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ABSTRACT

The feashility of helicopter blade lag damping using embedded chordwise
absorbers was investigated. The basic feature of this approach is the use of tuned
vibration absorbers along the blades. This concept can use a portion of the leading edge
weights that are aready incorporated into the blade as a part of the mass of the absorbers.
It has the potential to replace current blade lag dampers and reduce complexity,
aerodynamic drag, and weight. The effectiveness of the embedded absorbers was
evaluated by analyzing and testing blade lag damping and rotor system aeromechanical
stability.

An aeromechanical stability anaysis of the rotor system with embedded
chordwise absorbers was developed. The rotor blade was modeled as an elastic beam
undergoing axial, flapwise, lagwise, and torsional deflections. The fuselage was modeled
as a rigid body with roll and pitch rotations about its center of mass. Each embedded
absorber was modeled as a mass-spring pair. The rotor-absorber-fuselage system
equations of motion were formulated using Hamilton's Principle and spatially discretized
using the finite element method. The modal frequencies and damping of the system were
found using complex eigenvalue solutions of the linearized equations.

A rigid blade-absorber model was developed to explore the dynamic response of
the embedded absorbers, including the static and steady-state dynamic response, and to
examine the effect of the embedded absorber on rotor blade aeroelastic stability,

including flap-lag flutter, pitch-flap flutter, and pitch divergence.
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A small-scale model rotor system with embedded absorbers was designed and
constructed. A set of experiments measuring blade lag frequency and damping was
conducted. The effects of the blade and absorber system parameters, including blade lag
stiffness and absorber mass, location, and tuning frequency were examined
experimentally.

The analytical results were correlated with the experimental data. The theoretical
lag frequencies and damping of the blade with embedded absorbers agreed well with the
experimental data. The aeromechanical stability analysis of the rotor-fuselage system
aso showed good agreement with the experimental data. The theoretica and
experimental results both showed promising blade lag damping augmentation using
embedded chordwise absorbers. The damping augmentation using embedded chordwise
absorber varies from 0.3% to 15% critical damping ratio, depending on blade and
absorber parameters. The ground resonance stability analysis of the hingeless rotor
system and articulated rotor system showed that the blade lag damping augmentation
using embedded chordwise absorbers improves the ground resonance stability.

A parametric study was performed. The effects of the blade configuration, lag
stiffness, pitch setting, and absorber parameters including loss factor, mass, number, and
location on the blade were examined. The blade damping using embedded chordwise
absorbers for two full-scale rotor systems, a hingeless rotor similar to the BO-105
helicopter rotor and an articulated rotor similar to the CH-46 helicopter rotor, was

examined.
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A conceptua design of the embedded chordwise absorber was performed. A

configuration of the embedded chordwise absorber meeting the blade lag damping
requirements was designed.

The feasibility investigations of helicopter blade lag damping using embedded

chordwise absorbers showed the potential for ensuring aeromechanical stability of

helicopters.
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Chapter 1

INTRODUCTION

1.1  Background and Motivation

Preventing aeromechanical instabilities, ground resonance and air resonance, is a
major design consideration for articulated and soft inplane hingeless rotors. Ground
resonance is caused by the coupling of the cyclic lag mode with the rigid fuselage modes.
Air resonance occurs on an airborne vehicle, and is caused by the interaction of the cyclic
lag mode with the coupled low frequency flap modes and rigid or elastic airframe modes
[1].

In ground resonance, the “inertia force” associated with the cyclic lag motion of
the rotor blade reacts with the airframe on its landing gear, producing motion of the hub.
The motion of the hub further excites the regressive lag motion. Under some
circumstances, the instability can be very violent. Since the lag frequency depends on
rotational speed of the rotor, such instabilities define certain critical speed ranges for the
rotor system.

Air resonance is a rotorcraft aeromechanical instability phenomenon similar to

ground resonance. The principal difference is the source of the fuselage stiffness and
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damping. In ground resonance, the sole source of both stiffness and damping is typically
the landing gear assembly; in air resonance, gravity (or, aternatively, rotor thrust) and
aerodynamic damping are the sources of stiffness and damping. Air resonance can
induce low-frequency vibration of the rotorcraft.

The addition of damping to blade lag motion is an efficient method to avoid these
instabilities. Many devices that provide lag damping have been used in modern rotor
systems. The most common devices are the hydraulic damper and the elastomeric
damper. Recently, many new rotor blade damping approaches have been investigated,
including constrained layer damping treatments, active constrained layer damping
treatments, magnetorheological (MR) damper, electrorheological (ER) damper, shape

memory alloys (SMA), and inertial damper (vibration absorber).

1.2  History of Blade Lag Damper Development

The lag damper was introduced in the early days of helicopter development. In
the 1950s, the friction damper, based on constant friction moment, was used in the rotor
design. A typica damping moment of a constant friction damper is presented in Figure
1.1. The constant friction damping moment depends on the pressure on the friction
surface and is independent of the frequency of the motion. The effective damping of the
friction device is inversely proportional to amplitude of motion. Usually, multiple
friction layers are used to obtain adequate damping levels for both large and small
amplitude motions. However, multiple friction layers make the damper mechanically

complex. In addition, the damping force depends largely on the coefficient of friction of
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the friction layer. Since the friction factor of the friction layer changes with the variation
of the environment, such as temperature and moisture, the friction damper is not reliable
in providing blade damping. In addition, the friction surfaces are sensitive to the wear
and require frequent maintenance.

In the 1960s, the hydraulic orifice damper was developed and widely introduced
into rotor designs. The hydraulic orifice damper utilizes pressure differences on both
sides of the damper piston to obtain damping. It provides more reliable damping
characteristics than friction dampers. The damping moment that the hydraulic damper
provides to the rotor blade is proportional to the square of the lag speed. The hydraulic
orifice damper works in a dual-frequency-loading environment, being subjected to
transient motion at the lag natural frequency and forced steady-state motion at the 1/rev
frequency. This loading environment results in operating loads much higher than those
required to provide stability. Usually, relief valves or other special provisions for
preventing frequency dependence are added to the hydraulic orifice damper. These
devices make the hydraulic orifice damper much more complex. In addition, hydraulic
orifice dampers have problems such as oil leakage and wear.

In the 1970s, the lag damper based on silicone elastomers was developed. The
silicone elastomer has damping, fatigue, and temperature characteristics that make it
suitable for use in lead-lag dampers. Recently, the lead-lag damper incorporating
elastomeric materials has emerged as the most common solution for ensuring
aeromechanica stability in modern helicopters such as the Boeing AH-64 Apache, Bell

model 412 and MBB BO-108. The elastomeric damper adds both stiffness and damping
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to the rotor system, and reduces the complexity and maintenance of the hub. However,
rotor hubs with elastomeric dampers are still somewhat complex. In addition, the
elastomer material properties depend on static and dynamic strain levels, frequency, and
temperature. The nonlinear behavior of the elastomer creates challenges in modeling and

design of the elastomeric damper.

1.3 Literature Review

The literature review describes relevant research in the area of blade lag damping.
It is comprised of five parts: (1) modeling of the blade elastomeric lag damper, (2) blade
lag damping using the constrained layer damping treatment, (3) Magnetorheological
(MR) and Electrorheological (ER) blade lag dampers, (4) blade lag damping using

embedded vibration absorbers, and (5) Fluid-elastomer dampers.

1.3.1 Elastomeric Damper Modeling

The early helicopter elastomeric damper was modeled using a complex modulus
“look-up table” approach [2]. The materia complex moduli were determined
experimentally over a range of strain amplitudes, frequencies, and temperatures. A
model was then formulated from the experimental data. The model could be a “look-up
table” or aset of functions that could be curve-fit to the experimenta data.

