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Abstract
Abstract

Bearings today need to be able to run at very high speed, providing high positional
accuracy for the structure that it supports, and requiring very little or no maintenance.
For this to happen, bearings must have tight tolerances and very low or zero friction
during operation. This pushes many traditional contact-type bearings to their limits as

they often fail due to friction, generating heat and causing wear.

By comparison, existing non-contact bearings fare better because of their very low or
zero friction. But some have their own problem too. For example, the fact that
aerostatic bearings require an air supply means having to use a separate air compressor
and connecting hoses. This makes the installation bulky. Aerodynamic and
hydrodynamic bearings cannot support loads at zero speed. Both hydrodynamic and
hydrostatic bearings may cause contamination to the work-pieces and the work

environment because of the use of lubricating fluid.

A potential solution to the above-mentioned problems is the new squeeze film air
bearing. It works on the rapid squeeze action of an air film to produce separation
between two metal surfaces. This has the benefit of being compact with a very simple
configuration because it does not require an external pressurized air supply, can support

loads at zero speed and is free of contamination.

For this research, two squeeze film air journal bearings, made from material of Al 2024
— T3 and Cu - C101 with the same geometry, were designed. The bearing is in the
shape of a round tube with three fins on the outer surface and the journal, a round rod.
When excited at a certain normal mode, the bearing shell flexes with a desirable modal
shape for the squeeze film action. The various modes of vibration of Al bearing were
obtained from a finite-element model implemented in ANSYS. Two Modes, the 13®
and 23", at the respective frequencies of 16.320 kHz and 25.322 kHz, were identified
for further investigation by experiments with respect to the squeeze film thickness and
its load-carrying capacity. For Cu bearing, the two Modes are also 13" and 23 at the

respective frequencies of 12.184 kHz and 18.459 kHz.
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In order to produce dynamic deformation of the bearings at their modes, a single layer
piezoelectric actuator was used as a driver. The maximum stroke length and the
maximum blocking force of the single layer piezoelectric actuator were determined

using manual calculation and ANSYS simulation.

In the coupled-field analysis, the single layer piezoelectric actuator was mounted on the
outside surface of the bearing shell and loaded with an AC and a DC voltage in order to
produce the static and dynamic deformation. For the static analysis, the maximum
deformation of Al bearing shell is 0.124 pum when the actuators are driven at the DC of
75 V. For the dynamic analysis, the actuators are driven at three levels of AC, namely
55, 65 and 75V with a constant DC offset of 75V and the driving frequency coincided
with the modal frequency of the bearing. The maximum dynamic deformation of Al
bearing shell is 3.22um at Mode 13 and 2.08um at Mode 23 when the actuators were
driven at the AC of 75 V and the DC of 75 V. Similarly, the FEA simulation was used
for analyzing Cu bearing. Furthermore, the dynamic deformation of both Al and Cu

bearing at Mode 13 and 23 are validated by experiments.

This research developed two theoretical models that explain the existence of a net
pressure in a squeeze film for the levitation. The first model uses the ideal gas law as
first approximation whilst the second uses the CFX simulation to provide a more exact

explanation.

In terms of the load-carrying capacity, Mode 13 was identified to be better than Mode
23 for both bearings. However, at Mode 13, Al bearing has a higher load-carrying
capacity than Cu bearing. This is due to Al bearing having a higher modal frequency

and amplitude.

Finally, the coupled-field analysis for fluid solid interaction (FSI) was studied at both
Mode 13 and 23 for Al bearing. The findings are that: a) the fluid force in the squeeze
film can affect the dynamic deformation of the bearing shell, especially at high
oscillation frequency, more at Mode 13 than at Mode 23 due to the relatively high

pressure end-leakage in the latter; b) the dynamic deformation of the bearing shell
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increases with the gap clearance in a logarithmic manner at Mode 13; and c) the micron

levels of gap clearance provide a damping effect on the dynamic deformation of the

bearing shell at Mode 13 and at Mode 23, though much less dominant.
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1.1 Squeeze film bearings

Where there are moving parts, there are bearings. The bearings allow constrained
relative motion, typically rotation or linear, between two or more parts. In order to

select the correct bearing for an application, the following factors need to be considered

[1]:

(1) Lubrication - gas or liquid;

(2) Load — its directions, whether radial or axial or both, and its magnitude;
(3) Speed;

(4) Temperature - in particular that of the lubricant; and

(5) Loading condition - vibration and shock loads.

Bearings can be broadly classified into contact and non-contact bearings based on
whether or not a direct physical contact actually occurs between two relative moving
bearing surfaces. Contact bearings are perhaps more common but they do experience
more friction during operation than do the non-contact bearings. The friction creates
heat and wear leading to degradation of lubrication and loss of positioning accuracy; in
addition the friction consumes power that would otherwise be available for useful
work. For this reason, compared to non-contact bearings, contact bearings are used for

lower speed application.

Non-contact bearings are the ideal bearings because in theory there is no metal-to-metal
contact between the two moving bearing surfaces that are separated by a layer of fluid.
The force needed to overcome friction due to the viscosity of the fluid layer is far less
than that in the contact bearings. Since there is no wear, there is no heat and hence no
change of dimensions due to wear and thermal expansion. Thus, positioning accuracy

can be more easily maintained.

In addition, cleanliness can also be easily maintained if oil, as lubricant, is replaced by

clean air. This oil-free condition for bearings is essential in machines used for food,
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drug and semiconductor manufacturing and in medical and bio-medical equipment.

Other applications can be found in laser scanner motors, hard disc drives and

contactless transportation of silicon chips.

Implementation of the principle of non-contact bearing produces aerostatic and
aerodynamic bearings, and hydrostatic and hydrodynamic bearings. The difference
between aero- and hydro-bearings is in the type of lubricant used; air in the former, and

oil in the latter. They do have limitations, however.

Take the example of the aerostatic bearings. They need air compressors and hoses for
their satisfactory operation. This ancillary equipment is bulky and not very portable,
which can create problem as space is often at a premium particularly in micro- and
nano-machining. In addition, the aerostatic bearings require a continuous supply of

clean and dry air with the attendant cost in ensuring proper air supply and filtering.

The aerodynamic bearings also have their limitations. For example, at zero speed the
load is supported via metal-to-metal contact. At start-up and shut-down, the friction

that exists causes surface wear.

The non-contacting phenomenon between two bearing surfaces can also be generated
by what is called the ‘squeeze-film’ effect [2]. This is clearly depicted in the Reynolds
equation (see Chapter 2.4). According to the Reynolds equation, if two plates close to
each other have oscillating relative motion normal to their surfaces, the air film being
squeezed can generate a resistive force large enough to keep the two plates separate.
Such bearings require no air compressors, filters or hoses; the whole package, including
the power source and the driving element that produces the squeeze film action, can be

made very compact.

The research reported in this thesis concerns this squeeze film phenomenon and the
means by which the squeeze film effect can be harnessed in the design of journal

bearings.
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1.2 Aims and objectives

The aim is to determine the static and dynamic behaviour of the squeeze-film
phenomenon so that sufficient engineering knowledge is created for designing a
mechanism for generating the squeeze film action and for designing journal bearings

that make use of the action. To achieve the aim the following objectives are set:

*To study the driving mechanism for producing the squeeze film action — the
piezoelectric actuator was identified and modelled, using ANSYS simulation to
calculate two important parameters of maximum stroke length (without constraint at
both ends of the actuator) and maximum blocking force (with constraint at both ends)

when excited by an electrical power source;

*To conduct a coupled-field analysis between the piezoelectric actuator and a fixed-
fixed beam, as an approximation to a bearing shell - to determine the modal shapes and
frequencies and the corresponding stress distribution; to evaluate the fatigue life, the

static and dynamic deformation of the beam;

*To model the squeeze film action using the ideal gas law and the Reynolds equation -
to demonstrate the existence of an asymmetrical pressure distribution which is
responsible for the levitation crucial to the operation of non-contacting bearings; to
identify critical operating parameters such as the oscillation frequency and amplitude;
and to determine their influence on the load-carrying capacity and the air film

thickness;

*To design and build a test rig equipped with driving units to power the single layer
piezoelectric actuators on a journal bearing to validate the squeeze film effect as

predicted by the mathematical modelling and FEA simulation;

*To build a LabVIEW data acquisition program to capture the displacement signal on
the bearings from which can be measured the oscillation amplitude and frequency, the

modal shape and the air film thickness;
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*To perform experiments to determine the dynamic response of the squeeze film

bearings when excited at their modal frequencies;

*To perform experiments to determine the load-carrying capacity of the squeeze film

bearings.

1.3 Thesis structure

Chapter 1 introduces contact and non-contact bearings and the reason for researching
into a type of non-contact bearing that operates on the ‘squeeze film’ effect. The aim
and objectives for the research are explained and the structure of this thesis is presented

also in this chapter.

Chapter 2 reviews the historical background and recent development of squeeze film air
bearings. Advantages and disadvantages of the existing design of the squeeze film

bearings are presented. In addition, theories on the squeeze film effect are introduced.

In Chapter 3, the two important parameters, namely the maximum stroke length and the
maximum blocking force associated with the single layer piezoelectric actuator are

calculated manually and then using ANSYS simulation.

The coupled-field analysis is presented in Chapter 4. The coupling studied is the one
between the piezoelectric actuator (the driver) and a beam (the driven). The FEA
modelling includes a modal analysis, static analysis, dynamic analysis, stress analysis
and fatigue analysis of the beam with both ends fixed. Using computational fluid
dynamics, the squeeze film effect is studied and modelled by two methods: 1) using the
ideal gas law as a first approximation, and 2) using the CFX simulation as a much
refined study. Significant results obtained from the refined CFX model are discussed

and presented as bearing design guidelines.

With the understanding gained from Chapter 3 and Chapter 4, it is now possible to
consider how to make use of the findings to design squeeze film air journal bearings.
In Chapter 5 is described the reasoning behind the design of two journal test bearings,

made from aluminium and copper. It also presents the experimental design, set-up and
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procedure for the dynamic response and load-carrying capacity experiments. The

Chapter ends with a description of the electrical inputs to the piezoelectric actuators,
the mechanical bearing structure, the measurement instrument and the LabVIEW user

interface.

Chapter 6 reports on the theoretical and experimental results of the two proposed
journal test bearings focusing on the modal, static and dynamic analyses. It also

presents and discusses results of the load-carrying capacity experiments.

Chapter 7 studies the fluid solid interaction between the air film and the bearing shell
using the coupled-field analysis. This is focused on the air film effect at Modes 13 and

23 of the journal bearings.

Chapter 8 presents the conclusions to the research, the contributions to knowledge and
the recommendations for future work. One of the contributions is the set of guidelines

for designing squeeze film air journal bearings.
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2.1 Introduction

In this chapter, a literature review on different topics, as shown in Figure 2.1, is
conducted. First, conventional bearings are classified and compared in terms of their
design and performance characteristics. Second, a review of the research into the
squeeze film bearings by various researchers is presented; it also comprises a survey of
the theory that governs the squeeze film action, including the ideal gas law in an
adiabatic process and the Reynolds equation. Third, as the squeeze film journal air
bearing, which is the object of the PhD research, needs to be characterised in both its
static and dynamic performance, it is appropriate to review topics on vibration
particularly the forced vibration and modal analysis. Fourth, since the excitation device
used to generate the squeeze film action is a piezoelectric actuator which is bonded
onto the journal bearing, the mechanical property and transduction characteristic of the
piezoelectric actuator are evaluated. Finally, the Chapter ends with a brief description
and comment of the software evaluated and subsequently used in the course of the PhD
research. These software packages have been used for the modelling and simulation of
the piezoelectric actuator, the journal bearing and the coupling between the two, and for
data acquisition and analysis of the dynamic response of the journal bearing in

experiments.
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Forced
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Figure 2.1 — The various branches studied in literature review

2.2 Conventional bearings

2.2.1 Classification of conventional bearings

There is more than one way to classify bearings. Since the issue of great interest to an
engineer is one of friction and its reduction or removal, it is more suitable to classify
bearings in terms of the nature of support in a bearing. Thus, broadly speaking there are
two classes, namely contact and non-contact bearings. This description enables a
squeeze film bearing, the object of interest in this thesis, to be put neatly in the class of

non-contact bearings.

2.2.2 Contact bearings

Contact bearings include plain bearings and rolling element bearings. Examples of the
rolling element bearings are ball bearings, straight roller bearings, and taper roller

bearings as shown in Figure 2.2. A plain bearing relies on the relative motion between
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plain surfaces that are either flat or cylindrical. Normally, the material of the plain

bearings is softer than the shaft or slider that is supported, in order to allow the bearing
to get worn out faster than the shaft or slider. For the rolling element bearings, friction
is much reduced between the moving and stationary parts compared with the plain

bearing because of the rolling replacing the sliding motion.

Contact bearing
classification

Plain bearings Rolling_element
bearings
Ball bearings Straight roller Taper_roller
bearings bearings

Figure 2.2 — Contact bearing classification.

Amongst the three rolling element bearings presented in Figure 2.2, the ball bearings
tend to have lower load-carrying capacity due to smaller contact area that approximates
to be a point in the ideal situation. However, the ball bearing can tolerate some
misalignment of the inner and outer races. The roller bearings have larger contact area
that approximates to be a line .The balls or rollers as the rolling elements can be chosen
depending on the loading capacities and operation conditions [3]. The ball bearings can
be operated at higher speeds without overheating than the roller bearings; moreover,
they are less expensive for lighter loadings, have lower frictional resistance at light
loadings and are available in a wider range of sizes. On the other hand, the roller
bearings can carry much

heavier loads because of the bigger contact area. The other advantage of roller bearings
is in their tolerance to shock and impact loadings. The comparison between the plain

bearings and roller element bearings is summarised in Table 2.1.
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Table 2.1 — Comparison between plain bearings and rolling element bearings.

Plain Bearings

Rolling Element Bearings

lubrication and

lubrication and

Types Plain bearing  [Ball bearing Straight roller  [Taper roller
bearing bearing
Description Comprising just (Comprising inner/Comprising inner/Comprising inner
a bearing surfacefrace, outer race, [race, outer race, [race, outer race,
, without rolling alls and cage  [roller and cage [roller cones and
element; usually cage
with lubricant
Friction High relative to [Low Medium Medium
rolling element |Coefficient of  |Coefficient of |Coefficient of
bearing (also  (friction: 0.001  [friction: 0.001  [friction: 0.001
depends upon  |[4] [4] [4]
application and
lubrication)
Coefficient of
friction: 0.1 [4]
Speed Low relative to |[High Medium Medium
rolling element |(often cooling |(often cooling  |(often cooling
bearing needed) needed) needed)
(no cooling
needed)
Life Low to high Medium to high [Medium to high [Medium to high
(depends on (depends on (depends on

lubrication and

DX105 N) [5]

Range

DX106 N) [5]

requires requires requires

maintenance) maintenance) maintenance)
Load — carrying [Medium Low relative to [High High
capacity Range ( 103to froller bearing  |[Range (10°to  [Range (10° to

X106 N) [5]
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Misalignment [Low High Low Low
tolerance

Cost Low Medium High High
Lubrication Requires Requires less Requires less Requires less
Contact area  |line Point Line Line

Due to the direct mechanical contact between the rotational and stationery parts, the
contact bearings suffer from friction, wear, vibration, heat generation in high speed
operating conditions. To avoid those disadvantages, reducing friction is the key because
it not only can reduce wear but also overheating. Based on the idea of friction

reduction, non-contact bearings will be reviewed next.

2.2.3 Non-contact bearings

The non-contact bearings are those which do not have a direct physical contact between
the two moving surfaces. Through this significant improvement, the non-contact
bearings have features of no wear, hardly any friction except for fluid drag (particular
for liquid lubricant), virtually maintenance free, high reliability and much higher
positioning accuracy. The most common non-contact bearings are fluid film bearings,
which use a thin layer (several microns) of fluid, gas or liquid, for separating two metal
surfaces. The non-contact bearings include aerostatic and aerodynamic bearings and
hydrostatic and hydrodynamic bearings, the first two based on the gas separating two
surfaces and the last two based on the fluid. The function and working principles of the
above variable types of the non-contact bearing will be discussed in the following

sections [6].

2.2.3.1 Aerodynamic and hydrodynamic bearings

In the aerodynamic bearings, the rotation of the moving part sucks the gas (air) into the
inner surface of the bearing in order to form a gas film that is created by the relative
motion to generate the pressure differentials not only for supporting the load but also
for lubricating [7]. Figure 2.3 shows three operation conditions: static, start up and

running.

10
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From Figure 2.3 (a), it can be observed that the film of lubrication cannot take any load
in the static situation. When rotation starts the shaft (journal) moves up until it reaches
an equilibrium position; meanwhile, a lubricating wedge is being formed under or
around the rotation shaft. As the rotating speed increases, a pressure gradient is created

across the gap clearance as shown in Figure 2.3 (c).

The load capacity, an important bearing parameter, depends on the relative speed of the
rotating shaft and stationary bearing shell. At very light load and high rotational speed,
the shaft will rotate nearly concentrically within the bearing. If the load is increased or
the speed reduced, the eccentricity increases as a result of the film thickness being
reduced significantly. Any further increase in loading or decrease in rotating speed

could cause the failure of aerodynamic conditions due to the surface contact.

So, an evident limitation of the aerodynamic bearing is the high wear rate and excessive
friction at start-up and shutdown. It should be used at high rotating speed; otherwise, its
life may be shortened. Even at full nominal speed, the aerodynamic bearings are prone
to dynamic instability such as the half—frequency whirl. Compared to the rolling

element bearing, its stiffness is rather low, which can be a significant disadvantage.

The aerodynamic bearing is used in computer hard drives for supporting a memory disc
spun at high speed under a magnetic read/write head. It can also be used in other

applications like crankshaft journals.

LOAD LOAD LOAD

STATIC / START UP UG

shaft { Journal)

PRESSURE DIS";IBUTION

(a) (b) (c)

11
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Figure 2.3 — Static, Start up and Normal running equilibrium operation condition of

aerostatic bearing [8].
The hydrodynamic bearings work on the same principle as the aerodynamic bearings.
The only difference between them is the fluid used as lubricant, typically oil for
hydrodynamic bearings instead of gas. So, grooves are often cut into the bearing shell
to feed oil into the clearance, Figure 2.4. Since oil is virtually incompressible
compared to gas, the hydrodynamic bearings have a much higher load-carrying
capacity and stability than the aerodynamic bearings of a similar size; moreover, the
hydrodynamic bearings have greater stiffness and damping. In other words, they can
support a heavier load with greater stability due to the high stiffness of the oil film; the
higher damping can prevent excessive vibrations or cushion impulsive shocks during

running.

However, for the hydrodynamic bearings not only the rotational speed (which needs to
be high) but also the temperature is critical. This is because of the fact that an increase
in the oil temperature weakens the intermolecular forces, leading to a reduction in the
oil viscosity. Figure 2.5 shows a typical relationship between kinematic viscosity and

temperature.

The hydrodynamic bearings suffer similar disadvantages as do their aerodynamic
counterparts at static, start up and shutdown. In addition, the integrity of the oil
lubricant is also important. Although using oil instead of air increases the load-carrying
capacity and film stiffness, yet due to its higher viscosity, the friction or drag associated
with shearing an oil film is higher, increasing power consumption [9]. Furthermore,
where hygiene and cleanliness are paramount, the use of the hydrodynamic bearings

may not be suitable for fear of oil contamination.

12
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Oil Inlet

Converging
Gap

Figure 2.4 — Hydrodynamic bearing [10].
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Figure 2.5 — Temperature versus viscosity [9].

2.2.3.2 Aerostatic and hydrostatic bearings

Aerostatic bearings use an external air compressor to supply pressurized air into a gap
clearance. The gas film in the clearance keeps the two surfaces apart and also acts as a
lubricant [11 and 12]. The aerostatic bearings can be classified as either linear air
bearings or cylindrical air bearings. The linear air bearings, that can provide
translational, are commonly used in micromachining centres, the gantry system in
machine tools and high precision coordinate measuring machines, etc. The cylindrical

air bearings are used as frictionless rotating support for spindles.

Figure 2.6 shows how an aerostatic bearing works. Without loading, the shaft is
concentric in the bearing (ignoring the weight of the shaft), and there is zero pressure

difference between the bottom and top halves of the shaft. When an external load is

13
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applied to the shaft, the clearance in the bottom half reduces whilst that in the top half

increases. So the air flow through the bottom half of the shaft is restricted thus causing
the pressure there to increase whilst that at the top half decreases, Figure 2.6 (b). The

pressure difference thus created balances the load applied [5].

Po

@ 7///////;//1/% P /
~ <« > Fa [ \ I(P d, = Pa)
| |

) ) |

|

v 0 . ;
) - > P: \ / I(Pd, —Py)
g 77 //% Py, \ /

(a) No load on shaft No pressure difference
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- - A
——— / N 1 (Pa-P)
GRS 1772 R e “—¥
\ : + W _ )I ?:‘) /"'

%\zsz © A | (Pg,—Pa)

27777777777,
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(b) Load on shaft Pressure difference supporting load

Figure 2.6 — Working principle of the aerostatic bearing [5].

In contrast to the aerodynamic bearings, the air film in the aerostatic bearings can
sustain a load even in the static operation condition (zero speed) but they require an
external pressurised air supply at all times; and the pressurized air must be properly
cleaned and dried. The load-carrying capacity of the aerostatic bearing depends on the
net pressure generated inside the bearing clearance, which in turn relies on the pressure
in the air supply. In other words, the load-carrying capacity is only limited by the air

pressure and the material strength of the bearing housing.

Unlike the aerodynamic bearings, aerostatic bearings do not suffer from excessive

friction and wear that occur during the start-up and shutdown stages. In addition, the

14
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aerostatic bearings are able to support higher loads than the aerodynamic bearings of a

similar size. The aerostatic bearing stiffness and the damping are often much better than

the aerodynamic counterparts, being less prone to instability after impulsive shock.

Admittedly, the aerostatic bearing systems are more complex to design, requiring
expensive external pressure compressor and air delivery system. In this respect,
aerodynamic bearings have far simpler requirements; they do not need compressors to
work. Overall, aerostatic bearings deliver superior performance, have longer life

expectancy and are noise-free, contamination-free and virtually maintenance-free.

The aerostatic bearings have found popular use in grinding, machining and micro-
positioning applications where full functioning at zero speed and absence of friction is
essential [5]. The most widely used air bearing applications in machine tools are those
involving rotating spindles. One example is given in Figure 2.7; it consists of a shaft
and an air bearing housing. The two pipes (inlets) are connected between the air bearing
housing and the external air pressure supply (Figure 2.7 (b)) in order to deliver air to

the two air bearings on both ends of the shaft.

Airbearinghousing ‘

Air bearmg

e /'v-'v'

"—‘.u-

(b)

Figure — 2.7 Air bearing spindle with external air pressure supply.
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The hydrostatic bearings are very similar in working principle to the aerostatic
bearings. The one major difference is the lubricant: liquid oil for the former and air for
the latter [13]. An external pump is also needed to supply the pressurised liquid to the
gap clearance. The hydrostatic bearings have even better stiffness and damping
characteristics than the aerostatic bearings. But with the use of liquid, there is a risk of
contamination to the machine parts and the environment. The design of the hydrostatic
bearings is much more complicated than that of the hydrodynamic bearings. The

hydrostatic bearings are typically used in high precision and high speed machine tools.

2.2.4 Comparison between contact and non-contact bearings

Table 2.2 provides a summary of the comparison between the contact and non-contact
bearings. The assessment is made on the features of bearing stiffness, load-carrying
capacity, heat generation, positioning accuracy, operating speed, maintainability, time
to failure and cost, amongst others. Each feature is ranked using the descriptors,

Excellent, Good, Fair, and Poor; the meaning is as the descriptors suggest.

Table 2.2 - Comparison for contact and non — contact bearings [5 and 6].

Classification Non-contact bearing Contact bearing
Air lubricant bearing |Oil- lubricant bearing [Plain Rolling -
bearing element
bearing
Types Aero- Aero- Hydro- Hydro- Plain Ball and
static dynamic |[static dynamic roller
'Working Referto  [Refer to Referto [Referto |Referto  [Referto
principle section section Section section section section
2.2.3.2 2.2.3.1 2.2.3.2 2.2.3.1 2.2.2 2.2.2
High axial/radial Good Fair Excellent |[Excellent [Excellent [Excellent
static stiffness
Load-carrying |Good Poor Excellent |Good Excellent [Excellent
capacity
Thermal Excellent |[Excellent |Good Fair Poor Poor
stability

16
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High accuracy |[Excellent |Good Excellent |Good Poor Fair
of rotation
<1k Excellent |Poor Excellent [Poor Excellent [Fair
rpm
1k—60k |[Excellent [Excellent [Excellent [Excellent [Poor Good
Opera-
" rpm
ton > 60k Excellent |Excellent |Excellent [Excellent [Poor Poor
speed rpm
Long running
Time (Greater |[Excellent |Good Excellent [Excellent [Poor Poor
than 20,000
hours)
Level of Good Excellent |Good Excellent |Fair Fair
maintenance
Contamination |Good Excellent [Poor Poor Poor Poor
Free
Low vibration |[Excellent [Excellent |[Excellent [Excellent [Fair Fair
Low running Fair Excellent [Fair Good Good Good
costs
Frequent Excellent [Poor Excellent [Poor Excellent [Excellent
starts/stops
Low starting Excellent [Poor Excellent [Fair Poor Fair
friction (torque)
'Wide Excellent |Excellent |Poor Poor Fair Fair
temperature
range
Shock Good Fair Excellent [Excellent |Good Good
resistance
Minimum Poor Excellent [Fair Fair Good Excellent
supplied
lubricant
Ease of assembly Excellent Excellent [Fair Fair
Ease of Poor Excellent [Poor Excellent [Excellent [Excellent
replacement

17
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Small space Poor Good Poor Good Excellent [Excellent
Area
Purchasing Poor Fair Poor Excellent [Excellent [Excellent
cost

2.3 Novel non-contact bearings using squeeze film effect
2.3.1 Theory of squeeze film effect

Squeeze air film analysis simulates the effects of air in small gaps (30 pm in this
application) between fixed surfaces and structures moving perpendicular to the surfaces
in sufficiently high vibration frequencies. Due to such high vibration frequencies, the
leakage from the edges is negligible as the air film undergoes cyclical compression and
expansion. It can be shown that asymmetrical pressure is created during each cycle
such that the mean pressure within the air film is greater than the ambient pressure.
This in turn creates the load-carrying capacity through the cyclical and rapid squeeze

motion.

2.3.2 Background to squeeze film bearings

In 1874, Stefan [14] first developed an equation related to the time of descent of a flat
round plate onto a smooth flat surface from an initial height. After 12 years, in 1886,
Reynolds published his classical theory of hydrodynamic lubrication and while
acknowledging the experimental work of Stefan derived the same basic equation for the
case of the two parallel circular or elliptical plane surfaces approaching each other
without tangential motion. Reynolds combined the stress equations of Stoke with the
equations of motion for a viscous fluid and then by neglecting the inertia terms and
applying boundary conditions appropriate to the lubricating process, he obtained the

well-known Reynolds equation [14], Eq. (2.3).

According to the Reynolds equation, the two parallel plane surfaces, if subjected to a
normal oscillatory relative motion at a sufficiently high frequency, can be kept separate
due to what is called the ‘squeeze film’ action. If the planes are horizontal and only one

plane is made to oscillate, the squeezing action produces a levitation force that lifts the
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upper plane. This is the basis for a new kind of non-contact bearing, the squeeze film

bearing.

Based on this theory, in 1964 Salbu [2] constructed a squeeze film bearing. To generate
the oscillatory motion at a certain frequency and amplitude, magnetic actuators were
used. From the experiments that followed, Salbu observed that at a low oscillation
frequency the film force tends to be in phase with the squeeze velocity, but at a higher
frequency it is in phase with the squeeze displacement. Because the operation
frequency was in the audible range, the bearing was extremely noisy during operation.
But the research helps in the understanding of the squeeze film principle applied to the
novel squeeze film bearings. The publication of Salbu’s research sparked a great

interest in the research community.

In the 1960s, a number of patents were filed in the US on the design of squeeze film
bearings, such as those from Emmerich [15], Warnock [16] and Farron [17]. All of
these designs started using piezoelectric actuators instead of the magnetic actuators to

generate the oscillation.

Emmerich’s patent described a design that was claimed to achieve appreciably greater
oscillation amplitude than ever; the design did also overcome the effect of static
friction, which helped to make the piezoelectric driving system more efficient. The
design in Farron’s patent also avoided the static friction effect by floating the shaft as
well as the piezoelectric actuators. In addition, the method can support both the journal

and thrust bearings configuration.

All these patented designs, however, use bulky cylindrical piezoelectric actuator stacks,
thus taking up a good deal of space. The designs involve many parts that may create
complication in assembling.  Furthermore, as the designs aim to create uniform
oscillation amplitude over the entire bearing surfaces, the amount of power required to

drive the actuators is correspondingly high.

In 1986, Mark [18] designed a linear tubular bearing based on the squeeze film effect.
A sketch is as shown in Figure 2.8. The bearing consists of a pair of transducer

elements each formed from two collinear tubes; the two transducer elements were
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joined by a cylindrical link. The material of the two collinear tubes can be both

piezoelectric ceramic (lead zirconate titanate) material; or one tube piezoelectric and
the other an inert material such as molybdenum. An alternating electrical voltage at a
certain frequency is applied to the tubes. Under the action of the applied voltage, the
outer tube (Tube 2 in Figure 2.8) oscillates in and out along radial direction so that the
air in the annular gap clearance is squeezed, producing the squeeze bearing effect. Two
bearings on each side can provide a better support to the rod against the pitching
motion. Compared to one long actuator tube, this arrangement (Figure 2.8) saves
material and mass. But the rolling motion of the linear tubular bearing still exists in
this arrangement because of the non-uniform pressure distribution generated by the
squeeze film action. The other disadvantage of this design (Figure 2.8) is that the
manufacturing cost to produce two collinear tubes with high precision is considerably
more expensive, and the piezoelectric actuator (Tube 2) may be damaged if the
clearance is too tight during installation. In addition, the piezoelectric actuators used in
the research were still quite complicated and difficult to produce. But compared to the
designs filed in the US patents of the early 1960s, the design by Mark requires less

power to generate sufficient oscillatory amplitude.

Transducer

Figure 2.8 — A linear tubular bearing with two squeeze film bearings on each end sitting

on a guide-way, rod.

Scranton [19], in his 1987 patent, summarised the drawbacks of the design in the 1960s

as being that:

The conforming surfaces are rigid and heavy;
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¢ The transducer which drives the surface of the bearing must be

correspondingly
massive;

The power dissipation is high;

The ratio of bearing weight to load-carrying capacity is too large;

Because of the relatively large oscillating mass of the bearing itself, it is
impossible to make the frequency of oscillation higher than the audible range;

The oscillatory forces cause excessive vibration of the object supported by the
bearing which is frequently an intolerable characteristic of a bearing,

especially

where precise location of the object is required, as contrasted to oscillation of

location of the object.

Scranton [19] suggested bending the piezoelectric actuators in order to excite a flexural
vibration mode on the bearing. The design could be made more compact with
significantly reduced power consumption. However, Scranton only showed a sketch of

the fundamental concept without any implementation.

Yoshimoto [20] proposed a new design of the squeeze film bearing as shown in Figure
2.9. The proposed squeeze film bearing system consists of a slider and a counterweight;
the driving units, two stacks piezoelectric actuators, in the middle to connect between
the slider and the counterweight. The two stack piezoelectric actuators were driven in a
sinusoidal fashion at a certain frequency and amplitude so that both the slider and the
counterweight also oscillate in the same sinusoidal fashion at the same frequency as the
driving unit. Because the position of the mass of the whole system oscillates up and
down with such a high frequency, it produces a thin layer of air film below the slider

due to the squeeze film effect levitating the slider above the guide way.

In previous designs the object being levitated was placed on a vibrating surface, and it

could be difficult to vibrate a whole long and narrow guide way with sufficient
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oscillation amplitude at a high enough frequency. In addition, the travelling distance

can also be limited by this arrangement. The design as shown in Figure 2.9 does not

suffer from this limitation.

The disadvantages of the design in Figure 2.9 are threefold. First, the counterweight
adds to the load, making it bulky and harder to levitate. Second, using two stack
piezoelectric actuators is more expensive than using their single-layer counterparts, not
to mention the higher power consumption. Third, the supported object has the excessive

vibration as one of those drawbacks summarized by Scranton.
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Figure 2.9 — Squeeze film gas bearing with counterweight [20].

In 1995, Yoshimoto [21] introduced a design that used what are called ‘elastic hinges’
in the squeeze film bearing for a linear motion guide as shown in Figure 2.10. The new
design includes three elastic hinges and two stack piezoelectric actuators in the middle
of the top two elastic hinges. The two stacks actuators were driven to push the top two
elastic hinges away to each other in order to oscillate the bottom part vertically. The
squeeze film effect can be generated due to the motion of oscillation so that the whole

system can be levitated in the air. The advantage of using the elastic hinges can create
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localised reduction in stiffness — resulting in greater oscillation amplitude. So this

design can miniaturize the squeeze film bearing system without using the
counterweight. Since there is not a counterweight needed for the requirement of
inducing vibration so the arrangement of the piezoelectric actuator can be fixed in
horizontal direction as shown in Figure 2.10. The oscillation frequency only up to 2400
Hz lower than the fundamental natural frequency of the system which is in the audible
range could induce the noise during operation. The design of the elastic hinges can be a
complex matter and they cost more to manufacture. In addition, the stress concentration
and the fatigue may cause the failure of the elastic hinges if the oscillation amplitude is

quite big or misuse.
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Figure 2.10 — Squeeze film air bearing with elastic hinges [21].

Stolarski [22] following Yoshimoto’s idea proposed a self — levitating linear air bearing

using the elastic hinges as shown in Figure 2.11. The working principle of this design
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arrangement (Figure 2.11) was similar to the design in Figure 2.10. But the difference is

that the guide way is a solid square block rather than a flat surface, so two stack
actuators were necessarily needed on both sides to form two squeeze film bearings in
order to avoid the metal contacts horizontally between the guide way and the cartridge.
Moreover, the two squeeze film bearings generated by two side plate have not influence
on the load-carrying capacity. The operation frequency was also only in the audible
range only up to 4000 Hz, which is away from the natural frequencies. Stolarski [23]
improved the design in such way as shown in Figure 2.12 that only used two stack
piezoelectric actuators on top and two on the bottom without using the actuators on the
both side plates. But based on the elastic hinges, the side plates can be deform to form
two squeeze film bearing. The operation frequency range was from 500 Hz to 3000 Hz
and covered the fundamental natural frequency of 2600Hz. The experimental results
were found that the squeeze film air bearing can be operated at the natural frequency
and can produce large film thickness. The experimental results also indicated that the
air film could not be built when the operation frequency below certain frequency (700
Hz at here). The stack piezoelectric actuator and the elastic hinges were also needed in

both designs. The operation frequency can still produce noise in operation.

Slot for mounting
Piezoelectric
Actuators
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Locations of squeeze __——
air film deformations
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Figure 2.11 — Layout of the linear motion bearing [22].
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Figure 2.12 - Proposed squeeze film test bearing running on a square slider guide [23].

In 2006, Stolarski [24] presented three novel ideas that are squeeze film action, surface
contraction and acoustic levitation [25] for generating a self — levitation between two
surfaces from physical fundamentals to practical applications. The three ideas were
proven that the levitation could be generated based on the different experimental set-
ups. For the squeeze film effect, the paper used the same experimental arrangement as

shown in Figure 2.12.

