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Abstract
An embedded radial absorber is investigated to control helicopter rotor hub vibration and
blade loads. The absorber is modeled as a discrete mass moving in the spanwise direction
within the blade. The absorber is retained in place and tuned with a spring and a damper. The
radial absorber couples with lead-lag dynamic through Coriolis forces. The embedded radial
absorber coupled to the helicopter is analyzed with a comprehensive rotorcraft model. The
blade is modeled as an elastic beam undergoing flap bending, lag bending and elastic torsion,
and a radial degree of freedom is added for the absorber. The tuning of the embedded radial
absorber to a frequency close to 3/rev with no damping is shown to reduce significantly (up to
86%) the 4/rev in-plane hub forces of a 4-bladed hingeless rotor similar to a MBB BO-105 in
high speed flight. The simulation shows that the absorber modifies the in-plane blade root
shears to synchronize them to cancel each other in the transmission from rotating frame to
fixed frame. A design of an embedded radial absorber experiment for hub vibration control is
presented and it is concluded that for such high tuning frequencies as 3/rev, it is feasible to
use a regular coil spring to compensate for the steady centrifugal force. Large reduction of
blade lag shear (85%) and lag bending moment (71%) is achieved by tuning the embedded
radial absorber close to 1/rev (also shown for a BO-105 like helicopter in high speed flight).
The absorber reduces the amplitude of the lag bending moment at 1/rev, thus reducing the
blade lead-lag motion and reducing the blade drag shear and lag bending moment. Finally, the
use of the embedded radial absorber is investigated as a source electrical power when
combined with an electromagnetic circuit. A model of the electromagnetic system is
developed and validated, and an evaluation of the amount of power harvestable for different
configurations is presented. The maximum power harvested was calculated to be 133 watts.
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Chapter 1 Introduction
1.1 Background
Before its first success, rotorcraft was regarded as too complex to be able to fly when
compared to airplanes and their simplicity. While more complex than airplanes, the helicopter
presents a lot of advantages in static and low speed flight and this alone explains the
perseverance that designers have shown toward the machine.
The complexity of the helicopter originates from the way lift is generated. The method of lift
generation is through rotating blades, therefore every radial section of the blade sees a
different velocity, unlike on airplanes. Also when the helicopter is in forward flights other
phenomenon are occurring, such as reverse flow, compressible flow on the advancing side,
and stall on the retreating side (Figure 1-1). Finally, at low speed, the wake trailing from the
blade will interact with the flow going through the rotor, making the environment the
helicopter flies in very uneven and asymmetric.

Figure 1-1 Aerodynamic environment in forward flight
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The design of a stable and controlled rotorcraft in such an environment is a challenge. A
successful helicopter design is a trade-off. A key challenge is to keep the vibration level as
low as possible, to an acceptable level based on mechanical and human factors. Vibration
loads have to be limited due to their effects on fatigue on mechanical parts and thus on
maintenance costs. They are also detrimental to crew and passenger comfort and on the pilot’s
ability to endure and perform well on long or intensive flights.
The source of most vibration is the main rotor. By its dynamics and aerodynamics, the rotor is
producing large vibratory loads which are harmonics of its speed of rotation. The resultant
rotor wake transmits vibration to the blade by modifying the loads on them and on the
fuselage. The aerodynamic loads on the blade are created when rotor forces are adjusted with
every rotation which results in periodic unsteady flow that create oscillatory loads on the
blade. As well, the rotor blades release vortices which then collide with the following blade,
called blade vortex interaction (BVI). This modifies the flow field through the rotor and
changes periodically the loading of the blades, resulting in more vibratory loads on the blades.
Also the compressibility effect phenomenon discussed earlier causes a reverse flow region
and stall, which affects the flow once per revolution and adds to the cyclic loading of the
blades. The forces are then integrated along the span and summed at the hub for each blade,
resulting in hub forces and moments. Finally through the change of reference frame from
rotating frame to fixed frame, only some harmonics of the rotor RPM are filtered through the
rotor. The filtering is indexed on the number of blades the rotor possesses. In the case of a Nbladed rotor, the major blade loads transmitted to the fuselage through a coordinate
transformation from rotating frame to fixed frame are a steady part, the first harmonic of the
rotational speed of the rotor, also called 1/rev (or one per revolution also noted 1P), and (N1)/rev, N/rev, (N+1)/rev, (2N-1)/rev, 2N/rev, (2N+1)/rev, etc. This results in steady hub loads
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and harmonics of N/rev vibratory hub loads. The vibration along this path, see Figure 1-2, is
responsible for the fatigue of the machinery and the hub loads transmitted to the fuselage, as
well as the crew/passengers exhaustion.

Figure 1-2 Vibratory load path
To answer to more and more stringent requirements in terms of flight time and maintenance
costs, development programs, namely UTTAS (1965) and AAH (1972), defined the level of
acceptable vibration to 0.05g. Even existing aircraft such as the Blackhawk and the Apache do
not match these requirements; therefore, the programs lowered their expectation to 0.1g. The
challenging goal to achieve a “jet-smooth ride” corresponds to a maximum vibration level of
0.02g.
Over five decades, a large amount of devices have been developed to achieve this goal. They
can be classified as passive devices and active devices. Until the 1980’s researchers favored
passive devices for their simplicity and ultimately were implemented successfully in several
helicopters. The devices developed at the time, although successful, do not answer all the
requirements of today’s industry. Since the 1980’s until today, researchers spent a lot of effort
to develop active devices for their multirole and adaptability capabilities to outweigh the
weight penalty associated with vibration reduction devices. A system weighing about 1% or
more of the aircraft or about 10% or more of the blade mass is considered a large penalty. The
devices presented in this study act on the loading path, from the rotor blade to the cabin going
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through the blade root, the hub and seat, floor, or panels. They could be placed locally, on the
fuselage seat, floor, to reduce the vibration in the area or between the rotor/gearbox/engine
and the fuselage to avoid the transmission or on the hub, in the fixed frame or rotating frame
or finally on the blade itself. Most recent studies aim at reducing the vibration at their source
to achieve a global solution.

1.2 Literature Review
1.2.1 Active control
Because of the expanding capabilities of rotorcrafts, more stringent mission requirements and
the recurrent very low vibratory load goal, the technologies controlling the behavior of the
structure need to evolve. Actively controlled vibration shows promising results towards that
goal. Actively controlled technologies refer to devices that require an external power source,
sensors and actuators to work. They are favored because of their adaptability to different flight
conditions and helicopter configuration.
Friedmann et al provided over the years reviews of the trends in active vibration control [1-2].
These reviews include the major techniques that are still studied today. Higher Harmonic
Control (HHC) was the first concept, derived from it was the Individual Blade Control (IBC),
presented with different actuators like pitch link actuators, Trailing Edge Flap (TEF) and
Active Twist Rotor (ATR), and finally a different approach called Active Control of
Structural Response. Other hybrid methods use passive concepts and extend their range of
effectiveness by controlling actively one or more of its features. They are qualified as semiactive.
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1.2.1.1 Higher Harmonic Control (HHC)
The conventional swashplate of the helicopter is designed to transmit the collective and cyclic
pitch commands to the blade from the fixed frame to the rotating frame. The HHC concept,
Figure 1-3, aims at introducing higher harmonics through the swashplate to the blade
interfering with the airloads which are ultimately changing the vibratory loads felt in the fixed
frame. Actuators dedicated to the system are actuating the swashplate at N/rev with
amplitudes that are relatively small, about 3 degrees of pitch, that results in inertial and
unsteady aerodynamic loads at (N-1)/rev, N/rev and (N+1)/rev. When the phase of the HHC is
tuned correctly, it alleviates N/rev hub loads. This technique showed interesting results when
tested in wind tunnel [3-4] or in flight [5], but it comes at a price. The system has a large
weight penalty due to the need for hydraulic actuation and requires large power for actuation.
Furthermore, it does not fit the multirole capability that should come with such a weight
penalty. It is mainly due to the limitation of inputs at N/rev, otherwise the resulting unsteady
airloads would act as if the rotor was dissimilar and create non-N/rev vibratory loads. In
addition, HHC is not a general solution because its effectiveness is dependent on the rotor
configuration. It was shown to be less effective for hingeless rotors.

Figure 1-3 HHC concept depiction
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1.2.1.2 Individual Blade Control (IBC)
This technique, derived from the HHC concept, uses higher harmonics but this time the
algorithm aims at controlling the behavior of each blade independently. Although its first
purpose was not vibration reduction [6], this system not only has the ability to modify hub
loads but can directly affect the source of the vibration. The IBC concept was developed to
extend the control over the vibratory loads by directly actuating the blades. For the IBC, there
is no limitation to N/rev actuation but can be actuated at (N-1)/rev, N/rev, (N+1)/rev to
generate (N-1)/rev, N/rev, (N+1)/rev aerodynamic loads. Thus this allows better control over
blade vibrations and better vibration reduction in the fuselage than the HHC concept.
The conventional design for the IBC concept, Figure 1-4, is with blade root pitch actuation
between the rotating part of the swashplate and the pitch links. This method of actuation has
been tested in wind tunnel [7-9] and flight tests [10-11], but presented major issues in the
implementation into a commercial helicopter. The device requires redesigning the hub to
allow transferring power to the rotating frame, which in turn induces a large weight penalty
and greatly increases its complexity. This eventually might impact the airworthiness of the
aircraft.

Figure 1-4 IBC – Root pitch actuation
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Other variations have been proposed, where Trailing Edge Flap (TEF) and active twist rotor
(ATR) are the most likely to be implemented.
The TEF, Figure 1-5, is usually placed on the outboard portion of the rotor span to allow
maximum authority for minimum stroke and therefore minimum power requirements. The
concept was tested with servo flaps and plain flaps with methods of actuation going from
mechanical actuator to hydraulic actuator [12-13]. But again, each method presents a large
weight penalty. Only recently, this technology has been given a lot of attention with the raise
of the piezoceramic actuator [14-15] that allows low power requirement as well as low weight
penalty. However, the outboard location means higher dynamic pressure thus higher hinge
moment and profile drag due to actuation that will increase the power requirement. As for the
pitch link actuator, the TEF adds oscillatory unsteady aerodynamic loads at (N-1)/rev, N/rev,
(N+1)/rev that allow controlling vibrations. Some studies showed the capability to also reduce
power requirements and noise along with vibration reduction. The possibility of multiple flaps
has also been considered for improved vibration reduction and multirole capabilities.
Although it is very effective, TEF creates non negligible additional profile drag when
deflected.

Figure 1-5 IBC - TEF device depiction
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The ATR concept [16-18], Figure 1-6, integrates actuators in the skin of the blade over its
entire length and thus becomes an integrated part of the blade. The smart materials used are
active fiber composite, macro-fiber composite or piezoelectric actuator. This allows actuating
the twist of each blade independently to create higher harmonic unsteady aerodynamic loads
to control vibration. This design surpasses the discrete TEF in the sense that it does not
increase profile drag as much and the actuator remains very simple. However it requires more
power to activate.

Figure 1-6 IBC – Active twist rotor depiction

1.2.1.3 Active Control of Structural Response (ACSR)
This design of the ACSR [19-21] is derived from the isolators described later that aim at
decoupling the rotor/gearbox/engine from the fuselage. An out of phase signal is used to
cancel the vibration produced by the rotor that would be otherwise transmitted to the fuselage.
The mechanics of the system are not well understood as there is no unified and unique
approach to the task. They differ on the sensor placement, and on the actuator configuration
and design. Flight tests are presented in [20-21]. One of the systems is featured in the
commercial Agusta-Westland EH101.
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1.2.1.4 Summary
Active devices are very promising for tackling vibration reduction problems as well as taking
simultaneously other roles and adapt to any environment or changing configuration. But the
implementation of such devices requires the overhaul of numerous mechanical systems due to
the addition of a power source, sensors and an actuator. Furthermore the implementation of
IBC requires a slip ring. This means that a more thorough investigation of its impact on all the
function of the rotorcraft is necessary to implement them into a current design. Further
questions on the reliability of such a complex setup remain.

1.2.2 Passive control
Usually simple in design, passive systems allow quick implementation with very small impact
on the rest of the aircraft capabilities. Furthermore they do not require a power source, sensors
or control law which reduces considerably their complexity and the impact on the aircraft
design. However, some of the systems are not self tuning; they do not adapt their bandwidth
to changing environment. Refs.[22-24] provide a broad discussion of the different approaches
to passive vibration control. Loewy [23] defines three categories of passive control design:
amplitude reducers, force attenuators, and source alleviators.

1.2.2.1 Structural Optimization or Tailoring
The optimization of a structure to place nodes or frequencies is a way to avoid the creation of
vibration or preventing its transmission, allowing vibration reduction. Nodal placement has
been extensively studied at every point along the loading path, from the pilot seat [25] to the
rotor blades [26-34]. In the fuselage, the nodal placement has been used to either isolate parts
that require low vibration such as displays or the pilot seat but also extended to the floor and
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the entire fuselage. This usually resulted in a weight penalty. For rotor optimization, structural
mode shapes can be made nearly orthogonal to the airloads lowering the transmission of
vibratory loads. Also modifying the location of a node placing it at the point of transmission,
or simply changing the modal natural frequencies to keep them away from the rotor RPM
harmonics are other ways to tailor a structure to limit vibrations in targeted area. These
methods have the potential to reduce vibration. However only a few parameters are available
to achieve vibration reduction. Some parameters are effective in reducing vibration but they
also alter the behavior or even the stability of the aircraft such as the blade airfoil camber or
chordwise offset of the center of gravity. The main parameters used are related to the tuning
masses embedded in the blade, their location and their mass, or the distribution of the blade
stiffness along the span, allowed by the advancement in composite blades. The twist is also an
effective parameter to achieve vibration reduction. These optimization techniques have shown
good vibration reduction, about 60%. Maximizing the impact of these methods would require
them to be implemented in the first stages of development of an aircraft to make them more
efficient and allow the modification of more parameters.

1.2.2.2 Isolators
To isolate the fuselage from vibrations several systems have been developed to create an
antiresonant behavior at a particular frequency or use of modal nodes to reduce the amplitude
of the vibrations. They often are placed between the rotor and the fuselage to reduce the
transmission of the vibration originating from the rotor. The challenge is to make them such
that they filter low frequencies, usually N/rev, and at the same time avoid large static
deflections. With conventional spring-damper configuration, the need to attenuate vibration at
low frequencies requires soft springs and results in large static deflections. The development
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of devices that filter low frequencies and only allow small deflections led to many different
designs as described below.
The nodal beam isolation system, Figure 1-7, is a device that uses modal nodes to limit the
transmission of the vibration from the rotor to the fuselage. It is also tuned to limit the system
to small deflections. The transmission is attached to a beam that sits on the nodes of the
excited mode by the rotor vertical vibration. The stiffness of the beam controls the amplitude
of the static deflection and the tuning masses control the frequency range in which the system
is effective in attenuating the transmission of the vibration. The system carries a high weight
penalty.

Figure 1-7 Nodal beam concept depiction [22]
The Dynamic Antiresonant Vibration Isolator (DAVI) [35-37], Figure 1-8, is an antiresonant
device. A stiff spring limits large static deflection while the tuning mass at the tip of the arm
allows tuning the system frequency. It is tuned a way that the system displays an antiresonant
behavior at a particular frequency. The resonant frequency of the device is always set at a
lower frequency than the helicopter frequency resulting in an antiresonant frequency in
between. However, because the device frequency and the helicopter frequency are very close
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to each other and the helicopter frequency-band can vary widely, the system may become
useless. Here arises the issue of the detuning of these devices with changes in flight condition
or helicopter configuration. The DAVI system was first developed to isolate the pilot seat and
later used between the fuselage and the gearbox to broaden the impact of its isolation
capabilities.

Gearbox

Tuning mass

Arm
Fuselage
Figure 1-8 Dynamic antiresonant vibration isolator concept depiction [22]
The Improved Rotor Isolation System (IRIS) [38], Figure 1-9, is somewhat a combination of
the nodal beam and the DAVI system. It uses a flexbeam as the nodal beam to tune an
antiresonant system as the DAVI system. The system also shares its high weight penalty,
between 0.5 to 5% of the aircraft weight, with the nodal beam.

13

Figure 1-9 Improved rotor isolation system concept depiction
A hydraulic antiresonant isolator has been designed by MBB [39], Figure 1-10, based on a
variation of the DAVI system. As for the DAVI system, the large spring stiffness limits the
large displacements. When the gearbox oscillates, the fluid is moved and amplifies the stroke
on the tuning mass, which amplifies its effectiveness as does the lever on the DAVI system.
Similarly the tuning mass and the secondary spring are tuned to create antiresonance at a
desired frequency. The major difference is the compactness and simplicity of the device.
Mechanical equivalent

Figure 1-10 Hydraulic antiresonance isolator from MBB concept depiction [22]
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The Liquid Inertia Vibration Elimination (LIVE) [40], Figure 1-11, is also a hydraulic version
of the DAVI system developed by Bell Helicopters. It has similar advantages as the MBB
version. Here the system frequency of oscillation is tuned by changing the size of the passage
between the two reservoirs and the quantity of fluid, regulated by setting the length of the
linking passage between the reservoirs. Each oscillation reduces the volume of a reservoir
transferring the fluid to the other reservoir creating an oscillation behavior of the fluid mass.

Gearbox

Fuselage

Figure 1-11 Liquid inertia vibration eliminator concept depiction [22]
The System for Attenuating Vibration Independently of Tuning and Damping (SAVITAD)
[41] pylon, Figure 1-12, isolates the vertical vibrations of the rotor from the fuselage using
four soft elastomeric mounts such that the impedance of the pylon and the fuselage are low
compared to the impedance of the device. The softness of the corner mounts is set such that
the steady deflections are reasonable. This mounting allows a smooth ride on the Bell 206LM
helicopter with the model 654 rotor.
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Torque link

Elastomeric mounts

Gearbox

Fuselage

Figure 1-12 System for attenuating vibration independently of tuning and damping depiction
(picture taken from the SAVITAD patent)
All devices presented so far in this section aim at isolating translational vibration. The focus
pylon [42-43], Figure 1-13, instead focuses on eliminating the vibratory moments. The focal
point is usually taken to be the center of gravity of the rotor and its transmission. The system
is then constrained at the focal point with a torsional spring. Its goal is to achieve
simultaneously zero fuselage rotation and zero fuselage CG translation for a combination of
focal location and spring rate.
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Figure 1-13 Focal Pylon concept depiction [22]
The major flaws of those systems are their high weight penalty, they are not self tuning to
different configuration or flight conditions, and finally they are very sensitive to damping and
require it to be very small.

