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Designing the Ornicopter, A Tailless Helicopter with Active
Flapping Blades - A Case Study

Jia Wan, Marilena D. Pavel

Abstract

The Ornicopter concept is a single rotor, tailless configuration. By actively flapping its blades, the Ornicopter

rotor can propel itself to rotate, and hence does not need a tail rotor. In previous research, the Ornicopter concept

has been compared with the Bo-105 conventional helicopter from various aspects, while the Ornicopter has the

same design parameters as the Bo-105. Comparisons show that the Ornicopter has one major drawback, namely

a small flight envelope. To improve the Ornicopter performance and understand how the Ornicopter should be

designed, in this paper, the Ornicopter design is unfrozen and optimized for flight envelope. The optimization

result shows that with a proper design, the Ornicopter performance can be improved dramatically. A similar

flight envelope as the Bo-105 can be achieved for the Ornicopter. However, the Ornicopter requires higher power

than the Bo-105 due to the inherent characteristics of this concept.
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Introduction

General background

Among the large number of helicopters, the single main rotor/tail
rotor (conventional) configuration is the main configuration in
use today. The configuration of a helicopter is, to a large ex-
tent, determined by the manner in which the reaction torque of
the main rotor is counteracted. For conventional helicopters, the
tail rotor is used for this purpose, as well as for generating yaw
control.

Although the tail rotor gives the helicopter extreme manoeu-
vrability, it also has many unfavourable characteristics: it con-
sumes power, and has only marginal control authority under un-
favourable wind conditions; it is noisy, vulnerable and danger-
ous. Research has shown that about 50% of U.S. civil heli-
copter accidents related to airframe failure or malfunction be-
tween 1963 and 1997 are connected to the tail rotor system (in-
cluding the drive train, control system, tailboom and tail rotor)
(1]

Different solutions have been proposed in an attempt to solve
the shortcomings of the classical tail rotor system. Some con-
figurations have been successfully developed and implemented,
such as: the Fenestron system, the NOTAR system (NO TAil
Rotor), the tandem helicopter, the coaxial helicopter and the syn-

chropter (intermeshing rotors) configuration.

Inspired by birds, efforts have been made to invent a flapping
wing aircraft (also known as an ornithopter). The flapping wing
concept can also be applied to the rotary-wing aircraft in order
to design a tailless helicopter. Previous attempts to design a flap-
ping blade helicopter go back in to 1930s. Two devices were
patented by Hans Georg Kiissner, a German aerodynamicist, at
the ‘Gottingen Aerodynamic Test Establishment’ [2, 3]. His in-
vention, the so-called ‘Flapping Propulsion Rotor’, was based on
the flapping blades concept. In his patent, the flapping actuation
device was based on an oil-hydraulic pump system to simulta-
neously flap up and down a pair of centrally hinged rotor blades
[2]. In order to demonstrate his concept, Kiissner also developed
a wind tunnel model, and showed experimentally that the reac-
tion torque could be completely compensated for by the rotating
flapping blades in such a concept.

At the end of the 1990s, Dr. Vladimir Savov from the Bul-
garian Air Force Academy proposed the so-called ‘Rotopter’
concept [4], using the same principle of the forced flapping

blades in order to eliminate the tail rotor. A mechanism was de-
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signed and patented by Savov, the so-called ‘freewheeling flap-
ping wing’. Its blades can rotate freely and are forced to flap
around the flapping hinge by the crank-rod mechanism. This
flapping motion generates the propulsion force to drive the rotor
to rotate.

In 2002, Delft University of Technology proposed the ‘Or-
nicopter’ configuration as an alternative manner to eliminate the
tail rotor. The main idea behind the Ornicopter is that, instead of
counteracting the rotor torque, it is better to use a rotor concept
that does not generate a torque.

The name ‘Ornicopter’ came from the combination of ‘Orni-
thopter’ and ‘Heli-copter’. As its name suggests, the Ornicopter
can be considered as a helicopter version of the Ornithopter, the
aircraft that flies like a bird by flapping its wings.

In conventional helicopters, the rotor blades are driven by
the shaft torque to rotate, and they generate lift from this rotat-
ing motion. This will cause a reaction torque on the fuselage that
needs to be compensated for by an anti-torque device. In the case
of the Ornicopter, the blades flap in the same manner as a bird
and derive both lift and propulsive force from this movement.
Thus, the Ornicopter combines the flapping wing principle with
the helicopter principle. As the blades propel (i.e. rotate) them-
selves, there is no longer a need for a direct torque supplied by
the engine to rotate the blades. Therefore, the Ornicopter rotor
will not generate a reaction torque on its fuselage. This makes
the anti-torque device redundant.

At Delft University of Technology, some research related
to the Ornicopter has been performed. Initially, the basic Orni-
copter principle was proposed, followed by feasibility analyses
based on an analytical model for the Ornicopter rotor in hovering
condition [5]. The principle of how to achieve the forced flap-
ping motion on the Ornicopter was also defined later on [6, 7].

Three rotor configurations for the Ornicopter have been pro-
posed [8], including the double-teeter configuration, the 2 x 2
anti-symmetrical configuration (referred as 2 x 2 AS in what
follows), and the so-called the 3-in-1-plane configuration. Due
to the relatively low vibration loads, the 2 X 2 AS has been cho-
sen to be the basic flapping configuration of the Ornicopter. As
shown in Fig. 1, when a blade (k = 0) is flapping upwards, the
opposite blade (k = 2) is flapping upwards as well, while at the
same time the two other blades will be flapping downwards, and
vice versa. The blades will pass through the neutral position at
the same moment in time.

In 2004 flapping mechanisms were developed in practice [8]
and tested on a small wind tunnel test model, as well as an Orni-

copter demonstrator model. A new mechanism was patented by

Figure 1: Principle of the 2 x 2 AS configuration [§]

Prof. Theo van Holten [9] in 2004 as shown in Fig. 2. The second
swashplate, the so-called ‘force-flapping swashplate’ was added
to the Ornicopter rotor. The rotating push rod will be driven by
this swashplate to move up and down when the rotor is rotating,

and hence drives the blade to flap.

<+—— Rotor blade

7
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[

Rotating push rod

Flapping hinge Rotor shaft

Force-flapping
swash plate

«—— Means to provide yaw
control

Figure 2: Principle of a forced flap mechanism using a push-pull

rod and swashplate [9]

Since 2009, more detailed research has been performed for
the Ornicopter concept. A flight mechanics model is developed
for this concept based on the blade element theory [10] , and is
validated against some test data in the hovering condition [11].
This model includes the body motion dynamics, blade flapping
dynamics and inflow dynamics. Using this model, the Ornicopter
was compared with the benchmark helicopter (Bo-105). The Or-
nicopter calculations were made assuming that it is in the range
of a light-weight helicopter and using the same initial design
parameters as Bo-105 helicopter (see Tab. 1). Figure 3 gives a
sketch of a possible Ornicopter design using the 2 x 2 AS con-
figuration [12].

Different aspects are considered during the comparisons,
namely the performance [11, 13], stability and controllability
[11, 14], and handling qualities [15]. Those comparisons are per-
formed for both hovering and forward flight conditions to under-
stand the impacts of eliminating the tail rotor and the additional

active flapping on helicopters. The drawbacks of the Ornicopter
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concept have been pinpointed, including a small flight envelope
and worse stability and handling qualities in yaw direction, while
the former one is the major disadvantage of the Ornicopter con-

cept.

Table 1. Main design parameters of the Bo-105

Rotor radius 491m  Bladechord 0.27m
Solidity 0.07 Disk loading ~ 29.05 kg/m>
Tip velocity 218 m/s  Rotor RPM 424
Number of blades 4 Gross weight 2200 kg
Tail rotor radius 0.95m  Length 11.86 m

Figure 3: Sketch of a possible Ornicopter design [12]

Goal of the paper

One of the reasons causing these drawbacks of the Ornicopter
is that it has the same design as the Bo-105. These design pa-
rameters are not optimized for the Ornicopter concept. A simple
test design case, i.e. a new design using larger chord length, tip
velocity and vertical fin size, has been analyzed [13]. It shows a
large improvement in the Ornicopter flight envelope.

In this sense, to further understand the pros and cons of the
Ornicopter concept, some design parameters will be unfrozen
and optimized to improve the Ornicopter’s performance. After-
wards, the optimized design will be compared with the Bo-105
to answer the question that how can an Ornicopter be designed,
which has comparable or improved flight performance as com-
pared to the Bo-105.

As an initial attempt to design an Ornicopter, the power re-
quirement and rotor stall area will be the main interest in this

paper. Some more advanced effects, such as blade elasticity, un-

steady aerodynamics and weight variation caused by changing
design parameters, are considered at this stage.

A design optimization methodology is presented in this pa-
per related to Ornicopter in order to improve its major draw-
backs, i.e. the small flight envelope and the low yaw stability.
The design optimisation process uses the following steps.

First, a baseline Ornicopter design similar to the Bo-105 he-
licopter is modelled. A dynamic flight simulation framework
of the Ornicopter design is set up to determine its performance
characteristics. The sensitivity of different performance criteria
(such as required power and stall area) to basic helicopter design
parameters was established by varying each parameter in the de-
fined design space.