Stolarski [26] also explained the squeeze film effect using both numerical analyses and
physical explanations. The asymmetrical pressure distribution in one period can be
generated by the squeeze film action deduced from the ideal gas law. This means that
the mean pressure beyond the ambient pressure is the key to levitate an object in the air.
He also pointed out that incompressible fluid (Oil) could not be used as a lubricant for
designing squeeze film bearings due to the symmetrical pressure distribution during
rapid squeeze actions. The pressure profile that includes a bumped region and a flat
region was also obtained and explained theoretically. The flat region is built due to the

repeated compression and expansion action; moreover, it is the main contribution to the

25



Chapter 2 — Literature review
levitation. The bumpy region may have greater or less pressure than the pressure in the

flat region, which depends on the air film being compressed or expanded.

Stolarski [27] also did further investigation on the air film pressure during the squeeze
film action on the experimental setup shown in Figure 2.12. A pressure sensor was
mounted to the upper surface of the guide for measuring the average dynamic pressure
of the upper film at one location. It was found that the asymmetrical film pressure

predicted from the Reynolds equation is not always observed in experiments.

In 2006, Yoshimoto [28] introduced a new design of linear motion guide which consists
of a guide-way, a cartridge and single layer piezoelectric actuators as shown in Figure
2.13. He reported the research on a newer design in which the bearing was driven by
six piezoelectric actuators at the fundamental frequency, at 23.7 kHz, of the bearing.
When driven at this frequency the oscillating amplitude of the bearing plate was
significantly increased to 1.7 um measured at the edge of the top plate. The main
advantage of this design can avoid the noise generated during operation because the
bearing was driven at ultrasonic vibration. Moreover, the design also got rid of the
complicated elastic hinges in the squeeze film bearing structure. It not only can
significantly reduce the manufacturing cost but also avoid the potential damage of the
bearing structure in terms of the stress concentration and the fatigue on the elastic
hinges. In addition, the use of the single layer piezoelectric actuators can reduce more
power consumption than the stack piezoelectric actuators. But Yoshimoto’s work has
led to the question of whether better performance can be achieved by driving a bearing
at a modal frequency above the fundamental. Moreover, it also has led to question of
whether the other mode shapes can also achieve the squeeze film effect and which

mode shape has more superior levitation performance.
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Figure 2.13 - A linear guide-way system using ultrasonically vibrated squeeze-film gas

bearings [28].

In 2009, Ono [29] did experiments on Yoshimoto’s the linear guide-way as shown in
Figure 2.13. A small acrylic ball dropped on the top flat plate as an impulsive load. The
experimental results suggested that the response of the cartridge has more oscillations
in the thinner film thickness. The experiment also pointed out the approximated
dynamic stiffness , obtained from, is much greater than the static stiffness, obtained by

measuring the difference in the floating height of the cartridge with load.

Ha [30] reported that the aerodynamic bearing is capable of self-levitation using the
squeeze film effect. The aerodynamic bearing system shown in Figure 2.14 (a) consists
of a shaft, a bearing housing and stack piezoelectric actuators. In this design the stack
actuators were used to deform the bearing housing. The aerodynamic bearing has
disadvantage of producing excessive friction and wearing during start-up and shutdown
stages. The design used the squeeze film pressure to lift the shaft during two critical
stages in order to avoid those two limitations inherited in the aerodynamic bearings.
When the spindle reached sufficiently high rotation speed, three lobes were formed as
shown in Figure 2.14 (b) by deforming the inner surface area of the bearing in terms of
applying a DC voltage to the stack piezoelectric actuators. The bearing can levitate the

load of up to 2.18 N, with a vibration amplitude and frequency of 0.45 pm and 1400
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Hz, respectively. The work done by Ha had explored a novel idea that building the

squeeze film effect inside the aerodynamic bearing to overcome its inherent limitations
to some extent. Based on the same test rig and working principles, Stolarski [31] did
the further research to assess the orbit trajectory path of the rotor upon a perturbation
using the numerical method. By analyzing the rotor obit in the frequency domain, it is

able to identify the self-excited whirling instability.

Piezoelectric
Actuator (Stack Type)

(a) (b)

Figure 2.14 — Squeeze film bearing with elastic hinges and stack piezoelectric

actuators: (a) unreformed shape; (b) deformed shape (not to scale) [30].

In 2009, Zhao [32] proposed a squeeze film bearing system that consists of a spindle, a
bearing housing and three ultrasonic transducers as shown in Figure 2.15. The
ultrasonic transducer has the key part —the piezoelectric actuators which were specially
designed and fabricated in the requirement of the bearing system. The ultrasonic
transducer is the Langevin type transducer [33] which is often used to generate high
power and high intensity vibration. The operation frequency is quiet in the ultrasonic
range of 20 kHz. The maximum load-carrying capacity can reach up to 51 N when the
oscillation amplitude is 10.6 um. The improvement of the load-carrying capacity
proved the point that the squeeze film bearing can be applied to support considerable
loading. But in the design only one end of the spindle is supported by the squeeze film
bearing but not the other. In other words, not the entire spindle was levitated in the air

in terms of the squeeze film effect. Moreover, the three ultrasonic transducers need to
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be manufactured in the high precision to avoid the discrepancies among them during

operation. The piezoelectric actuators were specially design, quite bulky and high
power consumption. In this design the size of the housing is difficult to minimize
because it has to be very rigid in order to prevent any deformation which may affect the

performance of the rotation spindle.

Housing

. Spindle|

Ultrasonic
transducers

Figure 2.15 — Squeeze film bearing system for supporting a rotation spindle [32].

2.4 Ideal gas law and adiabatic process

2.4.1 Ideal gas law

An ideal gas is a theoretical gas composed of a set of randomly-moving, non-
interacting point particles. The Ideal gas law is the equation of state of a theoretical

ideal gas. It is a good approximation to the behaviour of many gases under many

conditions, although it has several limitations [34].

The state of an amount of gas is determined by its pressure, volume, and temperature

which are related by the equation.

2.1)

where, is absolute pressure (N/m?, Pa), is volume (m?), is mount of substance of the

gas, is universal gas constant 8.3145 J/mol K and 1is absolute temperature (K).
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2.4.2 Adiabatic process

An adiabatic process is a process in which no heat transfer takes place between a
system and its surroundings. Zero heat transfer is an idealization, but a process is
approximately adiabatic if the system is well insulated or if the process takes place so
quickly that there is not enough time for appreciable heat flow to occur [35 and 36].

The adiabatic process for the ideal gas is mathematically described by,
(2.2)

In Eq. (2.2), is the pressure, V' the volume, y the adiabatic constant equal to 1.4 for air,

and K the constant.

Consider two parallel plates of infinite lateral dimensions separated by a gap; one of the
plates oscillates sinusoidal normal to the other at a frequency. If the oscillating
frequency is very high, then there is no time for heat transfer to take place and so the

process can be regarded as adiabatic.

2.5 Reynolds equation

Most gas lubricating films are laminar [37] and have negligible fluid inertia and body
forces. Moreover, some assumptions often need to be accepted for simplifications like
the lubricant to be Newtonian and the viscosity to be [38 and 39]. In addition, pressure
constant along any plane in the lubricant film. At the same time, fluid velocity normal
to the surface is negligible and the film gap thickness should be much smaller
compared to lateral dimensions. There is no slip at the boundaries, which means the
velocity of the lubricant layer adjacent to the boundary is the same as that of the
boundary. These assumptions have been accepted universally. By considering the above
flow conditions, these much complicated Navier-stokes equations can be simplified
into Reynolds equation [40] as shown in the Eq. (2.3). The pressure in the lubricant is

governed by the Reynolds equation. In this equation, is the pressure (Pa), is the
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lubricant thickness (m), is the viscosity (Pa .s), are two tangential surface velocities

(m/s) and is normal surface velocity (m/s).
(2.3)

To study the bearing behaviour of a thin air film between two surfaces, the Reynolds

equation, Eq. (2.3), is used.

Stolarski [26] identified three mechanisms from the equation that would show a
pressure-generating phenomenon, which gives the bearing its load-carrying capability.
The first refers to the ‘physical wedge’ as is found in hydrodynamic bearings where the
fluid flows through a wedge; the second requires the two surfaces to contract or expand
in-plane in order to create a variable velocity on the bearing surfaces; the third requires
that the two bearing surfaces move normal to each other with an oscillating velocity

and 1s known as the ‘squeeze film’ effect.

Stolarski [26] asserted that the pressure generated by the hydrodynamic and squeeze
film effects is of a similar order of magnitude and hence the justification for exploring
the latter in the design of a new type of bearing. Squeeze film bearings have the
significant advantage due to the fact that they do not require air compressors and
connecting hoses; the equipment needed for generating the squeeze film action is far
smaller and it can be miniaturised to the extent that it becomes a single package with

the bearing.

The Reynolds equation can be used to analyze the squeeze film mechanism by
neglecting the first and second terms on the right hand side of the Eq. (2.3). The

Reynolds equation is normalized into non-dimensional form as

(2.4)

Where the non-dimensional parameters are given by:

; 35 5 and
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Where, is the ambient pressure; is the average film thickness; e is the oscillation

amplitude; 1is the angular velocity of the vibration; is the non-dimensional amplitude;

is the squeeze number.

As an approximation, Eq. (2.4), though nonlinear, can be linearized by assuming that
the oscillation amplitude e is much smaller than the gap thickness. Furthermore the

pressure change p must be small compared to the ambient pressure po.

The linearized Reynolds equation is widely used in MEMS structure analysis [41 and
42]. Also in optimizing the MEMS structure [43-46], its dynamic behaviour can be
simulated in ANSYS using the linearized Reynolds equation to determine the important
parameters of damping coefficient and spring stiffness. For instance, the MEMS
structure can be perforated to effectively reduce the damping of the oscillating plate in

order to maintain the dynamic characteristics for design requirements.

However, the linearized Reynolds equation cannot be used for obtaining the levitation
pressure in a squeeze film. This is because when the Reynolds equation is linearized,
the important feature of asymmetrical pressure is lost. As a result there is no levitation
force for supporting a load. The next paragraph will focus on the important parameters

for the non-dimensional Reynolds equation.

The key parameters in the non-dimensional Reynolds equation are the squeeze number
and the non-dimensional amplitude for determining the pressure in the squeeze film. If
approaches to zero, the fluid can escape before it compresses. Therefore, the fluid only
adds damping to the system. But if goes to infinite, which means the very high
oscillation frequency, the fluid is essentially trapped in the gap and behaves more like a

spring rather than a damper [47].

2.6 Forced vibration

Given the fact that all the machines that contain moving components may vibrate, the
excitation forces transmitted to adjacent components within machines can produce the
motion, vibration with different amplitude and frequency. The vibration can also be an

unwanted sound, that is, noise when an oscillation frequency is in the audible range;
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and more often, vibration is considered to be undesirable and wasting energy. There are

occasions, though not many, where vibration can be put to good use, for example,
vibration-assisted machining for improving surface finish and enhancing tool life [48],

and vibration bowl feeders for transporting work pieces.

In this research, vibration is deliberately produced by driving piezoelectric actuators in
order to force a solid structure to deform and this vibration is called forced vibration.
The forced vibration is when an alternating force or motion is applied to a mechanical
system. In forced vibration, the dynamic response of the structure has the same
frequency as the excitation frequency but not same magnitude. The forced vibration is
normally accompanied with a transient vibration initially but the transient vibration

decays with time and hence will disappear given sufficient time [49].

In ANSYS workbench, flexible dynamic analysis (also called time-history analysis) is a
technique used to determine the dynamic response of a structure under the action of any
general time-dependent loads. The analysis can determine the time-varying
displacements, strains, stresses, and forces when an excitation force is acting on the

structure [50].

2.7 Driving unit - piezoelectric actuator

2.7.1 Piezoelectric actuator

The piezoelectric ceramics are multi-functional devices of many applications. It can
work as a generator of sufficient voltage to be used as igniters in fuel lighters, gas
stoves, and other such applications. It can also work as sensors and transducers, to
convert various physical parameters into electrical signals. It can also work in reverse:
to convert electrical energy into vibration mechanical energy. An example is the
piezoelectric ceramics used as piezoelectric actuators, converting a voltage into a
precise physical displacement. The piezoelectric actuators have been widely used to
generate ultrasonic vibrations [51]. In this section is explained the working principles
of the piezoelectric actuator, including the piezoelectric effect, the types of actuator and

the interpretation of manufacturer’s data of the piezoelectric actuator [52 and 53].
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2.7.2 Piezoelectric effect

In 1880, the piezoelectric effect was discovered by two brothers, Jacques and Pierre
Curie. They found out that when subjected to a mechanical force certain crystalline
minerals become electrically polarized. Tension and compression generate voltages of
opposite polarity, in proportion to the applied force. The converse of this relationship
also is true: a voltage-generating crystal exposed to an electric field lengthens or
shortens according to the polarity of the field, and in proportion to the strength of the
field. These behaviours are the piezoelectric effect and the inverse piezoelectric effect,

respectively [54 and 55].

An important term - polarization axis should be introduced, as in Figure 2.16. The
polarization axis is an imaginary line that aligns with the directions of dipoles. The
piezoelectric ceramics are isotropic because dipoles are randomly oriented in the
piezoelectric ceramics, shown in Figure 2.16 (a), as manufactured. In order to produce
the piezoelectric effect, the piezoelectric ceramics is exposed to a strong DC electric
field at a temperature slightly below the Curie temperature. The dipoles can be oriented
and aligned with applied DC electric field as shown in Figure 2.16 (b). But even when
the electric field is removed - Figure 2.16 (c), the dipoles remain more or less in the
same orientation as when the DC electric field was applied - Figure 2.16 (b). Thus the

piezoelectric effect is produced through this polarization treatment. [56 and 57]
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(a) Random orientation of polar domain prior to polarization;
(b) Polarization in DC electric field,

(c) Remnant polarization after DC electric field removed,
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Figure 2.16 - Polarization axis of a piezoelectric ceramic.

Figure 2.17 illustrates the working principles of the piezoelectric effect and the inverse
piezoelectric effect based on those conditions. Figure 2.17 (a) shows a poling axis of a
stack piezoelectric disc without applying a force or voltage. When the piezoelectric disc
is compressed or stretched along the direction of polarization as shown in Figures 2.17
(b) and (c), the voltage will be produced of same polarity as the polarization axis
between electrodes. Furthermore, the compression and tension can create the same
magnitude of voltage but is opposite to that of the polarization axis. If a voltage is
applied along the direction of the polarization as shown in Figures 2.17 (d) and (e), the
length of the piezoelectric disc will lengthen or shorten and the diameter of it will
become smaller or bigger, respectively. If an alternating voltage is applied, the
piezoelectric disc will lengthen and shorten cyclically as shown in Figure 2.17 (f), in

the same frequency as the applied frequency.
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Figure 2.17 - Piezoelectric effect diagram [58].

2.7.3 Mathematical description for piezoelectric effect

To describe the behaviour of the piezoelectric actuator, mathematic equations are
needed to model the piezoelectric effect. The piezoelectric effect is the combination

between the behaviour of mechanical and electrical. The mechanical behaviour of the
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piezoelectric actuator is described by Eq. (2.5). The strain of the piezoelectric actuator

can be changed by the applied stress in terms of the compliant matrix. The electrical
behaviour of the piezoelectric actuator is described by Eq. (2.6), from which the electric
displacement is controlled by the production of the dielectric matrix and electric field

[59].
(2.5)
(2.6)

Combining Eq. (2.5) and (2.6), the coupled equations (manufacturer’s data) Eq. (2.7)
and (2.8) can be used to describe the piezoelectric effect. The strain of the piezoelectric
actuator can be controlled either by the mechanical term— stress and compliant matrix
or by electrical term— electric displacement and piezoelectric matrix, as seen Eq. (2.7);
and the electric displacement of the piezoelectric actuator can be controlled either by
mechanical term - stress and transposed piezoelectric matrix or by electrical term —

electrical displacement and dielectric matrix, as seen in Eq. (2.8).

(2.7)
and
(2.8)

where

= stress vector (six components X, V, zZ, YZ, Xz, Xy);

= strain vector (six components X, V, Z, yZ, Xz, Xy);

= electric displacement vector (three components X, y, z);

= electric field vector (three components x, y, z);

= compliance matrix evaluated at constant electric field, i.e. short circuit;
= piezoelectric matrix relating strain/electric field;

= piezoelectric matrix relating strain/electric field (transposed);

= dielectric matrix evaluated constant stress, i.e. mechanically free.
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The above coupled equations Eq. (2.7) and (2.8) are not only to be implemented for

illustrating the piezoelectric effect but also for calculating the important parameters of

the piezoelectric actuator subsequently.

2.7.4 Manufacturer’s data for piezoelectric actuator

All necessary manufacturer data of the purchased piezoelectric actuator are supplied.
The manufacturer data can be used for calculating some basic parameters for the
piezoelectric actuators, like maximum stroke length and maximum blocking force,
under certain conditions. By considering the necessary parameters, the types of the
piezoelectric actuators can be selected accordingly for achieving the design

requirements.

To study the behaviour of the piezoelectric actuators, some piezoelectric properties are
used and obtained from the manufacturer’s data sheet shown in Figure 2.18. The
piezoelectric properties, or namely the piezoelectric coefficients, are described by
symbols and notations. Some of the piezoelectric property symbols are listed and
defined in Table 2.3 [60]. These symbols identify the piezoelectric property: electro-

mechanical Coupling Coefficient, Piezoelectric Charge Constants, etc.

Table 2.3 - Piezoelectric property definitions.

Property Definition Units
Electro-mechanical B
Coupling Coefficient or

k _
Piezoelectric Charge meter / Volt
Constants or

or
d Coulomb / Newton
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Piezoelectric Voltage Volt/Newton
Constants or or
g meter/Coulomb

Relative Dielectric

Constant

3
'Young’s Modulus Newton/meter?

Y
Density Kg/meter3

p
Frequency Constant Controlling dimensions Hz meter

N

It can also be observed that the symbols are accompanied with superscript and subscript
notations which describe the characteristics of a piezoelectric property, as shown in
Figure 2.18. Those notations are introduced because a piezoelectric ceramic is
anisotropic, piezoelectric properties are dependent on both the direction of the applied
mechanical or electric force and to the directions perpendicular to the applied force.
The superscripts describe external factors, like physical mounting, electrical conditions,
that affect the piezoelectric property. The subscripts describe the relationship of the
property to the polarization axis. The symbols and the superscript and subscript
notations need to be described in orthogonal system as shown in Figure 2.19 [60]. The
direction of the positive polarization is made to coincident with the Z — axis of an
orthogonal system, from which the direction X, Y, or Z is represented by subscript 1, 2,
or 3, respectively; and the shear is represented by the subscript 4, 5, or 6, respectively.
Each piezoelectric coefficient generally consists of two subscripts, the first identifies
the direction of the action and the second indentifies the direction of the response. For
example: d3i,, and ks3 are described in the Table 2.4. The more description of all the

other piezoelectric coefficients is given in Appendix Al.
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Piezoelectric Ceramics

B Typical values (at room temp. and low signal data).

I' PZT - Pb(Zr-Ti)O3 /The lead zirconate titanate materials { hard ceramics ).

Material No. c-13 c-2 c-21 c-22 | c-23 c-3 C—4
Ros; ‘Gas Sonar | Cleaner Gas Flaw detector
Use exampls. nator lighter : " .
Filter | Cloansy | M2Ssag2 Fish sonar| lighter Thickness neter
kp 34 63 59 51 59 45 36
Coupling ka 20 37 34 29 35 26 23
factors. x10°% ks 45 % bl 63 73 64 57
ki 40 52 48 45 54 49 29
ks 47 77 74 59 79 64 53
Np 2600 2100 2210 2150 2210 2460 2520
Na 1880 1550 1630 1520 1650 1810 1840
Frequency
m- Hz Nz 1910 1410 1510 1510 1480 1710 1760
constants.
Ny 2230 2020 2090 2000 2040 2140 2150
Nis 1190 80 910 930 870 1060 1100
ey
—_—_— enl e 810 1970 1900 1260 1700 820 560
essl /& 810 1460 1400 1300 300 510 330
Piezoelectric %1071 dan -51 -158 -131 -140 -100 -55 -39
charge m/ v dzz 116 367 288 285 270 154 110
constants. ¢/ Ny ans 195 692 634 392 690 381 201
Piezoelectric %1073 g3 =70 -127 -10.7 -102 -144 -120 -128
voltage v-m/ N g3 160 292 272 215 328 324 337
constants. {m? ./ c) 216 270 397 377 352 449 435 408
m Y. F=1s,5| 108 73 83 70 83 100 103
Tt 210 5155 | 108 53 64 64 61 82 87
o N/mz Y33 _1ls§; I . X X . b !
¥ee® =1fsss” 42 22 23 25 20 25 35
Poisson's ratio. - 030 030 029 034 026 028 029
Mechanical @ Qm 1880 1200 1400 1100 1400 1900 1700
Dissipation
% tan & 14 025 030 020 027 020 035
factor.
Chrie point. 'C T 330 300 307 350 290 270 330
; x10°
Density. s ) 770 760 780 765 763 760 760
kg 1o
FtTc 40~ +20°C -16 200 110 410 120 10 20
Temp. ppm/C 1 +20~+80°C [ -3 90 110 340 -150 -180 -170
coefficient. CpTe 40~ +20°C [ 2000 1820 1810 1260 1500 2670 2250
ppm/C I +20~+80°C [ 3400 4120 3630 2260 4900 5370 4360
Small A High® s
. General high High -
Characteristics. temp. A Low &2
Coatfoiant power drivimg voltage
occurrence

Figure 2.18- Manufacturer data sheet from Fuji Ceramic Company.
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Polarisation

A

Figure 2.19 - Orthogonal system describing the properties of a piezoelectric ceramic;

axis 3 is the direction of polarization [60].

Table 2.4 - Description of piezoelectric coefficients.

Piezoelectric Descriptions

coefficients

First subscript 3 indicates that the electrodes are perpendicular to

dsi polarization axis 3;

Second subscript 1 indicates that the piezoelectric induced strain,

or the applied stress, is in direction 1.

Superscript T indicates that all stresses on material are constant.

For example: zero external forces.

First subscript indicates the electrodes are perpendicular to axis
1;
Second subscript indicates that permittivity for dielectric

displacement in direction 1 as well.
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Superscript D indicates that the compliance is measured with

electrode circuit open.

First subscript indicates that strain or stress is in direction 1;

Second subscript indicates that stress or strain is in direction 1.

First subscript indicates that the electrodes are perpendicular to
axis 3;
k33

Second subscript indicates that the piezoelectric induced strain,

or the applied stress, is in direction 3.

2.7.5 Piezoelectric actuator types

The piezoelectric actuators can be categorized into the axial, transversal and flexional
according to the type of mechanical displacement they produce. The axial actuator can
accept a driving signal applied parallel to the direction in which the piezoelectric
actuator element is polarized and creates a usable response in the same direction. In
other words, the input signal is along Z direction and the output response is also along
Z direction, so the axial actuator also is called the mode actuator, refer to Figure 2.19.
The transversal actuator can accept a signal applied parallel to the direction in which
the actuator element is polarized and create a useable response in the perpendicular to
the direction of polarization. Or can be said that the input signal is along Z direction but
the output response is along X direction, so the transversal actuator is also called the
mode actuator. The flexional actuator also operating in the mode, constructed from

bimorph ceramic element, produces significant large movement. [55].

The axial and transversal actuator can produce large blocking force but small
movement. But the flexional actuator can produce very weak blocking force but
considerable movement, so flexional actuator is commonly used as a sensor rather than

an actuator.
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Both the axial and transversal actuators have single layer or stack constructions. The

single layer piezoelectric actuator normally is used to generate a stroke in the
transversal direction [55]. For most applications, the single layer piezoelectric actuator
hardly produces a usable stroke in the axial direction unless applying huge voltage
(typically kilovolts) to it. The stack constructions are several piezoelectric elements
connected mechanically in series and electrically in parallel. The movement of each
piezoelectric element adds together to produce the total stroke length. The stack
piezoelectric actuator can produces a large stroke approaching about 0.2% of the height
of the total stack of elements and it also can achieve big blocking force. The maximum
stroke length and the blocking force can be calculated or available from manufacturer.
By understanding the capabilities of the different types of piezoelectric actuator can be
useful to select for applying in the different applications. Based on the high precision
feature on the stroke length, both the single layer and the stack piezoelectric actuators
are widely used in the precise position devices [61 and 62], the fast tool servo (FTS)
[63 and 64] in the micromachining. Moreover, they are also used for producing the

active damping during machining [65].

2.8 Modal analysis

2.8.1 Natural frequencies and mode shapes

Modal analysis [66 and 67] can determine the theoretical vibration characteristics, in
terms of natural frequencies and mode shapes, of a structure or a machine component.
The natural frequencies and the mode shapes are important parameters in the design of

a structure for dynamic loading conditions.

The natural frequencies are determined by the material properties (Density and Young’s
modulus) and the boundary conditions of the structure, so either the material or the

boundary condition of the structure is changed, the natural frequencies will change.

The mode shape is a specific pattern of vibration executed by a mechanical system at a
specific frequency. Different mode shapes will be associated with different natural
frequencies. The experimental technique of modal analysis can discovers the mode

shapes and the natural frequencies [68].
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2.8.2 Natural frequency measurement

In the impact hammer testing experiment, the natural frequencies of the structure can be
measured using either a displacement sensor or an accelerometer [69]. The difference in
measurement is that the displacement sensor can measure displacement directly and the
accelerometer can only obtain the displacement indirectly through two times of
integration but the accuracy can be reduced. The other disadvantages of using
accelerometer are that it cannot be attached onto the moving part because of the wire
and its own weight can affect the natural frequency typically for light structures. But
using the displacement sensor can overcome those drawbacks in such a way that it is
none contacting with moving part. So the displacement is the best option for measuring

film thickness in this research.

When a cyclic load with an excitation frequency is coincident with the one natural
frequency of the structure, the oscillation amplitude of the structure will be much
greater than exciting in other frequencies. At these resonant frequencies, even small
periodic driving forces can produce large amplitude oscillations, because the system
stores vibration energy. Many designs attempt to predict the natural frequencies of the
structure in order to operate away from it. But this research will take advantage of

using the resonance to produce larger oscillation deformation.

2.9 Software packages
2.9.1 Pro-Engineering Wildfire 4.0

In this research work, Pro-Engineering [70] is used for designing the structures, like the
squeeze film air bearing and the guide way holder, in 3-D drawings that can also be
converted into 2-D mechanical drawings for manufacturing in workshop. Moreover,
the Pro-Engineering can save in the format of .STP which can be used to communicate
with other software (ANSYS) for investigating and analyzing the characteristics of the

structure.
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2.9.2 ANSYS

Finite element analysis is a computer-based numerical technique that is used to solve
stress analysis, static analysis, modal analysis, fluid flow and other types of engineering
problems [71]. As a general guideline, there are three stages for setting up the finite

element analysis. They are:

1. Pre-processing: defining the problem.

Define dimensions;

Define element type and material properties;

Define mesh;
2. Solutions: assigning loads, constraints and solving.
3. Post-processing: viewing the results.

The software used for finite element analysis is ANSYS that helps in the modelling of
the proposed structure for designing process and understanding the problem. In this
study, ANSYS is used for modelling the modal analysis, static analysis and dynamic

analysis of the squeeze film air bearing.

1. Modal analysis - To determine the natural frequencies and the mode shapes;

2. Static analysis - To calculate the static deformation of the structure by driving a

piezoelectric actuator with a DC voltage;

3. Dynamic analysis - To calculate the dynamic response of the structure by driving a
piezoelectric actuator by a DC offset and an AC voltage with
certain frequency.

The type of finite element should be chosen correctly based on the analyses. The finite

element Solid5 was chosen because:

1. It is a coupled-field element;
2. It is suitable for three dimensional (3 — D) analyses;

3. It is capable of modelling the piezoelectric actuator.
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The finite element Solid 95 was chosen for modelling the behaviour of the solid

structure — squeeze film bearing because:

1. It is a 20 - Node structural solid element;
2. It is suitable for three dimensional (3 — D) analyses;
3. It can tolerate irregular shapes without as much loss of accuracy;

4. It has compatible displacement shapes and well suited to model curved boundaries.

2.9.3 CFX

Computational Fluid Dynamics (CFD) is a computer-based tool for simulating the
behaviour of systems involving fluid flow, heat transfer, and other related physical
processes. It works by solving the equations of fluid flow (in a special form) over a
region of interest, with specified (known) conditions on the boundary of that region

[72].

CFX, a tool for the computational fluid dynamics, is used in the research for
investigating the behaviours and effects of an air film in small gaps between fixed
surfaces and structures moving perpendicular to the surfaces in sufficiently high
vibration frequencies. The CFX can also work out critical parameters, like oscillation

amplitude and oscillation frequency, in the squeeze air film simulation.

2.9.4 LabVIEW

LabVIEW is short for Laboratory Virtual Instrument Engineering Workbench, which
provides a development environment based on the graphical programming language G.
The LabVIEW programming environment is not only for acquiring, analyzing, and
presenting data but also suitable for applications beyond measurement and automation
[73 and 74]. The virtual measurement program provides a graphical interface for a user
to define and control the data acquisition process to operate at various sampling rates

and durations of recording as shown in Figure 2.20.
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Capacity displacment LabVIEW
probe
Gauging module DAQPCL6110 Computer

Figure 2.20 — Details of connection for transferring signals to user interface.

2.10 Summar

This chapter has reviewed the background of the contact and the non-contact bearings,
in particular, the squeeze film bearings. It was reviewed that the development of the
squeeze film bearing up to day and also pointed out the limitations of the existing
squeeze film bearings. In 1964, Salbu first designed the squeeze film bearing based on
the theory derived from Stefan and Reynolds. The magnetic actuator was used as the
driving unit and operated in the audible range of oscillation. The main problem of this
design was to induce an intolerant noise during operation. The following designs also
had advantages and disadvantage. Especially, several designs and detail studies from
both Stolarski and Yoshimoto really contributed the knowledge in this field. In 2006,
Yoshimoto proposed a new design of the squeeze film bearing not only to overcome the
noise problem but also to avoid use of the elastic hinges. But only fundamental natural
frequency and mode shape had been investigated. So it has led to the questions of
whether better performance can be achieved by driving a bearing at a modal frequency
above the fundamental and whether the other mode shapes can also achieve the squeeze

film effect, which mode shape has more superior levitation performance.

The chapter also reviewed the basic knowledge for an understanding of the squeeze
film effect. It includes the ideal gas law and adiabatic process, the Reynolds equation,
forced vibration, modal analysis and some detailed studies on the driving unit —
piezoelectric actuators. The relevant software packages, Pro-Engineering, ANSYS and

CFX are used in the design process, modelling in finite element analysis and analyzing
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the critical parameters, oscillation amplitude and oscillation frequency, for the study of

the squeeze air film. The LabVIEW is used to capture and filter the raw signal;

moreover, it can also save data in Excel for further signal processing.
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Chapter 3 — Single layer piezoelectric actuator

calculation

3.1 Introduction

The piezoelectric ceramics as multi-functional devices can have many applications. But
the main use of the piezoelectric ceramics in this research project is as an actuator. The
different types of piezoelectric actuators and the working principle have been reviewed
in Chapter 2. Because the levitation performance of a squeeze film bearing is largely
dependent on the amplitude of the oscillation that is generated by the piezoelectric
actuators, a deep understanding of the theory of the piezoelectric effect is essential to
the accurate modelling of the piezoelectric actuator, its interaction with the bearing
shell to which it is attached, and the coupled analysis of the bearing shell and the

squeeze-film.

In this chapter, it is presented a single layer piezoelectric actuator calculation for the
two parameters: the maximum stroke length and the maximum blocking force. Also

described is ANSYS simulation for modelling the single layer piezoelectric actuator.

3.2 Single layer piezoelectric actuator calculation

The most of applications, the displacement is produced by powering the piezoelectric
actuator by an electrical signal; or if the displacement is constraint (blocked), the
blocking force can be generated. The maximum blocking force can be generated by the
piezoelectric actuator, which depends on its stiffness and the maximum displacement.
The relationship between a blocking force and a free stroke length is shown in Figure
3.1. It can be seen that the maximum free stroke length can be obtained when the block
force is zero. In other words, the piezoelectric actuator without any constraints can
produce the maximum free stroke length. On the contrary, the maximum blocking

force can be obtained when the free stroke is zero. In most applications, the
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piezoelectric actuator is normally constraint though not to the full extent and so some

blocking force and stroke length do exist together.

Stroke versus Force curve

Stroke
A

Free stroke

Region where the
actuator can be operated

> Force

Blocking
Force

Figure 3.1 - Relationship between free stroke length and blocking force.

The single layer piezoelectric actuator selected in the study, has a length (/) of 15 mm, a
width (w) of 5mm and a thickness (#) of 0.5mm. The two important parameters, the
maximum stroke length and maximum blocking force, can be calculated based on the

dimensions of the piezoelectric actuator using the supplied manufacturer’s data.

3.2.1 Maximum stroke length

The maximum stroke length can be worked out using Eq. (2.7). The first term of the
right hand side can be ignored because of the zero stress. So Eq. (2.7) can be simplified

to
(3.1)
In Eq. (3.1), the electric field £ and the strain § are defined respectively as
(3.2)

where V is the driving voltage, ¢ is the thickness of the piezoelectric actuator, is the

increased length and is the original length for the piezoelectric actuator.

By substituting Eq. (3.2) into Eq. (3.1), the maximum stroke length is
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(3.3)

The single layer piezoelectric actuator is the type of the transversal actuator (mode). So
the maximum free stroke length should be along with the X direction rather than the
other two. There are several options to increase the stroke length, which are to increase
the piezoelectric constant, to increase the applied voltage, to increase the length or to
decrease the thickness of the piezoelectric actuator, referred to Eq. (3.3). Some options
are constrained because of the nature of the selected piezoelectric actuator, like the
dimensions and the piezoelectric constant, but not of the driving voltage. In other
words, the driving voltage is a relatively flexible parameter to control the stroke length;
and Eq. (3.3) shows the linear relationship between the stroke length and the driving
voltage. But the supplied voltage is limited by the external actuator driver and the
safety issue, it is important to select a piezoelectric actuator with correct ability for the

design application [75].

To position the piezoelectric actuator in the orthogonal system, in which the length is
along X axis, the width is along Y axis and the thickness is along Z axis, as shown in
Figure 3.2. The stroke length of the three directions in the orthogonal can be calculated
using Eq. (3.3) in terms of those known values that are the piezoelectric constant d, the

length / and thickness 7 of the piezoelectric actuator and the driving voltage V.

Figure 3.2 - Locate the piezoelectric actuator in the orthogonal system.
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The piezoelectric actuator made of the material No: C — 21, the piezoelectric constant

ds1 and ds3 are available in the manufacturer data sheet in Figure 2.17. The length (/),
the width (w) and the thickness (¢) of the piezoelectric actuator are 15 mm, 5 mm and
0.5 mm respectively. The driving voltages of 0 V and 150 V are applied to the bottom
and top surface of the piezoelectric actuator layer on the Z axis. The stroke length in the

three directions, , are calculated and listed in Table 3.1.

Table 3.1- Stroke length in X, Y and Z directions.

Direction of Formula Result
stroke length

= m

= m

= m

The calculated stroke lengths are the maximum stroke length because the piezoelectric
actuator is not constraint. It can be observed from Table 3.1 that the stroke length is
greater than the and , because the piezoelectric actuator chosen for study is the

transversal type (d31 mode).