1.2.2.3 Absorbers
Absorbers are used to attenuate vibration by producing a vibration out-of-phase from the
excitation and the same amplitude to cancel the targeted oscillation. Absorbers may be placed
in the fuselage to locally affect the vibratory behavior of the structure. Some classic absorbers,
simple mass-spring-dampers or dual mass-spring-dampers [44], have been used in the
fuselage to achieve some local isolation. This kind of isolation only has a localized impact on
the vibration and adds some significant weight to the structure which makes them not so
attractive. An absorber, a classic mass-spring, was developed using the mass of the battery to
reduce vibrations in the cockpit of an UH-2A [45]. Alternatively it is placed in the rotating
frame, closer to the source in the loading path, by tuning them at (N-1)/rev and (N+1)/rev
attenuating in-plane forces and moments at N/rev in the fixed frame or tuned at N/rev to
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attenuate vertical forces and yaw moment at N/rev in the fixed frame. The bifilar pendulum
absorber [46-47], Figure 1-14, is a one dimensional absorber. It uses the centrifugal force as a
restoring force to replace the spring used in classic absorbers. It can only be tuned to attenuate
one frequency, the presence of two pins linking the translation of the mass to its rotation. The
system is tuned by changing the size of the pins holding the mass to the arm and the mass
itself. Furthermore it is a device mounted on the main rotor hub and aiming at reducing inplane vibrations. As previously mentioned this will then require two devices per blade to
attenuate the oscillation at (N-1)/rev and (N+1)/rev, responsible in the fixed frame for the
N/rev in-plane vibratory loads. The tuning of the bifilar pendulum is made through a tuning
mass. For an N-bladed rotor, this results in 2xN masses which is a non-negligible amount of
weight penalty, about 1% of the aircraft weight. This device also adds to the profile drag of
the helicopter. These devices are used on the Sikorsky H-60, S-76 and S-92.

Arm

Tuning pins

Masses
Motion of the mass

Figure 1-14 Bifilar absorber concept depiction [22]
Derived from the bifilar pendulum, the monofilar pendulum [48], Figure 1-15, has two
degrees of freedom tunable at two separate frequencies. Now the motion of the pin is still
allowed to move along the bushing but the mass is now also allowed to rotate about the
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location linking it to the pin. It is said that the monofilar absorber is ”half” of a bifilar
absorber. The capacity to tune the absorber to two distinct frequencies allows to divide by two
the amount of devices used to obtain the same results as the bifilar pendulum.

Figure 1-15 Monofilar absorber schematic[48]
Those two devices, because of their configuration in the rotating frame and thus in the
centrifugal force field, do not need to be retuned for variations in RPM. An issue arises when
large vibrations are encountered due to the non-linearity of the two concepts and reduces
greatly their efficiency under certain amplitudes. Although the monofilar represent an
improvement in term of weight penalty and profile drag penalty, they remain a major issue of
the technology.
Simple pendulums [49-52] were considered and implemented on the inboard portion of the
blade. Attenuation of the N/rev in-plane fuselage vibratory forces or N/rev vertical fuselage
vibratory force is obtained for a pendulum set to move in the chordwise direction or vertical
direction, Figure 1-16, respectively. As is the case for the bifilar pendulum, the simple
pendulum is also one dimensional and only is able to attenuate one frequency at a time and
therefore requires a pair of pendulums tuned at (N-1)/rev and (N+1)/rev to attenuate all N/rev
in-plane fuselage loads. They also have in common the large weight and drag penalty.
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Vertical simple pendulums were used on the MBB BO105, the Hugues OH6A and the Boeing
CH47.

Figure 1-16 Centrifugal pendulum concept depiction [24]
An attempt to use a spherical pendulum [53] has been made to achieve the vertical motion as
well as the chordwise motion by tuning each one to attenuate all N/rev fuselage vibrations.
Unfortunately, the device tends to behave as a simple pendulum set to move in the chordwise
direction.
The pendulums described above have shown to not be sensitive in RPM variation. But they
are sensitive to change in flight condition.

1.2.2.4 Active tuning of passive devices
Several semi-active devices [54-55] have also been considered to retune passive control
devices. They modify the stiffness or the mass of the absorber to be able to adapt themselves
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to the environment and also limit the amount of energy required by limiting the frequency of
adjustment.

1.2.2.5 Summary
Passive devices have shown to be simple to implement and reliable. However, the devices
presented here face numerous drawbacks. The devices only target vibration reduction and
carry a large weight penalty. Most of the systems need to be re-tuned for each flight condition.
And finally the pendulums also add a drag penalty. The active tuning of passive devices
allows the re-tuning of passive devices. This is slightly more attractive than active devices
because of its low energy consumption due to its low frequency of re-tuning, however it still
carries the active system drawback that it requires a power source and sensors.

1.2.3 Embedded lag absorbers
Two designs have been developed to add damping in the lag mode of the blade. To avoid the
issues with the drag penalty, the two designs are embedded in the blade. The absorber that is
embedded is tuned at the frequency of the first lead-lag mode for both concepts. One is set to
move along the chord of the blade, the other along the span.

1.2.3.1 Chordwise absorber
The Chordwise absorber [56-59], Figure 1-17, is represented as a mass-spring set to move in
the chordwise direction of the blade. When the blade undergoes lead-lag oscillations due to
the aerodynamic and inertial loads, the absorber oscillates as well with a phase delay. The
chordwise absorber is then tuned to move out-of-phase of the lead-lag motion, creating
inertial force opposing the motion of the blade. This restoring force tends to reduce the motion
of the blade and therefore adds damping to the lead-lag mode. The absorber has shown the
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ability to provide up to 15% damping in the first blade lead-lag mode when placed in the
outboard portion of the blade, for a weight penalty of 10% of the blade mass. It also showed
the ability to reduce blade lead-lag bending moments at 1/rev and 2/rev by 50% and 90%
respectively. Finally the device proved to be efficient in reducing the transient blade lead-lag
loads when changing the rotor RPM, especially when the rotor lead-lag modes cross an
harmonic of the rotor RPM. This concept presents other drawbacks, due to the motion set to
be in the chordwise direction. Specifically, the stroke of the absorber is very limited and also
modifies the torsional behavior of the blade and may produce higher pitch link loads. Also,
the chordwise component of the centrifugal force may force the mass to one side to the stop
and render the absorber unusable. Different motion paths for the mass were analyzed to avoid
this issue but it reduced the effectiveness of the device. Finally, fluid elastic absorber over
elastomeric absorber is considered a better solution for this technology to work. Only
simulations of the chordwise absorber were carried out.

Figure 1-17 Embedded chordwise lag absorber concept depiction [62]
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1.2.3.2 Radial absorber
Placing the absorber in the direction of the span solves the limited stroke and motion of the
CG in the chordwise direction. However, the absorber is now subject to a very large static
centrifugal force. This will require limiting the deflection of the absorber, but this is not
possible with classical mass-spring system due to the requirement to tune the absorber to the
first lead lag which has a low frequency. A possible solution is through the use of nonlinear
devices. The radial Coriolis absorber [60-62], Figure 1-18, works using the Coriolis effect of
a spanwise moving mass. When the blade moves in a lag motion, a force in the radial
direction toward the hub applies to the mass which ultimately moves it in the same direction
and creates also through the Coriolis effect a restoring force to the blade at the location of the
absorber. A leading motion would result in the opposite phenomena. Therefore the reciprocal
Coriolis effect between the blade and the absorber opposes the blade lead-lag motion, adding
damping to the lead-lag motion. This design showed to be able to increase the damping up to
35% for a weight penalty of 5% of the blade mass and for a less outboard location than for the
chordwise absorber.
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Figure 1-18 Embedded radial Coriolis absorber concept depiction [62]

1.3 Scope of the present study
This study focuses on a blade embedded radial absorber, first developed in [60-62], and
investigates the possibility to use it at different frequencies for rotor hub vibration reduction,
blade loads reduction and power harvesting. The embedded radial absorber couples with the
lead-lag modes of the blade through Coriolis forces. The lead-lag motion of the blade
produces a radial force on the absorber mass while the radial motion of the absorber produces
a lead-lag force on the blade, see Figure 1-18. The motion of the absorber and the force
produced by it modifies the mechanism of production of vibration leading to substantial
vibration reduction when properly tuned.
The dissertation first presents in Chapter 2 the finite element analysis used to model a BO-105
like helicopter, for the availability of data on the aircraft, with a hingeless rotor fitted with an
embedded radial absorber in each blade and then tunes the absorber to higher frequencies to
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control hub in-plane vibration in the fixed frame at high speed flight. A detailed analysis of
the mechanism by which the absorber controls the vibration is presented. Chapter 3 considers
an experimental design to demonstrate the functioning of the embedded radial absorber for
hub in-plane vibration reduction. The design process examines the technology required to
make the embedded radial absorber implementation feasible. However the experiment was not
carried out for lack of confidence in the authority of the actuator in the facility available and
in the means to measure the blade root forces. Chapter 4 examines the potential for in-plane
blade load reduction in high speed flight. The absorber is tuned to 1/rev for this application. A
detailed analysis is also carried out to determine the mechanism by which the reduction of the
blade loads is obtained.
In Chapter 5 a wound coil wire is introduced around the embedded absorber which is fitted
with arrangements of magnets for energy harvesting. First a design for the harvester is
modeled and validated by experiment. Then the harvester is simulated in the helicopter as part
of the embedded radial absorber to evaluate its power production at high speed flight. Then,
variations of the configuration of the harvester are considered to orient the device
improvements.
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Chapter 2 4/rev in-plane hub loads reduction via an embedded
radial absorber
2.1 Analysis
As in [44-48] each of the rotor blades is assumed to have an embedded radial absorber,
located at some axial distance, a, from the center of rotation, as shown (Figure 2-1). The
absorber mass, ma , connected to a spring, k a , and damper, ca , can oscillate in the radial
direction, potentially along a frictionless track. The absorber radial degree of freedom is xr .
As the absorber mass on the rotating blade moves in the radial direction, it experiences a
tangential Coriolis force that is in turn transferred to the blade, affecting the lag dynamics and
contributing to the root drag shears. The lead-lag deformations of the rotating blade result in
tangential motion of the rotating absorber mass which results in the mass experiencing radial
Coriolis forces. In this study the absorber is assumed to be located on the feathering axis, so
while it dynamically couples to the blade flap and lag bending motions, it neither has any
influence on the blade torsion dynamics nor is it influenced by it.

Figure 2-1 Schematic representation of blade with spanwise Coriolis absorber
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The rotor blades are themselves modeled structurally as slender elastic beams undergoing
elastic flap and lag bending and elastic twist deformation. The baseline elastic blade model
used in this analysis is based on the formulation in [63]. However, the axial degrees of
freedom for the rotor blade are neglected. The governing differential equations of motion for
the blade-absorber system are derived using Hamilton’s Principle and then spatially
discretized using the finite element method (Figure 2-2).

Figure 2-2 Finite element discretization of rotor blade with absorber
This results in the following global equations of motion:
 M bb
 0


0   qɺɺ   Cbb
 + 
T
M aa   ɺxɺr   − Cba

C ba   qɺ   K bb
 + T
C aa   xɺ r   K ba

K ba   q   Fb 
 = 
K aa   x r   Fa 

2-1

where M bb , Cbb and K bb are the global mass, damping and stiffness matrices of the
baseline rotor and q is the vector of global bending and torsion degrees of freedom (Figure
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2-2). In the analysis, the blade is discretized into 10 finite elements, and the absorber is
situated at one of the inter-elemental global nodes, as depicted in Figure 2-2. If the absorber
is at the kth global node, it augments the terms of the M bb , Cbb and K bb matrices at the kth
node, as described in Eq. 2-2, below.
M bb (vɺɺk , vɺɺk ) = M bb (vɺɺk , vɺɺk ) + ma
ɺɺk , w
ɺɺk ) = M bb (w
ɺɺk , w
ɺɺk ) + ma
M bb (w
Cbb (vɺk , wɺ k ) = Cbb (vɺk , wɺ k ) − 2ma Ωβ p

2-2

Cbb (wɺ k , vɺk ) = Cbb (wɺ k , vɺk ) + 2ma Ωβ p
K bb (v k , v k ) = K bb (v k , v k ) − ma Ω 2

In Eq. 2-2, Ω and βp represent the rotational speed and the precone of the rotor.
In addition to the above, the flap and lag bending stiffness matrices in the inboard elements
relative to the absorber are augmented as follows, due to the centrifugal stiffening effect of the
absorber mass.
K vv = K ww =

∫ ma Ω

2

aH ′T H ′dx

2-3

lel

where the integration is over the length of the element and H is the Hermitian shape function
for the bending deformation.
The coupling (ba) and absorber (aa) terms essentially add an additional row and column to the
blade global matrices (Eq. 2-1) due to the absorber.
M aa = ma
Caa = ca
K aa = k a − ma Ω

2-4
2
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Cba (vɺk ) = 2ma Ω
K ba ( wk ) = ma Ω 2 β p

2-5

In Eq. 2-1, Fb includes the constant and nonlinear blade structural terms and aerodynamic
forcing terms for the baseline blade. The aerodynamic forces and moments are determined
using blade-element theory with quasi-steady aerodynamic model and a linear inflow model
to calculate the induced velocities (based on [63]). The presence of the absorber contributes
to Fb as given in Eq. 2-6 below.

Fb ( w k ) = Fb ( w k ) − ma Ω 2 aβ p

2-6

In addition the centrifugal force acting on the absorber mass appears in Fa in Eq. 2-1, and is
given as
Fa = m a Ω 2 a

2-7

Note that terms in Eqs. 3.4, 3.5, and 3.7 give the absorber governing equation. Thus,
ma ɺxɺr + c a xɺ r + (k a − ma Ω 2 ) x r + 2ma Ωvɺ k
+ m a Ω 2 β p wk = m a Ω 2 a

2-8

and the non-dimensional absorber frequency (units /rev), is given in Eq. 2-9 below

νa =

ka
ma Ω 2

−1

2-9

A modal reduction of the finite element equations of motion (Eq. 2-1) is carried out using the
first five modes (two flap, two lag and the first torsion mode), and the steady-state flap-lagtorsion-absorber motion response is calculated using the temporal finite element method. The
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simulations in this study are based on a light, 4-bladed hingeless-rotor helicopter similar to the
BO-105 (see Table 2-1 for rotor and helicopter properties).
Table 2-1 Helicopter Characteristics

Main Rotor Properties

Rotor Blade Properties

Tail Rotor Properties

Horizontal Tail Properties

Fuselage Properties

Number of blade
Lock number
Solidity
Precone
Rotational Speed
Blade Radius
Blade Chord
Mass per unit length
Flapping bending stiffness
Lagging bending stiffness
Torsion Stiffness
Lift Curve Slope
Skin Friction Coefficient
Induced Drag Coefficient
Linear Twist
Number of blade
Tail rotor radius
Solidity
Rotor speed
Lift Curve Slope
Tail rotor Location (xtr,ztr)
Area
Lift Curve Slope
Horizontal Tail location (xht)

4
6.34
0.1
0 degrees
40.12 rad/s
16.2 ft
1.27 ft
0.135 slugs/ft
347249 lb-ft2
124915.6 lb-ft2
300000 lb-ft2
5.73
0.0095
0.2
-8 degrees
4
3.24 ft
0.15
5Ω
6.0
19.44 ft, 0ft
9.07 ft2
6.0
15.39 ft

CG location (xcg,ycg)

0 ft, 0 ft

Hub location (h)
Equivalent Flat Plate Area
Net Weight

3.24 ft
8.245 ft2
5800 lbs

The fuselage of the aircraft is modeled as a rigid body and loads from the rotor, the horizontal
tail and the fuselage are considered for trim in steady level flight. A coupled propulsive trim
procedure is used to determine the controls and the attitude of the aircraft. In this procedure,
the rotor steady loads for a given set of controls and calculated blade response are introduced
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into the vehicle equilibrium equations, the controls are updated to satisfy equilibrium, the
rotor response and loads are recalculated for these updated controls, and the process continues
until convergence. Once the aircraft is in trimmed flight, the 4/rev vibratory hub loads are
calculated from the blade root shear forces and moments. Note that the root shears and
moments include contributions from the absorber which are given below in Eq. 2-10.
S rabs = ma ( − ɺxɺr + 2Ωvɺ k + Ω 2 ( a + x r ) − Ω 2 β p wk )
S xabs = ma (vɺɺk + 2Ωxɺ r − Ω 2 v k − 2Ωβ p wɺ k )

ɺɺ k − 2Ωβ p vɺk − Ω 2 β p ( a + x r ))
S zabs = ma ( − w

2-10

M φabs = S zabs v k + S xabs wk
M βabs = S zabs a − S rabs wk
M ζabs = −( S xabs a + S rabs v k )
In addition to influencing the response of the blade it is in these forces introduced by the
absorber in Eq. 2-10 that the mechanism by which the absorber reduces vibratory hub loads
resides.
The Coriolis absorber in this study primarily reduces the vibratory hub in-plane forces F X4 P
and FY4 P . It is well known that the 3/rev and 5/rev components of the blade root radial shear
( S r3c , S r3s , S r5c , and S r5s ) and drag shear ( S x3c , S x3s , S x5c , and S x5s ) are the contributors to
these vibratory hub loads. It can be shown that
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FX4c = 2(S r3c − S x3s ) + 2( S r5c + S x5s )
FX4s = 2( S r3s + S x3c ) + 2( S r5s − S x5c )

2-11

FY4c = −2( S r3s + S x3c ) + 2( S r5s − S x5c )
FY4s = 2( S r3c − S x3s ) − 2( S r5c + S x5s )
It should be noted that the introduction of the absorber in the blade would need redesign of a
section of the blade, possibly a change in the spar design, supporting fixtures, etc. With the
weight, geometry and details unspecified at this point, the blade with absorber is kept as
dynamically similar to the baseline blade, as possible. Thus, in the current study, when an
absorber mass, ma , is added at a specific global node, an equivalent mass is subtracted from
the two adjacent finite elements.
A limited validation of the baseline 4/rev vibration levels (without the spanwise absorber)
predicted by the present analysis, versus BO-105 test results from [64], are provided in Table
2-2. Although the present paper focuses primarily on the effects of the absorber in high-speed
flight, BO-105 data in [64] was provided at a maximum speed of 100 kts, so hub vibration
levels are compared at this speed.
Table 2-2 Limited validation of the baseline hub vibration levels at 100 kts

FZ4 P

M X4 P

M Y4 P

30th ERF,
Roth, D.
[64].

