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ABSTRACT
Conventional lead-lag dampers are necessary to prevent ground and air resonance in most
helicopter designs. Though high damping is needed to eliminate these instabilities only over a
small region of the helicopter’s operating conditions, the conventional damper continues to
produce high damping in all conditions, leading to high root end loads and reducing component
life. A simple passive or semi-passive multi-state bypass damper, with predictable behavior
validated by experimental data, could help to solve the problem of high root loads associated with
the use of conventional lead-lag dampers.
To meet this need, a passive multi-state lead-lag damper was designed to reduce damper
forces by approximately 50% when high damping is not required. This variable damping was
achieved via a set of bypass channels that are opened or closed via the changing centrifugal force
associated with the rotor speed.

A first generation prototype was fabricated with an internal

sliding spring/mass system to open or close the bypass channels with varying rotor speed.
A semi-empirical analytical model was created to predict the damper behavior. To get a
more accurate prediction of the damper behavior, a detailed computational fluid dynamics (CFD)
model was developed using the commercial program FLUENT®. This model was made to
capture the dynamic, time varying flow through the piston orifices, around the piston head, and
through the bypass channels.
The prototype damper was bench tested with the bypass channels open and closed to
validate the multi-state behavior of the design over a range of frequencies and dynamic
displacements. The damper was then tested in the rotating environment on a spinning test stand
to demonstrate the centrifugally activated multi-state behavior. The spin tests proved that the
bypass channels could be successfully opened via increasing centrifugal force. At low rotor
speeds, corresponding to the regions in which ground resonance could occur, the damper

iv
produced high damping.

As the rotor speed increased beyond 140 RPM, damper forces

decreased, providing lower damping as the rotor speed approached nominal RPM.
Comparison with the experimental bench top test data revealed the semi-empirical
analytical model to be very inaccurate, with average errors in peak force prediction around 60%.
Conversely, the CFD model accurately predicts damper forces in the closed configuration with an
average error in peak force prediction of approximately 7% and an average error in loss stiffness
prediction of less than 4.4%.

The CFD model over predicts damper forces in the open

configuration, with an average peak force error approaching 100%. Prediction errors of the loss
stiffness for the open case are close to 150%.
The final stage of the research involved utilizing the knowledge gained from the other
models and experimental data to create a CFD augmented analytical model.

This model

combined the accuracy of the CFD model, while retaining the low computational requirements of
the semi-empirical analytical model, making this new model ideal for incorporation into
rotorcraft prediction codes. Comparison of the revised analytical model with the CFD model and
experimental data show errors in peak force prediction under 13% for most cases and errors in the
loss stiffness of fewer than 13% for most cases.

Prediction of the open bypass channel

configuration is less accurate, with an average error in peak force of 24% and an average error in
loss stiffness of 37%. All of these predictions show a marked improvement over the pure semiempirical analytical model.
The centrifugal force driven bypass multi-state lead-lag damper concept was proven
effective through a series of experimental tests and modeling efforts.

The first generation

prototype demonstrated high damping at low rotor speeds followed by reductions in damping up
to 50% once the rotor speed reached 250 RPM. The effectiveness of the CFD augmented
analytical model was also demonstrated. Expansion of the CFD correction factors to cover a
broader range of flow feature sizes and geometries could be investigated to improve the model.
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Chapter 1

Introduction

1.1 Background and Motivation
Most helicopters employ a series of hinges or flexures at the blade root. When a full set of
hinges are used, the rotor is said to be articulated. These hinges and flexures serve primarily to
alleviate stresses at the hub from blade motion. In the case of the flap hinge, aerodynamic forces
are balanced, eliminating gyroscopic forces, while in the case of the lag hinge, the in-plane
Coriolis induced forces are reduced [1]. The in-plane motion of the individual rotor blades,
known as the lead-lag motion, can give rise to two aeromechanical instabilities if left undamped.
These instabilities, known as ground resonance and air resonance, can cause uncomfortable or
even dangerous conditions for the helicopter and its occupants. In the case of ground resonance,
the instability can result in the complete destruction of the aircraft. To eliminate the danger of
these two instabilities, root-end lead-lag dampers have conventionally been used [2]. The three
widely used categories of lead-lag dampers include hydraulic dampers, elastomeric dampers, and
a hybrid of the two called fluid-elastic dampers.
While necessary to prevent ground and air resonance, in most flight regimes the lead-lag
damper serves only to produce extraneous forces to the hub. In forward flight especially, the
1/rev forced blade motion causes high forces in the damper. This in turn causes some of the force
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to be transmitted to the hub, essentially nullifying some of the reason for utilizing a hinge in the
first place.

Additionally, the extra forces on the damper dramatically reduce the damper

component life [3].

1.1.1 Ground Resonance
Articulated rotors, while easier to design, are susceptible to ground resonance, the more
destructive aeromechanical instability [2].

Ground resonance occurs while the rotorcraft’s

landing gear is in contact with the ground, leading to a coupling of the cyclic lead-lag motion of
the rotor blades and the rigid fuselage body modes [2]. For a given rotor system, this coupled
motion results in a set of blade displacement modes. A four-bladed helicopter will have four
modes, as depicted in Figure 1-1. Two of the four modes depicted below involve a shift in the
rotor center of mass, which couples with the pitch and roll moments of the rotor hub to produce
instability [4]. This interaction between the shifting rotor center of mass, airframe modes, and
landing gear stiffness and damping cause an unstable increasing oscillation, known as ground
resonance [5].

3

Figure 1-1: Lead-Lag Motion of a Four Bladed Rotorcraft [4]

Since the instability is mainly due to the interaction between various motions of the
helicopter airframe, rotor system, and landing gear, the instability only occurs when the RPM of
the rotor causes a rotor mode natural frequency to match the natural frequency of either the pitch
or roll mode of the airframe.

This rotor mode natural frequency can be expressed as the

nondimensional rotating lag frequency, νζ, and must be less than 1/rev for the instability to
manifest itself [2]. Articulated rotors usually have a νζ that ranges from 0.2/rev to 0.4/rev, soft
in-plane rotors have a νζ around 0.7/rev, and stiff in-plane rotors usually have a νζ greater than
1/rev, meaning that they are not susceptible to ground resonance [2]. To analyze the dangerous
operating regimes, an effective mass matrix, damping matrix, and stiffness matrix can be formed
using the aircraft properties. The imaginary portion of the solution to the complex eigenvalues of
the system corresponds to the frequency of vibration, and the real portion corresponds to the
amount of damping needed to stabilize the system [4]. The theoretical RPM range over which the
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pitch and roll instability occur can also be calculated using this method [4].

Theoretical

predictions of the solution to the eigenvalue problem for the behavior of the Ground Resonance
Test Stand (GRTS) at Penn State University from [4] can be seen in Figure 1-2. The low
frequency lag mode can be seen joining the base roll mode between 170 RPM and 200 RPM, and
joining the base pitch mode between 275 RPM and 305 RPM in the left hand figure. The rotor
speed regions where this joining of the modes occur correspond to the regions over which ground
resonance is a possibility. The required damping to stabilize the system can be seen in the right
hand figure for the base roll and pitch modes.
Real part corresponding to
the amount of damping
needed to stabilize the
system

Damping (1/sec)

Frequency (rad/sec)

Imaginary part corresponding
to the frequency of vibration
that occurs during ground
resonance

Base Roll
Mode

Rotor Speed (RPM)

Base Pitch Mode

Base Roll Mode

Base Pitch
Mode

Rotor Speed (RPM)

Figure 1-2: Solution of Complex Eigenvalues for the Penn State GRTS [4]

The contribution from aerodynamic damping to the lag mode is negligible, and there is
minimal naturally occurring mechanical damping within the system. Artificial damping methods
are conventionally used on the blades and landing gear to stabilize the rotorcraft within the
regions where ground resonance can occur [2]. Artificial damping, while widely used, is not the
only solution to the ground resonance problem. The simplest solution, in theory, is to avoid the
limited ranges of rotor speed where ground resonance occurs. For articulated rotors, these
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regions occur during the spin-up or spin-down phases. Variation in design parameters can be
used to tailor where resonance occurs, such as by increasing the stiffness in the pitch or roll axis
or decreasing the hub height to cause the instability range to move to a higher rotor speed [4].
The pitch and roll inertia can be increased to move the instability to a lower RPM, where the
instability will be less severe [4]. Stiff-in-plane rotors are designed so that the instability RPM is
not reached until after lift-off, thus avoiding the ground resonance region through structural
design. This design usually comes at a cost in design complexity, heavier rotor weight, and high
1/rev and vibratory loads. Though not always an option, a pilot can lift off the ground if ground
resonance is encountered, eliminating the instability by removing the aircraft’s contact with the
ground and changing the fuselage modes.

1.1.2 Air Resonance
Where ground resonance involves the coupling of the lag motion and the aircraft landing
gear, air resonance occurs while the rotorcraft is, as the name suggests, in the air. Hingeless and
bearingless rotors are more susceptible to air resonance, which is the result of a coupling of the
cyclic lead-lag motion and either a rigid or elastic airframe mode [6]. The unstable rotor speed
ranges vary for each helicopter, with different flight conditions changing the airframe modes.
The airframe modes depend mainly upon gravity, rotor thrust, and aerodynamic damping which
provide the stiffness and damping in air resonance [5].
Air resonance is usually nondestructive, but can still be dangerous for both the crew and the
aircraft. One of the main effects of air resonance is to induce low-frequency motion of the
vehicle which can lead to an uncomfortable ride for the pilot and passengers and unsatisfactory
handling quality for the pilot [5]. The low-frequency vibrations can also degrade structural
integrity and reduce component fatigue life [7].
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1.1.3 History of Lead-Lag Damper Development
Three types of conventional lead-lag dampers are currently in use: hydraulic, elastomeric, and
fluid-elastic. Each of the dampers has found a niche within the rotorcraft world where their
respective benefits can be exploited. In most cases, these dampers are mounted between the rotor
blade and the rotor hub, though some configurations do use inter-blade dampers.
Replacing the unreliable friction dampers of early rotorcraft designs, the hydraulic orifice
damper was introduced in the 1960s and is still widely used today [5]. Hydraulic lag dampers
work by forcing a viscous fluid through restrictive orifices and valves, creating both a pressure
drop across a piston head and viscous losses that provide damping to the blade lag motion [2].
Similar to an idealized dashpot, simple hydraulic dampers provide damping energy losses
proportional to the square of the lag speed, though more complex internal geometry can alter this
behavior [5].
Despite being an older concept, hydraulic dampers are still in use on most larger helicopters
because they can provide more damping than some of the newer damper types [8]. The Sikorsky
UH-60 Blackhawk and the Boeing CH-47 Chinook are two examples of rotorcraft still using
hydraulic dampers for this reason [2]. Though hydraulic dampers provide high damping and are
widely used, they have many drawbacks. Due to their reliance on a complex set of fluids, seals,
and lubricants, all subjected to the adverse rotor environment of high centrifugal and dynamic
loads, the hydraulic damper requires high maintenance. The slightest defect, such as a leak, can
be very harmful to the damper’s performance [9]. The highly viscous fluids themselves can be
dangerous to both operators and the environment in the event of a leak, further increasing the
importance of proper maintenance [2]. Additionally, foreign objects such as sand, can greatly
reduce the damper’s performance and life if they come in contact with the lubrication and seals.
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The next generation lead-lag damper attempts to address many of the problems of the
hydraulic damper. Elastomeric dampers use dynamic shearing of their elastomeric layers to
dissipate energy, eliminating the need for a fluid-filled device [9]. Additionally, the elastomer has
an inherent stiffness, thus providing both damping and stiffness to the rotor system [5]. Unlike
hydraulic dampers, elastomeric dampers are generally unaffected by sand and dust because there
are no sliding interfaces [2]. Where hydraulic dampers can be difficult to inspect due to their
many internal components, elastomeric dampers have a gradual failure mode that can be readily
observed with a simple visual inspection [9]. Elastomeric dampers have proven to be very
reliable and are in use on, for example, the Boeing AH-64 Apache and the Boeing 360 helicopters
[2].
While elastomeric dampers address many of the drawbacks of the hydraulic damper, they
require a few concessions. Elastomeric dampers are not able to provide enough damping to make
them suitable for large scale helicopters such as the UH-60 and the CH-53. Their performance
also depends heavily on dynamic strain, frequency, and temperature, making design the whole
flight range somewhat complicated [5]. Lastly, since they are mechanically simple with no
sliding parts, the ability to tailor their behavior is quite limited.
LORD Corporation created the Fluidlastic® damper to attempt to combine the benefits of both
the elastomeric and hydraulic damper. The Fluidlastic damper, in its basic concept, is a fluidelastic device, embedding fluid chambers within an elastomeric housing [2]. The dynamic
shearing of the elastomeric damper and the viscous energy dissipation of the hydraulic damper
combine to create the damping force. Similar to many hydraulic dampers, some Fluidlastic
dampers contain volume compensators that control pressure changes in the fluid due to thermal
expansion and contraction, thus minimizing temperature effects on the dynamic characteristics of
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the damper [8]. Additional design degrees of freedom permit the performance of fluid-elastic
dampers to be easily tailored.
Since Fluidlastic dampers combine the hydraulic pumping of fluid with elastomeric
straining, they are able to provide significant damping forces, making them ideal replacements for
hydraulic dampers. The elastomeric housing hermetically seals the damper, eliminating the need
for moving seals and greatly reducing the effects of sand and dust, leakage, and maintenance time

[8].

1.2 Literature Review
Considerable relevant research exists in the areas of adaptable damper designs and the
incorporation of damper models into rotor simulations. The focus here is on fluid or Fluidlastic
dampers and models. Descriptions of rotor simulations focus on incorporating lead-lag damper
models and predicting resonance areas and their mitigation. The description of current advances
in adaptable dampers examines a range of methods to tailor damper behavior including:
magnetorheological fluids (MR), electrorheological (ER) fluids, embedded dampers, active
control designs, and bypass multistate damper designs.

1.2.1 MR and ER Dampers
Magnetorheological (MR) and electrorheological (ER) dampers have been used in many
applications where a semi-active damping device is required, from suspension systems and
engine mounts, to structural dampers that counteract earthquake and wind loadings [10, 11].
Both ER and MR fluids behave in a similar fashion, with particles suspended in an inorganic fluid
forming microstructures that greatly increase the viscosity and yield stress of the fluid while in
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the presence of an electric or magnetic field respectively [12]. MR fluids have higher yield
stresses and a larger range of operating temperatures than ER fluids [13]. Many studies have
looked into using MR and ER fluids with a bypass channel that contains an adjustable magnetic
or electric field to create a semi-active or adjustable state damping device [11, 14-16].
Since the fluid undergoes a pseudo phase change to a solid, yet continues to shear, a more
complex model of the fluid, such a nonlinear Bingham Plastic model, is required [14]. Figure 1-3
compares the behavior of an experimental MR damper to a linearized complex modulus model of
the damper, clearly showing the increase in damper force with increasing magnetic field due to an
increase in current to the electromagnet. The Bingham Plastic shear behavior can be seen in the
shape of the experimental curves. Wereley and Pang investigated the Bingham Plastic flow
model in a series of ER dampers to capture the shear mode, flow mode, and mixed mode behavior
of the fluid [17]. Models for each of the flow modes were developed, capturing the trends of both
the pre- and post-yield behavior [17]. While both ER and MR fluids might appear to be ideal for
a multistate damper, the rotor environment acts like a centrifuge, causing suspended particles to
settle on one side of the damper. This issue has prevented the application of MR and ER
technology to lead-lag dampers.
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Figure 1-3: Linearized Complex Model Compared to Experimental MR Damper [11]

1.2.2 Other Adaptable Damper Designs
Many proposed adaptable damper designs do not include MR or ER fluids, and some are
quite simple in concept. Petrie and Wang both worked on embedded Fluidlastic damper designs
that provide lead-lag damping due to the out of phase motion of the internal fluid at the lag/rev
frequency [18, 19]. A side effect of the tuned out-of-phase motion is that damping is greatly
reduced when the damper is excited at frequencies away from the tuned frequency. This leads to
an inherent frequency dependent damping. Due to the higher frequencies required to achieve
adequate damping, these dampers do not work well for articulated rotors. More research needs to
be done into the multi-state behavior of such devices to determine how much of a reduction in
damping force can be achieved [19].
Li, Xu, and Zhou developed a semi-active shape memory alloy (SMA) damper for the
damping of vibration in bridge stay cables. The damper uses shape memory alloys to open and
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close a series of 10 orifices in a piston head to adjust damping levels [20]. The piston head with
the SMA wires and the 10 orifices can be seen in Figure 1-4. The martensite and austenite
temperatures of the shape memory alloy need to be carefully selected so that the temperatures are
low enough to allow easy actuation of the wires when desired, but high enough not to be triggered
by internal heating of the damper [20]. Figure 1-5 shows some results from the experimental
testing of the device, clearly demonstrating the decrease in damper force as more orifices are
opened. Additionally, tests on asymmetrical opening of the orifices showed less than a 3%
difference in damping forces [20]. While the SMA-actuated orifices allowed for approximately a
50 kN difference in forces, the complexity of heating and cooling the shape memory alloy wires
hinders quick response times for this device.

Figure 1-4: SMA Piston Head with 10 Orifices [20]
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Figure 1-5: Experimental Results of Varying Number of Open Orifices [20]

Multi-state dampers have been used in various automotive applications for many years.
Tavner, et al. created an experimental test system for a two-state switchable damper for a car
suspension system. The two-state switchable damper consisted of a solenoid-operated valve that
was used to change the characteristics of the damper between ‘hard’ and ‘soft,’ though the change
could only be made when flow rates within the damper are close to zero [21]. A generalized
schematic of the damper can be seen in Figure 1-6. Experimental results from the test rig can be
seen in Figure 1-7, which shows how switching the flow path to create a smoother ride make the
damper more prone to overshoot on the rebound test [21]. Nell and Steyn evaluated a two-state
bypass valve damper for an automotive suspension as well, testing various control strategies.
They had to account for a delay in force stabilization after opening or closing the bypass valve
that worsened with increasing relative velocities [22].
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Figure 1-6: Two State Solenoid Damper Schematic [21]

Figure 1-7: Overshoot/Displacement Ratio vs. Downward Displacement [21]
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Reed proposed a frequency-dependent hydraulic damper for rotorcraft that would provide
high damping at the lower lag/rev frequency, and little-to-no damping at the higher 1/rev
frequency [23]. A schematic of the damper is pictured in Figure 1-8, with the main piston
denoted as part 36, the secondary piston denoted as part 71, and the bypass three-way spool valve
denoted as part 80. By using the natural frequencies of the springs, the bypass three-way spool
valve creates high damping by keeping the bypass channels closed while moving in the same
direction as the main piston, but greatly reducing damping by opening the bypass channels while
the spool is moving in an opposite direction of the main piston [23]. The device, though
conceptually feasible, is quite complex and would be difficult to maintain and model.
Additionally, no experimental testing was published for the device, so actual behavior has not
been validated.

