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Abstract

Replacing rigid pitch links on rotorcraft with coupled fluidic devices has the potential to
reduce the aerodynamic blade loads transmitted from the blade root to the swashplate.
An analytical model of two coupled fluidic isolators is derived and experimentally vali-
dated for even and odd harmonic pitch link loads. The system consists of two elastomeric
pumpers with fluid chambers that are coupled by an inertia track. This passive fluidic
device can be tuned to reduce the transmitted force at a particular odd harmonic of the
rotor speed by tailoring the fluid inertance in the inertia track. Benchtop experimental
results agree with theory, demonstrating a reduction in odd harmonic pitch link loads
of up to 90% compared to the system without fluid. The coupled fluidic isolators also
significantly reduce transmitted loads relative to a rigid pitch link over a wide frequency
range. Simulation of a UH-60 Blackhawk retrofit example shows potential for targeted
odd harmonic excitation loads reduction up to 94% for multiple frequencies without

affecting the even harmonic excitation response.
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Chapter

Introduction

1.1 Introduction to Rotrocraft Pitch Links

The aerodynamic loads on helicopter rotor blades cause significant unsteady forces
that are transmitted through the blade root and pitch link to the swashplate. The
pitch link provides a rigid connection between the swashplate and the blade root to
control the pitch of the blade about the azimuth (see Fig. 1.1). Pitch link loads increase
exponentially with rotor power [1], justifying the need for loads reduction in new or
retrofitted rotorcraft with larger engines for higher altitude flight and heavier payloads.

Due to a constant rotor speed, excitation loads are harmonic and occur at integer
multiples of the constant main rotor speed (1/rev, 2/rev, etc.). The primary function
of the pitch link is to pass the 1/rev inputs from the swashplate. The higher harmonic
loads, however, beat on the swashplate and drive hydraulics, causing fatigue and po-
tentially premature failure. A coupled fluidic pitch link system has the potential to
attenuate vibration loads such that blade pitch control components (e.g. swashplate

and blade root) can achieve longer fatigue life, increase flight safety, and be designed



with reduced mass. The use of load controlling pitch links may also provide increased
maximum forward velocity, payload, and altitude, which are currently limited by high

loads due to retreating blade stall.

Pitch Link Blade Root

Hogr ki Fairdd Bk (EBHE-3-57)

Figure 1.1. Main rotor hub components [2].

1.2 Related Research

Active and semi-active pitch link systems have been developed by previous re-
searchers, including the active hydraulic pitch links of ZF [3], pitch link load studies
and active control [4], cyclical blade root stiffness variations designed to reduce blade

vibration induced hub loads [5], and the semi-active “Smart Spring” device [6, 7]. In ap-



plications where tonal rather than broad band excitations are dominant, passive fluidic
devices can be used for vibration and loads control. Redinger, for example, developed a
fluidlastic mount for the main rotor pylon that reduces load transmission to the fuselage
[8]. Elastomers were developed for rotorcraft loads control and other applications includ-
ing automotive products and helicopter lead-lag dampers [9, 10, 11, 12]. Han et al. [13]
modeled and analyzed a single fluidic pitch link and coupled fluidic pitch links. Similar
to systems presented in [14], the coupled fluidic pitch link system has the potential to
provide higher harmonic loads reduction for increased performance, efficiency, and noise

reduction.

1.3 Research Objectives

This paper builds on [13] by theoretically and experimentally investigating the loads
reduction capability of a coupled two pitch link fluidic system through modeling, fre-
quency domain analysis, experimental design, and experimental validation of the the-
oretical results. Theoretical predictions for a retrofit of the UH-60 Blackhawk with

coupled fluidic pitch links are provided.

See Appendix A for additional information on vibration control, rotorcraft vibration,

and fluidic devices.



Chapter

Analytical Model

2.1 System Model

In this paper, we study two pitch links on opposite sides of the rotor that are
coupled by an inertia track, as shown in Fig. 2.1. The model applies to rotors with an
even number of blades, the most common configuration in practice. The harmonic blade
loading means that the two pitch links see the same magnitude and in-phase forcing
for even harmonics and 180 degree out-of-phase forcing for odd harmonics. The blade
pitch inertia is represented by an equivalent mass, my, and the aerodynamic loading on
each blade is F'(t). The two isolators are coupled by a fluid-filled tube with lumped
inertance I, and resistance R,,. Each isolator has a piston of area Aj; that is sealed and
elastically restrained by an elastomer with stiffness K; and damping value C. The mass
moves with displacement z(¢) in response to F(t) and the pressure P(t) generated in
the isolator induces incompressible fluid flow Q(¢) through the orifice with resistance R,.
In this section, the transfer function from the input torsional aerodynamic force at the

blade root to the output force on the swashplate is derived. The incompressible fluid



assumption means that the even harmonic loads are transmitted directly through as if
the pitch links are rigid. Thus, we assume that the loading is an odd harmonic so the

force in the two pitch links are equal and opposite, Fig. 2.1.

2.2 Governing Equations

Summing the forces on the first prime mass gives

mbjél = Fin,l - PlAb — del — Cil, (2.1)

where all parameters and variables are defined in the nomenclature. The mechanical-
fluidic coupling equation is a function of the isolator base (i.e. piston) area and the

velocity magnitude,

Q = Apiy. (2.2)

The pressure drop across the orifice

Pl_PQZRoQ (23)

is approximated with a linear relationship and has decreasing accuracy with increasing
frequency. Summing the forces transmitted to ground yields the output force for Isolator

L,

Fout,l = Pl(Ab — At) + Kgx1 + Cay. (2.4)
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The two fluidic pitch links are coupled together by the inertia track with a pressure drop

that is a function of the fluid inertance, flow rate, and pipe flow resistance,

pPLQ
Ay

Py, — P = + RpQ, (25)

where the fluid inertance I, = %Lt. For the second mass,

mply = Fino — PyAy — Kqwo — O, (2.6)

where the external force is equal and opposite that of Isolator 1. The induced flow rate

Q = —Apis. (2.7)

The pressure drop across the orifice of Isolator 2 is

Py — Py = R,Q. (2.8)

The transmitted load through Isolator 2 is

Foutp = Py(Ap — A) + Kgxg + Cio. (2.9)

Equations (2.1)-(2.9) can be solved for the nine unknowns: z1, z2, P1, Pa, P3, Py, Q,

Fout,lv and Fout,2~



2.3 Force Frequency Response Function

Solving the Laplace Transformed Eqns. (2.1)-(2.9), the transfer function from the
input force to output force for odd harmonic excitations is
Fout,l(s) _ Fout,2(8) . s? + 2Cw,s + Wg

- =K : 2.10
Fin,1(s) Fina(s) 52 + 2(pwps + w2 (2.10)

where the pole undamped natural frequency

2A: Ky
Wy = 4| —a—— 2.11
2
and damping ratio ¢, = A;?;’L(i]g:z}z’t’zrgf;c. The zero undamped natural frequency

24, K,
w, = | R 2.12
: \/PLAb(Ab — Ay) ( )
and damping ratio ¢, = AbAt(‘gzﬁz)((ji’Xgi)zﬁAtc. The pole frequency is a function of

the prime mass, elastomer stiffness and area, and the fluid inertance. The zero frequency
does not depend on my, and thus is independent of the blade’s pitch inertia. The pole

and zero damping ratios depend on material properties and fluid dissipation.

See Appendix B for additional information on system loading harmonics.