318 N (=71.5 lbf)
0.0146 g’s

334.7 Nm
(=246.8 lb.ft)

288.7 Nm
(=212.9 lb.ft)

Current
model

69.9 lbf

397.6 lb.ft

379.9 lb.ft

32

2.2 Results and Discussion
In examining the effectiveness of the Coriolis absorber in reducing rotor hub vibrations, 4
absorber parameters can be varied – absorber spanwise location, mass ratio (as a percentage of
blade mass), tuning frequency, and damping ratio. The spanwise locations considered were
from 30% to 90% span.

The maximum mass ratio was set at 7%, undamped tuning

frequencies of 3/rev, 4/rev and 5/rev were initially considered, and absorber damping ratios
were varied up to a maximum of 10%.
At a speed of 140 kts, Figure 2-3a and Figure 2-3b, show the change in in-plane 4/rev
vibratory hub forces (as a percentage change relative to the baseline), F X4 P and FY4 P ,
respectively, when the Coriolis absorber was tuned to 3/rev. Results are shown for variation
in absorber mass ratio, damping ratio and at three different locations, 50%, 70% and 90%
span. For the absorber mass and damping variations considered, at the inboard 50% and 70%
span locations no reduction in in-plane vibratory forces is observed. When the absorber is
located at 90% span, reductions up to 37% in F X4 P and up to 14% in FY4 P are observed
when absorber mass is high (the maximum value of 7% allowed in this study) and damping is
low. This does not constitute an overly impressive reduction. Tuning the absorber to 4/rev
and 5/rev was even less effective in reducing vibratory hub loads (results not shown).
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(a) FX4 P

(b) FY4 P
Figure 2-3 4/rev in-plane vibratory hub loads improvement (percentage of baseline) for an
Absorber tuned at 3/rev for varying mass, damping and location
At this point it is useful to review the contributors to the baseline in-plane vibratory hub loads,
and the interplay between them. From Eq. 2-11 it is seen that 3/rev and 5/rev components of
the blade root radial shear, S r , and drag shear, S x , contribute to the 4/rev in-plane vibratory
hub loads, FX4 P and FY4 P . Figure 2-4 shows the relative values of the in-plane root shears at
140 kts for the baseline rotor (no absorber). Clearly, the 3/rev components are, in this case,
the dominant contributors, relative to the 5/rev components. It is also observed that for the
baseline system, the in-plane drag shears ( S x3c and S x3s ) are significantly larger than the radial
shears ( Sr3c and Sr3s ). The motion of the absorber affects both the in-plane radial and drag
shears (as described in Eq. 2-11). But unless a specific change in the radial and drag shears is
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realized, the in-plane vibratory hub forces will not show a reduction. In particular, for a
reduction in FX4 P and FY4 P , reductions in the magnitude of ( S r3c − S x3s ) and ( S r3s + S x3c )
would be necessary (Eq. 2-11). It appears that the parametric study summarized in the
previous paragraph was not particularly successful in realizing these conditions.

Figure 2-4 Decomposition of in-plane vibratory root shear in 3/rev and 5/rev harmonics
To develop a deeper understanding the absorber motion was prescribed,

xr = Asin(3ψ + φ )

2-12

rather than allowing it to move freely. In Eq. 2-12, A is the amplitude, φ is the phase and ψ
is the blade azimuth. Further, since the absorber is meant to produce 3/rev in-plane forces
through Coriolis coupling (it also produces 3/rev radial forces), it is important to place it at a
location on the blade where the chordwise motions are significant to improve its authority.
The second lag mode whose frequency is at 4.37/rev, was examined to determine good
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spanwise locations for the absorber. From Figure 2-5 it is observed that the second lag mode
has a node point around 80% span, and placing a free absorber thereabouts would not be very
beneficial (the absorber moves radially due to the chordwise motion of the blade which would
be very limited around the node point). On the other hand, if the absorber was situated at 5060% span, or outboard at 90% span, the absorber mass could be expected to have significant
motion amplitude at higher frequency. Although this is not critical when introducing the
prescribed motion in Eq. 2-12, the intention is to use the lessons learned through this process
and apply them to the free absorber.

Figure 2-5 2nd lag mode deflection

Figure 2-6–Figure 2-8 show change in rotor hub in-plane vibratory forces ( FX4 P and FY4 P ) and
vibratory yaw moment ( M Z4 P ), respectively, for three different absorber locations (50%, 60%
and 90% span), and for variation in absorber mass ratio and prescribed motion phase, φ. Once
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again, the results correspond to flight at 140 kts. The prescribed motion amplitude, A, was
changed through trial-and-error and the results presented in Figure 2-6–Figure 2-8 correspond
to a value of A = 0.0325 ft (0.39 in). While the damping significantly affects both the motion
amplitude and phase of a near-resonance absorber, the absorber damping ratio was not varied
in this case as the motion was prescribed. For absorber locations at 50% and 60% span, large
reductions in FX4 P and FY4 P are observed corresponding to phase φ = 45 deg, and mass ratio
of 3%. Reductions in FX4 P and FY4 P are also observed when the absorber is located at 90%
span, and the phase is φ = 225 deg, but the mass ratio is higher (at 7%) and the reductions in
in-plane vibratory hub forces are not as large. This outboard location is, however, very good
for reduction in vibratory yaw moment. It is noted, not surprisingly, that the motion required
when the absorber is located on either side of the nodal point of the second lag mode is
exactly out-of-phase (45 deg versus 225 deg), to have a similar effect on the system. Of the
three locations, the 60% span location (and 45 deg phase) is chosen for further study because
(1) the mass requirement is lower, relative to 90% span location, and (2) there isn’t an
increase in vibratory yaw moment, as was observed at 50% span location. For the 60% span
location, 3% mass ratio, prescribed motion of A = 0.0325 ft with 45 deg phase, reductions of
95% in FX4 P , 92% in FY4 P 7% in M Z4 P are obtained.
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Figure 2-6 4/rev longitudinal vibratory hub load improvement (percentage of baseline) for
absorber motion prescribed at a frequency of 3/rev and an amplitude of 0.0325ft, for varying
phase, location and mass

Figure 2-7 4/rev lateral vibratory hub load improvement (percentage of baseline) for
absorber motion prescribed at a frequency of 3/rev and an amplitude of 0.0325ft, for varying
phase, location and mass
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Figure 2-8 4/rev yaw vibratory hub moment improvement (percentage of baseline) for
absorber motion prescribed at a frequency of 3/rev and an amplitude of 0.0325ft, for varying
phase, location and mass

It is interesting to examine the motion amplitude and phase of the absorber mass when it was
free to oscillate, for the hub vibration levels shown in Figure 2-4. Figure 2-9 shows the
absorber motion amplitude and phase for 50% and 90% spanwise locations. Recall from
Figure 2-6 and Figure 2-7 that for 50% span location a phase of 45 deg reduces in-plane
vibratory forces, and for a 90% span location the required phase is 225 deg. In contrast, the
results in Figure 2-9 show that the for the 50% spanwise location, although the absorber
motion amplitude is sufficient, the phase never gets anywhere close to 45 deg. For 90%
spanwise location, a high mass ratio and low damping ratio result in an absorber phase of
around 225 deg but the corresponding amplitude is more than an order of magnitude lower
than the 0.0325 ft that produced the vibration reduction in Figure 2-6–Figure 2-8.
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Figure 2-9 Amplitude and phase of the 3/rev oscillation for absorber location 0.5R and 0.9R
in Figure 2-3

With the knowledge that a 3% mass ratio absorber located at 60% span, moving at 3/rev with
an amplitude of around 0.0325 ft at a phase of around 45 deg, would very effectively reduce
in-plane vibratory hub forces, the study reverts to a free absorber and attempts to determine
what conditions could replicate this motion. With the spanwise location and mass ratio fixed,
Figure 2-10 shows the absorber motion amplitude and phase as a function of the absorber
tuning frequency and damping ratio. For the absorber tuning frequency of 3/rev a motion
phase of 45 deg cannot be achieved. However, for an absorber tuning frequency reduced to
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2.93/rev, and a corresponding damping ratio of zero, a motion amplitude of 0.0327 ft and
phase of nearly 50 deg (close enough to the desired value of 45 deg) are possible. A couple of
issues need to be considered in light of the above results. First, setting the absorber frequency
(as defined by Eq. 2-9) to 3/rev does not result in the coupled system frequency being the
same value. The Coriolis coupling with the blade can lead to changes in the frequency.
Second, at near resonance conditions, slight changes in system frequency vis-à-vis the
excitation frequency result in change in response phase. In effect, selecting the absorber
tuning frequency at 2.93/rev allowed the phase of the 3/rev response to approach 45 deg in a
way that setting the tuning frequency at 3/rev never did.

Figure 2-10 Amplitude and phase of the absorber 3/rev oscillation for varying damping and
absorber tuning frequency

41
Figure 2-11 shows the hub vibratory loads at 140 kts with the 3% mass ratio, at 60% span,
tuned to 2.93/rev (zero damping), vis-à-vis the baseline rotor (As zero damping is not
achievable physically a sensitivity analysis is presented in Appendix A). Also shown on the
figure are the vibratory loads with the prescribed motion absorber. The Coriolis absorber
reduces the both hub 4/rev vibratory in-plane forces, FX4 P and FY4 P , by 86%. The other
components show small reductions.

The reduction in in-plane forces obtained with the

Coriolis absorber was comparable to the one observed with an absorber mass undergoing
prescribed motions.

Figure 2-11 Comparison of the absorber performance to the baseline for prescribed motion
absorber as well as free-to-move absorber

Figure 2-12 shows the 3/rev blade root radial and drag shears for the baseline rotor and the
rotor with the Coriolis absorber. Further, for the rotor with the absorber, the contributions
from the blade alone, the absorber alone, and their sums are presented. It is observed that
with the absorber, the 3/rev blade root radial shear increases slightly in magnitude, but its
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phase is virtually reversed, with the absorber contribution being the dominant contribution.
The 3/rev blade root drag shear has the same phase as the baseline but its magnitude is
reduced almost by one half. The absorber contribution is out of phase to the blade, nondominant, and smaller than the absorber contribution to the blade root radial shear. Thus, the
combination of the blade root radial shear reversing phase, and the blade root drag shear
halving its magnitude, reduces FX4 P and FY4 P .
Table 2-3a presents the components of 3/rev blade root loads for the baseline rotor and the
rotor with absorber and Table 2-3b presents the quantities ( S r3c − S x3 s ) and ( Sr3s + S x3c ) for
the two cases. As discussed in the third paragraph in this section (and seen in Eq. 2-11), it is
the reduction in these two terms that reduce FX4 P and FY4 P .

Figure 2-12 Decomposition of 3/rev in-plane root shears
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Table 2-3 3/rev in–plane blade root shears for 4/rev in-plane hub loads (absorber location
0.6R, mass ratio 0.03 and no damping)
S r3c

Baseline

Sr3s

S x3s

S x3c

-5.9 lbs -12.2 lbs -21.3 lbs 24.5 lbs

With Absorber 16.5 lbs 6.4 lbs -12.1 lbs 14.4 lbs
(a)
S r3c − S x3s S r3s + S x3c

Baseline

-30.4 lbs -33.5 lbs

With Absorber 2.1 lbs -5.7 lbs
(b)
Figure 2-13 shows the amplitudes of the absorber motion at different harmonics. Figure 2-14
shows the oscillatory motion of the absorber, with a peak-to-peak amplitude of 0.12ft, over
one revolution of the rotor. The 3/rev is dominant due to the tuning frequency, and the 1/rev
is also large due to the larger lagwise excitation of the blade at that frequency. The 2/rev,
4/rev and 5/rev components are relatively insignificant.

The 1/rev absorber motion can

potentially affect the 1/rev in-plane blade root shears (Appendix B), which in turn could affect
the steady in-plane hub forces and the vehicle trim. However, comparing the trim variables
for the rotor with the absorber to those for the baseline (Table 2-4), the changes are seen not to
be very significant.
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Figure 2-13 Absorber motion amplitude decomposed in harmonics

Figure 2-14 Oscillatory absorber motion
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Table 2-4 Helicopter trim parameters at 140kts for the configuration with absorber compared
to the baseline

Baseline With Absorber
θ.75 (deg.)

9.45

9.36

θ1c (deg.)

2.73

2.64

θ1s (deg.) -7.62

-7.5

α (deg.)

3.94

4.01

φ (deg.)

-2.01

-2.07

TTR (lbs)

351

346.5

The previous results all came from simulations at a 140 kts high speed condition. Figure 2-15
examines the reduction in 4/rev hub vibratory loads that would be obtained over a range of
airspeeds using the same absorber parameters selected for the 140 kts condition (60% span
location, 3% mass ratio, 2.93/rev tuning frequency, zero damping). It is observed that the
impressive reductions in FX4 P and FY4 P obtained at 140 kts are preserved over the airspeed
range considered. There are no detrimental changes to the other components of vibratory hub
loads either.
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Figure 2-15 4/rev hub vibratory loads improvement for varying airspeed

2.3 Absorber effectiveness at higher vibration levels
Although the baseline 4/rev vertical hub shear predicted in Table 2-2 at 100 kts compared
reasonably with the measured value on the BO-105 aircraft, the actual aircraft comes equipped
with vibration absorbers, whereas the model predicted similar values without the effect of any
absorber. In essence, comprehensive models frequently under-predict actual vibration levels.
If the baseline vibration levels predicted by the model are too low, the absorber may appear to
be more effective than it really may be. To examine the effectiveness of the absorber in the
presence of higher baseline vibration levels, the Lock number (a ratio of the aerodynamic
forces to the inertial forces) is arbitrarily increased (using a multiplying factor, N). Increasing
the Lock number increases the aerodynamic forcing input and correspondingly the hub
vibration levels (For the effects on trim values and on the blade flapping motion, see
Appendix C). The Lock number was increased up to a point where the baseline in-plane
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vibratory hub forces (Fx4P and Fy4P) are in the range of 0.1-0.12g. The question this section
seeks to address is whether a substantially larger spanwise absorber mass would be required to
reduce the increased in-plane vibratory hub forces, or alternatively, how much reduction can
be expected with the nominal 3% absorber mass shown to be effective in the preceding
sections.
Figure 2-16 shows increase in the baseline longitudinal and lateral 4/rev vibratory hub forces
at 140kts with increasing Lock number up to values in the range of 0.1-0.12g. Also shown on
the figure is the corresponding reduction in the in-plane vibratory hub forces with the absorber
mass held at 3% blade mass. While reductions of 86 % in F X4 P and FY4 P at 140 kts were
reported in the preceding sections, as the baseline vibration levels are increased to 0.1-0.12g,
it is observed that the corresponding reductions are a still impressive 71% in , FX4 P , and 61%
in FY4 P . Further reductions may be possible with a larger absorber mass.
0.125g
0.105g
Reduction of 61% in FY4 P
Reductions of 86% in FX4 P and FY4 P

Reduction of 71% in FX4P

Figure 2-16 Absorber effectiveness with increasing baseline vibratory load levels (at 140 kts)
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Figure 2-17 shows the 3/rev peak-to-peak motion amplitude of the absorber for increased
Lock number. As the baseline vibration levels increase, the spanwise absorber motion is
observed to increase. With the absorber mass unchanged, an increase in the 3/rev peak-topeak motion should be expected as this will generate larger inertial forces required to reduce
the hub vibratory in-plane forces as effectively. It should be noted that even at the highest
baseline vibration levels considered (corresponding to N=5), the 3/rev peak-to-peak motion
does not exceed 3.5 in, which is deemed to be manageable from a practical standpoint.

Figure 2-17 Absorber 3/rev peak-to-peak motion amplitude (inches) with increasing baseline
vibratory load levels (at 140 kts)

2.4 Conclusions
This chapter examined the effectiveness of a spanwise absorber embedded in the rotor blade
in reducing vibratory hub loads. Due to the Coriolis coupling, the absorber oscillating in the
spanwise direction introduces lead-lag shear forces on the blade while the blade lead-lag
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motion itself introduces radial forces on the absorber mass. The radial and chordwise (drag)
shear forces introduced by the absorber modify the blade root radial and drag shears, thereby
influencing the in-plane vibratory hub forces. Simulations were conducted on a light, 4bladed, hingeless rotor helicopter similar to the BO-105.

