan assembly is shown in the figure 5.41 as transparent.
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Figure 5. 40 Ducted Fan Full Assemble 3 Figure 5. 41 Ducted Fan Full Assemble 4

Full assemble of ducted fan is shown in the figure 5.42.

Figure 5. 42 Ducted Fan Full Assemble to Helicopter Tail Shaft
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5.3 CASE STUDY

Aim of this thesis is to redesign a helicopter without tail rotor. In this scope,
some of improvements are done. For example, tail length is reduced and tail weight

is decreased. Ducted fan is used to balance the torque produced by main rotor.

Tail rotor’s produced thrust is found with torque meter system. This thrust’s
produced torque on the main rotor shaft is found with moment rule and then the

ducted fan is placed to tail according to ducted fan’s produced thrust.

Some of test and experiment are performed for determine the ducted fan’s
thrust. Static tapping and spring system are used for this. The thrust calculation
methods almost gave similar results. Thrust values are calculated from the measured
RPM and velocity. Maximum and minimum RPM were 4800-37000 according to

motor capacity. The parameters are given for the used system as follows:

a is angle of attack.

@ is flow angle.

0 is pitch angle=45°.

B is blade number=6

c is chord length=0.015m

C,, is lift coefficient=0.56

Cp is drag coefficient=0.33

Iy, is radious of propeller=0.016m

N is revolutions per minute

27Ny,
Vangular = 60 (516)
Flow angle is calculated below,
\% xi
@ = arctan [ — a J (5.17)
angular
a=0-0 (5.18)

Angle of attack is found as 20.5°.
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Vangular 18 found using N and r;, according to equation 5.16. Flow angle is
determined from Va1 and Vypgy1ar With equation 5.17. Lift and drag coefficient is

also calculated from the angle of attack on these theories. Lift and drag coefficients
are taken from figure 5.43 and figure 5.44 [36]. Thrust is calculated theoretically
with blade element equations (3.7) to validate these thrust calculation systems.
Momentum theory is also used, while thrust is calculated with static tapping system

in the equation (5.13). It is seen that the equation is same equation with (3.3).
AT = ~pViue(CL cos(®) — Cpsin (8))Bdr (3.7)

T=@p —-pHA (3.3)

Theoretically and experimental results are nearly same. It can be seen

on the table.
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Table 5. 5 Comparison of the Theoretical and Experimental Results

Theoretical .
Results Experimental Results Percentage | Percentage
tatic tappin . of Error f Error
RPM Blade Sthrucst(l?sli)ngg Spring rate BI;I)T ra(;e BE"(I)“ &
element momentum theory) thrust & STS SS
thrust (BET) (STS) (SS)
4800 0,1103 0,1205 0,1189 8,4390 7,211579
5500 0,1444 0,1612 0,1566 10,4386 7,796015
6500 0,1998 0,2271 0,2194 12,0110 8,910516
8500 0,3235 0,2953 0,2947 -9,5483 -9,76459
9000 0,3870 0,3747 0,3701 -3,2826 -4,57594
10000 0,4766 0,4233 0,4178 | -12,6008 -14,0868
11000 0,5769 0,5337 0,5258 -8,0868 -9,71381
12000 0,6853 0,6106 0,6036 | -12,2273 -13,5204
13800 0,9110 0,8042 0,7945 | -13,2816 -14,6609
15000 1,0733 0,9344 0,9352 | -14,8652 -14,7698
15750 1,1805 1,1311 1,1185 -4,3648 -5,5383
16750 1,3422 1,3961 1,3496 3,8622 0,549056
17500 1,4617 1,5038 1,4752 2,7989 0,912437
18000 1,5408 1,5450 1,6008 0,2712 3,744495
20500 2,0014 2,0485 1,9649 2,2978 -1,85747
24200 2,8101 2,6928 2,7686 -4,3572 -1,49842
25200 3,0452 3,0627 2,9947 0,5714 -1,68672
26400 3,3349 3,3013 3,2961 -1,0163 -1,17625
27600 3,6377 3,6316 3,5724 -0,1677 -1,82888
29400 4,0832 4,0245 3,9993 -1,4576 -2,09615
31200 4,5986 4,3298 4,3007 -6,2088 -6,92698
34800 5,7038 5,4148 5,3556 -5,3363 -6,50083
37000 6,4170 6,2125 6,1844 -3,2913 -3,76026

At the end of the study, the required torque is obtained by ducted fan on the
sufficient length. New design helicopter is lighter than others due to without tail rotor

system and mechanism.
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CHAPTER 6

RESULTS AND DISCUSSSION

1. Measurement of the created torque

The created torque of main rotor is measured with torque meter system. This
system has given some errors. Yarn is used to hang the weights. Measurement weight
is decreased between 3 and 5 grams due to using yarn. Friction factor of bearing has
also an importance. Because of this, a correction value is added to the systems as

0.031N friction force.

2. The ducted fan

In this thesis, the thrust is calculated from blade element theory. Two types
of experiments are applied to ducted fan for determination of the thrust. They have
been compared. Results have a average values of % -2,5827 (Percentage of error rate
BET and STS) and -3,68863 (Percentage of error rate BET and SS) difference
between theories and experiments. Reasons of these differences can be environment
conditions like temperature, pressure, humidity and using equipment. The possible

reasons are indicated below;

a. Experimental

1. In the theories, all of conditions accept an ideal condition like room
temperature is 24 C° and pressure is 1 atm. Although the measurement
conditions are different from ideal conditions due to environmental

effects. So the results can be different.

2. Electric engine and lithium polymer battery is used to drive the duct fan.
The difference can be occurred due to lithium polymer battery life which
is changed with time. So we have no idea about time of flight at a

constant velocity.
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b. Theoretical

1. Although boundary layer created on the surfaces, It is assumed that the
boundary layer didn’t occur in the pipe. So the experimental and
theoretical results have some differences as much as from 2,58 to 3,69%

according to the experimental methods.
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CHAPTER 7

CONCLUSIONS

In this thesis, helicopter tail rotor concept is changed with ducted fan
system. Helicopter became more compact than old designs. In this way the weight of
helicopter may be decreased. Some of tail rotor failure is eliminated due to removed

tail rotor gear and transmission system.

The tail rotor produced thrust is obtain from duct fan system. Duct fan
produced thrust is measured some of thrust measurement systems like static tapping
system and spring system. When the results of thrust measurement are examined, it is

seen that the measurement thrust is almost same with two different systems.

Blade element and momentum theory are used to validate these
measurement thrust. When these theories are applied the duct fan compressor, the

theoretical results are seen that they are similar with experimental results.

The needed thrust is provided to balance main rotors produced torque of
main rotor with the ducted fan. Duct fan is successfully adapted to helicopter. The
new design helicopter is tested to see balancing the main rotors produced torque. The

duct fan is performed its mission according to aim of thesis.

The values in the table 5.5 are obtained according to angle of attack and
other specifications. There isn’t any optimization for case study. In the future works,
the angle of attack, velocity and RPM can be optimized according to geometrical

properties of propeller.
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