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ABSTRACT

MATHEMATICAL MODEL DEVELOPMENT OF THE ANTI TORQUE SYSTEM OF A
NOTAR HELICOPTER

BAKIR, Hiiseyin Murat
M.S., Department of Aerospace Engineering

Supervisor : Dr. Ilkay Yavrucuk

December 2008, 82 pages

The anti-torque mechanism of a NOTAR helicopter is a complex system including vertical
tail and pressurized tail boom which provides air ejection used for both circulation control
around the boom and creating directed jet air at the end of the boom. This thesis targets the
modeling of this mechanism and integrating it to a helicopter simulation model. Flight tests
are performed on the MD 600N helicopter to verify the results. Finally, the simulation is

compared with flight test data.

Keywords: NOTAR, helicopter, simulation, modeling
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BiR NOTAR HELIKOPTERININ ANTITORK SISTEMI iCIN MATEMATIKSEL
MODEL GELISTIRILMESI

BAKIR, Hiiseyin Murat
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii

Tez Yoneticisi  : Dr. Tlkay Yavrucuk

Eyliil 2008, 82 sayfa

Bir NOTAR helikopterinin anti-tork mekanizmasi dikey dengeleyici ve basinglandirilmis kuyruk
silindirinden olusan karmasik bir sistemdir. Bu sistemde kuyruk silindiri hava ¢ikisi saglayarak
hem silindirin etrafinda sirkiilasyon kontroliinii, hem de silindirin sonunda yonlendirilmis jet
akimininin olugsmasimi saglar. Bu tez adi gegen sistemin modellenmesini ve bir helikopter
modeline entegrasyonunu hedeflemektedir. MD 600N helikopteriyle yapilan ucus testleri,
sonuglart dogrulamak i¢in kullanilmistir. Son olarak simulasyon sonuglar1 ucus test datasi ile

kargilagtirilmistr.

Anahtar Kelimeler: NOTAR, helikopter, simiilasyon, modelleme
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CHAPTER 1

INTRODUCTION

The classic tail rotor has been the most commonly used anti-torque mechanism for single main
rotor helicopters [1]. Although a simple design it has some disadvantages. One disadvantage
is in terms of flight safety. According to U.S. Army safety reports, 20% of all peacetime

helicopter accidents are caused by tail rotors [2]. In addition, tail rotors are noisy.

Other anti-torque alternatives to the classic tail rotor have been developed. One is the tip jet
rotor, where the main rotor is not driven by the mast, but from nozzles on the tip of the rotor
blade; which are either pressurized from a fuselage-mounted gas turbine or have their own
turbojet, ramjet or rocket thrusters. Although this method is simple and eliminates torque, it
is less fuel efficient than conventional helicopters and produce more noise [2]. Another one
is the counter rotating main rotor configuration. In this configuration main rotors are turning
in opposite directions to counteract the effects of torque on the aircraft without relying on an

anti-torque tail rotor.

An alternative to the classic tail rotor is the No Tail Rotor (NOTAR) concept. The NOTAR he-
licopters flying today were designed and tested by McDonnel Douglas Helicopters Company
(MDHC) [3]. The NOTAR uses the anti-torque by using the Coanda Effect by controlling the
circulation on the tail boom and directed jet of air at the aft end of the boom of the helicopter.
The use of directed air to provide required anti-torque was used as early as 1945 in the British
Cierva W.9 [4] but could not go beyond than an experimental helicopter. On the other hand,
the use of circulation control on the tail boom used is as early as in the 1960’s. J.G. Lee has
invented a helicopter anti-torque mechanism which utilizes a flow of air to create a circulation
on the tail boom of the helicopter. But this concept has never been built. The idea of using

both circulation control tail boom and direct jet thruster for obtaining anti-torque appeared



in a Lockeed project called ”Advanced Anti-torque Concept”’in 1971 [3]. The invention of
Lockeed engineer Joe Valazquez is quite similar to today’s NOTAR concept. Although the
MDHC did not invent the NOTAR concept, the company developed the current state of the
art NOTAR anti-torque system. The state of the art NOTAR concept is an anti-torque system,
which is composed of an enclosed fan that is driven by the main transmission, a circulation
control tail boom, direct-jet thruster and horizontal stabilizer with two vertical stabilizers (H-
Tail) [1]. And there are three licensed helicopter is flying today; MD 530N, MD 600N and
MD 900.

Mathematical modeling of helicopters for simulations goes back to the 1970’s. However, in
those years the computing power was not enough and complicated models were not possible
to run in real time [5]. Today, both the required computer power is available and aerodynamic
modeling is improved making realistic real-time simulations possible. As a result simulated
flight became a standard in the industry and a lot of companies prefer simulation since it is

cheaper and safer.

Although its wide use for many years no known mathematical model for the NOTAR system
has been presented in the open literature yet. Although it is well known conception that the
modeling of the NOTAR anti-torque system of a helicopter can be handled through a simili-
tude to a tail rotor, this is not entirely true. NOTAR and Tail Rotor flight characteristics have
many differences. For instance the NOTAR anti-torque system would require more control
input in general when compared to traditional tail rotor, a well known fact reported by pi-
lots. Similarly the transient performance is significantly different. Therefore, a mathematical

NOTAR model would increase the quality of simulations that use the NOTAR concept.

In modeling the NOTAR system the air flow is analyzed by dividing the system into 6 control
volumes and specifying 8 sections. The thrust produced by the direct jet thruster and circu-
lation control tail boom is found. For the tail boom calculations some of the flight test data
performed by the MDHC is used. Lastly vertical tail effect is added to the model. During
the model development the information that the circulation control tail boom provides nearly
60% of the required main rotor anti-torque, and the direct jet thruster produces the remaining
in a hover flight is used as stated in [3], [2], [6], [7], [8], [9] and [10]. A major assumption
was that the exit velocity of the thruster was constant. It is found that the pressure inside the

circulation lift tail boom is constant, stated previously in [3], [8] and [2].



The developed NOTAR anti-torque model is integrated to the minimum complexity helicopter
simulation math model program [11]. Firstly, the simulation tail rotor calculations are re-
placed with the NOTAR model. Then, the vertical tail model is updated. Then, the MD
600N helicopter properties are included to the program. The original computer program was

developed using the C++ programming language [12].

The MD 600N helicopter -one of the three certified NOTAR helicopters- is flight tested in
order to compare and validate the developed NOTAR model. The helicopter was instrumented
and flight tests are performed. The data obtain from the flight tests are analyzed and compared
with the simulation model. First the hover and forward flight trim values are compared. Then
several different pilot pedal input responses of the model in hover are compared with the MD
600N flight test data. The results showed that the model has promising matched responses

with the flight test data.

This thesis is organized as follows: Chapter 2 describes the history, development and prin-
ciples of the NOTAR anti-torque system. Each component of the system is treated in this
chapter. In Chapter 3, the aerodynamic solution of each component and development of the
NOTAR anti-torque model are described. Chapter 4 shows the flight tests using the MD 600N
helicopter. In Chapter 5 the model is integrated into the minimum complexity helicopter
model and is verified with flight test results. Finally, Chapter 6 presents conclusions and

recommendations for future work.



CHAPTER 2

NOTAR HISTORY, DEVELOPMENT AND SYSTEM
DESCRIPTION

2.1 History and Development

The most common way to produce anti torque is with the use of a tail rotor. The tail rotor
is a variable-pitch propeller mounted sideways at the rear of a helicopter. Nonetheless, the
tail rotor has many operational disadvantages [1]. First, it operates exposed and close to
the ground. This makes it dangerous to anyone and anything that gets in its way. Second
according to U.S. Army safety reports, 20% of all peacetime helicopter accidents are caused
by tail rotors [2]. Most of these crashes were caused by tail rotor strikes, tail rotor failure
or loss of tail rotor effectiveness (LTE), which cause sudden and complete loss of directional
control. Finally tail rotors are noise and being noise is not good for military, law enforcement

forces or commercial users who must operate in populated areas.

Due to some of the disadvantages of the tail rotor, new anti-torque configurations were de-
veloped. One of the helicopter configuration without a tail rotor is the tip jet rotor, where the
main rotor is not driven by the mast, but from nozzles on the tip of the rotor blade; which are
either pressurized from a fuselage-mounted gas turbine or have their own turbojet, ramjet or
rocket thrusters. Although this method is simple and eliminates torque, the prototypes were
less fuel efficient than conventional helicopters and produced more noise. The McDonnell
XV-1 is an example of this kind of helicopter designed in the 1950’s. But its control capa-
bilities were poor [2]. Another helicopter configuration developed without a tail rotor is the
counter rotating main rotor configuration. In this configuration the main rotors are turning in

opposite directions to counteract the effects of torque on the aircraft. Big helicopters like the
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tandem-rotor Chinook and the twin-rotor Kaman K-50 are some examples of this configura-
tion. Another class used for smaller sized helicopters is the so called No Tail Rotor (NOTAR).
It produces anti-torque by using the Coanda Effect and controlling the circulation on the tail

boom and directed jet of air at the aft end of the boom of the helicopter.

The use of directed air to provide anti-torque control had been trailed as early as 1945 in the
British Cierva W.9 [4]. The W.9 was an experimental helicopter with a three-blade main rotor.
Torque compensation was achieved by a jet of air discharged from the port side of the rear
fuselage and supplied by a fan which also cooled the engine. The jet was controlled by two

vanes. This model was not satisfactory enough.

The use of circulation control tail boom goes back to early 1960’s. J.G. Lee [13] invented
a helicopter anti-torque mechanism which utilizes a flow of air to create a circulation on the
tail boom of the helicopter, in which presence of the main rotor downwash induces side force

which opposes the torque reaction of the main rotor.

The idea of using both circulation control tail boom and direct jet thruster in order to obtaining
anti-torque was appeared in a Lockheed project called ”Advanced Anti-torque Concept” in
1971 [3]. This system of Lockheed developed by the engineer Joe Valazquez was similar to
today’s NOTAR concept. His invention has a main rotor driven axial compressor fan feeding
a flow of air through a diffuser and an enlarged duct to variable geometry nozzle at the aft end
of the boom generating an anti-torque and has two circulation slots mounted on the tail boom
to supplement the anti-torque. Here, both fan and diffusers are controlled by pedal as today’s

NOTAR concept.

MDHC started the NOTAR project in 1976. By that time the company name was called
Hughes Helicopters. The company used the experimental results of the cylindrical circulation
control rotor blade development studies performed in England. Then circulation control tail
boom was designed and tested on a blade tracking whirl stand [3]. The tail boom was internal-
blowing and single-slotted. The slot width was less than a half inch and was located 140

degrees right side of the boom’s top center [9].

The results of the tests showed that circulation control tail boom can be applied to helicopters.
In the experiments, it was found that in order to obtain the optimum lift, the slot jet air velocity

should be approximately 3.5 times more of the maximum downwash velocity and the slot



width should be between 0.15 to 0.8 inch. Also in these experiments it was found that the
strength of the discharge through the slot can be described with a number called momentum

coeflicient and its value should be nearly 0.4 for an efficient tail boom [14].

While the whirl stand test results were good enough, flight tests were performed in 1978.
Flight tests were done on a OH-6A helicopter keeping its tail rotor and installing a circulation
control tail boom externally with air supplied by an electrically driven fan. It was shown that
the boom interacted with the main rotor downwash in steady, controllable and a predictable
manner. Addition of the boom decreased the tail rotor thrust nearly by 1/4 and the tail rotor
power nearly 1/2. Vertical rate of climb performance increased but sideward or backward

flight performance decreased [3].