Chapter 3

Experimental Setup and Results

3.1 Experimental Setup

Pressurization
Port

Valve

éo:( €= Inertia Track
Fluid Track Isolator

Housing

Isolator\' i Rubber
: &S Diaphragm
c Washer

EQ Load Cell
(Output)
Load Cell

(Input)
E"'N Stinger

Figure 3.1. Experimental setup and isolator assembly diagram.
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The experimental setup and assembly diagram of the isolators used for the experiment
are shown in Fig. 3.1. The aluminum test rig frame is designed to be substantially stiffer
than the isolator assemblies. Two shakers independently drive the two isolators.

The isolator housing and washer are fabricated by machining high-density polyethy-
lene (HDPE) round stock. An elastomeric disk is clamped between these parts, providing
the fluidic pitch link stiffness and sealing the fluid chamber. The diaphragm is supported
by steel washers on both sides around the stinger attachment point to distribute the load
from the shaker and to prevent tearing or bulging in the elastomer. A pipe fitting at
the top of the isolator connects the inertia track to the isolator housing. Piezoelectric
load cells measure the input force on the stinger and output force to the frame (i.e.
ground /swashplate).

The inertia track is made from reinforced high-pressure tygothane polyurethane tub-
ing. A T-fitting and valve in the middle of the inertia track allow pressurization of the
coupled isolator system to 35 kPa to prevent fluid cavitation. Filtered and deionized low-
impurity water is the working fluid. The prime masses are machined from high carbon
steel round stock.

Experimental frequency response tests are performed by supplying the shakers with
30-second chirp signals at a 10kHz sampling rate. Ten sets of FFT data are averaged
for each experimental run to reduce noise. The experimental apparatus is mounted on a
pneumatic isolation table to minimize external disturbances. The results are repeatable
for low amplitude input (i.e. less than 4N p-p).

Four experimental data sets are collected for both the odd and even harmonic cases

and compared with theory. Data are collected for the baseline case (i.e. empty isolator
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without fluid) and three different inertia track lengths. The parameter values for the
experiment are provided in Tab. 3.1 and determined by measurement, calculation, or
tuning to match theory and experiment. The prime masses are weighed and the inertia
track lengths are measured. The tuning port and base areas are calculated from their
measured respective diameters. The elastomer stiffness, elastomer damping constant,
and the pipe and orifice resistances are tuning parameters. The baseline experimental
response curve establishes the elastomeric damping constant. The orifice resistance is a
constant that is set for all experimental cases and the pipe resistance is assumed to be

a linear function of the tube length.

3.2 0Odd Harmonic Excitations

The experimental results for odd harmonic forcing involves driving the shakers with
equal and opposite forces. The experimental and theoretical frequency response magni-
tudes and phases are compared in Fig. 3.2. The theoretical model closely matches the
experimental results in the lower frequency range (2-12 Hz) and accurately predicts the
location of the pole and zero. The theoretical and experimental phases (see inset) are
also close.

The results clearly show that fluidic pitch links can reduce high frequency loads to the
swashplate. Relative to the baseline, the coupled fluidic pitch links transmit lower loads
over the entire frequency range except the small region between 4 and 9 Hz. Relative to
rigid pitch links with unity (0 dB) frequency response, the reduction range is the entire

range greater than 9 Hz. If the 1/rev frequency is less than 5 Hz, the coupled pitch links



Table 3.1. Experiment parameters.

12

Constant  Definition Value Units
my Prime Mass 9.45%x 107! kg
K4 Link Stiffness 1.50x 10* N/m
C Elastomer Damping  6.80x 10° N x s/m
Ay Tuning Port Area 7.18x 1077 m?
Ap Base (Piston) Area  1.10x 1073 m?
p Fluid Density 1.00x 103 kg/m?
Ly Inertia Track Length 5.03x 10~!  m
Lo Inertia Track Length 5.79x 107! m
Ls Inertia Track Length 6.35x 1071 m
R, Pipe Resistance Lx1.85x 108 N x s/m®
R, Orifice Resistance 7.50% 106 N x s/md

will not interfere with flight control because the output force is in-phase and close to the

same magnitude as the input force in this frequency range. The results also show that

as the inertia track length, and thus the fluid inertance, is increased, the pole and zero

frequencies decrease.
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3.3 Even Harmonic Excitations

The theoretical even harmonic response is compared to the experimental data in
Fig. 3.3. The experimental results show that the frequency response function magnitude
is not exactly the theoretically predicted value of one for an incompressible fluid. The
experimental force transfer function is approximately unity, however, and does not clearly

exhibit a pole or zero in the frequency range shown.

3.4 Discrepancies Between Theory and Experiment

Discrepancies between the theoretical and experimental frequency response can be
explained by the errors in the vibration shaker input phase, fluidic system compliance,
and test frame dynamics. Although the shakers are not identical, the input voltages are
tuned so that the input forces have the desired (equal) magnitude and phase (0° or 180°).
Small variations in input phase and magnitude contaminate the experimental response.
Unmodeled dynamics associated with compliance in the inertia track tubing, isolator
housing, and elastomeric diaphragm produce the experimentally observed response in
the 15-17 Hz frequency range in all of the data sets.

The discrepancies between theory and experiment are tabulated in Tab. 3.2 as

\data—mode“) and

percentages for the region of interest (0-15 Hz) using L>* = max(—,

2 — 3, (data—model)?

- error norms. The error for the odd harmonic cases is signif-

icantly lower than that of the even harmonic cases because the unmodeled dynamics
dominate the even responses. The model for the odd harmonic excitations is accurate

to within 10% by the L® error norm or 4% by the L? error norm.
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Table 3.2. Differences between the theoretical and experimental frequency response.

Harmonic | Inertia Track [m] | L® [ %] | L? [ % ]
Baseline - 4.08 2.08
5.03x 107! 9.27 3.70

Odd 5.79x 107! 5.60 1.49
6.35x 1071 3.42 1.58

5.03x 107! 32.48 17.92

Even 5.79x 1071 16.36 10.93
6.35x 107! 19.04 11.04

See Appendix B for additional information on the experimental setup and data ac-
quisition; Appendix C for experiment part drawings; and Appendix D for the data

acquisition and analysis program scripts.



Chapter

Discussion of Results

4.1 Loads Reduction

The system under consideration achieves pitch link loads reduction at multiple fre-
quencies. For example, if the rotor speed is 3.5 Hz, then the first six corresponding rotor
harmonics are 3.5, 7.0, 10.5, 14.0, 17.5, and 21 Hz. Loads reduction performance of the
0.503 m inertia track system is given in Tab. 4.1, with the amplification value at each
harmonic taken from the appropriate response curve, even or odd, compared as percent
reduction from both the baseline empty pitch link and an infinitely rigid pitch link (0
dB). The results show little amplification of the 1/rev harmonic force, which is desirable
because 1/rev is the cyclic pitch input from the pilot. Amplitude reduction occurs for
the subsequent five normalized harmonic frequencies of the system (i.e. frequencies of

vibratory aerodynamic loads).
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Table 4.1. Theoretical and experimental loads reduction performance of a 0.503 m fluidic inertia
track for 3.5 Hz 1/rev excitation frequency.