But in a real application, the stroke length cannot reach the maximum value because the
operation condition normally involves some external forces or constraints and also be
affected by the mounting manner. The other external factor, like environmental
temperature and humidity, can also influence the stroke length of the piezoelectric
actuator. The stroke length of the piezoelectric actuator can increase with increasing of
the environmental temperature. In summary, the maximum stroke length can be
considered as a method to anticipate the upper bound of the static response of a

mechanical structure in the design.
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3.2.2 Maximum blocking force

The maximum blocking force is the other important parameter to be considered
carefully in use of the piezoelectric actuator. The transversal type of the piezoelectric
actuator can produce the most dominant block force along the transversal direction. So
only the maximum blocking force along X direction is useful to be calculated. The
piezoelectric actuator can be considered as a spring with a constant stiffness K; and the
maximum displacement X can be achieved without applying external force or stress.

The maximum blocking of the piezoelectric actuator can be given as:

(3.4)

where is the stiffness constant of the piezoelectric actuator, is the maximum stroke

length in the condition of the absence of the applied stress or force.

The stiffness and the maximum stroke length can be expressed in Eq. (3.5) and (3.6),

respectively.
(3.5)
(3.6)

where is the elastic compliance evaluated at constant electric field, the others are all

mentioned already in previous sections.

Substituting Eq. (3.5) and (3.6) into (3.4) gives the maximum blocking force as

(3.7)

Both the piezoelectric constant and the elastic compliance are available at the
manufaturer’s data sheet; the w is the width of the piezoelectric actuator 5 mm; and the
driving voltage is -150V. Thus the maximum block force of the studied piezoelectric

actuator is:
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The piezoelectric actuator has the maximum blocking force of 8.19 N when its stroke

length is zero. But in the real application, the blocking force cannot reach the maximum
because the piezoelectric actuator, most often, cannot be fully constrained due to the
way it is mounted and the compliance of the structure. The calculation of the maximum

stroke length and maximum blocking force in Excel is given in Appendix C1.

3.3 ANSYS simulation for calculation of single layer piezoelectric
actuator

The piezoelectric actuator can also be analyzed in ANSYS software; it can calculate not
only the maximum stroke length and the maximum blocking force in the simple
boundary condition, but also the static and dynamic deformation in coupled field
analysis involving interaction between the piezoelectric actuator and the mechanical
structure, in the complicated boundary conditions subsequently. To simulate the
piezoelectric actuator in ANSYS, it is necessary to clarify some matrix conversions due
to the different formats between the manufacturer data and those required by ANSYS.
The constitutive relationship given by manufacturers or published data/ reports is in the
form of Eq. (2.7) and (2.8). Note that both the stress vector and the strain vector consist
of six elements in the form { X, y, z, yz, Xz, xy}. Both the electric displacement vector
and the electric field vector consist of three elements in the form {x, y, z} [76]. On the

other hand, ANSYS requires data in the following form, as
(3.8)
and
(3.9)
Where
= stress vector (six elements X, y, z, Xy, yz, XZ);
= strain vector (six elements X, y, z, Xy, yz, XZ);

= electric displacement vector (three elements X, y, z);
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= electric field vector (three elements x, y, z);

= stiffness matrix evaluated at constant electric field, i.e. short circuit;

= piezoelectric matrix relating stress/electric field;

= piezoelectric matrix relating stress/electric field (transposed);

= dielectric matrix evaluated at constant strain, i.e. mechanically clamped.

In order to convert the manufacturer’s data presented in the form of Eq. (2.7) and (2.8)
into ANSYS required form of Eq. (3.8) and (3.9), Eq. (2.7) needs to be based on stress
rather than strain. In other words, the left hand side of Eq. (2.7) should be stress vector.

The conversions are shown in the following steps:

(3.10)
(3.11)

Since Eq. (2.8) relates electric displacement to strain rather than stress, Eq. (3.11) can

then be substituted back into Eq. (2.8):
(3.12)
(3.13)

Upon comparison of Eq. (3.12) and (3.13) with Eq. (3.8) and (3.9), one can obtain the

relationship between manufacturing data and ANSYS — required values:

(3.14)
(3.15)

The above procedure explains the equations conversion from the manufacturer’s format
to ANSYS required format. Also, note that the stress vector in the form {x, y, z, Xy, yz,

xz} defined in ANSYS is different to the one defined in the manufacturer’s. So the
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following sections will explain the conversions and the commands to convert the

manufacturer’s data into ANSYS data for the elastic matrix, the dielectric matrix, and

the piezoelectric matrix.

3.3.1 Elastic matrix

The elastic matrix specifies the stiffness matrix or the compliance matrix. The
relationship between the stiffness matrix S and compliance matrix CF is displayed

below in the manufacturer’s format or IEEE standard.

The above stiffness/compliance matrix is symmetric and based on the real conditions,

thus it can be simplified to:

As mentioned before, the stress vector and the strain vector consist of six elements in
the form{ x, y, z, yz, Xz, xy}, but the stress vector and the strain vector in the form { x,
Yy, Z, Xy, yz, xz} are defined in ANSYS. It is noticed that the supplied manufacturer’s
matrix can be converted into ANSYS input order by switching row and column data for

the shear terms as shown below:

Since the above matrix is in ANSYS input format, attention is now turned to the issue
of how to use the manufacturer’s data to calculate each element and to substitute them

into the compliance / stiffness matrix. The elements , , and are normally supplied in the
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manufacturer’s data sheet but not the others, like , ,,, and . They can be derived from

the known elements using the equations as shown in Table 3.2.

Table 3.2- Calculation for the unknown elements of the compliance/ stiffness matrix.

Unknown component Formula Results

To input all the elements into the compliance/stiffness matrix gives:

The TB commands can be used to input the anisotropic elastic matrix that includes both
the compliance matrix and the stiffness matrix into ANSYS by assuming the

polarization in the Z axis.
To input the compliance matrix into ANSY'S, the following commands can be used:

s11=1.2048 E-11
s12=-3.4940 E-12
s13=-4.5313 E-12
§33=1.5625 E-11
s44=4.3478 E-11
566 = 3.1084 E-11
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th,anel 1,1,,1 ! TBOPT = 1 for compliance input
thdata,l,s11,s12,s13 ! Input first row

thdata,7,s11,s13 ! Input second row

thdata, 12,533 ! Input third row

thdata, 16,566 ! Input fourth row

thdata, 19,544 ! Input fifth row

thdata,2 1,544 ! Input sixth row

tblist,anel !List inputs

The compliance matrix can be inversed using the fact of to find the stiffness matrix

using LabVIEW, from which all the elements in the stiffness matrix can be calculated.

To input the stiffness matrix into ANSY'S, the following commands can be used:

cll= 0.11733E+12
cl2=052768E+11
cl3= 049393E+11
¢33 =0.92788E+11
c44 = 0.22989E+11
c66 = 0.32154E+11

th,anel 1,1,,0 ! TBOPT = 0 for stiffness input
thdata,l,cll,c12,c13 ! Input first row
thdata,7,cll,cl3 ! Input second row

thdata,12,c33 ! Input third row

thdata,16,c66 ! Input fourth row

thdata, 19,c44 ! Input fifth row

thdata,21,c44 ! Input sixth row

tblist,anel !List inputs

Finally, either the compliance matrix or the stiffness matrix in ANSYS input order is
needed for single layer piezoelectric actuator simulation. Moreover, both of them can
be input into ANSYS using the TB commands and listed using the TBLIST command

as shown in Figure 3.3.
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A TBLIST Command X

File

~

MATERIAL INPUT USING TB.ANEL COMMANDS FOR MATERIAL NUMBER 1

Flexibility (or compliance) matrix at temperature = a.08
a. 128.8E—15 —-0.34900E-11 -0.45300E-11 9.0000 9.0000 9.0000
-0.34990E-11 0.1200RE-10 -0.45300E-11 9.0000 9.0000 0.0000
-0.45300E-11 -0.45300E-11 ©.15600E-10 0.08000 0.08000 0.0000
0.0000 0.0000 0.0000 0.31100E-18 0.08000 0.0000
0.08000 0.0000 0.0000 9.08000 0.43500E-18 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 a. 435@@E 18
Stiffness matrix computed from flexibility matrix at temperature =
0.11733E+12 ©.52768E+11 ©.49393E+11 0.08000 0.08000 a. BBBI
B.52768E+11 ©.11733E+12 ©.49393E+11 0.08000 0.08000 0.0000
0.49393E+11 ©.49393E+11 ©.92788E+11 0.0000 0.08000 0.0000
0.0000 0.0000 0.0000 0.32154E+11 0.0000 0.0000
0.0000 0.0000 0.0000 0.08000 B.22989E+11 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 B.22989E+11

Figure 3.3 - Compliance and stiffness matrices listed in ANSYS.

3.3.2 Permittivity matrix

The permittivity €, or the dielectric constant, is the other coefficient required in ANSYS
for the piezoelectric actuator simulation. The relative dielectric constants under

constant stress, and, are given in the manufacturer’s data sheet.

To model the piezoelectric actuator in ANSYS, it needs to be inputted the relative
dielectric constants under constant strain, and, because the MP command can only be
used to input but not; and the MP command can be applied for all piezoelectric
element types; for instance, solid 5, solid 98 and so on. The other option is to use the
TB command and it can be used to input both and, but it can only be used for several
piezoelectric element types, not including solid 5. Based on the above understanding,
the only option is to use the MP command to input, because the element type — solid 5

is the only one that can be used for 3 — D piezoelectric actuator analysis in ANSYS.

Eq. (3.14) can be applied to convert the dielectric constant, under constant stress into
the dielectric constant, under constant strain. The procedure of the calculation is shown

below, as
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The permittivity matrix has only diagonal terms and the relationship between the

relative dielectric constant and the dielectric constant is shown as:

where 1is the permittivity of free space .

So the relative dielectric constant can be calculated and it can be inputted using the MP

command into ANSYS directly.

To input the relative dielectric constant into ANSYS, the following commands can be

used:

K115=856.36

K335=713.28

mp,perx,1,K11S !Permittivity (x direction)
mp,pery, I, KI11S !Permittivity (y direction)
mp,perz, 1,K33S !Permittivity (z direction)

3.3.3 Piezoelectric constant matrix

The piezoelectric constant, is the last coefficient required for modelling the
piezoelectric actuator in ANSYS. The manufacturer’s data has, which relates
mechanical strain to electric field. However, ANSYS requires, relating mechanical

stress to electric field, so Eq. (3.15) can be applied for the conversion from to. Because
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the inversed compliance matrix has already been inputted into ANSYS, ANSYS can

calculate  internally using the transposed piezoelectric constant. The transposed

piezoelectric constant matrix is given below in the form of ANSYS required { X, y, z,

Xy, yZ, XZ}.

To input the transposed piezoelectric constant into ANSYS, the following commands
can be used:

d31=-1.31E-10

d33=2.88E-10

d15=6.34E-10

th,piez, 1,,,1 !Define Piez. table

thdata, 1,0,0,d31,0,0,d31 !Input Piezoelectric stress matrix
[e]

thdata,7,0,0,d33,0,0,0

thdata,13,0,d15,0,d15,0,0

thlist,piez

Finally, the piezoelectric constant can be inputted into ANSYS using the MP command
and listed using the TBLIST command in Figure 3.4.

File

~
LIST DATA TABLE ANEL FOR MATERIAL 1

D Matrix (ANEL> Tabhle For Material 1

1

Temps 8.0000

D11 0.12000E-10
D12 -8.34900E-11
D13 -0.45300E-11
D14 0.06000

D15 0.08000

Di6 0.0000

D22 0.12000E-10
D23 -8.45300E-11
D24 0.0000

D25 0.0000

D26 8.08000

D33 ©.156B0E-18
D34 0.0000

D35 0.0000

D36 09.0000

D44 ©.31100E-10
D45 0.0000

D46 8 .86000 b

Figure 3.4 - Piezoelectric constant list in ANSYS.
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3.3.4 ANSYS modelling

Using the three coefficients, namely the stiffness/compliance constant, the dielectric
constant and the piezoelectric constant, the piezoelectric actuator can be analyzed and
modelled in ANSYS to calculate the maximum stroke length and the maximum
blocking force with 150 V and 0 V applied on the top and bottom layer of it,
respectively. Furthermore, accurately modelling piezoelectric actuator can also be used
for calculating the interaction between the piezoelectric actuator and the structure in the

coupled field analysis subsequently.

The piezoelectric actuator is modelled and meshed in ANSYS using the commands
below and shown in Figure 3.5, where the length is along the X axis, the thickness
along the Y axis and the thickness along the Z axis in the coordinate system. The length
1s meshed 20 divisions, the width 5 divisions and the thickness 4 divisions. In ANSYS
simulation, the finer and higher quality mesh provides more accurate results generally

but at the expense of computational time.

/com

/com -- Modeling
/com
block,0,15¢-3,0,5¢-3,0,0.5¢e-3 !Piezo model
/com

/com -- Meshing
/com

lesize, 1,,,4
lesize,3,,,4
lesize,6,,,4
lesize,8,,,4
lesize,2,,,20
lesize,4,,,20
lesize,5,,,20
lesize,7,,,20
lesize,9,,,5
lesize,10,,,5
lesize,11,,,5
lesize,12,,,5
vsel,s,,, 1

tpe,l

mat, 1
mshape,0,3d !Volume mesh using Hex.
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mshkey, 1 !Mapped meshing
vmesh, 1

allsel

ELEMENTS

Figure 3.5 - Model of the piezoelectric actuator in ANSYS.

The boundary conditions are defined using the faces of the model of the piezoelectric
actuator according to the coordinate system.

/com -- Boundary conditions for Piezo

/com

nsel, s, loc,x,0

d,all,ux,0

nsel,s,loc,y,0 !Fixed-free boundary conditions for all
d,alluy,0 directions

nsel,s,loc,z,0

d,alluz,0

nsel,s,loc,z,0

d,all,volt,vbot !Apply Voltage on piezo layer
nsel,s,loc,z,0.5¢-3

d,all,volt,vtop

allsel

From ANSYS simulation, the results of the maximum stroke length for the
piezoelectric actuator are given in Figure 3.6 where the red end of the colour spectrum

denotes the maximum displacement, hence the stroke length, and where blue end of the
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colour spectrum denotes the minimum displacementFigure 3.6 show the maximum

stroke length in the X, Y and Z directions are  and , respectively. The error for the
stroke length in X direction between the thererotical result and ANSYS simulation

result is 0.085%.

e |
) .13 16 é 5 .524E-06

3 6
.197E-06 .459E-06 .590E-06

.175E-06
153E-06
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1
NODAL SOLUTION

-.336E-07 -.240E-07 -.144E-07 -.480E-08
-.384E-07 -.288E-07 -.192E-07 -.960E-08 1]

(c)
(a) Maximum stroke length in X direction;
(b) Maximum stroke length in Y direction;
(c) Maximum stroke length in Z direction.
Figure 3.6 — Maximum stroke length in X, Y and Z direction with applying 150 V and 0

V on the top and bottom layer of the piezoelectric actuator.

The maximum blocking force can also be calculated by specifying that the
displacements at the two end faces be zero. The maximum blocking force is 8.2702 N
in ANSYS simulation shown in Figure 3.7. The error between the theoretical result and

the simulation result is 0.97%.
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File

PRINT FX SUMMED NODAL LOADS
seeex POST1 SUMMED TOTAL NODAL LOADS LISTING e

LOAD STEP= 1 SUBSTEP= 5
TIME= 1.0000 LOAD CASE= @

THE FOLLOWING X,Y.Z SOLUTIONS ARE IN THE GLOBAL COORDINATE SYSTEM

NODE FX
1 -0.18342

2 -9.10349
3 -0.208660

4 -0.208662

5 -0.208686
106 -0.10353
131 -0.108346
151 -0.208667
152 -0.208678
153 -0.20694
211 -0.20692
212 -0.20785
213 -0.20869%96
214 -0.20761
299 -0.20678
300 -0.20691
301 -0.208682
302 -0.20688
379 -0.41359
380 -0.41385
381 -0.41366
382 -0.41378
383 -0.41318
384 -0.41337
385 -0.41318
386 -0.41330
387 -0.41306
388 -0.41333
389 -0.41314
390 -0.41326

TOTAL VALUES
UALUE -8.2702

Figure 3.7 — Maximum blocking force in ANSYS simulation.

ANSYS simulation of the piezoelectric actuator can model the maximum stroke length
and the maximum blocking force accurately, and it is verified by the theoretical results.
Such close agreement between ANSYS simulation and theoretical results increases the
confidence in using ANSYS model for the subsequent coupled-field analysis where
more complicated boundary conditions are expected. ANSYS Macro, which gives the
programming details, to calculate the maximum stroke length and the maximum

blocking of the piezoelectric actuator are given in Appendix C2.

3.4 Summary

In this chapter, the two important parameters, the free stroke length and the blocking

force, are studied. Their values are calculated using Egs. (3.3) and (3.7). With the
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applied voltage of 0 and 150 V, the stroke length along the X direction and the blocking

force were calculated to be 0.5895 um and 8.19 N respectively. The elastic matrix, the
permittivity matrix and the piezoelectric constant matrix have to be converted into the
ANSYS format from the manufacturer’s data in ANSYS simulation. = ANSYS
simulation gives accurate results in both the stroke length and the blocking force with
errors of only 0.085% and 0.97%, respectively, which can be considered acceptably

small.
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Chapter 4 — Modelling structural characteristics and
squeeze film effect

4.1 Introduction

In this chapter, a coupled-field analysis is used to deal with an interaction of analyses
from different engineering disciplines (physics fields). When the input of one field
analysis depends on the results from another analysis, the analyses are coupled [77].
The FEA modelling is to explain the coupled-field analysis between a beam, made from
Al 2024-T3, and a single layer piezoelectric actuator mounted on the top surface of the
beam; it includes a modal analysis, a static analysis, a dynamic analysis, a stress
analysis and a fatigue analysis. The boundary conditions for the beam are that its ends
are fixed; the boundary conditions for the piezoelectric actuator are that a voltage is
applied to its top and bottom layers. The modal analysis can determine the natural
frequencies and the mode shapes of the structure; the static and dynamic analysis is
used to work out the static and dynamic deformation respectively when the
piezoelectric actuator is loaded with voltages; the stress analysis can determine the
stresses on the structure due to those deformations; the fatigue analysis is to find out the

life cycles of the structure before failure based on S-N curve of Al 2024-T3.

Computational Fluid Dynamics (CFD) is a computer-based tool for simulating the
behaviour of systems involving fluid flow, heat transfer, and other related physical
processes [72]. The theory of squeeze air film is to explain the effects of air in small
gaps between two surfaces where one is moving perpendicular to the other at
sufficiently high frequency. So the air remains stationary and is undergoing periodic
cycles of compression and expansion. The squeeze film effect is modelled in two ways,
using the ideal gas law and the CFX simulation. The ideal gas law can only be
considered as a first approximation because it does not consider pressure leakage
around edges. The CFX can model the squeeze air film effect more accurately because

it provides a numerical solution of the Reynolds equation and the equation of the

67



Chapter 4 — Modelling structural characteristics and squeeze film effect
motion simultaneously by considering the pressure end-leakage and the variable

oscillation frequencies of the driving unit. With this improvement, some important
observations were made that would form the basis of design guidelines governing

squeeze air film bearings.

4.2 Characteristics of beam
4.2.1 Simple model analysis of a beam and boundary conditions

Figure 4.1 shows a beam, made from the material Al 2024-T3, in the coordinate system
with width of 5 mm (along Z direction), length of 45 mm (along X direction) and
thickness of 2 mm (along Y direction). The beam has fix-fix support for its both ends
(surfaces perpendicular to X direction). A single layer piezoelectric actuator is mounted
on the top surface of the beam as a driving unit; the dimensions of it are 15 mm x Smm
x 0.5mm. The boundary conditions for the driving unit, the piezoelectric actuator, vary

in the simulations, which will be introduced later in the sections.

Figure 4.1- Model of rectangle beam with a single layer piezoelectric actuator mounted

on top surface.

4.2.2 Static analysis

The purpose of the static analysis was to determine the static deformation of the beam
when a 150 V DC voltage (OV on the bottom and 150V on the top surfaces of
piezoelectric layer) was applied to single layer piezoelectric actuators. Figure 4.2

shows the result of the static analysis, from which a maximum radial deformation of
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1.0441 um is seen to occur in the middle section of the beam, represented by a red

region.

1.0441e-6 Max
9.2806e-7
8.1201e-7

6.9596e-7

5.7991e-7 | )

4.6387e-7 b

3.4782e-7 X 4
2.3177e-7

1.15726-7 ¥ yl
-3.2906e-10 Min

Figure 4.2- Static deformation of beam when 150 V DC was applied to the piezoelectric

actuator.

When a DC voltage is applied to the piezoelectric actuator mounted on top surface of
the beam, a static deformation results. A larger deformation is preferred to a small one
because of the thicker squeeze air film that it creates. Evidently the deformation is a
function of the beam thickness. The relationship between the thickness of the beam and
the deformation in the Y direction is shown in Figure 4.3. It is observed that the beam
deformation increases disproportionately as the beam thickness decreases. The static
deformation of a 1 mm thick beam is about 1.7 times larger than that of 2 mm
thickness; however, as thickness increases from 3 to 4 mm, the static deformation

hardly changes, being around 0.2 pm.

3.00
2.50 L
2.00 \

s

1.00 \

0.50 \‘\*ﬁ

0.00

um

Static deformation along Y Unit:

1 1.5 2 2.5 3 3.5 4

Beam thickness Unit: mm
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Figure 4.3- Relationship between maximum static deformation and beam thickness.

The thickness of the beam increases, the tendency of the force also increases in an
exponential fashion as shown in Figure 4.4. The force generated by the piezoelectric
actuator also varies with the boundary conditions. The maximum force, 8.27 N
calculated by ANSYS and 8.19 N calculated by manually, can be obtained by blocking
the both ends of the piezoelectric actuator. The maximum force generated in this
boundary condition that is to bond the piezoelectric actuator on the top surface of the
beam, is about 4 N when beam thickness i1s 4 mm; and it is about 2 times as big as that

of 1 mm thickness.

Figure 4.4- The force analysis for a piezoelectric actuator boned onto a beam with

thickness.

The above-mentioned analysis was repeated for other driving voltages from 30 V to
150 V and Figure 4.5 shows the relationship between the maximum static deformation
and the voltage input, which is observed to be linear [23]. The possible reason for
explaining the linear relationship holding between the beam deformation and the
applied DC voltage is because of the beam’s deformation in its elastic region, and the

other reason is the piezoelectric actuator expands linearly with the applied voltage.

Figure 4.5 - Static deformation varies linearly with the applied DC voltage.
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The maximum stroke length of the piezoelectric actuator in its own can only achieve

0.59 pm (chapter 3) with loading of the DC of 150 V and 0 V on its top and bottom
layer respectively. According to Figure 4.3, the deformation of the beam with 2 mm
thick is 1.04 pm. It seems that the beam deformation is about 2 times as big as the
maximum stroke length of the piezoelectric actuator. Figure 4.6 shows a mechanical
modelling for a beam and an actuator in the coupled analysis. The mass of the beam is
M and the mass of the actuator is negligible; they are connected by an infinite rigid rod
fixed at pivot O. The stiffness of the beam is K and the material damping of it is C; the
stiftness of the actuator is k& and the damping of it is ¢. The actuator is applied with a
DC voltage of U; it produces the stroke length v and the corresponding force f. In
geometric analysis, the relationship is between the stroke length v and the deformation

of the beam u as shown at below.

where L is the distance from the pivot O to b and / is the one from the pivot O to a.

It is noted that the L is longer than / in this case, which means the beam deformation u
is amplified by a factor of . It is a useful and an effective method being used in certain
studies, like fast tool servo (FTS), when the maximum stroke of the existing actuator is
not enough. It also explains the fact that, in terms of an amplify factor, the deformation
of the beam is about 2 times as large as the maximum stroke length of the piezoelectric

actuator in this coupled-field analysis.

Actuator
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Figure 4.6 — Mechanical modelling for coupled-field analysis between beam and

actuator system.

In the FEA modelling process, the force of the piezoelectric actuators as it varies with
the driving voltage was accurately represented. This is unlike the approximations that
most other researchers, for example [23], made by assuming that a maximum blocking
force of the piezoelectric actuator exists for all boundary conditions. ANSYS Macro for

the above static analysis is given at Appendix C3.

4.2.3 Modal analysis

Modal analysis can determine the theoretical vibration characteristics, in terms of
natural frequencies and mode shapes, of a structure or a machine component. The
natural frequencies and the mode shapes are important parameters in the design of a
structure for dynamic loading conditions [78]. It is believed that certain mode shapes
enhance the effectiveness of the squeeze film air bearings. These mode shapes have

geometry that maximizes the oscillation amplitude and minimizes the pressure leakage.

Using ANSYS Workbench, the modal analysis was performed on the beam with its two
ends fixed. The first four natural frequencies and the corresponding mode shapes are as
shown in Figure 4.7; Mode shape 1 and 3 produce the dominant motion, represented by
red colour, along Y direction when excitation frequency is 4965.5 Hz and 10440 Hz
respectively; but the former is considered to be more desirable mode shape than the
later because the deformation area is larger and more synchronised; moreover, mode
shape 3, producing mode shape that one part moving up and the other moving down but
not the middle as shown in Figure 4.7 (c), can impose the shear stress on the actuator
because of the actuator mounted right in the middle of the beam, which maybe damages
the brittle actuator. Mode shape 2 vibrates along Z direction and mode shape 4 just
twists when excitation frequencies are 10.44 kHz and 19.84 kHz, respectively; both of

them cannot be considered as a correct motion to squeeze air film.
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Total Deformation Total Deformation 2

- %
0 0.01 (m) kz 0 0.01(m) k. 5
?J X ?
{a) mode shape 1, frequency = 4965.2 Hz (b) mode shape 2, frequency = 10440 Hz

Total Deformation 3 Total Deformation 4

61.336 Max.
" S4.521
47.706
40.891
34.075
27.26

13.544 20.445 ‘<"
9.029% 0 0.01 (m) 13.63 0.000 0.020 ()

45148 ? 6.8151 ﬂF Z
0Min OMin

(c) mode shape 3, frequency = 14034 Hz {d) mode shape 4, frequency =19840 Hz

Figure 4.7- Mode shapes and natural frequencies of beam; colour red indicates

maximum deformation and colour blue, no deformation (deformation no to scale).

The above four modes shapes can be obtained by driving them with the corresponding
natural frequencies. The driving unit is the single layer piezoelectric actuator as
mentioned in section 4.2.1. For instance, the mode shape 1 can be triggered by exciting
the single layer piezoelectric actuators at 4965.2 Hz. By increasing the beam thickness
from 1 mm to 4 mm, the natural frequency is seen to increase in a linear manner as
shown in Figure 4.8. It is believed that the modal analysis is a critical simulation in the
design of the squeeze film air bearing, because it not only shows the mode shapes but
also gives the corresponding natural frequencies; both of them maybe are critical for

enhancing the effectiveness of the squeeze air film in journal bearings.

Figure 4.8 — Relationship between natural frequency and beam thickness.
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4.2.4 Dynamic analysis

Dynamic analysis is used to determine the dynamic response of a structure under the
dynamic excitation force [79]. The dynamic excitation forces are from the expansion
and the compression of the piezoelectric actuators when they are loaded with an AC
voltage (75V) on top of a DC offset (75V). The excitation frequency should be
coincident with the fundamental natural frequencies of 4965.2 Hz for creating mode

shape 1, as identified in Section 4.2.3, in order to achieve maximum dynamic response.

Figure 4.9 shows the dynamic response of the beam with thickness of 2 mm when
excited at 4965.2 Hz with the AC 75 V and the DC offset 75V as occurring at the
central region (shown in red) where the amplitude is 11.884 um. As expected the
response of the beam is of the same shape as mode shape 1. By varying the beam
thickness from 1 to 4mm and driving the single layer piezoelectric actuator at the
fundamental natural frequency of each beam thickness, the maximum amplitude of
response is seen to decrease in an exponential manner as shown in Figure 4.10, similar
to that observed in the static analysis (Figure 4.3). A comparison between the two
analyses is presented in Figure 4.11: the difference in magnitude is striking; for a 2-mm
thick beam, the dynamic deformation is about 12 times as large as the static

deformation.

1.1884e-5 Max
1.0564e-5
9.2433e-6
7.9229%-6

6.60242-6 '
5.2819e-6 . |
3.9614e-6 ' e

2.641e-6
1.3205e-6 ¥

0 Min
L
X

Figure 4.9 - Dynamic response of beam, thickness of 2 mm, when driven at the

fundamental natural frequency of 4965.2 Hz.
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Figure 4.10 - Dynamic deformation versus beam thickness when excited at natural

frequency of beam.

Figure 4.11 - Comparison between static and dynamic beam deformations.

By varying the AC input from 45 V to 75 V but keeping the DC 75V constant, the
maximum dynamic deformation is observed to increase in linear manner as shown in
Figure 4.12. The dynamic deformation increases about 5 um when the AC is increased
from 45 V to 75 V. In Figure 4.13, the DC varying from 45 V to 75 V and keeping AC
75 V constant, the dynamic deformation is also seen to increase in linear manner, but

only increases about 0.2 pm when the DC is increased from 45 Vto 75 V.

Figure 4.12- Relationship between dynamic deformation and AC.

Figure 4.13- Relationship between Dynamic deformation and DC.

The dynamic response can be seen to be the other important parameter in design of the
squeeze film air bearing; but bearing in mind, the big dynamic deformation may
imposes strain in the driving piezoelectric actuators, which may be too high to cause
them to fracture. The ANSYS Macro, for the above dynamic analysis to find out the

dynamic response, is available at Appendix C4.

4.2.5 Stress analysis

In ANSYS workbench, equivalent stress (also called von Mises stress) is often used in
design work because it allows any arbitrary three-dimensional stress state to be
represented as a single positive stress value. Equivalent stress is part of the maximum

equivalent stress failure theory used to predict yielding in a ductile material. [80]
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As the deformation of the beam is expected to be at the micron level, a reasonable

assumption is that the state of stress can be evaluated using linear elasticity theory. For
maximum deformation 11.884 um of 2mm thick beam, the Von Mises stress is 14.2
MPa and located at the both fixed ends of the beam, red regions, as shown in Figure
4.14. Because the tensile yield stress of Al 2024-T3 is 345 MPa, the deformation can
be considered as in elastic region because the exerted stress of 14.2 MPa is much lower

than the tensile yield stress.

1.4199e7 Max
1.2652e7
1.1106e7 ¥

9.55896

8.0122e6

6.4655¢6 L
4.9187e6 b

3.372e6
1.8253e6
2.7858e5 Min

Figure 4.14 — Von-Mises stress on the beam based on maximum deformation of 11.884

pm.

Figure 4.15 shows the relationship between the Von-Mises stress of the beam and the
beam thickness. It indicates that the stress decreases with beam thickness. In the case
of the beam thickness is 1 mm, the Von-Mises stress of 22.2 MPa is still much low than
the tensile yield stress of 345 MPa. Figure 4.16 shows the stress on the piezoelectric
actuator, it needs to be considered because maybe the resulting strain in the driving

piezoelectric actuators is too high to cause them to fracture.

Figure 4.15- Von-Mises stress of beam with beam thickness.

Figure 4.16- Von-Mises stress on piezoelectric actuator with beam thickness.
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4.2.6 Fatigue

In material science, fatigue is the progressive and localised structure damage that
occurs when a material is subjected to cyclic loading. It typically happens and needs to
be considered in this research to avoid structural failure due to cyclic loads. When the
piezoelectric actuator is driven at certain frequency, it deforms the structure as shown in
Figure 4.9 introducing stress, referred to Figure 4.14. According to Figure 4.15, the
maximum Von-Mises stress is about 15 MPa with beam thickness 2mm when the
piezoelectric actuator is driven at AC 75 V and DC 75 V in the fundamental natural
frequency of 4965.2 Hz. The fatigue life or cycles of the structure can be predicted by
using S-N curve for certain material based on the stress imposed on it, explained in the

following section.

In the high-cycle fatigue situations, materials performance is commonly characterised
by an S-N curve, also known as a WOhler curve. In Figure 4.17, it is an S-N curve [81]
for material of Al 2024-T3, X axis representing the logarithmic scale of cycles to
failure (N) and Y axis representing the magnitude of a cyclic stress (S). The stress of
15 MPa equals to 2.176 ksi, which is below the stress that can cause the fatigue failure
for the beam when loaded dynamically; that means the beam can last indefinitely

without fatigue.
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Figure 4.17 — S-N curve of Al 2024-T3 [81].

4.3 Principle of squeeze film air bearings
4.3.1 Theory of squeeze air film

The theory of squeeze air film is to investigate the effects of air in small gaps between
fixed surfaces and structures moving perpendicular to the surfaces in sufficiently high
vibration frequencies. So the air therefore remains stationary and is undergoing periodic
cycles of compression and expansion. The asymmetrical pressure field and load-
carrying capacity can be generated in terms of such rapidly repeated squeeze motion.
Moreover, the asymmetrical pressure can be described by the ideal gas law as the first
approximation without considering the pressure end-leakage. The more accurate model
is to solve the Reynolds equation and the equation of the motion simultaneously to
investigate the levitation performance based on the variable input parameters, the

oscillation frequency and amplitude, with considering pressure end leakage.
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4.3.2 Ideal gas law

Consider two parallel plates of infinite lateral dimensions separated by a gap of 4¢; one
of the plates oscillates sinusoidal normal to the other at a frequency w with an
amplitude a. If the oscillating frequency is very high and the gap very small, then edge
leakage of air is insignificant and in addition the process can be regarded as adiabatic.

Thus

pV' =K

b

where p is the pressure, V' the volume, y the adiabatic constant equal to 1.4 for air, and

K the constant.

Suppose the moving plate is at the initial distance of 4y from the stationary plate, at

which the air pressure in the squeeze film is ambient, denoted as p,, then
Vo' =K, (4.1)

h=h, +asin(wt)

At time ¢, the plate moves to at which the pressure in the air film has

changed (p+p,), where p is the gauge pressure; thus the equation of state becomes
(p+p)V' =K (4.2)
Dividing Eq. (4.1) by Eq. (4.2) and rearranging to obtain the pressure ratio as

Po_ (Kl_y -1
po V.7 (4.3)

Since the volume is proportional to the gap height, Eq. (4.3) can be rewritten in terms

of the ratio of gap heights, as

£=(i\;_1
o) .

po \h (4.4)

The plate moves sinusoidally such that the gap height at time t is governed by

h=h, + asin(i) , which on substitution into Eq.(4.4) gives
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v 1
Py hy ). (4.5)

hy +asin(wr))

Introducing the non-dimensional parameters to Eq. (4.5), namely the amplitude ratio
o , and the time ratio T | where T is the period of oscillation related to the
-
angular frequency by W Eq. (4.5) can be simplified to

L (1+&sin(2nr))" -1

Po . (4.6)

It is possible to show that the mean pressure ratio over a cycle of oscillation is positive,
which means that the squeeze film exerts a lifting force on the plate thus causing it to

float. The proof'is given below.

Using Binomial expansion, the pressure ratio, Eq. (4.6), can be represented by the

infinite series

S-v(=y DK (=y —n+1) ,
pr=£=2 v (=y - DK (= ).
n=1

¢ " sin” (2mt)
Py n! . 4.7)
The coefficients of the terms in this series are successively -y, -y(-y-1), -y(-y-1)(- y-2),
etc. Since y is positive, the sign of the coefficient alternates: negative when n is odd

and positive when n is even.

The mean pressure ratio £ is obtained by integrating, with respect to T, the series (4.7)

term by term over the non-dimensional time interval T = [0, 1]. In mathematical terms,

b - i —v(=v DK (v —n+1D nﬁsmn(zm)dr

n=1 l’l'

(4.8)

For odd powers ofSIN" (270T) that is, when n = 2m+1, (m=0,1,2,...)
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Jj sin®""' (2t )dt =0

(4.9)
For even powers, that is, when n = 2m,
fsinz'” (2t )t = 1.3.5L 2m-3)2m -1)
Substituting Egs. (4.9) and (4.10) into (4.8) gives the mean pressure ratio as
- w1y -DK (= =2m+1) 1.3.5L 2m-3)2m-1) - 2
Pr =] 2m! 2.4.6L 2m-2)2m . (4.11)

The series (4.11) contains only even power terms, and so is positive, thus confirming
the existing of a levitation force in the squeeze film whose gap oscillates at high

frequency in a sinusoidal manner.