Figure 1-8: Frequency Dependent Damper Schematic [23]
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Bottasso et al. began an investigation into the potential benefits of applying a multi-state
damper in the rotorcraft environment. They proposed a semi-active damper that changes the state
of a bypass valve with flight condition [24]. A mathematical model was made and tuned with
experimental data to match a mono-tube hydraulic damper with pressure relief valves and a
bypass channel [24]. The damper was then coupled with a multi-body model of the A109E
helicopter.

Figure 1-9 shows the resulting predicted decrease in damper forces with blade

azimuth. In addition to the semi-active flight regime control, a higher harmonic control system
was integrated into the rotor simulation that opened and closed the bypass valve to reduce
harmonic amplitudes [24]. The predictions clearly demonstrate the theoretical decrease in forces
that a semi-active bypass damper could produce; however, the complexity and reliability issues
associated with adding a full control system for higher harmonic control may outweigh the slight
benefits of the addition of the control system.

Figure 1-9: Multi-State Damper Load vs. Blade Azimuth [24]
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1.2.3 Integration of Dampers in Rotor Models
Coleman and Feingold conducted one of the first in-depth studies on ground resonance,
demonstrating the various modes of instability and where damping was required [25]. Further
studies proved that the simplified Coleman and Feingold analysis was able to capture the ground
resonance instability well for articulated rotors, but failed to accurately predict the behavior for
soft and stiff in-plane rotors [26].

A more comprehensive model that incorporates all the

aerodynamic forces and additional rotor and fuselage degrees of freedom is required for soft and
stiff in-plane rotors [2].
Many studies have addressed the incorporation of lead-lag dampers into the rotor system
and their effects on ground and air resonance, as well as their effects on rotor loads [9,27,28].
Titurus and Leiven incorporated a hydraulic lag damper model into the rotor simulation code
R150 [27]. After validating the damper model with experimental data, shown in Figure 1-10, a
flow restrictor was added to the damper and its effect on the rotor system was investigated [27].
The results of the flow-restrictor on the rotor response can be seen in Figure 1-11. A more recent
study by Han and Smith investigated the effect of an embedded blade absorber on loads
reduction. They developed a model that includes the aeroelastic behavior of the blade, finding
that the absorber can greatly reduce lag bending moments [28]. Incorporation of a lag damper
into the various models ranges from a simple function that adds an extra force to the blade to
coupling the damper’s behavior with the blade in the initial equations of motion.
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Figure 1-10: Validation of Hydraulic Damper Model [27]

Figure 1-11: Effect of Flow-Restrictor on Rotor Behavior [27]

1.2.4 Summary
A variety of adaptable or multi-state dampers have been designed over the past few
decades. The successful designs that are currently in use in the automotive and civil industries do
not translate well into the rotorcraft environment. In the case of MR and ER fluids, the presence
of the particles that give these fluids their unique properties actually hinders their application to
lead-lag dampers, as the centrifugal field in the rotor environment would cause the particles to
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settle at one end of the damper. In other cases, the concepts are sound, but are either too complex
or require too much active control to be a practical solution that would readily be accepted by the
rotorcraft industry. The concept of a bypass damper, in part due to its simplicity, has merit in
filling this role, though current designs all require an active controller to change between damper
states. A simple passive or semi-passive multi-state bypass damper, with predictable behavior
validated by experimental data, could help to solve the problem of high root loads associated with
the use of conventional lead-lag dampers.

1.3 Objective and Scope of Current Work
There are two main objectives of this work: the design and experimental testing of a prototype
centrifugally-activated bypass damper, and the development of an effective computational model
to accurately capture the bypass damper internal fluid behavior.

Related to the damper design and characterization objective, there are four main tasks:
1) Conceive, design and construct a prototype centrifugally-activated bypass damper that:
a) Meets damping requirements at the lead-lag frequency of a generic light helicopter
b) Is able to reduce damper force by approximately 50% at the nominal rotor frequency
c) Is of a passive design to reduce complexity
2) Validate damper performance with closed bypass channels using a bench top test
3) Validate damper performance with open bypass channels using a bench top test
4) Validate damper performance in a rotating environment via a spin test

Related to the computational modeling objective, there are four main tasks:
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1) Develop a semi-empirical analytical model using simple, theoretical, flow geometry
equations
2) Model the damper using computational fluid dynamics (CFD) and compare with the
semi-empirical analytical model predictions
3) Compare CFD and semi-empirical analytical models with experimental data to judge
accuracy of the two models
4) Create a set of CFD augmented analytic equations that use CFD calculated correction
factors to accurately model the experimental data

This dissertation is organized into six chapters that cover the process taken to accomplish
the research objectives.
Chapter 2 covers the conceptual design of the damper and centrifugal activation system
and the development of the damper prototype. This chapter contains the damper specific design
objectives, the details of the centrifugal activation system, and the damper prototype design
parameters.
Chapter 3 focuses on the development of the damper models. A semi-empirical
analytical model is created from equations modeling each of the main flow geometrys. A series
of CFD models of increasing complexity are developed to accurately capture the internal flow
dynamics of the damper. The final full three dimensional CFD model is detailed at the end of the
chapter.
Chapter 4 contains the damper experimental test schedule, the bench test results, the
design of the spin test rig, and the results of the spin test. Additionally, the experimental data is
compared to the CFD and fist principles models.

20
Chapter 5 introduces the CFD augmented analytical model. It goes into the development
of the model for each of the three main flow geometries. The full model is then compared to the
CFD model and the experimental bench test results.
Chapter 6 contains the important conclusions from this research and some ideas for future
research that could build and improve upon the current findings.
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Chapter 2

Damper Conceptualization and Prototyping
Based on the successful testing and simple design of hydraulic bypass dampers from
previous research [11, 14, 21-24], a new Fluidlastic bypass damper with a passive actuation
method was designed. The passive actuation system was conceptualized and then incorporated
into the design of a damper system for a generic light helicopter. Upon completion of the
conceptual design, a physical damper prototype was designed and fabricated to experimentally
test the multi-state bypass damper concept.

2.1 Damper Conceptual Design
The damper must satisfy the damping requirements for a generic light helicopter to
prevent ground resonance, but also be able to reduce damper forces by 50% for normal flight
conditions. Additionally, the damper should be designed to be as passive as possible to reduce
the need for a control system that would require multiple redundancies, since the lead-lag damper
is a flight critical component. The fail-safe default position for the bypass channels will be in the
closed configuration, providing maximum damping.
In order to make the multi-state behavior of the damper passive, a sliding control valve
that is activated by centrifugal force is proposed. The central axis of the lead-lag damper will be
nominally parallel to the rotor blade, meaning that the damper components will be subjected to an
axial centrifugal load that changes with varying main rotor RPM. The sliding control valve will
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consist of a sliding mass that is acted upon by this centrifugal force. A series of springs or
elastomeric tabs will provide stiffness to resist motion of the valve. Since articulated rotors
normally encounter the ground resonance instability region between 0.2/rev and 0.4/rev, there
will be a significant change in rotor RPM and thus centrifugal force between the instability region
where high damping is required and the nominal flight region during which low damping is
desired.

The equation of static displacement for the sliding control valve can be simply

represented as:

x=

mvalve Rvalve Ω 2
k

(1)

Where mvalve is the mass of the sliding control valve, Rvalve is the radial location of the
valve from the center of the rotor hub, Ω is the rotor rotational speed in radians per second, k is
the spring stiffness, and x is the displacement of the sliding control valve. Figure 2-1 shows a
simple diagram of this sliding mass concept.
One Bypass Channel Entrance Open

Low Rotor
RPM – High
Damping

CF

Springs

Sliding Mass

Both Bypass Channel Entrances Open

Nominal Rotor
RPM – Low
Damping

CF

Sliding Mass

Figure 2.1: CF Activated Sliding Mass Concept

Springs
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An example Coleman diagram showing the regions of instability for a rotor system with a
nominal rotor speed of 350 RPM and a lag frequency at 0.4/rev, which corresponds to 140 RPM,
is shown in Figure 2-2. A demonstration of the motion of the sliding control valve for a damper
designed for the above rotor system can be seen in Figure 2-3. With a sliding control valve mass
of 6 lbs and a connective spring stiffness of 100 lbs/in, the centrifugal force at these two rotor
speeds would cause the sliding control valve to move 1.68 inches. The achievable travel of the
control valve can be increased by either increasing the mass of the control valve or decreasing the
stiffness of the connective springs. This value can thus be tailored, within material limits and
space considerations, to completely uncover the bypass channels at the nominal rotor speed while
keeping them covered when higher damping is needed to stabilize ground resonance. This
method works well for articulated rotors due to the large difference between the nominal rotor
RPM and the unstable region of RPM.

This passive concept would be more difficult to

implement for soft in-plane rotors due to the smaller difference between these zones.
Coleman Diagram
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Figure 2-2: Coleman Diagram Showing Instability Regions for a Nominal Articulated Rotor
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Valve Displacement vs. Rotor RPM (m = 6lbs , k = 100 lb/in)
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Figure 2-3: Sliding Control Valve Displacement with Increasing Rotor Speed

Using this concept for a sliding control valve for a semi-active device, a conceptual
Fluidlastic multi-state damper was developed.

The basic premise involves modifying a

Fluidlastic piston/orifice damper by adding bypass channels and the sliding control valve concept.
Figure 2-4 shows a drawing of the damper concept in its entirety. A close-up view of the sliding
control valve mechanism in the open state at the nominal rotor speed can be seen in Figure 2-5.
When in the closed state, the bypass channels are blocked by the sliding control valve and all of
the highly viscous fluid is forced around the piston annulus and through the orifices, creating high
damping. In the open state, the sliding control valve is pulled outward, opening the bypass
channels. This allows the fluid to bypass the restrictive annular gap and orifices, greatly reducing
the damper force. The number and size of the bypass channels allows the decrease in damping
force to be tailored to the desired behavior, while alteration of the piston size, orifice number and
size, and fluid properties all allow the specific damping properties of the device to be selected.
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Figure 2-4: Conceptual Multi-State Damper Design

Figure 2-5: Close-Up of Sliding Control Valve in Conceptual Multi-State Damper

26
To obtain meaningful experimental results, a full size damper prototype was designed using
the requirements for a generic light helicopter. The specific requirements for the damper design
are included below in Table 2-1.
Table 2-1: Light Helicopter Damper Requirements
Ground Resonance: Ω = 140 RPM
Frequency (Lag/rev)
Amplitude
Damper Requirement

2.5 Hz
0.06 in
450 lbs-sec/in

Air Resonance: Ω = 350 RPM
Frequency (Lag/rev)
Amplitude (Lag/rev)
Frequency (1/rev)
Amplitude (1/rev)
Damping Requirement

2.5 Hz
0.06 in
6 Hz
0.1 in
182 lbs-sec/in

Reduction in Damper Force at 1/rev (Ω = 350 RPM)

50%

Various damper parameters could be altered in order to dictate the damper behavior. A
list of the alterable damper parameters can be found in Table 2-2.
Table 2-2: Alterable Damper Parameters
Piston Diameter
Damper Can Inner Cylinder Diameter
Outer Diameter of Piston Rod
Axial Length of the Annuls Gap
Dynamic Viscosity of fluid
Density of Fluid
Diameter of Orifice
Number of Orifice
Orifice Discharge Coefficient
Elastomer Cap Stiffness
Diameter of Bypass Channel
Length of Bypass Pipe
Number of Bypass Channels
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With so many parameters, a large number of damper designs that meet the light helicopter
specifications could be created.

Practical constraints limit the ranges of many of these

parameters. Realistic ranges of fluid viscosity, orifice size, annular gamp size, and bypass
channel size were determined from the literature and previous experience [9, 12, 18, 20]. The
combination of these restrictions meant that the prototype damper design would be similar in size
to current lead-lag dampers for light helicopters.
Iteration of the design parameters led to a final set of parameters for the prototype damper.
The prototype damper was designed specifically to meet the damping requirements of 450 lbssec/in for the ground resonance case, as this is the critical requirement. The prototype has a
damping value of 452 lbs-sec/in at the condition of 0.06 in displacement for a 2.5 Hz input
motion. A list of values for each of the parameters is located in Table 2-3.
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Table 2-3: Damper Prototype Parameters
Piston Diameter
Damper Can Inner Cylinder Diameter
Outer Diameter of Piston Rod
Axial Length of the Annuls Gap
Dynamic Viscosity of fluid
Density of Fluid
Diameter of Orifices
Number of Orifices
Orifice Discharge Coefficient
Elastomer Cap Stiffness
Diameter of Bypass Channel
Length of Bypass Pipe
Number of Bypass Channels

2.745 in
2.76 in
1.45 in
0.4 in
0.05425 lbs/in-sec
0.035 lbs/in^3
0.069 in
1
0.65
1800 lbs/in
0.4 in
2.5 in
3

Once the damper was designed and the size of the bypass channels was determined, the
parameters for the sliding bypass valve could be calculated. The bypass valve must completely
cover the bypass channel opening at the rotor speeds associated with the ground resonance
instability, but be completely open at the nominal rotor speed. As such, a minimum travel of 0.4
inches was determined to be sufficient between the instability frequency of 150 RPM and the
nominal rotor speed of 350 RPM. The mass of the sliding bypass ring and the spring stiffness
needed create the proper behavior were determined by analysis. Equation 1 was used to calculate
the static displacement of the sliding bypass ring at various rotor speeds. Figure 2- 2-6 is an
example mass/spring diagram that shows the relative value of the mass and spring stiffness
needed to produce a given displacement at a given rotor speed.

In this case a maximum

deflection of 0.52 inches at the nominal rotor RPM was chosen. The values shown on the graph,
33 lbs/in for the spring stiffness and 1.458 lbs for the mass, were then plotted versus rotor
frequency to check that the required 0.4 inch minimum travel was achieved. Figure 2-7 shows
the resulting plot, which shows that these values meet the minimum travel requirement.
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2.2 Damper Prototype
In order to experimentally test the behavior of the proposed multi-state damper, a prototype of
the damper was designed and constructed. Working with LORD Corporation and using the
parameters listed in Table 2-3, a computer assisted drawing (CAD) model was developed in
Autodesk Inventor® [32]. This model was then used to develop the physical prototype at LORD
Corporation. Slight changes were made to the design parameters for ease of testing. The two
major changes were to make the orifice and bypass pipe diameters variable. This was done in the
case of the orifice by creating a tapped hole in the piston head into which variously-sized orifice
inserts can be screwed. The bypass channels were handled in a similar way, where variously
sized bypass pipe entrances could be inserted into the outer can during damper assembly. Figure
2-8 shows an axial cross section of the damper prototype CAD model with the sliding mass
blocking the bypass channels. The figure shows the inner damper can and piston with the tapped
holes for the orifice insert screws, the outer can with the embedded bypass channels, and the
sliding mass assembly between the two. The light blue area is the main fluid chamber and the
area that will be the focus of the semi-empirical analytical and CFD models. The dark blue area
also contains fluid in the communication ports, which is generally not involved in producing
damping, and so was not modeled in CFD.
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Centrifugal Force
Figure 2-8: Damper Prototype CAD Model Cross Section
The sliding mass assembly is the main component that activates the multi-state behavior
of the damper. When in the closed condition, such as at low rotor speeds, the mass blocks the
bypass channel openings on the right in Figure 2-8. As the rotor speed increases, the twelve
springs in the sliding mass assembly are compressed by the centrifugal force and the sliding mass
moves between the bypass channel entry and exit, allowing free flow through the bypass
channels, as seen in Figure 2-9. For the bench testing of the prototype, a set of metal dowels were
used in place of springs to hold the sliding mass in either an open bypass channel or closed
bypass channel state. Figure 2-10 is very similar to Figure 2-9 except the restrictive bypass
entrances are in place to increasing the damping produced by the bypass channels.
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Figure 2-9: Damper Prototype with Sliding Mass in Open Bypass Channel Configuration
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Figure 2-10: Damper Prototype with Sliding Mass in Open Bypass Channel Configuration and
Bypass Restrictive Inserts in Place
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Figures 2-11 and 2-12 show lateral cross sections of the damper at the piston head and
bypass channel entrance respectively. Figure 2-11 shows the orifices through the piston head, the
tight annular gap, and the outer bypass channels. Figure 2-12 shows the inner can fluid, the
entrances to the bypass channels, and fluid in the gap where the sliding ring moves, and the fluid
in the bypass channels. In the closed state, the sliding ring gap fluid, seen in the outer ring, is
displaced as the sliding ring moves to block the bypass channel entrances.
Outer Housing
Sliding Ring
Orifice

Piston Head

Annular Gap
Bypass Channel

Figure 2-11: Cross Section at Piston Head
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Figure 2-12: Cross Section at Bypass Channel Entrance

Chapter 3

Damper Modeling
Two damper models were developed to predict the behavior of the centrifugally activated
bypass multi-state lead-lag damper concept: a semi-empirical analytical model and a CFD model.
The semi-empirical analytical model was developed using semi-empirical analytical equations for
each of the flow geometries within the damper. Due to the simplifications associated with the
semi-empirical analytical model, it requires very low computational effort, making it ideal for
inclusion into rotorcraft simulation codes. The CFD model was developed to much more
accurately capture the internal flow dynamics of the damper. A series of CFD models were
created with increasing complexity, leading to the final three dimensional model that very closely
mirrors the internal geometry of the physical damper prototype. The full three dimensional CFD
model is complex and has a very high computational demand due to its attempts to accurately
simulate the internal flow.

3.1 Semi-Empirical Analytical Damper Model
A set of semi-empirical analytical equations that define the damper behavior was developed.
A semi-empirical analytical model is attractive in that it requires very little computational effort
and thus very little time to run. As a design tool, this allows quick iteration of damper geometry
to find the desired damper behavior. As a damper behavior prediction tool, this makes inclusion
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into rotorcraft prediction codes relatively easy. There are three main types of flow that occur
within the prototype Fluidlastic multi-state bypass damper:
(1) Flow around the piston head through an annular gap
(2) Flow through restrictive orifices
(3) Flow through bypass channels
The basic theoretical equations for each of these types of flows can be found in most fluid
dynamic text books, while more accurate corrections to some of these equations can be found in
the literature.