In 1987, Felker et al investigated elastomeric damper behavior under dual
excitation frequency loading environment [3]. A time domain model was obtained. The

damper properties were evaluated iteratively at the modal frequency of the combined
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rotor-damper system. This damper model was then incorporated into the comprehensive
helicopter analysis program CAMRAD. The analysis predicted a significant decrease in
damping for the dual-frequency model compared to a “single-frequency” model.
Hausmann developed a more comprehensive complex modulus-based model for the
elastomeric damper [4]. The functiona forms for the amplitude, frequency, and
temperature dependence of the damper storage and loss moduli were assumed in the
model. The functional form for the amplitude dependence of loss modulus included a
key feature: the loss modulus has a peak at a certain amplitude and decreases above and
below this amplitude.

Recently, time domain modeling of elastomeric materials and dampers has been
of interest. A complex modulus based model has been shown to match the linearized
storage and loss modulus data, but to fail to capture the nonlinear shape of the material
hysteresis loops [5]. A model that does not accurately capture the nonlinear time domain
behavior of the material will not accurately predict such phenomena as limit cycle
instabilities, peak loads, in-plane vibration levels, and loads during transient rotor RPM
situations. Gandhi and Chopra developed a time domain damper model based on a
combination of linear and nonlinear springs and dashpots [6]. The model parameters
were identified using amplitude-dependent complex modulus data, which resulted in
predicted hysteresis cycles that differed from the experimental hysteresis cycles. To
address such amplitude limit cycle instabilities and dual frequency excitation, Panda, et al
developed a time domain damper model [7]. This model incorporates a nonlinear spring

and variable friction damper and correlates well with experimental data.  Smith,
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Lesieutre, et al modified the method of Anelastic Displacement Fields (ADF) to account
for material strain amplitude dependence [8,9]. The nonlinear single-ADF model is
equivalent to replacing the linear spring and dashpot in a standard viscoelastic solid with
nonlinear functions of total and anelastic strains. The model correlated well with
experimental data between 10% and 100% strain amplitude. It also predicted static strain
offset behavior fairly accurately. The model did not accurately capture material behavior
at frequencies away from the characterization frequency.

Brackbill, Smith, and Lesieutre modified the single-field ADF model to capture
elastomer behavior at low strain amplitudes and over a range of frequencies (quasi-static
to 10 Hz) [10]. Specially, additional internal fields were added to improve the frequency
performance of the model (multi-ADF). Rate-independent damping, in the form of
friction-spring elements, was added in parallel with the nonlinear ADF model. The new
model reduced errors in material characterization compared to the baseline model. This
improved model was then incorporated into a rotor aeroelastic analysis to evaluate the
behavior of the combined rotor-damper system for a variety of flight conditions [11].
The improved time domain model correctly captured the amplitude and frequency
dependence of the damper complex moduli for both single- and dual-frequency loads and

improved prediction of damper force-displacement behavior.

1.3.2 Constrained Layer Damping Treatment

A constrained layer damping treatment consists of a thin viscoelastic damping
material and a stiff constraining layer, which is typically applied to the surface of A base

structure. The purpose of the constraining layer is to induce shear strain energy in the
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highly dissipative damping material. Constrained layer damping treatments require
fluctuating strain in the base structure to function and can be relatively ineffective in
situations where the structural vibration does not produce significant levels of base strain.
One such situation is the lead-lag vibration of aflexbeam of arotor blade with significant
in plane centrifugal loading. Sato et al examined the effect of both tensile and
compressive loads on the transverse vibration of beams with constrained layer damping
treatments [13]. The authors demonstrated, both analytically and experimentally, how
the modal loss factors were reduced by in-plane tension. Zapfe and Lesieutre analyzed
the effects of the constrained layer damping treatments on transverse vibration modal
damping of a uniform beam under a significant in plane tensile loading [14]. The results
showed that the effectiveness of the constrained layer damping treatments can be
significantly influenced by the presence of in-plane tensile loads (see Figure 1.2). Smith
and Wereley evaluated the feasibility of damping augmentation in rotating passive
constrained layer damped (CLD) composite beams [15]. Algorithms to characterize
structural damping in these beams were also developed and evaluated. Experiments were
conducted on rectangular cross-section laminated composite beams with cocured integral
damping layers over the span of the beam. Compared to the beam with VEM, a 19.2%
volume fraction of viscoelastic in the beam produced approximately a 400% increase in
damping ratio in the non-rotating case, while at 900 RPM, the damping ratio increased
only about 360%. Overall structural damping was reduced as a function of rotation speed

due to centrifugal stiffening.
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A number of researchers have recently begun to explore the potential
effectiveness and optimizations of active constrained layer (ACL) damping treatments.
An ACL treatment parallels that of a conventional passive constrained layer treatment,
consisting of alayer of high damping viscoelastic material (VEM) sandwiched between a
base structure and a constraining layer. In the passive case, the constraining layer serves
to develop high shear strain energy in the viscoelastic layer. In the active case, the
dimensions of the constraining layer can be actively modified to further enhance the
shear in the viscoelastic layer. Lesieutre and Lee reviewed the research on active
constrained layer damping treatments and presented the development of active
constrained layer damping treatments on the basis of severa features, including ACL
configuration and materials, segmentation, assumptions underlying the governing
equations, method used to model viscoelastic material behavior, control approach,
response solution method, and optimization [16].

The flexbeam in hingeless and bearingless rotors is a candidate structure for
implementation of active constrained layer damping treatments. Nath and Wereley
investigated the application of active constrained layer damping (ACLD) to a flexbeam-
like beam [17]. They studied the modeling of fully treated ACLD beam using a
frequency dependent complex modulus to characterize the viscoelastic material. The
steady state response of the beam was computed using a progressive wave method. It
was concluded that ACLD was a likely candidate for the purpose of increasing the

damping of the flexbeam.
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Recently, Alam, Wang, and Gandhi investigated the feasibility of employing
enhanced active constrained layer damping treatments (EACL) on the flexbeam of soft
in-plane bearingless main rotor blades for lag mode damping and aeromechanical
stability augmentation [18]. A finite element-based mathematical model of the EACL
damping treatment of the flexbeam was developed and validated. A optimization/design
study was conducted to understand the influence of viscoelastic layer thickness, PZT
actuator thickness and edge element stiffness on PZT actuator electrical field levels,
induced axial stress levels, and available lag damping. The results of this study show that
the EACL treatment of the flexbeam has good potential for lag damping. The study was
conducted using a significantly simplified blade model and only the pure lag bending was
considered in the lag flexure beam.

Veley and Rao compared active, passive, and hybrid damping treatments in
structural design [19]. It was concluded that the best type of damping treatment to be
used on a structure depends on the relative importance of mass and damping ratio as well
as the structure itself and possibly the algorithm used to generate the control system gain
matrices. The authors suggested that all three damping techniques can be appropriate and
that the hybrid method should be considered along with the passive and active damping

techniques when designing a structure.

1.3.3 Magnetorheological (MR) and Electrorheological (ER) Dampers

Recently, semi-active damping approaches for helicopter blade lag motion have
also been investigated. Hurt and Wereley investigated Magnetorheological (MR) and

Electrorheological (ER) fluid dampers for stability augmentation of hingeless and
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bearingless rotors [20]. A comprehensive study of various damper designs was
performed, including electrode geometries suitable for MR and ER fluid dampers. A
computer program was used to calculate the damping constant and plug thickness for
both ER and MR fluid dampers. For a constant field, as the force is increased the plug
thickness decreases and the equivalent viscous damping constant decreases. For a
constant force, as the field increases and plug thickness increases and the equivalent
viscous damping constant increases. A computer model was then used to compare these
designs in terms of force and stroke, to determine which damper configurations are most
appropriate for application to lag dampers. Wereley, et al. analyzed and tested a model-
scale MR damper for helicopter lag damping [21]. The stiffness value for the MR
damper in the OFF condition is much lower than in the ON condition. These results are
promising because they show it is indeed possible to reduce damper loads in forward
flight by operating the MR damper in the OFF condition. Kamath et al studied the
detailed characterization of the semi-active MR fluid damper and passive Fluid-elastomer
damper [22]. The semi-active MR fluid and passive Fluid-elastomer dampers were tested
individually to measure and compare linearized properties. The study demonstrated that
the feasibility of usng MR dampers for lag mode damping applications wherein a
substantial increase in damping can be effected by applying a magnetic field. The study
also showed that the MR dampers in the ON condition showed degradation in damping
and stiffness due to inherent nonlinearities. Distributed damping of the rotorcraft
flexbeam using ER fluids was investigated in Reference 24. A non-linear model was

developed that accurately simulates the dynamic characteristics of the ER fluid. Two
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linear models, a viscous model and a viscoelastic damping model, were combined using
non-linear shape functions of strain rate. The model parameters were estimated for
different values of electric fields using the least squares technique.