Furthermore, since each term in Eq. (4.11) is positive, the factor

-Y(=y -DL (=y -2m+1) Y@y +DL (v +2m-1)
2m can be replaced by 2m , and Eq. (4.11)

can be re-written as

- iy(y +DK (y +2m-1) 1.3.5L 2m-3)2m-1) - 2
Pr ye 2m! 24.6L 2m-2)2m . (4.11a)

The theoretical mean pressure ratio can be calculated using Eq. (4.11a) or by
performing numerical integration on Eq. (4.6). However, it would be helpful to be able
to use a simpler formula for estimating the mean pressure ratio. The following

derivation shows the formula.

c ya+h 1
1
In Eq. (4.11a), the coefficient of the first term of the series is 2! 2 and for

y=14 C =0840

Similarly the coefficient for the m™ term is given by

_Y@ +DL (v +2m-1) 13.5L 2m-3)2m-1)

C
" 2m 2.4.6L 2m-2)2m
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and of the (m+1)™ term by

Y@ DL ( +2m =Dy +2m)y +2m+1) 1.3.5L (2m -3)2m - 1)(2m +1)

Con (2m +2)! 2.4.6L 2m=-2)(2m)2m+2)

The ratio of the two coefficients, after simplifying, is

C,., _ Cm+y)2m+y +1)
C, (2m +2)’
m+1 <1 )
For¥ =14 , C, for all positive integer values of m. In addition, since€ ™ <1, the

series (4.11a) converges. The largest coefficient is C;, whose value is 0.840, as
calculated earlier; other coefficients have values that are smaller than C;.

This suggests another infinite series which defines the upper bound mean pressure

pru = Cl x o
ratio; this series is m=1 and 1s a geometric series whose sum is
- 0.840%°
Pu= 2
1-¢ (4.12)

Figure 4.18 shows the relationship between the mean pressure ration and amplitude

ratio € based on Eq. (4.12) as the approximate solution.

Figure 4.18 - Mean pressure ratio versus amplitude ratio —approximate solution Eq.

(4.12).

Eq. (4.6) can be used to plot the asymmetrical pressure curve in one period, as the exact
solution, based on two parameters, and; they are given at below for plotting one period

with 0.05 intervals of asymmetrical pressure curve also shown in Figure 4.19.

In Figure 4.19, it shows the top area greater than the bottom one, which means the
mean pressure is always positive value, moreover, bigger than the ambient pressure

ratio 0 Pa. The mean pressure ratio is the levitation pressure for separating two metal
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surfaces. The mean pressure ratio can be calculated using numerical integration -

trapezoidal rule in terms ofas below.

Mean pressure ratio:

Figure 4.19 - Asymmetrical pressure curve with two input parameters and

Figure 4.20 shows the relationship between the pressure ratio and amplitude ratio when
applying numerical integration to Eq. (4.6) over the non-dimensional time period T =
[0, 1] with y=1.4 and €=0.1 to 0.7 in 0.1 increments, the corresponding values of the
mean pressure ratio were obtained. It is noted that as the amplitude ratio increases the
pressure ratio increases in an exponential manner. By place the exact solution
calculated by Eq. (4.6) and the approximate solution calculated by Eq. (4.12) side by
side as shown in Figure 4.21, two solutions are quite close to each other but the

approximate solution is always bigger than the exact one, it is noted that up to an

amplitude ratio & of 0.4, the error in the mean pressure ratio £r is less than about 1.3%.

Figure 4.20 - Relationship between mean pressure ratio and amplitude ratio.

Figure 4.21 - Mean pressure ratio versus amplitude ratio — exact solution Eq.(4.7)

versus approximate solution Eq.(4.12).

Using the ideal gas law in the studying of the squeeze air film effect can only describe
the relationship between the oscillation amplitude and the mean pressure as shown in
Figure 4.21, with limitations of without considering the pressure end-leakage and

assuming infinite high of the oscilation freqyency. Obviously, it does not hold true in
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real situations. In the following section 4.3.3, the Reynolds equation and the equation

of motion will be applied and solved simultaneously in the CFX modelling of
oscillation flat plate, in order to find out some critical parameters in the design of
squeeze film air bearing by considering the pressure end-leakage, the oscillation

frequencies and amplitude.

4.3.3 CFX

4.3.3.1 Pressure profile

Consider an air film that is squeezed between two flat plates having relative sinusoidal
motion of frequency w at amplitude e, in the direction of the film thickness, as shown
in Figure 4.22(a). The pressure at a point in the air film is governed by the Reynolds

equation,
(4.13)

Eq. (4.13) is given in a non-dimensional form. X, Y and Z are the coordinates of a
point in the air film expressed as a fraction of its length, width and thickness

respectively; is the ratio of the instantaneous pressure to the initial pressure; H the

ratio of the instantaneous to the initial film thickness; o the squeeze number; and the
non-dimensional time obtained as the product of the angular frequency of oscillation w

and time t.

The squeeze number is defined as where u is the dynamic viscosity and L the length of

the air film.

The instantaneous film thickness 4 = ho+e sin (t) and hence the instantaneous film

thickness ratio, being h/h, | is given by.

4.3.3.2 Numerical calculation of the dynamics of the top plate

To understand the floating characteristics of the top plate based on the theory of

squeeze air film, the Reynolds equation and the equation of motion needs to be solved
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simultaneously by using numerical calculation [82 and 83]. The non-dimensional

Reynolds equation can be simplified into the two dimensions by assuming the pressure

is constant throughout Y direction.

The equation of motion for the top plate can be derived based on the Newton’s Second
Law [84]. The forces acting on the top plate contain the weight of its self and the
levitation force generated by the squeeze air film action, so the equation of motion of

the top plate is given at below.
(4.14)

Where mTop is the mass of the top plate; velTop is the velocity of the top plate in the Y

coordinate direction; F7 is the levitation force acting on the top of plate.
The time derivative of the top plate can be discretized as shown at below.
(4.15)

And the further discretized is necessary to find out the new displacement of the top

plate.
(4.16)

Finally, the new displacement of the top plate, Eq. (4.17) can be obtained by
substituting the Eq. (4.15) and Eq. (4.16) into Eq. (4.14) as given at below.

(4.17)

The floating characteristics of the model of oscillating plates can be analyzed based on
the Reynolds equation and the equation of motion in terms of the defined boundary
conditions. Eq. (4.14) to (4.17) programmed using CFX Common Language (CCL) is
available at Appendix CS5.

4.3.3.3 Simple model of oscillating plates and boundary conditions

The simple model considered is the one as shown in Figure 4.22(a), with dimensions of

the plates and the initial air film thickness as indicated. The bottom plate was given a
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sinusoidal motion whilst the top plate, of mass 6.24 x 10~ kg, responded also with a

sinusoidal motion. The air film, as shown in Figure 4.22(b), is assumed to have no
leakage around the three sides of its edges, namely the left, front and back sides; but
there is leakage from the right side. Such assumptions are justified by the following

considerations:

1. The left side is on the plane of symmetry of the complete air film. In other words,
what is shown in Figure 4.22(b) is only the right half and hence there is no sideway

flow of air across the symmetry plane.

2. The front and back sides is also symmetrical, which means the plate is infinite along

Z direction.

3. The right side, however, is exposed to the atmosphere and pressure end-leakage is

expected.

The computation was performed with CFX instead of home-built programming codes

to save time.

Top plate

Air film
\ %
10 mm \

0.1 mm ) D
/ %
I 0.02 mm Z
l

I L~
Bottom plate

(a) (b)
Figure 4.22-(a) Dimensions of the plates and the air film thickness; and (b) the air film

in the rectangular coordinate system used.

4.3.3.4 Calculation results

Figure 4.23 shows the relationship between the minimum air film thickness and the

oscillation frequency of the bottom plate (oscillates amplitude of 1 pm). It is observed

86



Chapter 4 — Modelling structural characteristics and squeeze film effect
that the air film thickness at first increases with oscillation frequency but it reaches a

constant value beyond around 15 kHz.

Figure 4.23 - Air film thicknesses versus excitation frequency of bottom plate

(oscillation amplitude of 1 pm).

Figure 4.24 shows the relationship between the air film thickness and the oscillation
amplitude with the oscillation frequency of the bottom plate kept at 10 kHz. It is noted
that as the oscillation amplitude increases the air film thickness increases in an
exponential fashion. The second order polynomial trend-line pretty fits with the CFX
simulation result as indicated by R — squared value of 0.9999. The polynomial equation
is also displayed in Figure 4.24, which can be used to predict the air film thickness

based on the variable oscillation amplitude.

Figure 4.24 - Air film thickness versus oscillation amplitude of bottom plate (oscillation

frequency at 10 kHz).

The relationship between the air film stiffness and the oscillation amplitude is shown in
Figure 4.25. The air film stiffness is calculated by the weight of the top plate over the
air film thickness as shown in the Eq. (4.18). Both parameters are known as the weight
of the top plate of Kg and the air film thickness of showing in Figure 4.24. Figure 4.25
shows that the air film stiffness decreases from N/pm to N/um with a polynomial
manner when the oscillation amplitude increases from 1 um to Sum. The second order
polynomial trend-line fits the CFX simulation results well as the R — squared value
reaches 0.9999. Because the air film thickness increases in terms of increasing the
oscillation amplitude, as a result the air film stiffness decreased based on the Eq. (4.18).

The polynomial equation is also indicated in Figure 4.25, which can be used to predict
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the air film stiffness by varying the oscillation amplitude. The air film stiffness shown

in Figure 4.26 in terms of various the oscillation frequencies can also be calculated
using Eq. (4.18) based on the weight of the top plat ( kg) and the air film thickness in
Figure 4.23.

(4.18)

The air film stiffness can also be calculated out by varying the length of left side
(length along Z direction shown in Figure 4.22) based on the above two driving
conditions which are the oscillation amplitude and the oscillation frequency. For
instance, the length of left side increases to 60 mm and keep the length of the frontal
and back side constant to be 10 mm, with driving condition of the oscillation amplitude
2um and the oscillation frequency of 10 kHz; the air film stiffness will be 3.12 N/um.
Moreover, the air film stiffness has to be chosen to be in such a way that cannot be
weak because it could cause the instability and cannot be too rigid as well because it

could increase the friction.

Figure 4.25 — Air film stiffness versus oscillation amplitude.

Figure 4.26 — Air film stiffness versus oscillation frequency.
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Figure 4.27 shows the steady-state pressure distribution of the air film over a period of

oscillation along the x-axis (Figure 4.22(b)) from the left edge (x = 0 mm) to the right
edge (x = 10 mm) where the air film interfaces with the atmosphere whose pressure
ratio P is 1. There are nine pressure profile curves shown and they represent the
pressure at different time instants in the cycle of oscillation. It is noted that the mean
pressure ratio in the film at any distance is above unity; thus an up-thrust is created to
levitate the top plate. The same conclusion was drawn by the authors in their paper
using the theory of the ideal gas law [85]. By considering the pressure end-leakage
issue is around and at edges but not in the middle part, according to Figure 4.27. So the
ideal mode shape of the structure should provide the largest deformation as close as
possible to its centre in order to minimize the pressure end-leakage and therefore to

maximize the squeeze film effect.

Figure 4.27 — Steady-state pressure distribution in the x-direction (Figure 4.22(b)) of air

film in a period of oscillation of bottom plate in frequency of 10 kHz.

Figure 4.28 shows the pressure distribution along length of plate at three excitation
frequency levels. It can be seen that the pressure ratio is minimum at the center
(x=0mm) with the excitation frequency of 10 kHz among three excitation conditions.
The reason is due to the fact that the pressure is inversely portion to the air film

thickness. Moreover, it can also be observed that the pressure keeps constant along the
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length with the high excitation frequency 10 kHz; for the low excitation frequency 1

kHz, the pressure increases gradually and reaches the maximum at the center.

Figure 4.28 — Pressure distribution in the x - direction (Figure. 22(b)) at three levels of

excitation frequencies in the steady-state position.

Figure 4.29 shows the transition to the final equilibrium position of the top plate from
the initial film thickness of 20 um at the two oscillation frequencies of the bottom plate,
namely 1 kHz and 10 kHz. The observation from Figure 4.23 that the air film thickness
increases with oscillation frequency below 15 kHz is seen also to hold true here. In
addition, at higher oscillation frequency of the bottom plate the response of the top

plate shows greater stability, with no residual oscillation, achieved at around 0.037s.

Figure 4.29 - Transition to equilibrium position of top plate for two excitation
frequencies of bottom plate at 1 kHz and 10 kHz.
Figure 4.30 shows air flow velocity between the plates during compressive movement,
the bottom plate moving close to the other. In order to clearly observe the air film, it is
divided into three parts which are the left end, the middle part and the right end,
because of the length of air film much greater than the thickness. It is noted than the air
flowing velocity hardly moves horizontally, as shown that all the arrows point
vertically, along the length of the plate in the left end, in terms of the symmetrical

boundary condition of the left side. In the middle part of the air film, the air starts
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moving horizontally with considerably low speed during compressive movement of the

top plate. For the right end, the air flows towards to the right direction (apart from the a
layer of air next to the top and bottom walls; their velocities are zero) with the
maximum velocity of 1.38 m/s because of the boundary condition is set to be open to

the atmosphere.

0.000e+000 Right end

Figure 4.30 — Air flow velocity between plates during compressive movement.

4.4 Discussion
4.4.1 Discussion in characteristics of beam

In section 4.2 the beam was first studied as the simplest model in order to identify
important characteristics of the squeeze air film and parameters that would better
inform subsequent design activity, leading to the design of a squeeze film air journal

bearing.

The static analysis shows the relationship between the maximum deformation and the
beam thickness as shown in Figure 4.3; and also shows the force generated by
piezoelectric actuator changes in an exponential manner with beam thickness, Figure
4.4. According to the above two Figures, when the beam thickness is 2 mm, the beam

can deform about 1 pm and the force generated by piezoelectric actuator can be about 3
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N, as the single layer piezoelectric actuator driven at 150 V and 0 V on the top and

bottom layer respectively.

The modal analysis is to determine vibration characteristics, in terms of the natural
frequencies and the mode shapes of the beam, in certain boundary conditions. Figure
4.7 shows the first four natural frequencies and mode shapes, for instance, the 15 mode
shape has the natural frequency of 4965.2 Hz. By considering those mode shapes, only
the 1t mode shape is the most effective in terms of producing the squeeze motion in
such way that one surface oscillating perpendicular to the other. Furthermore, the modal
analysis can be seen as a starting point in the study of the dynamic response of the

beam to a general excitation.

In the dynamic analysis, Figure 4.9 shows the dynamic deformation of 11.884 um for
the beam thickness of 2 mm when the piezoelectric actuator is loaded with the DC 75
V and the AC 75 V. The relationship between the beam thickness and the dynamic
deformation, in Figure 4.10, shows the exponential manner of decreasing with beam
thickness. By comparing the static deformation and the dynamic deformation is shown
in Figure 4.12: the difference in magnitude is striking; for a 2-mm thick plate, the
dynamic deformation is about 9 times as large as the static deformation. In Figure 4.12,
it shows that by varying AC from 45 V to 75V and keeping DC of 75 V constant, the
deformation increases from 6.89 um to 11.88 um. But by increasing the DC from 45 V
to 75 V and keeping the AC of 75 V constant, Figure 4.13 shows the deformation only

increases from 11.64 um to 11.88 um; it is not as significant as increasing the AC.

Both the stress analysis and the fatigue analysis are for monitoring the conditions of the
beam when it is in the dynamic loading. It makes sure that the stress on the
piezoelectric actuator cannot be too high to fracture it and the stress on the structure
cannot be too high to issue the fatigue and beyond the tensile stress of the material

used.
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4.4.2 Discussion in principle of squeeze film air bearing

The model of an air film between two flat plates using the ideal gas law assuming
adiabatic process proves theoretically the existence of a mean positive pressure and that
this pressure increases as the amplitude ratio, Figure 4.21. It does not, however, attempt
to model the pressure leakage on the edges the squeeze film air bearing. Often, it is
argued that when the plates oscillate at a very high frequency, the leakage effect can be

ignored and the adiabatic process holds true.

On the issue of the mean pressure, according to Figure 4.21 higher mean pressure is
achieved by higher amplitude ratio, which means that the structure must be such
designed that the bearing surface can have large displacement. The proposed design

allows this to happen with relative ease.

The model of the simple oscillating plate to squeeze air film is to demonstrate the
levitation phenomena in terms of the squeeze film action in the CFX simulation (Figure
4.22), from which not only considers the pressure end —leakage round and at edges but
also considers the variable input excitation frequency in prediction the air film
thickness, but both of them don’t be considered in the ideal gas law. So the squeeze
film effect can be described more accurate and realistic using the CFX simulation based

on the Reynolds equation.

Figures 4.23, 4.24, 4.25, 4.26, 4.27 and 4.29 highlight some findings for the design of

squeeze air film bearings. Specifically:

1. According to Figure 4.23, to ensure a greater film thickness, the oscillation frequency
imposed on the air film should be high, preferably above 15 kHz because the end

leakage becomes insignificant.

2. Figure 4.24 points to the fact that the greater the oscillation amplitude of the air film,

the greater is its air film thickness.

3. According to Figure 4.25 and 4.26, the air film stiffness decreases with increasing the

air film thickness. By varying the length of the sides the air film stiffness can still be
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calculated. Moreover, the air film stiffness has to be chosen from a certain range to

avoid the issue of the instability and excessive friction.

4. According to Figure 4.27, it suggests that in order to minimize the pressure end-
leakage, the ideal mode shape of the structure should be deformed in as such way that

the middle part has a larger deformation rather than the both ends.

5. Figure 4.29 suggests that with a greater oscillation frequency of the air film, the top
plate reaches its stable equilibrium position much more quickly. Furthermore, in its
steady-state position, the top plate being excited at the frequency of 10 kHz was much

less oscillatory than when it was excited at the frequency of 1 kHz.

Using above five findings, it helps for designing the squeeze film air bearing in such
way that more practical and stable in next chapter. It is also believed that certain mode
shapes enhance the effectiveness of the squeeze air film in journal bearings. These
mode shapes have geometry that maximizes the oscillation amplitude and minimizes

the pressure end-leakage around and at edges.

4.5 Summery

This chapter models a simple structure of the beam fixed at its both ends in ANSYS
workbench and also models the oscillation of plates using the ideal gas law and the

Reynolds equation.

In the coupled analysis between the piezoelectric actuator and the structure, the simple
beam fixed both ends is induced here as a starting point to make sure that ANSYS
programmes works before moving to a complicate structure like a squeeze film air
bearing. The other advantage of using the beam is that the number of the mesh is
relatively less than the complicated ones, which can reduce the computation time
significantly. The static, modal and dynamic analyses are implemented to determine the
deformations and vibration mode shape when the piezoelectric actuator drives in
certain conditions. The stress and fatigue analyses are studied to help the structure
within safe operation range, which means below the tensile stress of the material of Al

2024 - T3 and not to be too high to issue the fatigue problem. From the above analyses,
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the behaviour of the proposed squeeze film air journal bearing can be determined, like

the amplitude of the static and the dynamic deformation, the vibration mode shape and
also the vibration frequency; moreover, these results will maybe considered as the

important parameters in the squeeze film effect.

The model of the oscillation plate using the ideal gas law fins out the relationship
between the pressure and the oscillation amplitude shown in Figure 4.21. But is has the
limitation such as without considering the pressure end-leakage at and around the edges
and assuming the oscillation frequency to be infinity. But those limitations can be
overcome by solving the Reynolds equation and the equation of the motion
simultaneously in the CFX modelling, from which creates five findings in the design of
the squeeze film air bearing as talked in the discussion. Those findings are going to be

applied in next chapter for designing the squeeze film air journal bearing.
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Chapter 5 - Design of squeeze film air bearing and its
experiments

5.1 Introduction

The chapter is to describe design of the squeeze film air journal bearing, experiments
design and experimental set-up. The five findings, from the CFX simulation in Chapter
4, are used to design the squeeze film air journal bearing. For the experiments design, it
is to discuss the purposes and procedure for the dynamic response experiment and the
load-carrying capacity experiment. The last part of the chapter is to describe the
electrical inputs, mechanical structure, the measurement instrument and the LabVIEW

user interface.

5.2 Squeeze film air bearings system and process for testing and
modelling

A new type of bearing, a squeeze film air bearing, to separate two metal surfaces: 1)
without using the external pressurized air is studied; 2) without suffering wear during
the start-up period and shutdown; 3) and without using potentially contaminating
lubricant as discussed in Chapter 2. In Chapter 4, the dynamic characteristics of the
beam were modelled in terms of its mode shapes, natural frequencies and dynamic
deformations in the FEA modal analysis and coupled-field analysis; the static, stress,
and fatigue analyses were also studied. In addition, the squeeze film effect was also
modelled in two ways: the ideal gas law (Section 4.3.2) and the CFX simulation
(Section 4.3.3). Therefore, in order to validate those results of the FEA modelling and

the CFX simulation, a physical prototype needs to be built.

Figure 5.1 shows the squeeze film air bearing system and the process for the testing and
modelling. The CAD model is shown on the upper left corner and the physical

prototype is on the upper right side in this diagram.
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In the dynamic response experiments, the dynamic characteristics of the proposed
bearings will be tested using the input variables of 1) the excitation frequencies, 2) the
AC voltages, 3) the mode shapes, and 4) the materials, as shown in the bottom left
corner in Figure 5.1. The proposed bearing is modelled in the FEA to find out its
natural frequencies, mode shapes and dynamic deformations. In the load-carrying
capacity experiments, the bearing is inserted into the guide way, set up as a cantilever
as shown at upper right in Figure 5.1. A mass was hung onto a wire attached to bearing
shell. This experiment can be used to explain: 1) the relationship between the air film
thickness and the load; and 2) the air film thickness under various driving conditions,
such as the oscillation frequency and amplitude. In the CFX modelling, simulation
results can also be provided for both the maximum load-carrying capacity and the

corresponding air film thickness under the various driving conditions.

Characteristics of the bearing Levitation performance

FEA modelling
Modal analysis
Input Parameters FSI modelling
Static analysis
Excitation ] . Load capacity
frequency Dynamic analysis
AC Voltage Stress analysis film thickness
Made shape Fatigue
Experiment
Material )
ene Experiment Load capacity

Natural frequency | Load | film thickness

Dynamic response

Made shape

Figure 5.1 - Squeeze film air bearing system and the processes for testing and

modelling.

97



Chapter 5 — Design of squeeze film air bearing and its experiments

5.3 Design of the proposed squeeze film air journal bearing

In Chapter 4, the five findings were made from the CFX simulation. Those findings

would guide the design of squeeze film bearings [86]. They are repeated below:

1. To ensure a greater film thickness, the oscillation frequency imposed on the air film
should be high, preferably above 15 kHz because the end leakage becomes insignificant
(Figure 4.23).

2. The greater the oscillation amplitude of the air film, the greater is its film thickness

(Figure 4.24).

3. The stiftness of an air film is inversely proportional to its thickness (Figure 4.25 and

4.26).

4. When a vibrating beam has maximum oscillation in the middle rather than at its
ends, there is minimum pressure end-leakage (Figure 4.27).
5. The higher the frequency of oscillation, the more quickly the loading beam settles

down to its final position with zero residual oscillation (Figure 4.29).

Using these five findings, a design of the squeeze film air journal bearing, as shown in
Figure 5.2, is proposed. This bearing is in the shape of a hollow round tube with three
longitudinal flats milled equi-spaced around the circumference. Using an odd numbers
of flats around the bearing shell ensures that there is at least one active — that is,
vibrating — bearing shell, the squeezing action of which is opposite to the line of action
of the loading. Three flats are preferred to five flats because of the larger static and
dynamic deformation that can be produced under the same driving condition. During
excitation with a piezoelectric actuator mounted on the flat, the segment of the bearing
tube in between the two fins vibrates. The fins, in effect act as supports. The smaller
the number of fins, the longer the distance between supports and hence the greater the
vibration amplitude at the bearing tube segment. Furthermore, it is also cheaper to

manufacture a bearing tube with fewer flats.
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According to the CFX model, the air film thickness increases in an exponential manner

with the oscillation amplitude (Figure 4.24). But if the maximum dynamic deformation
was the only design criterion, then the thinner of the tube wall the better. However, the
natural frequency drops as the thickness of the tube wall decreases (Figure 4.8); and the
low natural frequency cannot effectively minimize the pressure leakage, which can
affect the air film thickness (Figure 4.23). In addition, the flat surfaces were milled on
the outside face of the tube for mounting the piezoelectric actuators. The piezoelectric
actuator also needs to be considered because it is made of a brittle material that can be
fractured if the resulting strain is too high. From the above considerations, the thickness

of the tube wall was chosen to be 2 mm for this study.

Two piezoelectric actuators are mounted length-wise on each flat and they are driven
simultaneously by an AC voltage with a DC offset. The material and geometry of the
tube are such chosen that at least one modal frequency exists which is above 15 kHz
(Finding 1) and has a desirable mode shape that has maximum oscillation in the middle
rather than at its edges (Finding 4). In order to mount the driving unit, namely the
piezoelectric actuator, on the tube for producing greater oscillation amplitude, three flat

surfaces were milled on the outer face of the tube 120° apart as shown in Figure 5.2.

The modal shape of choice should be one that produces purely a radial deformation of
the tube wall without the tube experiencing any torsion and bending. Therefore the only
possible modal shape for the design should be that the tube wall has a ‘pinching’ action.
When the pinching action is highly magnified, the ‘pinched’ tube, when viewed normal
to its end, gives a triangular appearance (Figure 6.4). To encourage the tube to distort
into a ‘triangle’, three external fins are added, which in effect partitions the tube into
three 120° sectors. The fins do not cover the whole length of the tube but are
foreshortened. This is to make sure that it can achieve the bigger deformation when the
piezoelectric actuator is driven in both static and dynamic conditions. But the natural
frequency needs to be higher than 15 kHz to minimize the end leakage in the

longitudinal direction (Finding 1).

At the desired mode as described above, at the mid-third section of the tube the part of

the wall between the fins flexes in a radial direction whilst simultaneously the fins also
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move bodily in a radial direction. The two motions are 180 degree out of phase with

each other (Figure 6.4(a)).

Based on the above design ideas in terms of the five findings, the final design is
created, which is shown in Figure 5.2. Such bearings of identical geometry were made
with different materials: one is Al 2024-T3 (namely Al bearing), and the other is Cu
101-C (namely Cu bearing). In this design, the bearing’s inner diameter is 20.02 mm,
its length 60mm and thickness 2 mm. Three fins, each 20 mm long, are positioned 120°
apart on the outer circumference of the bearing tube; they are designed to provide a
desirable modal shape of a triangular cross-section when excited by the piezoelectric
actuators. This enables the air gap underneath the actuators to behave effectively as a
squeeze air film. The engineering drawings of the proposed bearing are given in

Appendix BI.

(b)
(a) CAD model; (b) Physical prototype in aluminium,;

Figure 5.2 - The bearing with six single layer piezoelectric actuators mounted on three

milled flat surfaces.
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5.4 Experiments design

In Chapter 4, the FEA model of the beam fixed at its both ends was developed to
calculate out the static and dynamic deformation when the driving unit, the
piezoelectric actuator, was powered at the DC 75 V for the static analysis and at the DC
75 V and AC 75 V for the dynamic analysis. Similarly, the journal bearing can be
analysed by the FEA simulation. Results obtained from the simulation need to be
validated by experiments. In the CFX model, the X-axis (Figure 4.22(b) in Chapter 4)
of the plate is aligned with the longitudinal axis of the bearing tube, the Y-axis with the
radial axis, and the Z - axis with the tangential axis to the circumference. Since air is
very light compared to other fluids, when the air in the squeeze film is forced to flow
round a curvature, hence changing its direction, the radial force required to make this
happen is negligibly small. For this reason, the curvature of the bearing plates is not an
influencing variable in the study of the fluid dynamics and they can be assumed flat
without much loss of accuracy. Leakage is only significant in the longitudinal
directions (both positive and negative directions of the x-axis) but otherwise virtually
non-existent in the radial (Y - axis) or tangential (Z - axis) direction. So CFX model of
the oscillation plate presented in Chapter 4 mainly holds for the proposed geometry of
squeeze film air bearing. In this section, the experiments will be described. They are
divided into two types: one is to measure the dynamic deformation and the other is the

air film thickness from which the load-carrying capacity can be estimated.

The dynamic response experiment is to determine the modal shapes and modal
frequencies of the journal bearing and its dynamic deformation when excited. The
levitation performance of the journal bearing at the desirable modes in respect of the
film thickness and load-carrying capacity also need to be investigated mainly in this
study. Therefore, the experimental set-up should be designed to be focusing on finding

the two parameters: 1) Film thickness and 2) Load-carrying capacity.

5.4.1 Experiment for dynamic characteristics

Figure 5.3 shows a schematic diagram of the experimental set-up for the dynamic

response experiment. It includes a signal generator, an actuator driver and an actuator
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monitor unit, an oscilloscope, a capacitive displacement sensor, a data acquisition card,

and a computer. The function of each instrument is described in Table 5.1 with the flow

sequence referred to Figure 5.3.

Table 5.1 - Function description of instrumentation.

Instrumentation

Function description

Signal generator

It is capable of producing a sinusoidal wave with a maximum
voltage of 5 V and variable frequency up to 100 kHz for working

with the actuator driver.

IActuator driver

It is to amplify the input signal that from signal generator

15 times. The actuator driver can also apply a Dc offset.

|Actuator monitor unit

It is to monitor and display the DC offset.

Oscilloscope

It is to read and display the AC and DC signal that are for

driving the piezoelectric actuator.

IPiezoelectric actuator

It is used to generate a motion with certain frequency to deform

the bearing.

Capacitive

displacement sensor

It is used to measure the mode shapes, the resonance frequency,

the dynamic response and film thickness.

Data acquisition card

It is to convert analogue waveforms into digital values for

processing, such as filtering a raw signal.

LabVIEW

It is to display and save the signal.

Figure 5.3 also shows how to validate the dynamic characteristics of the proposed

squeeze film air bearing based on the driving input signal and signal output

measurements. The purposes of the experiment are:
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1. To validate the desired mode shapes (predicted from FEA modelling);

2. To validate the natural frequencies (predicted from FEA modelling) at desired mode

shapes;

3. To validate the dynamic deformation (predicted from the coupled-field analysis) at

desired Mode shapes;

4. To validate the dynamic deformation (predicted from the coupled field analysis) at

different levels of the AC voltage;

5. To validate the dynamic deformation (predicted from the coupled field analysis) of
the bearings made of two materials, Al 2024-T3 and Cu - C101;

6. To determine the repeatability of the dynamic deformation (purely from experiment).

Signal Generator Squeeze film air
journal bearing . . -
Capacitive Gaging Module Data Acqusition
displacement 5310
sensor Card
Actuator Driver  —— / \
~ Computer
Actuator
Monitor Unit
Piezoelectric
2 - Actuator
Oscilloscope
P T Squeeze film air LabVIEW
journal bearing

Figure 5.3 - Schematics of the experimental set-up for measuring the dynamic response

of the squeeze film air bearing.

In Figure 5.3, it can be seen that both the bearing and the capacitive displacement
sensor are fixed at different regions due to different mode shapes. For the dynamic
response measurement of the proposed bearings at different mode shapes, the bearings
need to be fixed at the region where have none movement that can be predicted from

FEA modal analysis. For instance, the bearing shell is fixed at the bottom of one edge
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vertically and the sensor is fixed to measure the dynamic deformation of the fin, refer to

left diagram of Figure 5.3. The capacitive displacement sensor is the tool for measuring

the dynamic deformation of the bearing without any contacts.

This dynamic response experiment can be used to validate not only for the natural
frequency and mode shapes of the proposed bearing but also for its dynamic
deformation. By varying the AC voltage at three levels, namely 55 V, 65 V and 75 V,
the bearing should achieve the maximum dynamic response at the AC 75 V as predicted
by the FEA modelling. This point can also be validated from the dynamic response

experiment.

The experimental procedure for measuring the dynamic response of Al bearing is listed

as:

1. To hold the bearing tube, Figure 5.3, at the nodes (points of zero displacement;
details in Chapter 6) identified from the FEA modal analysis and to set up the
displacement sensor to measure the maximum dynamic deformation also predicted

from the modal analysis;

2. To set the coupling mode in the voltage input setup of the data acquisition card to be

“AC” so that only the dynamic, rather than static, response is measured;

3. To excite the piezoelectric actuator on the flats of the bearing at and around the
natural frequency, identified from the FEA modal analysis, with a DC offset of 75V and
a 75V AC at a particular driving frequency; and to record the dynamic deformation

over 10 cycles of oscillation;

4. To estimate the average and the standard error (that is, standard deviation of the

average) of the displacement amplitude over the 10 cycles;

5. To repeat Steps 3 and 4 for other driving frequencies;

104



Chapter 5 — Design of squeeze film air bearing and its experiments
6. To repeat Steps 1 to 5 for Cu bearing.

5.4.2 Experiment for load-carrying capacity

Figure 5.4 shows the schematic diagram of the experimental set-up for the load-
carrying capacity experiment. The set up is almost identical to that for the dynamic
response experiment presented in Section 5.4.1. The only additional component is the
guide way shown in Figure 5.4, which is a round rod. The air film thickness created by
the squeeze film action between the guide way and the squeeze film air bearing itself

can also be measured directly by the capacitive displacement sensor.

The purposes of this experiment are:
1. To determine the relationship between the load-carrying capacity and the air film

thickness;

2. To determine the air film thickness with load at both desired mode shapes;

3. To determine the air film thickness with load at various excitation frequencies;
4. To determine the air film thickness at three levels of the AC voltage;

5. To determine the air film thickness at bearings made from different materials, Al

2024-T3 and Cu - C101.

Signal Generator

. Capacitive v -
Piezoelectric displacement GanggBI;AE;)dule Data Acqusition

J—’ Actuator sensor Card

Actuator Driver \

l . Computer
//

Actuator
LabVIEW
N <

Monitor Unit
Squeeze fim air bearing

Oscilloscope

Figure 5.4- Schematics of the experimental set-up for measuring the air film thickness

between the squeeze film air bearing and the guide way.
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In the load-carrying capacity experiments, Al bearing will be exciting at and around the
natural frequency of the certain mode shapes to find out the relationship between the air

film thickness and the load.

The experimental procedure for measuring the air film of Al bearing is as follows:

1. To clean the surface of guide way (a round ground rod) and the interior surface of the

bearing tube before inserting the bearing tube onto the guide way.

2. With the tube hanging on the guide way, to mount the capacitive displacement sensor
vertically above the tube with a nominal gap between them; then to ‘zero’ the

displacement reading of the sensor, which serves as is the measurement datum.

3. To set the coupling mode to “’DC” in the voltage input setup of the data acquisition

card.

4. To excite the bearing at a frequency that gives the greatest oscillation amplitude with
the same input voltage as that of the dynamic response; the bearing will now levitate
above the guide way and the upward displacement, which is picked up by the sensor, is

the instantaneous air film thickness.

5. To record the displacement signal over 10 cycles of oscillation.

6. To take an average of the valley values of the 10 cycles to give the averaged
minimum air film thickness. If the average is above zero, then the bearing has been

floating.
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7. To repeat Steps 4 to 6 for the other desired modal frequencies with driving conditions

as given in Table 5.2.

8. To repeat Steps 1 to 7 for Cu bearing.

Table 5.2 — Driving conditions for load-carrying capacity experiment.