In 1981, the entire OH-6A tail boom and tail-rotor were replaced by a fan, circulation control
tail boom and direct jet thruster. In this application a Eurocopter fenestron fan [6] was used
without optimization as it was about the right size and flight worthy. Fan pitch angle and
thruster opening was controlled by the pilot pedal and they were coordinated so as to keep
constant pressure inside the boom. But the flight test of the OH-6A-NOTAR demonstrator
helicopter was not successful as it was expected. Although it was estimated that 60% of the
total anti-torque requirement would be produced by the boom, only 20% of the anti-torque
was obtained from the boom. In order to solve the lift inefficiency problem, analytic and
experimental methods were used [15]. For analytic solution, two dimensional strip analysis
was performed in modeling the elements of the circulation control to represent the aircraft
and the rotor flow field. The VSAERO program, which uses low order panel method, was
used in this study. As a result, it was observed that more circular cross section was needed.
In addition, many whirl stand hover out ground effect tests were accomplished. It was seen
that the actual flow is much more complicated than it was predicted. The main reason of the
inefficiency was the effect of the airflow coming from the forward fuselage [15]. Therefore,
two fences at both end of the slots were installed as a flow insulator. By this method good lift
efficiencies were achieved. But on the other side, in forward flight they caused abrupt increase

in drag and decrease in yaw stability [16].

In order to get rid of the fences, a scaled model flight visualization experiment test was done
in a 1000 gallon water tank facility of MDHC in 1985. At the end of several configurations

and tests, it was observed that the attached flow without fences can be obtain by adding second



slot of equal length on the 70 degree from the booms top center. The second slot energize the
flow to keep attached beyond the 90 degree separation point, where the second slot become

effective. Since no additional air flow was required, total slot exit area was kept constant [16].

After two slotted approach the NOTAR concept gave good performance and the company
focused on the structural design. Firstly, individual components of the NOTAR system were
designed, tested and evaluated. Then the whole system performance was tested and evaluated.
Each components of NOTAR was tested, evaluated and optimized. Fan inlets were optimized
for minimum total pressure loss, minimum drag, and non uniformity. Very low pressure dif-
ferential across the inlet with a ninety degree deflection of the air flow has been obtained.
Second, variable pitch, axial flow fan, which provides pressurized air for tail boom was de-
veloped. On the OH-6 NOTAR demonstrator, the fenestron fan had been used, and it was
not optimized for this application. The fan should be operate wide range of flow conditions,
but the efficiency of that fan was only about 45% on those conditions. Therefore a new fan,
which can operate over a wide range of flow conditions was developed. The new fan had
an efficiency of about 85%. Achieving good efficiencies on different flow conditions was an
important factor for the NOTAR development. In fact, the MD 530N was certified after the
design of the new fan. On the other hand many wind tunnel tests were accomplished in order
to understand the air flow on the circulation lift tail boom and to improve the performance of
the boom. Therefore, lift and drag coefficients were found and recorded for different momen-
tum coefficients, angle of attack and boom aspect ratio (slot length/boom diameter) [15]. Also
different non-circular booms were developed some of which was more efficient than circular

cross section tail boom [9].

During the 5 years period, system performance tests were conducted. The tests were done
on the ground either with an internal flow test rig or wind tunnel models and on flight with
instrumented helicopters. On the ground rig tests, maximum thruster forces of 1400 lbs were
achieved which was required for 1a 80 degree pedal turn on 45 knot wind condition in any
direction. During the tests, the off-design conditions of circulation control tail boom were
analyzed and optimized, especially low speed flight in ground effect condition was analyzed,
which is hard to model analytically. Many flight tests were performed with instrumented OH-
6 and MD 530N helicopters. Boom pressure data were recorded for hover trim, low speed
sideward flight in ground effect and out of ground effect and level forward flight conditions.

In these tests, the sectional and total circulation control tail boom aerodynamic loads were



determined. For example; since main rotor downwash is slower in ground effect, boom side
force and thus yawing moment is reduced when it is compared to out of ground effect. Also
the right sideward flight effect on tail boom yaw moment production was determined during
the flight tests. It was observed that the boom anti-torque production decreases with right
sideward flight. At approximately 20 knots right flight condition, the boom could not produce
anti-torque anymore. Also the boom anti-torque production on level forward flight was also
determined in these tests. It was observed that at a speed of 60 knots, the tail boom produces
20% of the yaw moment it was produced in hover. And it increases to 30% of its hover value
by the speed of 110 knots [6]. Also at the end of so many flight tests, strake was installed
on the left side of the boom which improved the tail boom performance especially on right

sideward flight. Addition of the strike contributes 10% reduction of the fan power [7].

In addition to these, some flight tests were performed in order to compare hovering perfor-
mance of first generation production NOTAR system-equipped helicopter MD 530N to a con-
ventional tail rotor helicopter MD 530F. Both helicopters have identical main rotor, forward
fuselage and engine configuration. The only difference between the two helicopters is the
anti-torque system. Results of the flight tests showed that two helicopters require the same
power during hover in ground effect and out of ground effect. The main rotor of the MD 530N
is more efficient because of less main rotor flow interaction, therefore it requires less power.

But NOTAR fan needs more power when it is compared to conventional tail rotor [7].

For stabilization, more than 50 tail configurations were tried. But two problems could not be
solved by those configurations until an augmentation system was developed. The problems
were static instability in yaw axis during 60 knots descents and dynamic dutch roll instability
during level flight over 90 knots and climbs above 80 knots. In order to solve these problems,
a stability augmentation system (Yaw SAS), which controls the right vertical stabilizer, was

developed for yaw axis [3].

Also acoustic flight tests were accomplished in 1992. The results showed that NOTAR heli-
copters are 50% quieter than any comparable helicopter. The reason is that the NOTAR fan
is inside the fuselage and its tip speed is lower than tail rotors [6]. Also there is no main

rotor-tail rotor flow interaction on a NOTAR helicopter.

Today there are three certified NOTAR helicopter type and all of them are designed by MDHC.
They are called MD 530N, MD 600N and MD 900.



2.2 NOTAR System Description

The NOTAR is an anti-torque system which is made up of an enclosed fan that is driven by the
main transmission, a circulation control tail-boom, direct-jet thruster and horizontal stabilizer
with two vertical stabilizers (H- Tail) as it is seen on figure 2.1. In this system, low pressure
air is produced in through an air intake located at the top of the airframe to the rear of the
main rotor shaft by a variable pitch fan located in the aft section of the fuselage. This low
pressure air is blown axially along the tail boom, providing air for both circulation control
and the direct jet. A part of the air is ejected from thin horizontal slots at the right side of the
boom. This air flow follows the contour of the tail boom and induces the main rotor wake do
the same figure 2.2. This effect is called Coanda Effect and makes the boom behaves like an
airfoil which creates lift in the direction needed for anti-torque. The remaining air is ejected
from the direct jet thruster at the aft section of the tail boom and this supports the required anti-
torque and provides maneuverability for yaw control and directional change [8]. In forward
flight, the majority of the anti-torque is provided by the vertical stabilizers [17]. The variable
flow fan pitch angles, direct jet thruster and the vertical stabilizers are all controlled by pilot

pedals.

Vertical

Circulation Stabilizers

Direct Jet Thruster

Figure 2.1: A General Schema of NOTAR Helicopter
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2.3 Components of the NOTAR

The NOTAR anti-torque system is composed of an air inlet, fan, diffuser, circulation control

tail boom, direct jet thruster, horizontal and vertical stabilizers as it is seen on figure 2.1.

2.3.1 Fan Air Inlet

Fan air inlet is a single opening aft and below of the main rotor hub. This inlet provides air
flow for NOTAR fan with a minimum total pressure losses and non uniformity [6]. Downwash
air flow is deflected approximately 90 degree in order to be on the same axis with the fan axis.
Minimal total pressure loss is provided with an optimum design in a wide range of flight

conditions according to so many wind tunnel tests.

2.3.2 Fan and Diffuser

Fans, that are used for NOTAR anti-torque systems are low pressure, variable pitch, axial
flow compressor fans that produces air flow for circulation control tail-boom slots and direct
jet thruster. The fan is located on the aft section of the fuselage and driven from the main

transmission. The fan operates over a wide range of flow conditions to provide the required
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pressure and required mass flow rate which varies depending on the flight regime. For ex-
ample in left pedal turn or right sideward flight the boom needs more mass flow and the fan
pitch must be very high because of high anti-torque requirement. In hover condition, fan pitch
must be in mid level so as to provide enough pressure and to control mass flow enough for
tail boom slots and thruster. But in high speed forward flight, since most of the anti-torque
is provided by the vertical stabilizers, the fan blades must be very low pitch [6]. The fan is
designed to provide nearly constant pressure inside the boom as the flow through thruster noz-
zle area varies. It is known that maintaining 0.5 psi above the outside atmospheric pressure
is sufficient [8]. In fact, fans used in today’s NOTAR systems are capable of maintaining a
boom pressure of one psi above the outside air pressure [3]. When high anti-torque is required
fan increases the air flow rate keeping internal boom pressure constant as much as possible
[6]. On the other side since the fan is installed internally, it is not effected from outside inflow

variations.

The fan’s rotor energizes the airflow in a rotational flow. And the fixed geometry stator vanes
convert the rotor swirl energy into axial flow energy. The stator and diffuser assembly is
located at the front of the boom and streamline the airflow exiting from the fan, increase fan

performance and quiet the fan noise.

2.3.3 Circulation Control Tail Boom

Circulation control tail boom is a part of NOTAR system which produce anti-torque based on
the Coanda effect. The tail boom is under the main rotor wake and it has two slots where low
pressure of air produced by the fan exits. The low pressure air gets out from two tail boom
slots, causing the rotor wake to adhere to the counter of the boom. This produces force which
can also describe via circulation lift. This force provides majority of the anti-torque force

required to hover.

The air flow can stay attached to tail boom if the jet velocity blowing from the slots is four
times the average downwash velocity. The internal boom pressure of only half psi above the

outside air pressure is sufficient for this [3].

This system is self-compensating; when the rotor system is producing higher torque it is also

producing higher downwash with resultant lift (anti-torque). At low torque, less downwash is
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Figure 2.3: Circulation Control Tail Boom

present and the tail boom produces less lift at a time when less anti-torque is required [18].

In hover, the circulation control tail boom (figure 2.3) provides approximately 60% of the anti-
torque force required [8]. Creating lift via circulation control tail boom is more efficient when
it’s compared with creating lift by Jet thruster. So its good to have more effective circulation

control tail boom.

2.3.4 Direct Jet Thruster

The direct jet thruster (2.4), which is located at the aft end of the circulation control tail
boom, receives the pressurized air flow from the boom, directs it to either side of the end
of the tail boom and discharges it perpendicular to the boom axis in various amounts with
variable exit valve so as to provide required amount of side force [6]. By this side force,
it provides directional control for maneuvering and supplements the required anti-torque in
addition to that circulation control tail boom provides. The direct jet thruster is composed of
two cones (figure 2.5). The non rotating inner thruster cone has two large openings on either
side and consists of a cascade system of airfoils which turns the airflow entering with the
axial direction parallel to boom and exiting either left or right openings and perpendicular to
the boom axis in an efficient way. The rotating cone has a single opening and as it rotates a

controlled amount of airflow exits from the stationary cone and thus varies the thruster output
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and direction of thrust. The rotating cone is controlled by pilot’s pedal.