Marathe et al. investigated the feasibility of using MR fluid based dampers for
rotorcraft lag damping augmentation [25]. A shear MR damper model was integrated
into a rotor aeroelastic analysis. Two control schemes were discussed for damping
augmentation, namely the On-Off scheme and the feedback Linearization scheme. It was
shown that a shear mode MR damper of a size comparable to an elastomeric damper
could provide sufficient damping for ground resonance stabilization. The damper area
can be increased to provide more damping, to reduce the magnetic field requirement or to
damp out larger perturbations. The research also indicated the presence of significant
non-linear dynamics associated with the magnetic circuit and the MR fluid under varying
field when high input voltage was used. The research suggested further work on
modeling of circuit dynamics, MR fluid model, physical damper design, and advanced

control schemes.

1.3.4 Inertial Dampers (Vibration Absorber)

One method of reducing the dynamic amplitude of a structure is through the use
of one or more vibration absorbers. Such an absorber could be in the form of a single
degree of freedom system consisting of a mass on elastic and/or damping elements. For
an absorber without a damping element, the mass/spring pair is tuned to a particular
“problem” frequency in the base structure. When attached to the base structure, the

combined system exhibits lower vibration amplitude at the problem frequency.
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Undamped absorbers are narrow band systems and are typically applied to systems with
specific and predictable resonant frequencies. For an absorber with a damping element,
the structural damping contribution is through the dissipation of energy. Since the
damping element of the absorber dissipates energy, the damped absorbers are effective
over a range of frequencies. Damped absorbers tend to be used on systems with high
modal densities or on systems whose “problem” frequencies vary over time. A non-
dimensionalized energy dissipated per cycle in a single degree of freedom absorber
versus frequency of excitation for various values of loss factor h isillustrated in Figure
1.3 [26]. As the loss factor increases the peak in energy dissipation decreases.
Meanwhile, the frequency band associated with high energy dissipation becomes greater.
The effective band can be widened still further by combining a number of
individual absorbers, each tuned to a dlightly different frequency, into a distributed
system. A distributed system can exhibit broadband performance and can also be tailored
to cover a specific frequency band. The magnitude and phase of the stiffness of a
distributed absorber system for both undamped spring and spring with a material loss

factor of h =0.5 are shown in Figure 1.4 [14]. These results were obtained for a system

of fifteen spring/mass pairs tuned to frequencies from 10 Hz to 1000 Hz. Each of the
fifteen masses is 66.67g and the total mass of the system is 1.0 kg. As shown, the
distributed system takes on the appearance of a broadband damper with energy
dissipation over the designed frequency band. At low and high frequency, the distributed
system still behaves like a simple mass or spring. At the intermediate frequencies, the

system delivers a force at a phase angle, which dissipates energy and can therefore
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remove energy from the base structure. The addition of energy dissipation into the
springs tends to “smear out” the individual peaks into smooth frequency dependence over
the spectrum. The complex mass property of the distributed absorber system shown in
Figure 1.5 also illustrates the broadband performance of the system [29]. As shown, the
system can dissipate energy over the design frequency band.

To accomplish a smoothly varying frequency dependent mass over a range of
effective frequency band, two methods, a low loss factor in combination with a large
number of tuning absorbers, or higher loss factor with arelatively small number of tuning
absorbers, can be used.

Many researchers have studied the inertial damper concept (vibration absorber).
Nashif et al analyzed a simple beam with absorbers [26]. The absorbers were tuned to
the same frequency and distributed spatially along the length of the beam. The response
of the beam with tuned absorbers for force excitation and base excitation was presented.
The complex stiffness was used to model viscoelastic materials of absorbers. Smith et al.
investigated the transverse vibration of a plate with distributed spatially tuned absorbers.
The effects of the damper loss factor and absorber/plate mass ratio were examined and
the analysis for a beam was compared to experimental data. The experiment was
conducted to investigate the effective damping bandwidth using two-frequency tuned
absorbers. The results showed that the effective damper bandwidth could increase with
two frequency tuned absorbers [27]. The effect of the number of absorbers, tuned to
different frequencies, on the effective damping bandwidth of a single degree of freedom

oscillator was examined in Reference 28. It showed that broadband energy dissipation



14
could be produced using distributed absorbers. Recently, Zapfe and Lesieutre examined
damping properties of a beam under significant tensile load with absorbers distributed in
space and frequency [14]. The dynamic stiffness approach was used to model the highly
distributed absorbers. The beam with distributed tuned mass system was modeled as a
beam with an elastic foundation. The “stiffness’ of the foundation was provided by the
tuned mass dampers. The stiffness per unit length for the N absorbers was written in
terms of the mass, design frequency, and the spring loss factor (see Figure 1.6).

r mlilmbWiZ (1+ Jh )SZ

Qo=

ky(s)= (11)
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The free vibration eigenvalue problem was solved at the modal frequency of the
beam using an iterative approach. The results for a simple beam are shown in Figure 1.7.
Maximum damping of 3% ~ 8% of critical was obtained for different tuning bands. The
total mass of the absorber system was 10% of beam mass, the number of masses was 20,
and the spring loss factor was 0.5. The results showed that by integrating a number of
tuned absorbers into a distributed system, a broadband damper could be tailored to
dissipate energy over a specific frequency band.

Vibration absorbers are currently used in rotor hubs to reduce the inplane and out-
of-plane vibration loads. Vibration loads are reduced by optimally tuning the natural
frequencies of absorbers to the desired harmonics of the rotor speed. The development of
rotor vibration absorbers dates back to the 1960s. In 1971, Taylor and Teare reported
their study of the 4/rev vibrations and shear loads reduction for a 4-bladed rotor using a

pendulum absorber attached to the rotor blade [30]. The design of the pendulum absorber
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was investigated and flight tests were performed. Experimental results showed that the
4/rev vertical hub shears were reduced by 80% to 90% on both forward and aft rotors
with optimum pendulum absorber turning. 4/rev airframe vibrations were reduced 50%
to 70% with optimum pendulum absorber turning. In addition, pendulum absorbers are
effective in reducing loads and vibration over arather wide range of frequencies.

Recently, Hebert and Lesieutre conducted an investigation of blade lag damping
using highly distributed vibration absorbers as shown in Figure 1.8 [29]. A feature of
this approach is that part of the blade leading edge weight can be utilized for the mass of
the absorbers. A simple blade with highly distributed embedded absorbers was model ed
and analyzed. The blade lag equation of motion from Ref. 1 was discretized using the
finite element method. The highly distributed absorber system was modeled using

distributed frequency dependent complex mass as.
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This expression for frequency dependent complex mass has two distinct features: first, at
given driving frequency, the effective mass is complex due to the material properties of
the damping element, and second, the effective mass must be evaluated at the particular
modal frequency of the system. The frequency dependent complex mass was included in
the blade mass terms. Blade lag damping was determined iteratively using an eigenvalue
anaysis. Using properties similar to a Blackhawk rotor blade, the modal lag damping
induced by the highly distributed absorbers was calculated. The effects of the number of
masses, the range of tuning frequencies, the mass per unit length of the absorber system,

and the loss factors of the absorbers in space and frequency on blade damping were
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investigated. The blade lag damping results versus blade rotation speed with different
total absorber mass and tuning frequency ranges are shown in Figure 1.9. As shown, the
multiple vibration absorbers, highly distributed both in space and in frequency, could be
effective at providing damping in the blade lag mode. Using as little as 3% of the total
blade mass, 4% critica damping in blade lag mode could be achieved (Fig. 1.9a).
Decreasing the absorber frequency bandwidth, the amount of damping can be
significantly increased for a constant absorber mass, but the effective bandwidth is
decreased (Fig. 1.9b). Using only a single absorber, the damping of the blade was

increased.