% Reduction

Harmonic Fluidic Rigid
Q0 f [Hz] | Curve | Theory Experiment | Theory
1 3.50 odd -1.24 -0.50 -4.63
2 7.00 even 12.16 -1.03 0.00
3 10.50 | odd 57.80 60.04 41.88
4 14.00 | even 48.54 44.00 0.00
5 17.50 odd 82.46 84.75 28.22
6 21.00 | even 88.79 90.36 0.00
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4.2 UH-60 Retrofit Example

A potential retrofit example is shown by applying the coupled fluidic isolator system
to the UH-60 Blackhawk helicopter to demonstrate the tuning capability and potential
for loads reduction. While the coupled pitch link system has only been designed for a
two-bladed rotor, the system can be applied to the UH-60 four-bladed rotor by coupling
only pitch links on opposing sides of the rotor hub. To make the analysis more realistic,
compliance of the rotor hub components is included to determine the baseline frequency
response function, which appears in the equations as a spring between the blade inertia
and isolator system. The introduction of another degree of freedom creates two pole
frequency locations that are not the same as the system with an assumed rigid hub, but
still has only one zero frequency located at the same frequency as in the previous analysis.
The values used to calculate the theoretical response of the system are provided in Tab.
4.2. The chosen values of m; and K correspond to the rigid-body blade pitch inertia
and equivalent stiffness of the rotor hub, not including the pitch link stiffness, of a UH-
60 Blackhawk helicopter. These parameters are used to calculate the baseline frequency
response. The fluidic pitch link stiffness, K, is introduced in series with the rotor hub
to determine the fluidic system response if the fluidic system is drained of fluid. Inertia
track length is used to tune the zero frequency location of the coupled fluidic pitch links
to eliminate the 3/rev (12.9 Hz) harmonic of the constant 258 RPM main rotor speed.
A; and Ay are physically realizable parameters for the geometric envelope of the pitch
link.

Figure 4.1 shows the theoretical frequency response for the baseline rigid system,



Table 4.2. Model parameters for a UH-60 retrofit example.

Constant  Definition Value Units
my Prime Mass 3.50x 10! kg
Ky Link Stiffness 5.15x 105  N/m
K Rotor Hub Stiffness ~ 5.15x 10>  N/m
C Elastomer Damping  3.00x 102 N x s/m
Ay Tuning Port Area 7.85%x 1077 m?
Ap Base (Piston) Area  4.91x 107 m?
p Fluid Density 1.00x 103 kg/m3
L Inertia Track Length 5.12x 107! m
R, Pipe Resistance 9.47x 10" N x s/m®
R, Orifice Resistance 7.50x 105 N x s/m®

20

empty fluidic pitch link system, and coupled fluidic pitch link system to compare the

magnitude of the transmitted force and determine the load reduction performance of

the fluidic pitch link system over the rigid pitch link system. Significant advantages and

tuning capability are achieved by using fluidic pitch links in place of the rigid pitch link

system for controlling the magnitude of the response and the resonant frequency location.

The percent load reduction for the first six main rotor harmonics is provided in Tab.

4.3. As expected, the third and fifth harmonic responses are reduced by the fluidic pitch
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link. The addition of the rotor hub compliance changes the even harmonic excitation
response relative to the baseline case as well because the fluid isolators lock or become
infinitely rigid and the incompressible fluid does not flow. In this case, the effective
stiffness of the system is the rotor hub stiffness and the response equals the baseline
response. Theoretical load reduction, up to 94%, of the targeted 3/rev aerodynamic
load and 5/rev loading is effectively achieved without amplification of the even harmonic

excitations and minimal amplification of the 1/rev excitation.

Table 4.3. UH-60 theoretical load reduction for coupled fluidic pitch links with a 0.512 m inertia
track compared to the baseline rigid pitch link system.

Q [/rev] | f [Hz] | % Reduction
1 4.30 -6.30
2 8.60 0.00
3 12.90 93.89
4 17.20 0.00
) 21.50 44.74
6 25.80 0.00

See Appendix D for the UH-60 analysis program script.
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Chapter

Conclusion

Replacing rigid pitch links on rotorcraft with coupled fluidic devices has the potential
to reduce the aerodynamic blade loads transmitted from the blade root to the swashplate.
An analytical model of two coupled fluidic isolators has been derived and experimentally
validated for even and odd harmonic pitch link loads. This passive fluidic device can be
tuned to reduce the transmitted force at a particular odd harmonic of the rotor speed
by tailoring the fluid inertance in the inertia track. Benchtop experimental results agree
with theory, within 4% by the L? error norm, demonstrating a reduction in odd harmonic
pitch link loads of up to 90% compared to the system without fluid. The coupled fluidic
isolators also significantly reduce transmitted loads relative to a rigid pitch link over a
wide frequency range. Simulation of a UH-60 Blackhawk retrofit example shows potential
for targeted odd harmonic excitation loads reduction up to 94% for multiple frequencies

without affecting the even harmonic excitation response.



Appendix

Literature Review

A.1 Vibration Loads Control

There are many loads control methods which have been explored since the devel-
opment of rotary wing aviation. These methods include active, passive, and semi-active
systems, which were not fully understood by the mechanical engineering community un-
til the introduction of vibration control theory into the technical curriculum around the
middle of the 1930’s. The early focus of vibration control was for rotating machinery, us-
ing passive components to change system parameters to circumvent resonant situations;
however, design guidelines for load control systems were vague and underdeveloped. The
comprehension of damping was also in adolescent stages during this period and very lit-
tle was understood about the many damping modes (e.g. coulombic, viscous, hysteretic,
etc.). For these reasons, few vibration and loads control devices were available that could
be evaluated using the early analytical models of linear vibrations. [9]

The late 1950’s and early 1960’s gave rise to the study of random vibration for

aeronautical applications (e.g. fatigue). This development led to the standardization of
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random vibration analysis, the effects of which could be controlled by optimizing passive
system properties such as mass, damping, and stiffness. Many new forms of vibration
analysis and vibration control techniques subsequently followed, for instance the semi-
active isolation “Skyhook” damper. Improvements in technology and manufacturing
processes have led to increased equipment capability, such as actuators, sensors, and
signal processing hardware that can be applied to a broad spectrum of vibration control
applications. Vibration control systems fall into three categories: passive, active, or

semi-active. [9]

A.1.1 Passive Vibration Control

Passive loads control is defined by the implementation of components such as springs,
masses, and dampers which require no external intervention or feedback control to
achieve the desired response. These systems are often simple, inexpensive, and require
little maintenance throughout service life.

Studies by [15, 16, 17] develop the transfer function between the input velocity and
the output velocity of a suspended mass for ground vehicle systems that use passive
components and the Wiener filter technique. The transfer functions are then used to
minimize the weighted sum of mean square acceleration that is transmitted to the isolated
mass. The conventional linear spring-mass-damper system for this technique [9] gives
the transfer functions

V 2Cwns + w2

- = Al
Vo o 824 2Cwps + w? (A1)
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and

v s/m
F 52+ 2Cwps +w?’

with system model and frequency response given in Fig. A.1 and Fig. A.2.

TF

by

A

Vo

Figure A.1l. Conventional passive isolator system [9].

Equation A.1 and Fig. A.2 show that the single degree-of-freedom system frequency
response is separated into two regions: for w < wy,, the transfer function is initially equal
to one and approaches the resonant peak, and for w > w,, the transfer function recedes
from the resonant peak, entering the region of isolation when w = 1.41 X w,,. The effect
of variable damping ratio on the response is given in Fig. A.2. The maximum relative
response magnitude is inversely proportional to the amount of damping in the system
(i.e. response magnitude decreases with increased damping). The optimized transfer

function for isolation corresponding to Equation A.1 is
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Figure A.2. Passive isolator frequency response plot [9].

|4 w?
— = n . A3
Vo o 824 2Cwps + w2 (A-3)

The optimal system cannot be achieved through the use of passive elements alone. A
solution to this problem is to use an “almost passive” system, also known as a semi-active

system.
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A.1.2 Semi-Active Vibration Control

Semi-active loads control can be achieved through manipulating structural proper-
ties of the system such as mass, stiffness, and damping. While all of these components are
passive, the active portion of the system comes from changing these properties through
external intervention. Some sources refer to this as dynamic impedance control, to pro-
vide for categorization of semi-active systems. The actuation force is only used to change
system properties to achieve the desired response, not to directly counteract the vibration
force.