Driving DC AC Each load
condition

1 75V 75V 0.5N

2 75V 65V 0.5N

3 75V 55V 0.5N

4 75V 75V 0.5N

5 75V 65V 0.5N

6 75V 55V 0.5N

5.5 Electrical inputs and mechanical parts

5.5.1 Signal generator

The signal generator shown in Figure 5.5 that is used to produce signals including a
sinusoidal and a square wave with variable frequencies up to 100 kHz and a maximum

voltage of 5 V.

FREQUENCY

RANGE (Hz)

Figure 5.5- Signal generator (S J Electronics).
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5.5.2 Actuator driver and actuator monitor unit

The actuator driver ENP-1-1U (Echo Electronics) and the actuator monitor unit
ENP-50U (Echo Electronics) are shown in Figure 5.6. The signal generator is
connected to the actuator driver. The function of the actuator driver is to amplify the
AC sinusoidal signal with amplitude of 3.6 V, 4.3 V and 5 V from the signal generator
tobe 55V, 65V and 75V, respectively. In other words, the amplification of the actuator

driver is 15 times.

Figure 5.6 - Actuator driver ENP-1-1U (Echo Electronics) and actuator monitor unit
ENP-50U (Echo Electronics).

5.5.3 Oscilloscope

The oscilloscope HM 604 [87] shown in Figure 5.7 is to display the amplified AC
signal with a DC offset. The oscilloscope HM 604 is capable of measuring a signal with

frequency up to 600 MHz.

Figure 5.7- Oscilloscope HM604 (HAMEG).
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5.5.4 Piezoelectric actuator

The piezoelectric actuator C -21 used here is single layer piezoelectric actuator that has
the dimensions with the length of 15 mm, the width of 5 mm and the thickness of 0.5

mm, as shown in Figure 5.8.

Y/

Figure 5.8- CAD model for single layer piezoelectric actuator.

The basic principle of the piezoelectric effect is that when a voltage is applied on the
top and the bottom surfaces of a piezoelectric actuator, it changes its dimensions.
Moreover, the relationship between input voltage and movement is linear. The top and
bottom surfaces of the piezoelectric actuator shown in Figure 5.8 are coated with silver
material where are used to apply the voltage onto it. When the actuator is mounted on
the structure, there is no room to weld a wire to the bottom electrode for applying the
voltage. But the problem was solved by manufacturers by extending the bottom surface
all the way up to the top surface. It can be observed that there are two surfaces on the
top separated by a black strip in Figure5.8; the larger area is the electrode for the top
surface, the other one is the electrode for the bottom surface. The function of the black
strip is to isolate the two electrodes avoiding the short circuit when loaded input

voltage.

The single layer piezoelectric actuator needs to be bonded onto a structure by using

adhesives - 3M ‘s DP 460 Epoxy. The steps to bond them are given below [88].

1. To clean the bonded surface of the structure using acetone;
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2. To put the adhesives uniformly to the surface of the structure;

3. To use cello-tape as a longer handle to adjust the actuator in the position;

4. To put into a 50" to 60°C oven about 2 hours with a reasonable weight on top.

5. To check the connection of the electric circuit using a multimeter before powering

the actuator.

It is important that the piezoelectric actuator should, under no circumstances, be
pressed too hard against the structure in an attempt to create a good bond. This can
often result in a ‘dry’ bond where the adhesive is completely expelled such that a short
circuit occurs between the bottom electrode of the actuator and the structure. The
structure becomes live when the actuator is powered and can give a nasty shock if the
structure is accidentally touched. Applying too much force during bonding can also

risk fracturing the actuator.

The function of the single layer piezoelectric actuator here is to produce the sinusoidal
motion with a certain frequency in order to deform the bearing in a desired mode shape.
Some important manufacturer’s data of the single layer piezoelectric actuator are

extracted from Figure 2.18 and listed in Table 5.3.

Table 5.3 — Parameters of single layer piezoelectric actuator.

PZT - pb(Zr-Ti)Os / The lead zirconate titanate materials (hard ceramics).
Material No C-21
Coupling factors kp, =59
k31 =34
X102 ksz=71
k¢ =48
kis =74
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Dielectric constants 1900
1400
Piezoelectric charge constants ds1=-131
ds3 =288
X107 d15=634
Young’s modulus 8.3
6.4
X101 23

5.5.5 Squeeze film air journal bearing

Figure 5.9 shows a physical prototype of the proposed squeeze film air journal bearing
with the BNC connection box input to the piezoelectric actuator. The squeeze film air
bearing has three longitudinal flats on the circumference 120° apart. On each flat
surface were bonded two single layer piezoelectric actuators, Figure 5.9. The six
actuators are connected in very thin copper wires in parallel. Using the thin copper
wires is because the weight of it can be ignored to avoid influencing the floating
performance. The external circuit for powering the actuators is connected with the

actuator driver in BNC cable.

Figure 5.9 - Physical prototype of the proposed squeeze film air journal bearing with

the BNC connection box input to the piezoelectric actuator.

Two bearings are made from material Al 2024-T3 and Cu C-101 have the exactly same

dimensions (Details is given in Section 5.3). The dimensions are checked using the
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Coordinate Measurement Machine. The material properties of the two bearings are

listed in Table 5.4.
Table 5.4 — Material properties of bearings.

Materials of bearing Al2024-T3 Cu-C101
Young’s modulus 73.1 GPa 117 GPa
Density 2780 Kg/m?3 8910 Kg/m?
Poisson's Ratio 0.33 0.29
Fatigue Strength 0.138 GPa 0.117 GPa
Mass of bearing 0.0185 Kg 0.0575Kg

5.5.6 Guide way and guide way holder

The guide way, made from the material of the standard steel, is a round rod fixed at one
end and free at the other with an overhang of 130mm; the short overhang is desired to
avoid sagging due to its own weight. The diameter of the round rod is 19.99 mm
(measured from CMM) and the surface roughness is only several nano-meters

(measured from Zygo).

The guide way holder is also made of the steel and fixed on a heavy granite table
mounted in such a way as to minimize the vibration transmitted from the ground. The
guide way only was fixed at one end rather than both. The Engineering drawings for

both the guide way and the guide way holder are presented in Appendices B2 and B3.

5.6 Signal-pickups

5.6.1 Capacitive displacement sensor

To measure vibration, a capacitive displacement probe (MicroSense 5501) and a
gauging modulus (MicroSense 5810) shown in Figure 5.10, was used. The probe can
measure a gap with the range of £100 um and with resolution of £49.69 nm. The
measurement frequency is up to 7.703 MHz. In Figure 5.10, the probe is connected

with the amplifier and the other BNC connection is for the signal output.
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Figure 5.10 - Capacitive displacement probe (MicroSense 5501) and gauging modulud
(MicroSense 5810).

5.6.2 Data acquisition card

Data acquisition is the process of sampling signals that measure real world physical
conditions such as vibration, and converting the resulting samples into digital numeric
values, that can be manipulated by a computer. The function of the data acquisition card
is to convert analogue waveforms into digital values for processing. The DAQ
PCI-6110 is shown in Figure 5.11. The functions, specifications and operation coupling

mode of DAQ PCI - 6110 are listed below.
*Signal recording

The signal detected from the capacitive displacement sensor was recorded on the DAQ
card simultaneously with sampling frequency 300 kHz. The sampling frequency 300
kHz was chosen to make sure 10 samplings per cycle in order to capture a high
frequency signal. Then the signal is converted into a digital format that can not only be

stored in the PC but also be processed and analysed later on.
*Specifications of DAQ PCI - 6110

Four 12-bit input resolution channels, simultaneously sampled analogue-to-digital (A/
D) input channels with scalable input limits and adjustable sampling rates up to 5 M

samples/s; and also has two 16-bits analogue output resolution channels with samples
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rates 4 M samples/s for single channel. The DAQ PCI — 6110 has the high resolution

input with enough input channels and the high sampling rates, which is suitable for

capturing signal at both dynamic deformation and film thickness measurement [89]
*Operation coupling mode: AC and DC

The DAQ PCI-6110 also can select the coupling mode to be AC or DC in the voltage
input setup. AC or DC coupling configure analogue inputs for AC or DC coupling on a
per-channel basis. AC coupling removes the DC offset for applications only analyzing
signals in the frequency domain. Some applications like measuring the dynamic
response of the proposed bearing only need to measure the AC, so the DC offset can be
removed. But some applications like measuring the mean film thickness between the

bearing and the guide way need to measure both the AC and the DC offset.

Figure 5.11- Data acquisition card PCI — 6110 from National Instrument [89].

5.6.3 LabVIEW user interface

Figure 5.12 shows the LabVIEW user interface in measuring the dynamic response of
the squeeze film air bearing. The three graphs show the raw signal for amplitude
response of the bearing, and the saw signal can be filtered to produce clearer signal in
second graph. The third graph is the frequency response of the filtered signal. The
amplitude response, oscillation amplitude in the second graph, was converted into the
unit of um from the voltage measured from the capacitive displacement sensor

programmed in the block diagram panel. The conversion used is 1V to 10 um. The
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button ‘’Save” and “’Stop” is to save data in Excel and is to terminate running

program.

Amplitude Response of the squeeze film air bearing (Raw Signal

Time  Unit: s Time Unit: Time

Frequency Response

Save

Stop

A
/N ]

|
125000 150000

v T o 0
25000 50000 75000 100000
Frequency Unit: Hz

Figure 5.12- User interface for measuring the dynamic response of squeeze film air

bearing.

5.7 Summery

The squeeze film air bearing system and process for the testing and modelling have
been discussed in Section 2. The function of instrumentation is described in Table 1;

and connections for instrumentation follows signal flow path shown in Figure 5.3.

Based on the five findings obtained from CFX simulation in Chapter 4, two journal
squeeze air film bearings of identical geometry (Figure 5.1), one made from Al 2024 —

T3 and the other Cu — 101C, were designed and built.

The design of the experiments and procedures used were presented in Section 5.4. The
single layer piezoelectric actuators, driven by the actuator driver and bonded on the flat
surface of the bearing, are used as the vibration source to deform the bearing as shown

in Figure 5.2. For the proposed journal bearing, its mode shapes, natural frequencies,
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and dynamic deformations can be measured in Figure 5.3. The film thickness also can

be measured in Figure 5.4. These experiments can be used to validate the theoretical
results from FEA modelling. They were also used to determine the load-carrying

capacity from the CFX simulation.

To measure the dynamic deformation of the squeeze film air bearing and the film
thickness, the capacitive displacement sensor is used. The DAQ PCI-6110 is used to
convert the analogue signal into the digital format. The LabVIEW user interface is used

to collect the signals in the dynamic response and load-carrying capacity experiments.
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Chapter 6 - Experimental and theoretical results of
proposed squeeze film air journal bearing

6.1 Introduction

This chapter is divided into two parts. Firstly, to study of the characteristics of the
proposed squeeze film air journal bearing, it includes investigations on the static
analysis, the modal analysis and the dynamic analysis on the bearings that made from
the different materials, one is Al 2024 — T3 and the other is Cu — C101. Secondly, the
load-carrying capacity experiments are also investigated for the two bearings based on

the squeeze film effect.

In the static analysis, the static deformation of both bearings are analyzed and
compared when the driving units, single layer piezoelectric actuators, are loaded with a
DC of 75 V. Two normal mode shapes for both Al bearing and Cu bearing, the 13 and
231, at the respective frequencies of 16.368 kHz and 25.637 kHz for the former, at the
respective frequencies of 12.315 and 18.709 kHz for the other, were analyzed
theoretically and verified experimentally; furthermore, both of mode shapes were
identified for further investigation by experiments with respect to the squeeze film
thickness and its load-carrying capacity. The dynamic analysis gives the dynamic
deformations at Mode 13 and 23 for the both bearings when the piezoelectric actuators
are powered at a 75 V AC with a 75 V DC offset and the driving frequency coincided

with the modal frequency of them.

In the load-carrying capacity experiments, Al bearing was excited at and around the
natural frequency of Mode 13 and that of Mode 23 in order to find out the air film
thickness. Particularly at Mode 13, the air film thickness was obtained by driving the
piezoelectric actuators in the variable AC voltages that have three levels 55V, 65 V and
75 V. By knowing the air film thickness at the both Mode shapes for Al bearing,

therefore the comparison is laid out to find out the superior Mode shape. When it comes

117



Chapter 6 — Experimental and theoretical results of proposed squeeze film air
journal bearing
to Cu bearing, the experiment will only focus on the Mode 13 and the AC driving

voltage of 75 V because both driving conditions suggested from doing Al bearing
experiment can produce better levitation performance. The comparison for the air film
thickness is also laid out between Al bearing and Cu bearing in order to find out a
superior material in terms of the levitation performance for designing squeeze film

bearing.

6.2 Theoretical and experimental results of characteristics of squeeze
film air journal bearing

6.2.1 Material properties of proposed squeeze film air journal bearings

The two proposed squeeze film air journal bearings, one made from Al 2024 —T3 and
from Cu — C101, have the same structural geometries; but different the material
properties as is listed in Table 5.4. In ANSYS simulations, the material properties
(Young’s modulus, Poisson’s ratio and Density of material) need to be written into
ANSYS Macro for ANSYS software recognizing structure’s material for all the
analyses. The following sections will be studying the static analysis, the modal analysis
and the dynamic analysis. The stress and fatigue analyses are exclusive because both of
them were proven to be safe for a small deformation in squeeze film bearing as results

suggested in Chapter 4.

6.2.2 Static analysis - computer modelling and simulation

The purpose of the static analysis was to determine the static deformation of the sleeve
bearing when a DC voltage (OV on the bottom and 75V on the top surfaces of
piezoelectric layer) was applied to the six single layer piezoelectric actuators. Figure
6.1 shows the result of the analysis, from which a maximum radial deformation of
0.124 um for the sleeve bearing made from Al 2024-T3 (Al bearing) is seen to occur in
the middle section, represented by the red colour. The spikes occur at outside face of
the bearing is because of the deformation of the piezoelectric actuator; and the

deformation is exaggerated for clear view.
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Figure 6.1 - Static deformation of the bearing when a 75V DC voltage was applied to
the six actuators. (Deformation no to scale)

The above-mentioned analysis was repeated for other driving DC voltages and Figure
6.2 shows the relationship between the maximum static deformation and the voltage
input, which is observed to be linear [23]. When the same driving condition is applied
to the sleeve bearing made of Cu - C101 (Cu bearing), the comparison of the static
deformation between Cu bearing (red colour line) and Al bearing (blue colour line) is
shown in Figure 6.3. Moreover, it is observed that the static deformation of Cu bearing
is less than that of the Al bearing; for instance, the maximum radial deformation for the
Cu bearing is 0.104 pm with applied 75 DC voltages, but with the same DC voltage Al
bearing can have static deform of 0.124 pm. The ANSYS Macros for the static

deformation analysis is available at Appendix C3.

Figure 6.2 - Static deformation varies linearly with the applied DC voltage.

Figure 6.3 - Comparison of the static deformation between Al bearing and Cu bearing
with the various DC voltages.
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In the FEA modelling process, the force of the piezoelectric actuators as it varies with

the driving voltage was accurately represented. This is unlike the approximations that
most other researchers, for example [23], made by assuming that a maximum blocking

force exists for all boundary conditions.

6.2.3 Modal analysis

Modal analysis can determine the theoretical vibration characteristics, in terms of
natural frequencies and mode shapes, of a structure or a machine component. The
natural frequencies and the mode shapes are important parameters in the design of a
structure for dynamic loading conditions. It is believed that certain mode shapes
enhance the effectiveness of the squeeze air film in journal bearings. These mode
shapes have geometry that maximizes the amplitude ratio ¢ and minimizes the end

leakage.

From the FEA modal analysis, two candidate mode shapes were identified to have the
desired geometry, namely the 13" and the 23" modes at the respective natural
frequencies of 16.368 kHz and 25.637 kHz for Al bearing and natural frequency of
12.315 kHz and 18.409 kHz for Cu bearing. The mode shapes are shown in Figure 6.4
where the red end of the colour spectrum denotes greater deformation. It is observed

that:

1. Both modes produce flexing of the shell on the sleeve between pairs of fins which
remain in the same angular orientation during the vibration; both mode shapes are

triangular.

2. At Mode 13, the outer edges of the round sleeve do not appear to deform much while

the middle section deforms noticeably.

3. At Mode 23, the outer edges of the round sleeve deform noticeably while the middle

section deforms not as much.
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Figure 6.4 - a) Left - mode shape 13; b) right - mode shape 23.

To create these mode shapes all six piezoelectric actuators need to be driven in
synchronisation at the natural frequency of the mode shape. For instance, the mode
shape 13 for Al bearing can be obtained by driving the piezoelectric actuator at natural

frequency of 16.368 kHz.

The experiment was fulfilled by using the capacitive displacement sensor to measure
the maximum dynamic deformations in the radial direction and the corresponding
natural frequencies at and around the natural frequencies suggested by the FEA modal
modelling. The comparison for the natural frequencies between the theory and
experiment for Al bearing and Cu bearing are listed in Table 6.1. It can be observed
that the natural frequency of Al bearing is about 1.33 times and 1.37 times as large as
that of Cu bearing for Mode 13 and for Mode 23, respectively. The analytical solution
of natural frequencies for a cantilever beam is described in Eq. (6.1). The equation is
applicable as an approximation for the two proposed bearings because the flat can be
seen as fixed supporter and middle body can be considered as the beam. By considering
the two bearings have same geometries, which means /, L, 4 can be cancelled,
moreover, the both of them driven at same Mode 13 so 4 can also be dropped out.
Based on the above cancellation, the natural frequency ratio for Cu bearing and Al
bearing can be expressed as Eq. (6.2). Both Young’s modulus and density for Al bearing
and Cu bearing were given in Table 5.4. So the natural frequency ratio of them is
calculated to be 1.415 driven at Mode 13 using the analytical solution. The natural

frequency ratio can be worked out to be 1.329 based on the results (Table 6.1) from the
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FEA modal analysis. The natural frequency ratio can also be worked out to be 1.339

based on the experimental results as indicated in Table 6.1. The difference of natural
frequency ratio between the FEA and experimental results is 0.773%. The other modal

frequencies of Al bearing are given at Appendix AS.

Table 6.1 — Comparison between experimental and theoretical results in natural

frequencies for Al bearing and Cu bearing.

Material used for |Al bearing Cu bearing
bearing
Mode shape 13 Theoretical 16.368 kHz 12.315 kHz
Experimental 16.320 kHz 12.184 kHz
Mode shape 23 Theoretical 25.637 kHz 18.709 kHz
Experimental 25.322 kHz 18.459 kHz
f (6.1)

where, Y is Young’s modulus, p is density, 4 is cross section area, | is second moment
of area, L is the length of the beam and is mode coefficient.

Theoretical solution: Natural frequency ratio = 1.415 (6.2)

Experimental solution: Natural frequency ratio =1.339
6.2.4 Dynamic analysis

6.2.4.1 Dynamic analysis for Mode 13 and 23 of Al bearing

The dynamic excitation forces are created by the expansion and the compression of the
piezoelectric actuators when they are loaded with an AC voltage (75V) on top of a DC
offset (75V). The excitation frequency should be coincident with one of the natural
frequencies for either Mode 13 or 23, as identified in Section 6.2.3 for achieving the

maximum dynamic response.

A dynamic response experiment was performed to validate the bearing’s natural
frequencies and mode shapes at Modes 13 and 23 for both Al bearing and Cu bearing.
For measuring Mode 13, the bearing was placed on a horizontal flat surface, as shown

in Figure 6.5 (a), and was supported at two positions (line contacts) near to the bottom
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edge. These points of contact were chosen to coincide with the nodal points (of no

displacement) of the bearing; those nodal points were determined by the FEA modal
modelling. The displacement of a fin was measured with the non-contacting capacitive
displacement sensor, also shown in Figure 6.5 (a). In order to validate Mode 13 as same
as that suggested by the FEA modal modelling, the capacitive displacement sensor
needs to be used for measuring the other two fins; through experiments the movement
of three fins are validated to be similar. The dynamic deformation of Model3 for Al

bearing is shown in Figure 6.6.

Squeeze film air

journal bearing Capacitive
displacement
sensor

: / \fi

(a) (b)
(a) for Mode 13; and (b) for Mode 23

Figure 6.5 - Set-up for the dynamic deformation measurement.

Figure 6.6 - Dynamic deformation on the fin of the Al bearing at Mode 13 versus the
excitation frequency for the three levels of AC input; the error bars represent +2

standard errors

Figure 6.6 shows the dynamic deformation of a point on the fin of Al bearing as
measured by the capacitive displacement sensor. Measurements were made 10 times
and it is the average that is shown on the graph; the corresponding error bar represents
+2 standard errors. The narrow extent of the error bars suggests good measurement
repeatability and high precision of the dynamic deformation obtained. The

measurement data are available at Appendix A2.
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To correctly locate the natural frequency at Mode 13, the actuators were driven to

excite the bearing over a range of frequencies from 16.28 kHz to 16.55 kHz at three
different levels of AC voltage, namely 75V, 65V and 55V. The natural frequency for
Mode 13, from Figure 6.6, is 16.320 kHz at which the dynamic deformation on the fin
is the greatest, for example, at 75V AC, the dynamic deformation is 2.88 um; at 65 V
AC, the dynamic deformation is 2.27 um; at 55V AC, the dynamic deformation is 1.88
pm. The dynamic deformation decreases by reducing the AC voltage. The trend agrees

with the FEA modelling for the simple beam in Chapter 4.

The dynamic deformation was measured at the AC of 75 V and the DC of 75 V using
LabVIEW software as shown in Figure 6.7. In the LabVIEW data acquisition program,
the sampling is 200 points and sample rate is 300 kHz, so the display time is only
0.00066 s. The driving frequency is 16.320 kHz, so the numbers of cycles displayed in
Figure 6.7 1s 10.7 and each cycle contains about 18 points. The sampling rate is
required to be high for capturing the maximum peak of each cycle. The dynamic
deformations at 55 V AC and 65 V AC measured by LabVIEW are available at
Appendix A3.

Since the 75V AC gives the greatest dynamic deformation, which in turn produces the
greatest mean pressure ratio as suggested by the CFX modelling and the ideal gas law
modelling (Chapter 4). This validated driving condition is going to be used for driving

the bearings subsequently in the load-carrying capacity experiments.
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Dynamic deformation measurement in LabVIEW

Amplitude Unit: um

1
0.0004
Time Unit: s

Figure 6.7 — Dynamic deformation measurement using LabVIEW software.

The experiment was repeated for Mode 23 of Al bearing. The measurement point, in
this case, was near the end of the sleeve where the deformation is observed to be
significant, Figure 6.4 (b). So the position of the capacitive displacement sensor should
be placed near to the edge of the sleeve to measure the dynamic deformation as shown
in Figure 6.5 (b). The results are shown in Figure 6.8. It is noted that the natural
frequency for Mode 23 is 25.310 kHz and the maximum dynamic deformation is 1.94
pm at 75 VAC.

Figure 6.8 - Dynamic deformation at the edge of Al bearing at Mode 23 versus the
excitation frequency for the three levels of AC input.
Figure 6.9 shows the dynamic deformation of Al bearing in the FEA dynamic response
modelling for Mode 13. The piezoelectric actuator is driven by the 75V DC offset and
the 75V AC at the excitation frequency of 16.368 kHz. It can be observed from Figure
6.9 that, according to the theory of forced vibration, the transient vibration happens
initially but it decays quickly; the forced vibration starts from 0.55 ms and the

maximum dynamic deformation of that is about 3.22 um. Mode shape 23 is also
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studied in the FEA dynamic response modelling by driving the piezoelectric actuator in

the frequency of 25.637 kHz. The maximum dynamic deformation is about 2.08 pm.
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Figure 6.9 — FEA dynamic modelling for dynamic deformation of mode shape 13.
(Horizontal axis is time, unit: s; and vertical axis is dynamic deformation, unit: m)

From the FEA model, the theoretical dynamic deformation at the measurement point
was also obtained for the different driving conditions. Figure 6.10 shows the
comparison between the theoretical and experimental dynamic deformation at Mode
13. The deviation between the theoretical and experimental results is 0.33 um at 75 V
and is 0.02 um at 55 V. Figure 6.11 shows the comparison between the theoretical and
experimental dynamic deformation at Mode 23. The deviation between the theoretical

and experimental results is 0.14 um at 75 V and 0.18 pm at 55 V.

By comparing Mode 13 and Mode 23 in Figure 6.12, the former has larger dynamic
deformation than the latter in the same driving conditions. For instance, Mode 13 in

experimental result gives the dynamic deformation of 2.88 um at 75 V and Mode 23 in
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experimental result only gives that of 1.94 um. Furthermore, the maximum deformation

regions of Mode 13 and 23 are different; Mode 13 has the maximum deformation on
the three fins, but Mode 23 has that on the edges of the sleeve. Both of these
differences, the dynamic deformation and the deformation region, maybe affect the

levitation performance of the squeeze film air journal bearing.

Figure 6.10 - Comparison between theoretical and experimental dynamic deformation
at Mode 13 for Al bearing (DC = 75V and variable AC).

Figure 6.11- Comparison between theoretical and experimental dynamic deformation at
Mode 23 for Al bearing (DC = 75V and variable AC).

Figure 6.12 — Comparison between Mode 13 and Mode 23 for Al bearing (DC = 75V
and variable AC)

6.2.4.2 Dynamic analysis for Mode 13 and 23 of Cu bearing

The same test was repeated for obtaining the dynamic deformation of Cu bearing. In
order to accurately locate the natural frequency at Mode 13, the piezoelectric actuator
were driven to excite the bearing over a range of frequency from 11.90 kHz to 12.35
kHz at three different levels of AC voltage and constant DC of 75 V as shown in Figure

6.13. It can be observed that the maximum dynamic deformation is 2.41 pm with
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excitation frequency of 12.184 kHz at AC 75 V. The mode shape 23 also can be

obtained with driving the piezoelectric actuator in the excitation frequency of 18.459

kHz as shown in Figure 6.14, from which the maximum dynamic deformation is 1.68

pum at AC 75 V.

Figure 6.13 - Dynamic deformation on the fin of Cu bearing at Mode 13 versus the
excitation frequency for the three levels of AC input.

Figure 6.14 - Dynamic deformation on the fin of Cu bearing at Mode 23 versus the
excitation frequency for the three levels of AC input.

Figure 6.15 and Figure 6.16 show the comparison between the theoretical and
experimental dynamic deformation at Mode 13 and 23, respectively. The deviation
between the theoretical and experimental results at Mode 13 is 0.05 um at AC 75 V and
at Mode 23 is 0.02 um at AC 75 V. The position of the capacitive displacement sensor
was located in the positions according to Figure 6.5(a) and 6.5 (b) for Mode 13 and 23
respectively. Furthermore, the dynamic deformation displayed in the LabVIEW

program, similar to Figure 6.7, for Cu bearing is available at Appendix A4.

Figure 6.15 - Comparison between theoretical and experimental dynamic deformation
at Mode 13 for Cu bearing (DC = 75V and variable AC).

Figure 6.16- Comparison between theoretical and experimental dynamic deformation at
Mode 23 for Cu bearing (DC = 75V and variable AC).
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6.2.4.3 Comparison study in the dynamic response between Al bearing and

Cu bearing

Figure 6.17 and Figure 6.18 show the comparison between the theoretical and

experimental dynamic deformation of Al bearing and Cu bearing at Mode 13 and Mode
23. It can be observed from both figures that the experimental dynamic deformation of
Al bearing is greater than Cu bearing has at all the AC voltage. The theoretical results
in the FEA modelling also show that Al bearing has the greater dynamic deformation

than that of Cu bearing at all the AC voltages 55V, 65V and 75 V.

According to the CFX modelling, from which points that the greater oscillation
amplitude the thicker air film thickness can be obtained. By taking into account the
above finding, Al bearing should give superior levitation performance than that of Cu -
C101 relied on the greater dynamic deformation. The assumption can be validated

experimentally in the following sections by load-carrying capacity experiments.

Figure 6.17 - Comparison between the theory and the experiment of dynamic
deformation for Al bearing and Cu bearing at Mode 13 (DC = 75V and variable AC).

Figure 6.18 - Comparison between the theory and the experiment of dynamic
deformation for Al bearing and Cu bearing at Mode 23 (DC = 75V and variable AC).

6.3 Load-carrying capacity experiments

6.3.1 Experiment description

In the load-carrying capacity experiments, the squeeze film air journal bearing was
inserted into the round guide way, set up as a cantilever, as shown in Figure 6.19. A

mass was hung onto a wire attached to a fin of the bearing and the bearing was excited

at a number of frequencies near a particular mode. Using the measurement from the
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capacitive displacement sensor, it is possible to calculate the instantaneous film

thickness in the vertical plane of the bearing. The minimum value was then computed
from the instantaneous film thickness over a number of oscillations, typically a

thousand. The procedure was then repeated for other masses.

Figure 6.19 - Direction of loading by hanging masses.

6.3.2 Load-carrying capacity experiments on Al bearing at Mode 13
and 23

For Al bearing at Mode 13, Figure 6.20 shows the relationship between the air film
thickness and load at four different excitation frequencies at and around the natural
frequency of Mode 13. At the natural frequency of 16.320 kHz, the air film thickness is
greater than those at other frequencies below a load of about 2 N. From this
experiment, it proves the point derived in the CFX modelling that the greater oscillation

amplitude can give the greater air film. Because when the excitation frequency is
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coincident with the bearing’s natural frequency, it produces the bigger dynamic

deformation than the other excitation frequency has. However, when the load is
increased beyond 2.5 N, its film thickness becomes about the same as those at other
frequencies. An explanation could be that with increasing load through adding mass,
the natural frequency of the bearing/mass system shifts away from its original value

and so the bearing is no longer being excited at its true natural frequency.

Figure 6.20 - Air film thickness of bearing versus load at four excitation frequencies
around Mode 13 of Al bearing.

Figure 6.21 shows the relationship between the air film stiffness and load steps. The
initial load is 1.14 N at load step 1and each step increases load of 0.50 N for Al bearing
driven at Mode 13 with the AC 75V and DC 75V. The air film stiffness can be
calculated by using increased weights divided decreased film thicknesses. It can be
observed that the initial air film stiffness is very small only around 0.3 N/um up to load
step 2. When it is in the load step 3 and 4, the stiffness is increased to about 0.7 N/ um

and 1.2 N/ um respectively.

Figure 6.21 — Air film stiffness versus load steps for Al bearing driven at Mode 13 with
AC75Vand DC 75 V.

Figure 6.22 shows the relationship between the air film thickness and load when Al
bearing is excited around the natural frequency 16.320 kHz at three levels of the AC
voltage 75V, 65 V and 55 V. The air film thickness driven at AC 75 V can be observed
from Figure 6.22, which is greater than the other two have. Moreover, the air film
thickness is nearly zero when the load is beyond 2N driven at AC 65V and 55V. This is
because of the AC 75 V produces larger oscillation amplitude than the others. In order

to achieve the greater film thickness, the AC 75V is chosen for the rest analysis.
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Figure 6.22 - Air film thickness driven in the variable AC, namely, 55V, 65 V and 75 V.

Figure 6.23 shows the relationship between the air film thickness and load at four
different excitation frequencies at and around the natural frequency of Mode 23. At the
natural frequency of 25.322 kHz, the air film thickness is also greater in the range of

loads experimented. It also proves the point discovered from the CFX simulation.

Figure 6.23 - Air film thickness of bearing versus load at four excitation frequencies
around Mode 23 of Al bearing.

When the air film thickness at Mode 13 and Mode 23 are placed side by side, the
difference in values is striking, showing that Mode 13 is a far superior mode in terms of
load-carrying capacity. The comparison is made in Figure 6.24 where the bearing was
excited at the natural frequency of Mode 13 and Mode 23. When the bearing is loaded
at 1.64 N, the air film thickness of Mode 13 is about 6.5 times as large as that of Mode
23. By considering the fact that Mode 13 is a far superior mode in terms of loading-
carrying capacity than that of Mode 23 has. The following study in Cu bearing will

only focus on load-carrying experiment at Mode 13.

Figure 6.24 - Comparison between Mode 13 and Mode 23 in the load-carrying capacity.
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Because of the effect of the added mass on the natural frequency of the bearing, if the
excitation frequency was to remain a constant, then the bearing might not be always
excited in the particular mode at the exact natural frequency. However, if the excitation
frequency was changed to make sure that it was in tune with the natural frequency, the
air film thickness might turn out to be greater. When the squeeze film bearing was
loaded up to 2 N, the excitation frequency was changed from 16.320 kHz to 16.980
kHz. Figure 6.25 compares two sets of results obtained, one with frequency adjustment

and the other without.

Figure 6.25 - Effect of mass loading on the natural frequency of the bearing, affecting
the air film thickness and hence the load-carrying capacity.

6.3.3 Load-carrying capacity experiments on Cu bearing at Mode 13

Figure 6.26 shows the relationship between the air film thickness and load at three
different excitation frequencies at and around the natural frequency of Cu bearing. At
the natural frequency of 12.184 kHz, the air film thickness is also greater than the
others driving at 11.906 kHz and 12.156 kHz.

Figure 6.26- Floating test based on the variable excitation frequencies for copper
squeeze film air bearing.
When the air film thickness for Al bearing and Cu bearing are placed side by side, the
difference in values is striking, showing that Al bearing is a far better than Cu bearing
in terms of the load-carrying capacity. The comparison is made in Figure 6.27 where
the bearing was excited at the natural frequency of Al bearing and Cu bearing. It can be
observed that the air film thickness of Al bearing is about three times as large as Cu
bearing has with load around 1.55 N. By increasing load up to 2 N, the air film

thickness of Al bearing is about two times as large as that of Cu bearing. It proves that
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the bearing made from the Al produces a better levitation performance than that made

from the Cu.

Figure 6.27 - Comparison between Al bearing and Cu bearing in the load-carrying
capacity.

6.3.4 CFX simulation validations

6.3.4.1 Air film thickness and oscillation amplitude

According to the second finding (in Chapter 4) the air squeeze film thickness increases
with the amplitude of oscillation of the shell. Experiments were conducted to validate
this assertion. Figure 6.28 shows the relationship between the air film thickness and the
oscillation amplitude at three load levels. The loading was implemented by attaching a
weight to the journal bearing and three loads were studied, namely 1.14 N, 1.64 N and
2.14 N. These loads were hung on the bottom fin — see Figure 6.19 — such that there
was a squeeze air film at the top and another pair symmetrically disposed at 120° on
either side. In Figure 6.28, it can be seen that the minimum film thickness increases in
an exponential fashion with increasing oscillation amplitude for all three different

loads.

Figure 6.28 — Air film thickness versus oscillation amplitude at three load levels.

6.3.4.2 Comparison between experimental and theoretical air film
thickness

With the journal bearing loaded as described in Section 6.3.1 corresponding to the
orientation of the three squeeze films as shown in Figure 6.19, an approximate
simulation CFX model was formulated and analysed. Three simplifying assumptions

were made:

134



Chapter 6 — Experimental and theoretical results of proposed squeeze film air
journal bearing
1. As the surrounding sleeve is loaded, the squeeze film at the top has a thickness which

is much smaller than that at the other two squeeze film situated towards the bottom

(Figure 6.19), such that the levitation force created is solely due to the top squeeze film;

2. The top squeeze film is flat and there is no leakage along circumferential direction

but leakage along bearing’s length-wise direction when in operation; and

3. The upper plate of the top squeeze film translates bodily up and down with no

deformation (rigid body).