Figure 2.4: Direct Jet Thruster, Vertical and Horizontal Stabilizers

Rotating Thruster

Thruster Cone —_—

fitttt

View Looking Forward

Figure 2.5: Direct Jet Thruster Inside

2.3.5 Horizontal and Vertical Stabilizers

The vertical stabilizers are connected to the pilot’s pedals (figure 2.4). The left stabilizers
moves through approximately 30 degree of motion and provides sufficient control force for
autorotation [17]. Most of NOTAR versions right vertical stabilizer is optionally controlled
by Yaw Stability Augmentation System (YSAS). It is enhance handling qualities. Although
in hover their effect is low, in forward flight most of the required anti-torque and yaw control

is provided by vertical stabilizers.
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The horizontal stabilizer is set at a fixed angle of incidence and attaches atop the tail boom just

forward of the thruster. At each end of the horizontal stabilizer there is a vertical stabilizer.
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CHAPTER 3

NOTAR MODEL DEVELOPMENT

The mathematical model of the NOTAR anti-torque system is developed for real-time simu-

lation. Such a model has not been reported in open literature.

It is a well known fact reported by pilots that the NOTAR system and the traditional tail
Rotor flight characteristics have many differences. In traditional tail rotor concepts the tail
rotor is the main anti-torque and the yaw maneuver control source during most of the flight
conditions. Other parts are only supplementary. On the other hand the NOTAR system is
composed of three major anti-torque devices; circulation control tail boom, direct jet thruster
and vertical tails and proportion of the anti-torque produced by these elements depends on the

mode of the flight.

In hover, the circulation control tail boom provides the majority (approximately 60%) of the
required main rotor anti-torque. [3], [2], [6], [7], [8], [9], [10], and the direct jet thruster
produces the remaining. In transitional forward flight, the main rotor downwash flows above
the tail boom and only a small amount of the force is created by the tail boom. Thus the major
anti-torque device is the direct jet thruster in that condition. In high speed forward flight, ver-
tical stabilizers provide the majority of the anti-torque, however directional control remains
as a function of the direct jet thruster [17]. Therefore, especially during flight mode changes,
more pedal control is needed for a NOTAR helicopter. In addition, the boom anti-torque gen-
eration varies depending on the free stream wind condition. Therefore the supplement work
on the thruster may change much especially during take off and landing and this causes also
unpredicted big pedal control need. On the other side, in traditional tail rotor concepts the
flight modes and air conditions causes only change in efficiency or amount of thrust produc-

tion of the tail rotor. But it continues to be the major anti-torque device. Also the thrust
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changes of the tail rotor during the flight mode changes are generally predictable. Therefore
NOTAR has different characteristics and the mathematical model should be different from the

tail rotor models.

The development of the mathematical model of a NOTAR depends on complicated aerody-
namic solutions. In order to solve the problem firstly the flow of air inside the tail boom is
analyzed by dividing into 6 control volumes and specifying 8 section. The air enters the boom
from the air inlet, it is pressured by the fan, stators and diffuser, and exits as a jet flow from
the slots and direct jet thruster. Then, the airflow outside the tail boom is analyzed. There-
fore, thrust produced by direct jet truster and circulation control tail boom is solved. Finally,

vertical tail effect is added to the model.

When each part of the NOTAR system is considered separately the following problems needs
to be solved: First, the flow rate of the air passing through the boom needs to be calculated.
Then the pressure ratio of compressor fan inside the boom is needed to be solved. The mass
flow rate, velocity and the energy of the air ejecting from the slots is to be calculated. Also
total pressure of air the flows out from direct jet thruster is a question waits for answer. On the
other hand, the downwash of the main rotor must be solved. In addition to these, the whole
system needs to be analyzed and the interactions are to be calculated. The created lift when
air is ejected form the slots inducing the downwash of the main rotor by Coanda effect is to
be calculated. The boom anti-torque production which changes with different flight modes
and different atmospheric conditions is another problem. The boom internal pressure and air
flow rate differentiation depending on the pilot pedal inputs must be clarified. In addition the

contributions due to vertical stabilizers should also be calculated.

Although the problem is complicated, the model needs to be simple enough to be run in real-

time simulation, yet represent the actual dynamics.

3.1 The Air Flow Inside the Tail Boom

The model development is started with a goal to solve the air flow which enters from the
NOTAR inlet, is pressurized by the fan, and goes out as a jet flow from the slots and direct
jet thruster. Therefore, the system is divided into some control volumes. Totally 6 control

volumes defined by 8 sections are found to be enough in order to solve this flow with feasible
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assumptions.
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Figure 3.1: A general schema of NOTAR control volumes

CONTROL VOLUME 1 : NOTAR AIR INLET : Downwash of the main rotor enters from

the section 1, deflects approximately 90 degree and prepare air for NOTAR fan.

CONTROL VOLUME 2 : NOTAR FAN : The air enters from section 2 and the total pressure

of it is increased (angular momentum is increased) by the fan and exits form section 3.

CONTROL VOLUME 3 : STATORS : The air which has axial and swirl velocity produced by
the fan enters from section 3 and it is turned into axial flow of air (angular velocity is turned

into pressure) and exits from section 4.

CONTROL VOLUME 4 : DIFFUSER : The air enters from the section 4 and it is pressurized

(some of the momentum energy is turned into pressure) and exits from section 5.

CONTROL VOLUME 5 : INSIDE OF THE TAIL BOOM : The air flow enters from section

5 and some of it exits from slots on the right side of the boom (section 8) and the remaining
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air exits from section 6.

CONTROL VOLUME 6 : THRUSTER : Pressurized air coming from the boom in section 6

exits from the opening in section 7, producing thrust for the required anti-torque.

3.1.1 Control Volume 1 : NOTAR Air Inlet

First control volume is the one between sections 1 and 2. It is the NOTAR Air Inlet where
the downwash of the main rotor enters the boom and turns approximately 90 degree so that
it is on the same axis with the fan. The amount of the total pressure of the air flow varies

depending on flight modes.

EERTRIAA
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Figure 3.2: CV1 NOTAR Air Inlet

Pressure at section one, P, can be found by the Bernoulli Equation if velocity V| is known.

Py =Py—1/2pV? (3.1)

where Py is the outside air pressure.

Since all of the airflow which enters from section 1, exits from section 2, conservation of mass
can be applied inside the control volume. Experiment results show that velocities through the
boom are no more than 0.3 Mach [9]. Therefore the flow can be assumed incompressible

throughout the model which means density p is constant. Thus;

Vo = ViA1/A (3.2)
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If incompressible, inviscid flow assumption is used then the Bernoulli Equation can be ap-

plied;

P+ 1/2pV? = Py + 1/2pV? (3.3)

In fact, in 90 degree turn ducts, total pressure can not be conserved because the skin friction

and losses due to eddying or separated flow are rather high. Therefore 3.3 becomes;

Pry = P11 — APry (3.4)
where;
APr; = Ki(1/2pV3) (3.5)
Thus total pressure is;
Pry = Py + 1/20V] = 1/2pV3K; = P2 + 1/2pV; (3.6)
and pressure in section 2 is;
- 2 _v2_ 2
Py = Py + 1/2p(Vi = V5 = V5K) 3.7)

where Py, Pr; are total pressures in sections 1 and 2, K; is a non dimensional loss coefficient

and APr; total pressure loss on the inlet.

3.1.2 Control Volume 2 and 3 : NOTAR Fan and Stators

The second control volume is the one between sections 2 and 3. In this control volume the
axial flow fan pressurizes the airflow which comes from the inlet. In fact, it is known that the
fan aims to keep constant pressure inside the boom (Between 0.5 to 1 psi above the outside
air pressure) [3],[8]. The fan has variable pitch blades controlled by pilot pedals so that to
change the mass flow rate depending on the anti-torque requirements and to keep a constant

pressure inside the boom when the thruster opening varies with pedal inputs [8].

First the axial flow fan is analyzed. It is known that axial flow fans are analyzed by using

either "free vortex flow theory” or “arbitrary vortex flow theory” [20].

19



= DIN=
RO @
= U=

Figure 3.3: CV2-CV3 NOTAR Fan and Stators

Arbitrary vortex flow theory is mostly used in high pressure rise rotor designs [20]. On the
other hand free vortex flow is assumed when designing ducted axial flow fans. Since the NO-

TAR fan is low pressure and ducted, free vortex flow assumption can be used in calculations.

In Free vortex flow, it’s assumed that the airflow velocity has no radial component. The

absolute tangential velocities in front and behind the fan vary inversely with the radius, i.e,

Vo = Cnst/r (3.8)

A free vortex rotor is also characterized by a uniform total energy rise across the annulus.
This flow is achieved when both the total pressure rise and axial velocity component remain

constant along the blade span.

Provided the design meets free vortex flow conditions, the midspan station is a possible choice
for calculations [20]. Because theoretical total pressure rise and axial flow component are

constant with radius. Therefore mid span station is used on fan calculations.

On the axial flow fan, the flow of air is parallel to the axis of the rotor. Air approaches the
rotor in the axial direction and leaves it with a rotational velocity component due to the work

done by the rotor.

After the axial flow fan, there are stators which turns swirl velocity component of the air
produced by the fan into axial flow by pressurizing the air. They are shown in control volume

3.
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In mid span station the total pressure of each section is given as;

1

29"3

PT2 =P2+
1 2 1 2
PT3 :P3+§pVa +5V9S

1 2
Pra=Ps+ 5pV,

(3.9

(3.10)

@3.11)

where Py, Pr3, Pry4 are total pressures on sections 2, 3 and 4, P;, P3, P4 are static pressures

on sections 2, 3 and 4, V, is the axial velocity which is equal to V>, V3, V4 (velocities on

sections 2, 3 and 4) from continuity and Vj_ swirl velocity component.
The overall change in total pressure can be written as,

Pr4 — Pra = APry — APy — APy

(3.12)

where AP, is theoretical total pressure rise, APr is the fan loss and AP7 is the stator loss.

Dividing equation 3.12 by 1pV? ;

From equation 3.13 total pressure rise across the fan is;
1 2
Pr3 — Prp = ipVaKm - Ky

From equation 3.9 and equation 3.10 total pressure rise across the fan;

1

PT3—PT2=P3—P2+2

PV,

Therefore;

1
AP = Py = Py = 5pVi(Ki - Kf - €)
where €, is swirl coefficient on the downstream of the fan and;
€ = VHS/Va
Thus pressure downstream of the fan Pz becomes;
1 2
P3 =P, + EpVa(Kl‘h - Kf - GS)

Work done by the fan is;
W= (PT3 - PT2)27rVurdr
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Work done as input by the fan is Qd7 and it is;

QdT = pV2rrdr(Vy,)Qr

Equating the equations 3.19 and 3.20;

(P13 — P12 + AKy) = 2rrdrV, = pV 2rrdrVy Qr

APty = pQr(Vg,)

Non dimensionally;

where;

A=V, /Qr

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

The momentum analysis of the fan is already shown. Here the blade element analysis of the

fan is given. The velocity the blade receive is the resultant velocity (V,,) and it is shown in

3.4.

Axis of rotation

Plane of
Rotation

Qr-0).3Vy

i '
A %
Noliftline ~ Chord line

Figure 3.4: Fan Blade Element

From the figure it can be seen that;

Qr—1vy,

tanf,, =
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In another way;

B 1- %es/l
tanB,, = — (3.26)

where 3, is angle that relative velocity V,, makes with fan blades.