Second, a design space is created for the Ornicopter by vary-
ing different helicopter conceptual design parameters (such as
rotor radius, blade area, rotor tip speed, fin size, pitch-flap cou-
pling) within the practical constraints that must be imposed on
design parameters. For example, minimum tip speed is given
by the one corresponding to an advance ratio of 0.5 while maxi-
mum tip speed is given by the advancing blade tip Mach number
of 0.95. For each design in this design space, calculations of the
required power and stall area are performed for two flight condi-
tions: hovering and 120 kts.

Third, by analysing the performance data in the design
space, the design trends of Ornicopter can be unmasked. After-
wards, those trends are used to define an optimization objective
with cost functions and constraints to obtain the final Ornicopter
design.

Since a model by definition is a simplified representation of
reality, uncertainties in predictions of Ornicopter behaviours can
result in uncertainties in the design space. However, the model
used to predict the Ornicopter’s behaviour is suitable in its as-
sumptions to perform parametric trends studies for performance
and flying qualities within vehicle’s operational flight envelope.
Therefore, the uncertainties in the design trends are suited for
the analysis of Ornicopter within its operational flight envelope.
One can thus assume that the optimized final Ornicopter design
obtained in this paper is capable of improving the limited flight
envelope of the original design. The new design has a better al-
titude performance at low speed and fast forward flight, while

having lower maximum speed due to the higher required power.
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The Ornicopter concept

The vanished reaction torque

As stated previously, the Ornicopter flaps its blades like a bird.
When a bird is flying, both a propulsive force - that pushes the
bird to fly through the air - and a lift force - that will keep the
bird airborne - are generated by its flapping wings. Similarly,
when the blades of a rotating rotor are actively flapping, both a
lift force and a propulsive force are generated. In this case, the
propulsive force will drive the rotor to rotate.

A very useful and simple understanding of how one can gen-
erate propulsive force with an Ornicopter blade is obtained by
applying a constant pitch angle to the flapping blade. The move-
ment of an Ornicopter blade during one revolution is illustrated
in Fig. 4. During one revolution of the rotation, the blade will be
forced to flap both up and down once, resulting in the undulating

path shown in Fig. 4.

w=270° w=180°
=P ! 7=t
p=0 P=—Pux

w=90°
B=Dou
p=0

VN\""’"

w=0 y=90° y=180° y=270° Wy =360°

Figure 4: Lift and drag forces acting on an Ornicopter blade

during one revolution when a constant pitch angle is applied

At 0° azimuth angle (1)), the blade element passes through
the neutral position with maximum upwards velocity. Due to
the upwards flapping velocity, the overall speed (V') will rotate
upwards, and hence the angle of attack of the blade element will
decrease, resulting in relatively low lift force (L). At the same
time, the lift force, which is perpendicular to the relative air flow
vector, will follow the change of the incoming wind direction.
Therefore, it tilts backwards with regard to the blade element.

After 90 degrees the blade reaches the maximum flapping
deflection, where the flapping velocity is zero. The total veloc-
ity of the blade element is parallel to the flow direction as in
the case without flapping, i.e. as a normal helicopter blade. A
similar situation can also be found when the blade reaches 270°.
On the contrary, the blade reaches negative maximum flapping

deflection at 270° azimuth angle.

Between 907 and 270°, the blade flaps downwards. In con-
trast to the upwards flapping discussed above, when the blade
flaps down, the angle of attack of the blade element will increase,
and the increased lift force will tilt forward with regard to the
blade element. This results in a positive thrust force, by which
the blade is propelled.

When a constant pitch angle is applied, the lift forces dur-
ing one revolution will (averaged over one revolution) result in
an upwards force and an average propulsive force. This aver-
age propulsive force is achieved because the forward horizontal
component of the lift force that occurs when the blade is flapping
downwards (from 90° to 270°) is much larger than the back-
wards horizontal component of the lift force that occurs when
the blade is flapping upwards (from 0° to 90° and 270° to 360°).
Thus, by setting all the Ornicopter blades at a constant pitch an-
gle and flapping them up and down, a propulsive force is cre-
ated that will rotate the blades around the rotor hub and an up-
wards force is created that will counteract gravity. The amount
of propulsion force and the total thrust generated by the rotor are
determined by the amplitude of flapping motion and the blade
collective pitch. By choosing a proper combination of these two
parameters, the desired forces can be achieved for trimmed flight
or necessary control.

When the blades are propelled by a flapping motion one can
demonstrate that the reaction torque acting on the fuselage will
no longer exist. This can be explained by comparing a conven-
tional helicopter to an Ornicopter, see Fig. 5 [6]. In a conven-
tional helicopter the drag that acts on the rotor blades is coun-
teracted by the shaft torque, which drives the rotor to rotate (see
Fig. 5.a). As a result, there will also be a reaction torque from
the rotor on the fuselage, and this reaction torque will have to be
counteracted by an anti-torque device. For the Ornicopter con-
figuration, the drag that acts on the rotor blades is counteracted
by the propelling force produced by the forced flapping motion
of the blades (see Fig. 5.b). There is thus no direct torque trans-
ferred from the fuselage to the rotor to rotate the blades. As a
consequence, there will not be a reaction torque from the rotor
on the fuselage. Hence, an anti-torque device is no longer neces-
sary.

It should also be mentioned that, for the Ornicopter design,
the blade flapping motion has to be synchronized with the ro-
tational speed of the rotor. In this manner, the forced flapping
frequency can be kept close to the natural frequency of the blade
flapping motion. Due to the resonance effect, the forced flap-
ping motion can reach the maximum amplitude. In other words,

in this situation, the minimum driving moment is needed for the
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Figure 5: The forces and moments acting on a conventional he-

licopter and the Ornicopter [6]

forced flapping.

Controlling the Ornicopter

Yaw control. In a conventional helicopter, yaw control is real-
ized by the tail rotor. By increasing or decreasing the thrust of
the tail rotor, the total yawing moment on the fuselage can be
controlled. Since the Ornicopter obviously does not have a tail
rotor, a different means for yaw control is needed.

By introducing a small amount of change in the forced flap-
ping amplitude, the propelling force generated by the Ornicopter
rotor can be controlled in order to achieve the desired yaw con-
trol moment. From Fig. 4, it can be seen that the propelling force
is related to the amplitude of the plunge motion. By increasing
the amplitude of the plunge motion (increasing h), the velocity
of the vertical motion can be increased, which causes a higher
effective angle of attack and larger thrust force. Similarly, the
propelling forced generated by the Ornicopter rotor can also be
decreased when lower amplitude of the forced flapping is ap-
plied. In this manner, the Ornicopter can be controlled in the
yaw direction, as shown in Fig. 6.

Figure 6.a presents the case when no yaw movement is de-
sired (the flapping mechanism will be explained later). In this
case the blades of the Ornicopter will be entirely propelled by
blades flapping, and there will thus be no reaction torque acting
on the fuselage. To realize this reactionless situation, a partic-
ular amplitude of the forced flapping motion will be necessary.
All the engine power will be converted into the flapping of the
blades.

When, for the same situation, a small reduction of the flap-
ping amplitude is chosen (Fig. 6.b), the propelling force gener-
ated by the active flapping will also be reduced. This implies that
the flapping of the blades will not be sufficient to keep the rotor
at its required rotational speed (the rotor will tend to slow down),
and therefore some additional shaft torque will be needed. The
same engine power is now used both for flapping of the blades
and for applying some additional shaft torque. Since in this the

case shaft torque is directly transmitted from the fuselage to the

Drag |
"5~ | Driving torque =0
= ng torq
Propelling force ~._—" Propeliing force
Reaction )
D
toque=0 9
(a)
Drag ,
‘, — | Additional driving

Propelling force - 30"Iue )
——* Propelling force

Resulting reaction, Drag
torque>0
T
Yaw control
coupled to pedals (b)
Ta Drag |
T _—~7 | Tomue needed to
= maintain rpm
—_ ]
Propelling force i Apellmg force
Resulting reactiol ™ Drag
- torque<0 “
i
(©
‘Yaw control
coupled to pedals

Figure 6: Schematic representation of yaw control by introduc-

ing a reaction torque

rotor, there will also be a reaction torque acting on the fuselage.
This reaction torque will cause yawing.

To yaw in the opposite direction, a larger amplitude of forced
flapping motion of blades needs to be applied (Fig. 6.c). As are-
sult of the larger flapping motion of the blades, the propelling
force will increase and as a result the rotor will tend to speed up.
In order to keep the rotor at its desired rotational speed, the rotor
will have to be slowed down. The reaction torque caused by this
is acting in the opposite direction as is the situation in Fig. 6.b,
and will therefore cause a yaw movement in the opposite direc-

tion, as shown in Fig. 6.c.

Cyclic and collective control. The cyclic and collective controls
for the Ornicopter are the same as those for conventional heli-
copters. A normal swashplate is used in the Ornicopter drive
train. Using this conventional swashplate, the pitch angle of the
blades can be controlled as per a conventional helicopter.

As each blade is forced to flap, their tip-path planes will be
tilted in a certain direction according to the forced flapping mo-
ment. To minimise additional hub shears and moments, the av-
erage tip-path plane of all the blades should not be changed by
the forced flapping motion. One possible way is to drive blades
anti-symmetrically, as shown in Fig. 7.a [7]. These two tip-path
planes tilt in opposite directions to maintain the average tip-path
plane level. When the cyclic pitch control is applied, the tip-path
planes of all the blades will tilt in the same way, as shown in

Fig. 7.b. This is true for both the Ornicopter and normal heli-
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copters.
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Figure 7: Cyclic control of Ornicopter [7]

It can thus be seen that each swashplate has a different effect
on the tip-path planes of the blades. The combination of these
two effects results in the total effect, as depicted in Fig. 7.c. In-
creasing the forced flapping angle and applying cyclic control
are two effects that can be superimposed. Cyclic control can be
achieved on top of the forced flapping motion and independent
of the magnitude of this forced flapping motion. The required
cyclic control is thus not influenced by the forced flap and subse-
quently not influenced by the yaw control. In other words, there
is a complete mutual decoupling of the cyclic and yaw control.
In this manner, longitudinal and lateral control of the Ornicopter
can be achieved.