The CFX simulation modelled an air film which was 30mm long, 0.1 mm wide and
0.03 mm thick using the same set of boundary conditions as that described in Section
4.3.3.3. The sliced air film in the CFX simulation only has width of 0.1 mm, which 40
times less than the deformable area of the bearings shell along circumferential direction
in order to make sure that the boundary conditions for the front and back sides (Figure
4.22) can be applied as symmetrical. The length of air film is 30 mm, which is half
length of the bearing shell to make sure that the boundary condition of the left side can
be applied as symmetrical. The air film thickness of 0.03mm is the total gap clearance
between the guide way and the inner surface of the bearing shell. Since the bearing
shell of the top squeeze film did not oscillate as a rigid body but rather flexed itself at
Mode 13 natural frequency, the average amplitude of oscillation of 1.31 um was used
in the simulation. This average was obtained by measuring the modal shape of the
bearing shell at the top squeeze film with the bearing driven at Mode 13 natural
frequency of 16.320 kHz and then taking an arithmetical average from these

measurements.

Figure 6.29 shows the results from the simulation as compared to those obtained from
the experiment for different loadings. There is a broad agreement between the two in
terms of the trend and of the values of the air film thickness, with better fit towards the
higher loading. It is summarized that the better fit could be due to the fact that the first

assumption becomes more correct as the loading increases. The agreement between the
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theoretical and experimental results serves, in some way, to validate the CFX

simulation results, from which the five findings were derived.

Figure 6.29 — Comparison of theoretical and experimental for air film thickness.

6.3.4.3 Comparison between experimental and theoretical air film stiffness

Figure 6.30 shows the comparison between the experimental and theoretical air film
stiffness. As the thickness of the air film decreases, the air film stiffness increases with
an exponential manner. Initially, the air film stiffness is very low because the thick air
film is formed with light loading by the squeeze film effect. As keep increasing the
loading, the air film thickness gets decreased as result the air film stiffness increased.
The air film stiffness can be infinite based on the theory but the optimal stiffness is

necessary to be considered to avoid instability and to avoid excessive friction.

Figure 6.30 — Comparison between experimental and theoretical air film stiffness.
6.4 Discussion

On the issue of the end leakage, driving Al bearing at its natural frequency particularly
at higher modes is beneficial because the natural frequency tends to be high. The design
described in the paper was operated at Mode 13 and 23 at the natural frequencies of

16.368 kHz and 25.637 kHz respectively. This compares favourably with the designs by
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Stolarski [23] and by Yoshimoto [21], both driving their designs at a frequency lower

than or at the fundamental frequency. For Cu bearing, the natural frequency for Mode

13 and 23 are 12.184 kHz and 18.459 kHz, respectively.

Between Mode 13 and Mode 23, Mode 13 has superior performance for Al bearing.
This is because of its lower end-leakage due to the deformable geometry: the sleeve has
the maximum deformation in the middle section of itself under the actuators are made
to flex thus creating a squeeze air film. The ring of stagnant air film at both ends of the

squeeze film minimises the leakage effect.

In the FEA modelling of the bearing, the piezoelectric actuators are accurately
represented as a unit that expands and contracts with the driving voltage. In addition,
the interaction with sleeve as the actuator moves is also accounted for by including the

material properties of the two parts. Consequently the analysis is more accurate.

According to Figure 6.3, the static analysis shows the linear relationship between the
input DC voltage and the deformation on Al bearing and Cu bearing. Moreover, Al
bearing can produce bigger static deformation than Cu bearing has when both of them
are loaded in same driving condition (DC 75 V). The linear relationship between input

DC voltage and the deformation was also obtained by Stolarski.

Given the same driving condition, the dynamic response is much bigger than the static
response for the both of bearings. In particular for Al bearing, when it is driven at the

Mode 13 natural frequency the maximum displacement at the fin is roughly 3 um.

However, when excitation frequency drifts from the natural frequency, the amplitude
falls, Figure 6.6. The same conclusion can be drawn for Mode 23. The similar result
was also obtained by Yoshimoto [28], who observed vibration amplitudes of about 1.5

um at the excitation frequency of 23.7 kHz and at 70V AC.

Figure 6.30 shows the air film stiffness of the proposed Al bearing driven at Mode 13
(AC 75V and DC 75V). Initially, the air film stiffness is less rigid that could induce the
issue of instability during operation. Furthermore, the air film stiffness cannot be too

rigid; otherwise, it could induce excessive friction during operation as well.
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Given the different driving conditions for AC at 55V, 65 V and 75 V, the bigger air film

thickness can be obtained when AC is 75V in Figure 6.22. The bigger air film
thickness can also be obtained when the excitation frequency is coincident with the
natural frequency of Mode 13 for both, Al bearing and Cu bearing than the excitation
frequency is coincident with the natural frequency of Mode 23. However, when the air
film thickness for Al bearing and Cu bearing are placed side by side, the strike
difference can be observed in Figure 6.27. The two reasons for that: firstly, the dynamic
deformation of Al bearing is bigger than that of Cu bearing when excited in Mode 13,
Figure 6.17; secondly, Al bearing at the natural frequency of Mode 13 is much higher
than Cu bearing has, according to Table 6.1. The above two explanations are based on

the results of the CFX modelling.

6.5 Summery

The characteristics of the proposed squeeze film air journal bearings are analyzed
theoretically and experimentally in this chapter. The load-carrying capacity experiments
also fulfilled for the both bearings to find out the relationship between the air film
thickness and the load in terms of excitation frequency at and around their natural

frequency of Mode shapes.
The findings in this chapter are summarized as follows:

1. Two normal modes, at the 13™ and 23", of both Al bearing and Cu bearing were
identified to have the desired geometry of the modal shape, namely that of a triangle.
The corresponding theoretical natural frequencies were found to be 16.368 kHz and
25.637 kHz for Al bearing and 12.315 kHz and 18.709 kHz for Cu bearing at Mode 13

and Mode 23, respectively. The results are confirmed also by experiments.

2. From the FEA analysis, the maximum radial static deformation of Al bearing when
driven at 75 V DC was observed to be 0.124 um. In the same driving condition, the

static radial deformation of Cu bearing is 0.104 um less than Al bearing has.
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3. When Al bearing was driven at 75V AC with 75V DC offset, the dynamic

deformation was 2.88 um (Figure 6.6) and 1.98 um (Figure 6.8) for Modes 13 and 23
respectively. The measurements were highly repeatable as is evident from the small
extent of the error bars in Figure 6.6. When Cu bearing was driven at same condition,
the dynamic deformation is 2.41 pum (Figure 6.13) and 1.68 pm (Figure 6.14) at Mode
13 and 23 respectively.

4. For Al bearing, between Mode 13 and 23, Mode 13 has superior performance in the
Load-carrying experiments. This is because of its lower end-leakage due to the

deformation in the middle at Mode 13 rather than that of around edges at Mode 23.

5. The load-carrying experiments also show that when Al bearing driven at AC 75 V
can produce the bigger air film thickness than the driven at both AC 65 V and 55V,

according to Figure 6.22.

6. By comparing the air film thickness between the bearings driven at the natural
frequency of Mode 13 with the AC 75 V and the DC 75 V, Al bearing has superior
levitation performance than Cu bearing as shown in Figure 6.27. The two reasons for
that are: first, Al bearing at natural frequency of Mode 13 is greater than Cu bearing
has, which can reduce pressure end-leakage of the squeeze-air film; second, the
dynamic deformation of Al bearing is larger than that of Cu bearing at the same driving

voltage.

7. By comparing the air film thickness and the air film stiffness for Al bearing between

the experimental and theoretical results, both of them show a broad agreement.
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Chapter 7 — Fluid solid interaction (FSI) in coupled-
field analysis for squeeze film effect

7.1 Introduction

A coupled-field analysis (also called Multiphysics) is a combination of analyses from
different engineering disciplines (physics fields) that interact to solve a global
engineering problem; hence, the coupled-field analysis is often referred as a
Multiphysics analysis. When the input of one field analysis depends on the results from

another, the analyses are coupled [90 and 91].

The coupled-field analysis involved is a two-way coupling for a piezoelectric analysis
in Chapter 4; it handles the interaction between the solid structure (squeeze film
bearing) and the electric fields (voltage): typically it solves the static and dynamic
deformation of the structure due to applied voltage to piezoelectric actuators. Moreover,
the dynamic deformation of the structure depends not only on the magnitude of the

applied voltage but also on its excitation frequency.

The other coupled-field analysis is to study a fluid solid interaction (FSI) problem
because thin film effects are important not only for microstructures but also for
macrostructures. Presence of such fluids may add mass, stiffness and damping, which
change the structural mechanics of the system. But for light-weight, easily
compressible fluid such as a gas does not add appreciable mass, but they can add
stiffness to the structure at certain operation conditions [92 and 93]. In this study, the
dynamic behaviour of the structure can be influenced by involving a thin layer of air
film between the levitated object and the structure itself during the squeeze film action.
The fluid solid interaction (FSI) in the squeeze film effect will be studied in the

following sections.
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7.2 Fluid solid interaction (FSI)

Squeeze film analysis simulates the effects of fluid in small gaps between fixed
surfaces and structures moving perpendicular to the surfaces. Depending on the
operating frequencies, the fluid can add stiffness or damping or both to the system. At
lower frequencies, the fluid can escape before it is compressed. Therefore, the fluid
only adds damping to the system. At high frequencies, the fluid compresses before it
can escape. Therefore, the fluid adds both stiffness and damping to the system but the
stiffness is more dominant than the other at the high frequency excitation [94].
Moreover, the squeeze film effect tends to be prevalent at high frequency at which a
mean pressure about the ambient is created, resulting in a levitation force. So the air
film at high frequency oscillation needs to be considered and analyzed to see how it
affects the dynamic behaviour of the squeeze film bearing during a rapid squeeze film

action.

In the FSI analysis, it is not necessary to assume that the bearing slice is a rigid body, as
was assumed for the CFX simulation. Figure 7.1 shows a bearing slice with its surfaces
labelled and dimensioned (Figure 7.1(b)) from the whole squeeze film air journal
bearing (Figure 7.1(a)); the fluid solid interaction system (Figure 7.1(c)) shows an air
film beneath the bearing slice. In the FSI analysis, a single layer piezoelectric actuator
i1s mounted on the top of the bearing slice; moreover, it is driven at certain frequency to

produce the desired mode shapes.
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(a) Squeeze film air journal bearing;

(b) Bearing slice;

(c) Fluid solid interaction system; (air film thickness not to scale)
(d) Section view of fluid solid interaction system;

Figure 7.1 — Bearing slice from whole squeeze film air journal bearing.
In the coupled-field analysis, the single layer piezoelectric actuator is mounted on the
top of the bearing slice. The piezoelectric actuator is driven at 75 V AC at a frequency

of 16.32 kHz with a 75 V DC offset. The boundary conditions of the bearing slice is
defined as (refer to Figure 7.1 (b)):

1) The left side of the bearing slice is fixed;

2) The right side is applied as symmetrical; and that

3) The front and back sides are considered to be symmetrical as well.

142



Chapter 7 — Fluid solid interaction (FSI) in coupled- field analysis for squeeze film
effect
Figure 7.2 shows the coupled-field analysis result. It can be seen that a maximum

dynamic deformation of 2.91 um occurs in the region indicated in red. In contrast, the
blue region indicates no movement. In this case, it is more complicated than the CFX
modelling of the two flat plates (Chapter 6) where the bottom one is considered a rigid
body and oscillates perpendicularly to the top plate at a certain frequency. In the FSI
analysis, the bearing slice is modelled more realistically as a flexible body that can
deform dynamically. This means that the bearing slice moves the different amount of
distance in the vertical direction, referred to Figure 7.2. It is believed to be the more
realistic and hence accurate way for analyzing the squeeze film effect because it
considers not only the pressure end-leakage around edges, but also the flexibility of the
structure that can vibrate at a certain mode shape.
o
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Figure 7.2 — The dynamic deformation of bearing slice.

7.2.1 FSI analysis at Mode 13

For the squeeze film bearing at Mode 13, as observed from the modal analysis reported
in Chapter 6, only the middle region of the bearing shell is deformed rather than the
two edges. The coupled-field analysis for the FSI modelled an air film underneath the
bearing slice (Figure 7.1 (c) and (d)). The dynamic deformation of the bearing slice is
investigated with consideration of the air film at Mode 13. The boundary conditions of

the air film are given below:
1) The right side is on the plane of symmetry of the complete air film;

2) The left side is open, exposed to the atmosphere and pressure end-leakage is

expected.

143



Chapter 7 — Fluid solid interaction (FSI) in coupled- field analysis for squeeze film
effect
3) The front and back sides is also symmetrical,

4) The top side is defined as a fluid solid interface;

5) The bottom side is considered as a rigid Wall;

Figure 7.3 shows the relationship between the oscillation frequency and the dynamic
deformation at the point which is on the right side (Figure 7.1 (b)) when the bearing
slice vibrates close to the air film with a thickness of 5 um. It can be seen that the
dynamic deformation of the bearing slice is reduced from 2.91 pm without considering
the air film (Figure 7.2) to 1.90 um when considering the air film (Figure 7.3) at the
oscillation frequency of 16.32 kHz. In addition, it can also be observed that the
dynamic deformation decreases with the oscillation frequency; even at low frequency
of 0.1 kHz the micron level of gap clearance provides a damping effect that influences
the dynamic deformation slightly. In Chapter 4, Finding 1, from CFX simulation,
concludes that the higher oscillation frequency can create the bigger air film thickness
within a certain range of the oscillation frequency. It that case, it was assumed that the
fluid force had a negligible effect on the deformation during high frequency squeeze
action. But in this study, it is observed that the fluid force does affect the dynamic
deformation especially at high frequency. This contradiction needs to be considered in
the modelling of the squeeze film bearing. The coupled-field analysis for FSI does
point to the fact that the fluid forces in the squeeze air film can affect the dynamic

deformation of the structure at some mode shapes such as Mode 13.

Figure 7.3 — Dynamic deformation versus oscillation frequency of bearing slice at air

film thickness of 5 um.

Figure 7.4 shows the relationship between the air film thickness and the dynamic
deformation of the bearing slice at Mode 13. It can be seen that the dynamic

deformation of the bearing slice increases with the air film thickness in a logarithmic
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manner. For example, even at the gap clearance of 40 um, there is still damping

present, enough to reduce the dynamic deformation of the bearing slice by 0.06 um.

Figure 7.4-Dynamic deformation of bearing slice versus gap clearance.

7.2.2 FSI analysis at Mode 23

For the squeeze film bearing at Mode 23, the bearing shell deforms at and round edges
at the frequency of 25.322 kHz but not in the middle region. Therefore, the boundary
conditions of the air film in the CFX simulation need to be defined to reflect this, as

(refer to Figure 7.1(c)):
1) The left side is on the plane of symmetry of the complete air film;

2) The right side is open, exposed to the atmosphere and pressure end-leakage is

expected.

3) The front and back sides is also symmetrical,

4) The top side is defined as a fluid solid interface;

5) The bottom side is considered as Wall;

The above boundary conditions are used in the FSI analysis to see how the fluid force
affects the dynamic deformation of the bearing slice at Mode 23. Figure 7.5 shows the
dynamic deformation at 9 locations which is from the right middle of the bearing slice
to the furthest point which is 3 mm away from right side edge, referred to Figure 7.6, at
three levels of gap clearance. It can be observed that the dynamic deformation is hardly
affected by decreasing gap clearance; and it even hardly decreases compared to the
dynamic deformation of 2.91 um for the bearing slice in the absence of an air film.

Based on the above observations, it can be concluded that the fluid force hardly affects

145



Chapter 7 — Fluid solid interaction (FSI) in coupled- field analysis for squeeze film

effect
the dynamic deformation of the bearing slice at Mode 23; and at the three micron levels

of gap clearance, very little damping effect is shown for the bearing slice oscillating at
Mode 23. The reason for this is due to the presence of pressure end-leakage at and

around edges.

Figure 7.5 — Dynamic deformation of bearing slice along the length at three levels of
gap clearance, 10 um, 20 pm and 30 pm.
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Figure 7.6 — Monitoring points along the length-wise of the bearing slice.

The coupled-field analysis procedure for FSI is shown in Figure 7.7. In it, the coupling
effect is represented by the data transfer of total mesh displacement and total force
function between the solid domain and the fluid domain. Detailed procedure on how to
generate each of the files ( .inp --- .def ----- .cdb ------ .dat) for FSI analysis is given at
Appendix D1.
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Figure 7.7 — Diagram of fluid solid interaction.

7.3 Conclusion

The coupled-field analysis for FSI is studied at Modes 13 and 23. From the analysis, it
can be concluded that the fluid force can influence the dynamic deformation of the
bearing slice, especially at high oscillation frequency, more at Mode 13 than at Mode
23 due to the relatively high pressure end-leakage in the latter. The dynamic
deformation of the bearing slice increases with the gap clearance in a logarithmic
manner at Mode 13 (Figure 7.4). Furthermore, the micron levels of gap clearance
provide a damping effect on the dynamic deformation of the bearing slice at both Mode

13 and 23, though much less dominant.
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Chapter 8 — Conclusions and recommendations for

further work

This chapter presents conclusions drawn from the research and investigation reported in
earlier chapters, highlights the contributions to knowledge, and recommends further

areas of research that need to be conducted in the field of squeeze film bearings.

8.1 Conclusions

Based on the theoretical simulation results in Chapter 3 and 4 and the experimental

results in Chapter 6 and 7, the following conclusions can be drawn:

1. Two Modes, at the 13" and 23", of both the Al bearing and Cu bearing were
identified to have the desired modal shape geometry, namely that resembling a triangle
when the deflection is highly magnified. The theoretical natural frequencies were
found to be 16.3 68 kHz and 25.637 kHz for Al bearing and 12.315 kHz and 18.709
kHz for Cu bearing at Mode 13 and Mode 23, respectively (Chapter 6.2.3). The results

are confirmed also by experiments.

2. From the FEA analysis, the maximum radial static deformation of Al bearing when
driven at 75 V DC was observed to be 0.124 um. In the same driving condition, the
static radial deformation of the Cu bearing is 0.104 um being less than that of the Al
bearing (Chapter 6.2.2).

3. When Al bearing was driven at 75V AC with a 75V DC offset, the dynamic
deformation was 2.88 pm for Mode 13 (Figure 6.6) and 1.98 um for Mode 23 (Figure
6.8) (Chapter 6.2.4.1). The measurements were highly repeatable as is evident from the
small extent of the error bars in Figure 6.6. When the Cu bearing was driven in the
same condition, the dynamic deformation is 2.41 pm (Figure 6.13) and 1.68 um (Figure

6.14) at Mode 13 and 23 respectively (Chapter 6.2.4.2).
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4. For Al bearing, between Mode 13 and 23, the former has a superior performance in

the load-carrying capacity experiments (Figure 6.24). This is because of its lower end-
leakage due to the deformation in the middle at Mode 13 rather than that occurring

around the outer edges at Mode 23.

5. The load-carrying capacity experiments also show that Al bearing driven at AC 75 V
can produce bigger air film thickness than when driven at either AC 65 V or 55V,
according to Figure 6.22.

6. By comparing the air film thickness between the bearings driven at the natural
frequency of Mode 13 with the AC 75 V and the DC 75V, it is observed that Al bearing
has a superior levitation performance than Cu bearing (Figure 6.27). There are two
reasons for that. First, Al bearing at natural frequency of Mode 13 is greater than Cu
bearing has, which can reduce pressure end-leakage of the squeeze-air film; second, the

dynamic deformation of Al bearing is larger than that of the Cu bearing.

7. For Al bearing, there is a broad agreement between the theoretical and experimental

air film thickness and stiffness (Figure 6.30).

8. From the FSI analysis, it can be concluded that at high frequencies the fluid force is
significant enough to affect the dynamic deformation of the bearing slice for Mode 13
during the rapid squeeze film action (Figure 7.3); but this is not the case for Mode 23
(Figure 7.5). It is also found that the micron gap clearance produces a damping effect

that influences the dynamic deformation slightly for both Modes 13 and 23.

8.2 Contributions to knowledge

The research has led to the following contributions to knowledge. It includes the
dynamic characteristics of bearing, bearing material, location for mounting single layer

piezoelectric actuator and fluid solid interaction for analyzing squeeze film effect.
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8.2.1 Dynamic characteristics of bearing

The dynamics of the squeeze film air journal bearing should be considered following
the below findings in order to produce a larger film thickness or greater load-carrying

capacity.

1. The oscillation frequency should be at least 15 kHz to ensure a greater film thickness

and to reduce end leakage;

2. The operating frequency should be set to coincide with one of natural frequencies of
the squeeze film air bearing in order to produce greater oscillation amplitude. Two
operation frequencies are 16.320 kHz and 25.322 kHz for Al bearing and 12.184 kHz
and 18.459 kHz for Cu bearing;

3. Not all mode shapes are suitable for generating the same level of levitation
performance. The desirable mode shape should be such that there is minimum end
leakage, thus giving a maximum levitation force. In the load-carrying capacity
experiment, it is found that Mode 13 can produce better levitation performance than

Mode 23;

4. The oscillation amplitude should be large enough to ensure a greater air film
thickness. It is found that as the oscillation amplitude increases the air film thickness

increases in an exponential manner;

5. The oscillation frequency should be high enough to ensure that the bearing reaches
its stable equilibrium position in a short time. The higher the oscillation frequency the

smaller is the bearing shell response amplitude about its equilibrium position.

8.2.2 Bearing material

The material for the bearing is also an important factor that can affect the levitation
performance. It is believed that the same geometry made by certain material can
produce a larger deformation than others with the same load. In this research, the

bearing made from Al gives a larger static and dynamic deformation than the bearing
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made from Cu. Because of the different static and dynamic deformation, it leads to the

different levitation performance. In the load-carrying capacity experiment, it is proven
that Al bearing has a superior levitation performance than Cu bearing. Moreover, Al
bearing has relatively low mass than Cu bearing due to the different density. This

research also has proved that Al bearing can carry a heavier load than Cu bearing.

8.2.3 Location for mounting single layer piezoelectric actuator

The location for mounting the single layer piezoelectric actuator is important because it
can influence the deformation of the bearing shell, particularly when the range of
actuator force considered is low. In this study, the three flat surfaces were milled
outside the bearing shell for mounting the piezoelectric actuator to deform the bearing
shell directly. This arrangement can produce the dynamic deformation: for Al bearing,
2.88 um and 1.94 pm at Mode 13 and 23, respectively; and for Cu bearing, 2.41 um
and 1.61 um at Mode 13 and 23, respectively.

8.2.4 Coupled-field analysis between piezoelectric actuator and solid
structure

The single layer piezoelectric actuator was modelled to calculate two important
parameters, the maximum stroke length and the maximum blocking force, as a starting
point leading to the subsequent study. In the coupled-field analysis, both the
piezoelectric actuators and the solid structure were modelled with the realistic boundary
conditions; especially for the piezoelectric actuator, it was modelled without assuming
that the maximum blocking force exists for all boundary conditions. Furthermore, the

realistic boundary conditions are the key leading to accurate simulation results.

8.2.5 Fluid solid interaction for analyzing squeeze film effect

At the micron levels of the gap clearance, the fluid film can influence the stiffness and

damping in the dynamic deformation of the bearing shell of a certain mode shape at the
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high operation frequency. So the oscillation frequency needs to be chosen not only to

minimise the pressure end-leakage but also to keep the oscillation amplitude high. The
fluid solid interaction analysis has determined that the dynamic deformation of Al
bearing shell is reduced by 1.01 pm at Mode 13 when the air film thickness is 5 um;
and the dynamic deformation of Al bearing shell is only reduced by 0.24 pm at Mode
23 when the air film thickness is 10 pm.

8.3 Recommendations for future work

While having solved a number of important issues, the research has led to a host of
questions that have yet to be answered. These lead to the following recommendations

for future work:

1. To optimize the existing design based on the findings in the beginning of this chapter.
Implementing these findings in designing a squeeze film bearing often leads to
compromises. For example, the finding suggests that high oscillation amplitude in the
bearing shell is desirable. This can be achieved by making the shell thinner. But a
thinner shell can lower the modal frequency and this is in conflict with the other finding
that the excitation frequency has to be high to avoid end leakage. The bearing design is
therefore an act of optimisation. It will be interesting to establish what combinations of

design parameters will produce the optimal design.

2. To improve the driving unit. The piezoelectric actuator is made from brittle material
that could be fractured if the structure deformation is too big. Instead of using the
piezoelectric actuator, a new type of material, the Macro Fibre Composite (MFC),

could be a better driving unit due to its higher flexibility [95].

3. To use the acoustic emission to detect the onset of physical contact between the
journal and the bearing. In the load-carry capacity experiment, the surface finish of
both surfaces that enclose the very thin squeeze film can be crucial to the levitation.

With increasing loading, the two surfaces will start touching each other at a certain load

152



Chapter 8 — Conclusions and recommendations for further work
and local deformation on the surfaces may occur. Whilst the capacitive displacement

sensor is capable of measuring displacement down to nanometre level, it is not sensitive
enough to detect the onset of physical contact. By contrast, the acoustic emission [96],

may be a more effective and obvious method.

4. To validate the theoretical results on how the dynamic deformation of the squeeze
film bearing is affected at the micro gap clearances at both low frequency and high

frequency operation conditions.
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Appendix A

Piezoelectric coefficient description and measurement data
for squeeze film bearings

A1l — Description on Piezoelectric coefficient
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Piezoelectric Descriptions

coefficients

First subscript 3 indicates that the electrodes are perpendicular to

polarization axis 3;
ds3

Second subscript 3 indicates that the piezoelectric induced strain,

or the applied stress, is in direction 3.

dis First subscript 1 indicates that the electrodes are perpendicular to

axis 1;

Second subscript 5 indicates that the shear strain about axis 2 per

unit electric field applied in direction 1.

Permittivity for dielectric displacement and electric field in direction
3 (parallel to direction in which ceramic element is polarized), under

constant strain.

Superscript D indicates that the compliance is measured with

electrode circuit open.
First subscript indicates that strain or stress is in direction 3;

Second subscript indicates that stress or strain is in direction 3.

First subscript indicates that the electrodes are perpendicular to axis

3,
k31

Second subscript indicates that the piezoelectric induced strain, or

the applied stress, is in direction 1.

ke Factor for electric field in direction 3 and vibrations in direction 3

(thin disk, surface dimensions large relative to thickness; k¢ < k33).

A — 2 Measurement of dynamic deformation at Mode 13
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Amplitude Response of the squeeze fim ar bearing

Amplitude Unit: um

Time  Unit: Time

Amplitude Response of the squeeze fim air bearing|

Amplitude Unit: um

I
0.0004
Time  Unit: Time

A4 - Data measurement for dynamic response driven at AC of 55V and 65V for
AL bearing
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Mode shape Natural frequency
7 7103.1 Hz
8 7115.6 Hz
9 8594.6 Hz
10 8597.4 Hz
11 14511 Hz
12 14515 Hz
13 16368 Hz
14 20594 Hz
15 22339 Hz
16 23027 Hz
17 23199 Hz
18 23230 Hz
19 24674 Hz
20 25510 Hz
21 25525 Hz
22 25591 Hz
23 25637 Hz
24 29091 Hz
25 29224 Hz
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Appendix B

Engineering drawings

B1 - Squeeze film air journal bearing

170



N Cupsac)

00y 22 CsuRNisd

ClRusey

uoneuojul
WBukdogy

=

ol

e

awy L ey 4
. el

HdE 88N X3S3|pp!
=Bpugx

Apsmmun jsury 000°Cc 3IVOS
EEL]

Appendices

unug s1 yidap

005t 3IWOS

2a.453p 07T 24v sy da.41) uaamjaq ajSuv ayy
“Suosuup s iy a0y swYf 2.0y 2y I

10" # 80

T00# 200ZQ

fet— (0 —t=

or

09

wuwi pun burieaq e wijiy 9zaanbs

B2 - Bearing block

171



Appendices

oN Sumsac

17003 0038 | SuRN iR d

| SQqunuied

28N X353 N
[BHS EUEEp RdE e X =EEee

=

]

1y sy L <3 4
L s poet

aBpugx
Apsmaun |suru
33N

(uBnouyl) ssloyWW G H X ¥

SL I*

08 e

08

+

|
7 o1y
ol * _

unu )

N

(4addn) yoopg surmag

>

172



T
SN T ad HdE 88N X3S3PPIY
2315 EUEp 2Bpugxn|
7 squnied Y
o - Kusmnun jsurug
e o =
Jzece e de, N 57 - ey . gt

Appendices

(wdep ww 0z) saloy pesIu} 80 4 SN X

(uBnoiyL) sejoH wwQL @ X v|/ 0080 3ITVOS

0c

09l

w7 §oopqg Surwag

173

B3 - Shaft



Appendices

ON Bups. US | SUWRN IR,
4 g 9 uoneuLojul

Juuzery WBukdog

Jzece

I O I R I

HdJE 88N X3S3|PPII
=Bpugx
Aysssnun jsury
33N

(1]%=

00¢

0080 3JIVOS

174



Appendices

Appendix C

Piezoelectric actuator calculation and computer programs

C 1 — Maximum stroke length and maximum blocking force calculation in Excel
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B
1.C21

C D E F G
1. Relative permittivity
£
1900
r
K 5 1400
TB.DPER.1...1
TBDATA.1.K11T.K11T K33T
TBLIST

2. Piezo electric matrix

d31 -1.31E-10 miv
d33 2.88E-10
d15 6.34E-10
TB.PIZE1,.1

TBDATA,1.0,0.d31, 0,0.d31
TBDATA,7.0,0.d33.0.0.0
TBDATA,13.0.d15.,0.d15.0,0

3. Compliance matrix

Y1E 8.30E+10 N/m*2

Y22E 8.30E+10 Y22=Y11

Y33E 6.40E+10

Y55E 2.30E+10 Y55E=Gyz=Gxz

poisson 0.29

s11E 1.20E-11 Ex

s12E -3.49E-12 Ey

s13E -4.53E-12 Ez

s33E 1.56E-11 nuxy

s55E 4.35E-11 nuxz

s44E 4.35E-11 nuyz

S66E 311E-11 Gxy
Gyz
Gxz

verifications

V=
t
L=
B

Ez=
strains
ex=
ey=
ez=

-150 volt
5.00E-04 m
1.50E-02 m
5.00E-03 m

300000 volt/m
-3.93E-05 UX=

-3.93E-05 UY=
8.64E-05 UZ=

assumptions:

a,, =a,. =029

Lyd

I 3 30E+10!
8.30E+10
6.40E+10
2.90E-01
2.90E-01
2.90E-01
3.22E+10
2 30E+10
2 30E+10

E=-V/h

-5.8950E-07
-1.9650E-07
4.3200E-08

for s12E and s13E

C2 — ANSYS Macro for single layer piezoelectric actuator simulation

FINI
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/CLEAR

/com **
/com **
/com ** Piezo-fsi 3D layered / ANSYS master file
/com **
/com **

vtop = 150 'Voltage applied to the top of the PZT layer
vbot =0 !'Voltage applied to the bottom of the PZT layer

seltol,1e-6 !Selection tolerance
/prep7

/com

/com -- Element types

/com

et,1,so0lid5,3 ! Hexaedral Coupled-Field Solid
et,2,s0lid95 ! 3-D 20-Node Structural

/com -- Material matrices for PZT C-12 (polar axis along Z-axis): ANSYS input
/com

/com [sI1ESI2EsSI3E O O O ][0 0d31][KIITO 0 ]

fcom [0 sIIESI3E O O O0][0 0d31][ KIIT 0 ]

/com [0 0 s33E0 0 O][0 O0d33]] K33T]

fcom [0 0 0 s66E 0 0 ][0 O O]

/com [0 O O O s44E 0 ][0 d15 0 ]

fcom [0 0 O O O s44E] [d15 0 0 ]

s11=1.20E-11
s12=-3.49E-12
s13=-4.53E-12
s33=1.56E-11
s44=4 35E-11
s66=3.11E-11

tb,anel,1,1,,1 'Define structural table
tbdata,1,s11,s12,s13 Input elastic stiffness matrix [c]
tbdata,7,s11,s13

tbdata,12,s33

tbdata, 16,566

tbdata,19,s44

tbdata,21,s44
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tblist,anel

d31=-1.31E-10
d33=2.88E-10
d15=6.34E-10

tb,piez,1,,,1
tbdata,1,0,0,d31,0,0,d31
tbdata,7,0,0,d33,0,0,0
tbdata,13,0,d15,0,d15,0,0

tblist,piez
'K11T=1900

'K33T=1400
'TB,DPER,1,,,1

I'TBDATA,1,K1IT,K11T,K33T

Itblist,dper

K11S8=856.36
K33S=713.28
mp,perx,1,K11S
mp,pery,1,K11S
mp,perz,1,K33S
mp,dens,1,7800

/com

/com -- Modeling

/com
block,0,15e-3,0,5¢-3,0,0.5¢e-3
/vup,,z

/view,,0,-1,0

/replot

/com

/com -- Meshing
/com

lesize,1,,,4
lesize,3,,,4
lesize,6,,,4
lesize,8,,,4
lesize,2,,,20
lesize,4,,,20
lesize,5,,,20

'Define Piez. table
Input Piezoelectric stress matrix [e]

! solid5 can't accept permittivity by TB
! this TB is used to find K11S and K33S
! from K11T and K33T by TBLISTING

!Permittivity (x direction)
'Permittivity (y direction)
!Permittivity (z direction)
'Density

IPiezo model
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lesize,7,,,20
lesize,9,,,5

lesize,10,,,5
lesize,11,,,5

lesize,12,,,5

vsel,s,,, 1

type,1

mat, 1

mshape,0,3d 'Volume mesh using Hex.
mshkey, 1 'Mapped meshing
vmesh, 1

allsel

/com
/com -- Boundary conditions for Piezo
/com

nsel,s,loc,x,0
d,all,ux,0
nsel,s,loc,y,0
d,all,uy,0
nsel,s,loc,z,0
d,all,uz,0

nsel,s,loc,z,0
d,all,volt,vbot
nsel,s,loc,z,0.5¢-3
d,all,volt,vtop

allsel

/solu
antype,static
outres,all,all
time, 1
deltim,0.2,0.2,1
solve

finish

C3 - ANSYS Macro for static coupled-field analysis

seltol,1e-6 !Selection tolerance
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/prep7

/com

/com -- get the highest et and mat numbers
/com

*get,et max,etyp,0,num,max

*get,mat _max,mat,0,num,max
etl=et max+1

et2=et max+2

matl=mat max+l

mat2=mat max+2

/com **
/com **
/com ** Piezo-fsi 3D layered / ANSYS master file
/com **
/com **
!/config,nres,5000

Ksolu=0 I O=static

vtop =-75 !'Voltage applied to the top of the PZT layer
vbot =0 'Voltage applied to the bottom of the PZT layer

vamp=75
vavg=0

seltol,1e-6 !Selection tolerance
/units,SI

/prep7

/com

/com -- Element types

/com

et,etl,solid5,3 ! Hexahedral Coupled-Field Solid
et,et2,s01id95 ! 3-D 20-Node Structural

/com -- Material matrices for Fuji PZT C-12 (polar axis along Z-axis): ANSYS input
/com

fcom [sIIESI2EsI3E O O 0 ][0 0d31] [KIITO 0 ]

/com [0 s1IESI3EO O O][0 0d31][ KIIT 0 ]

Jcom [0 0 s33E0 O O0]([0 04d33][ K33T]

/com [0 0 0 s66E 0 0 ][0 O O]

fcom [0 O O O s44E 0 ] [0 d15 0 ]

/com [0 0 O O O s44E] [d15 0 0]
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s11=1.20E-11
s12=-3.49E-12
s13=-4.53E-12
s33=1.56E-11
s44=4.35E-11
s66=3.11E-11

tb,anel,matl,1,,1
tbdata,1,s11,s12,s13
tbdata,7,s11,s13
tbdata,12,s33

tbdata,16,s66
tbdata, 19,544
tbdata,21,s44

tblist,anel

d31=-1.31E-10
d33=2.88E-10
d15=6.34E-10

tb,piez,matl,,,1
tbdata,1,0,0,d31,0,0,d31
tbdata,7,0,0,d33,0,0,0
tbdata,13,0,d15,0,d15,0,0

tblist,piez

'K11T=1900

'K33T=1400

'TB,DPER,1,,,1
I'TBDATA,1,K11T,K11T,K33T

Itblist,dper

K11S8=856.36
K33S=713.28
mp,perx,matl,K11S
mp,pery,matl,K11S
mp,perz,mat1,K33S
mp,dens,mat1,7800