3.1.1

Flow Around a Piston
The main force generated from a piston occurs due to the pressure drop across the piston

head. In order to determine this pressure drop for a piston with solely annular gap flow, it is
important to first define some key parameters. First, the effective piston area is the total piston
area less the area of the piston rod subtracted, defined as:

 Dp
A p = π  
 2


2
2
  Drod  
 − 

  2  

(2)

Where Dp is the piston diameter and Drod is the piston rod diameter as seen in Figure 3-1.
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Figure 3-1: Cross Section of Piston in a Damper Can
Next, defining the speed of the piston head as u& , the total flow rate around the piston head is
equivalent to the displaced fluid and can be defined as:

Qtot = A p u&

(3)

With these two quantities defined, the pressure drop across the piston head due to losses in
the annular gap can be written as:

∆p =

12µδ Qtot A p
bh 3

(4)

Where ∆p is the change in pressure across the piston head, µ is the dynamic viscosity of
the fluid, δ is the axial length of the annular gap, Qtot is the total flow rate around the piston, h is
the annular gap between the outer diameter of the piston and inner diameter of the damper can,
and b is the piston circumference as seen in Figure 3-2. This expression can be derived using
Bernoulli’s equation and accounting for energy losses in the fluid. This equation can also be
found in various forms in a number of references [14,17,29].
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b

h

Figure 3-2: Annular Gap Geometry

Finally, the force generated by the piston motion can be calculated by the product of the
effective piston area and the change in pressure across the piston head due to losses associated to
flow through an annular gap:

F piston = ∆pAp =

3.1.2

3
12 µδ u&A p

bh 3

(5)

Flow Through an Orifice

The force on a piston with flow exclusively through a restrictive orifice is due mainly to the
pressure drop across the piston head due to the losses associated with the restrictive orifice. The
pressure drop due to losses associated with flow traveling through a restrictive orifice is defined
as:
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(6)

Where ρ is the fluid density, cdo is the orifice discharge coefficent, Do is the orifice
diameter, D is the inner diameter of the piston can cylinder as shown in Figure 3-3. The term n is
the number of orifices, and Qtot is the total flow rate, as defined above. The orifice discharge
coefficient, cdo can be determined from empirical data. Again, this expression can be derived
from Benoulli’s equation using the continuity equation and solving for the flow rate. The last
portion of the equation containing the absolute value of the total flow rate arises due to the need
to preserve the direction of the flow in a dynamic system, such as a stroking damper.
D

Do

Figure 3-3: Restrictive Orifice Geometry

Similar to annular gap flow, the force generated by the piston motion can be calculated by the
product of the effective piston area and the change in pressure across the piston head, in this case
due to loss associated with flow through an orifice:
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F piston

3.1.3
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(7)

Flow Through a Pipe

As a first attempt to predict the pressure loss in pipe flow, fully developed flow is usually
assumed. This assumption is usually not valid for short pipes or dynamic flows like those
encountered within a stroking damper, but it is very difficult to develop theoretical expressions
for these conditions. In most damper designs, the fully developed flow assumption is used to get
an order-of-magnitude prediction of the damper behavior, and then experimental testing is used to
finalize the pipe sizing. As such, using the fully developed pipe flow assumption, the pressure
loss in a pipe can be predicted by:

K eq ρ  Qtot

∆p =
2  A p






2

 Qtot

Q
 tot






(8)

Where ρ is the fluid density, Keq is the loss coefficient that includes the friction factor and
losses due to inlet and outlet conditions, Ap is the effective piston area, and Qtot is the total flow
rate, as defined above. The friction factor takes into account the pipe diameter and length. The
Colebrook formula or a Moody diagram can be used to determine the friction factor based on the
flow speed and assumed pipe roughness.
Both of these methods break down at very low Reynolds numbers, so a constant friction
factor must be assumed below a Reynolds number of approximately 103. The Reynolds number
is defined in Equation 9, with the flow speed specified for the current system, where ρ is the fluid
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density, µ is the fluid dynamic viscosity, D is the pipe diameter, and upist is the speed of the fluid
flow at the piston head, which is equivalent to the speed of the piston head.

Re =

ρ u pist D
µ

(9)

Detailed derivation and example uses of the Colebrook formula, Moody diagrams, and
the pipe flow equation can be found in [30]. Equation 8 can be modified to account for the
pressure losses due to multiple bypass pipes in parallel by including the factor nb, which stands
for the number of bypass channels. The modified equation can be written as:

K eq ρ  Qtot

∆p =
2  A p nb
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 Qtot
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(10)

Similar to annular gap and restrictive orifice flow, the force generated by the piston motion
can be calculated by the product of the effective piston area and the change in pressure across the
piston head, in this case due to loss associated with flow through a pipe:

F piston

3.1.4

K eq ρ  u&

= ∆pA p =
2  nb
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(11)

Full Damper Model

In the full damper design, the flow is split between the annulus around the piston head, the
restrictive orifices, and the bypass channels. For simplicity, when more than one orifice is
present, the flow passing through the orifices is assumed to be split evenly among them.
Similarly, when there are multiple bypass channels, the flow is assumed to be split equally among
the bypass channels. These assumptions are in reality fairly good, although asymmetry and
complex flow patterns can detract from their accuracy.
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Since the flow is split between multiple flow paths, the total flow rate term in Equations 4, 6,
and 10 is replaced by a flow rate term particular to each flow type. The total flow rate for the
damper is maintained as defined in Equation 3, but Equation 4 is altered to become:

∆p =

12µδQ p A p

(12)

bh 3

Equation 6 is altered to become:
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And Equation 10 is altered to become:

K eq ρ  Qb

∆p =
2  A p nb
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 Qb 
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 b 

(14)

Where Qp is the portion of the flow rate through the annular gap around the piston, Qo is
the portion of the flow rate through the orifices, and Qb is the portion of the flow rate through the
bypass channels.
In the developed damper model, for a given piston velocity the total flow is calculated as
in Equation 3. Then, a multi-tiered solution is used to calculate how much of the flow travels
through each of the flow paths, knowing that the pressure drop is the same for each flow path.
The portion of the flow traveling through each branch can be calculated by equating each of the
flow rates to a portion of the total flow rate as detailed below:
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Q p = xQtot

(15)

Qb = (1 − x) xi Qtot

(16)

Qo = (1 − x)(1 − xi )Qtot

(17)

Where x is the portion of the total flow in the outer loop and xi is the portion of the total
flow in the inner loop. If only two flow geometries are present, the pressure drop equations for
the two flow geometries can be equated and the roots directly solved to determine the flow
through each feature. When the flow is separated into three fractions of the total flow, as shown
above, an iteration scheme that varies the portion of flow through each feature is employed. A
simple schematic of the iteration process is shown in Figure 3-4. Finally, the pressure drop over
any of the flow paths, since they are all equivalent, can be used to calculate the force on the
piston head using Equation 18.

More detail regarding the solution of the roots and force

prediction is provided in the flow optimization code found in Appendix A.

F piston = ∆p o A p = ∆p a A p = ∆pb A p

(18)
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Total Flow = Fluid Displaced by Piston Head Motion
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Figure 3-4: Flow Chart for Flow Distribution Algorithm

3.1.5 Predicted Behavior
Using the parameters from Table 2-3 and the semi-empirical analytical damper model
described above, the damper behavior could then be predicted. A value of 0.65 was assumed for
the orifice discharge coefficient from experimental data based on the shape and length of the
orifice that was used.

Figure 3-5 shows the predicted hysteresis force plot of the prototype with

closed bypass channels for the 0.06-inch dynamic displacement at 2.5 Hz case. The damper is
predicted to produce a maximum force of 492 lbs for the 0.06-inch dynamic displacement at 2.5
Hz case. A diagram of the flow division between the various flow paths for this case can be seen
in Figure 3-6. Most of the flow is predicted to be through the orifice, with minimal flow traveling
through the tight clearance between the piston head and the inner damper can wall.
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Figure 3-7 compares the predicted behavior of the damper at the nominal rotor speed with the
bypass channels open and closed for a 0.1-inch dynamic displacement at 6 Hz input. The
predicted flow division between the orifice, annular gap, and bypass channels for this case is
shown in Figure 3-8. The reduction in force is much greater than the desired 50%. The bypass
channel size must be reduced many orders of magnitude before it begins to increase the damping
force, which is very unrealistic.
Figure 3-9 shows that the maximum Reynolds number for the flow through the bypass
channel is very small compared to the range of accuracy for the Colebrook formula and Moody
diagram, reaching a maximum of approximately 275, and decreasing down to zero as the flow
changes direction. Additionally, the flow will never be fully developed in such a short channel
length, especially with dynamically changing flow. This unrealistic behavior demands that a
more accurate model for the flow through the bypass pipes is needed.
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Figure 3-5: Lag/rev Damper Behavior Characterization, Bypass Valve Closed
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Figure 3-6: Flow Division for Lag/rev Damper, Bypass Valve Closed
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Figure 3-8: Flow Division for 1/rev Damper, Bypass Valve Open
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3.1.6 Update to Semi-Empirical Analytical Model Bypass Channel Prediction
The semi-empirical analytical pipe flow predictions do not translate well to the conditions
experienced within a lead-lag damper. As described in Section 3.1.3, the very low Reynolds
number flows and dynamic flow conditions both violate the assumptions underlying the fully
developed pipe flow equations. To gain a better understanding of the behavior of fluid flows
through a pipe in low Reynolds number conditions, CFD models were developed in FLUENT®
for a series of pipe sizes [31].
A total of 30 cases were run using six different pipe diameters and six constant pipe flow
speeds. All cases had the same pipe length of 3 inches, which approximates the length of the
prototype damper bypass channels. These cases were run to characterize the behavior of the
prototype damper fluid through the damper bypass channels. As such, the fluid viscosity was
held constant at 0.217 lbs/in-sec and the fluid density was held at 0.035 lbs/in3. The six pipe
diameters tested were: 0.8 in, 0.6 in, 0.4 in, 0.2 in, 0.05 in, and 0.02 in. These diameters were
chosen to capture the flow behavior of bypass channels in the projected range for the prototype
damper to achieve a 50% reduction in damper forces. The six inlet flow velocities were: 8 in/s,
0.9425 in/s, 0.7167 in/s, 0.4279 in/s, 0.22 in/s, 0.05in/s. These flow velocities correspond to flow
speeds seen while the damper piston head is stroking at 2.5 and 6 Hz. The four mid range inlet
flow speeds were run at all six pipe diameters. The two extreme inlet flow speeds, 8 in/s and 0.05
in/s, were only run for the 0.02 inch, 0.2 inch, and 0.8 inch pipe diameters.
For each diameter, a model of the pipe was made in Gambit and meshed. An example of one
of the meshes can be seen in Figure 3-10. The inlet conditions for the pipe were specified for
each of the flow speeds, and each of the 30 cases was run. A sample velocity distribution plot
through the pipe is shown in Figure 3-11. The resulting pressure difference between the pipe
inlet and outlet and the average shear stress were calculated in FLUENT, and used to determine
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the friction factor. The pressure difference predicted by FLUENT and the predicted pressure
difference from the theoretical equations were also compared. The pressure difference predicted
by FLUENT was between two and three orders of magnitude larger than that predicted by the
theoretical equations.

Pipe Entrance and Exit

Structured Mesh

Figure 3-10: Example Pipe Mesh
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Figure 3-11: Velocity Distribution Through Bypass Pipe

The resulting FLUENT-predicted friction factors can be found in Table 3-1. A bit more
information can be obtained by viewing the trends visually, as in Figure 3-12, and fitting trend
lines to the CFD-based data. The data and trend lines were used to create an interpolation scheme
that was incorporated into the semi-empirical analytical model to generate a more accurate
prediction of the fluid flow in the regions where the Colebrook formula and Moody diagrams
break down.
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Table 3-1: FLUENT Predicted Friction Factors

Pipe Dia.
(in)
Inlet Vel.
(in/s)
0.02
0.05
0.2
0.4
0.6
0.8

0.7167
8 0.9425
2611.5 22162.2
28919.6
8854.8
11563.2
338.37 2863.2
3827.7
1488.8
1950.6
991.2
1277.4
87.44 767.97 1.00E+03

0.4279
48234.5
19286.9
6371.78
3233.3
2083.4
1665.5

0.22
93499.96
37388.86
12351.65
6264.315
3941.568
3208.113

0.05
418749.9
54053.41

13947.64
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Figure 3-12: Graph of FLUENT Friction Factors

Due to the large difference between the CFD-predicted and the semi-empirical analytical
model predicted behavior of the bypass channel flow, an update was made to the prototype
damper prediction. A comparison between the original semi-empirical analytical model and the
semi-empirical analytical model with the CFD bypass channel interpolation scheme for a 0.1-inch
dynamic displacement at 6 Hz input is shown in Figure 3-13. A bypass size of 0.4 inches was
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used for this comparison. The prediction with the CFD-bypass interpolation behaves much more
realistically, providing much larger levels of damping at small pipe diameters than does the
purely semi-empirical analytical model prediction. Changes in the bypass pipe size have a clear
effect in the new method on the damping provided by the bypass pipes. The semi-empirical
analytical method provides almost no damping and is only affected by very large changes in the
bypass pipe size. In order to achieve the 50% reduction in damping forces at the nominal rotor
speed, bypass channels much smaller than those called for by the semi-empirical analytical model
would be required. Figure 3-14 contains a prediction of a 50% reduction using three bypass
channels with a diameter of 0.001 inches. While the constant speed CFD correction led to more
realistic predictions, a bypass value of 0.001 inches is still very small. A more comprehensive
CFD correction to the bypass flow is needed to capture the much higher losses associated with the
dynamic nature of the flow through the damper bypass channels.
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Figure 3-13: Comparison Between Semi-Empirical Analytical Model and CFD Corrected Bypass
Pipe Flow
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Figure 3-14: Updated 1/rev Reduction in Force Prediction Due to Bypass Channels

3.2 CFD Modeling of the Damper
Predictions of damper behavior using the semi-empirical analytical model produced
unrealistic results, especially in the case of the more complex, dynamic, and time varying flows,
such as those in a bypass damper. Experimental testing, which is the method most often used to
improve upon first iteration analytical models, can be very expensive and time consuming.
Additionally, experimental performance testing does not often pinpoint where an analytical model
failed. Usually, a full device is tested experimentally, and changes are made to the full device to
alter its performance. The major shortcoming of the semi-empirical analytical model is the use of
equations that assume steady or fully-developed flow. Since the internal dynamics of a stroking
damper are very unsteady and might achieve fully-developed flow only over a small portion of a
cycle, a simple semi-empirical analytical model will most likely suffer in accuracy.

A
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comparison of the capabilities of the semi-empirical analytical model and CFD model are detailed
in Table 3-2.
Table 3-2: Comparison of Model Capabilities

CFD
Model
Individual Flow
Geometries
Shear Thinning
Able to Capture
Unsteady Flow
Low
Computational
Effort
Detailed Internal
Geometry

x
x

Semi-Empirical
Analytical Model
x
x

x

x
x

Many computational fluid dynamics (CFD) programs solve the Navier-Stokes equations
numerically, rather than the simplifications of the equations used to develop typical semiempirical analytical flow models.

Advances in the past decade have greatly improved the

accuracy of CFD. The incorporation of moving/deforming meshes, fluid property characteristics
such as shear-thinning behavior, and detailed turbulence and separation models have contributed
to this improvement. Additionally, accurate CFD allows understanding and visualization of many
aspects of the flow, including velocity, pressure fields, vorticity, and the ability to track individual
fluid particles. CFD improvements could then be incorporated into the semi-empirical analytical
damper model to better predict how the damper will behave under various conditions, while
retaining the low computational demands.
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3.2.1 Two Dimensional Damper CFD Model
Two-dimensional modeling of a simplified version of the bypass damper prototype was the
first of three steps in modeling the internal fluid behavior of the full damper system. The
simplified damper model consisted of two cases: a damper can with a piston and annular gap, and
a damper can with a piston, annular gap, and one orifice. The main goal of the simplified cases
was to investigate how FLUENT would perform with a dynamic mesh case. Dynamic meshing
involves updating the mesh during the CFD iterations in order to maintain the mesh quality as the
internal geometry changes. This is a complicated process to do properly. Developing the full
model in three steps, as described above, helped to ensure that the final model would produce
accurate results.
To accurately model the internal conditions of the damper in FLUENT, the piston head
needed to move dynamically throughout the case to simulate stroking of the piston. This was
accomplished by incorporating a user-defined function into FLUENT that specified a sinusoidal
motion. Then, a dynamic mesh was created using the smoothing and remeshing options within
FLUENT to make sure that mesh integrity was preserved throughout the run. A screen capture of
the entire two dimensional simple piston-only case can be see in Figure 3-15. Additionally, a
close-up view of the mesh in the critical region around the tight annular gap can be seen before a
run has started in Figure 3-16, and following multiple time steps in Figure 3-17. It was very
important to ensure that the fidelity of the mesh was maintained during the remeshing process
around the tight annular gap, because this was the region of interest where most of the changes in
the fluid flow occur.
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Figure 3-15: Simple Piston-Only Mesh
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Figure 3-16: Simple Piston-Only Mesh, Annular Gap Detail, Initial Mesh
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Figure 3-17: Simple Piston-Only Mesh, Annular Gap Detail, Mesh After Multiple Time Steps
The simple piston-only case was then set up using the fluid properties from the prototype
damper design, and with a sinusoidal motion set to mimic representative ground resonance
parameters for the damper: a 0.06 inch dynamic displacement at 2.5 Hz. The case was run
through multiple damper stroke cycles, with data collected every few time steps. An example of
the velocity vector data can be seen in Figure 3-18, which corresponds to the point when the
piston head is moving at its top speed through the center of the damper can. The velocity vector
data shows that the major flow geometries occur almost exclusively around the annular gap, as
expected. Flow speed is at its highest through the center of the restrictive gap. The intake region
and outlet plume can also be clearly seen, due to the near absence of movement in the fluid away
from the annular gap.
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Figure 3-18: Simple Piston-Only Velocity Vectors
More importantly for the eventual damper force prediction, Figure 3-19 shows the pressure
distribution within the damper. Large pressure changes occur through the annular gap, but
quickly stabilize to a constant pressure on either side of the piston head. The differential pressure
across the piston head multiplied by the piston head area results in the pressure force provided by
the damper. The shear force due to the viscous fluid can also be calculated by FLUENT; in these
trials the values of the shear force were less than 1% of the total force experienced by the piston
head. Comparison to semi-empirical analytical model predictions were not meaningful at this
stage since the semi-empirical analytical model was developed for a three dimensional damper.
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Figure 3-19: Simple Piston-Only Pressure Differential
Once the results from the simple piston-only model were determined to behave in an
expected manner, a series of five modifications to the model were incorporated to further test the
capabilities of FLUENT and the dynamic mesh, as well as to gain some insight into the effects of
the modifications to the fluid flow. The alterations included increasing the length of the annular
gap by widening the piston head, changing the fluid to water, changing the fluid to a viscosity
between water and the prototype design fluid, rounding the piston head edges, and incorporating a
45o chamfer into the piston head edges. Additionally, the original damper model was run at 6 Hz
and 3 Hz to investigate the effect of changing frequency of the piston motion. Variations in
viscosity, stroking frequency, and inlet geometry have a large effect in real fluid systems by
causing the flow patterns throughout various flow geometries to form differently.