1.3.5 Fluid-Elastomer Dampers

In 1994, a Fluid-elastomer damper was developed in Reference 12. Fluid-
elastomer dampers combine fluids with bonded elastomeric elements to provide unigue
dynamic performance in solving lag-damping problem in helicopters. Energy dissipation
in Fluid-elastomer dampers is shared between the fluid and the elastomer. The fluid
provides the mgjority of the damping force. The fluid can generate a broad range of
dynamic forces depending on requirements. It can not only convert mechanical energy to
heat through viscous effects but can also generate substantial inertial force. The inertial
force is achieved by accelerating a small mass of fluid to a high velocity.

Compared to hydraulic lead-lag dampers, Fluid-elastomer® dampers can provide a
higher loss factor and service life in the same space envelope. Compared to elastomeric
dampers, Fluid-elastomer dampers have lower dependence of spring rates and loss factors

on the dynamic amplitude of the input.
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Lead-lag Fluid-elastomer dampers have been built in two configurations,
cylindrical dampers that accommodate lead-lag motions in the axial direction, and
dampers that accommodate radial motion.  Fluid-elastomer dampers have been
committed to production on the Bell Model 430, NH Industries NH-90, and Sikorsky

RAH-66 Comanche.

1.3.6 Summary

Hydraulic dampers, elastomeric dampers, and Fluid-elastomer® dampers are
currently used in articulated rotors and hingeless rotors. These dampers add additional
weight, complexity, maintenance, and aerodynamic drag to the rotor system.

Many new lag damping techniques including CLD, ACLD, EACL, SMA, and
MR have been investigated. Some showed potential application for rotor systems, but
more detailed studies are required before any conclusive strategy for lag damping is
proposed.

Research has shown that highly distributed vibration absorbers can provide blade
lag damping. Since adistributed tuned vibration absorber system may utilize a portion of
the mass of the leading edge weight of a blade, this approach does not add much weight
to the rotor system. In addition, this damping approach could simplify the rotor hub.

In previous research, only preliminary investigations of blade lag damping using
embedded chordwise absorbers were performed. The modal properties and response of
the vibration absorbers have not yet been investigated. These quantities are critical for
the feasibility of blade lag damping using embedded chordwise absorbers. Also, the

blade-absorber system stability and the blade-fusel age-absorber system stability have not
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yet been explored. No experimenta verification has been performed. In addition, there
isared chalenge in the design and fabrication of an absorber system that is distributed
both spatially and in frequency.

In previous research, the absorber and blade were modeled using simple models.
The absorber was modeled using a frequency dependent mass model or a dynamic
stiffness model and the blade was modeled as a beam undergoing transverse bending.
This model did not consider the details of motion of the embedded chordwise absorbers,
blade flap bending and twist, and rotorcraft fuselage motion. These assumptions limit the
capability of the analysis. Clearly, a new comprehensive anaysis for a blade-fuselage-

absorber system needs to be devel oped.

1.4  Relevant Aeromechanical Stability Research

The effectiveness of the chordwise absorbers in providing blade lag damping will
be studied using aeromechanical stability analysis and experiments. The development of

aeromechanical stability analyses and experiments are described briefly in this section.

1.4.1 Aeromechanical Stability Analysis

The problem of aeromechanical instability of rotorcraft, commonly referred to as
ground resonance or air resonance, is complex. This instability involves both the rotor
and body degrees of freedom in which the rotor lead-lag regressive mode may become
unstable. Research efforts on rotorcraft aeromechanical stability focus on understanding,

predicting, and avoiding it. In 1958, Coleman and Feingold published a classic analysis
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of ground resonance for articulated rotors [31]. This analysis considers four degrees of
freedom: longitudinal and lateral in-plane motion of the rotor hub and two cyclic lag
degrees of freedom of the rotor blade. The rotor aerodynamic force was neglected in the
anaysis because it has little influence on ground resonance compared to structural and
inertial forces. Such a model provides a good description of the fundamenta
characteristics of ground resonance and even gives good numerical results, particularly
for articulated rotors. In some cases, especially with hingeless and bearingless rotors, a
more complete model is required, including rotor aerodynamics and flap motion and
better descriptions of the support motion.

In the 1980s, Johnson [32], Bousman [48], Ormiston [33,34], Friedmann [35], and
other researchers studied mathematical models for aeromechanical stability analyses.
Bousman compared theory to experimental data. The comparison showed that the
damping for the lead-lag regressive mode showed good agreement between theoretical
and experimental data, but the damping of the body showed significant differences. The
flap and lag degrees of freedom of the rotor blade were considered in the theoretical
model. Bousman attributed some of the discrepancies to dynamic inflow. This
conclusion was also examined by Johnson [32]. Johnson showed that the theoretical
model with dynamic inflow showed better agreement with the experimental data than the
results based on a model without dynamic inflow. Friedmann compared a theoretical
model based on a quasi-steady aerodynamic model with the experimental data. The
theoretical model based on a quasi-steady aerodynamic model gave better agreement with

the experimental data than the agreement noted by Bousman. This results showed that a
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relatively simple analytical model is accurate for most cases and only part of the
discrepancy between theory and experiment may be attributed to dynamic inflow.
Nagabhushanam studied aeromechanical stability of hingeless-rotor helicopters in
ground-contact hover and trimmed-flight conditions using a finite-state wake model [42].
He showed that a finite-state wake model that goes well beyond the dynamic inflow
model is required for fairly converged damping. The correlations from the finite-state
wake, dynamic inflow and vortex models are generaly satisfactory.

Considerable research has been directed towards finding more elegant design
solutions, such as rotor blade aeroelastic couplings, to provide inherent stability without
resorting to auxiliary dampers. Investigations focusing on the influence of aeroelastic
coupling on ground and air resonance are reported in Refs. 34,38,49, and 54. The
experiments in Reference 49 showed that a combination of pitch-lag coupling and flap-
lag structural coupling at zero blade angle could greatly increase the lead-lag damping of
a typical soft inplane hingeless rotor operating in hover. Under the same conditions,
pitch-lag coupling aone, or flap-lag structural coupling alone, were only moderately
effective in increasing lead-lag damping. The research results in Reference 49 showed
that the theoretical results were in a good agreement with the measured data, however,
certain discrepancies were identified. Several key conclusions can be drawn based on the
research reported in these references. First, aeroelastic couplings can have a powerful
influence on aeromechanical stability of the advanced rotor systems. Second, the
magnitude of the beneficial effects (or, in some cases, detrimental effects) is highly

dependent on the specific rotor configuration, operating conditions, and nature of the
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coupling mechanisms. Third, careful and precise modeling of both structural detail and

pertinent aerodynamics effectsis required for accurate prediction of stability trends.

1.4.2 Aeromechanical Stability Experiment

An aeromechanical stability experiment of a hingeless rotor system was
conducted by Bousman et al using a small-scale model rotor system [48]. The
experiment investigated aeromechanical stability of hingeless-rotor helicopter in the
ground-contact and hover conditions. The model rotor consisted of three tantalum rods
mounted on flap and lead-lag flexures. Flexures were mounted to a hub supported by a
static mast. The static mast, with a transmission and a motor on it, represented the
fuselage. The fuselage was supported by a ball bearing in a gimbal frame that alowed
the fuselage to pitch and roll about longitudinal and lateral axes. Damping and frequency
data were obtained by oscillating the rotor hub with a shaker at the rotor lead-lag
regressive modal frequency. When sufficient amplitude was achieved, the shaker was
stopped and a pneumatic clamp on the shaker link was opened to release the model and
allow the motions to freely decay. The damping and frequency were obtained using an
analog equivalent of the moving block analysis method. The lead-lag regressive-mode
damping and frequency were measured in the fixed frame system following a
transformation to multi-blade coordinates. The quality of the data was quite good.
During the testing, the body mode damping showed nonlinear behavior, which was
caused by Coulomb friction in the gimbal ball bearing.