From the blade element solution according to reference [20] using the figure 3.4

cLo = 2€,c08Bm (3.27)
Lift coefficient can be expressed as;
cL = msin(By — ) (3.28)
where angle of attack () is;
@ =B — P (3.29)

where By is the value of g, for no lift condition of the fan. In another words it is the angle
between axis of rotation and an imaginary line which the blade can not produce lift. Therefore
it is geometrical value depends on the pedal input. 3, — Sy is the incidence relative to no lift

line. Since the fan has a low cambered airfoil blade lift curve slope (m) can be taken as 5.7.
According to reference [20] blade element solution together with the momentum considera-

tion, swirl coeflicient €; can be found depending on flow coeflicient A ;

2sinBn (<22 1)
€S =

3.30
4 cosBn ( )

mo

And;
VH, = EsVa (331)

s

Since By is a value depends on pedal input, fan properties can be found depending on the

axial flow rate and pedal input.
As a next step NOTAR fan and stator losses are analyzed.

According to reference [20] the mean total pressure loss coeflicient K has a relation as;

K Cp, Cp, 2

Kn C.  CL COSB,

IMS (3.32)

23



where Cp, is the profile drag coeflicient at mid blade span Cp; is the secondary drag coeffi-

cient and it can be calculated as;

Cp, = bC? (3.33)

where b is taken between 0.018 to 0.015. For high Reynolds numbers (as this case) 0.015is a
better choice. Also Cp, can be predicted from figure B1 on Appendix B since low cambered
flat under surface airfoil is used in NOTAR fan. Therefore it can be predicted according to lift

coefficient. For example if lift coefficient is close to 0.8, then Cp, can be taken as 0.01.

Stator losses can be found from the figure B2 on Appendix B. Total pressure losses of the
stators depend on flow coefficient at the mid blade span A, swirl coefficient €; again at the mid

blade span and theoretical total pressure rise coefficient of the fan Kj,.
K, = aKyA (3.34)

Therefore;

Py = P3+1/2p(Vy - ViKy) (3.35)

3.1.3 Control Volume 4 : Diffuser

There is a diffuser assembly as a fairing of the fan on downstream of the stators. It has
two functions: One is increasing the static pressure of the airflow inside the boom. Other is
decreasing the velocity of the flow in a steady manner. In other words airflow coming from
stators enter from section 4, and they are pressurized and their velocity is decreased and then
they exit from section 5. There is also some loss inside the diffuser and it is defined as non

dimensional loss coefficient K.
From continuity;

Vs = V,A4/As (3.36)

Here incompressible, inviscid flow assumption is used and Bernoulli Equation can be used

including the losses;

Ps =Py +1/2pV2 = 1/20VZK, — 1/2pV2 (3.37)
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3.1.4 Control Volume 5 : Tail Boom
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Figure 3.5: Tail Boom

Fifth control volume is bounded by section 5 in front, section 8 on the right side and section
6 on the aft. Section 5 is the place where enters the air which pressurized after the fan, stators
and diffuser. In section 8, there are two slots where the air exiting as jet flow which induces the
main rotor downwash providing side force because of Coanda effect. Properties of section 8
is analyzed on chapter 3.2. Section 6 provides air flow for direct jet thruster. The aerodynamic

solution on this control volume can be found as follows.
From the conservation of mass;

Ve = (V5As — VgAg)/Ag (3.38)

Since the slot velocities are not higher than 0.3 Mach the flow can be assumed incompressible.

Then from conservation of momentum equation;

VZAs = ViAe + ViAs + VZAsK), (3.39)

where K, is non dimensional loss coefficient of the boom.

K}, can be found using Darcy Weisbach equation which relates the pressure loss due to friction
along a given length of pipe to the average velocity of the fluid flow.

_pVAfl

AP
2 d

(3.40)
where 1 is the length of the boom d is the diameter of the boom f is the friction factor from
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the Moody chart and it depends on material properties, the Reynolds number and the regime

of the flow.

From equationn 3.40 it can be seen that

l
Ky = fg (3.41)
Thus;
Pg = Ps+1/2pV2 = 1/20V2(K), + Kyy) — 1/20V3 (3.42)

where K, is loss of total pressure due to slot exits.

3.1.5 Control Volume 6 : Direct Jet Thruster
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Figure 3.6: CV6 Direct Jet Thruster

The final control volume is bounded by section 6 and section 7 where the air flow comes from
tail boom and turns 90 degrees to the left or right and exits outside from the thruster openings.
Area 7 varies with pilot pedal controls. Since there are cascades of airfoils to turn the flow; it

can be assumed that the total pressure drop inside the control volume is small.

From conservation of mass assuming incompressible, inviscid flow, we can use quasi one

dimensional continuity equation from [21];

V71 = VsAg/A7 (3.43)

where; V7 velocity of jet air ejecting from thruster, A; area of thruster opening which varies

with pilot pedal input.

26



Thruster exit velocity V7 also has a relation with inlet airflow velocity V1, and slot jet air exit
velocity Vg from the law of conservation of mass. The amount of the air enters to the boom

equals to the amount of the air exits. Therefore;

V] = (V7A7 + VgAg)/A1 (344)

Also Bernoulli Equation can be applied in this control volume because incompressible, invis-

cid, steady flow assumptions can be used. Therefore;

P7+(1/2)pV3 = P + (1/2)p Vg — (1/2)psVe K, (3.45)

Where Pg is internal boom pressure, P7 is pressure of the air ejecting from the thruster and K,

is non dimensional loss coefficient of the thruster.

Then the pressure of the air jet blows out from section 6 (thruster) becomes;

Py = Ps + (1/2)pVe((1 - AZ/A7) - Ky) (3.46)

Thrust is produced on direct jet thruster by ejecting pressurized air to either sides from the
opening of the thruster. The side force appeared can be derived by conservation of momentum
and energy equations as it is described in [22]. Using the control volume 6, the thrust formula

becomes;

Finyuster = 7V = moVo + (P7 — P)A7 (3.47)

since migy equals to zero;

Fitrusier = [pV2 + (P7 = Po)lA7 (3.48)
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3.2 Air Flow Outside The Circulation Control Tail Boom

Circulation control is a method to create lift on a body by controlling the position of down-
stream boundary layer separation point of the body and this controls the circulation and con-
trols the lift on the body. In conventional airfoil the sharp trailing edge is the rear stagnation
point (Kutta condition). Circulation thus lift is controlled by the angle of attack of the airfoil.
But the separation point on the circulation control airfoil can be controlled via blowing a thin
jet of air tangential over its rounded trailing edge [9]. Because of the Coanda Effect, which is
the tendency of a fluid jet to adhere to a solid wall even when the wall curves away from the
jet’s axis, a thin layer of laminar jet flow produced from the longitudinal slots, exits adjacent
to the surface controlling the rear stagnation point pushing it toward the lower surface and
thus creating the lift. This circulation control concept was directly applied to the NOTAR
anti-torque system whereby the tail boom of the helicopter pressurized in order to obtain jet
air flow and became a low-aspect ratio wing operating in a flow field generated by the main

rotor.

The circulation control tail boom can be characterized like lifting flow over a cylinder by
which lift and drag can be found. The aerodynamic solution of lifting flow over a cylinder

can be found as follows:

Lifting flow over a cylinder can be synthesized by addition of the non lifting flow over a

cylinder and a vortex flow of a strength I" [21].

A non lifting flow over a cylinder is a combination of a uniform flow and by a doublet flow

[21].

The stream function for an incompressible uniform flow in terms of polar coordinates is

Y = Voorsind (3.49)

The stream function of a doublet flow which is a special case of a source-sink pair can be

described as;
Kk sinf

The combination of uniform flow with velocity V., and doublet flow strength of «;

in6
Y = Veorsing — ziﬂ (3.51)

T r
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Let,

5 K
= 3.52
21V (3:52)
Then,
R2
Y = Veorsind(1 — —) (3.53)
r
Therefore the velocity distribution on the surface of the cylinder is;
Vg = —2Veosind (3.54)

On the other hand, in vortex flow all streamlines are concentric circles to a point and the
velocity on any streamline is constant whereby it changes one streamline to other inversely

with distance from the center. Thus;

tant
Vy = constant (3.55)
r

Where the strength I" of the circulation can be found by the negative line integral of velocity
around a closed curve in the flow. The sign convention is that the vortex of positive strength

rotates in the clockwise direction.
Line integral of a spinning cylinder is ;
= —SEV xds = Vye(2rr) (3.56)
Thus the stream function of flow over a spinning cylinder is;
y= s inr (3.57)

In NOTAR tail boom there is a jet flow only approximately 90 degree of the boom surface.
This causes boundary layer friction only 4—{ of the cylinder surface, as if only quarter of the
cylinder is spinning.

Therefore line integral on this condition is

r= Vggr (3.58)

The NOTAR tail boom can also be thought of a small cylinder spinning inside of a stationary
cylinder. Here, only the right bottom side of the spinning cylinder is opened to the down wash

air flow. The solution of this condition is also the same.
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In addition to this, although equation 3.56 is derived for circular cylinders, it applies in general
to cylindrical bodies of arbitrary cross section [21]. It can also be applied to airfoils. The
important thing is the velocity field around that shape. Therefore looking the velocity field
around circulation control tail boom, and the line integral of around the boom gives the same

solution.

Now combining vortex flow over the tail boom and non lifting flow over it, the stream function

becomes;
R* 2r
¥ = (Veorsind)(1 - =) + —In—; (3.59)
r m R
Velocity on the surface of the cylinder become;
2r
Vo = -2V sin — — (3.60)
R

In fact when circulation strength over a circular cylinder is known, force produced per span

can be found by using Kutta-Joukowski theorem given below;

F' = pooVeol (3.61)

Therefore if the downwash velocity and the slot exit velocity is known, then the force pro-

duced by the circulation control tail boom can be calculated.
So as a next step exit velocity Vg of the slot jet air is found.

The exit velocity of the slot jet air depends on the downwash velocity of the main rotor, tail
boom inside pressure, boom momentum, boom diameter and slot width. Assuming incom-
pressible flow, it can be said that density does not effect the velocity. During the development
of NOTAR system, a coeflicient called momentum coefficient is described which gives the

relation between these properties. The momentum coefficient formula is given below [14];

Cu = 2(0;/pw)(V;/ Vo) (ds/dy) (3.62)

where C,, is momentum coefficient, p; is slot jet air density, p,, is wake air density, V; is
velocity of slot jet air, V. is main rotor wake velocity, d; is slot height, and d; is boom

diameter.
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Using this equation 3.62 air flow velocity exits from the slots can be found by assuming

incompressible flow;

Vi =C,VE(1/2)(dy/dy) (3.63)

It is known that optimum momentum coefficient is determined approximately as 0.4 [14]. So

for the hover case it can be taken as 0.4 and it varies depending on the internal boom condition.

Vs

C,=04 (3.64)

Shover

From the formula it can be seen that when downwash increases which means more required
anti-torque, the slot velocity will also increase which will cause the increase on the anti-torque
production for the same momentum coefficient. This makes system self compensating. Also
with pedal controls, momentum of the air inside the boom changes, this makes difference on

the anti torque force produce by the boom.