It was

important to prove that FLUENT could capture these effects with the dynamic meshing model.
Figure 3-20 shows close-up views of the top corner of the piston head for three of the cases.
The velocity vector distribution, speed, and direction all vary between the three cases. Note the
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much higher speed of the less viscous water in the vicinity of the wall, the quick change in the
speed and direction of the velocity vectors at the corner in both the water and 6Hz case, and the
much more ordered intake in the rounded corner case. Figure 3-21 shows the outlet conditions
for the same three cases. Again, note the differences between the cases, especially the high-speed
jet at the outlet in the water case compared to the quickly dissipating plume for the other two
cases.
Middle of Upstroke
Water

6 Hz

High Speed
Corner Flow

High Speed
Corner Flow

Smooth
Rounded
Corner Flow

Rounded

Figure 3-20: Effect of Alterations to Simple Model on Inlet Velocity Vectors
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Figure 3-21: Effect of Alterations to Simple Model on Outlet Velocity Vectors
While force predictions are not very useful in a two-dimensional case when attempting to
predict the behavior of a physical three-dimensional damper, a comparison of the force
predictions between the multiple modified cases provides some useful insights. The effects of the
modifications on the damper force during one cycle of a 2.5 Hz piston oscillation at 0.06 inches
of dynamic displacement are highlighted in Figure 3-22. Note that the hysteresis loops are nearly
elliptical, due to the lack of stiffness associated with the elastomer end caps. The stiffness
contribution from the elastomer end caps will discussed in later sections.
Investigating Figure 3-22 further, the 45o chamfer and the rounded edges both slightly
decrease the overall damper force compared to the unaltered original piston head with sharp
corners. Changes in viscosity have a huge impact on the damper force, as seen by the effect of
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changing the internal fluid to water or a fluid with a viscosity between water and the original
highly viscous fluid. Doubling the length of the annular gap with a wider piston causes a large
increase in damper force as well. Finally, Figure 3-23 demonstrates the effect of increasing the
frequency of the piston head oscillation. As expected, it behaves very similarly to the trends seen
in the semi-empirical analytical model. Increasing the piston head oscillation frequency increases
the damper force.
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Figure 3-22: Force Predictions for Alterations in Damper Properties
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Damper Frequency Comparison
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Figure 3-23: Effect of Frequency on Damper Force Prediction
Following the investigation into the effects of alterations to the piston-only damper, a twodimensional orifice damper model was developed with a 0.3 inch diameter orifice. Using the
same process as described for the piston-only damper, the orifice damper mesh was imported into
FLUENT and a few damper cycles were run. Figure 3-24 shows the main difference between the
piston-only damper and the orifice damper behavior; the flow travels almost exclusively through
the orifice as opposed to the annular gap. Since the orifice has a much larger diameter, the speed
of the flow through the orifice is also much lower. Figure 3-25 captures a close-up view of the
orifice, showing the gradient of the velocity vectors close to the orifice walls, increasing from
zero flow at the wall due to the no slip condition. Notice the quick dissipation of the velocity
once exiting the orifice, and the almost stagnant flow to the sides.
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Figure 3-24: 2-D Orifice Damper Full View
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Figure 3-25: 2-D Orifice Damper Close Up of Orifice
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3.2.2 Simplified Three Dimensional Damper CFD Model
Following the success of the two-dimensional model in capturing important flow features
using a dynamic mesh, a simplified three-dimensional model was developed. The simplified
model was based on the Autodesk Inventor CAD model developed for the prototype. The
simplified model contains the piston with a single orifice and an annular gap.

The

communication ports, bypass channels, and more complex features of the real damper were
omitted from the simplified model.
The first simplified model has a larger annular gap than the actual damper design calls for.
The annular gap for the simplified three dimensional model is 0.018 inches instead of the 0.0075
inches in the original design. This was done due to meshing concerns for the simplified model.
The proper geometry is used in the full three-dimensional mesh described in the next section.
The simplified three dimensional mesh can be seen in Figure 3-26. In order to properly
capture the behavior of the fluid in three dimensions, the damper had to be divided into three
sections. The dark section in Figure 3-26 comprises the internal damper can, the piston, and the
piston rod. This section is filled with a highly viscous damping fluid and is separated from the
other sections by wall boundary conditions. The two yellow end caps are included in the model
to allow the piston rod to move through the specified displacements without leaving the
computational area. They are filled with air and have free-stream boundary conditions, so will
not exert pressure forces on the moving piston rod. A two-dimensional cross section of the
damper can be seen in Figure 3-27. The chamfered piston head, the piston rod, the single orifice,
and the tight annular gap can all be seen in this figure. The wall boundaries close to the piston
rod ends can not be seen in this figure.
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Figure 3-26: 3-D Simplified Damper Full View

Orifice
Piston

Figure 3-27: 3-D Simplified Damper Cross Section View
The meshed model was imported into FLUENT and multiple damper cycles were run at the
ground resonance frequency of 2.5 Hz at an amplitude of 0.06 inches. Data were taken every few
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time steps to analyze the flow behavior. Figure 3-28 shows an example of the velocity vector
distribution in the middle of the downward stroke. Most of the flow travels through the orifice,
but a small portion of the flow travels through the annular gap. Except for the region in close
proximity to the moving piston head, there is very little motion of the internal fluid. A close-up
view of the flow through the orifice and around the piston edge can be seen in Figure 3-29. As
with the two dimensional case, the flow accelerates through the center of the orifice and annular
gap, but the speed quickly dissipates once leaving these restrictive regions.

Piston
Motion
Orifice
Piston

Figure 3-28: 3-D Simplified Damper Velocity Vectors
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Figure 3-29: 3-D Simplified Damper Orifice Close Up
In addition to the flow behavior, the pressure distribution was also studied. Figure 3-30
shows the pressure distribution within the damper can at the middle of the downward stroke of
the piston. The low pressure region behind the advancing piston head is clearly shown by the
dark blue coloration. FLUENT was used to calculate the force on the piston at each time step.
The total force was a combination of the pressure force across the piston head and the viscous
shear force on the piston rod and through the annular gap and orifice. The pressure differential
across the piston head is the main contributor to the damping force, with the shear force
contributing approximately 1% of the total force at a maximum for this case. A hysteresis plot of
the force predictions for one damper cycle is shown in Figure 3-31, reaching a maximum force of
714 lbs.
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Figure 3-30: 3-D Simplified Damper Pressure Distribution
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Figure 3-31: 3-D Simplified Damper Force vs. Displacement Behavior
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To better model the actual behavior of the highly viscous damping fluid, the shear-thinning
behavior of the fluid had to be considered. A variety of methods can be used to model the shear
thinning behavior, each capturing a slightly different shear thinning trend. Based on experimental
data for the fluid used in the prototype damper, the Carreau equation was chosen to capture the
shear thinning [31]. The equation is written as:

(



µ act =  µ inf + (µ 0 − µ inf ) 1 + (γλ )2


)

n −1
2





(19)

Where µact is the actual dynamic viscosity of the fluid, µinf is the dynamic viscosity at an
infinite shear rate, µ0 is the dynamic viscosity at a zero shear rate, γ is the shear rate, λ is a time
constant, and n is the power-law exponent. The zero-shear and infinite-shear rate dynamic
viscosities are assumed to be known, while the time constant and the power-law exponent can be
varied to match experimental data. Table 3-3 contains the values used for each of these four
parameters. The resulting curve fit can be seen in Figure 3-32. The Carreau equation was then
applied to the fluid within FLUENT using these values. The resulting force predictions were
much lower than those that did not include the effects of shear thinning. The new results reached
a maximum force of 408 lbs. Figure 3-33 compares the resulting damper force over one cycle for
a case run with and without shear thinning. The decrease in damping due to shear thinning at
high shear rates is clearly evident, and is an important physical behavior that needs to be captured
in a damper design model.

Table 3-3: Values for Carreau Equation

µ0 (lbs/in-s)
λ

2.17
0.0007

µinf (lbs/in-s)
n

3.36E-05
0.6

71

Shear Thining of Damping Fluid
1

Viscosity

1

10

100

1000

10000 100000 1E+06

Experiment
0.1

Approx

0.01
Shear Rate

Figure 3-32: 3-D Shear Thinning Behavior
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Figure 3-33: 3-D Simplified Damper Inclusion of Shear Thinning Equation
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3.2.3 Full Three-Dimensional CFD Damper Model
The CFD package FLUENT, version 12.1, was used to model the three-dimensional flow
within the damper device.

For this study, the parallel, three-dimensional, double-precision

version was chosen. Multiple solvers are available, but since the flow is highly viscous and at
very low Reynolds numbers, even through the restrictive orifices, a pressure-based solver with
viscous laminar flow was utilized. Since damper devices generate heat as a byproduct of the
damping they produce, the energy equation was included in the solution method. FLUENT also
gives multiple options for the spatial discretization of the flow field. Second-order discretization
methods generally improves accuracy for little cost in computation time. As such, second-order
pressure, velocity, and energy spatial discretization methods were selected. Additionally, the
Carreau Equation, as outlined in the section on non-Newtonian viscous flows in the FLUENT
manual, was used to account for shear thinning in the damper fluid [31].
Following the design of the experimental prototype, a CFD model was developed to
predict the damper behavior. The geometry for the model was created by using a slightly
simplified version of the Autodesk Inventor computer assisted drawing (CAD) models. These
models were imported into the ANSYS Workbench Geometry Modeler® utility, where they were
broken into zones and ‘filled’ with fluid to define the regions to be modeled [33].
This geometry was then imported into the ANSYS Meshing® utility [33]. In order to
capture the time-varying behavior of the damper, a dynamic mesh model was created. This
meant that the piston would be moving at each time step, requiring remeshing within the CFD
program, and necessitating a mesh that simplified this process. The layering remeshing method
was chosen for its reliability and simplicity. To accommodate the layering remeshing method,
quadrilateral mapped regions were required at the cell creation and destruction zones near the
damper end caps. Additionally, an interface was created at the piston edge, allowing the internal
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fluid to be meshed with tetrahedrons while the annular gap fluid could be meshed with another
mapped region to allow the dynamic meshing to work successfully. A cross section of the mesh
of the damper interior with a 0.1-inch bypass pipe is pictured in Figure 3-34.

Orifice
Bypass
Channel

Piston

Figure 3-34: CFD Mesh Cross Section
A series of models were created to model varying conditions in the damper. Models were
made for the closed bypass condition, as well as open configurations with bypass channel
diameters of 0.1, 0.125. 0.15, 0.2, and 0.4 inches. The closed configuration model and the 0.4inch diameter bypass channel models were run for multiple conditions since these would be used
for comparison with the experimental cases.
Flow conditions were calculated during multiple cycles of damper stroke. A time step
size was chosen to allow for 80 time steps per damper stroke cycle. For the 2.5 Hz case, this
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corresponded to 0.005 seconds, while for the 6 Hz case, this corresponded to 0.00208 seconds. A
series of convergence studies were conducted to verify that a laminar solver, with the energy
equation included, and second-order pressure, momentum, and energy spatial discretization
produced the most accurate results.
During the convergence studies, an important behavior was discovered. Due to the
dynamic mesh environment, mesh independence is very difficult to achieve. Decreasing the time
step and using an intelligent meshing scheme minimized the fluctuation between different mesh
scales, but there was still some variability. To help minimize this behavior, prism cells were used
near the walls of important flow geometries, ensuring a consistent behavior in these regions
during the remeshing portion of the dynamic mesh routine. Additionally, realistic entrance and
exit conditions for the orifice have a large effect. As such, the flat entrance in the original model
was altered to more closely mimic the contoured entrance in the real device. The prototype has
interchangeable orifices. This is accomplished though the use of insert screws that have an
orifice hollowed out through their center. Modeling the screw cap in detail, as seen in Figure 335, made a large difference in the flow behavior.

Orifice

Detailed
Orifice Exit

Figure 3-35: Screw Cap at Orifice Exit Meshing Detail
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An example of flow visualization for the damper with closed bypass channels can be seen
in Figure 3-36 in the form of velocity vectors.

This is a cross-sectional view of a three-

dimensional damper that has the potential to have three bypass channels and one restrictive
orifice. The solid piston is marked by the white area in the middle of the CFD model cross
section. At this instant in time, the piston is moving downwards, forcing flow up through the
restrictive orifice. The high speed exit plume from the orifice can be seen.
To highlight the flow changes captured by CFD, the same cross section of the damper for
various bypass channel diameters is shown Figures 3-37 through 3-41, all at the same location
within the damper stroke cycle. The left portion of each figure has the velocity vectors set to the
same scale as the closed bypass channels case in Figure 3-36, while the right-hand portion has an
automatic scaling to more clearly show the flow patterns. As the diameter of the bypass channels
increase, the majority of the flow migrates from the restrictive orifice to the bypass channels. At
a bypass channel of approximately 0.15 inches in diameter, the flow speed through the bypass
channels and the orifice are nearly the same. After this point, the majority of the flow quickly
transfers to the bypass channels until the 0.4 inch diameter case where nearly 95% of the flow is
through the bypass channels. Comparison of the left side of the figures shows how increasing the
diameter of the bypass channels greatly reduces the overall flow speed within the damper, which
corresponds to a decrease in the damper force.

76

High Speed
Fluid
Blocked
Bypass

Annular
Gap

Orifice
Piston
Motion

Figure 3-36: CFD Velocity Vectors with Closed Bypass, Flow Prominently Through the Orifice
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Figure 3-37: Velocity Vectors, 0.1” Diameter Bypass, Orifice Flow Still Prominent

Orifice
Exit
Plume

77

Auto
Scale

Constant
Scale

0.125”
Bypass

High Speed
Fluid

Fluid
Motion

Diminished
Orifice Exit
Plume

Figure 3-38: Velocity Vectors, 0.125” Diameter Bypass, Orifice Flow Reducing Due to Larger
Bypass Channels
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Figure 3-39: Velocity Vectors, 0.15” Diameter Bypass, Bypass Flow is Becoming More
Prominent
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Figure 3-40: Velocity Vectors, 0.2” Diameter Bypass, Orifice Flow Greatly Reduced
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Figure 3-41: Velocity Vectors, 0.4” Diameter Bypass, Orifice Flow Almost Nullified

The force vs. displacement behavior of the damper with five different bypass channel
diameters is shown in Figure 3-42. There is a decrease in damper force with increasing bypass
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diameter, which corresponds to the decreasing overall flow speed seen in the above CFD case
cross-sections. This can be seen even more clearly in Figure 3-43, which plots the damper force
for each of the bypass channel diameters at the same time position within the damper stroke
cycle. There is a knee in the predicted force behavior around a bypass channel diameter of 0.15
inches, with a marked increase in damper forces for smaller diameters. Again, this corresponds to
flow patterns seen in the CFD cases, with the knee occurring when the flow speeds through the
orifice and bypass channels are near equal.
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Figure 3-42: CFD Prediction of Various Bypass Channels
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Figure 3-43: CFD Bypass Effect

3.2.4

Final Comprehensive CFD Model
Using the knowledge gained during the initial exercising of the full three-dimensional

model, in conjunction with the completion of the final design for the physical damper prototype, a
final comprehensive three-dimensional CFD model was created. The bypass channel studies
were used to size the bypass channel inserts in the final model. Due to ease of assembly, instead
of changing the full bypass channel diameter, restrictive entrance and exit inserts were created.
Two versions of the final comprehensive CFD models were developed.
The first model, pictured in Figure 3-44, is the damper in the closed bypass channel
configuration. The second model, pictured in Figure 3-45, is the damper with 0.06-inch bypass
channel inserts. In Figure 3-44, note the screw head geometry at the bottom of the piston head,
the structured layered mesh at the top and bottom of the damper can (to allow consistent
remeshing during the dynamic mesh process), and the blocked bypass channel on the left. Figure
3-45 shows a much more detailed mesh since the flow takes a more complex path. While in the
closed case there is no flow in the bypass channel, the majority of the flow in the open case
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travels through the bypass channels. Due to this fact, the open rings in the sliding mass chamber
were also modeled and can be seen circling the top and bottom of the damper can in Figure 3-45.
Additionally, the prism meshing can be seen throughout the bypass channels. There is also a fine
meshing at both the bypass channel entrance and exit to accurately capture the flow in these
important areas. The second model also has the structured, layered mesh at the top and bottom of
the can to facilitate consistent remeshing during the dynamic meshing process.
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Figure 3-44: Close Bypass Channel Final Mesh
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Figure 3-45: Open Bypass Channel Final Mesh
The final CFD model was then used to predict the damper behavior over a range of three
frequencies, two dynamic displacements, and two bypass channel states. The closed bypass
model was run at 2.5 Hz, 4 Hz, and 6 Hz, with dynamic displacements of 0.06 inches and 0.1
inches at each frequency. Additionally, the open bypass channel model was run for three cases:
2.5 Hz with a dynamic displacement of 0.06 inches, 4 Hz with a dynamic displacement of 0.1
inches, and 6 Hz with a dynamic displacement of 0.1 inches. Figure 3-46 compares the final
comprehensive CFD model predictions of the closed damper, the damper with three 0.06-inch
bypass channels open, and the full damper CFD model described in the previous section with
three 0.15 inch bypass channels open. The case with three 0.06-inch bypass channels predicts an
approximate 50% reduction in damping, while the 0.15 inch bypass case approached 90%

83
reduction in damping.

The full set of CFD predictions is compared to experimental data

presented in section 4.5.
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Figure 3-46: CFD Bypass Channel Predictions
Figures 3-47 through 3-50 highlight some of the CFD flow predictions. All of the figures
are for 2.5 Hz at 0.06-inch dynamic displacement, with three 0.06-inch diameter bypass channels
open, at the 0.08 second time step. Figure 3-47 displays the pressure distribution across the
damper at this time step. The piston, marked by the blank area in the middle of the figure, is
moving downwards, creating a high pressure region marked in red. The pressure drops can be
clearly seen across each of the three flow geometries. The main pressure drop in the bypass
channels occur at the entrance and exit. Figure 3-48 contains the velocity vectors for this time
step. The highspeed flow occurs at the bypass channel entrance and exits and through the orifice.
Little to no flow passes around the annular gap. The majority of the flow in this case is flowing
through the three bypass channels. Figure 3-49 details the orifice flow. The high speed flow
through the orifice and the resulting exit plume can easily be seen at the top of the figure. Figure
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3-50 highlights the bypass entrance flow. The restrictive entrance behaves similarly to an orifice,
producing high speed flow through the center. The flow then turns upwards to flow through the
center of the bypass channel before going through another restrictive zone at the exit.
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Figure 3-47: CFD Pressure Cross Section of 2.5 Hz Case at 0.08 seconds

85

Orifice

Piston

Bypass
Entrance

Figure 3-48: CFD Velocity Vector Cross Section of 2.5 Hz Case at 0.08 seconds
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Figure 3-49: CFD Velocity Vector Orifice Detail
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Figure 3-50: CFD Velocity Vector Bypass Entrance Detail

Chapter 4

Experimental Validation of Damper
Following the construction of the damper prototype a test schedule was devised to
demonstrate the multi-state capabilities of the device. First a set of bench tests were conducted to
capture the damper behavior in a controlled environment. With the multi-state behavior proven
on the bench, the centrifugal activation system needed to be tested. To demonstrate the
centrifugal activation, a spinning test rig was designed. The spin test demonstrated the capability
of the damper to reduce damping with increasing rotor speed. Finally, the two damper model
predictions were compared with the experimental data.