Mirick et al presented test results for the BO-105 helicopter flight-test program

[51]. The test was conducted to determine ground resonance characteristics on both
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concrete and turf land surfaces. In addition, a series of tests characterizing air resonance
in hover, forward flight, rearward flight, sideward flight, climb, and descent was
conducted. To obtain ground and air resonance data, the aircraft was trimmed at the
desired test condition. The pilot would then excite the air or ground resonance mode by
moving the cyclic stick in a whirling motion at a predetermined frequency using 5% of
total stick amplitude. After about eight cycles, the excitation was stopped and the blade
chordwise modal decay was analyzed to determine the damping characteristics. Two
methods were used to determine air and ground resonance damping from experimental
data. The first method obtained the damping from logarithmic decrement of the decay
envelope as faired by hand. The second approach employed the moving block method.

Blade lag damping was measured and analyzed in many papers [54-57]. A typical
approach measuring isolated blade damping was presented in Ref. 48. A two-blade
model rotor system was used in the experiment. The blades were mounted on flap and
lead-1ag flexures. The flexures were mounted to a hub supported by a static mast. The
static mast with a transmission and a motor on it was mounted on a gimbal with a roll
degree of freedom. The model was exited about its roll axis with a shaker at the

progressive lag modal frequency, W+u, . When the excitation was stopped, a clamp was

used to lock out the roll degree of freedom and thereby insure that measurements were
made with arigid hub. Damping and frequency data were obtained using the transient
decay data of the blade. The experimental results showed that there was increasing error
in both frequency and damping as rotor speed was increased, which suggested that the

stand flexibility might be coupling with the blade motions. The effect of stand flexibility
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on measured blade lead-lag damping error was then investigated [55]. The results
showed that the stand frequency must be two and one-half to three times stiffer than the
highest lead-lag frequency in the fixed frame to reduce the measured blade |lead-lag

frequency and damping error.

15  Objective and Scope of the Current Work

The primary objective of the present research is to investigate the feasibility of
damping blade lag motion using embedded chordwise absorbers. This investigation is
pursued using aeromechanical stability analyses and model rotor experiments.

The second objective of the present research is to perform a parametric study
related to developing a physical understanding and establishing useful design guidelines
for arotor blade with embedded chordwise absorbers.

The third objective of the present research is to examine the effects of the
embedded absorber on blade aeroelastic instability.

The final objective of this research is the conceptual design of the embedded
chordwise absorber.

This dissertation can be divided into six parts. The first part of the present
research is a fundamental study of blade lag damping using embedded chordwise
absorbers. The study is performed using a rigid blade-absorber model. The rigid blade-
absorber system model is developed using energy principles. The blade is assumed rigid
and possesses three degrees of freedom, flap, lag, and feather rotations about three

hinges. The absorber is modeled using a mass/spring pair embedded in the blade. The
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dynamic characteristics of the blade and embedded absorber, including modal frequency
and damping, absorber static and dynamic response, and absorber stability, are discussed.

Analytical tools required to perform the aeromechanical stability analysis for rotor
system embedded with vibration absorbers do not currently exist. The second part of the
present research is focused on the development of a comprehensive aeromechanical
stability analysis, which includes the modeling of rotor, fuselage, and embedded vibration
absorbers. The blade is modeled using an elastic beam model that undergoes axial,
flapwise, lagwise, and torsional deflections. The fuselage is modeled as arigid body with
roll and pitch rotations about its center of mass. Each embedded absorber is modeled
using a mass-spring pair, and constrained to move in the chordwise direction of the blade.
The complex modulus approach is used to model the viscoelastic materia of the
embedded vibration absorbers. A quasi-steady blade-element aerodynamic model is used
to calculate blade aerodynamic loads. This new finite-element based aeromechanical
stability model for the rotor-fuselage-absorber system is derived based on Hamilton's
Principle. The rotor model covers both hingeless and articulated rotor configurations
with arbitrary numbers of blades (>3). A complex eigenvalue analysis is performed on
the homogeneous form of the linearized equation to determine the system stability
characteristics.

No experimental research to date has addressed blade lag damping using
embedded chordwise absorbers. The third part of the present research is to design and
conduct a set of experiments measuring the modal frequency and damping of a blade with

embedded absorbers. This experimental data will serve to help validate the new analysis
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and confirm stability trends associated with several key design parameters. First, the lag
modal frequency and damping of the nonrotating blade under tensile loads with
embedded vibration absorbers are measured. Second, the lag modal frequency and
damping of the rotating blade with embedded vibration absorbers are measured. Some
key issues including absorber mass, location, and tuning frequency are considered as
variables in the experiments in order to examine their effects. The new analysis is
validated using the present experimental data and the experimental data reported in the
references.

The forth part of the present research is to study the effects of blade and absorber
parameters on blade lag damping. The effects of the blade configuration (hingeless and
articulated); lag stiffness; pitch setting; and absorber parameters including loss factor,
mass, number, and location on blade lag damping, are examined. Such a study helps
identify the parameters and the mechanisms in the blade lag damping using embedded
chordwise absorbers. Based on the parametric study of blade lag damping using
embedded absorbers, the ground resonance of two typical rotor systems are investigated.
Then, the blade damping using embedded absorbers for two full-scale rotor systems, a
hingeless rotor similar to the BO-105 helicopter rotor and an articulated rotor similar to
the CH-46 helicopter rotor, is investigated.

The fifth part of the present research is to examine the effects of embedded
absorbers on blade aeroelastic stability. The examination is conducted using the rigid
blade-absorber model. The flap-lag flutter, pitch-flap flutter, and pitch divergence of

blade with embedded absorbers are investigated.
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The sixth part of the present research is the conceptua design of embedded
absorber. A fluid-elastomer absorber having a high static stiffness and low dynamic
stiffnessis designed. The principle of the fluid-elastomer absorber is presented.

This dissertation is organized into eight chapters.

In Chapter 2, a fundamental study of the dynamic characteristics of the blade and
embedded absorber is pursued. This chapter first describes the formulation of a rigid
blade-absorber system model. Then, the dynamic characteristics of the blade and
embedded vibration absorber, including modal frequency and damping, absorber static
and dynamic response, and absorber stability, are discussed. The objective of this chapter
is to gain an understanding of the dynamic characteristics of the blade with embedded
absorbers.

In Chapter 3, the formulation of an aeromechanical stability analysis for a rotor-
fuselage-absorber system is presented. This chapter includes three major parts. The first
part presents the coordinate system, nondimensionalization, and ordering schemes used in
the formulation. The second part presents the formulation for the rotor, fuselage, and
absorber system model using Hamilton's Principle and the finite element method. The
third part describes the approach of the stability analysis.

In Chapter 4, the experimental procedure and testing performed on the blade lag
modal frequency and damping tests are presented. The first part details the experimental
models of the rotor and absorbers. The second part describes the experimental procedure

and equipment used in the tests to investigate the blade lag damping using embedded
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absorbers. The objective of these tests is to validate the analytical techniques and verify
the blade damping using embedded chordwise absorbers.

In Chapter 5, the experimental results are discussed and a validation study is
performed. Then, the results obtained from a detailed parametric study of the blade lag
damping using embedded chordwise absorber are presented. The ground resonance
stability analysis of two typical rotor systems, hingeless rotor system and articul ated rotor
system with embedded absorbers, are reported. The possible applications of the present
blade damping technique to two typical full-scale rotor systems, a hingeless rotor similar
to the BO-105, and an articulated rotor similar to the CH-46, are also discussed in this
chapter.

In Chapter 6, the effects of the embedded absorber on blade aeroelastic stability,
including flap-lag flutter, pitch-flap flutter, and pitch divergence are examined.