Structurally, the blades were

modeled as elastic beams undergoing flap bending, lag bending and elastic torsion
deformation, and the effects of the spanwise Coriolis absorber were introduced in the finite
element equations of motion. From the results presented the following conclusions can be
drawn.
There appear to be two feasible regions along the blade span where the absorber mass can be
located, either around 50–60% or outboard around 90%. The node of the second lag mode is
at around 80% span, and situating the absorber in the vicinity of this node results in the
absorber mass undergoing lesser lead-lag motion and weakens the Coriolis coupling. On the
other hand, situating the absorber mass in the regions mentioned above strengthens the
Coriolis coupling.
For reduction in hub vibratory loads, not surprisingly, the absorber motions required if the
mass were situated in the inboard region (50–60% span) or outboard of the node of the second
lag mode (around 90% span) are exactly out of phase. The inboard location was preferred
since a lower absorber mass was required for comparable reduction in hub in-plane vibratory
shear forces.
The absorber tuned to oscillate at 3/rev had the greatest effect in reducing vibratory hub loads.
At 140 kts high speed flight condition, reductions in in-plane hub forces of over 85% in both

FX4 P and FY4 P were obtained using an absorber mass 3% of the blade mass, situated at 60%
span. For the system to be effective it is critical that the 3/rev motion of the absorber be
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correctly phased. To get this correct phasing, the tuning frequency of the absorber had to be
set at 2.93/rev for this configuration. The motion of an absorber tuned exactly to 3/rev was
not correctly phased to reduce hub vibratory loads. Reductions in in-plane hub vibratory
loads were achieved by the absorber reversing the phase of the 3/rev blade root radial shear
while simultaneously reducing the magnitude of the 3/rev blade root drag shear (by about
half). The amplitude of the 3/rev absorber motion was about 0.03 ft.
The reductions in in-plane vibratory hub forces observed at 140 kts high speed flight
condition were largely preserved as the flight speed was reduced, without any need for
retuning of the absorber.
The absorber is shown to be effective at reducing higher levels of in-plane vibratory hub
forces without increase in associated weight penalty, albeit with a slightly increased (yet
manageable) absorber stroke.
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Chapter 3 Report and status on the experiment of the embedded
radial absorber
3.1 Introduction
The simulation of the embedded radial absorber as a means to reduce vibration on a BO-105
like light helicopter (GW 5800 lbs) showed promising results. It allowed the reduction of inplane vibratory hub forces via the modification of in-plane blade root loads, by changing their
phase and amplitude. The simulation led to a reduction of both longitudinal and lateral
vibratory hub forces by 85%.
The goal of the planned test was to experimentally demonstrate that a embedded radial
absorber is capable of modifying the in-plane root loads. Then it will also be possible to
evaluate how the simulation compares to the experiment.
To simplify the experimentation and the simulation of the problem, a rigid blade was designed
with an absorber degree of freedom. The absorber equation of motion and the coupling term
remain similar to the case with elastic blades.

3.2 Experimental setup
3.2.1 Test facilities
The test was expected to be carried out in the Penn State rotor test facility. This includes the
use of a slip ring for all electrical input and output for use for power supply to the sensors and
actuator, and for the measurement from the sensors. Now, considering the mechanical
limitations of the facility with respect to rotational speed and especially torque (torque max.:
58 lb.ft), the experiment cannot be conducted beyond 500 RPM (A safety limit of the
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maximum rotational speed for the facility for such blade has been set around 500 RPM). This
clearly limits the capability of testing the radial absorber under centrifugal force as seen on a
real helicopter. Due to the absorber mass central placement in the blade, the rotational speed
required for a full scale centrifugal force matching being about 890 RPM, the centrifugal force
scaling is not possible in the facility. The simulation can be run at lower rotational speed and
still be validated, and the embedded radial absorber effects can still be shown experimentally
(even in less than full scale centrifugal force environment). Further, to make sure the
simulation would remain valid for higher centrifugal loads, a variation of the RPM would be
considered to reveal trends of behavior when the rotor is sped up. The RPM to be considered
are 300 RPM, 400 RPM and 500 RPM.

Shaft axis of rotation

Mounting area

Teetering axis
Pitch bearing
(removed for test)

Figure 3-1 Test Stand configuration
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The blade is designed to mount on the teetering hub part, see Figure 3-1.

3.2.2 Blade design
The blade is designed with a hinge to allow for lead-lag motion. An actuator is placed at the
tip of the blade for maximum authority for creating lead-lag vibration. Figure 3-2 is a CAD
representation of the blade.
Lag hinge
Absorber mass

Hub attachment

Actuation system
(motor and eccentric
mass)

Figure 3-2 Blade design

A close up view of the hub attachment, Figure 3-3, shows the placement of the strain gages
and the Hall effect sensor respectively for the measure of the in-plane root loads and the leadlag angle. The figure also shows the design of stoppers to limit the lead-lag motion to plus or
minus 15 degrees.
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Hall effect sensor
measurement point

Strain gages location

Lead-lag stopper

Figure 3-3 Close up of the hub attachment and details for measurement

Finally a close up on the coriolis absorber is presented on Figure 3-4. A potentiometer is
placed in the radial direction facing the absorber mass allowing for the measurement of its
location.

Potentiometer

Tuning spring
Absorber mass

Figure 3-4 Close up of the coriolis absorber and details for measurement
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The specifications of the blade are summarized in Table 3-1 (More details on the design in
Appendix D).
Table 3-1 System data

Lag hinge offset, e

6.81 inches

Rotor Radius, R

34.86 inches

Rotational speed, Ω

300, 400, 500RPM

Airfoil lift coefficient, Clα

2π (NACA0016)

Airfoil drag coefficient, Cd0

0.0095 (NACA0016)

Chord size, c

10 inches

Absorber mass location from the lag
18 inches
hinge , a
Absorber mass, ma

0.003188 slugs (46.5 grams, 2.13% mb)

Spring stiffness, ka

86 lbf/ft @ 500RPM

Blade second moment of inertia, Ib

0.7 slugs.ft2

Air density, ρ

0.002378 slugs/ft3

Lock number, γ

1.2636

Blade total mass outboard of the lag
0.1471 slugs (2.15 kg)
hinge, mb
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3.2.3 Rotor configuration
The rotor is a 2-bladed configuration that allows rigid lead-lag motion. This implies that the
teetering motion would be suppressed by the use of wedge in complement of the existing
centrifugal stoppers whose centrifugal mass would be removed. An elastic blade analysis was
conducted for the test blade to identify the first lead-lag frequencies. The analysis assumes
that the only structure carrying loads are the spar tube, the hinge and the actuator mount. The
three first lag frequencies are 0.58/rev, then 264/rev and 887/rev at 500RPM which support
that only the first rigid lead-lag mode will play a significant role in the experiment. The first
frequency is confirmed at 0.54/rev by a simple rigid blade calculation, see Eq. 3-1, with
values taken from Table 3-1.

νξ =

3e
2R

3-1

3.2.4 Measurement technology
First the two degrees of freedom of the system need to be monitored to know their states at
any time. The blade lead-lag motion is measured with a Hall Effect sensor mounted on the
hub attachment hinge area, see Figure 3-3, and the magnet on the spar. A mounting bracket
has to be designed to hold the permanent magnet allowing the measure of the distance
between the two locations.
And the absorber motion is monitored with a potentiometer. Its mounting location can be seen
in Figure 3-4. The potentiometer has a sensing probe moved by the absorber mass.
As the absorber is expected to modify the in-plane root loads, they will be monitored via
strain gages mounted on the hub attachment. This setup requires semi-conductor strain gages
for their high sensitivity to low micro-strain, about 1/100th of a µ-strain (sensitivity S=75 to
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150, where it is 2 for a all-purpose strain gages, allowing a reading of 1 µ-strain) because the
strain gages are mounted on a part that is relatively stubby and will only see deformations of
the order of the µ-strain. To limit the signal to noise issue, the amplification of the Wheatstone
bridges will be realized before going through the slip ring. The semi conductor strain gages
were found at microninstruments.com. They allow measurements up to 1/1000th of microstrain. In regular application this is closer to 1/100th of micro-strain which fits the amounts
expected. Two full Wheatstone bridges will be mounted on the hub attachment, shown in
Figure 3-5. The two bridges will avoid bias due to temperature changes and allow for bending
rejection for the measure of direct stress and tension rejection for the measure of bending
stress. Figure 3-6 shows the location of the strain gages on the hub attachment. The strain
gages numbered from 1 to 4 are used in a first full Wheatstone bridge to measure bending
strain and should be placed in the location 1 to 4 of the Wheatstone bridge in Figure 3-5. The
strain gages numbered from 5 to 8 are used in a second full Wheatstone bridge to measure
axial strain and should be placed in that order in the slots 1 to 4 of the Wheatstone bridge
(Figure 3-5).

Figure 3-5 Wheatstone bridge configuration
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Figure 3-6 Strain gages location

3.2.5 Actuation
Vibration in the lead-lag direction would be generated with a DC motor coupled with an
eccentric mass, see Figure 3-7. The rotation of the eccentric mass would generate in-plane
forcing that would excite the lead-lag motion but it would also create parasitic out-of-plane
forcing.
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DC Motor
Eccentric mass

Figure 3-7 Close-up on the blade lead-lag actuation

The motor has been chosen such that it can produce enough torque, about 0.05N.m to spin the
eccentric mass, 4.2 grams at a radial location of ¼ inch, at 3/rev when the rotor spins at 500
RPM creating a 2 lbs peak amplitude in-plane forcing. The motor is a Crouzet 82740001.
The eccentric mass will retain a single configuration with a semi cylinder as eccentric body
with a changing radius to vary the forcing amplitude generated. The eccentric mass will
remain of the same thickness for all cases studied. Details of the cam realizing the forcing can
be seen on Figure 3-8.
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Varying radius

0.25’

0.5’’

’
Thickness : 0.5’’

Figure 3-8 Cam configuration

3.2.6 Drag issues
The system was first developed as a blunt object rotating. However the system is designed
with a hinge allowing a large angle of the blade resulting from excessive drag force leading to
the blade sitting on its stop. This would jeopardize the vibration experiment and the small
angle assumption made for the derivation of the equations of motion and in general would
alter the way the absorber was intended to work. Thus a fairing is considered, limiting the
large steady drag force.
A symmetric airfoil is necessary to avoid producing lift at zero angle of attack, the position in
which the system will be tested. A flutter analysis is conducted later to check that the
configuration of the blade is not unstable.
A NACA0016 profile is chosen to allow for a large airfoil thickness to allow an easy fit of all
the components of the test blade.
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3.2.7 Flutter analysis
The analysis of the current configuration of the blade gives a center of gravity back of the
aerodynamic center (0.466 inches). On the NACA0016, the aerodynamic center is situated at
the quarter chord. This may eventually lead to flutter. Eq. 3-2 is true when the blade is stable
from flutter.
xi − x a  c  2  1
γ 
<   
+ 
R
 R   3 2 48 

3-2

where xi is the distance from the leading edge to the CG, xa is the distance from the leading
edge to the aerodynamic center, c is the chord length, R is the rotor radius and γ is the Locke
number. This leads to an allowable value of xi-xa of 0.752 inches, therefore the blade is stable
from flutter as the distance between the CG and the aerodynamic center, xi-xa, is estimated at
about 0.5 inch (estimation made from the CAD drawing).

3.2.8 Structural analysis
A structural analysis is conducted along the path of transmission of the load. This path is
identified as the hub attachment, the hinge, including the pin, the bushing and the hinge link,
the spar square tube and the bolts holding it, and finally the absorber and actuator mounts. The
rest of the structure is not considered as carrying critical loading. A FE analysis is conducted
on each part when a simple stress analysis was not easily applicable. For the FEA, ANSYS
was used loading the parts with the forces the system needs to withstand when spun at 500
RPM. This allows evaluating safety factors for each component.
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3.2.8.1 Simple stress analysis
The first critical part that needs calculation is the hinge with its pin and its auto-lubricating
flanged bearing. Those parts will need to withstand in the order of 900 lbf. The pin is made of
aluminum (6061 T6) and has a diameter of one inch. This allows the pin to withstand 27500
lbf in shear at a single section, giving a factor of safety of 30. The bushing was found at
anchorbronze.com, Ref. SF-3240-20. It is rated for forces up to 2500 lbf

(FoS: 2.77),

rotational speeds up to 240 rad/s (2 orders of magnitude bigger than expected values) and a
factor of safety of 4 or greater on the product PV (pressure-velocity) at the hinge.
Then the hex bolts linking the spar, the long square tube, to the rest of the structure need to
carry 900 lbf in shear in the worst case. The bolts have a 5/16 inch diameter and are made of
steel. These bolts are rated for 2300 lbf in shear in a single section (FoS: 2.55).
Finally four couples, nut and bolt, securing the motor, eccentric mass and ribs need to
withstand 470 lbf in tension. The limiting factor is the smallest area of the bolt, A=0.0276in2
for a quarter inch diameter bolt, not the number of threads engaged when a nylock nut is used
and fully engaged. Using grade 2 (low strength) bolts, the maximum load carried by one bolt
and nut is 1575 lbf (FoS: 3.35).

3.2.8.2 Finite elements analysis
When testing the parts with FEM, parts with cylindrical contact are represented as an evenly
distributed load over a third of the cylinder. This creates a discontinuity at the location of
transition between the loaded and unloaded part. It translates into a superficial concentration
of stress that drops quickly, less than four hundredth of an inch, deeper in the matter.
The first part studied is the hub attachment, made of aluminum, that receives about 825 lbf in
the radial direction. It is finely meshed at the location of application of the loads. All degrees
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of freedom of the nodes in a third of cylinder in the direction of the contact between the hub
and the hub attachment are fixed to simulate the contact of the bolted area, as described
earlier. Then the nodes of a third of a cylinder at the hinge part are coupled in the radial
direction to simulate the contact with the hinge pin. Finally a load of 825 lbf (3700N) is
applied to one of the nodes of the coupled nodes in the radial direction simulating a rigid body
pulling the hinge. Figure 3-9 presents the finite element mesh of the hub attachment and its
loading locations.
Loaded part

Radial direction

Fixed part

Figure 3-9 Hub attachment FE mesh

The analysis of the part is presented in Figure 3-10 showing von Mises criteria at each node of
the deformed hub attachment. A maximum of stress located in the hinge at the discontinuity
of the loading peaks at 17100 psi (118 MPa). This allows a factor of safety of 2. Also it is
important to note that this peak in stress is narrow and superficial and that the rest of the part
only experiences a fraction of it. These local maximum stresses are mainly associated with the
loading discontinuity.
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Locations of
maximum stress

Pa

Figure 3-10 Hub attachment stresses when loaded radially with 825 lbf

The next part studied is the hinge link, also made of aluminum, that connects the hub
attachment to the spar tube. It is tested with the same load as the hub attachment, also in the
radial direction and following the same loading procedure for cylindrical contact, see Figure
3-11.
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Loaded

Radial direction

Fixed

Figure 3-11 Hinge link FE mesh

The analysis of the part resulted in a maximum stress of 9935 psi (68.5 MPa) located at the
hinge location, see Figure 3-12. This gives a factor of safety of 3.5.

Maximum stresses

Pa

Figure 3-12 Hinge link stresses when loaded radially with 825 lbf
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The spar hollow tube is also made of aluminum. In reality, due to its length, the tube should
see an increasing load along its length culminating at its root. For simplicity in the loading of
the spar, a single force will be applied equal to the integrated load supported. As for the
previous parts, the load applied is 825 lbf. The finite element mesh is presented in Figure
3-13.

Radial direction

Fixed

Loaded

Figure 3-13 Spar tube FE mesh

The stress analysis results are presented in Figure 3-14. It shows a maximum stress of 24500
psi (169 MPa), FoS : 1.43. As for the previous parts, the maximum is narrow and superficial
and results from the discontinuity in the loading of the cylindrical contact.
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Spar tube width

Maximum stress

Pa

Figure 3-14 Spar tube stresses when loaded radially with 825 lbf

The actuator holder that includes one rib is presented in Figure 3-15. It is made of aluminum.
The part is linked to the spar, inboard structure, with bolts in shear and the rest of the
structure, outboard part, is attached with bolts in tension. This holder is fixed to the spar and
loaded radially with 470 lbf (2100N) at the location of the four bolts in tension, representing
the centrifugal force of the outboard parts from the holder. The degrees of freedom
representing the contact between the bolts and the rib are coupled in the radial direction and
the force is applied to one node of the coupled surfaces.
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Radial direction
Fixed
Loaded

Figure 3-15 Actuator holder FE mesh

Its analysis with FEM shows a maximum of 14125 psi (97.4 MPa) at the location of the bolts,
see Figure 3-16, giving a factor of safety of 2.47.

Maximum stress
Pa

Figure 3-16 Actuator holder stresses when loaded radially with 470 lbf
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Finally the rib holding the actuator motor has been studied for the centrifugal load due to the
motor on the rib. The rib is made of aluminum. A radial load of 110 lbf (490 N) was applied
at the contact surface between the motor and the rib and was held fixed at the four bolt
passage representing the spacers’ effect. The FE model is presented in Figure 3-17 with the
loading locations.

Loaded

Radial direction

Fixed

Figure 3-17 Motor rib FE mesh

This results in FE analysis in Figure 3-18. It shows a maximum of stress of 2500 psi (17 MPa)
or a factor of safety of 14.
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Maximum stresses

Pa

Figure 3-18 Motor rib stresses when loaded radially with 110 lbf

3.2.9 Experimental procedure
For the experiment, the blade would have been tested twice for each rotational speed to
acquire data with and without the absorber. To keep the weight of the system the same when
spun without absorber, the spring used in the absorber will be replaced by a rigid tube of the
same mass as the spring, and sized such that it places the mass at its dynamic rest position.
This is the position where the mass rests when only subjected to the centrifugal acceleration
due to the rotor spinning and no lead-lag motion is occurring. This allows keeping the mass
distribution of the blade the same in the two tests making them comparable.
The time history of the experimental data with and without absorber for each set at different
rotational speed would be compared by matching the input signal of the actuator, assuming
that the behavior of the actuator does not change between the tests. This would be insured by
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the controller of the actuator. The mathematical simulation would also be matched this way to
the experimental data.
Data would be acquired after the transient effects die out because we are mainly interested in
the steady state behavior of the absorber and its impact on the in-plane root loads

3.3 Analysis
A mathematical simulation is developed to compare to the results obtained by
experimentation. The simulation is a rigid blade model with the lead-lag degree of freedom
and the radial absorber degree of freedom. Blade element theory is used to account for the
drag force due to the blade.
 

The simulation model is set up as described in Figure 3-19 where ( X , Y ) is the fixed frame,
 





( x1 , y1 ) is the frame linked to the rotor and ( x 2 , y 2 ) is the frame linked to the blade. Also e is
the lag offset, ζ is the lag degree of freedom, xr is the absorber mass degree of freedom and a
its resting position, and finally r is the blade local coordinate.