4.1 Testing Schedule
To characterize the behavior of the physical damper, three sets of tests were devised. The
three tests include a bench test of the damper prototype without bypass channels installed, a
bench test of the full damper prototype, and finally a spin test of the full damper prototype. The
bench tests for the damper prototype without bypass channels installed and for the full damper
prototype both followed the same schedule of frequency and amplitudes. The full damper
prototype followed the schedule once with the bypass valve completely closed, and once with it
fully open. The bench-top test schedule can be seen in Table 4-1. For the bench-top tests, the
bypass valve had to be manually held in position. In order to test the actual behavior of the
sliding bypass valve, as well as the effect of the rotating environment on the rest of the damper, a

88
spin test was conducted using a revised test schedule. The spin test will be discussed more in
Section 4.3.
Table 4-1: Damper Test Schedule
Frequency
(Hz)
2.5
2.5
2.5
2.5
4
4
4
4
6
6
6
6

Amplitude
(in)
0.04
0.06
0.08
0.1
0.04
0.06
0.08
0.1
0.04
0.06
0.08
0.1

Following the construction and assembly of the damper, a series of tests were scheduled
on a hydraulic test stand. The test stand generates an input displacement amplitude over a range
of frequencies, measuring the resistive force generated by the damping device. For the initial test,
a series of three frequencies and four dynamic displacements were chosen for the test matrix.
The damper was run at 0.04, 0.06, 0.08, and 0.1 inch dynamic displacements at frequencies of 2.5
Hz, 4 Hz, and 6 Hz.

Additionally, a semi-static flexing of the damper was conducted to

determine the static stiffness of the part. During each case, the force versus displacement data
was collected. A photograph of the damping device installed in the hydraulic test stand can be
seen in Figure 4-1. This photo is of the initial damper prototype before the bypass channel
assembly was added.
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Figure 4-1: Damper Prototype in Test Stand

4.2 Experimental Bench Test Results
The first bench test was a frequency and dynamic displacement sweep to characterize the
damper in the closed configuration. For the generic light helicopter configuration, the important
frequencies are the blade lag frequency of 2.5 Hz and the 1/rev frequency of 6 Hz. These are the
two frequencies highlighted in the initial data set below.

Figure 4-2 shows the force vs.

displacement hysteresis loops of these two frequencies for the 0.06-inch displacement case. As
expected, there is an increase in damping with increasing stroke frequency. The increasing peak
force with increasing frequency, due mainly to the increase in damping, can be seen over the
entire data set in Figure 4-3.
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Figure 4-2: Experimental Data, Bypass Channels Closed
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Figure 4-3: Experimental Peak Force vs. Frequency, No Bypass Channels
Figures 4-4 and 4-5 show experimental storage and loss stiffness respectively plotted
against increasing dynamic displacement. These values were calculated for each frequency and
dynamic displacement test condition based on the time history data. The increasing stiffness of
the part with increasing frequency can be seen in Figure 4-4, while the increased damping due to
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frequency can be seen in Figure 4-5. The effect of the dynamic displacement on both the stiffness
and damping increases with frequency as well.
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Figure 4-4: Experimental Storage Stiffness vs. Dynamic Displacement, No Bypass Channels
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Figure 4-5: Experimental Loss Stiffness vs. Dynamic Displacement, No Bypass Channels
After characterizing the closed damper, the same set of conditions was run for the damper
with the bypass channels in the open configuration. The initial testing used bypass channels with
a diameter of 0.4 inches. Figure 4-6 highlights the drastic reduction in damping when the bypass
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channels are open for the 2.5 Hz case with a dynamic displacement of 0.06 inches. The closedconfiguration damper has a loss stiffness of approximately 9,800 lbs/in while the open
configuration has a loss stiffness of 411 lbs/in. The peak forces are reduced by approximately
80%, with the main component of the force in the open configuration coming from the damper
elastomer end caps.
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Figure 4-6: Experimental Data, Bypass Effect at 2.5 Hz
Figure 4-7 shows the effect of the bypass channels on the 6 Hz case with a dynamic
displacement of 0.1 inches. The closed configuration has a loss stiffness of 22,000 lbs/in, while
the open configuration reduces this to approximately 353 lbs/in. For the 6 Hz case, damper peak
forces are reduced by nearly 90%, again with nearly all the open configuration forces being
generated by the elastomer end caps. This large reduction in damper forces greatly exceeds the
target of a 50% reduction in damper forces during nominal flight conditions, proving the
effectiveness of bypass channels. A simple reduction in the bypass channel diameter, utilizing
the prediction curves generated by the CFD cases, can be used to tune this reduction in forces to
any desired amount.
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Figure 4-7: Experimental Data, Bypass Effect at 6 Hz
A comparison of the reduction in storage and loss stiffnesses further demonstrates the
effectiveness of the bypass channels. Figure 4-8 and Figure 4-9 show the storage and loss
stiffness respectively. There is an average reduction in storage stiffness of 50% and an average
reduction in loss stiffness of over 95%, as can be seen clearly in the figures. Again, the stiffness
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and damping come almost exclusively from the elastomer end caps for the open bypass damper.
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Figure 4-8: Experimental Storage Stiffness, Bypass Effect
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Figure 4-9: Experimental Loss Stiffness, Bypass Effect
Following the first round of bench tests with the bypass channels open, it was clear that
the 0.4-inch diameter bypass channels reduced the damping force far too drastically. To increase
the damping, 0.06-inch diameter inserts were added to the entrance and exit of the bypass
channels. Figures 4-10 and 4-11 show two of the bypass channel cases with the new inserts.
There is approximately a 75% reduction in peak loads in both cases, and a reduction of
approximately 80% of the loss stiffness. In order to get closer to the 50% reduction, full bypass
channel inserts would be required, as detailed in the bypass channel CFD study in Section 3.2.4.
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Comparisions for 2.5 Hz, 0.06" Dyanmic Displacement
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Figure 4-10: Second Generation Bypass Channels, 2.5 Hz at 0.06” Case
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4.3 Experimental Spin Stand Design
Following the validation of the bypass channel multi-state behavior, the damper
prototype was rebuilt with springs supporting the sliding mass to allow for full multi-state
capabilities. In order to test the sliding mass concept, the damper had to be put into a rotating
environment. A spin test rig was designed to replicate the bench test environment, but subject the
damper to varying centrifugal loads.

4.3.1 Spin Rig Design
The spin stand was designed to isolate the damper behavior. Initial concepts included
mounting the damper to blades in the traditional configuration, as seen in Figure 4-12. These
configurations would most accurately replicate the actual environment that the damper would
experience, but all of these concepts ran into challenges related to driving of the damper. Since
the main goal of the spin test was to prove the centrifugal activation system, the final design
consisted of a linear actuation system that could produce an oscillatory input function similar to
those produced in the bench tests. The final spin rig design is shown in an isometric view in
Figure 4-13 and in a top view in Figure 4-14.
Hub
Blade

Blade Grip

Ω

CF
Damper

Figure 4-12: Conventional Blade to Damper Attachment Configuration

97

Counterweights

Brace Arm

Damper Support Wire

Rotor Shaft

Bearing / Support
Actuator
1.5 Feet

Damper

Figure 4-13: Damper Spin Test Rig Isometric View
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Figure 4-14: Damper Spin Test Rig Top View
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In order to capture the changing behavior of the damper under varying centrifugal loads,
two target rotor speeds were chosen. Using the method described in Section 2.1, twelve 3 lb/in
springs were chosen to give the desired behavior with the moving mass positioned 5.6 inches
from the center of rotation along its axis. Figure 4-15 shows the breakdown of the centrifugal
force at the damper. A portion of the force is harnessed to move the sliding mass and open the
bypass channels. The other portion of the centrifugal force works to pin the sliding mass in place,
adding to the frictional force associated with moving the sliding mass. The sping stiffness chosen
takes into account both the centrifugal force and the static friction force. With this configuration,
the nominal rotor speed would be 350 RPM. A rotor speed of 140 RPM, approximately 0.4/rev,
would be in the RPM range in which ground resonance could occur. As such, at the 140 RPM,
the sliding mass would completely cover the bypass channel entrance, providing full damping.
As the rotor speed increases to 350 RPM, the mass will compress the springs and open the bypass
channels, thus reducing the damper force.

Portion of CF Acting to Pin
Sliding Mass to Damper Wall

Total
CF
Portion of CF Acting to
Open Bypass Channels
Figure 4-15: Centrifugal Force Acting on the Damper
The rig was designed to be run in the Adverse Environment Rotor Test Stand (AERTS) at
Penn State University. The existing rotor shaft and grips are represented by the translucent

99
assembly in at the center of the rig in the above figure. The test rig was designed to be assembled
around the existing rotor head in the AERTS facility, with connectors being bolted into the hub
blade grips.
The rig consists of two brace ends. In Figure 4-13, the brace end on the right houses the
actuator and its bearing support system. The brace end on the left has an attachment point for the
lead-lag damper. The stationary end of the damper is attached to the left brace end via a cotter
pinned bolt. The moving end of the damper is attached to a balance connector, which serves to
center the axial center of mass of the moving damper components to produce a near-zero load on
the damper due to centrifugal loads when in the undeflected position. The other end of the
balance connector is attached to the actuator. On the opposite side of the shaft a brace arm is
attached that includes a damper support wire to help alleviate the centrifugal load on the
damper/actuator system. Additionally, counterweights on the brace arm help to place the center
of mass of the test rig at the center of the main rotor shaft, minimizing unbalanced forces and
moments on the rotor shaft.
In order to ensure the structural integrity of the spin stand, the loading of the rig was
simulated in the Autodesk Inventor stress analysis environment. The rig was subjected to a 350
RPM angular velocity centered at the shaft. Additionally, the maximum load available from the
actuator, a 500 lb load, was applied to either end of the actuator shaft. The resulting overall
displacements are shown in Figure 4-16, with the displacements exaggerated to highlight
movement. It was important to minimize displacements in the structure for two main reasons.
The first reason was to ensure that the linear actuator would work properly. Binding of the ball
screw or actuation shaft would prevent the actuator from supplying the input displacement to the
damper. Additionally, if the structure was not rigid enough, forces from the actuator might cause
deflection of the frame rather than deflection of the damper. The second reason for minimizing
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displacements was to ensure that the center of mass of the rig would not vary too much during
spinning, as this could produce dangerous loads on the rotor shaft.
The largest displacement occurs at the counterweights, moving approximately 0.065
inches, with most sections moving much less. The resulting shift in the rotor center of mass was
negligible. The horizontal displacements are shown in Figure 4-17. The center of mass of the
damper and its connections moves approximately 0.025 inches due to the centrifugal load at 350
RPM. Figure 4-18 shows the vertical displacements, with the actuator shaft tip moving only
0.005 inches, which is less than one degree of deflection and should not hinder the performance
of the ball screw inside.

Figure 4-16: Exaggerated Deflections of the Spin Rig at 350 RPM
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Figure 4-17: Exaggerated Horizontal Deflections of the Spin Rig at 350 RPM

Figure 4-18: Exaggerated Vertical Deflections of the Spin Rig at 350 RPM
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The stresses associated with the centrifugal load and actuator loads were also calculated.
Figure 4-19 shows the Von Mises stresses. The maximum stresses occur at the roots of the brace
arms, and in the bearings for the damper. The high stresses in the bearings are highlighted in
Figure 4-20, approaching 60 ksi. Figure 4-21 shows the safety factors associated with the high
stress areas. Here the safety factor is defined as:

safety factor =

Maximum Stress
Ultimate Yeild Stress

(20)

The lowest safety factors occur in the damper bearings and in the base counterweights. Bolts
were chosen to go through the counterweights that can take the 75 lb load caused by the
centrifugal load on the counterweight masses.

Figure 4-19: Von Mises Stresses in Rig
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Figure 4-20: High Stresses in Damper Bearing

Figure 4-21: Safety Factor
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Aside from the actuator, load cell, support wire, and the damper, the other main
components for the stand were fabricated at Engineering Services on the Penn State campus.
Detailed drawings of the parts and more information on the stand configuration are found in
Appendix B.

4.3.2 Spin Testing
Once fabrication of the spin rig was completed, a series of tests were conducted in the
AERTS facility. Six main cases were run in the rotating environment: a 1 Hz sine wave at a 0.04
inch dynamic diaplacement, a 2.5 Hz sine wave at 0.04 and 0.06 inch dynamic displacements, a 4
Hz sine wave at 0.04 and 0.06 inch dynamic displacements, and a 6 Hz sine wave at a 0.04 inch
dynamic displacement. Larger dynamic displacements were not able to be achieved due to
constraints on the force available from the actuator. For each case, a sweep of rotor speeds was
conducted. The actuator was turned on with the spin stand stationary and set to run continuously.
Data were taken throughout the rotor speed sweep, with 10-second speed holds at 0 RPM, 140
RPM, 250 RPM, and 350 RPM. Figure 4-22 contains a photograph of the entire spin rig
assembled in the AERTS facility. Figure 4-23 shows a close up of the damper and the support
wire tensioning system. Finally, Figure 4-24 shows the damper, the balance connector, and the
actuator.
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Figure 4-22: Spin Rig Assembled in AERTS Facility

Damper

Figure 4-23: Damper and Support Wire Tensioning System
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Damper
Actuator
Figure 4-24: Actuator, Connector, and Damper Detail
The results from the spin test prove that the centrifugal actuation system to be a success.
Initial tests revealed a buckling tendency in the springs as the rotor speed was increased. Guides,
in the form of metal dowels, were installed in the center of the springs to keep the springs in line
and to prevent buckling. Following this slight modification, the sliding ring opened as predicted,
first uncovering the bypass channel at approximately 250 RPM, leading to a rapid decrease in
damper force as the flow was diverted though the bypass channels.
A comparision of the peak force for each case over the range of rotor speeds can be seen
in Figure 4-25. Figure 4-26 through Figure 4-29 focus on the effect of rotor speed on peak force
for each of the frequencies, highlighting the four important rotor speeds described above: 0 RPM,
140 RPM, 250 RPM, and 350 RPM. The peak force remains fairly constant for all cases through
the 140 RPM rotor speed, giving full damping over the predicted ground resonance rotor speeds.
At approximately 250 RPM there is a quick drop in damper forces, coinciding with the opening
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of the bypass channels. Reductions in damping range from approximately 20% for the 1 Hz case
to 50% for the 4 Hz case at 0.06 inches of dynamic displacement, with an average reduction of
36%. Figures 4-27 and 4-28 demonstrate the increase in damper peak force associated with an
increase in dynamic displacement. Interestingly, this also coincides with a larger reduction in
damping once the bypass channels open. This is caused in part by the larger contribution of
damping to the peak force for 0.06 Hz cases, where at the lower dynamic displacements and
frequencies the peak force can be largely attributed to the elastomer stiffness. These results show
the effectiveness of centrifugally activated bypass channel concept, especially at dynamic
displacements, such as those encountered in forward flight cases.
350
300
Damper Peak Force (lbs)

1 Hz at 0.04
250

2.5 Hz at 0.04
2.5 Hz at 0.06

200

4 Hz at 0.04

150

4 Hz at 0.06
100

6 Hz at 0.04

50
0
0

100

200

300

Rotor RPM

Figure 4-25: Peak Force vs. Rotor Speed for all Spin Test Cases
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Figure 4-26: Peak Force vs. Rotor Speed, 1Hz at 0.04 Inches
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Figure 4-27: Peak Force vs. Rotor Speed for 2.5 Hz Cases
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Figure 4-28: Peak Force vs. Rotor Speed for 4 Hz Cases
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Figure 4-29: Peak Force vs. Rotor Speed for 6 Hz at 0.04 inches
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An interesting effect was observed as the rotor speed increased beyond the 250 RPM
rotor speed. Damper forces began to steadily increase with increasing rotor RPM after the bypass
channels were opened. This effect is highlighted in Figure 4-30 for the 2.5 Hz case at 0.06 inches
of dynamic displacement. At the nominal rotor speed of 350 RPM the average reduction in
damping had dimished to 22% from 36%. This increase in damping with increasing rotor speed
only occurred when the bypass channels were open. Below 250 RPM, when the bypass channels
opened, the damping remained fairly constant with increasing rotor speed. This increase in
damping could possibly be attributed to increasing coriolis forces on the fluid in the bypass
channels. Further studies into this effect are needed to uncover the cause for this increase in
damping.
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Figure 4-30: Peak Force for 2.5 Hz at 0.06 inches, Full RPM Effect
Inspection of the 2.5 Hz at a dynamic displacement of 0.06 inches case more clearly
demonstrates the effectiveness of the centrifugal bypass actuation. Figure 4-31 shows two and
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half cycles at three increasing rotor speeds. The near 50% reduction in damping force as the
bypass channels open can be seen when comparing the peak forces. The hysteresis behavior is
shown in Figure 4-32. Once again, the effect of the centrifugally opened bypass channels is
apparent, leading to a drastically reduced peak damper force. A complete set of time dependent
graphs for all cases, as well as a comparison of the non rotating spin stand hysteresis behavior and
the bench test hysteresis behavior can be found in Appendix C. The non-elliptical shape of the
hysteresis loops could be due to a combination of sliding within the damper and extra motion
from the damper attachment poitns. This sliding behavior was noticed in some of the damper
builds. A hydraulic actuator, similar to that used in the bench test, would be able to produce a
more accurate input signal over a wider range of frequencies and dynamic displacements,
increasing the data set and potentially improving the loop shapes.
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Figure 4-31: 2.5 Hz at 0.06 inch Spin Stand Force Results, Force vs. Cycle Time
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Figure 4-32: 2.5 Hz at 0.06 inch Spin Stand Force Results, Hysteresis Behavior
The spin test successfully demonstrated the centrifugal opening of the bypass channels
and subsequent reduction in damping force. It also revealed an interesting increase in damping
with increasing rotor speed once the bypass channels were opened. Further investigation into this
behavior is needed to fully understand the cause, and its effect on the bypass damper concept.

4.4 Comparison with CFD and Semi-Empirical Analytical Models
The next major goal of this research was to analyze the predictive abilities of the semiempirical analytical model and the CFD model. Figures 4-33 through 4-38 compare the closed
damper configuration experimental data with the predictions of the CFD model and the semiempirical analytical model for the each of the test cases. Both the CFD and semi-empirical
analytical models only predict the fluid damping forces, so a simple linear stiffness representing
the elastomer was superimposed on the fluid damping forces.