As in conventional helicopters, a coupling does exist be-
tween collective control and yaw movement. If collective control
is applied, the pitch angle of all the blades will increase, thereby
providing more lift and also more drag. This increase in drag
will tend to slow the rotor down, and thus some additional en-
gine power will have to be transferred directly to the shaft. This
causes a reaction torque which will cause the fuselage of the Or-
nicopter to yaw. This problem can be solved in exactly the same
way as in conventional helicopters by applying yaw control in
the opposite direction; however, instead of requiring a change in
pitch angle of the tail rotor blades when the collective is used,
in the Ornicopter configuration a change in the forced flapping
angle is required. As a result the rotor will remain reactionless.

In conclusion, the Ornicopter changes the means of yaw axis
control when compared to a conventional helicopter. In this new
configuration, control of all axes is achieved through the main

rotor.

The small flight envelope of Ornicopter

The flight envelope is the closed area in the altitude-velocity dia-
gram, in which steady state flight is possible. It is determined
by a large number of factors, such as weight, aerodynamics,
engine system, structural dynamics and atmospheric conditions

[16]. For the preliminary flight envelope prediction, simplified

criteria are used in this paper, including the power requirement

and stall area.

Power criterion. To analyse the altitude performance of the Or-
nicopter, an engine model is required to predict the available en-
gine power at different altitudes. As the main purpose of this
analysis is to compare the performance of the Ornicopter and
Bo-105 instead of to acquire accurate performance data, a simple

engine model is used, [16]:
P. ~ P.yop ™ (1)

where P, is the available engine power, P, is the available en-
gine power at sea level and o, is the relative air density.

Inside the flight envelope, the engine should provide not only
the required power for steady flight, but also some power mar-
gin for manoeuvrability. Therefore, the power criterion for each

flight condition can be defined as:
PO S kae (2)

where P, is the maximum continuous power available from the
engine in each flight condition, P is the total required power
of helicopters and k,, is the power margin factor considering the
manoeuvrability margin and transmission loss.

In this paper, the &, is determined through an empirical way
based on the Bo-105 specifications and model calculations. The
required power of the Bo-105 at maximum velocity (sea level) is
calculated using flight mechanics model and compared with the
available engine power to determine the k,,, as:

kp = %ﬁ;w ~ 0.846 3)
Stall criterion. The effects of stall affect the performance of he-
licopters, e.g. the increase control loads and decrease control au-
thority. For the preliminary Ornicopter analyses, a relatively sim-
ple criterion is defined based on the nondimensional total stall
area (S):

Sstall
mR?

< Smaz “)

where Sstqn is the average stall area of all the blades, R is the
rotor radius and Synez is the non-dimensional stall area bound-
ary.

Similarly to the k,, the stall boundary (S'maz) is also deter-
mined through the stall area prediction of the Bo-105 at maxi-

mum speed, as:

o _ Sstall'Vmam ~
Snae = e 5 8 039, )
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Flight envelopes of the Ornicopter and Bo-105. With the crite-
ria defined above (Eq. 2 and 4), the flight envelopes (altitude vs.
velocity) of the Ornicopter and Bo-105 are calculated and pre-
sented in Fig. 8. Two boundaries are drawn separately to show
more details about the different characteristics of the Ornicopter

and Bo-105.
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Figure 8: Flight envelope of the Ornicopter and Bo-105 defined

by different criteria

From Fig. 8 one can see that the boundaries determined by
the power requirement for the Ornicopter and Bo-105 are very
close to each other, due to the similar power required by both
helicopters. The Ornicopter needs slightly more power than the
Bo-105, and therefore the power boundary of the Ornicopter is
slightly smaller than that of the Bo-105.

The interesting difference corresponds to the stall bound-
aries. It can be found that the Ornicopter has a much smaller
flyable region when compared to the Bo-105. This is due to the
high stall area in both hovering and forward flight. The stall area
of the Ornicopter and Bo-105 rotors at two altitudes (sea level

and 2000 m) is presented in Fig. 9.
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Figure 9: The rotor stall area of the Ornicopter and Bo-105 ver-

sus velocity

In forward flight, due to the blade longitudinal flapping and
the longitudinal cyclic pitch control, stall occurs on the retreat-
ing side of the rotor. In the Ornicopter case, the additional ac-
tive flapping motion enlarges the stall area of the Ornicopter ro-
tor. Therefore, stall reaches the stall boundary earlier (around
65 knots) on the Ornicopter rotor than the Bo-105, as shown in
Fig. 9.

Figure. § also shows that in hovering, the Bo-105 hovering
ceiling is decided by the required power, while in the case of the
Ornicopter, the stall effect is the most limiting factor. The stall
area on the Ornicopter rotor is higher than the stall limitation in
hovering at sea level, and increases with increasing altitude, as
shown in Fig. 9.

In hovering flight, when the altitude is increasing, the air
density decreases, and hence the induced velocity increases for
the same rotor thrust. In this sense, higher collective pitch is
needed, since higher induced velocity results in a lower angle of
attack of the blade element and higher induced power. However,
the total effect on the blade elements is only a slightly higher
AoA. The AoA, and hence stall area, increase slowly with in-
creasing altitude of the conventional helicopter rotor. Therefore,
for conventional helicopters, the stall area will not reach the stall
limitation in hovering until a very high altitude.

For the Ornicopter, some parts of its rotor encounter stall
in hovering due to active flapping. The stall area is correlated
with the amplitude of forced flapping motion. Recalling the trim
values of the Ornicopter presented before, the yaw control input
has a typical bucket shape. This results in similar bucket shape
cures for the Ornicopter stall area as a function of velocity, as
shown in Fig. 9.

To conclude, due to the active flapping, the blade angle of
attack varies in a large range for the Ornicopter rotor, and hence
causes a large stall on the rotor of Ornicopter. This stall effect
degrades the Ornicopter performance dramatically in terms of

the flight envelope.

Design requirements and methods

Due to the active flapping and the absence of a tail rotor, two
major drawbacks of the Ornicopter are found in the previous re-
search, including a small flight envelope and low yaw stability
and handling qualities. Because it is a first attempt to optimize
the Ornicopter design, the handling qualities will not be consid-
ered as design requirements in this paper. The performance is
the main interest of the Ornicopter design process. In this sense,

the flight envelope of the Bo-105 (as predicted in Fig. 8) will



be used as the design requirements of the Ornicopter. The main

performance specifications are summarized in Tab. 2.

Table 2. Bo-105 performance predicted by Delcopter

Hovering ceiling | Service ceiling

5725 m

Max. velocity

2815 m 150 knots

To predict the flight envelope of a helicopter, a numerical
method needs to be used to search the boundaries of flyable re-
gion in the altitude-velocity diagram, i.e. analyses need to be
performed at multiple altitudes and velocities. This requires high
computational power, especially in the optimization process.

To reduce the calculation cost, not the entire flight envelope
boundary of the Ornicopter will be calculated for the design op-
timization. Two specifications will be considered, including the
hovering ceiling and the maximum velocity. First, the Ornicopter
design will be optimized based on this simplified requirement.
Afterwards, the entire flight envelope of the new Ornicopter de-
sign will be calculated and compared with the Bo-105 to verify
if the design matches the design requirement.

The following procedure will be used for the Ornicopter de-

sign:

1. A sensitivity analysis will be performed with regard to
design parameters. This is done in order to pinpoint im-
portant parameters for the Ornicopter design and their in-

fluences on Ornicopter performance.

2. Based on the parameters selected, a design database will
be created which contains a large number of Ornicopter
designs. Using the database, the general trend of a feasi-

ble Ornicopter design will be analyzed.

3. The optimization problem for the Ornicopter will be de-

fined and optimal designs will be attained.

4. The optimized design of the Ornicopter will be compared
with the Bo-105 design to verify if it matches the design

requirements.

The detailed design of the forced flapping mechanism for
full-scale helicopters has not been considered. It is difficult to
estimate the weight of these mechanisms accurately at this stage.
Therefore, it is assumed that the forced flapping mechanism has
the same weight as the tail rotor system, i.e. the Ornicopter has
the same gross weight as the Bo-105. This assumption intro-
duces some error for the weight of the Ornicopter. However, it is

considered to be negligible.

It should be mentioned that the Ornicopter design in this pa-
per is the initial concept design. This design process is based on
the initial estimation of the total weight of the Ornicopter, which
is the same as the Bo-105 helicopter. After a new Ornicopter
design has been obtained, the weight of Ornicopter should be re-
calculated to verify whether all the design requirements are sat-
isfied. Multiple iterations of the design process might be needed
before the final converged design result is acquired.

The main purpose of the Ornicopter design research in this
paper is to trace the general design trends of this new concept
and further understand its characteristics compared with a con-
ventional helicopter. The initial design process can provide a rel-
atively good result for this purpose. In this sense, the following
design process will not be looped for the final converged result.
The weight estimation for the Ornicopter is not considered in this
paper. The influence of varying design parameters on the gross
weight of the Ornicopter is neglected, i.e. the Ornicopter total

weight is assumed constant.