Figure 3-19 Simulation model set up
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First an equation for the vector position is derived for the blade and the absorber mass. Then
they are differentiated to obtain the vector velocity that will be used in the kinetic energy.
Presented in Eq. 3-3 and Eq. 3-4, are the vector position and velocity for the blade and Eq. 3-5
and Eq. 3-6 are for the absorber mass degree of freedom.



rb = ex1 + rx 2

3-3





vb = eΩ(cos(ζ ) y 2 − sin(ζ ) x 2 ) + r (Ω − ζɺ ) y 2

3-4




ra = ex1 + (a + x r ) x 2

3-5

(

(

)

)




v a = ( x r − eΩ sin(ζ ) )x 2 + (a + x r ) Ω − ζɺ + eΩ cos(ζ ) y 2

3-6

The equations of motion are derived via an energy method, using Lagrange’s equation, see
Eq. 3-7.

d  ∂L

dt  ∂qɺ i

 ∂L
 −
= Qi
 ∂q i

3-7

where L is the Lagrangian, L=T-V, qi are the generalized coordinates, here q1=ζ and q2=xr,
and Qi are the generalized forces. The Lagrangian includes the kinetic energy T and the
potential energy V of the system blade-absorber.
The kinetic energy includes the contribution from the blade and the absorber, see Eq. 3-8.
1 R −e
1
 
 
T=
m(r )vb ⋅ vb dr + m a v a ⋅ v a
∫
2 0
2

3-8
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where v a and vb are defined in Eq. 3-6 and Eq. 3-4 .The potential energy only includes
contributions from the absorber, see Eq. 3-9.

V=

1
k a ( x 0 + x r )2
2

3-9

Finally we define the external force term Qi for the blade degree of freedom, ζ, due to the drag
force and for the absorber degree of freedom, xr.
R −e

(

)

1
2
ρ (e + r )Ω − rζɺ rC d 0 cdr + F0 sin(ν act Ωt )l act
2
0
Q2 = 0

Q1 =

∫

3-10

where F0 is the amplitude of the forcing, ν act is the nondimensional frequency of the forcing
and lact is the radial location of the eccentric mass. After applying Lagrange’s equation for q1
and q2, the system of equation was linearized and put in matrix form see Eq. 3-11 through Eq.
3-15.

[M ]{qɺɺ} + [C ]{qɺ} + [K ]{q} = {F }
R −e
2
[M ] =  0∫ m(r )r dr

0

R − e
2
[C ] =  0∫ ρΩ(e + r )r C d 0 cdr

2 m a aΩ



0 

ma 

− 2 m a aΩ 


0


3-11

3-12

3-13
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 R − e

 ∫ m(r )rdr + ma a eΩ 2

[K ] =  0


0






k a − ma Ω 2 
0

R − e 1

ρ (e + r )2 rΩ 2 C d 0 cdr + F0 sin(ν act Ωt )l act 
 ∫
{F } =  0 2



ma (e + a )Ω 2 − k a x0



{q} = 

ζ 


 xr 

3-14

3-15

3-16

The model also accounts for the friction in the absorber motion due to a normal force acting
on it. This force is mainly due to the transmission of the coriolis force, it is at least two order
of magnitude bigger than the other terms, from the absorber to the blade. It traduces into the
following equation.
C ( xɺ r , xɺ r ) = 2m a Ωµ

3-17

where µ is the static friction coefficient of the slider mass technology (for a linear ball bearing

µmax=0.004).
The equations are solved using a time integration scheme that gives the displacement, velocity
and acceleration of the lead-lag motion and the absorber degree of freedom. The reaction
forces at the hinge are evaluated and are as follows for the radial root shear, in Eq. 3-18, and
for the drag root shear, in Eq. 3-19.
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R −e

Sr =

R −e

−

(

)

m(r ) rζɺɺ sin(ζ ) − r Ω − ζɺ 2 cos(ζ ) + eΩ 2 dr 

 


 
0

∫

(

)

1
2
ρ (e + r )Ω − rζɺ cCd 0 sin(ζ )dr − F0 sin(ν act Ωt )l act sin(ζ )
2
0

∫

( (

3-18

)

)

+ k a x r cos(ζ ) − m a 2 xɺ r Ω − ζɺ − eΩ 2 sin(ζ ) − (a + x r )ζɺɺ sin(ζ )

R −e

Sx = −

R −e

+

(

(

)

m(r ) rζɺɺ cos(ζ ) − r Ω − ζɺ 2 sin(ζ ) dr 

 


 
0

∫

)

1
2
ρ (e + r )Ω − rζɺ cCd 0 cos(ζ )dr + F0 sin(ν act Ωt )l act cos(ζ )
2
0

∫

( (

)

3-19

)

+ k a x r sin(ζ ) + m a 2 xɺ r Ω − ζɺ − eΩ 2 sin(ζ ) − (a + x r )ζɺɺ cos(ζ )

3.3.1 Sample data created with the simulation
Matlab was used to make the calculations involved in the simulation of the two degree of
freedom system. See the following figures for results showing the two degrees of freedom
with respect to time for a revolution and the radial and drag root shears for the same
revolution. Included in Figure 3-24 and Figure 3-25 are a rough estimation using beam
bending theory of what the strain gages would be recording. The rotational speed is set to
500RPM and the actuator creates a sinusoidal forcing of amplitude F0 = 2lbs and a frequency

νact of 3/rev at a distance lact from the hinge of 27.325 inches. Furthermore, the absorber is
tuned at 2.98/rev and has a mass of 2.13% of the total blade mass.
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Figure 3-20 Sample lead-lag angle for one revolution of the blade

Figure 3-21 Sample absorber mass location for one revolution of the blade
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Figure 3-22 Sample drag root shear for one revolution of the blade

Figure 3-23 Sample radial root shear for one revolution of the blade
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Figure 3-24 Sample bending strain recorded by the strain gages for one revolution of the
blade

Figure 3-25 Sample axial strain recorded by the strain gages for one revolution of the blade
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3.4 Conclusions
After review of the system designed, not enough confidence has been built to continue this
project to the fabricating phase. It was shown that it is possible to design an embedded radial
absorber to modify the 4/rev in-plane hub forces. The higher tuning frequency allows the use
of a pre-compressed coil spring instead of a non-linear spring for lower frequencies. The
issues raised are related to the capability to measure the strains at the root of the blade and the
authority of the device that would create the vibratory motion.
The strains predicted due to the blade root loads are very small. The oscillation of the radial
strain would be about 0.5% of the steady component which is already small, about 20
microstrain, and the variation in amplitude of the drag shear strain is about 0.05 microstrain.
Despite the use of semiconductor strain gauges, it is feared that the signal would be subject to
too many parasitic effects and only noise would be read after going through the slip ring. At
the time of the decision to abort the experiment, no other method was found to measure both
radial and drag root loads with enough confidence.
Furthermore, the actuator foreseen to create the vibrations is only moving the blade in the
lead-lag direction to a fraction of a degree. As the facility to be used has a confined chamber
to spin the blades, aerodynamic parasitic effect might be stronger than the actuation of the
design. This would prevent the experiment from being successful in isolating the studied
dynamics from the parasitic aerodynamic effect as assumed in the simulation. A larger
actuator would require a larger fairing and a longer blade which would lead to an
unacceptable increase in drag and an incompatibility with the torque the motor that spins the
rotor can produce. The facility available at this time was not the most appropriate for this
experiment.

80

Chapter 4 In-plane blade loads reduction via embedded radial
absorber
4.1 Analysis
The model of the helicopter fitted with an embedded radial absorber in Chapter 2 is reused
here for the analysis of the reduction of in-plane blade loads. However in this chapter the
tuning frequency of the absorber, 2-9, is about 1/rev. The focus on blade loads also requires
different tools.
Once the aircraft is in trimmed flight, the blade loads at any spanwise location, x0, are
calculated through the integration of the section forces and moments along the span
considering the inertial and aerodynamic components. Additionally, the blade loads also have
contributions from the absorber as shown below in Eqs. 4-1 and 4-2.
R

Fr =

abs

∫ f r dx + S r
x0
R

Fx =

abs

∫ f x dx + S x
x0
R

Fz =

abs

∫ f z dx + S z

x0

4-1
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R

Mφ =

∫ [mφ + f z (v(x ) − v(x0 )) + f x (w(x ) − w(x0 ))]dx

x0

+ S zabs (v(xa ) − v(x0 )) + S xabs (w(xa ) − w(x0 ))
R

Mβ =

∫ [mβ

]

− f r (w(x ) − w(x0 )) + f z ( x − x0 ) dx

x0

4-2

− S rabs (w(xa ) − w(x0 )) + S zabs (xa − x0 )
R

Mζ =

∫ [mζ

]

− f x ( x − x0 ) − f r (v(x ) − v( x0 )) dx

x0

− S xabs ( xa − x0 ) − S rabs (v(xa ) − v(x0 ))

where f r , f x , f z , mφ , m β and mζ are the local inertial and aerodynamic blade forces and
moments, and S rabs , S xabs and S zabs are the forces produced by the radial absorber motion,
defined in Eq. 4-3.

(
)
S xabs = m a (vɺɺ + 2 xɺ r Ω − vΩ 2 + (v + w)β p Ω 2 )
ɺɺ − 2vɺβ p Ω + (a + x r )β p Ω 2 )
S zabs = m a (− w

S rabs = m a − ɺxɺr + 2vɺΩ + (a + x r )Ω 2

4-3

Then the in-plane steady hub forces are calculated with the in-plane blade root forces, see Eq.
4-4.

FX0 = 2( S1rc + S1xs )

4-4

FY0 = 2( S1r s − S1xc )
It should be noted that the introduction of the absorber in the blade would need redesign of a
section of the blade, possibly a change in the spar design, supporting fixtures, etc. With the
weight, geometry and details unspecified at this point, the blade with absorber is kept as
dynamically similar to the baseline blade, as possible. Thus, in the current study, when an
absorber mass is added at a specific global node, an equivalent mass is subtracted from the
two adjacent finite elements. Thus reduction in loads reported can be attributed to the effect of

82
the moving absorber mass and not due to changes in the fundamental dynamic properties of
the blade.

4.2 Results and Discussion
At a speed of 140kts, Figure 4-1a and Figure 4-1b shows the 1/rev blade drag forces and the
lag bending moment, respectively, along the blade for one revolution. A peak amplitude of
500lbs is seen for the blade drag force toward the root and 2103 lb.ft in the lag bending
moment at the root. The blade root lag bending moment is responsible for the early fatigue of
the blades. A detail of the baseline 1/rev blade drag force and lag bending moment at an
azimuthal location, ψ = 330  , is presented in Figure 4-2a and Figure 4-2b. As the maximum
loads are encountered at the root, the analysis will concentrate on this region.
lbs

(a)

ft.lb

(b)

Figure 4-1Baseline rotor blade loads at 1/rev over a disk revolution and along the blade
span, (a) drag shear force in lbs and (b) lag bending moment in ft.lb
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(a)

(b)
Figure 4-2 Detail of the baseline 1/rev (a) blade drag shear and (b) blade lag bending
moment at an azimuthal location of 330 degrees
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As in section 2.1, the motion of the absorber was first prescribed, however at 1/rev for blade
load alleviation, to evaluate the efficiency of the absorber in reducing the in-plane blade loads
by varying its location along the blade, a , mass, m a , amplitude and phase. The prescribed
motion has the following equation,
xr = A sin(ψ + φ )

4-5

where A is the amplitude, ψ is the azimuthal position of the blade and φ is the phase.
Figure 4-3a and Figure 4-3b show the percent reduction in the maximum value of the 1/rev
blade root drag shear and blade root lag bending moment at an airspeed of 140kts for a
variation in the absorber mass and its prescribed motion phase, with the absorber located at
90% span. The absorber prescribed motion amplitude was set arbitrarily at 1% of the blade
radius. Other locations (50% and 70% span) were simulated but led to higher requirements in
the absorber mass for lesser reductions. This was expected as when the absorber is tuned at
1/rev, it has an impact on the closest elastic lag mode, here the first lag bending mode at
0.75/rev. The absorber needs to be placed close to the antinodes of this blade mode (90% span
in this case) to achieve its maximum authority. For an absorber with a mass ratio of 7% of the
blade mass, a peak motion amplitude of 1% of the blade radius, and a prescribed motion phase

φ = 210  , the drag shear force at the root of the blade, S x1P , is reduced by 75% while the lag
bending moment at the root of the blade, M ζ 1P , is reduced by 60%. To reduce the mass
penalty, a variation of the prescribed motion amplitude is considered. The phase obtained in
the first analysis, φ = 210  , is kept the same as it remains the best choice for blade load
reduction at 1/rev when located at 90%R.
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(a)

(b)
Figure 4-3 1/rev blade root load improvement (percentage of baseline), blade root (a) drag
shear force and (b) lag bending moment, for absorber located at 90%R with motion
prescribed at a frequency of 1/rev and a peak amplitude of 1%R, for varying phase and mass
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Figure 4-4a and Figure 4-4b show the reductions of the 1/rev blade root drag shear and blade
root lag bending moment for a variation in the absorber mass and its prescribed motion
amplitude with the absorber located at 90% span and absorber phase held at φ = 210  . It is
important to note that comparable reductions in 1/revblade root drag shear and lag bending
moment can be achieved with a lower mass penalty if the motion amplitude of the Coriolis
absorber is larger. The case with 3% blade mass and 3%R prescribed motion peak amplitude
is chosen for further analysis. It allows reduction of the blade root drag shear, S x1P , by 85%
and lag bending moment, M ζ 1P , by 77%.
With the knowledge that a 3% mass ratio absorber located at 90% span , moving at 1/rev with
an amplitude of 3%R at a phase around 210 degrees, would effectively reduce 1/rev drag
related blade forces and moments, the study is extended to a free-to-move absorber that would
replicate this motion and eventually the results. With the spanwise location (90% span) and
the mass ratio (3% of the blade mass) fixed, Figure 4-5 shows the absorber motion amplitude
and phase as a function of the absorber tuning frequency and damping ratio. For this free
absorber with a frequency of 1.0/rev and a damping ratio of zero, a motion amplitude of 3%R
and a phase of about 200 degrees are possible. Note that for an absorber tuning frequency of
1/rev, the coupled absorber-lag mode frequencies are closer to 0.6 and 1.2/rev. But the correct
combination of absorber motion amplitude and phase is obtained. On the other hand, when the
absorber tuning frequency is reduced to about 0.6/rev, the coupled frequency approaches 1/rev
and the absorber mass motion amplitude is seen to become very high. Figure 4-6 shows the
variation in the absorber actual frequency calculated with a complex eigenanalysis for varying
uncoupled frequency for a Coriolis absorber embedded in a rigid blade simulation presented
in non-dimensional form in Eq. 4-6, taken from Ref. [60].
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(a)

(b)
Figure 4-4 1/rev blade root load improvement (percentage of baseline), blade root (a) drag
shear and (b) lag bending moment, for absorber located at 90%R with motion prescribed at a
frequency of 1/rev and a motion phase of 210 degrees, for varying peak amplitude and mass
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Figure 4-5 Amplitude and phase of the absorber 1/rev oscillation for varying damping and
absorber tuning frequency

Figure 4-6 Impact of the Coriolis coupling on the absorber frequency
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1 + 3α m a

0


0 ζ ′′  0
 +
1  xr′′  2a

− 6α m a  ζ ′  ν ζ 2
0   ζ  M 
+

  =  


0   x r′   0 ν a 2   x r   F 



4-6

where ζ is the lead-lag degree of freedom, xr is the absorber degree of freedom, α m = 3% is
the ratio of mass between the absorber and the blade, a = 0.9 is the location of the absorber as
a ratio of the radius of the blade, ν ζ = 0.75 / rev is the non-dimensional uncoupled lead-lag
frequency and ν a is the uncoupled absorber frequency. This basic analysis shows in a simple
manner how the interaction between the two degrees of freedom through the Coriolis coupling
changes dramatically both frequencies. This interaction still holds for the higher fidelity FEM
model modifying the absorber resonant frequency. Figure 4-5 shows that the resonant
frequency at 1/rev occurs when the absorber tuning frequency is around 0.5/rev.
Figure 4-7 and Figure 4-8 show the blade drag shear and the lag bending moment,
respectively, over the span for four different azimuth, 0, 90, 180 and 270 degrees for a rotor
with an absorber tuned at 1/rev with a mass ratio of 3% of the blade mass with no damping
located at 90%R. The effect of the absorber is visible along the entire span with a maximum at
the root for both the drag shear and the lag bending moment. The absorber tends to limit the
oscillation of the loads around a certain value. Figure 4-9 and Figure 4-10 take a look closer
at the blade root drag shear and lag bending moment, respectively, where the effect of the
absorber is a maximum. The 1/rev component of the blade root drag shear, S x1P ,is reduced
by 85% while the blade lag bending moment at the blade root, M ζ 1P , is reduced by 71%.
The lead-lag motion of the blade is seen in Figure 4-11.
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Figure 4-7 Blade drag shear for a rotor with a 3% mass ratio, with no damping, tuned at
1/rev absorber located at 90%R

Figure 4-8 Blade root lag bending moment for a rotor with a 3% mass ratio, with no
damping, tuned at 1/rev absorber located at 90%R
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Figure 4-9 Blade root drag shear for a rotor with a 3% mass ratio, with no damping, tuned at
1/rev absorber located at 90%R

Figure 4-10 Blade root lag bending moment for a rotor with a 3% mass ratio, with no
damping, tuned at 1/rev absorber located at 90%R
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Figure 4-11 Blade tip lead-lag displacement for a rotor with a 3% mass ratio, with no
damping, tuned at 1/rev absorber located at 90%R
Further study of the high speed flight is carried out to insure that the modification of the 1/rev
blade loads did not alter detrimentally the flight attitude and controls as well as the 4/rev
hubloads.
Table 4-1 shows little changes on the trim variable between the baseline rotor and the one
with the absorber. This is counter intuitive as the 1/rev in-plane blade root forces have a direct
impact on the in-plane steady hub forces that ultimately have an impact on the longitudinal
and lateral trim.
Table 4-2 shows the reduction of the 1/rev in-plane blade root forces. If the table is used with
Eq. 4-4 to calculate the in-plane steady hub forces, see Table 4-3, no significant change
appears. Figure 4-12 presents the hub vibratory loads comparing the baseline values to the
Coriolis absorber ones. The absorber does not affect negatively the 4/rev hub loads and even
allow for a small reduction of them.
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Table 4-1 Helicopter Controls at 140kts for the configuration with absorber compared to the
baseline

Baseline With absorber
θ.75 (deg.)