The CFD model is able to
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accurately capture the shape of the hysteresis curve, though it over predicts the damping
generated by the device, with a maximum error at the peak force of 13% and an average error of
7%. The semi-empirical analytical model under predicts the damper peak force by an average of
approximately 35% and produces a tapering effect not seen in the experimental data as the
damper reaches the end of each stroke and reverses direction. Figure 4-39 shows a comparison
between loss stiffness predictions of the CFD model, the semi-empirical analytical model, and the
experimental data and Figure 4-40 shows a comparison in the peak force predictions of the three.
The CFD model has a maximum error in predicting the loss stiffness of 10% and an average error
of 4.4%, while the error in the semi-empirical analytical model prediction has an average error of
approximately 60%, with maximum errors around 80%. The first princples model behaves very
differently than the CFD model and experimental data across the frequency and dyanamic
displacement test regime. The semi-empirical analytical model exhibits a quadratric increase in
damping with increasing frequency, seen in the loss stiffness graph, that will actually cause the
predicted loss stiffness to cross over the more linear trend of the CFD model and the experimental
data at higher frequencies. This increase is mainly due to the orifice flow expression, Equation 6,
which contains a flow rate squared term, leading to the expontential increase in damper force with
increasing stroke frequency. This explains the hysteresis loop seen in Figure 4-38 where the
semi-empirical analytical model appears to predict the experimental behavior very well, since this
case is approaching the point where the semi-empirical analytical trend line crosses the
experimental trend line.
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Figure 4-33: Experimental vs. Predictions, Bypass Closed, 0.06” at 2.5 Hz
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Figure 4-34: Experimental vs. Predictions, Bypass Closed, 0.1” at 2.5 Hz
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Figure 4-35: Experimental vs. Predictions, Bypass Closed, 0.06” at 4 Hz
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Figure 4-36: Experimental vs. Predictions, Bypass Closed, 0.1” at 4 Hz
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Figure 4-37: Experimental vs. Predictions, Bypass Closed, 0.06” at 6 Hz
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Figure 4-38: Experimental vs. Predictions, Bypass Closed, 0.1” at 6 Hz
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Figure 4-39: Loss Stiffness Comparisons
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Figures 4-41 through 4-44 compare the experimental data for the open bypass channel
damper configuration with the predictions of the CFD model and the semi-empirical analytical
model for each of the test cases. The CFD model does not do as well predicting the open bypass
channel cases as it does with the closed bypass channel cases, with an average error of 100%.
The semi-empirical analytical model greatly under predicts the damper peak force by an average
error of approximately 46%. The better peak force prediction achieved by the semi-empirical
analytical model is almost entirely from the elastomer stiffness added to the model as opposed to
a better ability to predict the damper behavior. Figure 4-45 shows a comparison between loss
stiffness predictions of the CFD model and the experimental data, and Figure 4-46 compares the
peak forces. The CFD model has an average error of 150%, while the error in the semi-empirical
analytical model prediction has an average error of approximately 90%, with maximum errors
around.
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Figure 4-41: Experimental vs. Predictions, Bypass Open, 0.06” at 2.5 Hz
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Figure 4-42: Experimental vs. Predictions, Bypass Open, 0.01” at 2.5 Hz
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Figure 4-43: Experimental vs. Predictions, Bypass Open, 0.06” at 6 Hz
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Figure 4-44: Experimental vs. Predictions, Bypass Open, 0.1” at 6 Hz
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Figure 4-45: Loss Stiffness Comparisons, Bypass Channels Open
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Figure 4-46: Peak Force Comparisons, Bypass Channels Open
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Chapter 5

CFD Augmented Analytical Model
To more accurately predict the behavior of Fluidlastic lead-lag dampers, a set of
augmented semi-empirical analytical equations was developed. These augmented semi-empirical
analytical equations contain correction factors determined by CFD and backed by experimental
testing. The equations presented here were developed for this specific multi-state lead lag
damper, but the process presented can be applied to any Fluidlastic damper design.

The

augmented analytical model retains the low computational demands of the semi-empirical
analytical model while approaching the accuracy of the CFD model.

5.1 CFD Component Modeling
The ability of CFD to accurately predict the behavior of a dynamic system such as the
environment inside of the damper was demonstrated in the last chapter. Despite the accuracy of a
CFD model, it would be unrealistic to include a CFD model into a rotor code as this would add
undue complexity and greatly increase the runtime of the code. By using CFD to predict the
unsteady behavior of each of the main components of the damper, a correction factor can be
included in the semi-empirical analytical equations. This would allow the theoretical equations to
approach the accuracy of the CFD predictions, at least for overall damper performance, at a
fraction of the computational cost and complexity. The concept of using correction factors has
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much precedent and can even be seen embedded in the semi-empirical analytical equations. The
orifice discharge coefficient is based on experimental data for steady, fully developed flow.
There are similar modifications to the loss coefficient in pipe flow to account for turns in the pipe,
changing pipe diameter, and other flow geometries. These readily available correction factors are
for very generic cases and, as seen in Chapter 4, do not predict the unsteady, dynamic
environment inside of a complex device well.
The three main flow geometries of the damper were modeled individually in CFD over a
range of conditions covering the operating range of the damper. In each case, a piston and can
made up the damper assembly, and a single flow geometry was added. The flow geometries
investigated, as discussed in previous sections, were a single bypass channel, a single restrictive
orifice in the piston head, and an annular gap between the piston head and the outer wall. The
piston head was stroked at 2.5 Hz, 4 Hz, and 6 Hz to cover the frequency range of a
representative light helicopter damper. A single dynamic displacement of 0.06 inches was used at
each of the frequencies. At each frequency, a range of flow geometry sizes were investigated. A
description of the details of each flow geometry investigation follows.
For each case, for each flow geometry, the semi-empirical analytical model predictions
were compared to the CFD predictions. The Carreau shear-thinning equation was included in
both the CFD and semi-empirical analytical models. Trends were then observed for each size of
a flow geometry, and a scaling correction factor was determined. This scaling factor was nondimensionalized by using the Reynolds number of the flow at the piston head, since this is the one
place that the flow speed can be readily determined as it is directly proportional to the input
behavior of the piston head. The flow geometry sizes were non-dimensionalized by using the
hydraulic diameter of the damper can. The hydraulic diameter is defined in Equation 21, where
Dout is the diameter of the inside of the damper can and Din is the diameter of the piston rod.
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 Dout  2  Din  2 
4π 
 −
 
 2   2  
DH =
πDout + πDin

5.1.1

(21)

Annular Gap Flow Geometry
For the annular gap flow geometry, four annular gap sizes were chosen: 0.006, 0.01,

0.015, and 0.02 inches. The annular gap, h, is defined as the distance between the inner wall of
the damper can and the outer edge of the piston. The expression for annular gap flow, or flow
around a piston, was previously defined in Equation 4. For each of the four annular gap sizes, the
semi-empirical analytical model and the CFD model were used to predict the damper force for a
2.5, 4, and 6 Hz input frequency at a dynamic displacement of 0.06 inches. An example CFD
mesh for the 0.01 inch annular gap case can be seen in Figure 5-1. Extra care was taken to have a
finely resolved, layered mesh around the important flow geometry, with 6 mesh divisions
between the wall and the piston head in the annular gap.

Figure 5-2 shows an example

comparison between the CFD prediction and the semi-empirical analytical model prediction for a
0.01 inch annular gap case at 4 Hz. The semi-empirical analytical model over predicts the
damper force by comparison to the CFD model by almost an order of magnitude in most cases.
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Figure 5-1: Annular Gap Flow Geometry CFD Mesh
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Figure 5-2: Comparison between CFD and Semi-Empirical Analytical Model predictions for
Annular Gap Flow
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Comparing the scaling between the semi-empirical analytical model and the CFD model,
a constant scaling factor is not sufficient to provide adequate accuracy. Figure 5-3 highlights the
required scaling factor to go from the semi-empirical analytical model prediction to the CFD
model prediction for the 0.01 inch annular gap case at each of the frequencies. A similar graph
was produced for each of the four annular gap sizes. In order to keep the number of correction
equations manageable, for each case, the scaling equation associated with the 4 Hz frequency was
chosen to represent the behavior of that case over the three frequencies. In order to improve
accuracy, especially if a larger range of frequencies is needed, separate equations for each
frequency could be used. The four correction factor equations for the annular gap flow geometry
can be found in Table 5-1, where Gc-size is the correction factor and Re is the Reynolds number as
defined in Equation 8 with the hydraulic diameter used instead of the pipe diameter. The
correction factor was then incorporated into the annular gap flow equation, previously Equation
4, to make the new corrected annular flow expression seen in Equation 22.
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Figure 5-3: Annular Gap Scaling Factor Between Semi-Empirical Analytical and CFD Models
Table 5-1: Annular Gap Correction Equations
0.006 inch case

Gc −0.006 = 0.0821 Re 0.125

0.01 inch case

Gc −0.01 = 0.1352 Re 0.0902

0.015 inch case

Gc −0.015 = 0.1615 Re 0.1793

0.02 inch case

Gc −0.02 = 0.171 Re 0.0345

∆p annular gap =

Gc − size 12µδQtot A p
bh 3

(22)

The correction factor equations from Table 5-1 were then incorporated into the semiempirical analytical model, using an interpolation/extrapolation look-up function to determine the
proper correction factor for each annular gap size. The resulting predictions from the semiempirical analytical model match the CFD model very well, with the worst matches occurring in
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the 2.5 Hz cases. To improve the accuracy of the model, separate equations for the lower
frequencies could be added, though this would increase the complexity of the correction factor
routine. Figures 5-4 through 5-7 show some representative predictions, including the worst case,
which occurs in the 0.015-inch annular gap at 2.5 Hz. The 4 Hz cases were generally the best fits
since the correction equations were based on the 4 Hz cases. As such, none of these cases are
shown.
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Figure 5-4: Comparison of 0.006 inch Gap at 2.5 Hz
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Figure 5-5: Comparison of 0.01 inch Gap at 6 Hz
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Figure 5-6: Comparison of 0.015 inch Gap at 2.5 Hz
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Figure 5-7: Comparison of 0.02 inch Gap at 2.5 Hz

5.1.2

Restrictive Orifice Flow Geometry
For the restrictive orifice flow geometry, four orifice diameters were chosen: 0.04, 0.06,

0.08, and 0.1 inches. A single orifice was placed in the piston head. All dimensions of the piston
and can were identical to those of the previous case, except that the piston was flush with the can
wall in all cases, preventing any annular gap flow.

The expression for orifice flow was

previously defined in Equation 6. For each of the four orifice diameters, the semi-empirical
analytical model and the CFD model were used to predict the damper force for a 2.5, 4, and 6 Hz
input frequency at a dynamic displacement of 0.06 inches. An example CFD mesh for the 0.1
inch orifice diameter case can be seen in Figure 5-8. Since the important flow is centered around
the orifice, care was taken to ensure the fidelity of the mesh around the orifice openings, and a
prism layered mesh was used along the walls of the orifice and surrounding area. Figure 5-9
shows an example comparison between the CFD prediction and the semi-empirical analytical
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model prediction for a 0.08 inch diameter orifice with 2.5 Hz input. The CFD model greatly over
predicts the force by comparison to the semi-empirical analytical model in most cases.

Figure 5-8: Restrictive Orifice Flow Geometry CFD Mesh

132
1500

1000
CFD
Force (lbs)

500

0
-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

Semi-Empirical
Analytical
Equation

-500

-1000

-1500
Displacement (in)

Figure 5-9: Comparison between CFD and Semi-Empirical Analytical model predictions for
Orifice Flow
Similar to the annular gap flow, a comparison of the scaling between the semi-empirical
analytical model and the CFD model revealed that a constant scaling factor would not provide
adequate accuracy. Figure 5-10 highlights the required scaling factor to go from the semiempirical analytical model prediction to the CFD model prediction for the 0.04-inch diameter
orifice case at each of the frequencies. A similar graph was produced for each of the four orifice
diameters. In order to keep the number of correction equations manageable, for each case, the
equation from the middle curve was chosen to represent the behavior of that case over the three
frequencies. As with the annular gap correction, separate equations for each frequency would
complicate but increase the accuracy of the correction. The four correction factor equations for
the orifice flow geometry can be found in Table 5-2, where cdoc-size is the updated correction
factor and Re is the Reynolds number as defined in the previous section. The correction factor
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was then incorporated into the annular gap flow equation, previously Equation 6, to make the
corrected annular flow expression seen in Equation 23.
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Figure 5-10: Orifice Scaling Factor Between Semi-Empirical Analytical and CFD Models
Table 5-2: Orifice Correction Factor Equations
0.04 inch case
0.06 inch case
0.08 inch case
0.1 inch case

cd oc −0.04 =
cd oc −0.06 =
cd oc −0.08 =
cd oc −0.1 =

0.65
7.9995 Re -0.8216
0.65
9.4144 Re -0.8887
0.65
11.884 Re -1.0501
0.65
11.137 Re -1.0708
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(23)

The correction factor equations from Table 5-2 were then incorporated into the semiempirical analytical model, using an interpolation/extrapolation look-up function to determine the
proper correction factor for each orifice diameter. The resulting predictions from the semiempirical analytical model depend much more on frequency than the annular gap predictions.
Adding frequency dependence to the model would increase accuracy, especially for the larger
orifice diameters, but would require the frequency to be known, which would limit the utility of
the model. Figures 5-11 through 5-14 show some representative predictions, including the worst
case, which occurred at an orifice size of 0.1 inches and at a frequency of 6 Hz.
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Figure 5-11: Comparison of 0.04 inch Orifice Diameter at 4 Hz
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Figure 5-12: Comparison of 0.06 inch Orifice Diameter at 2.5 Hz
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Figure 5-13: Comparison of 0.08 inch Orifice Diameter at 6 Hz
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Figure 5-14: Comparison of 0.1 inch Orifice Diameter at 6 Hz

5.1.3

Bypass Channel Flow Geometry
The last flow geometry modeled was the bypass channel. Four bypass channel diameters

were chosen: 0.06, 0.08, 0.1, and 0.12 inches. A single bypass channel was added to the damper
can, bypassing the piston. All dimensions of the piston and can were identical to the previous
case, with the piston flush against the can wall in all cases, preventing any annular gap flow. The
expression for bypass channel flow was previously defined in Equation 7. For each of the four
bypass channel diameters, the semi-empirical analytical model and the CFD model were used to
predict the damper force for a 2.5, 4, and 6 Hz input frequency at a dynamic displacement of 0.06
inches. An example CFD mesh for the 0.08-inch bypass diameter case can be seen in Figure 515. The bypass channel was modeled after those found in the actual damper, including the
various geometry changes. These geometry changes have a large effect on the flow through the
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bypass channel. Since this is mainly a proof-of-concept model, each feature was not investigated
separately, though this would be important for creating a truly generic set of correction factors.
Important geometric variables would include pipe length, turns in the flow, and diameter changes.
As in the previous cases, extra care was taken when creating the mesh in the sensitive flow
regions, with a prism layered mesh used along the walls of the bypass channel and surrounding
area. Figure 5-16 shows an example comparison between the CFD prediction and the semiempirical analytical model prediction for a 0.12-inch diameter orifice with 6 Hz input. The CFD
model greatly over predicts the force by comparison to the semi-empirical analytical model in
most cases.

Figure 5-15: Bypass Channel Flow Geometry CFD Mesh
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Figure 5-16: Comparison between CFD and Semi-Empirical Analytical model predictions for
Bypass Channel Flow
Similar to both the restrictive orifice flow and the annular gap flow, a comparison of the
scaling between the semi-empirical analytical model and the CFD model revealed that a constant
scaling factor would not provide adequate accuracy. Figure 5-17 highlights the required scaling
factor to go from the semi-empirical analytical model prediction to the CFD model prediction for
the 0.08 inch diameter bypass channel case at each of the frequencies. A similar graph was
produced for each of the four bypass channel diameters. As with the other flow geometries, in
order to keep the number of correction equations manageable, for each case the equation from the
middle curve was chosen to represent the behavior of that case over the three frequencies. Again,
separate equations for each frequency would increase the accuracy of the correction. The four
correction factor equations for the bypass channel flow geometry can be found in Table 5-3,
where keqc-size is the updated correction factor and Re is the Reynolds number. The correction
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factor was then incorporated into the bypass channel flow equation, previously Equation 10, to
make the corrected bypass channel flow expression seen in Equation 24.
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Figure 5-17: Bypass Channel Scaling Factor Between Semi-Empirical Analytical and CFD
Models
Table 5-3: Orifice Correction Factor Equations
0.06 inch case

k eqc−0.06 = 29.345 Re 0.3886

0.08 inch case

k eqc−0.08 = 13.187 Re 0.3182

0.1 inch case

k eqc−0.1 = 7.3053 Re 0.2499

0.12 inch case

k eqc−0.12 = 4.6748 Re 0.1801

K eqc− size ρ  Qtot

∆p =
 A
2
 p






2

 Qtot

Q
 tot
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The correction factor equations from Table 5-3 were then incorporated into the semiempirical analytical model, using an interpolation/extrapolation look-up function to determine the
proper correction factor for each bypass channel diameter. The resulting predictions from the
semi-empirical analytical model have a bit more frequency dependence than the annular gap
predictions, but less than the restrictive orifice flow predictions. Figures 5-18 through 5-21 show
some representative predictions, including the worst case, which occurred at a bypass diameter of
0.12 inches and at a frequency of 6 Hz.
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Figure 5-18: Comparison of 0.06 inch Bypass Diameter at 6 Hz
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Figure 5-19: Comparison of 0.08 inch Orifice Diameter at 2.5 Hz
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Figure 5-20: Comparison of 0.1 inch Orifice Diameter at 6 Hz
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Figure 5-21: Comparison of 0.12 inch Orifice Diameter at 6 Hz

5.2 Revised Analytical Model Predictions
The three important flow geometries were incorporated into the semi-empirical analytical
model to create the revised analytical model. This model was then used to predict the closed
damper behavior for six cases: 2.5 Hz with a dynamic displacement of 0.06 inches, 2.5 Hz with a
dynamic displacement of 0.1 inches, 4 Hz with a dynamic displacement of 0.06 inches, 4 Hz with
a dynamic displacement of 0.1 inches, 6 Hz with a dynamic displacement of 0.06 inches, and 6
Hz with a dynamic displacement of 0.1 inches. The actual size of the flow geometries in the
physical damper did not always fall on one of the points used to create the correction equations,
requiring interpolation between correction factor equations.