The design parameters

Rotor sizing
The main rotor is the most important component of the heli-
copter. Proper design of the rotor is critical to meet the per-
formance requirements for the helicopter as a whole. The Or-
nicopter introduces the additional flapping motion to the rotor,
and hence leads to different characteristics for the Ornicopter as
discussed before. In this sense, the main rotor design will be the
main concern of the Ornicopter design research in this paper.
The conceptual and preliminary design of the main rotor

generally encompasses the following parts [17]:

1. The general sizing, i.e. the rotor diameter and the rotor

tip velocity.

2. The geometric platform of the blade which includes the
chord, solidity, number of blades, blade twist and tip

shape.

3. The choice of airfoil(s).

In this paper, only the general sizing and the blade chord will
be discussed as this is decisive for the performance. Other main
rotor design elements will be kept constant, such as the number
of blades and blade twist.

It should be mentioned that some parameters for the heli-
copter rotor are correlated to each other. Two sets of them will

be presented before the sensitivity analysis, and these are:



1. Rotor radius, tip velocity and rotor rotational speed, as:

Vi = RQ 6)

2. Rotor radius, solidity and blade area, as:

A
TR2

o =

(N

In the following research, the rotor radius R, tip velocity V;
and blade area A; are chosen as design variables. In this sense,
the rotational speed €2 and solidity o will not be constant and

vary according to the three chosen design variables.

Vertical fin

The small flight envelope of the Ornicopter is mainly due to the
stall, which is directly related to the average AoA and the varia-
tion of the AoA on blade elements. In forward flight, the verti-
cal fin design can be modified to reduce the rotor stall area, and
hence improve the performance of the Ornicopter.

The oscillation amplitude of the AoA is determined by both
the ‘conventional’ flapping and the forced flapping motion of
blades. The latter one is required to balance the rotor shaft
torque. In hovering condition, the rotor shaft torque needs to be
compensated entirely by the active flapping to reach the reaction-
less condition. However, this is not necessary in the forward
flight, when the vertical fin can generate a yaw moment to com-
pensate for the reaction torque on the fuselage. In this sense, the
active flapping of blades only needs to compensate a part of the
rotor shaft torque.

When a larger fin size (S,s) and/or a higher incidence angle
(BL"™) is used, the fin can generate higher yaw moment in for-
ward flight, especially at high velocity. In this case, the active
flapping motion needs to compensate for a smaller partition of
the shaft torque, and hence the forced flapping motion can be re-
duced, which results in a smaller stall area on the rotor. In this
manner, the Ornicopter performance can be improved.

In the steady forward flight condition, the sidewards velocity
(v) is very small and the rotational velocities (p, g, r) are zero.
Therefore, the yaw moment generated by the vertical fin can be

simplified as:

1 in in
Nyin = 5pu*SpinCL B3 " T in ®)

Defining the equivalent fin area, as:

Se = Sfmﬁ({m-’vfm 9

gives the yaw moment generated by the vertical fin as:
Nyin = PaynSeCi™ (10)

where Pgyy,, is the dynamic pressure (Pgy, = % pu2).

One can see that in steady forward flight the moment gener-
ated by the vertical fin is proportional to the equivalent fin area.
For different fin designs which have a different fin size (Sys),
incidence angle (5} Z'") or fin location (zf;), the yaw moment
generated will be the same in steady forward flight, as long as
they have the same equivalent fin area. In this sense, the equiva-
lent fin area will be considered as a main design parameter in the
sensitivity analysis. To keep it simple, only the fin area will be

varied next.

Pitch flap coupling

In the basic Ornicopter concept, the Ornicopter blades are forced
to flap with a constant pitch angle. Meanwhile, all the exam-
ples of flapping-wing propulsion in nature combine pitching and
flapping motions. The combined pitch-plunge flapping wing has
been studied in the flapping wing community and research shown
that the flapping wing thrust efficiency can be increased by using
a combined pitch-plunge motion [18]. Therefore, pitch-flap cou-
pling should also be considered for the Ornicopter concept. It
is modeled by two coupling terms as shown in Eq. 11, and their

effects on the Ornicopter design will be analyzed.

r

B
R+k015+k029 (11)

0 = 0o+ 0s1 sin Y+ 0.1 cos Y+ Ot

where kg is the pitch flap angle coupling coefficient and kg2 is
the pitch flap rate coupling coefficient.

Figure 10 shows the impacts of pitch flap coupling terms on
the blade pitch angle (assuming cyclic control is not applied).
The pitch flap angle coupling is common for conventional heli-
copters. The flapping motion of the blade will slightly change
the blade pitch angle if the pitch control rod is not located on the
flapping axis. A positive kg; indicates that the pitch angle will
be increased when the flapping angle (5) is positive, as shown
in Fig. 10.b. In the case of pitch flap rate coupling, the change
in the pitch angle is associated with the blade flapping rate. A
positive kg2 indicates that the pitch angle will be increased when

the blade is flapping upwards (3 > 0), see Fig. 10.c.

Sensitivity analyses

The following design parameters will be investigated in the

following sensitivity analyses: the rotor radius, blade area, rotor

kR

decksk
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Figure 10: Sketch for blade pitch flap coupling

tip velocity, the fin size and the pitch-flap coupling.

The sensitivities of the required power and the stall area with
respect to the above chosen design parameters will be investi-
gated. Calculations will be performed for two flight conditions,
including hovering and fast forward flight at 120 knots.

In the following figures, the required power is normalized
by the maximum continuous engine power, and the stall area is
normalized by the rotor disk area. All the design parameters
are normalized by their values in the baseline design (Bo-105)
respectively, except the pitch flapping coupling parameters (both

ko1 and kg2) (their values in the baseline design are zero).

The rotor radius

The effects of changing the rotor radius on the Ornicopter’s
performance are shown in Fig. 11 with regard to the non-
dimensional stall area S and the required power P.

One can see the large improvements in the Ornicopter per-
formance with the increase in the rotor radius in hovering. When
a larger rotor is used, lower power is required and a smaller rotor
area encounters stall (in percentage). In forward flight, the re-
quired power can also be reduced by using a larger rotor, while

the stall area will be slightly increased.
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Figure 11: Impact of the rotor radius on the stall area and re-

quired power

By increasing the rotor radius, the induced velocity can by
reduced, and hence lower induced power is required. As the
induced power is the major part of the required power of heli-

copters in hovering, using a larger rotor can dramatically reduce

the total required power of the Ornicopter. In forward flight, it is
less beneficial to increase the rotor radius as the parasitic power
is the dominant factor at high speed.

It has been proven that the amplitude of active flapping is
associated with the forced flapping power [7]. By reducing the
required power i.e. the forced flapping power, the amplitude of
the active flapping can be reduced.

The simple Ornicopter rotor model in hovering (see Ap-
pendix A) can be used for more detailed analyses. In the trimmed
hovering condition, the shaft torque coefficient should be zero.
Equation. 33 can be rewritten as (cyclic pitch control is not con-

sidered):

1 1 1 .
0= EUSCLaaeAi + gﬂscdo - 1—60sCLaB2 (12)

in which the effective angle of attack cv is :

0o i
Qe = 3 - 7 (13)

The required flapping amplitude can be calculated as:

Cao

A2
- e 2
I3 8ae \i + oL

(14)
Rewriting the main rotor thrust (see Eq. 29) gives:

1 1 i
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15)

In hovering, the thrust of the main rotor equals the total
weight, which is assumed to be constant. Therefore, the c. will
keep constant as the blade area and tip velocity are constant while
the rotor radius is varying. Meanwhile, the inflow ratio (\;) will
decrease with the increase in the rotor radius. Combining these
effects, one can find that increasing the rotor radius will decrease
both the collective pitch (see Eq. 13) and the active flapping am-
plitude (see Eq. 14) in hovering, as shown in Fig. 12.

As discussed before, the reason why the Ornicopter’s rotor
encounters stall in hovering is that the active flapping introduces
an additional variation of the blade angle of attack. By reducing
the active flapping and collective pitch, both the mean angle of
attack and the variation of the angle of attack can be reduced, and
hence the stall area can also be reduced. Hereby, with regard to
stall, the Ornicopter performance can be improved by increasing

the rotor radius.
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Figure 12: Flapping amplitude and collective pitch as a function

of the rotor radius

In forward flight, the numerical calculations can show the
effects of varying rotor radius on the active flapping and collec-
tive pitch control. Figure 12 shows that changing the rotor radius
has less effect on the amplitude of active flapping and collective
pitch control in forward flight than in hovering. As the induced
power is a small part of the total required power in forward flight,
the active flapping is almost constant while varying rotor radius.
Due to the slightly reduced induced velocity, the collective pitch
control also reduces slightly.

The increasing rotor radius also changes the flapping dynam-
ics of the Ornicopter rotor. With a larger rotor, a higher negative
longitudinal cyclic pitch control (6s1) is required for trimmed
forward flight, which increases the blade pitch angle on the re-
treating side. This will increase the stall on the retreating blades.
Therefore, the stall area will increase with an increase in the rotor

radius in forward flight.

The blade area

Figure 13 shows the impact of the blade area on the Ornicopter
performance. As the rotor radius is constant in this case, the rotor
solidity will also change proportionally with the blade area.