9.45

9.47

θ1c (deg.)

2.73

2.53

θ1s (deg.)

-7.62

-7.72

α (deg.)

3.94

3.95

φ (deg.)

-2.01

-2.15

TTR (lbs)

351

347

Table 4-2 1/rev components of the radial and drag blade root forces

S 1r c

S 1r s

S 1xc

S 1xs

Baseline

-216 lbs

-547 lbs

-473 lbs

155 lbs

With absorber

-101 lbs

-61.3 lbs

5.6 lbs

41.7 lbs
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Table 4-3 In-plane steady hub forces

F X0

FY0

Baseline

-131.1 lbs

-146.8 lbs

With absorber

-127.8 lbs

-132.2 lbs

Figure 4-12 4/rev hub loads for a rotor with a 3% mass, no damping tuned at 1 /rev absorber
located at 90%R
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All the results presented so far came from a simulation at a 140kts high speed condition.
Figure 4-13 and Figure 4-14 show the 1/rev blade root drag shear and the 1/rev blade root lag
bending moment, respectively, compared to the baseline helicopter. It is important to note that
the improvement found at 140kts is maintained for the range of airspeed considered around
85% for the blade root drag shear and improving from 71% to 75% for decreasing airspeed for
the blade root lag bending moment.

Figure 4-13 1/rev blade root drag shear for varying airspeed
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Figure 4-14 1/rev blade root lag bending moment for varying airspeed

4.3 Conclusions
This paper examined the effectiveness of a spanwise absorber embedded in the rotor blade in
reducing blade loads. The absorber uses its spanwise motion to exert lead-lag shear forces to
the blade via Coriolis coupling while the blade lead-lag motion, also through the same effect,
produces forces on the absorber in the radial direction. The drag shear force introduced by the
absorber allows the modification of the blade drag forces and the blade lag bending moments
along the blade inboard of the mass. Simulations were conducted for a light 4-bladed
hingeless rotor helicopter similar to a BO-105. Structurally the blades were modeled as elastic
beams undergoing flap bending, lag bending and elastic torsion, and the effect of the Coriolis
absorber was added as a single degree of freedom system to the finite element equations of
motion.
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The absorber studied showed an increased effectiveness in reducing blade loads as its initial
location is moved outboard in the radial direction. This led to a further analysis for an
absorber located at 90% of the blade span.
The absorber tuned to 1/rev was the most effective in reducing in-plane 1/rev loads. At 140
kts high speed flight, reductions of 85% and 71% of the peak S x1P and M ζ 1P , respectively,
were obtained for an absorber with a 3% mass situated at 90% of the blade span. The absorber
necessary frequency amplitude and phase to achieve blade loads reduction are tuned using the
absorber frequency to 1/rev and no damping. The reduction is produced by out of phase drag
shear forces produced by the absorber that partially cancel out the original blade loads.
The reductions in blade loads observed at 140 kts were found to be maintained through a
larger range of flight speeds with no need for retuning of the absorber.
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Chapter 5 Power harvesting via embedded radial absorber
The development of active technologies embedded in the rotor of the helicopter for noise,
vibration, performance enhancement and health monitoring is growing fast. It goes from
sensors requiring milliwatts of power to work all the way up to actuators requiring several
hundreds of watts. This interest in active technologies in the rotating frame of the helicopter
hasn’t been followed as intensely by the development of better ways to supply energy to
devices in the rotating frame. The most common way to provide energy in the rotating frame
is the use of slip rings, either electrical or hydraulic, but they carry a large penalty as they
increase the hub complexity and bulkiness leading to increased drag. Furthermore the slip
rings pose a problem of robustness. A way to circumvent the issue would be the use of a
power/energy harvester embedded in the rotating frame directly providing power/energy to
the devices in the rotating frame.
This study seeks to present a harvester design that would allow the production of large
amounts of energy in the rotating frame using the parasitic lead-lag motion of the rotor blade
(most frequency content below 30 Hz). The best suited technology will then be investigated
for ways of improvement.

5.1 Power/Energy harvesting literature review
Four categories of power/energy harvester are identified as 1) electromagnetic, 2)
electrostatic, 3) piezoelectric, and 4) magnetostrictive and electrostrictive. Although the
circuitry used to harvest the power/energy from those technologies plays a role in the effective
power/energy harvested, it is not reviewed here.
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5.1.1 Electrostatic harvester
The electrostatic harvester [65-69] is based on a capacitor configuration with two electrode
plates facing each other. The change in capacitance is driven by the motion of one plate
relative to the other. The change in capacitance is inversely proportional to the change in
voltage and the energy is proportional to the capacitance but proportional to the voltage
squared. This allows the production of energy proportional to the voltage going through the
capacitor. A bias charge or voltage is required to allow the generation of energy.
Two main configurations are identified, see Figure 5-1a and b. Figure 5-1a is a configuration
modifying the capacitance by changing the surface area of the electrodes interacting, the
plates are moving in shear mode, and Figure 5-1b changes it by varying the distance between
the electrodes, the plates are moving normal to each other.

Figure 5-1 Electrostatic harvesters in a) sliding configuration and b) distance variation
configuration (taken from [67])
Both configurations are most suited for very small oscillations as the distance between the
electrodes must remain small to work as a capacitor. In one case, it is difficult to maintain the
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two parallel plates at a very small distance while having large shear motion, and in the second
case, keeping the two plates close to each other impedes large plate distance variation.

5.1.2 Electrostrictive and Magnetostrictive harvesters
Electrostrictive and magnetostrictive materials are materials that change their charge
arrangement and magnetic field, respectively, as they are stressed.
For the electrostrictive material [65-66,68,70-71], the charges in the material rearrange
themselves, leading identical charges to repel each other and opposite charges to attract each
other, creating a voltage. The behavior of the material makes the technology a capacitive
generator, similar to the electrostatic harvester. However as for the electrostatic harvester, the
material requires a low bias voltage (or charge) applied to its electrodes to allow the
generation of energy. One of the big advantages of the technology is the capability to sustain
very large strain, up to 380% for dielectric polymers of the acrylic kind. Although the
technology is promising, its behavior is unproven as a generator and its electromechanical
properties are not well understood.
For magnetostrictive materials [72], the change in magnetic field is not sufficient to generate
electricity and a coil wound around it is necessary to pick up the energy harvested, see Figure
5-2. A bias magnetic field is necessary for the magnetostrictive harvester to generate
electricity.
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Figure 5-2 Magnetostrictive harvester [72]

5.1.3 Piezoelectric harvester
Piezoelectric materials have the ability to produce strain dependent charge. This can be used
as an harvester by shunting it with circuitry [65-68,73-74].Four categories of piezoelectric
material, lead zirconate titanate (PZT), active fiber composite (AFC), macro-fiber composite
(MFC) and polyvinylidene fluoride (PVDF), have been developed and presented as a
candidate for a piezoelectric harvester. PZT and PVDF are subject to fatigue cracks. The
piezoelectric can be used in two configurations leading to different eletromechanical coupling:
the force is applied on the same faces on which the electrodes are placed (d33 mode), or the
force is applied in a direction perpendicular to the electrode faces (d31 mode), see Figure 5-3.
The d33 mode is more suitable for large amplitude vibratory forcing where the d31 mode is
better for low amplitude forcing.
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Figure 5-3 Configuration to use the piezoelectric materials [66]

Piezoelectric material harvesting efficiency can be improved via extraction strategies using
circuitry that ultimately allow larger amounts of power.
Typical applications of piezoelectric harvesters produce a couple microwatts up to hundreds
of milliwatts. The power harvested is highly dependent on the piezo-material used, the device
configuration, the extraction strategy and the frequency content to be harvested. However the
major limiting factor is the harvesting frequency as the harvested power is proportional to the
cube of the frequency, see [65]. As a reference a harvester based on, a 0.38mm thick, 130mm
long and 13mm wide piezofiber composite excited at a frequency of 180Hz causing a strain
of 300 microstrain produced 7.5 milliwatts. An application to helicopters is presented in [74]
in the form of a piezoelectric eel powered by aeroelastic flutter vibration. This device allows
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the harvest of a peak power of about two milliwatts which is sufficient for the application
foreseen as a self-powered sensor.

5.1.4 Electromagnetic harvester
The electromagnetic harvester [65-68, 75-79] is based on the electromechanical coupling
between a magnetic field, usually created by a permanent magnet, and a wound coil. The basic
interaction between a single coil and a single magnet can be created in two ways, with the coil
moving through the field or moving within a changing field, see Figure 5-4a and b,
respectively.

Figure 5-4 Electromagnetic harvesters with coil a) going through the field and b) moving
within a changing field [67]
In both cases, the change in applied field on a loop of coil produces a force opposing the
mechanical motion as well as an electromotive force in the electric circuit. Techniques using
array of magnets, [78-79], have been developed to extend the amplitude of motion to be very
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large and have been used as ocean wave linear generators. These generators allow very large
amount of power to be harvested, on the order of kilowatts.
An application to a pitch link of a helicopter was designed, simulated and tested on a benchtop
model in [76-77]. It led to harvesting a couple of milliwatts when the system is not subject to
the centrifugal force. However friction becomes an issue when the centrifugal force is taken
into account.

5.1.5 Conclusion
A methodology to compare each category of harvester excluding electrostrictive and
magnetostrictive harvesters (mainly because they are less popular) is developed in [67] as the
application of each one is usually very diverse and difficult to compare. It leads to the
conclusion that electrostatic harvesters are good for low motion and large power, while
piezoelectric harvesters are suitable for any kind of motion but are limited in the power
harvested and finally electromagnetic harvesters are better for large motion to produce large
power, see Figure 5-5. As this study is pursuing a harvester design with capacity for large
power production and low frequency motion the analysis will focus on the electromagnetic
devices.
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Log(Size)

Log(Power)
Figure 5-5 Feasibility range of the different categories of power/energy harvester for varying
size and varying power [67]

5.2 Magnetic field definition for a cylindrical permanent magnet axially
magnetized
The basic design of the chosen electromagnetic harvester is an axially magnetized magnet
moving axially within a wound coil to create electricity in a circuit that will be used to
manage the power harvested. First the equations for the magnetic field of the magnet are
derived.
The magnetization of the permanent magnet is assumed to be constant throughout the entire
magnet and is shown in Figure 5-6. The magnetization constant is shown in Eq. 5-1.

M=

Br max

µ0

where B r max is the residual flux density and µ 0 is the magnetic permeability of free space.

5-1
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Figure 5-6 Magnet configuration

To evaluate the B-field around the magnet, a Coulombian method is used, seen in Ref. [80]. It
uses an equivalent distribution of magnetic charge in the bulk material and at the surface of
the magnetized material. As the magnetization is assumed constant, the term related to the
variation of magnetization is dropped and the H-field, the magnetic field intensity, is written
as in Eq. 5-2.
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where e n is a vector normal to surface of the magnet, r is vector position of a point in space

and r ′ is a vector of a point within the magnet volume. The B-field, the magnetic flux density,

is related to the H-field by Eq. 5-3.
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As the magnetization on the permanent magnet is made axially, M = Mz , which then gives the
B-field. The B-field has a radial and an axial component but no tangential component as it is
axisymmetric.
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A validation of the model was generated and compared to results taken from
kjmagnetics.com. The results from K&J magnetics are FEM results backed by experimental
results. The validation is done on a cylindrical magnet magnetized axially referenced DAC on
K&J magnetics (details of the magnet are given in Table 5-1). Figure 5-7 shows the magnetic
field in the radial direction, Br, and in the axial direction, Bz, at a radial distance 0.4233 inch
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from the centerline (it corresponds to the average radial location of the coil in the harvester
studied later) and for varying axial distance from the center of the magnet. The model shows
very good accuracy.

Figure 5-7 Validation of the magnetic field model

5.3 Coil voltage created by an axially magnetized cylindrical permanent
magnet
The electromotive force (EMF) produce by a magnetic flux on a single turn coil is defined as
in Eq. 5-6, see Ref. [81].
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  dz 
where B = B r (r )e r + B z (r ) z , dS = rdrdθz , v =
z and dl = rdθeθ . The first term of Eq.
dt
5-6 is the induced EMF and the second term is the motional EMF. As seen in Ref. [81], the
induced EMF has only a small contribution and as the Coulombian method does not predict
the field within the magnet and it is required to evaluate the induced EMF, it will be neglected
in this analysis. With these assumptions, the EMF on a single turn coil is simplified with Eqs
5-1 and 5-4 to the following.
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For a multiple turn coil, the total EMF is given by Eq. 5-8.

E = ∑ Ei
i

5-8

where i is the single turn coil number. This method neglects Eddy currents creating mutual
inductance between each loop of coil. This is a reasonable assumption as the frequencies of
oscillation considered are very low.

5.4 Electromagnetic model validation
A commercial flashlight with a magnet and a coil to generate energy was used to perform an
experiment and validate the models, see Figure 5-8. The flashlight was a Hummer LG54 Dual
Power flashlight by General Motors. As the flashlight was not setup with a one degree of
freedom oscillator but only with a free-to-move magnet in a tube with a coil the flashlight was
complemented with two springs in parallel from Lee Springs, Ref. LP018H06S316. The
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magnet used in the flashlight was identified as a Ref. DAC from K & J magnetics. The outside
dimensions of the coil were measured as well as the wire external diameter (AWG36, with an
external diameter of 0.0065in) which allowed evaluating the number of turns and the coil
length.

Inner diameter

Coil length
Outer diameter
Magnet

Figure 5-8 Inner part of the Hummer LG54 Dual Power flashlight with Lee Springs springs
The resistance of the coil was measured using a multimeter. And finally, the coil inductance
was measured by inserting the coil in a voltage divider with a known resistor, see Figure 5-9.
In this figure, L and Rc are a basic model of the coil where Rc is the resistance of the coil
previously measured, L is the coil inductance and R is the known resistance. A known
sinusoidal voltage, Vin , is supplied to the circuit and the output voltage, Vout , is recorded
forming a transfer function, Eq. 5-9.

111

Figure 5-9 Voltage divider

H (ω ) =

Vout
R
=
Vin
R + Rc + jLω

5-9

A fit of the data collected is made with the gain function presented in Eq. 5-9 by varying the
inductance, L, until the experimental data matches the model, see Figure 5-10.

Figure 5-10 Curvefit, with Eq. 5-9, of the data collected to get the value of coil inductance
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Table 5-1 is a summary of the information collected on the electromechanical part of the
flashlight.

Table 5-1 Electrical and electromagnetic information of the flashlight

Coil dimensions

Magnet dimensions

Coil electrical values

Resistor used in the voltage
divider

Length of the coil

13/16 in.

Outer diameter

0.949 in.

Inner diameter

0.744 in.

Wire radius

0.0065 in.

Number of turns

~2000 turns

Grade

N42

Height

¾ in.

Diameter

5/8 in.

Residual inductance
( Br max )

1.32 T

Direction of magnetization

axially

Rc

192.4 Ohms

L

0.0065 Henry

Wire gauge

AWG 36

R

202.4 Ohms
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Finally, the mechanical system needed to be determined. The mass of the magnet was
measured with an electronic scale, see Table 5-2, and an experiment was used to find the
damping coefficient of the mechanical system. The mass spring damper system was set on a
shaker, see Figure 5-11.

Figure 5-11 Mass-Spring-Damper model on a shaker
Using this model, Eq. 5-10 is developed to simulate the experiment where gravity is
neglected.

m(ɺxɺ + ɺyɺ) + cxɺ + kx = 0

5-10

where m is the mass of the magnet, c the damping coefficient, k the stiffness and x the motion
of the mass with respect to the shaker motion, y . In this experiment, a Laser Doppler
Vibrometer was used to measure the velocity of the mass with respect to the fixed frame,

xɺ + yɺ , when an accelerometer was measuring the acceleration of the shaker, ɺyɺ . The transfer
function of the one degree of freedom system, see Eq. 5-11, was measured using a chirp
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excitation as an input to the shaker and then was fitted to evaluate the dynamic friction and
verify the value of the springs’ stiffness.

G (ω ) =

Xɺ + Zɺ
jω c + k
=
ɺZɺ
− cω 2 + jω (k − mω 2 )

5-11

An issue arose from the chirp excitation. The magnitude of the excitation was too low for low
frequencies and the system was not overcoming the static friction until closer to the
resonance. To prevent the issue a sine dwell was performed at key frequencies making sure
the mass was moving and confirming the fitting function. Figure 5-12 shows the experimental
transfer function data fitted with the simulation matching it. This curvefit allows the
identification of the damping factor, c.

Figure 5-12 Bode plot of the one degree of freedom system with simulation, from Eq. 5-11,
matching the experimental data
Table 5-2 presents the information gathered on the mechanical part of the system.
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Table 5-2 Mechanical information on the flashlight

Mass (Magnet)

Springs

Dynamic friction

weight

25.4 grams

2 x springs in parallel from
LeeSprings

LP018H06S316

Stiffness

21 N/m

Total Stiffness

42 N/m

Damping coefficient
(Damping ratio)

0.4 N/(m/s)
(0.19)

A final experiment was run to validate the full model where the mechanical part, mass-springdamper, is coupled through the interaction between the mass/magnet and a coil to an electrical
circuit shunted by a resistor. The one degree of freedom system was setup with the coil circuit
closed by a 250 Ohms resistor and excited by a sine wave at 6.2Hz. The coupled system is
shown in Figure 5-13 where the electromagnetic function f ( z ) =
and 5-8 (Note that f ( x).i is the magnetomotive force).

E ( z)
is defined in Eqs. 5-7
dz / dt
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Figure 5-13 Full system depiction
The coupled equations of motion with electromechanical coupling are defined in Eq. 5-12.

m(ɺxɺ + ɺyɺ) + cxɺ + kx − f ( x)i = 0
di
f ( x) xɺ + L + (Rc + R )i = 0
dt

5-12

where L and Rc are the inductance and the resistance of the coil and R is the load resistor.
The function f (x) is plotted in Figure 5-14 for a range of relative location between the center
of the magnet and the center of the coil, x .