In Chapter 7, the conceptual design of an embedded absorber is presented. The
model of the embedded absorber is formulated. The principle of the embedded vibration
absorber with high static stiffness and low dynamic stiffness is discussed. The
conceptual design of the absorbers for a full-scale and small-scale rotor blades is
conducted.

The significant conclusions obtained from all parts of the present study are

presented in Chapter 8. Some suggestions for further research are aso included.
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Figure 1.2: Beam Damping with Constrained Layer Damping Treatment for Different
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Figure 1.3: Energy Dissipated Per Cycle in Absorber
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Figure 1.5: Complex Mass for Distributed Dampers
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Figure 1.6: Distributed Absorber System Applied to a Beam
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Figure 1.7: Beam Damping with Distributed Absorbers
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Figure 1.8: Blade and Absorber System
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Chapter 2

FUNDAMENTAL STUDY OF BLADE LAG DAMPING USING EMBEDDED

CHORDWISE ABSORBERS

The objective of this Chapter is to gain an understanding of the dynamic
characteristics of arotor blade with embedded absorbers, including modal frequency and
damping, absorber static and dynamic response, and absorber stability.

A rigid blade with a single embedded absorber is considered. The blade
undergoes flap, lag, and feathering motion about three hinges. For simplicity, al the
hinges are assumed to be located at the same place. The vibration absorber is modeled
using a mass-spring pair and assumed to move in the chordwise direction only. The
governing equations of motion of the system are derived using Lagrange’ s equation and a
Newtonian method. The former is more mathematically rigorous and systematic, while
the latter provides more physical insight.

A complex eigenvalue analysis is performed on the homogeneous form of the
linearized governing equations of motion to determine the blade and absorber frequency
and damping characteristics. The analysisis performed in the rotating frame.

The dynamic response of the embedded absorber is calculated assuming that the

blade oscillates around the lag hinge at the lag modal frequency.
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This chapter includes six sections. The first section presents the coordinate
system and ordering schemes used in the formulation. The second section presents the
formulation for the blade-absorber system model. The third section describes the
approach used to predict the frequency and damping characteristics of blade-absorber
system. The fourth section presents the formulation of the equation predicting the static
and dynamic response of the embedded absorber. The fifth section discusses the
frequency and damping characteristics of blade-absorber system and static and dynamic
response of the embedded absorber. The sixth section discusses the stability of the

embedded absorber.

21  Coordinate System and Ordering Scheme

2.1.1 Coordinate System

The coordinate systems and transformations used in the formulation of the blade-
absorber system model are defined in this section.

In the present formulation, the inertial frame of reference is defined using the hub-

fixed nonrotating coordinate system, ( X,,,Y,, ,Z,, ), with corresponding unit vectors fH :

J o KH . The X,, axis points to the rear of the rotor, the Y, axis points to the right
(advancing) side of the rotor, and the Z,, axis points upward parallel to the rotor. This

coordinate system is attached to the center of the rotor hub and, by definition, is inertial

and does not rotate with the rotor rotation. Also attached to the hub is the hub-fixed

A

rotating coordinate system, ( X, Yg,Zg), With corresponding unit vectors fR, N KR.
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This coordinate system rotates with the blades at a constant angular velocity of V\KR

relative to the hub-fixed nonrotating coordinate system. The transformation between the

hub-fixed nonrotating and rotating coordinate systemsis given by

.i.IR.i;I écosy - siny OUII iIH.l?I
|~ | a . I~ 1
(Jey=gsny  cosy OU.JHy T iy (21)
iKep 80 0 1BLKH|O }KHI'O

A

The blade coordinate system, (x, Y, z), with corresponding unit vectors i , j, k

is inclined through the blade flap, lag and feathering motions about three hinges and

attached to the blade. The x axisis coincident with the blade axis, the y axisisin the

plane of rotation pointed towards the leading edge of the blade, and the z axisis pointed
upwards. The transformation between the blade coordinate system and hub-fixed rotating

coordinate system is given by

ifU 4 0 0 wcod O snbugox -smx O 1,0
|jy 33 cog) smblE 0 1 £snx CoxX OuJRy

[N
j
i | % |
kp @ -snb cog@ snb 0 cobfg0 O 1dKR|o 1Keh
where b is blade flap angle, x is blade lag angle, and g is pitch motion about the

feathering axis. The aforementioned hub and blade coordinate systems are shown in
Figure2.1.

The final coordinate system used in this analysis is the absorber-fixed coordinate
system, (X,,Y,, z,), with corresponding unit vectors |a, ja, ka. This coordinate system
is fixed to the mass of the embedded absorber. The x, and z, axes are paralel to the x

and z axes of the blade coordinate system. The x, axis points out and the z, axis points
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up. The y, axis is coincident with the y axis of the blade coordinate system. The
absorber-fixed coordinate system is shown in Figure 2.1. The hinges are located at a

distance e from the center of the hub. A vibration absorber is embedded at a distance r,

from the center of the hub as shown in Figure 2.1.

2.1.2 Ordering Scheme

In order to reduce the total number of terms in the formulation, an ordering
scheme is applied. Terms up to second order are retained in the analysis by introducing
the nondimensional quantity e, such that e <<1. The third order terms related to
absorber displacement are also retained in the formulation. The orders of magnitude of
some important nondimensional quantities associated with the rotor-absorber system

formulation are listed as follows

%,Ei‘,LR,—I;,cow ,sny =0(1)
b,x,q =0(e) ( 23)
a 8 Ao :O(ez)
R'R R

2.2 Formulation Using L agrange’'s Equation

A blade with an embedded absorber is considered in the present formulation. The
blade is assumed rigid and undergoes three degrees of motion, flap, lag, and feather

rotations about three hinges. For simplicity of analysis, al the hinges are assumed to be
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located at the same place. In the blade, there is an embedded vibration absorber, which is

located at a distance, r,, from the center of the hub.

The equations governing the motion of the blade and embedded vibration

absorber are derived using an energy principle (Lagrange' s Equation) and given by

9. _q 2.4
dt g6 g "o © ( )

where L isthe Lagrangian, L=T -V, q are the generalized coordinates, and Q are the
generalized forces. In the Lagrangian, V is the potential energy, and T is the kinetic
energy of the blade-absorber system.
The kinetic and potential energies include contributions from blade (b) and
absorber (a) and are given by
V=V, +V, ( 25)
T=T, +T, ( 26 )

Expressions for these quantities will be derived in the following sections.

2.2.1 Potential Energy

For arigid blade with flap, lag, and feather springs at the corresponding hinges

undergoing flap, lag, and feather motions, the potential energy is given by
1 1 1
V, ==k, b*+=kx*+=kq? 2.7
b = 5K S kX" ok ( )
where k, , k., and k, arethe stiffness of the blade flap, lag, and feather springs, b , x,

and g aretheflap, lag, and feather motions of the blade about the hinges.
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The absorber is modeled as a mass-spring pair and assumed to move in the
chordwise direction of the blade. The potential energy of the absorber is given by

Va:%k;az ( 28)

where k; is the stiffness of the absorber spring, and a is the chordwise displacement of
the absorber. The spring is dissipative and is modeled using a complex spring constant.
The material loss factor, h, is incorporated into the spring stiffness by the relationship
k. = k§(1+h). For spring with no energy dissipation, the material loss factor is zero.