By rearranging the passive suspended mass system [9], the damper can be moved
such that its effect is proportional to the absolute velocity of the mass instead of the
relative velocity between the mass and excitation. This configuration is known as the

“Skyhook” damper system, given in Fig. A.3.

-
=l

%J v, 5 1 1w

Figure A.3. “Skyhook” damper and semi-active system [9].
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These systems allow for greater flexibility and therefore greater control over the
system response. The actuator force, F,, can be used to provide a response similar to
that of a passive damper, and removed in frequency bands that are far away from the
natural frequency to reduce the overall magnitude of the transfer function. The most
important feature of the “Skyhook” damper and semi-active systems is the ability to
control absolute velocity instead of relative velocity. Therefore, a semi-active system

provides additional control over a passive system.

A.1.3 Active Vibration Control

Although more expensive and complex, active systems can provide even more con-
trol than passive systems. Many advances in active vibration isolation have occurred
since the first attempts in the early 1900’s, summarized in the collections [10] and [18].
Some applications require large amounts of isolation to achieve adequate system perfor-
mance. This is done by using the force F., shown in Figure A.3, to resist natural motion,
thereby using external energy to counteract the system’s energy. The actuator force F,
is proportional to the absolute velocity of the isolated mass to exploit the “Skyhook”
damper system for conveniently controlling the systems related to Eqns. A.1 and A.3.

Active vibration control systems are often avoided because they are complex, expen-
sive, and have significant power requirements. Although there are many disadvantages,
active systems are becoming more popular with the increasing demand for high perfor-

mance.
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A.2 Rotorcraft Vibration

Rotorcraft vibration reduction and loads control have been a challenge since the
beginning of vertical lift aviation. The aerodynamic loads on helicopter rotor blades
cause significant unsteady forces that are transmitted through the blade root and pitch
link to the swashplate. The main rotor operates at a constant rotational speed which
causes harmonic aerodynamic blade loads that occur at integer multiples of this constant
rotor speed (e.g. 1/rev, 2/rev, etc.). Such an example of this vibration is the lead-
lag vibration (i.e. motion in the plane perpendicular to the mast) which results from
a sudden increase in drag loads (crossing the 0° azimuth angle) and a reduction in
drag loads (crossing the 180° azimuth angle), where the azimuth angle is measured
from the tail boom, or Coriolis forces associated with flapping. The lead-lag vibration
mode contributes significantly to the overall vibration problem, as well as the rotational
pitching mode of the blade. The flapping mode (i.e. motion in the plane parallel to
the mast) is not as notable because of the high viscous damping associated with motion
normal to the blade chord, and is exploited for flight control. A helicopter in steady-state
forward flight will experience fuselage vibration that result from a combination of the
blade passing frequency multiples (e.g. a four-bladed rotor will experience 4/rev, 8/rev,
etc.) and the aerodynamic blade loads associated with the blade passing frequency and
adjacent normalized frequencies (e.g. a seven-bladed rotor will experience 6/rev, 7/rev,
and 8/rev). The constant flap angle (i.e. coning angle) is not of consideration because
the constant loading is not related to the oscillatory aerodynamic blade loads.

There are two requirements for the main rotor hub of the helicopter: to change the
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geometric blade pitch as a function of azimuth angle and to accommodate the aero-
dynamic loads that cause flap and lead-lag blade motions. The component of interest
for this study is the pitch link because the rigid pitch link achieves only the first of
the aforementioned requirements. If the pitch link could also attenuate vibration loads,
blade pitch control components (e.g. swashplate and blade root) would achieve longer
fatigue life, increase flight safety, and could be designed with reduced mass. The use of
load controlling pitch links may also increase maximum forward velocity, payload, and
altitude, which are currently limited by high loads associated with retreating blade stall.

The solutions for vibration loads control are separated into two groups: blade-based
systems and hub-based systems. Unfortunately, blade-based systems increase blade mass
and alter blade design, which causes undesirable changes in flight dynamics. An example
of a blade-based system is the trailing edge flap. The design, actuation capabilities, and
active control effects have been studied extensively by [19], with optimization techniques
given by [20], and an investigation of closed-loop control for noise and load reduction
provided by [21]. Testing of actively controlled trailing edge flaps to evaluate aerody-
namics, acoustics, and dynamics was performed by [22], showing decreased aerodynamic
vibration levels and increased fast-cruise performance. Some other techniques that have
been considered include: cyclical blade root stiffness variations designed to reduce blade
vibration induced hub loads, [5]; active trailing edges using electrically actuated piezo-
ceramics to accomplish morphing cross-section of the trailing edge, [23]; and Individual
Blade Control (IBC) methodology, which has been studied extensively to help minimize
the individual blade load contribution through blade deformation techniques, [24]. Al-

though these methods are effective, hub-based systems have received much more interest
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from the rotorcraft community because the blades remain unchanged and existing he-
licopter designs can be retrofitted to increase performance, making pitch links a major
focus of hub-based loads reduction, [25].

Many examples are available where rigid pitch links have been targeted for replace-
ment by active and semi-active systems for loads control. Reducing vibration loads
transmitted from the blade root to the swashplate can improve fatigue life of rotor com-
ponents and reduce vibration transmitted to the fuselage. The most studied pitch link
replacement is a semi-active piezoceramic actuator system, referred to as the “Smart
Spring” device or “Smart Hybrid Active Rotor Control System” (SHARCS) [6, 7]. The
SHARCS system uses the “Smart Spring” device in conjunction with active shape con-
trol technology to reduce vibration loads and noise by as much as 60% by controlling the
damping and stiffness of the pitch link with large bandwidth piezoelectric materials. The
“Smart Spring” system uses the piezoceramic actuator to change stiffness by engaging
springs, modeled as a two degree-of-freedom system, given in Fig. A.4. The stiffness
can vary between the value of the baseline spring stiffness (uncoupled) and the effective
parallel spring stiffness (fully coupled) by adjusting the frictional force generated by the
piezoceramic actuator. The effective coulombic damping can be calculated only when
the system is between the uncoupled and fully coupled states. Experimental data is
provided to validate the model, [6].

Potential problems with this device include: the need for power in the rotating
frame transmitted by slip ring or other method; the potential flight instability caused by
individual or multiple pitch link actuation failure; the maintenance and heat generation

issues which arise through sliding mechanical interaction; and the lack of adaptability for
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energy harvesting. These design and sustainability concerns will need to be addressed

in future work; however, the premise of the technology does accomplish the objective.

Active material
acluatlors

Structure

Figure A.4. Mechanical equivalent of the “Smart Spring” device [6].

Other studies have investigated the use of orifice dampers, electrorheological (ER)
fluid, magnetorheological (MR) fluid, shape memory alloy (SMA) materials, variable
stiffness elements, and hydraulic systems. Each have implementation complications due

to mass, actuation method, serviceability, or reliability.