117

Figure 5-14 Coupling term function versus relative position of the magnet and the coil
Then Eq. 5-12 is transformed into a state space model and a time integration is performed
using the values from Table 5-1 and Table 5-2. Figure 5-15 shows the velocity of the shaker
and the mass, xɺ + yɺ , the output voltage at the load resistor and the shaker acceleration, ɺyɺ ,
versus time for the simulation and the experiment.
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Figure 5-15 Validation of the simulation versus the experiment
The simulation shows good agreement with the experiment. As the simulation is intended to
harvest energy and the load resistor represents the electrical system consuming it, a measure
of the efficiency and of the average output power are defined in Eqs 5-13 and 5-14,
respectively.
2π
Ω

∫

0

η = 2π
Ω

∫

Ri 2 dt
5-13

(cxɺ 2 + ( Rc + R)i 2 )dt

0

Pavg =

2π
Ω Ω

∫

2π 0

Ri 2 dt

5-14
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The experimental values for the efficiency and the average Power are 14.5% and 3.14 mW.
The simulation overestimates those two values by 6% and 10% respectively.

5.5 Evaluation of the energy available to harvest with the Coriolis absorber
This evaluation is only carried out for an absorber tuned at 1/rev, using the analysis described
in Section 2.1 in steady level flight at 140 knots. Higher tuning frequencies are not considered
since absorber motion at 1/rev is difficult to avoid and since energy harvesting circuit are
generally tuned (optimized) for a single frequency, designing the system to perform efficiently
when the motion is at multiple frequencies will represent yet another challenge. It was seen
that the absorber was moving at 1/rev and 3/rev when tuned close to 3/rev for the reduction of
the in-plane hub loads, see Chapter 2. Furthermore the available energy at higher harmonics is
much smaller than the 1/rev component as the higher harmonics lead-lag motion is
substantially smaller than the one at 1/rev, and its higher frequency does not make up for it.
It is assumed that the harvesting system extracts energy as viscous damping would, when
added to the absorber mass. An analysis of the average power dissipated over one revolution
of the rotor, see Eq. 5-15, by this viscous damper is conducted for varying absorber mass, ma ,
ratio and varying damping ratio, ζ a .

Pavg =

2π
Ω

Ω
2ζ aν a Ωma xɺ r 2 dt
∫
2π 0

5-15

From previous analysis, a maximum authority of the Coriolis absorber and a maximum
motion at 1/rev is found when placed at the most outboard spanwise location on the blade,
90% of the blade radius.
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Figure 5-16 shows the average power available for a Coriolis absorber tuned at 1/rev located
at 90% blade span for varying mass and damping ratios. A maximum of about 230 Watts is
dissipated for pairs of mass and damping ratios where the damping is ten times the absorber
mass ratio. Below this maximum line, the damping is not sufficient to harvest enough power
and above it, the damping has reduced the motion too much limiting the amount of power
dissipated.

Figure 5-16 Average power dissipated in a viscous damper for an absorber tuned at 1/rev
located at 90% span with varying mass and damping ratios
Figure 5-17 shows the 1/rev motion amplitude of the absorber mass. It is noted that the lower
the mass ratio, the higher the motion amplitude of the mass. Also, as expected, the increase in
damping ratio reduces the absorber motion. A compromise between the limitation of motion
amplitude of the absorber mass and its mass ratio needs to be found.
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Figure 5-17 1/rev peak-to-peak absorber mass amplitude in percentage of the blade radius

5.6 Definition of the electromagnetic harvester
As seen in Figure 5-17 and from the assumption made in the previous analysis, the system
used in conjunction with the Coriolis absorber needs to behave as a long stroke viscous
damper. The first issue is to make the damping coming from the permanent magnet and coil
system viscous. It is possible to show that the damping provided by the system is not viscous
by simplifying the second equation in Eq. 5-12 by assuming the induction term, L

di
, to be
dt

negligible and replace in the first equation the obtained value for the current, i. This leads to
an additional damping term on the absorber mass, see Eq. 5-16, and the elimination of the
circuit equation.
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f ( x) 2
c* =
Rc + R

5-16

This damping coefficient is clearly not viscous as it is dependent on the mass position, see
Figure 5-14. It is noticeable that in the case of a short coil the function is locally behaving as a
sine wave.
The changes in the coil configuration have an impact on the electromagnetic function,
f ( x) =

E
(E is defined in Eqs. 5-7 and 5-8), see Figure 5-18. Figure 5-18(a) is a baseline
dz / dt

configuration where the magnet is the same length as the coil and is axially magnetized. This
configuration will be used for comparison. If n identical coil circuits were used shifted by a
phase of the length of the wave divided by n, see Figure 5-18(d) for n = 3 , it is possible to
show that if 3 or more coil circuits are used the system coils and permanent magnet generates
viscous damping over a certain span of absorber mass stroke. This is due to the local sine
wave behavior of the coupling function. Eventually if the total coil length is required to be
longer than the combined size of n phases, for stroke extension, it is possible to extend it by
stacking coils of the same phase at a determined distance. It is shown in Figure 5-18 that the
increase in size of the coil is not useful to the extension of the stroke of the harvester, Figure
5-18 (b), as it has no coupling inside the coil. The solution is in stacking short coils at a
distance of one period extending the sine wave behavior of the coil, see Figure 5-18 (c). This
leads to a coil made out of a stack of the sequence of phases multiple times up to the required
span of viscous damping. It was found by trial and error, on the electromagnetic function, that
the length of coil for one sequence of phases should be two times the height of the magnet.
This allows having a continuous sine wave in each phase for a permanent magnet moving
through an infinite stack of coils and it maximizes the amplitude of the sine wave, maximizing

123
the electromagnetic coupling. The increase in length of each phase would increase the
coupling value but reduce the correlation of the coupling function with a sine wave.
Coil

Magnet
(Absorber mass)

Figure 5-18 Effect of the coil configuration on the electromagnetic coupling function: (a)
short coil, (b) long coil, (c) single phase with spaced short coils and (d) 3-phases coil
The extension of the stroke of the harvester can be achieved in two ways. The coil length can
be increased by stacking more sequences of phases, or the single magnet can be replaced by a
Halbach array [82-83], see Figure 5-19, or similar configuration of magnets. The Halbach
array is an arrangement of magnets that allow the intensification of the magnetic field on one
side and magnetic field isolation on the other. Examples of applications can be found in [84].

124

Figure 5-19 Halbach array field lines explanation (adapted from [82])
Three configurations will be considered to realize the long stroke viscous energy harvester.
The first one will be a long coil made of stacks of coil phase sequence using a single axially
magnetized ring magnet, the second will be a “half Halbach” array where the vertically
oriented magnets are replaced by a gap used with a single phase sequence coil and finally a
full Halbach array with a single phase sequence coil. Instead of using cube magnets for the
Halbach array, they will be replaced by axially and radially magnetized ring magnets.

5.7 Case study of the three configurations for an embedded Coriolis
harvester
This study considers a NACA 23012 airfoil with a chord of 1.27 ft to have realistic limits for
the design of the energy harvester. A certain number of parameters have been fixed after trial
and error to simplify the parametric study because of their relatively small effect on the
efficiency of the system. Also the mass of the absorber is set to 3% of the total blade mass
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used in the analysis as it limits the total stroke of the absorber to a foot. The mechanical
damping modeled is coming from the mechanical friction of linear ball bearings (µmax=0.004)
guiding the absorber mass and transmitting the Coriolis force to the blade, presented in Eq.
3-6. This data is compiled in Table 5-3.
Table 5-3 Initial design parameters of the harvester

Magnet Wire

AWG 24
(wire diameter
0.511mm)

Resistance
25.7Ohms/1000ft

Outer Diameter

1.7 inches

Inner Diameter

1.1 inches

Grade

N42

Height

1 inch

Outer Diameter

1 inch

Inner Diameter

1/8 inch

Coil
Section Dimension

Magnets

Absorber

Axially or Radially
magnetized Ring
Magnet

Mass

0.864 kg

Mechanical damping
factor

0.2773 N/(m/s)

Spring rate

1390.7 N/m

The inductance of each multiple layer cylindrical coil is defined by Eq. 5-17 [85].
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0.4(Ro + Ri )N 2
L=
3(Ro + Ri ) + 9d + 10(Ro − Ri )

5-17

where N is the number of turns and the dimensions of the coil define the volume occupied by
the wound magnet wire assuming a hollow cylinder shape characterized by an inner and outer
radius, Ri and Ro respectively, and a length, d .
The configuration with a long coil, Figure 5-20, is calculated as presented in Eqs. 5-7 and 5-8
where the boundary conditions are the ones for a ring magnet, the integration from 0 to R is
replaced by the integration from the inner radius to the outer radius of the magnet, and the coil
is represented as a stack of coils separated by the other phases.

Figure 5-20 3-phases long coil and single magnet configuration
The calculation of the electromechanical coupling function is only carried out for one phase.
The result is fitted with a sine wave with a full revolution every two heights of the magnet, see
Figure 5-21, and its amplitude is extracted to be used in the system simulation as an
equivalent sine wave.
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Figure 5-21 Electromechanical coupling function for a 3-phases coil compared to a sine wave
of same amplitude
To allow comparisons, it is assumed that the “half Halbach” array, Figure 5-22, has the same
coupling function as the stack of a sequence of phase coils but the coil resistance and
inductance are reduced to only one sequence of phases. And finally, for the full Halbach array,
Figure 5-23, the amplitude of the coupling function is multiplied by 1.4, see [86], keeping the
resistance and the inductance the same as the “half Halbach”. (A more detailed analysis of the
coupling function of these configurations is offered in Appendix E)
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Figure 5-22 3-phases coil with “half Halbach” array configuration

Figure 5-23 3-phases coil with full Halbach array configuration
The simulation previously used, Eq. 5-12, is updated to allow for multiple circuits with the
coil’s coupling function shifted by a full revolution divided by the number of phases, see Eq.
5-18.

m(ɺxɺ + ɺyɺ) + cxɺ + kx −

M

∑ f n ( x)in = 0

n =1

5-18
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f n ( x) xɺ + L

din
+ (Rc + R )in = 0
dt

n = 1,2,..., M

where M is the number of phases, n is the phase number, in is the current in the n th circuit
and f n (x) is the coupling function for the n th circuit, similar to Figure 5-21 but shifted by a
phase of

(n − 1)2π
M

. To improve the speed of the simulation, a sine wave is used for the

electromechanical coupling function and its amplitude is determined for 3, 6 and 9 phases.
Table 5-4 shows the coupling function amplitude for varying numbers of phases.
Table 5-4 Amplitude of the electromechanical coupling function for varying number of phases

Number of phases

3 phases

6 phases

9 phases

Amplitude of the sine
wave in V/(m/s) or
N/A

5.624

3.633

2.638

The simulation is carried out for three configurations with the three different phase numbers
and Table 5-5 shows the configuration that presented the maximum power harvested, the
damping ratio of the system, the efficiency as defined in Eq. 5-13 but extended for multiple
phase coils and the load resistor. The maximum power is found by changing the load resistor,
R , of each phase circuit and matching the amplitude of motion of the absorber mass to the
one found for each damping ratio in Figure 5-17. The load resistor required is smaller in the
cases with shorter coils because the load resistance is matched with the impedance of the
electromagnetic circuit which is dependent on the coil length. In a similar fashion, the
analysis is carried out for a system with a total resistor load divided in each circuit or phase.
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The resistance is chosen arbitrarily to be 50 Ohms and the results of the power, efficiency and
damping ratio for varying configurations and numbers of phase is presented in Figure 5-6.

Table 5-5 Maximum power harvested for varying configuration and varying number of phases

Number of phases

Long Coil
Configuration

“half Halbach” array

Halbach array

3 phases

6 phases

9 phases

P = 5.27 W

P = 9.37 W

P = 11.6 W

ζ = 0.58 %
η = 42.4 %

ζ = 0.98 %
η = 53 %

ζ = 1 .6 %
η = 44.45 %

R = 60 Ohms

R = 35 Ohms

R = 10 Ohms

P = 40 W

P = 65.4 W

P = 84.8 W

ζ = 5 .9 %
η = 52 %

ζ = 7 .7 %
η = 67.8 %

ζ = 13 %
η = 58.4 %

R = 5 Ohms

R = 5 Ohms

R = 2 Ohms

P = 68.3 W

P = 108 W

P = 133 W

ζ = 12 %
η = 53.8 %

ζ = 25.2 %
η = 49.1 %

ζ = 25.7 %
η = 59.2 %

R = 5 Ohms

R = 2 Ohms

R = 2 Ohms
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Table 5-6 Power harvested for varying configuration and varying number of phases for a unit
total load of 50 Ohms

Number of phases

3 phases

6 phases

9 phases

Long Coil
Configuration

P = 3 .2 W
ζ = 0.68 %
η = 25.8 %

P = 6 .6 W
ζ = 1 .3 %
η = 31.4 %

P = 8 .9 W
ζ = 1 .7 %
η = 33.3 %

“half Halbach” array

P = 33 W
ζ = 3 .1 %
η = 72 %

P = 54 W
ζ = 5 .4 %
η = 75 %

P = 63 W
ζ = 6 .5 %
η = 76 %

Halbach array

P = 61.4 W
ζ = 6 .1 %
η = 75.8 %

P = 94 W
ζ = 10.5 %
η = 77.6 %

P = 107 W
ζ = 12.7 %
η = 78.3 %

Independently from the number of phases it is clear the best configuration is the Halbach array
followed by the “half Halbach” array then the long coil. The improvement in performance is
mainly linked to the increase in damping ratio as the efficiency remains in the same range.
The increase in damping ratio, between 1% and 30%, causes more power to be dissipated in
the radial absorber, see Figure 5-16. Then the usable power is determined by the efficiency of
the harvester or the amount of power dissipated in the load resistors. However some
challenges are attached to the best configurations. The Halbach array needs ring magnets
magnetized radially which are not found off-the-shelf. Then a common issue to the magnet
array configurations is that the magnets/mass will be rolled on by the linear ball bearing
guiding the moving absorber mass to limit its friction while transmitting the Coriolis force to
the blade. This might break them as rare earth magnets are very brittle.

132
The increase in the number of phases allows the reduction of the coil resistance of each circuit
improving their efficiency. It decreases the current in each circuit therefore reducing the
power lost by heat dissipation in each coil. It is also interesting to note that increasing the load
resistor increases the efficiency of the system, see Eq. 5-13, but reduces the damping ratio
achievable, see Eq. 5-16. The best harvesting system is a compromise between having a
damping ratio that gives large amount of available power to dissipate and a good efficiency.

5.8 Conclusions
An embedded Coriolis absorber, made of 3% of the blade mass, was shown to be usable as a
source of power in the rotating frame, providing up to 133 Watts in each blade at steady level
flight at 140 kts. This is obtained by the use of electromechanical coupling realized with coil
and magnet. The intensity of the coupling plays a crucial role in creating a large enough
damping ratio allowing large power harvesting. The space available in the blade limits the size
of the coil which limits the configuration with a single coil and a single magnet to improve the
coupling. It is worth noting here that this configuration does not produce viscous damping and
was therefore out of the focus of this chapter. The use of more than three phase coils allows
the production of viscous damping and improvement of power harvesting. To allow the large
motion required to harvest all the power possible, the stroke of the harvesting system must be
large. Two options were investigated, one with a long coil (a stack of phase sequenced coils)
and one with a long magnet (inspired by the Halbach array). The long coil has an inherent
large resistance that limits the efficiency and the maximum damping ratio to low values. The
Halbach array or similar arrangement of magnets solves these problems but presents design
implementation challenges. Either the guiding system would be in contact with the magnets
loading them with shocks and cyclic forces, or the magnets would be protected by a sleeve
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increasing the air gap between the magnets and the coils, and reducing the electromechanical

Linear ball bearing

CF direction

Spring

Multi-phase coil

Array of magnets

coupling. A picture of the harvester concept is presented in Figure 5-24.

Figure 5-24 Embedded radial oscillator power harvester concept
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Chapter 6 Conclusions and recommendations
First, an embedded radial absorber was examined as a means to reduce rotor in-plane hub
vibratory forces and blade drag shear and lag bending moments. The study was conducted
using a comprehensive helicopter analysis using linear inflow with lead-lag bending, flap
bending and torsional degree of freedom for a light weight helicopter similar to the BO-105.
A degree of freedom was added to the rotor blade model to simulate the radial absorber. A
spin test was designed to demonstrate the reduction of 4/rev in-plane hub vibration. And
finally, the radial oscillator was considered as a means for power harvesting when fitted with
an electromagnetic circuit.

6.1 Conclusions
6.1.1 4/rev hub vibration reduction
The analysis of a radial absorber tuned at a frequency close to 3/rev allowed reductions up to
85% in the hub longitudinal and lateral 4/rev vibratory loading from the baseline helicopter
without an absorber. For this, the absorber needs to be placed close to an antinode of the
second lead-lag mode excited by the 3/rev blade forcing, responsible for the 4/rev hub
vibratory loading after their transformation from rotating frame to fixed frame, allowing
maximum authority to the absorber. The reduction is achieved by modifying the blade root
drag shear and radial root shear amplitudes and phases such that they partially cancel each
other in the transformation from rotating frame to fixed frame. It is important to note that this
means that the 3/rev blade loads might be increased in the process. The best case requires that
the radial absorber not bear any damping for best performance, which is a challenge for the
implementation.
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6.1.2 Hub vibration reduction experiment
A small scale experiment was considered in the spin test facility at Penn State, to validate the
simulation of the radial absorber for hub vibration reduction on a hinged rotor. The design of
the system showed that, as the tuning frequency of the absorber is high enough, it is possible
to use linear coil springs with relatively small pre-compression to make the radial absorber
compact and feasible within the blade space constraint. The use of linear ball bearing was
chosen to address the issue that the best case of vibration reduction occurs for no damping in
the mass-spring system of the radial absorber. The experiment was abandoned due to the
limited authority that the vibratory inertial forcing at 3/rev, simulating the lead-lag vibration,
leading to low signal-to-noise ratio and insufficient changes in blade root loads with and
without absorber.