For a linearized stability analysis, the complex stiffness model can be effective and
adequate [59]
The total potential energy of the blade-absorber system is the sum of the blade

and absorber potential energies and is given by

1 . 1 1 1
=—k'a’+=k.b?+=kx*+=kg? 29
2 a 2 b 2kx 2qu ( )

2.2.2 Kinetic Energy

The kinetic energy of the blade depends on the blade velocity and is

%Qi@/;dmﬂm S éﬂ@/;dmﬂx (210)

tion tion
The velocity of the blade, V., is determined by taking the time derivatives of the

position vector of the blade in the inertial frame. The position vector of an arbitrary point

on cross section of radius r of the blade is given by
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1, U
I~
h=¢ O Om—RHi‘]Hy (r<e)
P21
I “Hp
(211)
i1, 0 i, U
I~ N
n=e 0 OGrRH|JHy+dr'e) y OGrBRTRHIJHy (r>e)
g1 i
i “Hp I “Hp
The velocity of the blade is then derived as
i, 0
5o = oo
Vo =¢ O OGrRHfJHy (r<e)
i
I “Hp
(212)
Py U iy U
S . T I~
V,=é¢ 0O OGI—RHI'JH),/'*'dr'e) y OdTBRTRH)|'J Y(r>e)
i 1|€ ?
I Hp I Hp
The kinetic energy of the absorber depends on the absorber velocity and is
1 2
T, :Emava (213)

Similar to the derivation of the blade velocity, the velocity of the embedded
vibration absorber is determined by taking the time derivatives of the position vector in
the inertial frame. The position vector of the embedded vibration absorber located at

radius r, of the bladeis given by

r,=ée 0 Offg,
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where a isthe motion of the absorber, and a ., istheinitial offset of absorber from the

feathering axis as shown in Figure 2.1.

The velocity of the absorber is then given by

i
- 0 |
V,=& 0 OffniJ, .

X) C-a) et
'CT—“<~—= c:

i
! ( 2.15)

The total kinetic energy of the blade-absorber system is the sum of the blade and
absorber kinetic energies and is given by

e
=%Q§B(‘)/b2dm-dx+ Qéﬁ 2dm-dx+;mv2 (216)

tion tion

2.2.3 Blade-Absorber Equation

Substituting the total potential energy (Egn. 2.9) and the kinetic energy of the
blade-absorber system (Egn. 2.16) into the Lagrange's Equation (Egn. 2.4) yields the

eguations of motion of the blade-absorber system

5m(r - e)’drb + 5my| (r - edrg + 5m(r - erWAdrb

+ 5 my, rdrWq - 25 mW(r - )’ drbx - 25 my, (r - ejdrox

+my(r, - €26 +m(r, - e)aye +ak +mWe(r, - er,b (217)
+myr, (aOffset + a)\/\Fq +2m,(r, - eMba- 2m,(r, - €)*Wbx

+k,(b-b,)+c,b = 5Fb (r - e)ar
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6m(r - efdrx +6m(r - eeWPdrx + 25 m(r - e)’Wdrbb +k x
+2¢ymy, (r - etirbg +2¢y my, (r - eeirbiq +m, (r, - &)’
rmelr, - W +2m (r, - €)°Wob +2m.(r, - e)laye +aMbg  ( 218)
+ 2ma (ra - e)(aoffset + a)\/\bq -m, (ra - e)a_ maeVVZ (aoffset + a)
. R
- 2mWa+ay Jatcx = O Fu(r - e)ar

6qurq" +(:;emyI (r - edrb + 5 1, drWig + (:;emyI rdrW?b
- 25V\Aqdrq>{ - 25 my, rWerbx +m, (a + a e, )
+ M, (B + )1 - €)B + M, (e +af WA (219)
+m, (B +AMA(r, - €)b - 2m, (B +aW(r, - €)bx
. R
+ 2ma(aoffset + a)VVDa+ kq (q - qcon)+ qu = (:) qur
ma+m,(r, - egb - m,(r, - e)x - 2mWr, - e)bb

- ma (a + aoffset )sz - maeVVZX + 2maV\'(a + aoffset)(‘ ( 220 )
- 2maV\,(a0ffset + a)qb - 2maV\,(a0ffset + a)q'b +mWrgb +kla=0

2.24 Derivation of Blade-Absorber Equation Using Newton’s Second L aw

The equations of motion of the blade-absorber system can aso be derived directly
from Newtonian mechanics. The derivation directly involves the forces and moments
applied to the blade and absorber. It provides more physical insight.

Using small angle assumptions where appropriate, the equations of motion of the
blade-absorber system are derived as follows
Flap DOF:

Inertiaforce:

(mdr )(r - )b witharm (r - €) about flap hinge



my, drg

with arm (r - €) about flap hinge

m,(r,- e)o  witham (r, - €) about flap hinge

m, (A +aH with arm (r - €) about flap hinge

Centrifugal force:
(mdir Jrw?
(mdir Jrw?
m Wr,
m.r, W

Coriolis force:

with arm (r - e)b about flap hinge
witharm y,q about flap hinge
witharm (r, - e)o about flap hinge

with arm (aoffset + a)q about flap hinge

- 2(mdr)(r - eWx  witharm (r - e)b about flap hinge

- 2(mdr)(r - e\ witharm y,q about flap hinge

2m Wa

witharm (r, - e)o about flap hinge

-2m (r, - Mk witharm (r, - e)b about flap hinge

Damping moment about lag hinge: ¢, b

Spring moment about lag hinge: k, (b -b p)

Aerodynamic force:

F, witharm (r - ) about flap hinge

42

Taking the moment of all forces about the flap hinge yields the flap equation of

motion of the blade as Eqn. 2.17.
Lag DOF:

Inertiaforce:
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(mdr )(r - e)x with arm (r - €) about lag hinge
m,(r, - ex witham (r, - €) about lag hinge
- ma with arm (r, - €) about lag hinge

Centrifugal force:

(mdr)rw?  with arm Fe(r - e)x about lag hinge

- myr,W with arm rE(aOffset + a)

a

Coriolis force:
2(mdr)(r - eMbb  witharm (r - e) about lag hinge
2(mdr)y, (gb +gb)  witharm (r - €) about lag hinge
2m_(r, - €)\Wbb with arm (r, - €) about lag hinge
2m, (e +aWbg +qb ) with arm (v, - €) about lag hinge

Spring moment about lag hinge: k, x

Damping moment about lag hinge: ¢ X

Aerodynamic force: F, witharm (r - e) about flap hinge

Taking the moment of all the forces about the lag hinge yields the lag equation of
motion of the blade as Eqgn. 2.18.

Torsion DOF:

Inertiaforce: |,drq moment

m(r - e)drb  with arm y, about feathering axis
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m, (A +aH with arm (., +a) about feathering axis
m,(r, - )b witharm (a,., + a) about feathering axis
Centrifugal force: I,drWq moment
m(r - e)drWPb with arm y, about feathering axis
m, (e +aMPq  with am (a,, +a) about feathering axis
mWA(r, - e)b with arm (., +a) about feathering axis
Coriolis force: - 2W drgx moment
- 2mr\Wdrbx - with arm 'y, about feathering axis
-2mW(r, - e)bx  witharm (a,., + a) about feathering axis
2mWba  witham (a,, +a) about feathering axis
Spring moment about feathering axis: K, (q - qcon)
Damping moment about feathering axis:  ¢,q

q

Aerodynamic force: M, dr moment

Taking the moment of all the forces about the lag hinge yields the pitch equation

of motion of the blade as Egn. 2.19.

Absorber DOF:

The chordwise force components acting on the embedded absorber are as follows:
Inertia force: ma- m,(r, - ex

m,r,ab
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Centrifugal force: -m, (a + 8y )\/\/2
- m,eWx
m WP gb
Coriolis force: - 2mW(r, - e)bb

2ma\/\,(a + Qi )x
- 2ma\Ma+ Qoirset )(Qb +qb )

Spring force: k.a
Summing the forces acting on the absorber in the chordwise direction yields the
equation of motion of the absorber as Eqn. 2.20.

Note that the chordwise component of the centrifugal force acting on the absorber

iIs - m, (a + 8 )\/\/2 This force is opposite the spring restoring force and reduces the

effective stiffness of the absorber.

2.3  Complex Coefficient Eigenvalue Analysis

The blade-absorber equations are linearized by assuming that the dynamic motion
is a small perturbation about the steady solution. The stiffness matrix of the linearized
blade-absorber equations (Egn 2.17-2.20) is complex because of the viscoelastic stiffness
characteristics of the elastomeric materials in the absorbers. The frequency and damping
characteristics of complex coefficient systems can be determined using complex
eigenvalue anaysis [67].