A general linear interpolation

scheme was used to calculate a correction factor value that fell between points used to create the
equations.
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Figures 5-22 to 5-27 compare the revised analytical model with the experimental results
from the bench top tests of the damper prototype, the CFD predictions, and the semi-empirical
analytical model. The revised model does a very good job of predicting the actual damper
behavior at all but one of the cases. The 6 Hz case at 0.1 inch dynamic displacement has an error
of 39% in prediction of the peak force. This case is actually outside of the range in which the
correction factors were fit, since the highest flow speeds used in the fit were at the 6 Hz case with
a dynamic displacement of 0.06 inches. All of the other cases are under a 13% error in prediction
of the peak force, with a minimum of approximately 3% for the cases right in the center of the
range in which the correction equations were fit. The average error in loss factor prediction was
6.5% for all cases except the outlier described above, which had an error of approximately 40%.
Figure 5-28 compares the loss stiffness predictions, while Figure 5-29 compares the peak force
predictions for the six cases run.
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Figure 5-22: Comparison of Revised Analytical Equation at 2.5 Hz and 0.06” Dyn Disp
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Figure 5-23: Comparison of Revised Analytical Equation at 2.5 Hz and 0.1” Dyn Disp
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Figure 5-24: Comparison of Revised Analytical Equation at 4 Hz and 0.06” Dyn Disp
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Figure 5-25: Comparison of Revised Analytical Equation at 4 Hz and 0.1” Dyn Disp
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Figure 5-26: Comparison of Revised Analytical Equation at 6 Hz and 0.06” Dyn Disp
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Figure 5-27: Comparison of Revised Analytical Equation at 6 Hz and 0.1” Dyn Disp
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Figure 5-28: Comparison of Revised Analytical Equation Loss Stiffness Predictions
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Figure 5-29: Comparison of Revised Analytical Equation Peak Force Predictions
Figures 5-30 to 5-33 compare results from the revised analytical model in the open
bypass channel configuration with the experimental results from the bench top tests of the damper
prototype, the CFD predictions, and the semi-empirical analytical model. The revised model does
a better job than the CFD at predicting the open bypass channel behavior. The 6 Hz case at 0.1inch dynamic displacement has an error of 55% in prediction of the peak force. As with the
previous comparisons, this case is actually outside of the range in which the correction factors
were fit, since the highest flow speeds used in the fit were at the 6 Hz case with a dynamic
displacement of 0.06 inches. The 6 Hz at 0.06 inch dynamic displacement case has an error of
approximately 30% in peak force prediction. The other cases are under a 2% error in prediction
of the peak force. The average error in loss stiffness prediction is approximately 21%. Figure 534 compares the loss stiffness predictions, while Figure 5-35 compares the peak force predictions
for the four bypass channel cases.
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Figure 5-30: Revised Analytical Equation, Open Bypass at 2.5 Hz and 0.06”Dyn Disp
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Figure 5-31: Revised Analytical Equation, Open Bypass at 2.5 Hz and 0.1”Dyn Disp
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Figure 5-32: Revised Analytical Equation, Open Bypass at 6 Hz and 0.06”Dyn Disp

1500

Experiment

Force (lbf)

1000
500

CFD

0
-500

CFD Augmented
Analytical Model

-1000
-1500
-0.15

-0.1

-0.05

0

0.05

0.1

0.15

Position (in)

Figure 5-33: Revised Analytical Equation, Open Bypass at 6 Hz and 0.1”Dyn Disp
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Figure 5-34: Comparison of Revised Analytical Equation Loss Stiffness Predictions, Open
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Figure 5-35: Comparison of Revised Analytical Equation Peak Force Predictions, Open Bypass

Chapter 6

Conclusions
A multi-state centrifugally activated, bypass lead-lag damper prototype was
conceptualized and a prototype was designed and fabricated. The damper was designed to meet
the damping requirements for a generic light helicopter in the closed configuration, and reduce
damping forces in the open state by approximately 50 %. A semi-empirical analytical model was
developed that required low computational effort. A comprehensive CFD model was created that
accurately captures the internal geometries and flow dynamics of the prototype damper. The
damper prototype was experimentally tested in a series of bench tests to characterize the device
and in a spin test that demonstrated the centrifugal activation of the bypass channels resulting in a
reduction in damper forces. The ability of both a semi-empirical analytical and a computational
fluid dynamics model to predict experimental damper behavior was compared.

A CFD

augmented analytical model was developed using correction factors determined by CFD
predictions of individual flow components. This CFD augmented model combines the accuracy
of the CFD model with the low computational requirements of the semi-empirical analytical
model, making it ideal for incorporation into a rotorcraft prediction code.
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6.1 Experimental Bench and Spin Testing
The bench testing of the bypass damper prototype demonstrated the effectiveness of the
bypass damper concept. With the sliding ring held in place to cover the bypass channels, the
damper met the damping requirements for a generic light helicopter. When the sliding ring was
held in the open configuration, the damper forces were reduced by approximately 75%. Though
larger than the desired 50% reduction, the bypass channels were proven effective. Full bypass
channel inserts could be added to make the reduction closer to 50%.
The spin test of the prototype demonstrated the centrifugal activation of the bypass
channels. Spin testing showed a decrease in the damper force of up to 50% between the 0.4/rev
region at 140 RPM and the rotor speed of 250 RPM, when the bypass channels opened. The
reduction in damping was more pronounced at higher frequencies and larger dynamic
displacements. A small but steady increase in damper force with increasing rotor speed was
observed once the bypass channels were opened, possibly due to increasing coriolis forces in the
bypass channles. These tests proved the effectiveness of the centrifugally activated bypass
concept.

6.2 Damper Trade Study
With the CF activated bypass damper concept proven and spin tested, a trade study was
conducted to compare the concept with some of the other multi-state devices reviewed in Section
1.2. Six devices were compared: MR and ER dampers as a group [11], Petrie and Wang’s
Embedded Fluidlastic device [18,19], the SMA orifice damper [20], Reed’s frequency dependent
damper [23], active bypass damper concepts (including Bottasso’s modeled design) [21,24], and
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the CF activated bypass damper investigated in this research. Each device was evaluated over six
criteria. The results can be seen in Table 6.1 All the devices were able to reduce the damper
force, as would be expected for a multi-state device, but the embedded Fluidlastic design and
Reed’s frequency dependent damper have constraints on the frequency and range in which this
reduction can be achieved. Most of the dampers have had some kind of bench test conducted, but
the CF activated bypass damper is the only one to have undergone testing in the rotating
environment to simulate realistic rotor conditions. All of the devices are able to achieve the
reduction in damping nearly instantly except for the orifice damper which requires heating of the
SMA wires for full control of the orifices. All of the devices either account for or incorporate the
centrifugal load into the design except for the MR and ER dampers, which could be effected by
the settling of the MR and ER particles due to a centrifugal load. Half of the devices require
some kind of external power and controller to activate the mutli-state behavior. The embedded
Fluidlastic device, Reed’s frequency dependent damper, and the CF activated damper are passive
devices, requiring no input once installed on the rotor. Finally, all of the designs except for
Reed’s frequency dependent damper require some kind of accommodation to be incorporated into
the rotor system. The CF activated bypass damper would have a slightly larger footprint in its
current design, though a more advanced design could reduce this impact.

The embedded

Fluidlastic device would require a new blade design since it is physically embedded within the
blade. The other devices would not only have a slightly larger footprint, but would require
external power and control.
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Table 6.1: Multi-State Damper Trade Study

Ability to
Reduce
Damper
Force
Development
Status
Speed of
Activation

Effect of CF
Active
Control
Requirements
Ease of
Incorporation
in Rotor
System

MR and ER
Dampers

Embedded
Fluidlastic
Device

All Cases

Only at High
Frequencies

Bench Tests

Conceptual

All Cases
Bench
Tests

Instantly
Potential
Settling of
Particles

Instantly

Powered
Activation
Power
Required,
Slightly
Larger
Footprint

SMA
Orifice
Damper

Reed
Frequency
Dependent
Damper

At a Tuned
Frequency

Active
Bypass
Damper

CF
Activated
Bypass
Damper

All Cases

Conceptual

All Cases
Bench
Tests

Slow

Instantly

Instantly

Instantly

Included in
Design

Minimal

Included in
Design

Minimal

Included in
Design

Passive

Powered
Activation

Passive

New Blade
Design

Power
Required,
Similar
Footprint

Similar
Footprint

Powered
Activation
Power
Required,
Slightly
Larger
Footprint

Spin Tests

Passive

Slightly
Larger
Footprint

The CF activated bypass damper currently represents the best choice for a multi-state
device to be installed on a helicopter. It is a passive device that would require no external power
or control. Additionally, in its current state, it only has a slightly larger footprint than the
conventional damper it was designed around. Most importantly, it is the only device at this time
that has been proven to work in the rotating environment. Further design iterations and more
comprehensive testing of the device should only improve the attractiveness of this concept.

6.3 CFD Augmented Analytical Damper Model
The development of the CFD augmented analytical model proved very effective.
Comparisons between the CFD model, the experimental data, and the CFD augmented analytical
model reveal its effectiveness.

Cases within the region where the correction factors were

determined had peak force prediction errors of less than 13%, with an average of 7%. The one
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case outside of the fit region had a much worse prediction of 39%. Comparisons with the bypass
open cases showed that the CFD augmented analytical model actually did better than the CFD
model at predicting the damper behavior. The CFD augmented analytical model had an average
error in peak force prediction of approximately 24%. The initial development of this model shows
much promise. The CFD augmented analytical model is able to accurately predict the damper
behavior while retaining the low computational effort of the semi-empirical analytical model.
These characteristics make it ideally suited to be incorporated into a rotorcraft simulation code.

6.4 CFD Damper Model
The development of a CFD model to predict the internal dynamic flow conditions of the
damper was very fruitful. The model incorporated shear-thinning effects and a dynamic meshing
environment, allowing it to capture the actual motion of the internal components of the damper.
The model faithfully captured the internal dynamics of the device, producing accurate results and
allowing insights into the flow behavior within the damper.
Comparisons between the CFD model and experimental data were very encouraging. For
the closed bypass channel case, there was an average error of less than 5% in prediction of the
loss stiffness, and an average error in peak force prediction of 7%. The maximum error in peak
force prediction was 13%. The maximum error in loss stiffness was close to 10%, though this
was for a single case.

For the open bypass channel cases, the CFD model did not do as well,

with an average error in peak force around 100% and an average error in loss stiffness close to
150%. For the closed case, the CFD model was able to predict the damper behavior very
accurately. In order to more accurately predict the open bypass channel behavior, a more detailed
CFD model that captures all of the flow geometries and accounts for slippage of the sliding mass
would be needed.
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6.5 Semi-Empirical Analytical Model
Comparison of the semi-empirical analytical model with experimental data revealed the
shortcomings of this approach. The assumptions of fully developed and steady flow do not hold
for the very dynamic conditions inside a stroking damper. While the semi-empirical analytical
model allows for quick computation and modeling, using minimal computational resources, it is
not accurate in most cases.
The semi-empirical analytical model greatly under predicts both the open and closed
configurations of the experimental damper. Loss stiffness predictions have errors of 80% and
greater, while the peak force prediction has an error of approximately 70% for the closed bypass
channel case. Additionally, the loop shapes have tapering effects near the end of each damper
stroke not seen in the experimental data.

6.6 Recommendations for Future Work

6.6.1 Further Development of Augmented Analytical Model
The CFD augmented analytical model proved highly effective, but the CFD correction
factors for the CFD augmented analytical model presented in this paper are of a limited scope. In
order for the revised analytical model to be of generic use, a much wider range of flow geometry
sizes and flow conditions would need to be compiled, using the procedure laid out in this
disertation. The effects of varying fluid density and viscosity for each flow geometry need to be
investigated. Extra care should be taken with the bypass channel trials to account for various
flow geometries such as turning flow, changing pipe diameter, and flow obstructions. Dual
frequency behavior is important in real damper systems. The ability of this model to predict that
behavior needs to be validated as well.
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Incorporation of this model into rotor codes should be fairly straightforward. The model
requires input displacement and velocity information and returns a damper force. Appendix A
contains a Matlab script that contains the CFD correction factors developed in this dissertation.
The model could be incorporated into simple rotor prediction codes for initial trials. Ultimately,
the model could be included in a full scale rotor simulation code such as RCAS.

6.6.2 CFD Model Expansion
The CFD model also shows much promise in predicting the behavior of new damper
designs. It was able to predict the closed damper behavior very well over the range investigated
in this disertation.

Further investigation over a broader range of frequencies and dynamic

displacements is needed to confirm the ability of the CFD model to capture the damper’s
behavior over its entire regime of operating conditions.
The model did not predict the open bypass channel condition very well. This requires
further investigation to determine the source of the error. A series of experimental tests isolating
the bypass channel behavior would allow for a more accurate comparison between the CFD
model and the experiment. The current experimental set up contained many variables that could
have lead to the discrepancy between the CFD model and the experimental results. With the
bypass channel isolated, any remaining failures in the CFD model to capture the bypass channel
flow behavior can be tracked down.
The current CFD model does not include any of the rotational effects of the system. The
experimental spin test revealed the possibility of a centrifugal or, more likely, coriolis
contribution to the fluid flow behavior at increasing rotor speeds. This could be included in the
CFD model to get a more accurate picture of what is occurring at each flow geometry as the rotor
speed increases.
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It would be interesting to begin investigating the interactive effects between the fluid and
structure to capture such effects as elatomer bulging. Additionally, heat generation, and the effect
it has on damping can be modeled in CFD. This could allow for prediction of low or high
temperature damper behavior. Finally, particles could be suspended in the fluid, such as those
found in MR and ER devices, and subjected to a centrifugal load to see how a rotating
environment would change the damping characteristics of these devices.

6.6.3 Rotor Speed Effect on Damping
The experimental spin test revealed an increase in damping with increasing rotor speed.
This effect needs to be investigated further. A more robust spin stand including a hydraulic
actuation system would be needed to remove the shortcomings of the electric linear actuator in
the current system. Using the updated spin stand, a series of tests should be conducted, possibly
in parallel to a CFD investigation as described above, to isolate the cause of the increased
damping with increasing rotor speed. The first test should use the damper prototype used in this
research, with the sliding mass held in place by metal dowels in both the open and closed
configurations. This would help to determine if the bypass channels are one of the important
factors in the increasing damping effect. Additionally, the sliding effect seen in the spin results
should be eliminated, whether it was caused by the stand connections, actuator, or sliding within
the damping device. If the effect is isolated to the bypass channels, a set of new damping devices
could be used, each consisting of a different configuration of bypass channels.
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6.6.4 Damper Internal Geometry
The conventional damper configuration contains large fluid chambers on either side of
the piston. The fluid is these chambers, especially in a viscous device such as the one described
in this research, is largely stationary throughout the damper’s operating conditions. Since this
fluid is not contributing to the damping, it could possibly be eliminated, reducing the overall
damper size and weight. The effects of reducing these fluid resevoirs needs to be further
investigated to determine if there would be adverse effects, such as increased heating sensitivity,
if they were to be removed.

6.6.5 Advanced Embedded Bypass Channel Damper Concept
Despite the success of the multi-state centrifugally activated lead-lag bypass damper
concept, there some key issues that should be investigated before proceeding to the next
generation model.
The first issue involves a direct effect of decreasing the damping. Due to the decreased
damping, the blade motion will increase. This increase in motion could be undesirable in the
rotor system. Additionally, this increased motion means a larger stroke for the damper. The
effect of this larger stroke on the damper life needs to be investigated to determine the ideal
reduction in damping to maximize damper life.
The second issue centers on the the current centrifugal activation system. It relies on a
set of coil springs that are prone to buckling under the high centrifugal loads and do not have the
best fatigue behavior. To improve the reliability of this device another system needs to be
devised to provide stiffness. An advanced conceptual design of an embedded bypass channel
damper was conceptualized to address these concerns.

It uses the same basic idea as the
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prototype that was constructed in this disseration, but embeds two bypass channels directly into
the piston. The sliding mass assembly is much smaller, being housed on one end of the piston.
The sliding mass covers the opening of the embedded bypass channels at low rotor speeds, and
then opens fully at the nomial rotor RPM. This configuration of the sliding mass eliminates the
possibility of a pressure differential across the mass when in the open bypass channel
configuration, which seems to have caused some possible problems in the experimental prototype
tested in this disertation. Additionally, this advanced conceptual design has the benefit of not
increasing the damper footprint. The damper will look identical to its conventional brethren, with
only a slight increase in weight and complexity, but with all the benefits of the passive multi-state
device demonstrated throughout the previous chapters.
The conceptual configuration can be seen in Figure 6-1. The blue areas represent the
fluid flow paths. The device, as described above, is nearly identical to a conventional fluidlastic
lead-lag damper. The only differences are the embedded bypass channels in the piston and the
sliding mass assembly at the top of the piston shaft.
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Figure 6-1: Advanced Embedded Bypass Damper Design
The behavior for this advanced embedded bypass damper was predicted using CFD. The
mesh for the damper with 0.4 inch embedded bypass channels can be seen in Figure 6-2. Some
trials using CFD showing the effect of various bypass channel sizes can be seen in Figure 6-3.
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Figure 6-2: CFD Mesh for Advanced Damper Conceptual Design
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Figure 6-3: CFD Predictions for Bypass Channel Sizing of Advanced Damper Concept

Appendix A

Flow Optimization Code
%%
%%
%%
%%

Flow Optimization Code for Orifice Flow
Feb 26 Update: friction factor fnext calculated via 'table look up'
using values from FLUENT runs
April 4th update: Shear thinning added to equations

% GOAL: get cdamp ~= 1.1 lb-sec/in
clear all
clc

%% Just Piston Run
xi = [0.05425
%1000 Cst Fluid
0.5
% Piston length
2.76
% Can inner wall
2.745 %45
% Piston outer wall
0
% Elastomer Cap Stiffness
1.458];
% Outer diameter of piston rod
xx = [xi(3)
xi(6)
xi(2)
((xi(3)-xi(4))/2)
xi(1)
0.035
% density of fluid
.069
% diameter of orifice
1
% Number of orifices
xi(5)];
%%
dm
Lb
nb

Bypass Properties
= 0.06;
% Diamaeter of Bypass Channel
= 2.5;
% Length of Bypass Pipe
= 3;
% Number of Bypass Channels

%% Dynamic Input Data
u0 = 0.04; %0.06;
% Dynamic Displacement max amplitued (in)
u02 = 0.0; %0.2
frequency = 2.5;
% Frequency (hz)
freq2 = 6;
statdisp = 0.0; %0.21;
if frequency == 2.5
delt = 0.005; %0.003125 %0.0020833333;
elseif frequency == 4

% 0.005
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delt = 0.003125;
elseif frequency == 6
delt = 0.0020833333;
else
delt = 1/frequency/80;
end
%% Shear Thinning Properties (in metric)
muinf = 0.0006;
%0.0006;
mu0 = 0.968797;
%0.968797;
lamda = 0.0002;
%0.0002;
nexp = 0.765;
%0.765;
%%
D = xx(1); % Inner diameter of the cylinder
drod = xx(2); % Outer diameter of piston rod
del = xx(3); % axial length of annulus gap
h = xx(4); % annulus gap between outer diameter of piston seal and
inner diameter of cylinder
mu = xx(5); % Dynamic viscosity of the fluid (lb/in-s)
rho = xx(6); % density of fluid
do = xx(7); % diameter of orifice
n = xx(8); % Number of orifices
K = xx(9); % Elastomer Cap Stiffness
nustokes = mu/rho*645.16; %nu in centistokes
cdo = 0.65;