6.1.3 1/rev blade loads reduction
The radial absorber was investigated for its ability to alter the in-plane blade loads, namely the
blade drag shear and the lag bending moment. The 1/rev component of these loads is
dominant thus the tuning frequency was aimed at reducing them. It was shown that tuning the
uncoupled absorber frequency to 1/rev does not lead to a coupled resonant frequency at 1/rev
of the absorber due to the interaction with the blade lead-lag modes. The reduction was shown
to be the biggest at the root of the blade which is expected as the local forces and moments are
cumulating from the tip of the blade to the point of interest. The modification of the blade lag
bending moment is directly linked to the absorber lag bending moment contribution which in
turn modifies the blade 1/rev lead-lag motion to very small amount, reducing the drag shear
forces where the absorber have little effect. The drag root shear was reduced by up to 85% and
the lag bending moment by 71%.
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6.1.4 Power/Energy harvesting
The radial absorber has also been investigated as a power harvester. The mechanical power
available is defined as the power dissipated in a linear viscous damper, representing the
harvester itself and the mechanical and electrical losses. The motion at 1/rev of the absorber is
the one that carries the most power and is chosen for analysis. The amount of power available
is significantly larger, about two orders of magnitude larger than in typical applications of
power/energy harvester. The choice of an electromagnetic system is driven by the large
motion required and the large power to harvest, that other technologies cannot realize. A
single magnet, magnetized axially moving inside a short coil was simulated and validated by
experiment. This configuration has a sine wave coupling function locally when the magnet
and the coil are in close proximity. Using a long coil separated in phases allows the extension
of the sine wave function to longer strokes and the use of 3 or more phases makes the
dissipation viscous. However the longer the coil, the larger the parasitic resistance of the coil,
which limits the coupling coefficient and the resulting damping ratio. As the damping ratio
drives the amount of energy flowing through the harvester, it limits the production of power to
a couple watts. It is then hypothesized that it is possible to make a magnet array that has the
same electromagnetic coupling function over a long stroke but the coil is limited to a
minimum of one sequence of coil phase, limiting the parasitic resistance and increasing
greatly the damping ratio. Finally, a Halbach array is considered because it can increase
conventional arrays of magnet’s electromagnetic coupling function and in turn increasing the
damping ratio even more without increasing the parasitic resistance. This last configuration is
expected to produce about a hundred watts. The efficiency of the harvester was not as critical
to the improvement of the system as the optimum viscous damping ratio allowing a maximum
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of power flowing through it. The configuration with the Halbach array gave 133 watts of
harvested power.

6.2 Recommendations
The embedded radial absorber has shown promising features on the simulations in improving
loads produced by the lead-lag motion and forcing. The absorber was shown to be simple to
implement in the case of reduction of hub vibration at 4/rev however it would be a challenge
to make the system when the uncoupled frequency required is closer to 1/rev. Directions of
further investigation are suggested below.

6.2.1 Experimentation of the hub vibration reduction
A first attempt at designing the embedded radial absorber for a small scale rotor was presented
and was mainly stopped by the limitations of the facility, the lack of an actuator with enough
authority to produce steady and predictable vibrations and a means to accurately measure the
blade root forces. The use of a test stand with the rotor spinning in a vacuum chamber would
allow the removal of any air gusts, reducing the noise in the signal. It is important to note that
designs of such embedded radial absorbers are feasible with off-the-shelf linear coil springs to
tune them to the right frequency and be fitted in an airfoil. Furthermore, the reduction of the
damping to a minimum, about 0.4%, is achievable with linear ball bearings that present a very
low friction coefficient. Further investigation is necessary for a better vibration actuator
working under centrifugal force and a means to measure the blade root forces.

6.2.2 Development of a non-linear spring
It has been noted that the embedded radial absorber is not feasible for tuning at lower
frequencies (0.7/rev, 1/rev). A linear spring would become very large and would not fit into a
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blade. It would require the development of a non-linear spring that presents large stiffness to
withstand the centrifugal force and low motion at first, and then the stiffness would become
softer and quasi-linear, over the range of the absorber motion, to allow larger motion at the
absorber tuning frequency. A buckling beam (or Euler beam) does have such a behavior.
However the stresses generated by the large motion of the absorber would be large. To limit
the amount of the stresses the spring would need to be increased in size which is a challenge
considering in the space constraints of the blade. Also the use of non-linear material as shape
memory alloys were considered but their hysteretic behavior is a challenge for the application
sought. Further investigation in pneumatic and hydraulic systems is necessary as simple
mechanical systems are not suitable for the application.

6.2.3 Articulated rotor
The analyses on the embedded radial oscillator have only been done using hingeless rotors.
Articulated rotors have the same need for rotor hub vibration and blade loads reductions, and
energy harvesting. However the hinged lag motion will represent a new challenge as the
dynamic of the rotor will be radically changed. The fundamental frequency of the blade lag
will be significantly reduced, and the elastic mode frequencies will also be changed.
Furthermore, the lead-lag motion will be increased by the lower in-plane stiffness of the rotor
inducing larger 1/rev motion in the radial absorber that could compromise its performance,
especially for higher tuning frequencies where the parasitic 1/rev absorber motion may be
overwhelming. A thorough investigation of each mode of functioning of the embedded radial
oscillator is necessary.
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6.2.4 Dissimilarity and failure modes
Dissimilarities in the blades are often present and require a careful track and balance of the
rotor to avoid instabilities in the aircraft. The addition of an embedded radial oscillator in each
blade will complicate it. An analysis of the sensitivity of the rotor track and balance to
differences in individual blade embedded radial oscillator tuning frequency, tuning mass and
location need to be investigated.
In a more dramatic fashion, the failure of one or more oscillators can lead to important
dissimilarities, especially imbalance in the rotor, beyond the loss of the oscillator original
purpose. These modes of failure have to be analyzed to limit their impact and avoid a
catastrophic event.

6.2.5 Transient maneuvers
The analyses on the embedded radial oscillator were so far only conducted for steady level
flights. An investigation of the transient behavior of the oscillator during spin up or flight
maneuvers may reveal risks of instabilities of the absorber and, to a larger extent, of the
aircraft, or ineffectiveness of the oscillator to do its task in a maneuver. The in-plane
accelerations of the aircraft will introduce additional forcing to the embedded radial oscillator
and the resulting motion of the absorber will change the rotor center of gravity. The
modification of the location of the center of gravity of the rotor coupled with the fuselage
dynamic may or may not lead to detrimental effects on the controllability of the aircraft.

6.2.6 Multifunctionality
Several applications to the embedded radial oscillator have been uncovered. However each
one has been studied independently and the tuning of the absorber was considered constant. It
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is possible to tune the absorber at a frequency that is a compromise between two
functionalities. An example would be an embedded absorber tuned to a frequency that would
allow the switch between reducing the blade loads and providing additional damping in the
lead-lag motion whenever required using a re-tunable damping system. A variable stiffness or
a variable mass would also allow the system to be re-tuned and allow for different purposes in
different flight conditions.

6.2.7 Refined simulation and design of the power harvester
The investigation of a power harvester led to promising results that could be a solution to
power requirements in the rotating frame for not only sensors but actuators. However the most
promising results are based on projections of the performance that arrays of magnets could
achieve. A finite element model of the interaction of an array of magnets with a sequence of
coil phases needs to be further investigated to evaluate their electromagnetic coupling. This
investigation should include an evaluation of the effects of Eddy currents and mutual
inductance, especially with multiple phase coils, on the performance of the harvester. The
refined design should also include new configurations of magnet array with shape optimized
ferromagnetic material to improve the electromagnetic coupling and limit the use of
permanent magnets. An experiment of the long stroke small size energy harvester should be
tested to evaluate its actual efficiency and validate the FEM simulation. Finally, an electronic
circuit completing the harvesting device needs to be designed and optimized to manage the
power collection and distribution to the system it is intended to power. The power collection
comprises the rectification, the smoothing of the total voltage and the storage in batteries. The
distribution includes the monitoring of the power available, the switching between the
gathering and powering mode and finally the control of the voltage output.
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Appendix A

In-plane hub loads reduction with damping in the

embedded radial absorber
The no damping condition required by the parametric optimization for maximum 4/rev inplane hub loads reduction is impossible to realize. A parametric study is conducted at 0.6R
and 0.9R with 5% damping ratio for varying mass and tuning frequency. The figures bellow
show that a significantly higher absorber mass, at least 15% mass ratio, and a lower tuning
frequency are necessary to maintain significant 4/rev in-plane hub force reduction. The
reduction of the 4/rev in-plane hub forces for an absorber located at 0.6R is over 55% while at
0.9R they are below 30%.

Figure A-1 4/rev Longitudinal vibratory hub load improvement (percentage of baseline) for
absorber located at 0.6R with 5% damping ratio for varying tuning frequency and mass ratio
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Figure A-2 4/rev Lateral vibratory hub load improvement (percentage of baseline) for
absorber located at 0.6R with 5% damping ratio for varying tuning frequency and mass ratio

Figure A-3 4/rev Longitudinal vibratory hub load improvement (percentage of baseline) for
absorber located at 0.9R with 5% damping ratio for varying tuning frequency and mass ratio
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Figure A-4 4/rev Lateral vibratory hub load improvement (percentage of baseline) for
absorber located at 0.9R with 5% damping ratio for varying tuning frequency and mass ratio
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Appendix B

1/rev blade root loads for 4/rev in-plane hub forces

reduction
Although the 3% mass ratio absorber located at 0.6R tuned at 2.93/rev with no damping has a
parasitic 1/rev motion that could potentially affect the blade root loads, the figures below
show no significant impact.

Figure B-1 1/rev blade root drag shear
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Figure B-2 1/rev blade lag bending moment

Figure B-3 1/rev blade root radial shear
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Appendix C

Effect on the trim values and flap motion of the

higher vibratory levels
It is important to note that the higher vibratory levels are obtained by increasing the Lock
number by a factor N.
Table C-1 Baseline trim values

N =1

N =2

N =3

N =4

N =5

θ.75 (deg.)

9.45

9.09

9.6

10

10.3

θ1c (deg.)

2.73

2.69

3.22

3.96

4.75

θ1s (deg.)

-7.62

-7.85

-9.1

-10.1

-10.7

αWL (deg.)

3.94

5.88

6.68

7.1

7.37

φ (deg.)

-2.01

-4.38

-6.44

-8.25

-9.85

TTR (lbs)

351

616

900

1188

1478
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Table C-2 With absorber trim values

N =1

N =2

N =3

N =4

N =5

θ.75 (deg.)

9.36

8.66

9.03

9.35

9.52

θ1c (deg.)

2.64

2.63

3.1

3.74

4.44

θ1s (deg.)

-7.5

-7.73

-8.9

-9.8

-10.4

αWL (deg.)

4.01

5.93

6.69

7.04

7.26

φ (deg.)

-2.07

-4.47

-6.62

-8.55

-10.2

TTR (lbs)

346.5

607

886

1171

1457

Figure C-1 Baseline blade tip flap motion for increasing vibratory levels
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Figure C-2 Baseline blade tip lag motion for increasing vibratory levels
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Drafts for experimental design

D-3

D-4

D-6

D-5

D-7

D-8

D-9

D-10

D-12

D-17

D-16

D-11

Appendix D

Figure D-1 Overview of the blade design
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D-13

D-15

D-14

D-8

Figure D-2 Overview of the radial absorber assembly

rotation

Hub axis of
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Figure D-3 Hub attachment (Aluminum)
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Figure D-4 Pin for the hinge (Aluminum)

Figure D-5 Hinge link (Aluminum)
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Figure D-6 Spar hollow tube (Aluminum)

Figure D-7 NACA0016 spar rib (Aluminum)
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Figure D-8 Absorber mount (Aluminum)
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Figure D-9 Motor spacer (Aluminum)

Figure D-10 Eccentric mass spacer (Aluminum)

Figure D-11 Motor mount rib (Aluminum)
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Figure D-12 Blade tip cap rib (Aluminum)

Figure D-13 Slider bar pin joint (Aluminum)

Figure D-14 Slider bar (Aluminum)
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Figure D-15 Absorber additional mass (Tungsten)

Figure D-16 Motor shaft (Aluminum)

Figure D-17 Eccentric actuator mass (Aluminum, produces a 3 lbs lead-lag 3/rev force for a
rotor spinning at 500 RPM)
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Table D-1 List of off-the-shelf parts

Part name

Source

Reference

Hinge flanged bushing

anchorbronze.com

SF-3240-20

Actuator motor

a-aelectric.com

Crouzet 82740001

Linear ball bearing absorber
mass

sdp-si.com

S99LBC-025075

Motor shaft ball bearing

sdp-si.com

A7Y55-PSS3725

Linear potentiometer
measuring the absorber mass
location

alps.com

RS60112A600U

Absorber springs
(for 500 RPM)

leespring.com

Stacked LCM095G12M

Nuts and bolts

boltdepot.com

-

Circlips

springmasters.com

-
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Appendix E

Finite Element Analysis of magnet configurations

The various configuration of harvester discussed in Chapter 5 are studied to validate the
assumptions made. The Finite Element Analysis (FEA) is done in ANSYS with
electromagnetic elements PLANE53. The solution is found through a static analysis which
therefore does not account for Eddy currents. The analysis calculates the flux density the
magnet configurations produce at the average radius of the coil defined in Table 5-3. As the
electromagnetic coupling function is mainly proportional to the radial flux density, see Eq.
5-7, a comparison is carried out for each configuration. The single ring magnet configuration
is clearly defined in Table 5-3 and will be used for validation of the FEA with K & J
magnetics results. The simple array of magnet or “half Halbach” array, and the Halbach array
were not described physically but only in behavior. This analysis will propose a suitable
physical configuration for each. Then their analysis will eventually attempt to validate the
assumption presented in Chapter 5.
For all the analyses, the magnets are modeled as made of NdFeB, Grade N42 which
correspond to a relative permeability of 1.05 and a coercive force of 11000 Oersted in the
direction of the magnetization, and the field is evaluated in free space which corresponds to a
relative permeability of 1. The validation of the magnetic flux density for the single ring
magnet against K&J magnetics result is presented in Figure E-1. Figure E-2 presents the radial
flux density at the average radial location of the coil calculated with the FEA model compared
to the validated analytical model developed in Chapter 5. A sine wave with a period of twice
the height of the magnet is also presented to show how well they compare to it.
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Figure E-1 Finite Element Analysis validation against K&J magnetics results

Figure E-2 Radial flux density of a ring magnet at the average radius location of the coil
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The length of a stack of phases being twice the size of the magnet height is based on the
observation that the radial magnetic field produced by a single ring magnet is similar to a
portion of a sine wave and that if a phase is repeated every two height of a magnet a full sine
wave is generated in that phase. It was noted in Chapter 5 that a long coil is detrimental to the
harvester but that the electromagnetic coupling function behavior of the combined magnet and
coil is an interesting feature. Arrays of magnets are considered to extend the sine wave
behavior of the radial flux density over the full stroke of the harvester and reduce the total coil
length to two heights of the original single magnet configuration.
A first attempt to duplicate this feature in an array of magnet is developed. For the simple
array of ring magnets, identical to the single magnet configuration, are stacked with opposed
axial magnetization orientation and are spaced by one height of a magnet. The Halbach array
is produced using the simple array and replacing the gaps by radially magnetized magnets.
These configurations are shown in Figure E-3 where the original single magnet height is h.

Figure E-3 First set of configurations of magnets considered
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Figure E-4 shows the resulting radial flux density produced by the simple array or “half
Halbach” array and the Halbach array first considered at the average coil radius. It can be
noted that the radial flux does not behave as a sine wave and that the period is 4h when it is
expected to be 2h as for the single magnet case.

Figure E-4 Radial flux density of ring magnet arrangements at the average radius location of
the coil
In an attempt to reduce the saddle effect on the peak of the “sine wave” the gap between the
axially magnetized magnets is halved reducing the size of the radially magnetized magnets in
the case of the Halbach array, see Figure E-5.
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Figure E-5 Second set of configurations of magnets considered
Figure E-6 shows the resulting radial flux density produced by the simple array or “half
Halbach” array and the Halbach array with a reduced, by half, gap between the axially
magnetized magnets at the average coil radius. The shape of the radial flux density is
improved but its period is still too large, 3h. As the gap is reduced, the period of the radial
flux density is reduced and the trend would close the gap between the magnets on the simple
array and eliminate the radially magnetized magnets on the Halbach array.
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Figure E-6 Radial flux density of ring magnet arrangements at the average radius location of
the coil
The period of the radial flux density being linked to the height of the axially magnetized
magnets, it is possible to change it to fit the expected period. Two ways of improvement are
developed from the previous observation. First, the gap between the magnets in the simple
array is reduced to zero. Then the proportion of the second set of magnet arrangements is
maintained to keep the shape improvement but the heights are multiplied by a factor of two
thirds to get the period of 2h. Figure E-7 shows the three final configurations.
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Figure E-7 Final set of configurations of magnets considered
Figure E-8 shows the resulting radial flux density produced by the simple array or “half
Halbach” array with magnets in contact, the simple array or “half Halbach” array and the
Halbach array with a reduced, by half, gap between the axially magnetized magnets and
reduced height at the average coil radius. As expected the period of twice the original magnet
height from the single magnet case is achieved in all the configurations. Also, the shapes of
the radial flux density of each configuration are improved to closely match a sine wave.
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Figure E-8 Radial flux density of ring magnet arrangements at the average radius location of
the coil
Finally the peak amplitude of the radial flux density of each of the final configurations is
compared to the single magnet configuration in Table E-1. It shows that the magnetic flux
density from a simple array is possibly larger than the magnetic flux from a single magnet.
Thus the assumption made that it remains the same is conservative. Also the transformation of
a simple array to a full Halbach array can increase the flux density at least up to 1.6 when it
was assumed to be 1.4. This also reinforces the statement that the assumptions made were
very conservative.
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Table E-1 Comparison of the magnet arrangements on the radial flux densities

Peak amplitude of the sine wave like
FEA radial flux density
Single magnet
Simple array with magnet in contact

2027 Gauss
x1.22

Simple array with half gap and 2/3 height

3447 Gauss
2478 Gauss

x1.62
Halbach array with half radial magnet and 2/3
height

4010 Gauss

x1.7
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