On the other hand, it is known that different flight conditions other than hover and different at-
mospheric conditions effect the boom torque production. The lift production varies depending
on the free stream velocity value and the angle which the boom receives. In order to include
these effects, some wind tunnel and flight test data obtained by MDHC during the NOTAR

development is used [6].
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Figure 3.7: Right Flight Effect on Boom Yawing Moment [6]

The effect of the right sideward flight on the boom is determined from flight test data obtained
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by MDHC. The boom yawing moment effect of the right sideward flight is normalized by yaw
moment in hover which can be calculated by using the relation between the boom and direct

jet thruster. This sideward flight effect is given in figure 3.7 from reference [6].

Also the effect of forward flight on boom yaw moment production is given in a graph again
normalizing with the hover yawing moment. Thus the boom anti-torque production on for-

ward flight can be found by using the relation and the values of 3.8 from reference [6].
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Figure 3.8: Forward Flight Effect on Boom Yawing Moment [6]

In addition, it is founded that the side force created for the anti-torque production by the boom
can be concentrated on the mid section of the boom. The Pressure Instrumented Flight Test
which is done by MDHC engineers in hover, low speed flight as well as in forward flight cases
show that the sectional and total aerodynamic loads on the boom can be concentrated in mid

section of the boom [6]. The solutions of the flight tests are given on figure 3.9

3.3 Vertical Tail Calculations

There are two vertical tails on a NOTAR model. In this NOTAR model only the left vertical

tail is controlled by the pilot and the right vertical tail is controlled by the Yaw SAS system.

The angle of attack of the horizontal tail is calculated considering the real-time incidence

change through pilot pedal input and real-time flight incidence yaw angle. In calculations
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Figure 3.9: Lift Concentration on The Boom [6]

three dimensional effects are ignored since it is a simple rectangular platform with symmetri-

cal airfoil shape.

3.4 The NOTAR Mathematical Model

Analyzing the aerodynamic solutions of each component of the NOTAR system and their
relation to each other, a method is developed for a NOTAR system and based on this theory,
a mathematical model is developed. In the model, solutions depends on pilot pedal input,
outside air condition and flight mode of the helicopter. Looking at the aerodynamic solutions,
it can be seen that when the velocity entering from the inlet V; is known, all other parameters
can either be calculated. Therefore, the method is developed to predict V; together with other

unknown parameters.

During the development two main assumptions are made. First assumption is that the circu-
lation control tail boom provides nearly 60% of the required main rotor anti-torque, and the
direct jet thruster produces the remaining in a hover trim flight, as it is determined in [3], [2],
[6], [7], [8], [9]. [10]. The second main assumption V; does not varies with thruster opening.
Using the second assumption, it is obtained that the pressure inside the circulation lift tail
boom can be assumed constant as it is stated in [3], [8], [2]. And the pressure inside the boom

is between 0.5 to 1 psi above the outside air pressure.
Theory starts from the hover condition because there is enough information for the hover
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case. During hover condition, there is a specific pedal position that maintains the required
anti-torque by controlling the NOTAR fan pitch angle and thruster opening area. This means,
there is a specific air flow rate and internal boom pressure value which produces thrust force
on the direct jet thruster, and also causes a specific amount of slot exit velocity. On the other
hand, it is already assumed that the circulation control tail boom provides nearly 60% of the
required main rotor anti-torque, and the direct jet thruster produces the remaining in a hover
trim flight. Therefore knowing the pedal position for a specific hover condition, the inlet

velocity V can be calculated.

When the pedal position of the helicopter changes, it changes the thruster exit area together
with the NOTAR fan pitch angle. When the thruster exit area changes, the internal boom
pressure leans to change. But it is known that the fan aims to keep internal boom pressure
constant [3], [8], [2]. This means that the fan pitch angles change to keep the internal boom
pressure constant. And this can only be done by changing the mass flow rate of the flow.
Therefore there is a relation between fan pitch angle and thrust exit area. The geometrical
relation between these two components are already known. Such as, when fan pitch angle
changes for a given value, the change in the thruster exit area can be calculated. But in order
to find the aerodynamic relation three different approaches are pursued: The approaches are;
constant exit velocity, constant fan pressure ratio and constant fan blade angle of attack. At
the end of the studies, the condition which both satisfies constant exit velocity and constant
angle of attack approaches are found. Therefore the constant exit velocity assumption which
is also satisfied for constant fan blade angle of attack assumption is selected for the model

approach.

Therefore the mathematical model is developed based on these approaches.The results of
the model developed depending on this approach are given in the following chapters. The
approach depends on two main assumptions and all of the parameters can be calculated de-

pending on given pedal position, outside air condition and flight mode of the helicopter.

The flow chart of the NOTAR model is given below. In this model it is assumed that the exit
velocity is predicted. The modified version of this model which is developed in order to find

exit velocity is also given at the end of this section.

The flow chart of the model is described in the figure 3.10. It starts with pilot pedal input.
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According to the geometrical relations, the thruster exit area A7 and no lift blade angle By is
calculated. Although V7 is known, in order to calculate inlet velocity Vi, slot exit velocity Vg
is needed according to the equation 3.44. Since V3 depends on Vi, an iteration is needed. In
fact nearly 10 iteration is enough to get good results. Therefore initiating Vg is equal to zero,

V|1 can be calculated. When V| is known, P; can be calculated using equation 3.1.

Using equation 3.2 and 3.7 properties on section 2 can be calculated. A loss prediction is

needed depending on V; for inlet.

Then fan calculations start with calculating flow coefficient with equation 3.24. Then using
equations 3.30, 3.31, 3.23, 3.26, 3.29, 3.28, 3.32, 3.18 respectively, all of the fan parameters

can be calculated.

Using equations 3.34 and 3.35 stator properties, and using equations 3.36 and 3.37 diffuser

properties can be calculated.

Then using equations 3.64 and 3.63, Vg can be calculated. The value of Vg is used for Vi, Vg

and circulation I" calculations.

Using equations 3.38, 3.42, 3.43 and 3.46, thruster exit conditions are found. Then equation
3.47 gives direct jet thruster force production, thus anti torque production of direct jet thruster

is calculated.

On the other side when V3 is calculated, using the equation 3.58, circulation I' can be calcu-
lated for a specified main rotor downwash velocity. Using circulation and equation 3.61, the
anti torque production of the circulation control tail boom is calculated. The forward flight
or side flight effect can be included by changing the value and direction of the downwash

velocity of the main rotor.

In addition, a method for predicting the exit velocity V7 is developed by modifying the current
NOTAR model and it is given in figure 3.11. As a starting point a flight test data on hover
condition can be used. When the required anti-torque is known, than the required force pro-
duction from the direct jet thruster can be calculated. This can only be done by a specific exit
velocity. By iteration this exit velocity can be calculated. When the exit velocity is specified

once than actual NOTAR model can be used.
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Figure 3.10: A General Schema of NOTAR Model
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CHAPTER 4

MD 600N HELICOPTER FLIGHT TEST

MD 600N helicopter, which is one of the three certified NOTAR helicopter types is flight
tested in order to compare and verify the developed NOTAR model. First, the helicopter is
instrumented. Then flight tests are performed in a methodology developed to understand the

helicopter responses to pilot inputs. Finally the data obtained from the flight test is analyzed.

4.1 MD 600N Helicopter Description

The MD 600N is a single turbine-engine multi-purpose light helicopter, which has a fully
articulated six-bladed main rotor system, with anti-torque provided by a NOTAR system. The
helicopter is developed by MDHC.

The helicopter is powered by a Rolls-Royce Allison 250-C47M turboshaft engine, which is
derated to 600 shp for takeoff and 530 shp for maximum continuous operation. The engine is

equipped with full authority digital electronic control (FADEC) [18].

Power from the engine is transmitted through the engine drive shaft to the main rotor trans-
mission. The main rotor transmission, through a second drive shaft, drives a gear box for the
NOTAR system fan. An overrunning clutch between the engine and the main rotor transmis-

sion permits freewheeling of the rotor system during autorotation [18].

The airframe is designed to provide extremely clean aerodynamic lines. This contributes to

excellent handling qualities, low vibration levels and high-speed capability.

FADEC system of the 250-C47M engine enhances engine control and reduce pilot workload,

improve flight safety and decrease maintenance requirements. A separate hydro-pneumatic
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fuel control system is provided for manual backup in case of emergencies. The engine control
unit records all important engine parameters and provides maintenance information. Also the

recorded parameters can be downloaded to a personal computer.

Flight controls in the MD 600N are designed to be lightweight, simple to use and easy to
maintain. Therefore it does not need the hydraulic controls. The anti-torque pedal controls the
NOTAR fan pitch angles, vertical stabilizer and rotating thruster motion. Adjustable friction
devices are installed in the cyclic, collective and throttle controls. In addition, electrical cyclic

trim actuators are installed in order to allow flight loads to be trimmed out.

The NOTAR System on MD 600N is the same as MD 520N helicopter and it is exactly the

same as it is described in Chapter 2.

The helicopter optionally has a Yaw Stability Augmentation System (Y-SAS). The system is
installed on the right side vertical stabilizer. In order to correct out of trim flight, yaw rate
data drives the right side vertical stabilizer. The left-side vertical stabilizer is not connected

to Y-SAS system but it is connected to pilot pedal.

The MD 600N has a maximum gross weight of 4100 1b and 1700 1b of it is useful load. The
helicopter has a cruising speed of 134 knots and maximum speed of 152 knots. Also the

helicopter can operate at the altitude of 20000 ft and can hover in ground effect at 11000 ft.

The detailed specifications of the helicopter is given on Appendix A.

4.2 Instrumentation

During the tests, data is gathered from a Inertial Measurement Unit (IMU), sensors already
installed in the helicopter, Pilot Instrument Panel, GPS Navigation Computer, Meteorology
tower and wind suck. Most of the information required can be taken from sensors already
present on the helicopter. In addition, the attitude information of the helicopter is taken from
an IMU called Microstrain 3DM-GX1 Gyro Enhanced Orientation Sensor which is installed
at the C.G of the helicopter. The pilot instrument panel is used for obtaining airspeed and
as a back up for various data. GPS system is used together with the velocity indicator in the
instrument panel of the helicopter so that the pilot can fly into the wind during the 60 knot

flight cases. Also wind speed and direction is obtained from the meteorology tower and the
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wind rose.
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Figure 4.1: Microstrain MU 3DM-GX1 Inertial Measurement Unit

The IMU consists of three angular rate gyros with three orthogonal DC accelerometers, three
orthogonal magnetometers, a multiplexer, a 16 bit A/D converter. It has also a microcontroller
which outputs its orientation in dynamic and static positions. The IMU operates in 360 degree
of angular motions and it can bring out the attitude of the helicopter in Euler formats. The
IMU needs a computer so that to save the measurement data through a serial port. Therefore

a laptop computer is used to save the data during the flight test.

4.3 Methodology

A test methodology is devised so as to understand the NOTAR effects on the helicopter anti-
torque production and to compare the NOTAR concept with its model which is developed
under the scope of this thesis. First of all, the required data that needs to be recorded and
which required data can be obtained from which instrument are determined. Then maneuvers

that need to be accomplished are also determined.
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4.3.1 Test Data

The data which is required in order to study the NOTAR concept anti-torque production and
so as to validate the NOTAR model developed in this thesis is determined. The weight and
center of gravity (C.G.) positions are important parameters. The pedal, collective and cyclic
inputs also need to be recorded. The body Euler angles and angle rates are also required to
understand the responses of the helicopter to the pilot inputs. Outside air temperature and
pressure are needed for the aerodynamic and performance calculations. The wind speed and
its direction is needed to know the outside atmospheric conditions. Main rotor rpm, torque

parameters are also important parameters affecting the calculations.