The blade area is directly related to the blade loading
(Mag/Ayp). By increasing the blade area, the blade loading will
be smaller, and the local blade element angle of attack can be
reduced for both hovering and forward flight. Recalling Eq. 15,
the equivalent angle of attack (. ) is inversely proportional to the
blade area, i.e. it will decrease with an increase in the blade area.
The blade area will not affect the induced velocity, i.e. the inflow
ratio is constant. In this sense, the required collective pitch angle
reduces in line with an increase in the blade area (see Eq. 13).
From Eq. 14, one can see that the amplitude of the flapping mo-
tion also drops off for a lower equivalent blade angle of attack
(aee). The variation in the active flapping amplitude and collec-
tive pitch with the blade area is presented in Fig. 14. Due to the

effects discussed above, increasing the blade area results in the
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Figure 13: Impact of the blade area on the stall area and required

power
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Figure 14: Impact of the blade area on the flapping amplitude

and collective pitch

This is accompanied by higher power consumption due to
the higher profile power, which is proportional to the blade area.
In forward flight, more additional profile power is required be-

cause of higher local velocity on the blade element.

The tip velocity
In the case of tip velocity, its effect on performance is similar to
that of the blade area. The higher the tip velocity is, the more dra-

matically the stall area drops and the required power increases,

see Fig. 15.
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Figure 15: Impact of the tip velocity on the stall area and re-

quired power

The reduction of the stall area with increasing tip velocity is
also caused by the lower flapping amplitude and collective pitch,
similarly to the case of the blade area. However, varying the

tip velocity has a greater effect on the Ornicopter’s performance
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than changing the blade area. This is due to the fact that aero-
dynamic forces are affected by the square of velocity (V). In
hovering, using about a 10% higher tip velocity can eliminate
the stall area, while it requires about a 20% larger blade area to

obtain the same effect.

The fin size
The yaw moment generated by the vertical fin is negligible at
low speed. In this sense, the vertical fin will only affect the per-

formance of the Ornicopter in forward flight, as shown in Fig. 16

pitch flap angle coupling (kg1) and the pitch flap rate coupling
(ko2).

The pitch flap angle coupling. Figure 18 presents the impacts
of the pitch flap angle coupling on the stall area and the required
power of the Ornicopter. One can see that this coupling term has
arelatively small effect on the stall area (it only varies by around
3%) and it will not noticeably affect the Ornicopter’s required

power either in hovering or forward flight.
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Figure 17: Impact of the fin size on the flapping amplitude and

collective pitch

By using the vertical fin to compensate for a part of the shaft
torque, less propulsive torque generated by the active flapping is
required, and hence the amplitude of the forced flapping motion
can be reduced, as shown in Fig. 17. In this way, the stall area
in forward flight can be limited and the flight envelope of the
Ornicopter can be extended. By reducing the active flapping,
the rotor profile power can be reduced. As the profile power is
not the main part of the total power in forward flight, a modest

reduction in the required power can be found while increasing

the fin size.
The pitch flap coupling
As shown in Eq. 11, two pitch flap couplings are considered in

the flight mechanics model developed in this paper, including the

Figure 18: Impact of the pitch flap angle coupling on the stall

area and required power

As mentioned above, the pitch flap angle coupling will
change the blade pitch angle when the blade is not at the neutral
position (in the flapping direction). This additional pitch angle
will slightly enlarge the angle of attack variation amplitude on
the blade elements. For example, considering a hovering Orni-
copter rotor without cyclic control, the angle of attack of a blade

element is:
w0 (16)

where 6 is the pitch angle of the blade and ¢ is the induced angle.

Substituting Eq. 24 and 25 into Eq. 16, one can get:

Ai
a =00 + OpwT + ? + kQIBO

+ (ko1 8s1 + Be1) sin () + (ko181 — Bs1) cos (¥)
(17)

The angle of attack variation amplitude is then:

& :\/(kelﬁsl + Be1)? + (ko1Ber — Ba1)?
= \/%1 + 1\/5?1 + 62

From Eq. 18 one can see that the variation of the blade angle

(18)

of attack will be enlarged by both the positive and negative val-
ues of the pitch flap angle coupling, assuming that the flapping
motion is not affected by kg;. Calculations also show that this
coupling term has no influence on the active flapping amplitude,
as shown in Fig. 19. In this sense, when the kg1 is zero, the stall
area has its minimum value, and increases for both positive and

negative kg1 .

decksk
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Figure 19: Impact of the pitch flap angle coupling on the flap-

ping amplitude and collective pitch

In forward flight, similar impacts of kg1 as in hover can be
found. However, due to the unsymmetrical airflow, positive and
negative kg1 have slightly different impacts on the stall area.
The stall area will reach its minimum value when kg1 is around

—0.05.

The pitch flap rate coupling. While the blade is flapping down-
wards, the blade element angle of attack will be increased due
to the flapping motion. This higher angle of attack will increase
the stall area of the Ornicopter rotor. By using a positive pitch
flap rate coupling, the blade angle of attack can be reduced as the
pitch angle is reduced by the pitch flap rate coupling term.

In hovering, this effect can reduce the angle of attack varia-
tion on blade elements, as well as the maximum angle of attack.
Therefore, the stall area can be reduced (see Fig. 20). Due to
the lower local angle of attack, the average profile drag will also
be lower. In this sense, the required power in hovering reduces
slightly in line with the increasing kg2.

This coupling effect also reduces the propulsive force gener-
ated by the active flapping. During the down stroke, where the
propulsive force is produced, the pitch angle is reduced by the
pitch flap rate coupling, and hence less lift and propulsive fore
are generated. On the other hand, the drag force increases in
the upstroke due to the higher pitch angle. Therefore, the aver-
age propulsive force drops off, which requires the amplitude of

active flapping to be increased, as shown in Fig. 21.
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Figure 20: Impact of the pitch flap rate coupling on the stall area

and required power

Figure 21: Impact of the pitch flap rate coupling on the flapping

amplitude and collective pitch

It should be mentioned that though the amplitude of active
flapping increases while higher kg2 is used, the local angle of at-
tack on the blade element will increase more gradually. A higher
flapping amplitude also indicates a higher flapping rate. As the
change of pitch angle due to the pitch flapping rate coupling is
proportional to the flapping rate, a higher flapping amplitude also
means a larger reduction of pitch angle when the blade is flap-
ping downwards (kg2 > 0).

It can also be found that the collective pitch control will
not be affected by this coupling effect in hovering, as shown in
Fig. 21. In hovering, as there is no unsymmetrical incoming air-
flow, the average impact of the coupling on the rotor thrust in
one revolution is zero. Hereby, the collective pitch control will
be kept constant for different ko2 in hovering.

Overall, the total effect of a positive kg2 is a strong reduction
of the stall area in hovering, as shown in Fig. 20.

For forward flight, the situation is different. The amplitude
of active flapping will increase while increasing kg2, similar to
in hovering. However, the collective pitch control will increase
in this case. From Fig. 21, one can see that when negative ko2
is used, the collective pitch is increasing slowly with increasing
ko2. Meanwhile, the gradient of the curve also increases, result-
ing in a rapidly increasing collective pitch when kg2 is close to
0.5.

Combining the two effects from above, the variation in the
stall area in forward flight as a function of kgs is characterized
by a bucket shape. While kg2 is negative, the stall area can be
reduced by increasing kg2, similar to in hovering. When kg2 is
positive, increasing collective pitch becomes the dominant effect,

and causes a higher stall area.

Design space

In the previous section, analyses were performed that varied

only one design parameter at one time. Analyses for combina-
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tions of multiple design parameters can show more information
regarding the Ornicopter characteristics. In this sense, a database
consisting of a large number of different Ornicopter designs is
desired.

As mentioned above, four parameters were chosen for the
design database, and their values are shown in Tab. 3. Most of
the design combinations from Tab. 3 are included in the database,

this resulting in more than 1 x 10* designs.

Table 3. Variation of the design parameters

The required power and stall area will be analyzed for each
condition and the analysis results for the Bo-105 helicopter will
be used as design requirements for the Ornicopter design. In
other words, the Ornicopter design should have the same or
lower power consumption and stall area than the Bo-105 heli-
copter.

It should be noticed that the Bo-105 rotor does not encounter
stall in hovering, while the Ornicopter concept introduces stall in
hovering due to active flapping. The same stall area requirement

will be applied to the Ornicopter in hovering conditions (both sea

Para- | Initial Mini. Max. Design

meter | design | value % | value | % points

Unit

level and hovering ceiling) as for forward flight.

All the design requirements with regard to stall and power

R 4.91 3.68 75 6.63 | 135 13

Ay 5.30 3.98 75 795 | 150 16 m
Vi 218 164 75 283 130 12 m/s
Sus 0.710 | 0.710 | 100 | 3.55 | 500 6 m

(in non-dimensional form) are summarized in Table. 4.

Table 4. Design requirements

Using the design database, more analyses can be performed
for the Ornicopter concept. One of the important applications
is to find a feasible design space for certain design requirements.
In this section, the feasible design space for the Ornicopter based

on the Bo-105 performance shown in Tab. 2 will be investigated.

Defining the design criteria

The design requirements are defined based on the performance
specification in Tab. 2, i.e. the hovering ceiling and maximum
velocity. They can be converted into the required power and stall
area limitations in certain flight conditions to reduce the calcula-
tion cost.

For example, to predict the maximum speed of a helicopter
limited by the stall area, numerical methods will be used to
search for the velocity at which the rotor stall area reaches the
maximum value allowed. This means that analyses need to be
performed for several velocities. The stall area increases with
increasing flight velocity. Therefore, if the stall area of one de-
sign does not reach the maximum stall allowed at the maximum
speed requirement (V,.52), it can fly faster than V0%, ie. it
satisfies the design requirement. In this way, the stall analysis
only needs to be performed once, and the computation cost can
be reduced dramatically.