A.3 Fluidic Technology

Fluidic technology has been developed and successfully applied to many industrial
and rotorcraft applications. Most of the systems use reservoir designs where fluid is
pumped through an orifice and inertia track, between fluid reservoirs, as a result of ex-
ternal loading. The addition of fluid to the standard elastomeric device creates a zero
in the system response, increasing tunability of dynamic response characteristics. The

dynamics of the system use the input excitation to shear an elastomeric component (with
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known stiffness) while pumping fluid between chambers, eliminating wear surfaces that
are found in piston style pumping devices. Rotorcraft applications for this technology
have been limited to fuselage isolators and blade lead-lag dampers. These applications
demonstrate the diversity of the technology, applied for either energy dissipation (damp-
ing) or loads reduction (isolation), which can both be achieved by accelerating a small
mass of fluid to high velocity. For rotorcraft vibration isolation the target frequencies
are typically an integer multiple of the main rotor speed, expressed as N/rev, for which
fluidic technology can provide up to 97% isolation of the input excitation, [12].

In 1999, Redinger [8] provided the design procedure and experimental validation
of the LIVE® (i.e. Liquid Inertia Vibration Eliminator) Bell model 427 main rotor
pylon mounting system, given in Fig. A.5. This system achieves approximately 94%
isolation of the 4/rev vertical main rotor vibration, attained through the variable vertical
stiffness of the pylon mount which has a high static stiffness and a much lower dynamic
stiffness at 4/rev excitation. The system uses fluidic technology by exchanging fluid
between two reservoirs that are pressurized to mitigate the possibility of cavitation.
The inner cylindrical component is allowed to move axially, causing fluid to be pumped
between reservoirs by means of an inertia track. The inertial force of this fluid motion,
at discrete frequencies, attenuates the elastomeric spring force, causing the system to
achieve isolation. The technical community still debates whether the softening effect
described by [8] is the correct mechanical interpretation, or if the system demonstrates
properties of increasing inertia which result in a similar analytical effect. The equivalent

mechanical system for the LIVE® isolator is shown in Fig. A.6.
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Figure A.5. Bell Model 427 LIVE® Isolator [8].
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Figure A.6. Mechanical equivalent of the LIVE® TIsolator [8].

Similar to the LIVE® device, [11] describes a fluidic device that replaces elastomeric
lead-lag dampers on the main rotor hub to control in-plane blade loads by providing

increased loss factors in a small geometric envelope. These devices are designed for
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minimum elastic stiffness and maximum loss factor without applying high loads on the
blade root or generating excessive heat. To satisfy these design considerations, a pressure
relief valve is typically used to alleviate high loading conditions present at the 1/rev
operating frequency. The mechanical equivalent of this system is shown in Fig. A.7.
The LORD lead-lag damper has proven effective in many applications, producing loss
factors of up to 1.3.
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Figure A.7. Mechanical equivalent of the LORD lead-lag damper with in-series spring [11].

A.4 Fluidic Research for Rotorcraft Loads Control

Analytical models by [13] show promise for loads control on the helicopter main
rotor hub using fluidic pitch links. The investigation shows that isolation using single
fluidic pitch links, Fig. A.8, can effectively reduce 4/rev excitation loads by up to 98.4%.
Reducing any of the system harmonic loads will enlarge the operational flight envelope
and increase the service life of rotor components, specifically the 2, 3, and 4/rev which

contribute to approximately 1/3 of the total blade loading.
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The mechanical equivalent for the single fluidic pitch link system is given in Fig. A.9.
The zero frequency can be tuned such that a single discrete frequency can be isolated

for load attenuation.
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Figure A.8. Single fluidic pitch link system [13].
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Figure A.9. Mechanical equivalent of the single fluidic pitch link system [13].
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The introduction of fluid inertia has several effects on the single pitch link system,
such as decreasing the system natural frequency and increasing the transmissibility mag-
nitude of harmonics not targeted by the imposed zero. The harmonic aerodynamic load
magnitudes for the UH-60A helicopter during high speed forward flight and high altitude
dynamic stall are provided in Fig. A.10. After including the fluid inertia, non-targeted
harmonic loads increase, as shown by the aerodynamic model results in Fig. A.11, with
reduction of the 4/rev and 5/rev loads and amplification of the 6/rev and 7/rev loads.
Comparable results are given for the tip torsional rotation, Fig. A.12, [13]. The flight
states have little effect on the fluidic isolator performance characteristics.

This investigation builds on the single fluidic pitch link system [13] by theoretically
and experimentally investigating the loads reduction capability of a coupled two pitch
link fluidic system through modeling, frequency domain analysis, experimental design,

and experimental validation of the theoretical results.
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Figure A.10. Harmonic load magnitudes for UH-60A [26].



1600

Bl cazeline
1400 [Jairav Isolation

1200}

=
(=]
=]
(=]

8OO+

Amplitude [N]

600+

400+
200/ ”
u dl o
2 3 4 5 G T ] 3

Harmanics [irev]

Figure A.11. Harmonic fluidic pitch link loads [13].

0B T T
Bl Gasciine
o7l [Jairev Isolation |
08|
05|

=
(7]

Amplitude [deg]
[ =)
B

=
k3

=

=

Iqjl-j]‘a]'-???

Harmanics [frev]

Figure A.12. Blade tip torsional rotation [13].

39



Appendix

Supplementary Analytical and

Experimental Information

B.1 System Loading Harmonics

An example based on a two-bladed rotor is used to demonstrate and establish the
analytical model of the fluidic pitch link system, one pitch link corresponding to each
blade. The system is used to develop the transfer function of the pitch link (i.e. the force
frequency response function between the blade root and swashplate). The coupled pitch
link system can be analyzed as two independent systems that describe the aerodynamic
excitation harmonics, odd and even systems as shown in Fig. B.1. The odd harmonic
system has vibration loading that is 180° out-of-phase (i.e. the aerodynamic loading
on the pitch links is equal and opposite), while the even harmonic system has vibration
loading that is in-phase. The odd harmonic system creates a pressure difference between
the fluid chambers of the fluidic pitch links, thereby generating fluid flow. The even har-
monic system does not generate fluid flow because the pressure generated by the loading

is equal in both chambers. The only frequencies of interest are the harmonics of the main
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rotor speed. The discrete frequencies can be extracted from the continuous frequency
response functions of the odd and even harmonic systems to sufficiently characterize all

of the main harmonics for a two-bladed helicopter.

Odd
Harmonic
Excitation

Even
Harmonic
Excitation

- - - ~—

Figure B.1. Coupled fluidic pitch link system harmonic excitations.

B.2 Experimental Setup

The experimental setup used to validate the analytical model can be compared di-
rectly to the physical system, Fig. B.2. The experimental fluidic isolators are fabricated
in-house by machining HDPE stock. An assembled fluidic isolator, with stinger and load
cell, is given in Fig. B.3 and B.4 to show the respective side and bottom views. The
tuning port location for the isolator is chosen to be a convenient location for machin-
ing purposes, and does not necessarily indicate the required tuning port location for a

production part.
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Figure B.4. Bottom view of assembled fluidic isolator.
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B.3 Experimental DAQ and Results

The initial data acquisition (DAQ) system used to obtain experimental data proved
to be inadequate for capturing important frequency response features. The initial DAQ
system (D-Space) was unable take a continuous set of data over the required time in-
terval and frequency range. Because of limited memory capabilities, sections of data
must be saved several times during each experimental run, resulting in a discontinu-
ous time-history with gaps of null data at the save intervals. This caused difficulty
in obtaining the frequency response function because a significant portion of the data
was null and the variable length discontinuities created inaccurate FFT results. The
frequency response function was obtained from custom digital signal processing that
captures extrema during time intervals between predetermined save points for an incre-
menting excitation frequency. The resulting data with this complex setup was close to
the theoretical model, but still contained significant error.