The weight of the helicopter is calculated by adding the weights of the pilots, the crew, the
instruments and the fuel on the helicopter to the empty weight of the helicopter. Then, remain-
ing fuel is recorded to calculate the final weight of the helicopter. The C.G. of the helicopter

is calculated again with the information above.

The pedal and collective inputs are recorded from the potentiometers installed for engine
controls. Pedal input is recorded so as to understand the response of the helicopter to pilot
pedal input. The collective input is recorded to see whether the pilot keeps the collective
constant or not because collective may also effect the yaw axis maneuvers. On the other hand,
cyclic inputs could not be recorded but the pilot tried to keep it constant. Although it is hard
for the pilot to keep cyclic input constant, its effect on yaw axis is not as much as pedal and
collective controls. The data of the pedal and collective inputs are recorded as input value per
maximum input value. The maximum input values are taken as hundred and the input values

are recorded as input value per hundred.

The body Euler angles and body angular rates are recorded to observe the attitude of the
helicopter and to understand the responses to the control inputs which are also recorded.
These information are collected by the IMU which is connected to a computer. The attitude
data is recorded to the computer at the same time when the remaining data is recorded to
another computer. Euler angles are recorded as degree, angular rates are recorded as degree

per second.

Outside air temperature and pressure is recorded for the calculations. The temperature is

recorded from the meteorology tower. Also the information from temperature sensor of the
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helicopter is recorded to the computer and temperature value on the pilot instrument panel is
also recorded as a back up. The outside air pressure is recorded from both pressure sensor of

the helicopter and from the meteorology tower.

The wind speed and direction are recorded from meteorology tower and the wind suck for
the hover flight tests. During 60 knot forward flight cases the wind speed and direction is
evaluated by comparing airspeed indicator and the velocity obtained from GPS navigation

computer. In fact these wind speed values are approximate values.

Main rotor rpm and engine torque parameters are recorded from the engine control system.
Although the main rotor torque value can not be measured, the main rotor rpm, engine torque
and pedal position data is used to estimate the main rotor torque. By keeping the collective

constant, the NOTAR fan power change with pedal input is observed.

4.3.2 Test Maneuvers

After the parameters required to be recorded are determined, the maneuvers that are to be per-
formed are decided. First, tests are done from a hovering condition, then a 60 knots forward

flight case is considered.

In hover tests, the pilot firstly finds the trim position into the wind and then applies the pedal
control input. At the beginning; four different control inputs in four different positions and in
two different places were planned. The main rotor torque should be calculated precisely in
order to analyze the collective input. Only the variation in the pedal input is decided for the

test.

Two different test areas are chosen for the hover tests. The two test areas have a 400 ft altitude
difference and therefore pressure and temperatures are different. Also the wind condition of
the two places are different. For each place, four cases are planned. First, two cases start with
left pedal input and then continue with right pedal input. Second, two cases start with right
pedal input and continues with left pedal input. The value and the time of the inputs vary but
in any case pedal input does not take more than 15 seconds. Besides, during pedal inputs both

collective and cyclic controls are kept constant by the pilot.
The 60 knot flight test cases are determined to be at an altitude of 4400 ft from mean sea level
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since this is 1000 ft above the ground - a safe altitude for the test. Two cases are planned
and in both cases and the flights are planned to be into the wind. The first case starts with a
left pedal input and then continues with a right pedal input. Then, two cases start with right
pedal input and continue with left pedal input. During these inputs, cyclic and collective are
planned to be constant and the duration of the inputs are not more than 10 seconds because

pedal input for a long time in an forward flight is not an advisable condition.

4.4 Flight Test

During the test flight the helicopter had a weight of 3600 1b. The helicopter empty weight
was 2400 1b. Weight of two pilots and two crews with their equipment were totally 800 1b.
Fuel weight at the beginning was 400 Ib. The C.G. location was calculated according to this
information and it was 95 in from the datum of the helicopter at the beginning. Fuel weight
at the end was 180 1b; therefore total weight was 3380 1b at the end of one hour flight. And

the C.G. location at the end was 97 in from the datum. The information is given on table 4.1.

Table 4.1: Weights and C.G. Locations During The Flight Test

Begining End
Weight | 36001b | 3400 Ib
CG 95 in 97 in

The wind condition in test area one was from east and 5 to 10 knot and the air temperature was
15 °C on that day. The Altimeter setting was recorded as 1012 mb and the pressure altitude

of place one was 3700 ft.

The wind condition in test area two was approximately 3 to 6 knot during the flight. The air

temperature was recorded as 16 °C and the pressure altitude was 3300 ft.

Test area three had a pressure altitude of 4400ft and the wind condition was 10 to 15 knots.

This area was used for forward flight tests.
The air conditions during the flight tests are given on table 4.2.

Ten cases were measured but the best seven are taken into consideration. On the selection
of these cases only the control inputs are taken into the consideration. In the selected seven,

which are shown on table , pilot pedal inputs are good enough to obtain a good analyze and
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Table 4.2: The Air Conditions on Test Areas

Hover Flight Tests 60 knots Forward Flight Tests
Test Area Area 1 Area 2 Area 3
Pressure Altitude 3700 ft 3300 ft 4400ft
Wind 5-10 knots | 3-6 knots 10-15 knots
Temperature 15°C 16 °C 14°C

the pilot collective inputs are nearly constant at the same time.

Table 4.3: Flight Test Cases

CASE | Flight Condition | Test Area | First Pedal Input | Second Pedal Input |

1 Hover 1 Left (%3) Right (%9)
2 Hover 2 Left (%9) Right (%5)
3 Hover 1 Left (%7) Right (%14)
4 Hover 1 Right (%13) Left (%22)
5 Hover 2 Right (%3) Left (%12)
6 Fwd Flight 3 Left (%12) Right (%5)
7 Fwd Flight 3 Right (%4) Left (%9)
44.1 Casel

The test flight case one was obtained on test area one. Here, the pilot kept hover trim position
into the wind for a while and then applied left pedal input. After some time pilot applied right
pedal input. At the same time, the pilot kept collective input constant. Although it is hard to

keep cyclic constant during a hover, the pilot tried to keep it fixed as much as possible.

During the flight test case one, the wind was 5 knot from the east. Temperature was 16 °C
and pressure altitude was 3700 ft. The helicopter weight was approximately 3500 1b and the

C.G. was calculated as 96 in.

44.2 Case?2

In case two, the pilot applied the inputs in the same way as case one but in different magni-

tudes. Also, case two was done in test area two, where atmospheric conditions were different.

During the flight test case two, the wind was 6 knot from the north. Temperature was 17 °C

and pressure altitude was 3300 ft. The helicopter weight was approximately 3500 Ib and the
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C.G. was calculated as 96 in.

44.3 Case3

In case three the pilot again applied left input at first but did not keep trim position for a while
and kept left pedal inputs approximately 3 seconds which means nearly double amount of

time. It was done in place one but it was a high wind condition.

During the flight test case one, the wind was 5 to 10 knots from the east. Temperature was 16
°C and pressure altitude was 3700 ft. The helicopter weight was approximately 3600 1b and

the C.G was calculated as 95 in from datum.

444 Cased

In case 4 the pilot applied right pedal input from the hover trim position into the wind. Af-
ter some seconds he applied left pedal input and again he kept collective and cyclic inputs

constant. This test was done in test area one.

During the flight test case four, the wind was 5 to 10 knots from the east. Temperature was 16
°C and pressure altitude was 3700 ft. The helicopter weight was approximately 3600 1b and

the C.G. was calculated as 95 in.

44.5 Cases

In this case the pilot firstly kept trim position for a while and then he applied right pedal input
but in lower magnitudes and less amount of time. Then he applied left pedal for some time

and then right pedal again. The case one was done in test area two.

During the flight test case five, the wind was 6 knots from the north. Temperature was 17 °C
and pressure altitude was 3300 ft. The helicopter weight was approximately 3500 Ib and the

C.G. was calculated as 96 in.
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4.4.6 Case6

In this case the pilot firstly kept trim position in 60 knots forward flight for a while and then
applied left pedal input. Then he applied right pedal input for some time. The case six was

done at 4400 ft pressure altitude.

During the flight test case six, the wind was approximately 10 knots from the north. Tempera-
ture was 14 °C. The helicopter weight was approximately 3500 1b and the C.G. was calculated

as 96 in.

447 Case7

In this case the pilot firstly kept trim position for a while in 60 knots into the wind and then
he applied right pedal input for a while and then applied left pedal input. The test case seven

is also done also at 4400 ft pressure altitude.

During the flight test case six, the wind was approximately 10 knots from the north. Tempera-
ture was 14 °C. The helicopter weight was approximately 3500 1b and the C.G. was calculated

as 96 in.
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CHAPTER 5

NOTAR MODEL VERIFICATION

The NOTAR model described in section 3 is integrated to a simulation math model program
based on the minimum complexity helicopter theory [12]. Applying the same pilot pedal
inputs used in test flight the response of the model is compared with flight test data. The
comparisons showed promising results and therefore the approach is thought to be adequate

for simulation purposes.

5.1 Integration to the Simulation Program Based On the Minimum Complexity

Model

The developed NOTAR model is integrated into the minimum complexity helicopter simula-
tion math model program. At first, tail rotor calculations of the simulation are replaced with
the developed NOTAR model. Then the program is modified for the MD 600N helicopter
and its properties are included. Unknown physical properties of the helicopter are found by
measurement or comparison to similar helicopters. Finally, the vertical tail model is updated

since the minimum complexity vertical tail model was not good enough for a NOTAR model.

In the minimum complexity theory [11], the helicopter is modeled as simple as possible so that
it can assure enough effective handling qualities for piloted simulation. Therefore, the the-
ory aims to calculate only the effects that can be felt by a pilot. Therefore, many component
models are simplified. For example, first order flapping dynamics is used for the main rotor
flapping calculations. Induced velocities of the both main and tail rotors are calculated with
iterative methods based on classic momentum theory and Glauert theory and inflow model is

assumed to be uniform. For NOTAR model a program based on this theory is used but tail ro-
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tor calculations of minimum complexity theory are changed and NOTAR model calculations

are integrated. Also vertical tail calculations are updated.

Properties of MD 600N helicopter are included into the program. Since the helicopter has a six
bladed fully articulated main rotor, some modifications are needed to be done on the original
program. Properties that could not be found in references are determined by examining,
measuring and approximating. For example, the main rotor airfoil is estimated by examining
the shape of it. Also some properties like effective hinge offset or strap packs used for flapping
are approximated. The inertias of the helicopter could not be found and UH1-H helicopter

inertias are scaled considering the weight and geometric differences of these two helicopters.

Properties for the NOTAR model itself are also found in a similar way. For example, all
of the lengths and areas on the tail boom which are used in the model are measured from
the helicopter. And NOTAR fan properties are estimated according to these measurements.
In addition to these, the two important parameters of the model, Thruster exit area A7 and
NOTAR fan pitch angles which are variable depending on the pilot pedal are observed and

measured and as a result the geometrical relations are found based on these measurement.

On the other hand, at first the vertical tail was modeled according to the minimum complexity
theory. However during 60 knots forward flight velocity condition, it is observed that it caused
oscillations. Therefore the vertical tail model is updated according to the updated model
developed in the thesis [12], which is based on simple aerodynamic approach that uses airfoil
properties calculating the angle of attack and incidence angle. The dependency of the vertical

tail to the pilot pedal is also included to the model.