To get more understanding of the influences of different de-
signs on the Ornicopter performance, the sea level hovering con-
dition is also considered in this section. In this sense, three flight
conditions are chosen for the analyses: hovering at sea level (re-
ferred to as hovering in the following), maximum speed forward

flight (150 knots) at sea level, and hovering ceiling (2815 m).

Flight Velocity 0 0 150 knots
condition  Altitude 0 2815 m 0
Maximum stall 0.0893 | 0.0893 0.0893

Maximum power 0.543 0.584 0.846

Results from the design database

Based on these design requirements discussed above, a feasible
design space for the Ornicopter can be determined. As the four
design parameters vary, the feasible design space will be a four-
dimensional space, which is difficult to visualize. To have a bet-
ter view of the design space and the impacts of varying param-
eters on it, the feasible rotor sizing (i.e. rotor radius and blade
area) is presented for different tip velocities and vertical fin size.
Besides the stall and power requirements mentioned above, the
allowable blade aspect ratio (R/c) is also limited, for example
by the blade structure design. In the following figures, the aspect
ratio limitation is also presented (14 < R/c < 20).

Figure 22 shows the feasible rotor design boundary for dif-
ferent tip velocities based on the sea level hovering requirements.

For the stall requirement, the feasible design space is on the
top-right side of the boundary, due to the fact that a higher rotor
radius and blade area can reduce the stall area. In the case of
the required power, a higher rotor radius and lower blade area
will be beneficial. Therefore, the feasible design space is on the
bottom-right side of the boundary.

Increasing the tip velocity, both the boundaries for stall and
power will shift. As increasing the tip velocity dramatically
reduces the stall area, a lower blade area and rotor radius are
required to keep the stall area lower than the design require-

ment. The stall boundary moves towards the bottom-left side
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Figure 22: Design space with different tip velocities for hover-

ing (S,s = 5)

and the feasible design area for stall requirement is enlarged.
Meanwhile, the higher the tip velocity is, the larger the profile
power required. To maintain the same total power consumption,
a higher rotor radius should be used to reduce the induced power
or the blade area should be lower to reduce the profile power.
This effect moves the power boundary towards the right-hand
side and reduces the feasible design space.

The design boundaries change with the variation in the tip
velocity. For all the tip velocities presented in Fig. 22, a design
space can be found that fulfills both the stall and power require-
ments. This feasible design space moves from the top-right cor-
ner to bottom-right when the tip velocity is increasing.

Similar results can be found for the hovering ceiling require-
ment, as shown in Fig. 23. Two major differences can be found

when comparing this to the sea level hovering condition.

will be higher. Meanwhile, the thinner air will also increase
the required equivalent blade angle of attack, see Eq. 15. Re-
calling Eq. 14, the increasing . and inflow ratio will require a
higher amplitude of active flapping for the same thrust. Com-
bining these effects, the stall area of the Ornicopter rotor will in-
crease with increasing altitude. Because of the higher stall area,
a higher blade area and rotor radius are needed to match the stall
design requirement, and hence the stall boundary moves.

Secondly, the power boundary slightly rotates and is more
close to a vertical line when compared with the sea level hovering
condition. The impact of tip velocity on the power constraint
becomes smaller. This is caused by the fact that with increasing
altitude, the profile power becomes a smaller part of the total
required power. As the tip velocity only affects the profile power,
it has less impact on the power constraint. Similarly, the blade
area also has a small effect on the total required power. The rotor
radius is the dominant factor for power requirement in this flight
condition.

In fast forward flight, the design boundaries are different

from hovering, as shown in Fig. 24
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Figure 23: Design space with different tip velocities for the hov-

ering ceiling condition (S,s = 5)

First, the stall boundary shifts to the top-right corner of the
plot. This is caused by a higher stall area with an increased al-
titude. At high altitude, the air density becomes lower. To gen-
erate the same thrust, the rotor needs to accelerate more air (in

volume), in other words, the induced velocity and inflow ratio

Figure 24: Design space with different tip velocities for forward

flight (Sys = 5)

For the power requirement, the feasible design space is still
on the bottom-right side of the boundary, which indicates that a
smaller blade area and smaller rotor radius are preferable with re-
gard to power consumption. In forward flight, the parasite power
is the main part of the required power and it is determined by the
fuselage design. The profile power is secondary and the induced
power is the smallest proportion of the total required power. In
this sense, the power boundary is relatively flat, i.e., the required
power is more sensitive to the blade area than to the rotor radius.

Some major changes can be found on the stall boundaries. In
the forward flight condition, the feasible design space is located
on the top-left side of the stall boundary instead of the top-right

side, which indicates the trend to use a smaller rotor. This can
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also be found from the sensitivity analysis, as Fig. 11 shows a
slightly increase in the stall area with an increase in rotor radius
in forward flight.

One may have noticed that there is no intersection between
the feasible design spaces defined by stall and power requirement
respectively. This demonstrates that no feasible design space can
be found for the Ornicopter in forward flight. While the tip ve-
locity is increasing, both stall and power boundaries are shifting
to the bottom-right side of the graph. The feasible design cannot
be achieved by changing rotor tip velocity.

As discussed in the previous section, the Ornicopter active
flapping blade will increase the stall area and the profile power
of the main rotor. To reduce the stall area, a larger blade area or
higher tip velocity should be used. However, those solutions will
further increase the rotor profile power. In hovering, while the
induced power is the major part of the total required power, by
using a larger rotor radius, the required power can be reduced.
At a certain point, the reduction in induced power can overcome
the increasing of the profile power necessary for the stall require-
ment, resulting in a feasible Ornicopter design. In forward flight,
the impact of the rotor radius on the required power is very small.
Therefore, the power and stall requirements cannot be satisfied
at the same time.

So far, the impacts of vertical fin size on the feasible de-
sign space have not been discussed. As the vertical fin does not
generate any force or moment in hovering, it will not affect the
Ornicopter performance in hovering. In this sense, only the de-
sign boundaries in the forward flight condition will be shown,

see Fig. 25.
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Figure 25: Design space with different vertical fin sizes for for-

ward flight (V; = 1.1)

The general shape of the stall boundaries is similar to those
boundaries drawn while changing tip velocity. By increasing the
fin size, the Ornicopter’s feasible design space can be greatly

enlarged.

For the power boundary, the vertical fin size is less influen-
tial. However, increasing the vertical fin size is beneficial for
the power boundary. Though a feasible design space cannot be
found for the fin designs shown in Fig. 25, the stall and power
boundaries are moving towards each other. At a certain point,
when the vertical fin is large enough, a feasible design will be
found. This will happen when the vertical fin compensates for
all the main rotor shaft torque. The active flapping will not be
needed. In this case, the Ornicopter rotor will work as a conven-
tional helicopter rotor. The stall area and required power should
be very close to those of a conventional helicopter. Meanwhile,
the tail rotor does not exist on the Ornicopter. The Ornicopter
total required power can be smaller than that of the Bo-105 heli-
copter. This results in a feasible design space for the Ornicopter
in the forward flight condition.

However, this will require a large equivalent fin area (S.),
which will cause other drawbacks. One of them is a lack of yaw
control. If the vertical fin compensates for all the shaft torque
and the amplitude of the active flapping is zero, the Ornicopter
rotor will work as a conventional helicopter rotor, and hence it
will not be able to generate a yaw control moment in both direc-
tions. An additional yaw control method is needed, such as the
use of a rudder. Meanwhile, a large vertical fin may also cause
some problems regarding the structure or weight. More research

should be carried out for a proper fin design in future work.

Compromised design requirements

As shown above, a design space for the Ornicopter that fulfills
the requirements for all three flight conditions cannot be found.
The most critical condition is at the maximum forward flight ve-
locity. This indicates that the final Ornicopter design will have a
higher power consumption and/or smaller flight envelope.

In this sense, the design requirements should be modified.
Some requirements have to be compromised to achieve a satis-
factory design.

For the power requirement, the allowed power consumption
can be increased for each flight condition. This results in an
Ornicopter design that has higher required power than the Bo-
105 helicopter. Figure 26 shows all the design boundaries in all
three flight conditions. The maximum power consumption in this
case is increased by 10%. A feasible design space can now be
found.

It can be found that the feasible Ornicopter design will have
a higher blade area and tip velocity to reduce the stall area. This

will also increase the profile power of the rotor. Therefore, the

sk
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rotor radius will also be increased to reduce the induced power.
However, reducing the induced power cannot compensate for all
the additional profile power, resulting in a higher total required
power for the Ornicopter.

In the case of the stall requirements, a similar calculation as
for the power requirement is performed, as shown in Fig. 27. In

this case the stall area limitations are increased by 20%.
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Figure 27: Feasible design space (20% larger stall area, V; =
1.1, Sys = 5)

From Fig. 27 one can see that with the higher allowable stall
area, the design boundaries for the stall requirements shift only
slightly. Hence, no feasible design space can be found in this
case.

Comparing Fig. 26 and 27, it can be found that the design
boundaries of the power requirements are significantly more sen-
sitive to the design requirements than the stall boundaries.

This is caused by the fact that these design parameters have
higher impacts on the stall area than on the required power. For
example, recalling the sensitivity analyses shown in Fig. 13, the
stall area varies by about 100% of the initial value in forward
flight, while the variation in required power is only about 20%.