The D-Space DAQ system was replaced with a more capable DAQ (National Instru-
ments) that is able to perform a FFT on the collected data over the entire time interval
and frequency range. The resulting data is more smooth and more accurate than the
initial data from the D-Space DAQ because data is collected continuously, allowing for
the use of a chirp signal instead of constant excitation frequencies. A comparison of the
collected data from each DAQ system is given in Fig. B.5. The spectral resolution of
the D-Space data is very coarse, because of the method used to obtain the frequency
response, which is verified by the presence of clipping in the region of the baseline natural

frequency. The difference in accuracy is shown by comparing the results for the coupled
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fluidic case in the region of interest, where the National Instruments DAQ result is more
accurate than the D-Space DAQ result. The National Instrument DAQ system is used

to obtain the results for Fig. 3.2 and 3.3.
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B.4 Geometric Comparison

A concern of replacing the current rigid pitch links with a coupled fluidic system
is the increase in geometric size. A comparison of the approximate dimensions of a
UH-60 rigid pitch link to the necessary fluidic replacement, for the retrofit example, is
given in Fig. B.6. Geometric dimensions are not available for the current UH-60 pitch
link, therefore the length and diameter are approximated from known dimensions of a
scaled hub model to be 17 ¢cm and 3 cm, respectively. The fluidic pitch link has a larger
diameter to achieve the necessary pumping performance, but can be designed to have the
same length and approximate mass. The fluidic parameters can be optimized to obtain
much closer dimensions to the rigid pitch link and calculations show that the tube form
elastomeric design of the fluidic isolator can achieve similar stiffness to the rigid pitch

link. A section view of the replacement fluidic pitch link is given in Fig. B.7.
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Figure B.6. Geometric comparison of the approximated UH-60 rigid pitch link (left) to the
necessary fluidic replacement (right).



Figure B.7. Section view of the UH-60 retrofit fluidic pitch link.
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B.5 Sensitivity Analysis

The most sensitive parameters of the coupled fluidic isolator system are the tuning
port and base (piston) diameters. The undamped zero frequency location, Eqn. 2.12,
is dominated by the area terms which vary with the diameters squared. Therefore,
the fluidic diameter dimensions should be used to coarsely tune the system isolation
frequency. The isolation frequency can then be fine-tuned using the fluid inertia track
length because it is much more easily altered compared to the tuning port and base
diameter dimensions. The sensitivity of the undamped isolation frequency with respect
to the two fluidic diameters, holding all other parameters constant, is given by the surface

plot in Fig. B.8.
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Appendix

Experiment Part Drawings

C.1 Isolator Part Drawings

The dimensioned drawings of the parts required to fabricate the isolator assembly
and prime mass are given in Figs. C.1-C.4. These drawings are given in standard SI
units and contain the necessary dimensions to reproduce the parts.

The isolator housing, Fig. C.1, is made of HDPE. The body of the housing is turned
down from round stock and the tuning port hole is drilled in the top using the lathe.
The holes in the flanged portion of the housing and filling port hole are drilled using a
drill press. The tuning port and filling port holes are threaded using a hand tapping
tool.

The retaining washer, Fig. C.2, is made from scrap HDPE round stock from the
isolator housing. The lathe is used to turn out the center of the washer and to cut the
appropriate thickness of the washer from the stock piece. A drill press is used to drill
the holes that align with the isolator housing flange holes.

The elastomeric diaphragm, Fig. C.3, is made from rubber sheet stock. The finished
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retaining washer is used as a pattern to ensure proper fit and alignment of the bolts that
go through the isolator housing, diaphragm, and retaining washer. The rubber is then
cut using hand tools.

The prime mass, Fig. C.4, is made from steel round stock. The lathe is used to turn
down the stock material to the outer diameter dimension and drill the center hole to
ensure that the hole is concentric. The mass is then cut from the remaining round stock
using the lathe cut-off tool. The mass is deburred and the center hole is threaded using

a hand tapping tool so that the stinger can thread into the mass.

C.2 Support Structure Part Drawings

The isolator housing support, Fig. C.5, provides a rigid support for mounting the
isolator and is made from aluminum plate stock. The aluminum plate is cut to the
footprint dimensions using the bandsaw. All of the other features are made using an end
mill.

The isolator support spacers, Fig. C.6, account for the offset caused by the load cell
placement to provide mounting points at the remaining corners of the isolator housing
support. The spacers are made from steel using the lathe to turn down the outer di-
ameter, drill the center hole, and cut the spacer to the correct length. The spacers are
deburred to ensure that surface contact is flat against the isolator housing support and

test frame.
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Appendix

Program Scripts

D.1 Labview DAQ Script

National Instruments Labview graphical programming language is used to collect
and process the frequency response data. The script sends an output signal to the shaker
amplifiers and collects data from the input and output load cells. Using the I/O signals
the script determines the magnitude and phase of the frequency response function. Ten
consecutive runs of the same experiment are averaged to eliminate random noise and the
resulting magnitude and phase arrays are saved to a data file. The block diagram of the

script is given in Fig. D.1.
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D.2 Theoretical/Experimental Comparison Matlab Script

Matlab is used to plot the comparison of the analytical and experimental results.
The Matlab script is provided. The theoretical results are determined by the analytical
model of the system, using the measured and tuned parameters that match the exper-
imental system. The experimental data for the even and odd harmonic excitations are
imported from data files saved by the National Instruments Labview DAQ system for
each experimental run. A post-processing moving average is used to smooth the data
which is then plotted in log scale. The phase plot is inset in the magnitude plot for

completeness.



%% Data_Plot_Journal.m - Fluidlastic Pitch Link Isolator Data Analysis (Journal Paper)
% Written by by Nicolas Kurczewski, 11.30.2011

%% Close and Clear All
close all; clear all; clc;

%% Data File Names

% Load odd harmonics data.

filenamel = "Load_Data_0_odd.lvm";

% First data file name.

filename2 = "Load_Data_20_odd.lvm®; % Second data file name.
filename3 = "Load_Data_23 odd.lvm®; % Third data file name.
filename4 = "Load_Data_25 odd.lvm®; % Fourth data file name.

% Load even harmonics data.

filename5 = "Load_Data_0_odd.lvm";

% Fifth data file name.

filename6 = "Load_Data_20_even.lvm®; % Sixth data file name.
filename7 = "Load_Data_23_even.lvm®; % Seventh data file name.
filename8 = "Load_Data_25_even.lvm®; % Eigth data file name.

%% Analysis Variables
F_start = 2;

F_stop = 24;

T = [1:; FRF = [1; PHASE = [1;

%% Load First Data File

data = [];

data = importdata(filenamel);
f(:,1) = data(:,1);

FRF(:,1) = smooth(data(:,2));
PHASE(:,1) = smooth(data(:,3));

%% Load Second Data File

data = [1;

data = importdata(filename2);
f(:,2) = data(:,1);

FRF(:,2) = smooth(data(:,2));
PHASE(:,2) = smooth(data(:,3));

%% Load Third Data File

data = [];

data = importdata(filename3);
f(:,3) = data(:,1);

FRF(:,3) = smooth(data(:,2));
PHASE(:,3) = smooth(data(:,3));

%% Load Fourth File

data = [1;

data = importdata(filename4);
f(:,4) = data(:,1);

FRF(:,4) = smooth(data(:,2));
PHASE(:,4) = smooth(data(:,3));

%% Load Fifth File

data = [1;

data = importdata(filename5);
f(:,5) = data(:,1);

FRF(:,5) = smooth(data(:,2));
PHASE(:,5) = smooth(data(:,3));

%
%
%
%
%

%
%
%
%
%

%
%
%
%
%

%
%
%
%
%

X

%

X

%
%

% Start frequency [Hz].-
% Stop frequency [Hz]-
% Initialize Variables.