5.2 Comparison of the NOTAR Model with Flight Test Data

Simulation of the NOTAR Model integrated to the minimum complexity theory is compared
with the flight tests performed with an MD 600N NOTAR helicopter. First of all, hover trim
values are found and then several different pilot pedal input responses of the model in hover

are compared with the MD 600N flight test data. The results are given below.

The responses to the pedal inputs of the model are compared with the MD 600N flight test

data which is obtained by applying the same pilot pedal inputs. During the tests, the pilot

48



firstly tried to stay on trim conditions and then apply different pedal inputs for each trimmed
flight case. Pedal input values and the responses of the helicopter are recorded. Simulation
program of the model is also run for each case. The program finds the trim conditions and
required pedal positions to the trimmed simulation model. Then various pilot inputs which
are the same with the flight test cases are applied to the simulation models in the trimmed

condition. The responses of the model are saved and compared with the flight test data.

Results are shown in the following figures: Pilot pedal input figures (5.1, 5.9, 5.14, 5.19, 5.24,
5.29, 5.34) show the applied pilot pedal inputs during the flight test on trim condition. In
figures, difference between maximum left and maximum right pedal is considered as hundred
units and the values are given in pedal input per hundred. The same value of pedal input
is applied to the model. Pilot collective inputs during the test are given in pilot collective
input figures (5.2a, 5.10a, 5.15a, 5.20a, 5.25a, 5.30a, 5.35a). The torque change of the engine
because of the pedal inputs are given in engine torque figures (5.2b, 5.10b, 5.15b, 5.20b,
5.25b, 5.30b, 5.35b).

The responses of the helicopter to the pedal inputs are compared with the model responses in
all three axis. Euler angle changes and angle rate changes from the trim conditions of both
flight test and model are given. The angle changes are given in degree and angle rate changes

are given in degree per second.

Seven different pedal inputs are applied during the flight tests and the same inputs are applied

to the simulation model. Results are given on the following figures (5.1-5.38).
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Figure 5.2: Engine Torque Change and Pilot Collective Input in Case 1.
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Figure 5.3: Yaw Axis Response Comparison to the Pilot Pedal Input in Case 1.
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Figure 5.4: Roll Axis Response Comparison to the Pilot Pedal Input in Case 1.

(a) Roll Angle Response Comparison
(b) Roll Rate Response Comparison

51




30 = 60
sk .
20 40
B 10f @ 20}
[a) F > L
% °F o [
< E L
g 0 W 5 0 7%%%% ~ D e
5 °F T~ s |
Z-10F T 20
asf i
20F a0
2sf i
_3007\\\£\H|H\é\uéu\1|0\H1|2H _600\\\;\\\I\\\é\\\é\\\llowwwllzww
Time (s) Time (s)
(@) (b)
Figure 5.5: Pitch Axis Response Comparison to the Pilot Pedal Input in Case 1.
(a) Pitch Angle Response Comparison (b) Pitch Rate Response Comparison
01 300~
I - - P2 250 |
I TTIE Ps §
0.05 | P5 - o - ;
5 — - P6 I P R i
0 o e 200 [rm i - \ ;
2 | g T . i
= £ r TV
50 2150 -
7] L Q B
0 o o - T T A
o - g_) L o o _ . - _\ II
& 100 S T Sl
I Fmmimimimmmm o S ’r
-0.05 - B N/
I 50
_0_10\\\;\\\I\\\é\\\é\\\llowwwllzww Oo“‘;“‘l“‘(Ii“‘é“‘llo“‘llz“
Time (s) Time (s)
() (b)

Figure 5.6: Pressure and Velocity Responses to the Pilot Pedal Input in Case 1.
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Figure 5.7: Angle of Attack and BN Comparison to the Pilot Pedal Input in Case 1.
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Figure 5.8: Anti-torque Response to the Pilot Pedal Input in Case 1.

(a) Anti-torque Production (b) Anti-torqu Production Change from Hover

Regarding figure 5.1, it is seen that pilot keeps hover trim position for approximately 6 sec-
onds and than applies left pedal for 1.5 seconds. Then he applies right pedal but in a greater
value. The pilot tries not to give any collective or cyclic input. Is is clear from figure 5.2,
the pilot keeps constant collective pitch. But cyclic values are not recorded and it is known
that keeping cyclic stable is not easy during hover and this might have caused some errors,
since the model works on ideal conditions and no cyclic input is given during this model

calculations.
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Figure 5.2, shows the pedal effects on the engine torque. Since there is no collective input, the
only reason for engine torque change is pedal input. From this figure, it can be seen that when
the left pedal is applied a higher NOTAR fan pitch angle, therefore more power is required.

This is in contrast with the right pedal input.

As for the yaw angle and the yaw rate figures 5.3 the model responses to pedal inputs are
close to responses of flight test results. This shows that the NOTAR model responses are in
reasonable levels on the yaw axis. In fact, the left pedal response of the model are a little
slower than the flight test and also right pedal responses of the model is slower than the
flight test result. This is an expected situation because the developed NOTAR model has a
symmetrical response. But in reality, a helicopter which has counterclockwise rotating main

rotor, responses to the right pedal is faster than it does to the left pedal.

The error on the yaw axis also depends on the circulation control tail boom calculations. The
calculations were simplified. Second, since the downwash velocity of the main rotor is used
on the circulation flow calculations, the inflow model of the main rotor is important for the
NOTAR model. However, the inflow model of the simulation program is not precise enough.

Also, the wind is effecting the tail boom lift production and may cause some error.

As it is seen in the roll axis flight test data in figure 5.4 it is hard to stay in hover without
any roll rate. Only the average value can be zero especially in windy conditions. But since
the model works with less disturbance roll rate can be close to zero. In fact, considering the
complete flight, the average roll rate and roll angle of the helicopter is close to zero in both

model and the test flight.

Pitch axis figure 5.5 show that the error between the flight test and the simulation result is
high after 6 seconds. The other reason of this error may be the fuselage model of the MD
600N helicopter, which is developed considering mostly the yaw axis. The pitch axis of the

fuselage may not be modeled good enough.

The figure 5.7b shows that when pedal is applied, axial flow fan pitch angles also change. On
the other hand, figure 5.7a shows that the angle of attack of the fan blades do not vary with
pedal. The reason of that interesting condition is that when the pitch angle of the fan blades
change, at the same time direct jet thruster exit area changes which also changes airflow rate.

There is a relation between fan pitches and thruster exit area that cause this airflow rate change
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to be in a manner that the angle of attack is kept constant. This condition is obtained when it

is assumed that exit velocity of thruster is constant.

Interesting results are obtained in figure 5.6 and 5.7. As it can be seen from the figure 5.7a,
angle of attack does not change with pedal input. Since the airflow rate changes, the pressure
ratio of the fan also changes, which can be observed from P3 on figure 5.6a. But after the
stators and diffuser this pressure difference is turned into axial flow velocity 5.6b. This can
be observed from 5.6a. The internal boom pressure Ps is constant no matter what the pedal

value it is.

Looking to figure 5.8, it is observed that most of the anti-torque is produced by circulation
control tail boom, which is expected. Direct jet thruster produces less anti-torque when it is
compared with tail boom. It is also seen that vertical stabilizer has little effect on anti-torque

production during hover flight.
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Figure 5.10: Engine Torque Change and Pilot Collective Input in Case 2.
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Figure 5.11: Yaw Axis Response Comparison to the Pilot Pedal Input in Case 2.

(a) Yaw Angle Response Comparison (b) Yaw Rate Response Comparison
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Figure 5.12: Roll Axis Response Comparison to the Pilot Pedal Input in Case 2.
(a) Roll Angle Response Comparison (b) Roll Rate Response Comparison
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Figure 5.13: Pitch Axis Response Comparison to the Pilot Pedal Input in Case 2.

(a) Pitch Angle Response Comparison (b) Pitch Rate Response Comparison

From figure 5.9 it is seen that the pilot keeps hover trim position approximately for 3 seconds
and than applies left pedal for 1.5 seconds. Furthermore he applies right pedal again a greater
value but in a slower manner. The pilot tries not to give any collective or cyclic input. And as
it is seen that he keeps the collective constant. The flight test data was taken from a different
place where the altitude is 400 ft lower and the wind is a little lower than the previous case.

This atmospheric conditions are also applied to the model.

Regarding the yaw angle and yaw rate figures 5.11, it can be seen that model responses is very
close to the flight test responses in that case. It seems that body yaw angle change is matched
in a nearly perfect manner. In flight tests, it can be observed that right pedal response is
higher when it is compared with the model pedal response. Also there is sharp rotation by
the helicopter in the last two seconds of the yaw rate figure 5.11 b and is not captured in the
model results. This error is most probably from the error on the wind measurement during the
flight test and the prediction of the wind effect on the model. Because after applied left pedal
the helicopter turns left and the wind starts coming from the right. Wind from the right hand
side of the helicopter means lower boom anti-torque production and torque production from
the vertical stabilizers. There are some inaccuracies in pitch and roll axis. The main reason
of that error is due to the helicopter simulation program and off-axis models not the NOTAR
model. When the simulation program is improved keeping the NOTAR model the same, this

error should be eliminated.
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Figure 5.15: Engine Torque Change and Pilot Collective Input in Case 3.

(a) Engine Torque (b) Pilot Collective Input
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Figure 5.16: Yaw Axis Response Comparison to the Pilot Pedal Input in Case 3.

(a) Yaw Angle Response Comparison (b) Yaw Rate Response Comparison
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Figure 5.17: Roll Axis Response Comparison to the Pilot Pedal Input in Case 3.

(a) Roll Angle Response Comparison (b) Roll Rate Response Comparison
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Figure 5.18: Pitch Axis Response Comparison to the Pilot Pedal Input in Case 3.

(a) Pitch Angle Response Comparison (b) Pitch Rate Response Comparison

This time the pilot applies left pedal longer, approximately 3 seconds and than applies equal
amount but in the opposite direction (figure 5.14). Yaw angle response is again nearly equal.
But just like in previous cases the right pedal response of the model is a little low especially
after the helicopter has turned more than 90 degree (figure 5.16). Also while in roll axis the

solutions are on reasonable levels but on pitch axis the model solution diverges.
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Figure 5.19: Pilot Pedal Input in Case 4.
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Figure 5.20: Engine Torque Change and Pilot Collective Input in Case 4.

(a) Engine Torque (b) Pilot Collective Input
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Figure 5.21: Yaw Axis Response Comparison to the Pilot Pedal Input in Case 4.

(a) Yaw Angle Response Comparison (b) Yaw Rate Response Comparison
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Figure 5.22: Roll Axis Response Comparison to the Pilot Pedal Input in Case 4.

(a) Roll Angle Response Comparison (b) Roll Rate Response Comparison
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Figure 5.23: Pitch Axis Response Comparison to the Pilot Pedal Input in Case 4.

(a) Pitch Angle Response Comparison (b) Pitch Rate Response Comparison

In this case the pilot applies right pedal at first and then applies left pedal. This time the value

of the pedal input is a little high. Again pilot collective control is nearly perfect.