/com

Input elastic stiffness matrix [c]

'Define Piez. Table
Input Piezoelectric stress matrix [e]

! solid5 can't accept permittivity by TB
! This TB is used to find K11S and K33S
! From K11T and K33T by TBLISTING

I solid5 can't accept permittivity by TB

IPermittivity (x direction)
'Permittivity (y direction)
!Permittivity (z direction)
'Density

/com -- Material properties for aluminium
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/com
mp,ex,mat2,75E9
mp,prxy,mat2,0.3
mp,dens,mat2,2700

/com

'Young modulus
'Poisson coefficient
'Density

/com changes
/com

/prep7
cmsel,s,PZT1,elem
allsel,below,elem
emid,remove,all
emodif,all,type,etl
emodif,all,mat,mat1
emodif,all,esys,12

cmsel,s,PZT2,elem
allsel,below,elem
emid,remove,all
emodif,all,type,etl
emodif,all,mat,mat1
emodif,all,esys, 13

cmsel,s,PZT3,elem
allsel,below,elem
emid,remove,all
emodif,all,type,etl
emodif,all,mat,mat1
emodif,all,esys,14

cmsel,s,PZT4,elem
allsel,below,elem
emid,remove,all
emodif,all,type,etl
emodif,all,mat,mat1
emodif,all,esys,15

cmsel,s,PZT5,elem
allsel,below,elem
emid,remove,all
emodif,all, type,etl
emodif,all,mat,mat1
emodif,all,esys,16
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cmsel,s,PZT6,elem
allsel,below,elem
emid,remove,all
emodif,all, type,etl
emodif,all,mat,mat1
emodif,all,esys,17

cmsel,s,PZT1,elem
cmsel,a,PZT2,elem
cmsel,a,PZT3,elem
cmsel,a,PZT4,elem
cmsel,a,PZT5,elem
cmsel,a,PZT6.elem
esel,inve
allsel,below,elem
cm,bearing,elem
emodif,all,type,et2
emodif,all,mat,mat2

etdele,1,et max
mpdele,all,1,mat_max

esel,all

numcmp,mat
numemp,type

/com
/com -- sinusoidal load
/com

*1f,Ksolu,eq,1,then

freq=1000*0.5 'Hz

TO=1/freq

NT0=20

NTP=180

DT=1/NTP

PI=ACOS(-1)
*DIM,VTB,TABLE,(NTO*NTP+1),,, TIME
*DO,K1,1,NTO

*DO,K2,1,NTP

[=(K1-1)*NTP+K2

TK=(I-1)*DT

VTB(1,0)=TK*TO0
VTB(I,1)=-((Vamp)*SIN(2*PI*TK)+Vavg)
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*ENDDO
*ENDDO

I=1+1

TK=(I-1)*DT

VTB(1,0)=TK*TO0
VTB(I,1)=-((Vamp)*SIN(2*PI*TK)+Vavg)

*vplot,VTB(1,0),VTB(1,1)
*endif

/com

/com -- Boundary conditions for Piezo
/com

csys,12
cmsel,s,PZT1,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
*if,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif
allsel,below,elem
nsel,r,loc,z,0

d,all,volt,vbot

csys,13
cmsel,s,PZT2,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
*if,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif

allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot

csys,14

cmsel,s,PZT3,elem
allsel,below,elem
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nsel,r,loc,z,0.5¢-3
*1f,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif

allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot

csys, 15
cmsel,s,PZT4,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
*1f,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop
*endif
allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot

csys,16
cmsel,s,PZT5,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
*if,Ksolu,eq,1,then

d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif

allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot

csys,17
cmsel,s,PZT6,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
*1f,Ksolu,eq,1,then
d,all,volt,%VTB%
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*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif

allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot
allsel

finish

/solu

C4- ANSYS Macro for dynamic coupled field analysis

seltol,1e-6 !Selection tolerance
/prep7

/com

/com -- get the highest et and mat numbers

/com

*get,et max,etyp,0,num,max
*get,mat max,mat,0,num,max
etl=et max+l

et2=et max+2

matl=mat max+1

mat2=mat max+?2

/com **
/com **
/com ** Piezo-fsi 3D layered / ANSYS master file
/com **
/com **
!/config,nres,5000
Ksolu=0

vtop =-75 !'Voltage applied to the top of the PZT layer
vbot =0 'Voltage applied to the bottom of the PZT layer

vamp=75
vavg=0

seltol,1e-6 !Selection tolerance
/units,SI

/prep7

186



Appendices

/com

/com -- Element types

/com

et,etl,solid5,3 ! Hexahedral Coupled-Field Solid
et,et2,s01id95 ! 3-D 20-Node Structural

/com -- Material matrices for Fuji PZT C-12 (polar axis along Z-axis): ANSYS input
/com

fcom [sIIESI2EsI3E 0 O 0 ][0 0d31] [KIITO 0 ]

/com [0 s1IESI3EO O O][0 0d31][ KIIT 0 ]

Jcom [0 0 s33E0 O O0]([0 04d33][ K33T]

/com [0 0 0 s66E 0 0 ][0 O O]

fcom [0 O O O s44E 0 ] [0 d15 0 ]

/com [0 0 O O O s44E] [d15 0 0]

s11=1.20E-11
s12=-3.49E-12
s13=-4.53E-12
s33=1.56E-11
s44=4.35E-11
s66=3.11E-11

tb,anel,matl,1,,1 'Define structural table
tbdata,1,s11,s12,513 !Input elastic stiffness matrix [c]
tbdata,7,s11,s13

tbdata, 12,533

tbdata,16,s66

tbdata, 19,544

tbdata,21,s44

tblist,anel

d31=-1.31E-10

d33=2.88E-10

d15=6.34E-10

tb,piez,matl,,,1 'Define Piez. Table
tbdata,1,0,0,d31,0,0,d31 Input Piezoelectric stress matrix [e]
tbdata,7,0,0,d33,0,0,0

tbdata,13,0,d15,0,d15,0,0

tblist,piez

'K11T=1900
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IK33T=1400

I'TB,DPER,1,,,1
I'TBDATA,1,KI1T,KI1T,K33T

Itblist,dper

K11S8=856.36
K33S=713.28
mp,perx,matl,K11S
mp,pery,matl,K11S
mp,perz,mat1,K33S
mp,dens,mat1,7800

/com

! This TB is used to find K11S and K33S
! From K11T and K33T by TBLISTING

IPermittivity (x direction)
Permittivity (y direction)
!Permittivity (z direction)
'Density

/com -- Material properties for aluminium

/com
mp,ex,mat2,75E9
mp,prxy,mat2,0.3
mp,dens,mat2,2700

/com

'Young modulus
Poisson coefficient
'Density

/com changes
/com

/prep7
cmsel,s,PZT1,elem
allsel,below,elem
emid,remove,all
emodif,all,type,etl
emodif,all,mat,mat1
emodif,all,esys,12

cmsel,s,PZT2,elem
allsel,below,elem
emid,remove,all
emodif,all,type,etl
emodif,all,mat,mat1
emodif,all,esys, 13

cmsel,s,PZT3,elem
allsel,below,elem
emid,remove,all
emodif,all, type,etl
emodif,all,mat,mat1
emodif,all,esys,14
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cmsel,s,PZT4,elem
allsel,below,elem
emid,remove,all
emodif,all, type,etl
emodif,all,mat,mat1
emodif,all,esys,15

cmsel,s,PZT5,elem
allsel,below,elem
emid,remove,all
emodif,all,type,etl
emodif,all,mat,mat1
emodif,all,esys, 16

cmsel,s,PZT6,elem
allsel,below,elem
emid,remove,all
emodif,all, type,etl
emodif,all,mat,mat1
emodif,all,esys,17

cmsel,s,PZT1,elem
cmsel,a,PZT2,elem
cmsel,a,PZT3,elem
cmsel,a,PZT4,elem
cmsel,a,PZT5,elem
cmsel,a,PZT6.elem
esel,inve
allsel,below,elem
cm,bearing,elem
emodif,all,type,et2
emodif,all,mat,mat2
etdele,1,et max

mpdele,all,1,mat max

esel,all

numcmp,mat
numcmp,type

/com

/com -- sinusoidal load

/com

*if,Ksolu,eq,1,then
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freq=1000*0.5 !'Hz
TO=1/freq

NT0=20
NTP=180

DT=1/NTP

PI=ACOS(-1)
*DIM,VTB,TABLE,(NTO*NTP+1),,,TIME
*DO,K1,1,NTO

*DO,K2,1,NTP

[=(K1-1)*NTP+K2

TK=(I-1)*DT

VTB(L0)=TK*T0

VTB(L 1)=-((Vamp)*SIN(2*PI*TK )+ Vavg)
*ENDDO

*ENDDO

I=1+1

TK=(I-1)*DT

VTB(1,0)=TK*TO0
VTB(L,1)=-((Vamp)*SIN(2*PI*TK)+Vavg)

*vplot,VTB(1,0),VTB(1,1)
*endif

/com

/com -- Boundary conditions for Piezo
/com

csys,12
cmsel,s,PZT1,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
*if,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif
allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot

csys,13
cmsel,s,PZT2,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
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*if,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif

allsel,below,elem

nsel,r,loc,z,0
d,all,volt,vbot

csys, 14
cmsel,s,PZT3,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
*1f,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif

allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot

csys, 15
cmsel,s,PZT4,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
*1f,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif

allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot

csys,16
cmsel,s,PZT5,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3
*if,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
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d,all,volt,vtop
*endif

allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot

csys,17
cmsel,s,PZT6,elem
allsel,below,elem
nsel,r,loc,z,0.5¢-3

*if,Ksolu,eq,1,then
d,all,volt,%VTB%
*elseif,Ksolu,eq,0,then
d,all,volt,vtop

*endif

allsel,below,elem
nsel,r,loc,z,0
d,all,volt,vbot
allsel

finish

/solu

CS - CFX - CEL expressions for fluid dynamics

LIBRARY:

CEL:

EXPRESSIONS:

FFlow = force y()@Top

dBallNew = FFlow*tStep”2/mBall+(dBallOld+velBallOld*tStep -g0*tStep”2)
dBallOld = areaAve(Total Mesh Displacement y)@Top

freq0 = 14000 [s"-1]

g0 =9.8 [m s"-2]

mBall = 6.2429¢-4 [kg]
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tStep = 7.15e-6 [s]

uy0 = 1.e-6 [m]

uyt = uy0*sin(2*pi *freq0*t )

velBallOld = areaAve(Mesh Velocity v)@Top

C6 -LabVIEW for signal acquisitions and signal processing

,
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Appendix D
Coupled - field for FSI analysis

195



Appendices
D 1 - Coupled filed for FSI analysis

In coupled-field for fluid solid analysis (FSI), there are necessary files ( inp --- .def
----- .cdb ------ .dat) in the study generated by the variable software as shown at below.

To write an ANSY'S input field ( .inp):
(1) Highlight the Solution object folder in the tree.

(2) From the Main Menu, choose Tools> Write ANSY'S Input File....
(3) In the Save As dialog box, specify a location and name for the input file.

In workbench, it is better not use any kind of mesh tool, like only use Hex or Tet mesh
a structure. The reason for that is because the multi- elements are brought in. For
instance, solid 186 or 187, and surface ----. Those elements may not be suitable for the
coupled — field studying. So it needs to program in Workbench as shown at below.

seltol, 1e-6 ISelection tolerance
/prep7

/com

/com -- get the highest et and mat numbers

/com

*get, et_max,et, 0,num,max

etl=et max+1

etetl,solid95 ! 3-D 20-Node Structural

/com

/com -- Material properties for aluminium

/com

mp,ex,matl,75E9 !Young modulus
mp,prxy,matl,0.3 !Poisson coefficient
mp,dens,matl,2700 !Density

etdele,et max
mpdele,all,mat_max
esel,all

numcmp, mat
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numcmp, type
allsel

finish
/solu

The above step will create an ANSY'S input .inp file. Without modifying anything but

inputting into the CFX software is for generating .def . The basic set-ups are like below.

Basic Settings l
External Solver Coupling =
Option [3nsYS MultiField via Prep7 v |
ANSYS Input File |1 thickness prediction/solid.inp :

Simulation Type

Option | Transient ﬂ

Time Duration =
Option ICoupIing Time Duration ﬂ

Time Steps =
Option ICoupIing Timesteps L]

Initial Time: =]
Option | Coupling Initial Time L]

In CFX, the boundary conditions of the fluid domain need to be set to be Open,
Interface and Symmetry. You also need to program to add your own Code in CCL.
Those codes include the weight of the structure and also the partial differential
equations and so on as shown.

i--&] Expressions

b f@ dBallNew FFlow*tStep~2imBall+({dBallOld+velBallOld*tStep -g0*tStep~2)
areafve(Total Mesh Displacement y)@Top

"__Eforce_y()@Top

V& g0 9.8 [m s7-2]
@ mBall 6.2429e-4 [kq]
o/ EStep 1e-6 [s]
e velBallold areafve(Mesh Yelocity v)@Top

The .inp file is also for creating a .cdb file. But before processing in ANSYS batch,
some modifications is necessary. Firstly, some commands in .inp needs to be deleted
from line 1 up to /prep 7. Secondly, the command (cdwrite, db, file name, cdb) need to
be added at the end of the line before finish. After that modification .inp file is ready to
input into ANSY'S batch running.

197



Appendices
The .cdb will be generated in the directory. The .edb includes the model, the boundary

conditions, the loadings and the fluid solid interface. When .cdb input into ANSY'S, the
solid model, material properties, element types and boundary conditions can be display.

The next step is to turn on the MFX/CFX function for creating .dat.

* make sure the name used for Interface in CFX is same as that in ANSYS.

The last step is to turn on the MFX - ANSYS/CFX in simulation environment to
input .dat in ANSYS RUN and .def in CFX RUN.

For the post — processing, it can be in both ANSYS and CFX.
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Appendix E

List of publications arising from this research
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Guided Wave Mode Dispersion of Transient Acoustic Emission on Copper Pipes —
Its Visualization and Application to Source Location
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Abstract

In this paper is presented an improved method for locating a transient acoustic emission
(AE) source on a pipeline with two broad-band AE sensors. Using Short Time Fourier
Transform (STFT), the method identifies a flexural wave mode, F(1,1), in the two AE
signals detected, notes its respective arrival times at different frequencies, and
determines the location of the AE source based on the arrival times. Due to velocity
dispersion, the arrival time of the wave mode varies with frequency. The method has
three main advantages: that the wave speed is not required in the calculation, that it is
insensitive to threshold setting for arrival time estimation, and that, at least in theory,
the accuracy of the source location can be made as high as desired. The paper first
demonstrates, by way of an experiment, the inadequacy of threshold-crossing as a
method for identifying the first arrival time of the AE wave. The paper then presents
the theory of the proposed method and of the estimated error inherent in the theory and
an explanation on how the error can be reduced. The method is then verified
experimentally using results obtained from a 3-m long copper pipe of 22 mm diameter.

Keywords:
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Acoustic Emission (AE); Short-Time Fourier Transform (STFT); velocity dispersion

curves; guided transient elastic waves; source location.
1. Introduction

Pipeline leakage detection is an important issue in the pipeline transportation industry.
The leakage not only affects the normal operation but also wastes resources, pollutes
the environment, and threatens the health and safety of operators [1-4]. Because of the
serious nature of failure consequences in some applications, it is necessary to develop
robust systems to monitor pipeline condition and to locate the source of a leak
accurately.

Jiao et al [2] reported that the methods for detecting and locating leaks can be into two
categories: direct and indirect. The direct methods include the cable method, and the
gas method. The indirect methods include Acoustic Emission (AE), negative pressure
testing, mass/volume balance and flow/pressure change testing.

Pipeline degradation that results in a leak manifests itself in loss of material in the pipe
and AE is created whenever loss of material occurs. AE is a transient elastic wave
generated by the rapid release of energy within a material due to relief of stress [5]. A
typical artificial AE source is one produced by pencil lead break where a 0.5 mm pencil
lead is pressed against a surface until fracture occurs on the pencil lead. This type of
source creates a transient signal.

In the conventional source location method on a pipeline with a two-sensor array, both
the AE arrival times of the source signal and the wave speed are needed for calculating
the position of the source relative to the sensors. Evidently the accuracy of the exercise
depends on the accuracy of the values used for the arrival times and the wave speed.

Whilst the arrival times are measured, the wave speed is often taken from a materials
handbook.

Shehadeh, Steel and Reuben [6] examined the role of arrival time estimation in the
source location method and used the techniques of wavelet transform, cross-correlation,
filtering and thresholding to obtain arrival times for various modes of an AE transient
generated with the pencil lead break. The advantage of wavelet decomposition is that it
provides a clearer insight into the signal in terms of its components so that a more
realistic threshold can be set, leading to more accurate arrival time estimation.
However, as will be seen in this paper, threshold setting is an influential parameter that
affects arrival time estimation. It is therefore important that its influence should be kept
small or eliminated altogether.
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Taking the wave speed from a materials handbook can be fraught with problems. The
E(1-v)
pd+v)1-2v)

wave speed is typically calculated using the formula\/ where E is the
modulus of elasticity, p the density and v the Poisson ratio. The problem is that the
value of E given in the materials handbook varies over a range. Thus, for example, the
value of E for copper can be from 110 GPa to 130 GPa and this results in a percentage
difference in speed relative to the latter of about 8%. The temperature can also affect
the wave speed because it changes the density of a material, though its effect is far less
than that of E; a 10°C temperature increase results in just under 0.03% drop in wave

speed.

Since wave speeds in metal are high, typically in thousands of metres per second, a
high sampling frequency for recording a wave is required in order to capture the
essential features of the wave. In fact, the sampling interval, being the inverse of the
sampling frequency, determines the resolution of the source location; the lower the
sampling frequency, the larger the sampling interval and the coarser the location
resolution.

The inability to set the ‘correct’ threshold and to know accurately the wave speed
plagues the arrival-time method. This paper describes a source location method which
does not require the knowledge of wave speed and the precise setting of threshold.

2. Cylindrical Guided Wave Modes

Wave modes that propagate in a pipe must have particle displacements that are either
uniform about the circumference or change smoothly, typically harmonically, around
the circumference. If the former, the wave modes are known as axi-symmetric modes;
if the latter, they are axi-asymmetric. ~Axi-symmetric wave modes can be further
classified as longitudinal and torsional. Axi-asymmetric wave modes are known as the
flexural wave modes. These three wave modes are as shown in Figure 1. The
fundamental longitudinal wave mode, L(0,1), has no circumferential displacement,
some radial displacement (due to the Poisson ratio effect), but almost all displacements
occur in the axial direction. The fundamental torsional wave mode, T(0,1), has purely
circumferential displacement. The fundamental flexural wave mode, F(1,1), has mainly
radial and circumferential displacements but hardly any axial displacement [8].
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The AE sensors used in this paper were designed to pick up radial displacements on the

pipe and so were sensitive to the flexural and longitudinal wave modes. The pencil lead
break produces a strong flexural wave mode, which may be accompanied with a much
weaker longitudinal wave mode due to the axial friction sliding of the pencil lead tip on
the pipe.

For a copper pipe of 11 mm outer and 10 mm inner radii, taking the elastic modulus of
copper as 110 GPa, density of 8920 kg.m and Poisson ratio of 0.33, the group wave
speed was calculated to be 4265 m/s. The theoretical group speeds for the three wave
modes F(1,1), F(1,2) and L(0,1), were then calculated using the Pcdisp MATLAB
function [9] in the frequency range 0 to 1000 kHz. The resulting dispersion curves are
as shown in Figure 2. It is noted that the flexural wave modes, F(1,1) and F(1,2) and
the longitudinal wave mode, L(0,1) show great dispersion at low frequencies and that
they all converge to the speed of the torsional wave, T(0,1), that is 2615 m/s, at high
frequencies.

3. Limitation of Time-of-flight Method in Determining Wave Speed
3.1 Equipment and instrumentation

For the experiment to determine the wave speed using the time-of-flight method in
order to highlight its inaccuracy and inadequacy, the set up as explained below was

used.

Two miniature AE sensors were chosen for AE measurement. These were the PAC
model PICO broadband sensors with an operating frequency up to about 1 MHz. Each
AE sensor was connected to a PAC pre-amplifier set to provide a gain of 60 dB and a
band-pass filter with lower and upper cut-off frequencies of 20 kHz and at 1 MHz
respectively. Both preamplifiers were powered by a 28 volt DC supply.

The AE signal output from the preamplifier was acquired into a PC via an A/D
converter (NI, BNC-6110) controlled by a bespoke program written in LabVIEW. The
sampling frequency was 1 MHz and the size of the sample was 3000 points. The signal
flow is as shown in Figure 3.

The two sensors, Sensor 1 and Sensor 2 from left to right along the pipe, were attached
to the surface of a continuous copper pipe, as shown in Figure 4, at a distance of 2.88
m. The pipe had the outer and inner diameters of 22 mm and 20 mm respectively and a
length of 3 m. The pipe was supported at regular intervals on wooden blocks to ensure
as little wave reflection as possible occurring at the wood/copper interface.
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3.2 Inadequacy of threshold setting

An artificial AE source produced with a 0.5-mm diameter pencil lead was created at a
point on the pipe 1.35 m from the left-hand sensor, Sensor 1. AE time-signals recorded
in LabVIEW for the two sensors are as shown in Figure 5. A pre-trigger time of 1000
samples, that is 1 millisecond, on Sensor 1 and a threshold level of 1V was used in
order to avoid false triggering by noise in the signal.

By setting a threshold at the various voltage levels of 0.5 V to 45 V in 0.5 V
increments, the time at which the signal first crossed the threshold was recorded. If the
Sensor 1 signal crosses the threshold at #; and Sensor 2 signal at #2, the AE wave speed,
v, can be calculated from

lz_ll

v=
tz_tl

where /; and /> are the respective source distances from Sensors 1 and 2.

Figure 6 shows the variation of wave speed at different threshold levels. As the
threshold level increased the wave speed determined decreased but eventually settled
down to the constant speed of about 160 m/s beyond the threshold level of 3 V. This
constant speed compares favourably to the theoretical longitudinal L(0,1) wave mode
speed of 180 m/s at just under 65 kHz - see Figure 2.

4. Short-Time-Fourier Transform and Wave Modes

The Short-Time-Fourier-Transform (STFT) method is a signal processing method
which decomposes a signal into constituent frequency components locally as it varies
with time. The result is often viewed in a time-frequency-density three-dimensional
representation where the x-, y- and z-axes denote the time, frequency and energy
density of the signal. Alternatively a two-dimensional colour map is used where the
energy density is represented by a colour chosen from a colour spectrum. The STFT is
a suitable signal processing method to use when the signal to be analyzed changes over
time; the artificial AE signal, being of a transient nature, described in this paper was
analyzed with the STFT method.

A program written in LabVIEW was used to obtain the STFT for the two sensor signals

presented in Figures 5 and 6 and their time-frequency representation is as shown in
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Figures 7 and 8. In these diagrams, the vertical axes represent frequency from 0 to

1000 times 333 Hz or 333 kHz.

Superimposed on the STFT diagrams are the theoretical dispersion curves for the wave
modes, F(1,1) in blue, F(1,2) in red and L(0,1) in yellow. The presence of these wave
modes is evident. In particular, the theoretical and measured arrival times of F(1,1)
matched well but less so for L(0,1). It was also noticed in Figure 7 that ahead of the
main F(1,1) wave mode profile there was a shadowy weaker profile of a similar shape.
This could be due to the pencil lead fracture occurring as two quick successive fracture
events. However, this phenomenon is not as clearly observed in Figure 8.

5. Source Location with Two Sensors
5.1 Theory of the new method

In Figure 9, two sensors S; and S: at a distance of L are attached to the pipe. An AE
source, S, is at distances /; and /> from S; and Sz respectively. Referring to Figure 10,
let the pre-trigger time be 7 and the time measured from the triggering instant for the
AE source to travel to S; and Sz be #;(f) and #>(f). If the AE wave mode travels at the
speed of v(f), then

L =v(Nlt () -1, ] (1)

L =v(NleL () -7, ] @)

where 0 is the interval between the instant at which the recording is started and the
instant at which the AE is generated (see Figure 10).

Dividing Equations (2) by (1), and noting that L=+, ,
L, _t(h)-7
l; L(f) -7,

Rearranging to obtain the S;-fo-S distance

L
1+ 1, (f) -7,
L) -7, 3)
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Equation (3) holds for a range of frequencies of a particular wave mode, for example,

F(1,1), and, in theory, the same value of I, should be returned every time. Thus,
L(f)-T, _
L(f) -7, (4)

where m is a constant.
Rearranging Equation (4) to give

L) =mt,(f)+(1-m), (5)

Equation (5) is a linear equation with slope 7 and intercept (1-mr, .

The S-t0-S; distance as given in Equation (3) can be expressed in terms of the slope 72
as

L
+m (6)

ll

Substituting Equation (6) into Equation (1) to obtain the AE wave speed

L

= heno o

L=1,-1

For a source S upstream of sensors S; and S2, then I and following the same

derivation procedure as that described above, the S 7o S; distance is obtained as

m-1 (®)

And the AE speed is

L
NV AT ©)

By noting Equations (1) and (2) and the expression for m as in Equation (4), the slope
m of the fitted straight line can be seen to be

L
b (10)

m =

So if m is greater than unity, the source S is closer to S> than to S; and vice versa.
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5.2. Errors estimation of the new method
From Equations (6) and (8), the accuracy of the estimated /; depends on how accurately
the slope m can be determined, which, in turn, depends on the accuracy of the

coordinates (z:(f), t2(f)). Let L) =t(f) -7, and L) =6(f) ~To then Equation (4)
becomes

3
I
=l

, and the relative error can be shown to be

Am AT, AT,
=— +

m r, T,

, from which
Am|_|AT;| |AT,|_|AT) |AT|
m| |1 ||| o

where Am | AT} and AT are the errors in m, T and T> respectively. The maximum
absolute time errors |AT1| and |AT2| are equal to the sampling interval, say |AT| , so that

‘A_m =|AT| (M\:
m LT, )

Since 11 =ZI/V, T,=h/v andT=L/V, and define 7 =4/ hence(l_r)=l2/L,then

the above expression can be simplified to

lAm| (1 )\ |AT]
|m |_(r(1—r)7 T

(11)

The relative error of the slope |Am/ m| reaches a minimum when ” = 1/2 at which the
coefficient in Equation (11) fr)=Yr(tl-r)=4 ; at other values of r, the coefficient

J) s greater than 4 and will tend to infinity as r —0 or r —1. The change of the
coefficient with respect to r is as shown in Figure 11.
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In summary, when an AE source is at mid-span between the two AE sensors, the
relative error in the time ratio 7 = 7>/7; is the minimum but it is still 4 times that of the

AT|/T

time measurement error , which can be considered rather high, worse still if the

source is near either of the sensors. But if m is taken to be the slope of the straight line

in Equation (5), m in effect is the average of the time ratio TZ/ I . If there are n of

1//n

can be made infinitely small and hence the estimates

these ratios, the resulting error will be reduced to
|Am/m|

of that of a single ratio. In

theory, the relative error
for /; and /> infinitely accurate through repeated trials.

5.3 Procedure

In summary, in order to obtain the location of an AE source, take the following steps.

1.Plot a graph of L0 versus 11 () , fit a linear regression line, then compute the slope

m and intercept (m —1yr,

2.Assuming the source is in between the sensors, compute the source location and the
wave speed using Equations (6) and (7).

3.Assuming the source is outside the span covered by the two sensors, compute the
source location using Equations (8) and (9).

4.Compare the speed values obtained from Steps 2 and 3 with the theoretical values

E(1-v)

obtained from the formula \/p(l +v)(1-2v) ; choose the corresponding source
location value whose experimental wave speed is closest to the theoretical wave speed.

As an illustration of the steps described above, the outline of the F(1,1) wave mode in
Figures 7 and 8 were measured in terms of the arrival time at a number of common
frequencies. The results were then used to plot the graph in Step 1, which is as shown
in Figure 11.

The slope of the regression line was found to be m = 1.122. Assuming the source is
between the sensors, then the S;-to-S distance /; = 2.88 / (1+1.122) = 1.357 m, and the
corresponding group wave speed was 2013 m/s. Given the fact that the S;-to-S distance
was 1.35 m, the relative percentage error is 0.5%.

6. Results
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Five more tests were conducted at various locations of the pencil-lead break source.

The measured results are shown in table 1. The five actual source locations are
displayed in the second row and the estimated locations over 8§ trials were tabulated
below them. The last three rows show values for the mean, standard error and three
times the standard error at each source location.

Actual Location from the left-hand sensor
Trial no. 25 50 75 100 125
75.0
1 22.66 43.30 9 94.76 120.55
75.5
2 22.73 43.82 0 96.75 123.28
80.2
3 24.32 44.39 5 97.31 124.82
81.5
4 28.97 49.30 2 97.38 129.40
81.2
5 27.24 48.73 4 97.31 127.30
80.2
6 23.80 48.37 0 96.90 126.00
76.8
7 23.50 43.78 2 96.00 124.26
72.1
8 22.70 43.67 4 93.14 123.43
24.49 45.67 77.8 96.19 124.88
Mean 5
Std error 0.83 0.93 1.22 0.54 0.96
3xSE 2.50 2.78 3.65 1.61 2.87

Table-1- Source location estimation on the copper pipe — all locations in cm, span

between sensors being 288 cm.

Figure 13 shows the comparison between the actual and estimated locations of the five
sources. It is noted that the actual and estimated locations compare well.

7. Conclusions

In this paper, it has been shown that the proposed method can determine the location of
an AE transient source without prior knowledge of the wave speed, giving a level of
accuracy superior to that achieved by the conventional time-of-flight method. As an
added bonus of the method, the wave speed is also determined in the process.
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In theory, the source location estimation error as embodied in the relative slope error

|Am/ m| i1s at least, four times as large as the relative arrival time error|AT/ T|.

However, this can be reduced by increasing the number, n, of the measured co-
ordinates used for plotting the arrival-time graph: the source location estimation error is

1/\In

proportional to
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Figure 1 - The guided wave modes in a pipe [7].

6000

Dispersion curves (group speed)
T T

5000 B

==ao L)
4000 *

Group speed (m/'s)
@
=1
=1
S

2000

1000

I ! I ! !
0 50 100 150 200 250 200 350
Frequency (kHz)

Figure 2 — Calculated group speed/frequency dispersion curve using the MATLAB
function Pcdisp [8].
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Figure 3 — AE signal-flow diagram
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Figure 4 - Acoustic emission sensor attached to the copper pipe.
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Figure 5 — AE time-signals for the two sensors
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Efect of Threshold on Speed
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Figure 6 — Effect of threshold level on propagation speed.
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Figure 7 — STFT of Sensor 1 (left) signal.
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Figure 8 — STFT of Sensor 2 (right) signal.

Figure 9 — Schematic diagram of sensors S; and S on a pipe with a source S.
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Figure 10 — Schematic graph showing the wave mode arrival times #;(f) and #2(f) and

the pre-trigger time .
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Graph of Error Coefficient/Distance Ratio
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Figure 11 — Graph of error coefficient f{7) versus distance ratio r.
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the regression line.
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Comparison between Actual and Estimated Source Location
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Figure 13 — Comparison between actual and estimated values of source location — the

vertical error bar represents 3 times standard errors.
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Abstract

A tubular squeeze-film journal bearing was designed such that it flexed its shell at its
normal modes producing a triangular modal shape. The shell motion was created by a
single-layer piezoelectric actuator powered at 75V AC with a 75V DC offset and the
driving frequency coincided with the modal frequency of the bearing. The paper
provided a theory that shows the existence of a positive pressure in a squeeze-film
responsible for the levitation phenomenon. The various modes of vibration of the
tubular bearing, made from aluminium AL2024-T3, were obtained from a finite-
element model implemented in ANSYS. Two normal modes, the 13% and 23", at the
respective frequencies of 16.4 and 25.6 kHz, were identified for further investigation by
experiments with respect to the squeeze-film thickness and its load-carrying capacity.
While the bearing at both modes could cause levitation, the 13" mode had a greater
load-carrying capacity because its modal shape produced a much lower end-leakage.

Keywords: Single layer piezoelectric actuator, squeeze film air bearing, mode shape,

natural frequency, elastic hinge.

1. Introduction

In modern-day engineering, it is necessary to have bearings that can operate with high
precision motion, low friction and wear, generating very little heat in an oil-free
condition [1]. In this respect, aerostatic and aero-dynamic bearings have been

developed and they can meet the requirements, except for the fact that ancillary
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equipment is needed for their satisfactory operation. The equipment typically consists

of air compressors and hoses, all of which take up space and are not very portable,
which is a significant obstacle to miniaturization of machine tools for micro- or nano-
machining. To consider the above requirements and the limitations of the existing
bearing arrangement, the principle of squeeze-film action may be the only possible way
to separate two metal surfaces by a thin air film.

The general theory of the operation of squeeze film type bearings has been documented
by, for example, Salbu [2] who provided a basic account of the principle of squeeze
film bearing. Since its publication, a variety of bearing designs based on this principle
had been proposed and used. The squeeze film action was created using a piezoelectric
actuator; some of the ideas had even been patented in the US [3, 4, 5 and 6].

The design of the squeeze-film air bearing created by Yoshimoto [7] in 1993 involved a
counterweight and two stack piezoelectric actuators. The disadvantages of such a
design are that the counterweight adds to the load and the stack actuators are more
expensive than their single-layer counterparts, not to mention the higher power
consumption. Yoshimoto [7] and Storlaski [8 and 9] produced designs that used what
are called ‘elastic hinges’ — in order to create localised reduction in stiffness — resulting
in a greater deformation and hence a greater variation of the squeeze-film thickness.
But designing elastic hinges is a complex matter and they cost more to manufacture.
All the designs reported in [7, 8 and 9] excited the bearings at frequencies below that of
their fundamental. In 2006, Yoshimoto [10] reported the research on a newer design in
which the bearing was driven by two piezoelectric actuators at the fundamental
frequency, at 23.7 kHz, of the bearing. When driven at this frequency the oscillating
amplitude of the bearing plate was significantly increased and, being ultrasonic, the
bearing was quiet in operation. Yoshimoto’s work has led to the question of whether
better performance can be achieved by driving a bearing at a modal frequency above
the fundamental. This paper attempts to explore such a possibility.

The purposes of work reported in this paper are:

To develop a model that affirms the existence of positive pressure developed in a
squeeze-film air bearing and to produce an approximate working formula for
estimating the pressure;

To develop a finite-element model for a single layer piezoelectric actuator that
incorporates realistic boundary conditions;

To develop a finite-element model for the squeeze-film air bearing to study its modal
shapes at various normal modes and to identify desirable modes for acceptable
bearing performance;
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To determine by experiments the levitation performance of the squeeze-film air
bearing at the desirable modes in respect of the air-film thickness and load-carrying
capacity.

2. Principle of squeeze film air bearings

Consider two parallel plates of infinite lateral dimensions separated by a gap of /; one
of the plates oscillates sinusoidal normal to the other at a frequency w with an
amplitude a. If the oscillating frequency is very high and the gap very small, then edge
leakage of air is insignificant and in addition the process can be regarded as adiabatic.
Thus

pV' =K

b

where p is the pressure, V' the volume, y the adiabatic constant equal to 1.4 for air, and

K the constant.