% Discharge Coefficient

0.65
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Arod = pi*(drod/2)^2; % Piston rod x-c area
Aphead = pi*((D-2*h)/2)^2; % Piston head x-c area
Ap = Aphead-Arod; % Effective Piston area
lo = del; % Length of orifice
Ao = pi*(do/2)^2;
dp = xi(4);
b = 2*pi*(dp/2);
if h ==0
angap = 0;
else
angap = 1;
end
HydraulicD = 4*((D/2)^2-(drod/2)^2)/(D+drod);
pipe
ReCoeff = rho*HydraulicD/mu;
except velocity (to be added within loop)
%frequency
omega=frequency*2*pi; %rad/sec
omega2 = freq2*2*pi;

%Hydraulic diameter of
%Reynold's Number
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% time (for n cycles)
ncycle=2;
t=(1/(omega/2/pi)/4:delt:ncycle/(omega/2/pi)+(1/(omega/2/pi)/4));
u=u0*sin(omega*t) + u02*sin(omega2*t) + statdisp;
udot = u0*omega*cos(omega*t) + u02*omega2*cos(omega2*t);
npts=length(u);
Npp1 = round(1/frequency/delt);

storex(1) = 0;
storexi(1) = 0;
storey(1) = 0;
storey2(1) = 0;
DelPstore(1) = 0;
x = 0:0.00005:1;
for c2=2:npts
Qtot = Ap*udot(c2);
Qtotstore(c2) = Qtot;

% Total flow rate

Re(c2) = udot(c2)*ReCoeff;

%Reynold's Number

cdo = 0.65/sqrt(cdocalc(do, Re(c2)));
cdostore(c2) = cdo;
GapCorrect = annularcorrection(h, udot(c2));
BypassCorrect = bypasscorrection(dm,udot(c2));
if n == 0 && nb == 0 && angap == 1 % Annular Gap Flow Only
Qp = Qtot;
% Flow around piston
gammag = Qtot/((((D+h)/2)^2-(D/2)^2)*pi)/h;
mug = (muinf + (mu0-muinf)*((1+gammag^2*lamda^2)^((nexp1)/2)))*.0559974162;
DelP = GapCorrect*12*mug/(32.2*12)*del*Qtot*Ap/(b*h^3);
storex(c2) = 1;
storey(c2) = 0;
storexi(c2) = 0;
elseif nb == 0 && angap == 1

% Annular Gap Flow and Orifice

Flow
j = 1;
gammag = udot(c2)/h;
mug = (muinf + (mu0-muinf)*((1+gammag^2*lamda^2)^((nexp1)/2)))*.0559974162;
gammao = udot(c2)/do;
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muo = (muinf + (mu0-muinf)*((1+gammao^2*lamda^2)^((nexp1)/2)))*.0559974162;
tone = GapCorrect*12*mug/(32.2*12)*del*Qtot*Ap/(b*h^3);
ttwo = -sign(Qtot)*(Qtot^2)*(rho*(1(do/D)^4))/(2*n*cdo^2*do^4*(pi/2)^2)/(32.2*12);
polyc = [ttwo, (-2*ttwo+tone),ttwo];
froot = roots(polyc);
xm(j) = froot(2);
storex(c2) = xm(j);
storey(c2) = froot(1);
storexi(c2) = 1;
Qp = Qtot*xm(j);
gammag = Qp/((((D+h)/2)^2-(D/2)^2)*pi)/h;
mug = (muinf + (mu0-muinf)*((1+gammag^2*lamda^2)^((nexp1)/2)))*.0559974162;
mugstore(c2) = mug;
gammastore(c2) = gammag;
DelP = GapCorrect*12*mug/(32.2*12)*del*Qp*Ap/(b*h^3);
elseif nb == 0 && angap == 0
j = 1;

% Orifice Flow

gammao = udot(c2)/do;
muo = (muinf + (mu0-muinf)*((1+gammao^2*lamda^2)^((nexp1)/2)))*.0559974162;
DelP = -sign(Qtot)*(Qtot^2)*(rho*(1(do/D)^4))/(2*n*cdo^2*do^4*(pi/2)^2)/(32.2*12);
storex(c2) = 0;
storey(c2) = 0;
storexi(c2) = 1;
elseif n == 0 && angap == 1

% Annular Gap Flow and Bypass

Flow
j = 1;
gammag = Qtot/((((D+h)/2)^2-(D/2)^2)*pi)/h;
mug = (muinf + (mu0-muinf)*((1+gammag^2*lamda^2)^((nexp1)/2)))*.0559974162;
fnext = InterpProg(dm,udot(c2),Re(c2));
Keq = 0.5+1+30*fnext+fnext*(Lb/dm);
HLb =
BypassCorrect*Keq*rho*(Qtot/Ap/nb)^2/2/(32.2*12)*sign(Qtot/Ap/nb);
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tone = GapCorrect*12*mug/(32.2*12)*del*Qtot*Ap/(b*h^3);
ttwo = -HLb;
polyc = [ttwo, (-2*ttwo+tone),ttwo];
froot = roots(polyc);
xm(j) = froot(2);
storex(c2) = xm(j);
storey(c2) = froot(1);
storexi(c2) = 0;
Qp = Qtot*xm(j);
gammag = Qp/((((D+h)/2)^2-(D/2)^2)*pi)/h;
mug = (muinf + (mu0-muinf)*((1+gammag^2*lamda^2)^((nexp1)/2)))*.0559974162;
DelP = GapCorrect*12*mug/(32.2*12)*del*Qp*Ap/(b*h^3);
elseif n == 0 && angap == 0
j = 1;

% Bypass Flow

fnext = InterpProg(dm,udot(c2),Re(c2));
Keq = 0.5+1+30*fnext+fnext*(Lb/dm);
HLb =
BypassCorrect*Keq*rho*(Qtot/Ap/nb)^2/2/(32.2*12)*sign(Qtot/Ap/nb);
storex(c2) = 0;
storey(c2) = 1;
storexi(c2) = 0;
DelP = HLb;
else
readybreak = 0;

% Annular Gap, Bypass, and Orifice Flow

jout = 3;
Qp(jout) = Qtot*x(jout);
maxQ = (1-x(jout))*Qtot;
j = 2;
fnext = InterpProg(dm,udot(c2),Re(c2));
Keq = 0.5+1+30*fnext+fnext*(Lb/dm);
HLb =
BypassCorrect*Keq*rho*(maxQ/Ap/nb)^2/2/(32.2*12)*sign(maxQ/Ap/nb);
tone = sign(maxQ)*(maxQ^2)*(rho*(1(do/D)^4))/(2*n*cdo^2*do^4*(pi/2)^2)/(32.2*12);
ttwo = -HLb;
polyc = [ttwo+tone, (-2*ttwo),ttwo];
froot = roots(polyc);
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if tone == 0 && ttwo == 0
y(j) = 0;
else
y(j) = froot(2);
end
gammag = Qp(jout)/((((D+h)/2)^2-(D/2)^2)*pi)/h;
mug = (muinf + (mu0muinf)*((1+gammag^2*lamda^2)^((nexp-1)/2)))*.0559974162;
HLp(jout) =
GapCorrect*12*mug/(32.2*12)*del*Qp(jout)*Ap/(b*h^3);
% Piston Head Loss
HLbst(jout) = BypassCorrect*Keq*rho*(maxQ*(1y(j))/Ap/nb)^2/2/(32.2*12)*sign(maxQ*(1-y(j))/Ap/nb);
jout = 5;
Qp(jout) = Qtot*x(jout);
maxQ = (1-x(jout))*Qtot;
j = 2;
fnext = InterpProg(dm,udot(c2),Re(c2));
fnext = InterpProg(dm,Qtot/(pi*(dm/2)^2/nb));
Keq = 0.5+1+30*fnext+fnext*(Lb/dm);
HLb =
BypassCorrect*Keq*rho*(maxQ/Ap/nb)^2/2/(32.2*12)*sign(maxQ/Ap/nb);
%

tone = sign(maxQ)*(maxQ^2)*(rho*(1(do/D)^4))/(2*n*cdo^2*do^4*(pi/2)^2)/(32.2*12);
ttwo = -HLb;
polyc = [ttwo+tone, (-2*ttwo),ttwo];
froot = roots(polyc);
if tone == 0 && ttwo == 0
y(j) = 0;
else
y(j) = froot(2);
end
gammag = Qp(jout)/((((D+h)/2)^2-(D/2)^2)*pi)/h;
mug = (muinf + (mu0muinf)*((1+gammag^2*lamda^2)^((nexp-1)/2)))*.0559974162;
HLp(jout) =
GapCorrect*12*mug/(32.2*12)*del*Qp(jout)*Ap/(b*h^3);
% Piston Head Loss
HLbst(jout) = BypassCorrect*Keq*rho*(maxQ*(1y(j))/Ap/nb)^2/2/(32.2*12)*sign(maxQ*(1-y(j))/Ap/nb);
slope = ((HLp(5)-HLbst(5))-(HLp(3)-HLbst(3)))/(x(5)-x(3));
bint = (HLp(5)-HLbst(5)) - slope*x(5);
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xfinal = -bint/slope;
if isnan(xfinal)
xfinal = 0;
end
gammag = Qtot*xfinal/((((D+h)/2)^2-(D/2)^2)*pi)/h;
mug = (muinf + (mu0-muinf)*((1+gammag^2*lamda^2)^((nexp1)/2)))*.0559974162;
HLpf =
GapCorrect*12*mug/(32.2*12)*del*Qtot*xfinal*Ap/(b*h^3);
DelP = HLpf;
% Stores pressure differential across piston head
storejout = jout-1;
storex(c2) = xfinal;
storexi(c2) = y(2);
end
if n == 0 && nb == 0;
storex(c2) = 1;
end
DelPstore(c2) = DelP;
F(c2) = K*u(c2) + DelP*Ap;

% Force from the damper.

end
index1 = (ncycle-1)*Npp1;
index2 = ncycle*Npp1;
if index1 == 0
index1 = 1;
end
fftsigma = fft(F(index1:index2));
ffteps = fft(u(index1:index2));
h2 = fftsigma./ffteps;
mod = h2(2);
Es = abs(real(mod))
El = abs(imag(mod))
maxF = max(abs(F))
maxForce = 58;
desKp = 986;
desKpp = 614;

% Design max force allowed by damper
% Design K' in lbs/in
% Design K" in lbs/in

MaxFerror = abs(maxForce - max(abs(F)))/maxForce;
KpError = 10*abs(desKp - Es)/desKp;
KppError = 10*abs(desKpp - El)/desKpp;
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Error = MaxFerror + KpError + KppError;

% New Error

%% Damping Coefficent
cdamp = El/omega
%% Figures
figure
hold on
plot(u,F)
title (['Orifice Damper Force with Bypass Open, ',num2str(n),' orifice
open'])
xlabel 'Displacement (in)'
ylabel 'Force (lbs)'
axis([min(u),max(u),-500,500])
axis 'autoy'

function GapCorrect = annularcorrection(h, udot)
% Function to calculate Gap Flow correction factor
if h <= 0.006
GapCorrect = 0.0943*abs(udot)^(0.314);
elseif h > 0.006 && h < 0.01
GapCorrect = (3*(1-(h/0.006))*(0.004*abs(udot)^3.5+0.1256) +
5*((h/0.01)-1)*0.0943*abs(udot)^(0.314))/-2;
elseif h == 0.01
GapCorrect = 0.004*abs(udot)^3.5+0.1256;
elseif h > 0.01 && h < 0.015
GapCorrect = (4*(1-(h/0.01))*.1594*abs(udot)^.0463 + 6*((h/0.015)1)*(0.004*abs(udot)^3.5+0.1256))/-2;
elseif h == 0.015
GapCorrect = .1594*abs(udot)^.0463;
elseif h > 0.015 && h < 0.02
GapCorrect = (6*(1-(h/0.015))*(0.00025*abs(udot)^5+0.165) +
8*((h/0.02)-1)*(.1594*abs(udot)^.0463))/-2;
elseif h >= 0.02
GapCorrect = 0.00025*abs(udot)^5+0.165;
end

function BypassCorrect = bypasscorrection(dm,udot)
% Function to calculate Gap Flow correction factor
if dm <= 0.06
BypassCorrect = 29.345*abs(udot)^.3886;
%
BypassCorrect = 27.423*abs(udot)^0.3886;
elseif dm > 0.06 && dm < 0.08
BypassCorrect = (6*(1-(dm/0.06))*(13.187*abs(udot)^.3182) +
8*((dm/0.08)-1)*29.345*abs(udot)^.3886)/-2;
%
BypassCorrect = (6*(1-(dm/0.06))*(12.476*abs(udot)^0.3182) +
8*((dm/0.08)-1)*27.423*abs(udot)^0.3886)/-2;
elseif dm == 0.08
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BypassCorrect = 13.187*abs(udot)^.3182;
%
BypassCorrect = 12.476*abs(udot)^0.3182;
elseif dm > 0.08 && dm < 0.1
BypassCorrect = (8*(1-(dm/0.08))*7.3053*abs(udot)^0.2499 +
10*((dm/0.1)-1)*(13.187*abs(udot)^.3182))/-2;
%
BypassCorrect = (8*(1-(dm/0.08))*6.9939*abs(udot)^0.2499 +
10*((dm/0.1)-1)*(12.476*abs(udot)^0.3182))/-2;
elseif dm == 0.1
BypassCorrect = 7.3053*abs(udot)^0.2499;
%
BypassCorrect = 6.9939*abs(udot)^0.2499;
elseif dm > 0.1 && dm < 0.12
BypassCorrect = (10*(1-(dm/0.1))*(4.6748*abs(udot)^0.1801) +
12*((dm/0.12)-1)*(7.3053*abs(udot)^0.2499))/-2;
%
BypassCorrect = (10*(1-(dm/0.1))*(4.5303*abs(udot)^0.1801) +
12*((dm/0.12)-1)*(6.9939*abs(udot)^0.2499))/-2;
elseif dm >= 0.12
BypassCorrect = 4.6748*abs(udot)^0.1801;
%
BypassCorrect = 4.5303*abs(udot)^0.1801;
end

function cdo = cdocalc(do, udot)
% Function to calculate cdo based on CFD trials for various orifice
sizes
if do <= 0.04
cdo = 7.9995*abs(udot)^(-.8216);
%
cdo = 9.2316*abs(udot)^(-0.8216);
elseif do > 0.04 && do < 0.06
cdo = (6*(1-(do/0.06))*7.9995*abs(udot)^(-.8216) + 4*((do/0.04)1)*9.4144*abs(udot)^(-.8887) )/2;
%
cdo = (6*(1-(do/0.06))*9.2316*abs(udot)^(-0.8216) +
4*((do/0.04)-1)*10.992*abs(udot)^(-0.8887) )/2;
elseif do == 0.06
cdo = 9.4144*abs(udot)^(-.8887);
%
cdo = 10.992*abs(udot)^(-0.8887);
elseif do > 0.06 && do < 0.08
cdo = (8*(1-(do/0.08))*9.4144*abs(udot)^(-.8887) + 6*((do/0.06)1)*11.884*abs(udot)^(-1.0501) )/2;
%
cdo = (8*(1-(do/0.08))*9.4144*abs(udot)^(-.8887) + 6*((do/0.06)1)*7.6721*abs(udot)^(-.6805) )/2;
elseif do == 0.08
cdo = 11.884*abs(udot)^(-1.0501);
%
cdo = 7.6721*abs(udot)^(-.6805);
%
cdo = 8.6386*abs(udot)^(-0.6805);
elseif do > 0.08 && do < 0.1
cdo = (10*(1-(do/0.1))*7.6721*abs(udot)^(-.6805) + 8*((do/0.08)1)*11.137*abs(udot)^(-1.0708) )/2;
elseif do >= 0.1
cdo = 11.137*abs(udot)^(-1.0708);
%
cdo = 13.424*abs(udot)^(-1.0708);
end
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Appendix B

Spin Stand Parts List and Spin Rig Drawings
Table B-1: Spin Stand Parts List
ITEM
NO.

PART NUMBER

DESCRIPTION

QTY.

TOTAL QTY.

1.1

DampEnd1

Damper End C Beam

1

1

1.2

ActEnd1

Stand to Grip Connector Beam

1

1

1.3

Balance1

Damepr Balance Beam

1

1

1.4

Balance2

Balance Weights

6

6

1.5

Balance3

Spacer for Damper Holder

2

2

1.6

DampEnd2

Damper Attachment Flange

2

2

2.1

ActEnd1

Stand to Grip Connector Beam

1

1

2.2

ActEnd2

Actuator End C Beam

1

1

2.3

ActEnd3

Actuator Support Brace

1

1

2.4

ActEnd4

Actuator Bearing Support

1

1

3

ActEnd5

Damper to Actuator Connector

1

1

Figure B-1: Spin Stand Final Assembly
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Figure B-2: Actuator End Assembly

Figure B-3: Actuator to Hub Beam
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Figure B-4: Actuator End C-Beam

Figure B-5: Actuator Brace Frame
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Figure B-6: Actuator Support

Figure B-7: Damper to Acuator Connector
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Figure B-8: Damper End Assembly

Figure B-9: Damper End C-Beam
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Figure B-10: Damper Attachment Brace

Figure B-11: Damper Balance Beam
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Figure B-12: Balance Weight

Figure B-13: Spacer

179

Appendix C

Further Spin Test Results
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Figure C-1: Cycle Time vs. Force 2.5 Hz at 0.04 inches
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Figure C-2: Hysteresis Behavior 2.5 Hz at 0.04 inches
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Figure C-3: Cycle Time vs. Force 2.5 Hz at 0.06 inches
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Figure C-4: Hysteresis Behavior 2.5 Hz at 0.06 inches
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Figure C-5: Cycle Time vs. Force 4 Hz at 0.04 inches
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Figure C-6: Hysteresis Behavior 4 Hz at 0.04 inches
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Figure C-7: Cycle Time vs. Force 4 Hz at 0.06 inches
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Figure C-8: Hysteresis Behavior 4 Hz at 0.06 inches
200
150
100

Force (lbs)

50
0 RPM
0

140 RPM
0

0.1

0.2

0.3

-50
-100
-150
-200
Cycle Time (s)

Figure C-9: Cycle Time vs. Force 6 Hz at 0.04 inches
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Figure C-10: Hysteresis Behavior 6 Hz at 0.04 inches
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Figure C-11: Comparison to Bench Test, Bypass Channels Closed, 2.5 Hz at 0.06 inches
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Figure C-12: Comparison to Bench Test, Bypass Channels Open, 2.5 Hz at 0.06 inches
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