The system of equationsis placed in first order form as
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Y‘ba = AbaYba ( 221 )
where
. . . . T
Y=l X ¢ a b x q a (222)
The eigenvalues of Egn. 2.21 are given by
Sn:i(-znwn+i 1-znzwn) (223)
where w, is the modal frequency of the system and z, is the damping ratio of the

system.

24  Absorber Response

The alowable motion of the embedded vibration absorber is limited because of
the small space inside the blade cross section. The motion of the embedded vibration
absorber, including both static displacement and dynamic response, is critical for
evaluating the feasibility of enhancing blade lag damping via embedded absorbers. This
section presents the formulation of the absorber response equation, which is used to
predict the static and dynamic response of the embedded absorber. In this formulation,

the blade is assumed to oscillate around the lag hinge at the lag modal frequency.

Assuming that the blade oscillates with a lag amplitude of x at the frequency w,

— v Wt

x =xe"™, and substituting this expression into Egn. 2.20, the steady state solution

corresponding to the blade lag motion can be given by

‘Eloffsetrnavv2 + - ma(ra - e)\NZX

K. - mW k- ma(V\/2 +w2) (224)

a= astalic + adynamic =
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The steady state solution includes two terms. The first term represents the static
displacement due to the centrifugal force acting on the absorber, while the second term

represents the harmonic response of the embedded absorber. For an elastomeric
absorber, the stiffness of the absorber can be modeled as a complex value, k. =k¢{1+h).

The static displacement and harmonic response amplitudes of the absorber are then given

by
aoffset maVVZ
== 2.25
|astallc| kg:' mavvz ( )
- m, (ra - e)‘NZX_
|adynam-c = ( 2.26)

(k- m,(we +we ) + ()2

For zero initial offset of the absorber from the feather axis, the static displacement
of the absorber is zero. For anon-zero initial offset of absorber from the feather axis, the
static displacement of the absorber is afunction of the rotation speed and absorber tuning

(natural) frequency, and increases as the rotation speed increases. At the rotation speed

of \/k¢/m, , the static displacement of the absorber is unbounded.

The harmonic response amplitude, , 1s adso a function of the rotation

|adynamic
speed. At the rotation speed of \/k$/m, - w? , the harmonic response amplitude reaches

(r, - ew>
kth

a

. m
amaximum value of —2

. This maximum amplitude depends on the absorber

k¢
location (r, - €), absorber tuning (natural) frequency _|—2

, blade lag modal frequency

a

w, and lag motion amplitude x .
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25  Frequency and Damping Characteristics of the Blade-Absorber System

From the equations of motion of the blade-absorber system (Egns. 2.18 and 2.20),

the rotating natural frequency of blade lag and absorber can be given by

w) = -W? +w,? (227)
Qm(r - €)drx
%
w?="a W (2.28)
m

The blade and absorber frequency expressions show that the blade lag rotating
natural frequency increases as the rotation speed increases, while the absorber rotating
natural frequency decreases as the rotation speed increases.

A small-scale model blade is used in the present analysis. The properties of the
blade are shown in Table 2.1. At the tip of the blade, there is an embedded vibration
absorber. The mass of the absorber is 5% of the blade mass. The loss factor of the

absorber is 0.6. The tuning frequency of the absorber is 12.91 Hz (0.77W,).

As shown in Table 2.1, the frequencies and damping of the blade and embedded
vibration absorber are predicted for two cases. Case 1 represents the case where there is
a spring at the lag hinge of the blade. Case 2 represents the articulated blade case where
there is no lag spring at the lag hinge of the blade. In the analysis, only blade lag mode is
considered.

The frequencies of the embedded absorber and blade lag mode versus blade
rotation speed for Case 1 are shown in Figure 2.2a. The absorber frequency decreases

and the blade lag frequency increases as the blade rotation speed increases. Thisis due to
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the centrifugal force effect. The centrifugal force reduces the effective stiffness of the
absorber, but provides a geometric stiffness to the blade lag motion. At the rotation
speed of 750 RPM, the frequency of the absorber is “tuned” to the blade lag frequency,
and the blade lag mode shows a damping peak value of 2.7% (Figure 2.2b). The blade
lag modal damping also shows an effective rotation speed bandwidth over the range from
500 to 800 RPM. The absorber damping increases as the rotation speed increases. The
blade and absorber damping shows that the blade-absorber system is stable over the
entire range of the blade run-up operation (0~1000 RPM). The stroke (dynamic response
amplitude) of the absorber versus blade rotation speed is shown in Figure 2.3. Thisresult
is predicted assuming that the blade oscillates with a one degree amplitude at the blade
modal frequency. The stroke of the absorber increases as the frequency of the absorber is
tuned to the blade lag frequency. At the “tuned” rotation speed (the absorber frequency is
tuned to blade lag frequency), the stroke reaches a peak value of 16%-18% of the chord
length.

The frequencies of the embedded absorber and blade lag mode versus blade
rotation speed for Case 2 are shown in Figure 2.4a. The corresponding damping of the
absorber and blade lag mode are presented in Figure 2.4b. The frequencies and damping
of the blade and absorber show similar results to the results for Case 1. Note that the
maximum damping augmentation in the blade lag mode is only 0.2% for Case 2. The

maximum stroke of the absorber shown in Figure 2.5 is 9% of the chord length.
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2.6  Absorber Stability

Note that in Egn. 2.20, the effective stiffness of the absorber is a function of the
blade rotation speed and is expressed as
kg =k - mW? =kg{1+ih)- m W (2.29)
The effective static stiffness of the absorber is then given by.

kstaliceff = kg:_ rnaVV2 ( 2.30 )

As illustrated in Egn. 2.29 and 2.30, the effective stiffness of the absorber
includes the contributions of the stiffness of absorber spring and the centrifugal force
effect. As the rotation speed W increases, the contribution from the centrifugal force
effect increases. The centrifugal force acting on the absorber provides a negative spring
rate to the absorber.

The effective stiffness thus decreases as the rotation speed increases. At the

rotation speed of W 3 k%n , the effective static stiffness of the absorber is zero. This
means that the absorber is statically unstable as the rotation speed reaches the nonrotating

natural frequency of the embedded vibration absorber, ‘/k%n . For example, for Case 1

discussed in the previous section, the nonrotating tuning frequency of the absorber is

0.77W,. The absorber will be statically unstable as the rotation speed reaches 0.77W,
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2.7 Summary

A rigid blade-absorber model has been developed. The dynamic characteristics of
blade-absorber system, including modal frequency and damping of the system, absorber
response, and absorber static stability, have been discussed. Some of the important
conclusions are as follows:

1) The damping of the blade lag mode shows a substantial increase as the embedded
vibration absorber is tuned to the blade lag mode frequency. The maximum value
and effective bandwidth of the damping augmentation of the blade lag mode depends
on blade configurations (articulated and hingeless rotor blades) and embedded
absorber parameters.

2) The effective stiffness of the embedded chordwise absorber is a function of the
rotation speed. Increased rotation speed decreases the effective stiffness of the
absorber and decreases the tuned frequency of the embedded chordwise absorber.

3) The static stiffness of the embedded chordwise absorber decreases as the rotation
speed increases due to the centrifugal force. The embedded chordwise absorber will
be statically unstable (effective static stiffness is equal to or less than zero) as the

rotation speed reaches the nonrotating natural frequency of the embedded absorber.
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Table 2.1: Descriptive Properties of Blade

Casel
Radius, in 31.924
Lag Hinge Offset, in 3.352
Chord, in 1.65
Rotating Speed W,, RPM 1000
Non-rotating Lag Frequency, Hz 6.14
Case 2
Radius, in 31.924
Lag Hinge Offset, in 3.352
Chord, in 1.65
Rotating Speed W,, RPM 1000
Non-rotating Lag Frequency, Hz 0
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Figure 2.1: Blade-Absorber Coordinate Systems
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