Analyzing the yaw axis response 5.21, the right pedal response of the model is close to the
flight test response. But the left pedal response of the model is lower than the real flight
one. The reason of the delay is again most probably because of the wind. When right pedal
is applied the helicopter turns more than 90 degree right. At this position winds tends to
turn the helicopter back to the left because of the vertical stabilizer and the decrease of the
anti-torque production on the boom. The wind during the flight test might be more than the
predicted value. Because the wind was not constant during the flight tests and the wind might
have been more than 5 knot during the 4th case flight test data were taken. Also the vertical
stabilizer model might not be as good or the effect of right wind to the circulation control tail
boom might not be modeled well enough. Therefore, although in flight tests the helicopter

tends to turn left when it is right angle to the wind, the model response is a little slow.
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Figure 5.25: Engine Torque Change and Pilot Collective Input in Case 5.

(a) Engine Torque (b) Pilot Collective Input
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Figure 5.26: Yaw Axis Response Comparison to the Pilot Pedal Input in Case 5.
(a) Yaw Angle Response Comparison (b) Yaw Rate Response Comparison
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Figure 5.27: Roll Axis Response Comparison to the Pilot Pedal Input in Case 5.

(a) Roll Angle Response Comparison (b) Roll Rate Response Comparison
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Figure 5.28: Pitch Axis Response Comparison to the Pilot Pedal Input in Case 5.

(a) Pitch Angle Response Comparison (b) Pitch Rate Response Comparison

In this case, the pilot applies a small right pedal input and than a bigger left pedal input and
then again a right pedal input. As in the previous cases, the right pedal response is a little less.
But although left pedal response is similar, the yaw angle of the model can not catch the flight
test value. On the other hand, although the right pedal response is expected to be lower, it is
not expected as much as in figure 5.26. The reason of the large error on the angle is guessed
as due to the pilot and the change in wind conditions during the tests. Because on the test
area, it is hard to the see wind suck which shows the wind direction. Therefore the pilot might
have thought that the helicopter is in trim condition into the wind but in reality, the helicopter
might not be directly into the wind. Therefore the test data may be not perfect. Errors in roll

and pitch axis may also cause this error.

As it is seen on the figure 5.27 and 5.28, there are large errors after 6 seconds in roll angle
and divergence in pitch angle. These are not because of the NOTAR model but the simulation
program which depends on the minimum complexity theory depends on the properties of the
helicopter. In fact rate responses of the minimum complexity model are reasonable levels as

seen from the graphs.

67



5.8 Case6

15

10

Pedal Input (%)
o

&

=
o

N
o
orTTT T T T T T T
-

Figure 5.29: Pilot Pedal Input in Case 6.
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Figure 5.30: Engine Torque Change and Pilot Collective Input in Case 6.

(a) Engine Torque (b) Pilot Collective Input
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Figure 5.31: Yaw Axis Response Comparison to the Pilot Pedal Input in Case 6.

(a) Yaw Angle Response Comparison (b) Yaw Rate Response Comparison
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Figure 5.32: Roll Axis Response Comparison to the Pilot Pedal Input in Case 6.

(a) Roll Angle Response Comparison (b) Roll Rate Response Comparison
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This case is the 60 knot forward flight velocity case. In this case the pilot finds the trim posi-
tion at 60 knot into the wind and applies firstly left pedal and when it reaches to a maximum

value, then applies right pedal input. This can be seen from figure 5.29. Again the pilot

Figure 5.33: Pitch Axis Response Comparison to the Pilot Pedal Input in Case 6.

(a) Pitch Angle Response Comparison (b) Pitch Rate Response Comparison

collective control is nearly perfect and the cyclic input can be assumed to be zero.

In fact, during forward flight most of the anti torque is produced by the vertical tail. Circu-
lation control tail boom provides less than quarter of the anti-torque. Therefore when pedal
input is applied the direct thruster exit area and vertical tail incidence angle changes and this
causes a change in the anti-torque value. From the figure 5.31 it can be seen that the yaw
axis response is close to the flight test. Considering the forces created by the fuselage are also

effective on forward flights, most of the error is predicted to be resulted due to the simplified

fuselage model.

Figures 5.33 and 5.32 show the pitch and roll axis responses.
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Figure 5.34: Pilot Pedal Input in Case 7
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Figure 5.35: Engine Torque Change and Pilot Collective Input in Case 7.

(a) Engine Torque (b) Pilot Collective Input
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Figure 5.36: Yaw Axis Response Comparison to the Pilot Pedal Input in Case 7.
(a) Yaw Angle Response Comparison (b) Yaw Rate Response Comparison
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Figure 5.37: Roll Axis Response Comparison to the Pilot Pedal Input in Case 7.

(a) Roll Angle Response Comparison (b) Roll Rate Response Comparison
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Figure 5.38: Pitch Axis Response Comparison to the Pilot Pedal Input in Case 7.

(a) Pitch Angle Response Comparison (b) Pitch Rate Response Comparison
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Figure 5.39: Anti-torque Response to the Pilot Pedal Input in Case 7.

(a) Anti-torque Production (b) Anti-torqu Production Change from Trim

In this case the pilot applies a right pedal at first and keeps it for a while and then applies left
pedal. Again the pilot collective control is nearly perfect and the cyclic input can be assumed

ZEero.

Regarding the figure 5.36 it can be seen that there is a nearly perfect match between the model
response and the flight test response. Due to the aerodynamic condition of the forward flight,
it is known that most of the anti-torque is produced by the vertical tail during forward flight

and this can be seen from 5.39a. On the other side thruster is also effective in controls, which
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can be seen from 5.39b. Therefore, the reason of the perfect match is the model of thruster

and vertical tail.

Looking to all graphs in all cases (figures between 5.1 and 5.38), although the similarity of
the results implies the adequate NOTAR model approach for a simulation, it can be seen that

the match is not perfect.

The following could have caused a mismatch between the simulation model and flight tests ;

the assumptions that are made in simplified mathematical model, especially in modeling

the flow over the tail boom,

the wind effect which could not be modeled well,

the assumptions made in the properties of the helicopter,

the errors in minimum complexity theory.

Other flight test related errors are as follows;

e pilot errors during the flight test,
e wind can not be measured well,
o the errors of the test instruments.
Although the model responses are not perfectly matched with the flight test responses, the

results imply that it is an adequate model approach for a simulation and it shows that the

developed model is a valid model of a NOTAR system.
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CHAPTER 6

CONCLUSION

In this study, a mathematical model of an anti-torque system of a NOTAR helicopter is de-
veloped. The model is integrated into a simulation program which is based on the minimum
complexity models. In addition, flight tests are performed on the MD 600N NOTAR heli-
copter to verify the results. Then simulation results are compared with the ones obtained

from flight tests.

Since the anti-torque production of each element varies with flight regime, the flight char-
acteristics of the traditional tail rotor and NOTAR is not the same. Therefore completely
different model is developed in this thesis. The developed model is not only based on aero-
dynamic calculations but also flight test results. During the model development two main
assumptions are made referring to the results of the studies. The first assumption is that the
circulation control tail boom which produces 60% of the anti-torque in hover trim condition.
The second assumption is fan maintains internal boom pressure by changing mass flow rate
that keeps exit velocity from the thruster constant. By the model developed based on these
two assumptions, internal boom pressure which is constant and has a value between 0.5 to 1

psi above the outside air pressure is obtained.

The developed model is integrated to a program baseline of the minimum complexity theory
[12]. MD 600N helicopter properties are included to the program. Some modification on the
program is made while integrating NOTAR model and the helicopter properties into the sim-
ulation program and some unknown information about helicopter is evaluated by measuring

the shapes and comparing with the similar helicopters.

Analyzing the model it is observed that there is a close relationship between the direct jet
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thruster exit area and pitch angles of the NOTAR fan blades. When the thruster exit area
changes, fan blade pitch angles also change in a manner to differ the flow rate which keeps
the angle of attack on the fan blades constant. Although this does not provide constant fan
pressure ratio, the air pressure becomes constant value when it achieves to the boom passing

through stators and diffuser.

A flight test on MD 600N helicopter is accomplished in order to verify the model. Seven of
them are selected for comparison. Then the flight test data is compared with the model data
which is acquired by applying the same inputs as the pilot has done during the test flight. The
results showed that model responses are close to the real helicopter responses. The yaw axis
responses of the model are in reasonable levels. But model right pedal responses are slower
than the real flight right pedal responses. This is an expected situation because the developed
NOTAR model has symmetrical responses as many tail rotor models. The difference between
the flight test and the model responses are mostly caused by the wind which could not be

modeled good enough in simulation.

During flight test it is seen that the boom torque response is effected by side winds. Therefore,
NOTAR helicopter pilots should be careful on high wind air conditions during hover and low
speed flights, where the boom is needed to be effective. If it is a high wind speed condition

then it is safer to take off and land into the wind.

The NOTAR model performed well in the real-time simulation and presented satisfactory
handling qualities in the yaw axis. When compared to the flight tests, the yaw axis response
was satisfactory, but the off-axis responses where sometimes somewhat degraded, believed
to be mostly due to the lack of modelling of the minimum complexity math model. Yet the

model can be used in real-time simulation models.

6.1 Suggested Future Work

This study can be extended with the following items suggested for the future work:

e Better approaches other than minimum complexity model can be used to integrate the
NOTAR model

e Better inflow models can be used for the Main Rotor
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Anti-torque production calculations of Circulation Control Tail Boom can be based on

more detailed aerodynamic solutions,

More detailed NOTAR fan solutions can be found,

The air momentum ejecting from the thruster can be found more precisely,
More precise flight test can be obtained (tests on a less windy day),

More precise properties of the helicopter can be obtained (especially the helicopter

inertias),
More detailed engine parameters can be obtained,

A detailed wind and turbulence gust model can be implemented to the simulation

model.
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Appendix A

MD 600N SPECIFICATIONS

A.1 MD 600N Dimensions

Figure A.1: Dimensions of MD 600N [18]
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A.2 MD 600N Performance Specifications

MDG0ON Performance Specifications 3,600 Ib

Maximum Cruise | KTAS Sea Level Standard 139

Speed 5,000 ft, ISA 143

M axirnurm Vne (KCAS) at Sea Level 152 (175)

Permitted Speed

Maximum Range | Sea Level 357 (411)
5,000 ft, ISA 401 (481)

Maximum Sea Level 38

Endurance 5,000 ft, ISA 4.1

Maximurm Sea Level Standard 1,700

Rate-of-Climb I1SA + 20 °C Day 1,500

M axirmum Density Altitude 20,000

Operating

Altitude

Service Ceiling ISA @ 100 fiymin 18,800

Hover In-Ground | Standard Day 14,500+

Effect (HIGE) 154 + 20 °C Day 11,600

Hover In-Ground | Standard Day 11,700

Effect (HIGE) ISA+20°C 8,000

Certification Limits:

Standard Weight | Normal Category 4,100 b
External Load Empty 4700 1b

Empty Weight Standard Configuration 2100 1b
Industrial Configuration 2,036 b

Useful Load Internal 2,000 Ih
External 2600 b

Cargo Hook 3,000 Ib

Structural Rating

Fuel Capacity 115 gal

Powerplant: Rolls-Royce Allisan Engine Company Model 250-C47M gas
turbine, rated at 603 kw (808 shp), derated for reliability and safety to:
For take off 447 kw (00 shp)

Max Continuous Power 395 kw (530 shp)

Figure A.2: Performance Specifications of MD 600N [18]
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Appendix B

FIGURES FOR LOSS CALCULATIONS
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Figure B.2: Straightener efficiency loss for specified designs [20]
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