In this sense, while changing the stall design requirements,

the stall design boundaries only move slightly. Therefore, no

feasible design space can be found when increasing the allowed
stall area by 20%.

In order to obtain a feasible design, the stall requirements
need to be further relaxed, which means a very small flight en-
velope. In this way, the required power of the Ornicopter can be
kept the same as the Bo-105. However, the small flight envelope
will be a major drawback for this design.

In conclusion, from the above analyses, it appears that the
power requirements should be relaxed to enable a feasible Orni-
copter design, and the stall requirements can be kept the same
as proposed before. The resulting Ornicopter design will have
a similar flight envelope as the Bo-105 helicopter but a higher

power consumption.

Design optimization

Defining cost function and constraints

From the analyses of the design space, it was concluded that to
maintain the same required power as the Bo-105 helicopter, the
Ornicopter has to compromise its flight envelope. It will be a bet-
ter option to design an Ornicopter with a similar flight envelope
to the Bo-105, while requiring slightly more power. Therefore,
the stall requirement will be considered as design constraints and
the required power will be used as the optimization objective.
As discussed before, the stall area on the Ornicopter rotor
in hovering will increase with increasing altitude. Therefore, for
a certain design, the stall area in the hovering ceiling condition
will always be larger than that of sea level hovering. The max-
imum allowed stall areas are the same for all flight conditions.
Therefore, a design will be satisfactory with regard to the stall re-
quirement at sea level if it satisfies the stall requirement at high
altitude. It is not necessary to include the stall requirement in
hovering at sea level as design constraints of the optimization.
In this sense, the main constraints of the design include the
stall area at the hovering ceiling and in forward flight (150 knots),

as well as the blade aspect ratio limitation, as:
She < 0.0893
Sy < 0.0893 (19)
14 < R/c<20
The optimization objective is the Ornicopter’s required
power in the three flight conditions used before. As there are

multiple flight conditions, the results should be combined to

form one scalar objective function. The following weight fac-
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tor is used for this purpose:

1—wy

F = wfpf + (Ph + phc) (20)

where wy is the weight factor for required power in forward
flight, Pf, Py, and Py, are the normalized required power in three
flight conditions (forward flight, sea level hovering and hovering
ceiling respectively), which represent the ratio of the required
power of the Ornicopter to that of the Bo-105 helicopter, as:
p(Orni)

Pr=-L

(Bo)
Pf

(Orni)
Ph rnu

P, = @n

P}EBO)

Phc =
(Bo)
Phc

By tuning the weight factor, optimal designs can be obtained
for different flight conditions. The value of the weight factor
will depend on the desired Ornicopter applications. For exam-
ple, the Ornicopter designed for troop transportation will mainly
fly at high velocity, and hence a large wy should be considered
(0.5 < wy < 1.0). To investigate the impacts of the weight fac-
tor on the final Ornicopter design, different values are tested. The
optimization results will be presented in the following section.

The optimization tool provided by Matlab (fmincon) is
used for the design optimization. This can find the minimum
value of the constrained non-linear multi-variable function. The
interior point algorithm provided by fmincon is used for the
following optimization. It will not be further discussed in detail
as it is a standard method. More details of the algorithm were
discussed in Ref [19, 20].

The design optimizations are performed with different
weight factors wy, ranging from 0 to 1.0. In this sense, a se-

ries of optimal designs are obtained.

Optimization results

Before presenting all the optimization results, the optimization
history data for one case (wy = 0.5) is presented. Figure. 28
shows the history of design parameters with their upper (UL)
and lower limits (LL). In Fig. 29, the design constraints (blade
aspect ratio and rotor stall area) are presented.

The optimization starts with the Bo-105 design. It is not sat-
isfactory due to the high stall area. The optimization algorithm
first searches for a feasible design, resulting in a very high tip
velocity. From this design, the search direction follows the trend
of using a larger rotor radius and blade area, lower tip velocity

and a small negative kgo.
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Figure 28: Design parameter history for w;y = 0.5
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Figure 29: Design constraints for wy = 0.5

From Fig. 28 and 29, one can see that the design parame-
ters do not reach the limitations, and the active constraints for
this optimization case are the blade aspect ratio and stall area in
forward flight.

To understand the trend of the optimized Ornicopter design
and the active constraints, all the optimization results (0.0 <
wy < 1.0) are analyzed together. The physical reasons causing
these results will be investigated.

Figure 30 presents the normalized power requirement of the
optimal Ornicopter designs with different wy. It clearly shows
that the required power in the hovering condition and forward
flight are contradictory.

With a low weight factor, the Ornicopter design can be op-
timized mainly for hovering, resulting in approximately 7% less
required power in hovering and 15% power requirement reduc-
tion at the hovering ceiling, when compared to the Bo-105. The
drawback that comes with this design is the higher required
power in forward flight, which is about 11% higher than that
of the Bo-105 helicopter.

Similar results can be found for the high w; cases, in which
the forward flight performance is the main optimization objec-
tive. However, the optimal Ornicopter design will still have

higher required power than the Bo-105 in forward flight (ap-
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design as a function of w;

proximately 1%), and the required power in hovering will be
increased dramatically (close to 8%). In other words, to reduce
the Ornicopter power consumption in forward flight, the hover-
ing performance needs to be compromised to a large extent.

From Fig. 30, one can also find that the impact of w; on
the hovering performance is much higher than in the forward
flight condition. The change of normalized power requirement
at the hovering ceiling is nearly 25%, while the required power
in forward flight varies by only around 10%.

This is caused by the fact that the induced power is the dom-
inant part in the total required power in hovering, and it is very
sensitive to the design parameters considered in the above opti-
mization, especially the rotor radius. In forward flight, the fuse-
lage parasitic power is the main part of the total required power,
which is not affected by the rotor design parameters.

Figure 30 also shows that the optimal design is not affected
for low and high weight factors, i.e. the wy is influential mainly
in the range of 0.4 to 0.8. For a better understanding of Orni-
copter’s the optimization results, the variations in the optimal
design parameters (as a function of wy) are presented in Fig. 31,
and Fig. 32 shows the blade aspect ratio and rotor stall area of
the optimal designs.

From Fig. 31 and 32, one can see that the optimal design
reaches the boundary (boundary for design parameters or stall
boundary) when wy is lower than 0.4 or higher than 0.8.

When wy is low, the design is optimized mainly for hover-
ing, where a higher rotor radius is desired to reduce the induced
power. Due to the design constraint of the maximum blade as-
pect ratio, the blade chord length also needs to be increased. At
the point where wy is 0.4, the blade area reaches the maximum

value allowed. In this sense, the required power in hovering can-

Figure 31: Optimal designs for different wy
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Figure 32: Design requirements at different wy

not be further reduced when lowering wy.

Increasing wy (between 0.4 and 0.8), the required power for
forward flight becomes a larger part of the optimization objec-
tive. To reduce the forward flight power consumption, the blade
area needs to be reduced, in order to minimize the profile power.
Due to the blade aspect ratio constraint, the rotor radius should
also be reduced. This will increase the induced power consump-
tion. However, the induced power is very small in forward flight,
and thus the total required power can be reduced by using a
smaller rotor. Meanwhile, as shown before, a lower blade area
also means a higher stall area. Therefore, the rotor tip velocity
should be increased to delay the stall.

For the low wy cases, due to the high blade area and rotor
radius, the stall will not occur in the hovering ceiling condition
(see Fig. 32). Increasing wy, the optimal rotor radius and blade
area decrease. This causes more stall in hovering. Therefore, the
optimal pitch-flapping coupling will also increase, as this can
reduce the stall area in hovering (see Fig. 20).

After wy reaches 0.8, its effect on the optimal Ornicopter
design becomes very small. This is due to the fact that the stall
area reaches the design requirements in both hovering and for-
ward flight conditions. In this situation, any design variation

which can reduce the forward flight power consumption, such
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as a smaller rotor or a lower tip velocity, will increase the stall
area and results in an unsatisfactory design.

Overall, the weighing factor wy will affect the final optimal
Ornicopter design, and this plays an important role between the
range of 0.4 and 0.8. The higher wy is, the better the forward
flight performance, which requires a smaller rotor size and blade
area, as well as a higher tip velocity and pitch flapping rate cou-
pling to reduce the stall area.

The final optimal Ornicopter design will depend on the po-
tential applications of the helicopter. In this sense, it is not the
intention of this paper to determine the ‘best” Ornicopter design.

In this paper, the purpose of the Ornicopter design process
is to find a design that has a similar performance to the reference
helicopter Bo-105 and to investigate the potential of this new
concept. Therefore, the optimization results which have simi-
lar required power to the Bo-105 for both hovering and forward
flight should be considered as the Ornicopter design candidates.

Recalling Fig. 30, this shows that the Ornicopter concept is
not a good solution for fast forward flight. Its minimum required
power in forward flight is still higher than the power consump-
tion of the Bo-105, while the cost to reduce it is very high (i.e.
the required power in hovering increases dramatically). Mean-
while, to reduce the stall area, the rotor tip velocity should be
increased, see Fig. 31. This will also degrade the Ornicopter
high speed performance due to compressibility effects on the ad-
vancing side.