Clear holding Variable.

Load first data file.

Frequency array for first dataset;
Response array for first dataset.
Phase array for first dataset.

Clear holding Variable.

Load second data file.

Frequency array for second dataset;
Response array for second dataset.
Phase array for second dataset.

Clear holding Variable.

Load third data file.

Frequency array for third dataset;
Response array for third dataset.
Phase array for third dataset.

Clear holding Variable.

Load fourth data file.

Frequency array for fourth dataset;
Response array for fourth dataset.
Phase array for fourth dataset.

Clear holding Variable.

Load fifth data file.

Frequency array for fifth dataset;
Response array for fifth dataset.
Phase array for fifth dataset.
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%% Load Sixth File

data = []; % Clear holding Variable.

data = importdata(filename6); % Load sixth data file.

f(:.,6) = data(:,1); Frequency array for sixth dataset;
FRF(:,6) = smooth(data(:,2)); % Response array for sixth dataset.
PHASE(:,6) = smooth(data(:,3)); % Phase array for sixth dataset.

=

%% Load Seventh File

data = []; Clear holding Variable.

data = importdata(filename?); % Load seventh data file.

f(:,7) = data(:,1); Frequency array for seventh dataset;
FRF(:,7) = smooth(data(:,2)); % Response array for seventh dataset.
PHASE(:,7) = smooth(data(:,3)); % Phase array for seventh dataset.

X

=

%% Load Eigth File

data = []; % Clear holding Variable.

data = importdata(filename8); % Load eigth data file.

f(:,8) = data(:,1); Frequency array for eigth dataset;
FRF(:,8) = smooth(data(:,2)); % Response array for eigth dataset.
PHASE(:,8) = smooth(data(:,3)); % Phase array for eigth dataset.

=

%% Theoretical Results

s = tf("s");

mb = 0.9446; % Prime Mass [kg]

d = 0.00956; % Tube inner diameter [m]

D = 0.0381; % Base diameter [m]

Kd = 15030; % Diaphragm stiffness [N/m]

rho = 1000; %

Water density [kg/m"3]

L = [0.5029 0.5791 0.6350]; % Tuning port length [m]

C = 6.8; % Viscous Damping Constant
At = pi*(d/2)"2; % Tuning port area [m"2]

Ab = pi*(D/2)"2; % Base (piston) area [m"2]

Rp = 185000000.*L; % Pipe resistance coefficient

Ro = 7500000; % Orifice resistance coefficient
i = sqrte(-1); % Define imaginary unit

2]
|

= 1.*(0:0.05:F_stop*2*pi); % Define Laplace array

Baseline = (Kd+C.*s)./(mb.*s.”2+C.*s+Kd); % Baseline response
TF_Even = ones(length(s), length(L)); % Set theoretical even harmonic response to unity
for q = 1:length(L)
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TF_0dd(:,q) = (~2*AbN2.*s_*AT*R0+2*Ab.*s . *AT 2*R0-Ab"2_*s A2 *rho*L(q)+Ab.*s_~2.*rho*L(q)*At-Ab 2 . ¢
*s_*Rp(q) *At+Ab . *s . *Rp(q) *ATA2-2*AT*C . *s-2*At*Kd) . / (2*Ab"2 . *s . *AT*RO+ADN2 . *s A2 _*rho*L(q)+Ab 2. *s . ¢

*Rp(Q)*At+2*At*mb . *s _"2+2*At*C. *s+2*At*Kd) ; % Fluidic response
end

%% Plot Data

figure(l);
hold on
set(figure(l), “Name®, “Force Transmissibility Comparison: Odd Harmonics®)
set(gcf, “position®, [75 175 1000 750]);
plot(abs(s)/(2*pi),mag2db(abs(Baseline)), "k", “Linewidth", 2);
plot(abs(s)/(2*pi),mag2db(abs(TF_0dd(:,1))), °“r", “Linewidth", 2);



plot(abs(s)/(2*pi),mag2db(abs(TF_0dd(:,2))), "g", “Linewidth", 2);
plot(abs(s)/(2*pi),mag2db(abs(TF_0dd(:,3))), "c", “Linewidth", 2);
plot(f(:,1), mag2db(FRF(:,1)), “k:", “Linewidth”, 2);

plot(f(:,2), mag2db(FRF(:,2)), “r:", “Linewidth", 2);

plot(f(:,3), mag2db(FRF(:,3)), "g:", "Linewidth", 2);

plot(f(:,4), mag2db(FRF(:,4)), “c:", “Linewidth", 2);

plot([F_start F_stop], [0 0], k--");

MIN = min(min(mag2db(FRF)))+25; MAX = max(max(mag2db(FRF)));
axis([F_start,F_stop,MIN,MAX]);

xlabel ("Frequency [Hz]", "fontsize®, 16, "fontname®, "times new roman®);
ylabel ("|FRF| [dB]", “fontsize®", 16, "fontname®, “times new roman-®);
box on;

figure(2);
hold on
set(figure(2), “Name®, "Phase Comparison: Odd Harmonics™)
plot(abs(s)/(2*pi),angle(Baseline), “k®, “Linewidth®, 2);
plot(abs(s)/(2*pi),angle(TF_0dd(:,1))-(pi), "r", “Linewidth", 2);
plot(abs(s)/(2*pi),angle(TF_0dd(:,2))-(pi), "g", “Linewidth", 2);
plot(abs(s)/(2*pi),angle(TF_0dd(:,3))-(pi),"c", “Linewidth", 2);
plot(f(:,1), PHASE(:,1), “k:", "Linewidth", 2);
plot(f(:,2), PHASE(:,2), "r:", "Linewidth®, 2);
plot(f(:,3), PHASE(:,3), “g:", "“Linewidth®, 2);
plot(f(:,4), PHASE(:,4), "c:", “Linewidth", 2);
axis([F_start,F_stop,-pi,0.5]);
xlabel ("Frequency [Hz]", "fontsize®, 14, "fontname®, "times new roman®);
ylabel("Phase [radians]®, "fontsize®", 14, "fontname®, "times new roman-®);
box on;

figure(3);
hold on
set(figure(3), "Name", "Force Transmissibility Comparison: Even Harmonics")
set(gcf, “position”, [75 175 1000 750]);
plot(abs(s)/(2*pi),mag2db(abs(Baseline)), "k®, "Linewidth", 2);
plot(abs(s)/(2*pi),mag2db(abs(TF_Even(:,1))), “r", “Linewidth", 2.5);
plot(abs(s)/(2*pi),mag2db(abs(TF_Even(:,2))), "g", “Linewidth", 1.5);
plot(abs(s)/(2*pi),mag2db(abs(TF_Even(:,3))), “c”, “Linewidth", 1);
plot(f(:,1), mag2db(FRF(:,5)), "k:", “Linewidth", 2);
plot(f(:,2), mag2db(FRF(:,6)), “r:", “Linewidth", 2);
plot(f(:,3), mag2db(FRF(:,7)), "g:", “Linewidth", 2);
plot(f(:,4), mag2db(FRF(:,8)), “c:", “Linewidth", 2);
MIN = min(min(mag2db(FRF)))+29; MAX = max(max(mag2db(FRF)));
axis([F_start,F_stop,MIN,MAX]);
xlabel ("Frequency [Hz]", "fontsize®, 16, "fontname®, "times new roman®);
ylabel ("|FRF| [dB]", “fontsize®", 16, “fontname®, “times new roman-®);
box on;

figure(4);
hold on
set(figure(4), “Name®, “Phase Comparison: Even Harmonics®)
plot(abs(s)/(2*pi),angle(Baseline), "k, "“Linewidth®, 2);
plot(abs(s)/(2*pi),angle(TF_Even(:,1)),"r", “Linewidth", 2.5);
plot(abs(s)/(2*pi),angle(TF_Even(:,2)),"g", “Linewidth", 1.5);
plot(abs(s)/(2*pi),angle(TF_Even(:,3)),"c", "Linewidth", 1);
plot(f(:,1), PHASE(:,5), "k:", "Linewidth®, 2);
plot(f(:,2), PHASE(:,6), "r:", “Linewidth®, 2);
plot(f(:,3), PHASE(:,7), "g:", “Linewidth", 2);
plot(f(:,4), PHASE(:,8), "c:", “Linewidth", 2);
axis([F_start,F_stop,-pi,0.5]);



xlabel ("Frequency [Hz]", "fontsize®, 14, "fontname®, "times new roman®);

ylabel("Phase [radians]®, "fontsize", 14, "fontname®, "times new roman-®);

box on;

% Inset Phase plot into Magnitude plot
[h_m h_i]=inset(figure(l),figure(2),.5);

set(h_i, "xtick",F_start:2:F_stop, "xlim",[F_start,F_stop]);

[h_m h_il=inset(figure(3),figure(4),.5);

set(h_i, "xtick",F_start:2:F_stop, "xlim",[F_start,F_stop]l);

%% Save Plots

%
%
%
%

eval (["saveas(figure(l), " "0dd_Harmonics_FRF.png"")"]);
eval(["saveas(figure(2),""0dd_Harmonics_Phase.png®*)"]);
eval (["saveas(figure(3), " "Even_Harmonics_FRF.png"")"]);
eval(["saveas(figure(4), " "Even_Harmonics_Phase.png®*)"]);
eval ([ "saveas(Ffigure(5),""0dd_Harmonics.png"*)"1);
eval (["saveas(figure(6), " "Even_Harmonics.png®*)"]);
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D.3 UH-60 Example Theoretical Response Matlab Script

Matlab is used to plot the theoretical comparison of the UH-60 Blackhawk system
with a rigid pitch link, a retrofit empty fluidic pitch link, and a retrofit coupled fluidic
pitch link system. The Matlab script is provided. The UH-60 parameters are approxima-
tions obtained from published papers and experts in the rotorcraft industry. The tuned
isolation frequency is set to target the 3/rev rotor harmonic, but can be easily changed
to target any odd harmonic excitation. The phase plot is inset in the magnitude plot for

completeness.



%% UH60_0dd.m - Fluidlastic Pitch Link Isolator Results for UH60
% Written by by Nicolas Kurczewski, 12.21.2011

%% Close and Clear All
close all; clear all; clc;

%% Close and Clear All
close all; clear all; clc;

%% Analysis Variables

F_start = O; % Start frequency [HZz].
F_stop = 28; % Stop frequency [HZz]-
f = [1; FRF = [1; PHASE = [1; % Initialize Variables.

%% Theoretical Results

s = tf("s");

mb = 35.0; % Prime Mass [kg]l

d = 0.001; % Tube inner diameter [m]

D = 0.025; % Base diameter [m]

Kd = 5.15e5; % Diaphragm stiffness [N/m]

KO = 5.15e5; % Hub component stiffness [N/m]
rho = 1000; % Water density [kg/m"3]

C = 300; % Viscous Damping Constant

At = pi*(d/2)"2; % Tuning port area [m"2]
Ab = pi*(D/2)"2; % Base (piston) area [m"2]

Keq = 1/((1/Kd)+(1/K0)); % Equivalent stiffness [N/m]

Rotor_Speed = 4.3; % Rotor speed in [Hz]
Harmonic = 3; % Isolation harmonic [/rev]
ZERO = Harmonic*Rotor_Speed*2*pi ; % Isolation frequency [rad/s]

L = (2*At*Kd)/ ((ZERO"2)*rho*Ab*(Ab-At)); % Inertia track length [m]

Rp = 185000000.*L; % Pipe resistance coefficient.

Ro = 7500000; % Orifice resistance coefficient.

i = sqre(-1); % Imaginary unit

s = i.*(0:0.05:F_stop*2*pi); % Define Laplace array

Baseline_rigid = (KO+C.*s)./(mb.*s."2+C.*s+K0); % Baseline rigid response

Baseline_fluidic = (Keq+C.*s)./(mb.*s_."2+C.*s+Keq); % Baseline fluidic response

for q = 1:length(L)

TF_0dd(:,q) = KO*(-rho*L(Q).*s. 2. *AbN2-2*At*RO*ADN2 . *S-2*AL*C _*S-2*At*Kd-Rp () *Ab"2 . *S _*At+2_*s_ ¢
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*AD*ALA2*RO+S A2 . *AD*AL*rho*L(q)+s. *Ab*Rp () *At"2) ./ (2*AL*KA*KO+2*AL*RO*ADA2 . *s . A3 . *mb+2*At*RO*Ab/2 .

*s.*K0+rho*L(Qq) - *s . _*Ab " 2*mb+rho*L(Q) - *s .2 . *Ab”2*K0+Rp(q) *Ab/2 . *s . A3 . *At*mb+Rp (q) *Ab"2.*s . ¢«
*AT*KO+2*At*C.*s . *KO+2*At*C.*s.N 3._.*mb+2*At*Kd*mb.*s_"2+2*At*KO*mb.*s."2); % Fluidic response

end

%% Plot Data

figure(1);
hold on

set(figure(l), “Name®, “Force Transmissibility Comparison: Odd Harmonics®)

set(gcf, “position®, [75 175 1000 750]);

plot(abs(s)/(2*pi),mag2db(abs(Baseline_rigid)), "k, “Linewidth”, 2);
plot(abs(s)/(2*pi),mag2db(abs(Baseline_fluidic)), "r--", “Linewidth", 2)

plot(abs(s)/(2*pi),mag2db(abs(TF_0dd(:,1))),"g:", “Linewidth", 2);



plot([F_start F_stop], [0 O], k--");

axis([F_start,F_stop,-20,80]);

xlabel("Frequency [Hz]", “fontsize®, 16, "fontname®, "times new roman-);
ylabel ("|FRF|] [dB]", "fontsize®", 16, "fontname®, "times new roman-®);

box on;

figure(2);
hold on
set(figure(2), “Name®, “Phase Comparison: Odd Harmonics™)
plot(abs(s)/(2*pi),angle(Baseline_rigid), "k", “Linewidth”, 2);
plot(abs(s)/(2*pi),angle(Baseline_fluidic), "r--", “Linewidth", 2);
plot(abs(s)/(2*pi),angle(TF_0dd(:,1))-(pi),"g:", “Linewidth", 2);
axis([F_start,F_stop,-pi,0.5]);
xlabel("Frequency [Hz]", "fontsize®, 14, "fontname®, "times new roman®);
ylabel("Phase [radians]®, "fontsize", 14, "fontname®, "times new roman-®);
box on;

[h_m h_il=inset(figure(l),figure(2),.50);

set(h_i, "xtick",F_start:10:F_stop, "xlim",[F_start,F_stop]);

%% Save Plots
eval(["saveas(figure(3), ""UH60_Theoretical .png"*)"1);
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