Overall, the optimal Ornicopter design corresponding to
wy = 0.7 has been chosen. The design parameters are pre-
sented in Tab. 5. The Ornicopter design has almost identical
required power in hovering as the Bo-105 (P, = 0.9911) and
lower required power at the hovering ceiling (Py. = 0.9598).
As discussed before, the required power of the Ornicopter will
be higher than that of the Bo-105. For the chosen Ornicopter
design, it requires about 4% more power at 150 knots forward

flight (P; = 1.038).

Table 5. Optimized Ornicopter rotor design

Design parameters
R Ab ‘/t C Q
) ko2
m m m/s m rad/s
Ornicopter 5.50  6.06 230.7 0.168 0275 419

Bo-105 491 530 218.0 0 0.270 444

It should be mentioned that the vertical fin size used in the
optimization is relatively high (S,s), in order to increase the

equivalent vertical fin size (Se). To limit the vertical fin size

to a practical value, while keeping the same equivalent vertical
fin size, the vertical fin size and the incidence angle are both
increased for the following comparisons. The incidence angle

(B{;m) is increased to 8° (/3] in — 1.72) and the S, equals 2.91.

Comparisons with the Bo-105

In this section, the new optimized Ornicopter design will
be compared with the Bo-105 helicopter. The comparisons will
be done for the flight envelope, the natural modes and handling
qualities.

The flight envelope of the new Ornicopter design as com-

pared with the Bo-105 is presented in Fig. 33.
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Figure 33: The flight envelope of the optimal Ornicopter and
Bo-105

It can be found that the Ornicopter stall boundary is greatly
extended when compared to the baseline design. For this new
Ornicopter design, the flight envelope will be similar to that of
the Bo-105 helicopter.

Looking at the stall boundary, one can see that the stall effect
still has a large impact on the Ornicopter hovering performance
when compared with the Bo-105. However, this optimized Or-
nicopter has dramatically increased the hovering ceiling defined
by the stall effect.

Increasing the air speed, the stall service altitude of the Or-
nicopter will increase first until it reaches the maximum altitude
at around 50 knots flight speed. Afterwards, it will decrease with
the increase in speed. In the Bo-105 case, the stall service alti-
tude will keep decreasing as the velocity increases.

This is caused by the fact that the stall area on the Ornicopter
rotor consists of two parts: 1) the ‘conventional’ stall area caused
by the blades’ longitudinal flapping, the longitudinal cyclic con-

trol and the unsymmetrical local air flow, and 2) the stall intro-
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duced by the active flapping.

As the amplitude of the active flapping is associated with
the required power, it has a similar bucket shape as the required
power for helicopters. This indicates that the stall caused by the
active flapping will also have a bucket shape, which makes the
stall boundary of the Ornicopter have a ‘reversed’ bucket shape
as seen in Fig. 33.

One can also see that at high forward speed (around 130
knots), the Ornicopter has a higher stall service altitude than the
Bo-105 helicopter. This shows that, in forward flight, the stall
area on the Ornicopter rotor is less sensitive to altitude compared
with a conventional helicopter main rotor.

For the same flight speed, increasing the altitude will in-
crease the ‘conventional” stall area on both the Ornicopter rotor
and conventional helicopter rotor. For the Ornicopter, the stall
area caused by the active flapping is associated with the required
power. In fast forward flight, increasing the altitude decreases
the air density, and hence the power required by the Ornicopter
reduces (as the parasite power is the major part of the total re-
quired power). In this sense, the amplitude of active flapping
will decrease as the altitude increases, as well as the stall area.
Combining these two effects, the development of the stall area
on the Ornicopter rotor is more gradual than that of the Bo-105
while the altitude is increasing. Therefore, in forward flight, the
Ornicopter has a slightly higher service altitude than that of the
Bo-105.

In hovering, the situation is reversed. Now the induced
power is the main part of the required power. Increasing the
induced power at higher altitude requires an increase in the am-
plitude of active flapping which causes a larger stall area. In this
sense, the Ornicopter rotor stall area in hovering will increase
very fast when the altitude is increasing resulting in much lower
stall hovering ceiling than the Bo-105.

For the power boundaries, the Ornicopter shows a similar
trend to conventional helicopters. At low and modest speed, the
Ornicopter has a slightly higher service altitude than the Bo-105,
while its maximum speed which is limited by the available power
is lower.

This is also caused by the different compositions of required
power in hovering and forward flight. Due to the stall effect,
the Ornicopter needs a rotor with a higher radius, blade area and
tip velocity. This design modification will reduce the induced
power, while increasing the profile power. In this sense, com-
pared with the Bo-105, the Ornicopter has lower required power
in hovering, when induced power is the dominant part of the to-

tal required power, and higher required power in forward flight,

when the profile power is higher than the induced power.
Combining stall and power boundaries, one can see that the
Ornicopter will have a slightly better performance in hovering
and low speed. Due to the higher stall area, the Ornicopter has
a lower service ceiling when compared to the Bo-105. For high
speed flight, the Ornicopter performance is worse than the Bo-

105 due to the higher required power.

Conclusions

In this paper, some design parameters of the Ornicopter are
modified based on its characteristics. The new optimized Orni-
copter design is determined.

Sensitivity analyses are performed first to investigate the im-
pacts of different design parameters on the Ornicopter perfor-
mance. Based on the analyses results, four parameters are cho-
sen to build a design database, including: the rotor radius, the
blade area, the tip velocity and the vertical fin size.

Combining the different values of these four parameters, a
design database is formed. From the database, it can be found
that no feasible design can be found for the Ornicopter to satisfy
both the design requirements, i.e. the stall area requirements and
the required power requirements.

Using the optimization method, the optimal Ornicopter de-
signs concerning different flight conditions (hovering or forward
flight) are identified. The results show that the hovering per-
formance of Ornicopter can be better than that of the Bo-105,
with the cost of poorer forward flight performance. However, the
optimal forward flight performance of the Ornicopter is always
inferior to that of the Bo-105 due to the active flapping. This
indicates that the Ornicopter concept might be more suitable for
low and mid-range velocity applications.

From the series of optimal Ornicopter designs, the one with
similar hovering performance to the Bo-105 is chosen as an ex-
ample design, and compared with the Bo-105 in means of the
flight envelope and handling qualities.

Comparisons show that the new Ornicopter design can
greatly improve the limited flight envelope of the baseline Orni-
copter design. The new design has a better altitude performance
at low speed and fast forward flight, while having lower maxi-

mum speed due to the higher required power.

Future work

Several aspects of the Ornicopter’s design process will be

extended in the future. One of the future work relates to the total
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weight of the Ornicopter. In the paper this weight is assumed to
be constant. The weight of additional forced flapping mechanics
should be estimated, as well as the weight reduction caused by
the absence of the tail rotor. Meanwhile, the impacts of design
parameters, such as a larger rotor and vertical fin, on the weight
of the Ornicopter should also be considered.

Likewise, goals for Ornicopter’s load alleviation need to be
postulated. Technologies such as the HHC (high harmonic con-
trol), IBC (individual blade control) and variable RPM rotor,
may also improve the Ornicopter concept, and should be con-
sidered in future research.

Finally, one of the critical issues for the Ornicopter is, as in
the case of any helicopters, related to safety. Eliminating the tail
rotor results in the increasing reliability of a helicopter. However,
the Ornicopter concept introduces additional complexities on the
main rotor. The effect of this revolutionary rotor concept on the
helicopter’s reliability requires a more detailed rotor hub design
and should be considered in further analyses.In particular, the
Ornicopter’s behaviour after the failure of the forced flapping

mechanism should also be investigated in future works.

Appendix: Ornicopter rotor model in

hovering

In this appendix, a simple rotor model for the Ornicopter in
hovering will be derived using blade element theory. A central

hinged rotor is considered in this model, as shown in Fig. 34.
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Figure 34: Blade configuration for the rotor model
The blade flap motion can be expressed as:

B = Bo + Bs1sin(y) + Ber sin(v) (22)

The lift and drag forces on the blade element shown in

Fig. 35 are:

dL =~ %pfo’La (0 — p)cdr

. 23)
dD ~ Epfodocdr
in which 6 is the pitch angle of the blade defined as:
0 = 0p + 0s18in1) + 6.1 cosy 24)

Figure 35: Aerodynamic environment at a typical blade element

and ¢ is the induced angle caused by the induced velocity and

the blade flapping motion:

~ Br + v; (25)
Ut
The lift and drag forces can be expanded as;
_ 1 2 2 ;
dL = EPCLQC 002 —Qr(pr+wv;))dr
(26)

dD = %pQQTQCdocdr

Assuming that the induced angle is small, one can obtain:

dF, ~ dD + dLyp
27
dF, ~ —dL

Similarly, these forces can be transformed into the rotor shaft
reference, thus in order to calculate the thrust and shaft torque

generated by the rotor:

dT ~ dL
(28)
dQ ~ dFyr

where T is the rotor thrust and @ is the shaft torque.
Integrating through the blade radius and rotor azimuth angle
gives the total hub forces and torque generated by one blade. The

blade thrust is then:

1 1
T, = gchLaQQRSOO - chCLaQRQUi (29)

It can also be written in non-dimensional form as:

T
Cr,= ——5——
p (QR)” TR?
(30)
o (B A
T 2% \3 T 2
where o is the solidity of a single blade, i.e.:
c
= — 31
os =5 €2y
and )\; is the inflow ratio:
i == (32)

sk
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The Ornicopter’s shaft torque coefficient can be derived in
the same way, and this gives:

1 ~
Ca. = Or,Xi+Cgo, = 760:Cr., (B + Beaba = Bubir )

(33)

in which /3 is the amplitude of the blade flapping motion.
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