Suppose the moving plate is at the initial distance of 4y from the stationary plate, at
which the air pressure in the squeeze film is ambient, denoted as p,, then

Y _
Vo =K (1)

h=h, +asin(wt)

At time ¢, the plate moves to at which the pressure in the air film has

changed (p+p.), where p is the gauge pressure; thus the equation of state becomes
(p+p, V' =K (2)

Dividing Eq.(1) by Eq.(2) and rearranging to obtain the pressure ratio as

_A{£f4
Py v, }_ . (3)

Since the volume is proportional to the gap height, Eq.(3) can be rewritten in terms of
the ratio of gap heights, as

ﬁ{if _1

h] @)

The plate moves sinusoidally such that the gap height at time t is governed by

h =h, +asin(wi) , which on substitution into Eq.(4) gives
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P (hy +asin(w) \__Y 1
Dy ha }_ . (5)

Introducing the non-dimensional parameters to Eq.(5), namely the amplitude ratio

a t
E =— T =—
h, , and the time ratio T | where T'is the period of oscillation related to the
2
T=—

angular frequency by ® [ Eq.(5) can be simplified to

L (1+&sin(2nr))" -1
Py . (6)

It is possible to show that the mean pressure ratio over a cycle of oscillation is positive,
which means that the squeeze film exerts a lifting force on the plate thus causing it to
float. The proof is given below.

Using Binomial expansion, the pressure ratio, Eq.(6), can be represented by the infinite
series

v e " sin” (277)
po nl (7)

-V (=y -DK (=y -n+1) ,
b = 3 v (=y - DK (= .
The coefficients of the terms in this series are successively -y, -y(-y-1), -y(-y-1)(- y-2),
etc. Since y is positive, the sign of the coefficient alternates: negative when n is odd

and positive when n is even.

The mean pressure ratio £ is obtained by integrating, with respect to T, the series (7)

term by term over the non-dimensional time interval T = [0, 1]. In mathematical terms,

oo Y= -DK(-y-n+l) ,
pr_ ' 4
n=1 n.

ﬁ sin” (270t )dx
. )

For odd powers ofSinn (2nT) , thatis, whenn=2m+1,(m=0, 1, 2, ...)

s 2m+l 2 =O
J: sin”"" (2nt )dv . )
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For even powers, that is, when n = 2m,

1.3.5L 2m-3)2m-1)
2.46L 2m-22m (10)

j:sinz’" (2mt )dt =

Substituting Eqgs.(9) and (10) into (8) gives the mean pressure ratio as

S _ v =DK (v =2m+D) 135L @m-3)2m-1) .,
Pr=g 2m! 2.4.6L (2m-2)2m . (11)

The series (11) contains only even power terms, and so is positive, thus confirming the
existing of a levitation force in the squeeze film whose gap oscillates at high frequency
in a sinusoidal manner.

Furthermore, since each term in Eq.(11) is positive, the factor
—y(=y =DL (=y =2m +1) Y& +DL (v +2m-1)

2m can be replaced by 2m ,and Eq.(11) can
be re-written as

C_ D@ +DK @ +2m-1) 1350 @m-3)2m-1) .,
Pr= 2 2m! 2.4.6L (2m-2)2m _ (11a)

The theoretical mean pressure ratio can be calculated using Eq.(11a) or by performing
numerical integration on Eq.(6). However, it would be helpful to be able to use a
simpler formula for estimating the mean pressure ratio. The following derivation
shows the formula.

c Y@y +1)

1
x_
In Eq.(11a), the coefficient of the first term of the series is l 2 2 ; and for
vy =14 C, =0.840

Similarly the coefficient for the mt term is given by
Y@ +DL (y +2m-1) 1.3.5L 2m-3)2m-1)
2m 2.4.6L 2m-2)2m

C

m

and of the (m+1)™ term by

Y@+ DL ( +2m =Dy +2m)y +2m+1) 1.3.5L (2m-3)2m-D(Q2m +1)

Cova (2m +2)! 24.6L (2m-2)2m)2m+2)
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The ratio of the two coefficients, after simplifying, is

C,. _ Cm+y)2m+y +1)
C, Qm+2)°
Cm+1 < 1 )
ForV =14 , C, for all positive integer values of m. In addition, since€ ™ <1, the

series (1la) converges. The largest coefficient is C;, whose value is 0.840, as
calculated earlier; other coefficients have values that are smaller than C;.

This suggests another infinite series which defines the upper bound mean pressure

o0

o Pa= Y G - |
ratio; this series is m=1 and 1s a geometric series whose sum is
- 0.840 ¢ *
ru = 2
1-¢ (12)

Alternatively, applying numerical integration to Eq.(6) over the non-dimensional time
period t=[0,1] with y=1.4 and €=0.1 to 0.7 in 0.1 increments, the corresponding values

of the mean pressure ratio 7 were obtained. The relationship between - and ¢ is as

shown in Fig 1. Also shown on the graph is the upper bound mean pressure ratio £
calculated from Eq.(12). It is noted that up to an amplitude ratio € of 0.4, the error in

the mean pressure ratio #r is less than about 1.3%.
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Fig.1. Mean pressure ratio versus amplitude ratio — exact solution Eq.(7) versus

approximate solution Eq.(12).

3. Modelling of the proposed squeeze film air bearing

3.1 Configuration of the bearing
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guide way

Sgueeze film air bearing

Fig. 2. Squeeze air film bearing and its components: a guide way, a bearing and six

piezoelectric actuators bonded to the three flat surfaces

Fig 2 shows a squeeze film air bearing. It consists of a guide way and a squeeze film
air bearing with three longitudinal flats on the circumference 120° apart. On each flat

surface were bonded two single layer piezoelectric actuators, Figure 2.

The guide way is a round rod fixed at one end and free at the other with an overhang of
130mm; the short overhang is desired to avoid sagging due to its own weight. The
diameter of the round rod is 19.99 mm and the surface was ground finished. The
bearing, made from the material AL2024-T3, has a diameter of 20.02 mm, a length of
60mm and a thickness of 2mm. Three fins, each 20 mm long, are positioned 120° apart

on the outer circumference of the bearing; they are designed to provide a desirable
modal shape of a triangular cross-section when excited by the actuators. This enables
the air gap underneath the actuators to behave effectively as a squeeze air film.

The design does not rely on complex elastic hinges to provide local flexibility, as used
by other researchers [7, 8, 9], in order to achieve greater deflection of elements. Being
a simpler design, its manufacturing cost is much lower and the bearing can be
adequately driven by a single-layer piezoelectric actuator (0.5 mm thick) with little
power to provide the sinusoidal squeeze film motion [10]. Furthermore, the simple
geometry of the design makes for subsequent simpler finite-element analysis.

3.2 Experimental set-up
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Fig.3. Schematics of the experimental set-up

Fig 3 shows a schematic diagram of the experimental set-up. The items of equipment
used were:

1.A signal generator — 0 to 15 V peak-to-peak and 0 to 100 kHz (S J Electronics)

2.An actuator driver — ENP-1-1U (Echo Electronics)

3.An actuator driver monitor — ENP-50U (Echo Electronics)

4.A capacitance displacement sensor and a gauging module — MicroSense 6810;
measurement bandwidth up to 100 kHz; measurement ranges from 20 um to 2 mm;
resolution 0.25 nm rms at 5 kHz over 50 um measurement range (Ixthus)

5.A data acquisition card — PXI 6110 (National Instruments)

The signal generator created a sinusoidal wave which was amplified by the actuator
driver and shaped by the actuator monitor to provide an excitation signal, with a 75V
DC offset and a 75V peak-to-zero AC sinusoid. This excitation signal was used to
drive the single layer piezoelectric actuators. The vibration response of the structure
caused by the actuators was measured by the capacitance displacement sensor, whose
output was sampled into a PC via the data acquisition card controlled by a LabVIEW
program.

3.3 Modal analysis

Modal analysis can determine the theoretical vibration characteristics, in terms of
natural frequencies and mode shapes, of a structure or a machine component. The
natural frequencies and the mode shapes are important parameters in the design of a
structure for dynamic loading conditions. It is believed that certain mode shapes
enhance the effectiveness of the squeeze air film in journal bearings. These mode
shapes have geometry that maximizes the amplitude ratio € and minimizes the end

leakage.
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From the FEA modal modelling, two candidate mode shapes were identified to have the

desired geometry, namely the 13™" and the 23™ modes at the respective natural
frequencies of 16.368 kHz and 25.637 kHz. The mode shapes are shown in Fig 4
where the red end of the colour spectrum denotes greater deformation. It is observed
that:

1.Both modes produce flexing of the shell on the sleeve between pairs of fins which
remain in the same angular orientation during the vibration; both mode shapes are
triangular.

2. At mode 13, the outer edges of the round sleeve do not appear to deform much while
the middle section deforms noticeably.

3. At mode 23, the outer edges of the round sleeve deform noticeably while the middle
section deforms not as much.

Fig. 4. a) Left - mode shape 13 (16.368 kHz); b) right - mode shape 23 (25.637 kHz)

To create these mode shapes all six piezoelectric actuators need to be driven in
synchronisation at the natural frequency of the mode shape.

3.4 Static and dynamic analysis
3.4.1 Static analysis — computer modelling and simulation

The purpose of the static analysis was to determine the static deformation of the sleeve
bearing when a 75 V DC voltage (OV on the bottom and 75V on the top surfaces of
piezoelectric layer) was applied to the six single-layer piezoelectric actuators. Fig 5
shows the result of the analysis, from which a maximum radial deformation of 0.124
um is seen to occur in the middle section of the sleeve.
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1.2412e-7 Max
1.1033e-7
9.6538e-8
8.2747e-8
6.8956e-8
5.5165e-8
4,1374e-8
2.7582e-8
1.3791e-8

0 Min

Fig. 5. Static deformation of the bearing when a 75V DC voltage was applied to the six
actuators.

The above-mentioned analysis was repeated for other driving voltages and Fig 6 shows
the relationship between the maximum static deformation and the voltage input, which

1s observed to be linear [9].

In the FEA modelling process, the force of the piezoelectric actuators as it varies with
the driving voltage was accurately represented. This is unlike the approximations that
most other researchers, for example [9], made by assuming that a maximum blocking
force exists for all boundary conditions.

0.14

0.1 /
0.08 //

r

0.06

0.04

Deflection Unit: um

0.02

0

45 55 65 75
DC Unit: V

Fig. 6. Static deformation varies linearly with the applied DC voltage

3.4.2 Dynamic analysis
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Dynamic analysis is used to determine the dynamic response of a structure under the

dynamic excitation force. The dynamic excitation forces are from the expansion and
the compression of the piezoelectric actuators when they are loaded with an AC voltage
(75V) on top of a DC offset (75V). The excitation frequency should be coincident with
one of the natural frequencies for either mode 13 or 23, as identified in Section 3.3, in
order to achieve maximum dynamic response.

A dynamic experiment was performed to verify the bearing’s natural frequencies and
mode shapes at modes 13 and 23. The bearing was placed on a horizontal flat surface,
as shown in Fig 7, and was supported at two positions near the bottom edge. These
points of contact were chosen to coincide with the nodal points (of no displacement) of
the bearing. The displacement of a fin was measured with the non-contacting

capacitance displacement sensor, also shown in Fig 7.

Squeeze film
air bearing

Capacity
displacement
sensor

Fig. 7. Set-up for the dynamic response measurement

3.5

——75VAC

——65VAC
55VAC

Deflection Unit: pm
[S=Y
(0]

0
16.25 16.3 16.35 16.4 16.45 16.5 16.55 16.6

Excitation frequency Unit: KHz
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Fig. 8. Displacement amplitude on the fin of the bearing at Mode 13 versus the

excitation frequency for the three levels of AC input; the error bars represent 2

standard errors

Fig. 8 shows the vibration amplitude of a point on the fin of the bearing as measured by
the non-contacting displacement sensor. Measurements were made 10 times and it is
the average that is shown on the graph; the corresponding error bar represents *2
standard errors. The narrow extent of the error bars suggests good measurement
repeatability and high precision of the displacement amplitude obtained.

To correctly locate the natural frequency, the actuators were driven to excite the bearing
over a range of frequencies from 16.28 kHz to 16.55 kHz at three different levels of AC
voltage, namely 75V, 65V and 55V. The natural frequency for Mode 13, from Fig. 8§,
is 16.32 kHz at which the displacement amplitude on the fin is the greatest, for
example, at 75V AC, the displacement is 2.88 um. Since the 75V AC gives the greatest
displacement amplitude, which in turn produces the greatest mean pressure ratio, Fig.
1 , this condition was going to be used for driving the bearing subsequently.

The experiment was repeated for Mode 23. The measurement point, in this case, was
near the end of the sleeve where the deformation is observed to be significant, Fig 4b.

The results are shown in Fig 9. It is noted that the natural frequency for Mode 23 is
25.31 kHz

Fig.9. Displacement amplitude on the fin of the bearing at Mode 23 versus the
excitation frequency for the three levels of AC input.

From the FEA model, the theoretical displacement amplitude at the measurement point
was also obtained for the different driving conditions. Fig 10 and Fig 11 show the
comparison between the theoretical and experimental displacement amplitude at Mode

13 and Mode 23 respectively.

Fig. 10. Comparison between theoretical and experimental displacement amplitude at
Mode 13 (DC = 75V and variable AC).
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Fig. 11. Comparison between theoretical and experimental displacement amplitude at
Mode 23 (DC =75V and variable AC).

4. Load-carrying capacity experiments

In these experiments, the bearing was inserted into the round guide way, set up as a
cantilever, as shown in Fig 12. A mass was hung onto a wire attached to a fin of the

bearing and the bearing was excited at a number of frequencies near a particular mode.

Using the measurement from the displacement sensor, it is possible to calculate the
instantaneous film thickness in the vertical plane of the bearing. The mean value was
then computed from the instantaneous film thickness over a number of oscillations,
typically a thousand. The procedure was then repeated for other masses.

Load |

Fig. 12. Direction of loading by hanging masses

For Mode 13, Fig 13 shows the relationship between the mean film thickness and load
at four different excitation frequencies at and around the natural frequency of Mode 13.
At the natural frequency 16.32 kHz, the mean film thickness is greater than those at
other frequencies below a load of about 2 N. However, when the load is increased
beyond 2.5 N, its film thickness becomes about the same as those at other frequencies.
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An explanation could be that with increasing load through adding mass, the natural

frequency of the bearing/mass system shifts away from its original value and so the
bearing is no longer being excited at it true natural frequency.

Fig 14 shows the relationship between the mean film thickness and load at four
different excitation frequencies at and around the natural frequency of Mode 23. At the
natural frequency of 25.21 kHz, the mean film thickness is also greater in the range of
loads experimented.

Fig. 13. Mean film thickness of bearing versus load at four excitation frequencies
around Mode 13

Fig. 14. Mean film thickness of bearing versus load at four excitation frequencies
around Mode 23

When the mean film thickness at Mode 13 and Mode 23 are placed side by side, the
difference in values is striking, showing that Mode 13 is a far superior mode in terms of
load carrying capacity. The comparison is made in Fig 15 where the bearing was
excited at the natural frequency of Mode 13 and Mode 23.

Fig. 15. Comparison between Mode 13 and Mode 23 in the load-carrying capacity.

Because of the effect of the added mass on the natural frequency of the bearing, if the
excitation frequency was to remain a constant, then the bearing might not be always
excited in the particular mode at the exact natural frequency. However, if the excitation
frequency was changed to make sure that it was in tune with the natural frequency, the
mean film thickness might turn out to be greater. Fig 16 compares two sets of results
obtained, one with frequency adjustment and the other without.
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Fig.16. Effect of mass loading on the natural frequency of the bearing, affecting the
mean film thickness and hence the load carrying capacity.

5. Discussion

The model of an air film between two flat plates using the ideal gas law assuming
adiabatic process proves theoretically the existence of a mean positive pressure and that
this pressure increases as the amplitude ratio, Fig 1. It does not, however, attempt to
model the pressure leakage on the edges the squeeze film air bearing. Often, it is
argued that when the plates oscillate at a very high frequency, the leakage effect can be
ignored and the adiabatic process holds true.

On the issue of the end leakage, driving the bearing at its natural frequency particularly
at higher modes is beneficial because the natural frequency tends to be high. The
design described in the paper was operated at Mode 13 and Mode 23 at the natural
frequencies of 16.368 kHz and 25.637 kHz respectively. This compares favourably
with the designs by Stolarski [9] and by Yoshimoto [7], both driving their designs at a
frequency lower than or at the fundamental frequency.

On the issue of the mean pressure, according to Fig 1 higher mean pressure is achieved
by higher amplitude ratio, which means that the structure must be such designed that
the bearing surface can have large displacement. The proposed design allows this to
happen with relative ease.

Between Mode 13 and Mode 23, Mode 13 has superior performance. This is because
of its lower end-leakage due to the deflection geometry: both ends of the sleeve hardly
deform while the shell in the middle section of the sleeve under the actuators are made
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to flex thus creating a squeeze film. The ring of stagnant air film at both ends of the

squeeze film minimises the leakage effect.

In the FEA modelling of the bearing sleeve, the piezoelectric actuators are accurately
represented as a unit that expands and contracts with the driving voltage. In addition,
the interaction with sleeve as the actuator moves is also accounted for by including the
material properties of the two parts. Consequently the analysis is more accurate.

The static analysis shows the linear relationship between the input DC voltage and the
deformation on the bearing. The same result was also obtained by Stolarski [9].

Given the same driving condition, the dynamic response is much bigger than the static
response. In particular, when driven at the Mode 13 natural frequency the maximum
displacement at the fin is roughly 3 wm. However, when excitation frequency drifts

from the natural frequency, the amplitude falls, Fig 8. The same conclusion can be
drawn for Mode 23. The similar result was also obtained by Yoshimoto [10], who
observed vibration amplitudes of about 1.5 um at the excitation frequency of 23.7 KHz
and at 70V AV.

6. Conclusion

The advantage of a squeeze-film air bearing system is its compactness because it does
not require an externally pressurized air supply system. The advantage of the tubular
squeeze-film air bearing, as reported in this paper, is its simple design, not involving
any elastic hinges, which can be difficult to manufacture.

The findings from this research are summarized as follows:

1.The theory developed from using the ideal gas law shows the existence of a positive
pressure in the tubular squeeze-film air bearing that causes levitation.

2.The positive pressure at any amplitude ratio can be estimated using the approximate
formula, Eq.(12), with an error of less than about 1.3% up to the amplitude ratio of
0.4.

3.Two normal modes, at the 13% and 23", of the bearing were identified to have the
desired geometry of the modal shape, namely that of a triangle. The corresponding
theoretical natural frequencies were found to be 16.37 KHz and 25.64 KHz, a result
confirmed also by experiments.

4.From the FEA analysis, the maximum radial deformation of the bearing when driven
at 75 V DC was observed to be 0.124 um.

5.When the bearing was driven at 75V AC with 75V DC offset, the displacement
response was 2.88 um (Fig. 8) and 1.98 um (Fig. 9) for modes 13 and 23 respectively.
The measurements were highly repeatable as is evident from the small extent of the
error bars in Fig 8.
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6.The load-carrying experiments show that when driven at the natural frequency in
either mode 13 or 23, the squeeze-air film was the thickest. However, comparing
between the two modes, mode 13 has superior levitation performance than mode 23
(Fig. 15) because the former has a modal shape (Fig. 4a) that reduces end-leakage of
the squeeze-air film.
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Abstract

The paper presents a design of squeeze film air journal bearing based on the design
rules derived from CFX and FEA simulation study of an air film in between two flat
plates, one of which was driven in a sinusoidal manner. The rules are that the
oscillation frequency should be at least 15 kHz and that the oscillation amplitude be as
large as possible to ensure a greater film thickness and to allow the bearing to reach its
stable equilibrium quickly. The proposed journal bearing is made from AL2024-T3, of
20.02 mm outer diameter, 600 mm length and 2 mm thickness. Three 20-mm long fins
are on the outer surface of the bearing tube and are spaced 120° apart; three
longitudinal flats are milled equi-spaced between the fins and two piezoelectric
actuators are mounted lengthwise on each flat. Such a design produces a modal shape
on the bearing tube which resembles a triangle. When excited in this mode at the
frequency of 16.4 kHz, and a voltage of 75V AC with 75V DC offset acting on the
piezoelectric actuators, the air gap underneath of the bearing tube behaves as a squeeze
air film with a response amplitude of 3.22 um. The three design rules were validated

by experiments.

Keywords: Single layer piezoelectric actuator, design of squeeze film air journal

bearing, mode shape, natural frequency.

1. Introduction

Precision engineering dictates that bearings used in machine tools must be capable of
producing high precision motion with low friction and wear and generating very little
heat in an oil-free condition [1]. Whilst aerostatic and aero-dynamic bearings can meet
these requirements, they do come with bulky ancillary equipment, such as air
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compressors and hoses, and hence not very portable. A search for better bearings was

an activity that has exercised the minds of many researchers.

To study the bearing behaviour of a thin air film between two surfaces, the Reynolds
equation is used. Stolarski [1] identified three mechanisms from the equation that
would show a pressure-generating phenomenon, which gives the bearing its load-
carrying capability. The first refers to the ‘physical wedge’ as is found in
hydrodynamic bearings where the fluid flows through a wedge; the second requires the
two surfaces to contract or expand in-plane in order to create a variable velocity on the
bearing surfaces; the third requires that the two bearing surfaces move normal to each
other with an oscillating velocity and is known as the ‘squeeze film’ effect. Stolarski
[1] asserted that the pressure generated by the hydrodynamic and squeeze film effects is
of a similar order of magnitude and hence the justification for exploring the latter in the
design of a new type of bearing. Squeeze film bearings have the significant advantage
due to the fact that they do not require air compressors and connecting hoses; the
equipment needed for generating the squeeze film action is far smaller and it can be
miniaturised to the extent that it becomes a single package with the bearing.

In the design investigated by Stolarski [2] and Yashimoto [3], the squeeze film air
bearings, made from Aluminium, used elastic hinges to ensure easy flexing of the
bearing plates when driven at and around the fundamental frequency of a few KHz by
stack piezoelectric actuators. The presence of the elastic hinges helps increase the
dynamic response resulting in a thicker air film but because of the intricate machining
required, the manufacturing cost increased. In addition, the driving frequency, being of
a few kHz, is within the sensitive audible range, which can cause annoyance. In 2006,
Yashimoto [4 and 5] proposed another design of bearing that was driven at ultrasonic
frequency with single-layer piezoelectric actuators to avoid problem of audible noise
during operation. The use of the single-layer piezoelectric actuators can reduce the
power consumed.

The purposes of work reported in this paper are:

1. To develop a model that affirms the existence of positive pressure developed in a
squeeze-film air bearing;

2. To develop a finite-element model for a single layer piezoelectric actuator that uses
realistic boundary conditions;

3. To design a journal squeeze film air bearing using the design rules derived from the
modelling of the squeeze air film.
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2. Theory of Squeeze Air Film for flat plates

2.1 Pressure profile

Consider an air film that is squeezed between two flat plates having relative sinusoidal
motion of frequency w at amplitude e, in the direction of the film thickness, as shown
in Fig. 1(a). The pressure at a point in the air film is governed by the Reynolds
equation,

(1)

Equation (1) is given in a non-dimensional form [6]. X, Y and Z are the coordinates of
a point in the air film expressed as a fraction of its length, width and thickness
respectively; is the ratio of the instantaneous pressure to the initial pressure; H the

ratio of the instantaneous to the initial film thickness; o the squeeze number; and the
non-dimensional time obtained as the product of the angular frequency of oscillation w

and time ¢.

The squeeze number is defined as where u is the dynamic viscosity and L the length of

the air film.

The instantaneous film thickness # = hy+e sin (z) and hence the instantaneous film
thickness ratio, being //h, , is given by.

2.2 Equation of motion of flat plates

If now the bottom plate is given a sinusoidal motion normal to its surface while the top
plate is supported by the air film, the top plate will be caused to move in a manner
governed by the Newton’s Second Law, namely

d
m—v=FL -mg

dt )

In Eq. (2), m and v are the respective mass and velocity of the top plate, F7 is the
levitation force exerted by the air film and mg is the weight force of the top plate.

Equation (1) computes the pressure profile of the air film between the two plates. From
the pressure profile is obtained the force of levitation 7. The corresponding value of
velocity v can then be found from Eq. (2), from which the displacement of the top plate
is calculated by integration. This displacement, together with the sinusoidal motion of
the bottom plate, changes the air film thickness /# and hence the thickness ratio /. This,
in turn changes the pressure profile as computed from Eq. (1). By repeating the afore-

237



Appendices
mentioned calculation procedure over time, it is possible to determine the
corresponding displacement response of the top plate.

2.3 Simple model of oscillating plates and boundary conditions

The simple model considered is the one as shown in Fig. 1(a), with dimensions of the
plates and the initial air film thickness as indicated. The bottom plate was given a
sinusoidal motion whilst the top plate, of mass 6.24 x 10 kg, responded also with a
sinusoidal motion. The air film, as shown in Fig. 1(b), is assumed to have no leakage
around the three sides of its edges, namely the left, front and back sides; but there is
leakage from the right side. = Such assumptions are justified by the following
considerations:

1.The left side is on the plane of symmetry of the complete air film. In other words,
what is shown in Fig. 1(b) is only the right half and hence there is no sideway flow of

air across the symmetry plane.

2.The front and back sides do not have air flow across them because of the symmetrical
arrangement of the three pairs of bearing plates in the proposed journal bearing design
— see Fig. 13 — and the synchronised driving of them.

3.The right side, however, is exposed to the atmosphere and leakage is expected.

The computation was performed with CFX [7] instead of home-built programming
codes [2] to save time.

Top plate

Air film
Y
10 mm \ \

0.1 mm ) D
/ X
[ 0.02 mm Z
l

I~ L~
Bottom plate

(a) (b)

Figure 1 — (a) Dimensions of the plates and the air film thickness; and (b) the air film in
the rectangular coordinate system used.

2.4 Calculation results
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Figure 2 shows the relationship between the air film thickness and the oscillation
frequency of the bottom plate. It is observed that the mean air film thickness at first
increases with oscillation frequency but it reaches a constant value beyond around 15
kHz.

Figure 2 - Mean air film thicknesses versus excitation frequency of bottom plate

Figure 3 shows the relationship between the mean air film thickness and the oscillation
amplitude with the oscillation frequency of the bottom plate kept at 10 KHz. It is noted
that as the oscillation amplitude increases the mean air film thickness increases in an
exponential fashion.

Figure 3 - Mean film thickness versus oscillation amplitude of bottom plate (oscillation
frequency at 10 kHz)

Figure 4 shows the steady-state pressure distribution of the air film over a period of
oscillation along the x-axis (Fig. 2(b)) from the left edge (x = 0 mm) to the right edge
(x = 10 mm) where the air film interfaces with the atmosphere whose pressure ratio P is
1. There are 9 pressure profile curves shown and they represent the pressure at
different time instants in the cycle of oscillation such that the time interval between
successive points, for example P1 and P2, is constant, being 12.5 us. It is noted that the
mean pressure ratio in the film at any distance is above unity; thus an up-thrust is
created to levitate the top plate. The same conclusion was drawn by the authors in their
paper using the theory of ideal gas law [8].

Figure 4 — Steady-state pressure distribution in the x-direction (Fig. 2(b)) of air film in
a period of oscillation of bottom plate in frequency of 10 KHz

Figure 5 shows the transition to the final equilibrium position of the top plate from the
initial film thickness of 20 um at the two oscillation frequencies of the bottom plate,
namely 1 kHz and 10 kHz. The observation from Fig. 3 that the mean film thickness
increases with oscillation frequency below 15 kHz is seen also to hold true here. In
addition, at higher oscillation frequency of the bottom plate the response of the top
plate shows greater stability, with no residual oscillation, achieved at around 0.037s.
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Figure 5 - Transition to equilibrium position of top plate for two excitation frequencies
of bottom plate at 1 kHz and 10 kHz

3. Design of the proposed squeeze film air bearing

Figures 2, 3 and 5 highlight some rules for the design of squeeze air film bearings.

Specifically:

1.According to Fig.2, to ensure a greater film thickness, the oscillation frequency
imposed on the air film should be high, preferably above 15 kHz because the end
leakage becomes insignificant.

2.Figure 3 points to the fact that the greater the oscillation amplitude of the air film, the
greater is its mean thickness.

3.Figure 5 suggests that with a greater oscillation frequency of the air film, the bearing
reaches its stable equilibrium position much more quickly.

Using these three design rules, a design of the squeeze film air journal bearing [9 and
10], as shown in Fig. 13, is proposed. This bearing is in the shape of a hollow round
tube with three longitudinal flats milled equi-spaced around the circumference. Two
piezoelectric actuators are mounted length-wise on each flat and they are driven
simultaneously by an AC voltage with a DC offset. The material and geometry of the
tube are such chosen that at least one modal frequency exists which is above 15 kHz
and has a desirable modal shape.

With such a design, the x-axis (Fig. 1(b)) of the bearing plate is aligned with the
longitudinal axis of the bearing tube, the y-axis with the radial axis, and the z-axis with
the tangential axis to the circumference. Since the film thickness is very small in

relation to the width or length of the bearing, the bearing plate can be assumed to be
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flat. Leakage is only significant in the longitudinal directions (both positive and

negative directions of the x-axis) but otherwise virtually non-existent in the radial (y-
axis) or tangential (z-axis) direction. To first approximation the model presented in
Section 2 holds.

The modal shape of choice should be one that produces purely a radial deformation of
the tube wall without the tube experiencing any torsion. Therefore the only possible
modal shape for the design as shown in Fig. 13 has to be a triangle similar to Fig. 14.
To encourage the tube to distort into a triangle, three external fins are added, which in
effect partitions the tube into three 120° sectors. The fins do not cover the whole length
of the tube but are foreshortened. This is to make sure that both ends of the tube do not
deform or at least not as much as the inner sections of the tube; consequently the end
leakage in the longitudinal direction can be further minimised.

At the desired mode as described above, the three fins can be imagined to have only
radial motion and the tube wall between any consecutive pair of fins flexes about the
fins as its end supports. Its static and dynamic behaviour is modelled in the next
section.

3.1 Modal analysis

Figure 6 shows a flat plate with a width of 21 mm (equal to the circumferential width of
the tube between two consecutive fins), length of 60 mm (the length of the tube) and
thickness of 2 mm (the thickness of the tube). The plate has a built-in support along the
two 60-mm edges. Two single- layer piezoelectric actuators are mounted on the top
surface of the plate as a driving unit; the dimensions of the single-layer piezoelectric
actuator are 15 mm x 5 mm x 0.5 mm.
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Figure 6 - Model of rectangular plate with two single-layer piezoelectric actuators

mounted on top surface

Using ANSYS Workbench, a modal analysis was performed on the flat rectangular
plate. The first four natural frequencies and the corresponding mode shapes are as
shown in Fig. 7. Mode shape 1, obtained by exciting the two single-layer piezoelectric
actuators at 23606 Hz [4], gives the most desirable mode shape feature. This is because
the maximum deformation region occurs right at the centre of the plate, resulting in
minimum leakage at the two opposite 21-mm edges. In addition, the excitation
frequency, being higher than 15 kHz, is also conducive to reducing end leakage
according to Fig.2.

(a) Mode shape 1 (23606 Hz) (b) Mode shape 2 (24864 Hz)

{c) Mode shape 3 (26600 Hz) {d) Mode shape 4 ({30112 Hz)

Figure 7 - Mode shapes and natural frequencies of rectangular plate; colour red
indicates maximum deformation and colour blue, no deformation

3.2 Static analysis

When a DC voltage is applied to two single-layer piezoelectric actuators mounted on
the rectangular plate, a static deformation results. A larger deformation is preferred to a
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smaller one because of the thicker squeeze air film that it creates. Evidently the

deformation is a function of the plate thickness.

Figure 8 shows the static deformation that appears on the rectangular plate when a 150
V DC was applied to the piezoelectric actuators with 0 V and 150 V on the respective
bottom and top surfaces. A maximum deformation of 0.21757 um is seen to occur at
two regions, as shown in red in Fig. 8, symmetrically disposed from the centre line
parallel to the short sides of the plate.

2.1757e-7 Max
1.934e-7
1.6922e-7
1.4505e-7
1.2087e-7
9.6698e-8
7.2524e-8
4.834%-8
2.4175e-8

0 Min

Figure 8 - Static deformation of rectangular plate when a 150V DC was applied to the
two actuators

The relationship between the thickness of the plate and the deformation is shown in the
Fig. 9. It is observed that the plate deflection increases disproportionately as the plate
thickness decreases. The static deformation of a 1-mm thick plate is about 3 times as
big as that of 2-mm thickness; however, as thickness increases from 3 to 4 mm, the
static deformation hardly changes, being around 0.1 wm.

Figure 9 - Relationship between maximum static deformation and plate thickness

3.3 Dynamic analysis

Dynamic analysis is used to determine the dynamic response of a structure under a
sinusoidal excitation force. The excitation force in this case is created from the
alternate expansion and compression of the piezoelectric actuators when they are driven
by an AC voltage at 75V on top of a DC offset also at 75V. To take advantage of the
mechanical gain at resonance, the excitation frequency was chosen to coincide with the
Mode 1 frequency of 23606 Hz, as identified in Section 3.1, in order to achieve
maximum dynamic response, thus giving a better floating performance as suggested by
Fig. 3.
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Figure 10 shows the dynamic response of the rectangular plate when excited at 23606

Hz with the AC 75 V and the DC offset 75V as occurring at the central region (shown
in red) where the amplitude is 1.936 um [4]. As expected the response of the plate is of
the same shape as mode shape 1. By varying the beam thickness from 1 to 4mm, the
maximum amplitude of response is seen to decrease in an exponential manner as shown
in Fig.11, similar to that observed in the static analysis (Fig.9). A comparison between
the two analyses is presented in Fig.12: the difference in magnitude is striking; for a 2-
mm thick plate, the dynamic deformation is about 9 times as large as the static
deformation.

If maximum dynamic deformation was the only design criterion, then the thinner the
plate the better. But the modal frequency drops as the plate thick decreases. Thus, for
example, the 1-mm thick plate has a mode 1 frequency of 11.835 kHz, which is well
below the threshold frequency of 15 kHz, thus creating substantial end leakage (Fig. 2)
and a long transition time to equilibrium (Fig. 5); furthermore the resulting strain in the
driving piezoelectric actuators may be too high to cause them to fracture.

1.936e-6 Max
1.720%-6
1.5057e-6
1.2906e-6
1.0755e-6
§.6043e-7
6.4532e-7
4.3021e-7
2.1511e-7

0 Min

Figure 10 - Dynamic response of plate when driven at the fundamental natural
frequency of 23606 Hz.

Figure 11 - Dynamic deformation versus plate thickness when excited at natural
frequency of plate
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Figure 12 - Comparison between static and dynamic plate deformations

3.4 Experimental results for the designed Squeeze film air journal bearing

Based on the results of the static and dynamic analyses and of the three design rules
formulated in Section 3, the final design is created, which is as shown in Fig.13. The
journal bearing is made from the material AL2024-T3, and has a diameter of 20.02 mm,
a length of 60mm and a thickness of 2mm. Three fins, each 20 mm long, are positioned
120° apart on the outer circumference of the bearing tube; they are designed to provide
a desirable modal shape of a triangular cross-section when excited by the actuators.
This enables the air gap underneath the actuators to behave effectively as a squeeze air
film. The round bar has a diameter of 19.99 mm and the surface was produced by
cylindrical grinding.

guide way

. ~ ‘.») \//

Squeeze film air bearing

Figure 13 - Squeeze film air journal bearing with six single-layer piezoelectric actuators
mounted on three milled flat surfaces, shown with the guide way in the shape of a
round bar.

From the FEA modal modelling, the Mode 13 was identified to have the desired
deformed geometry of a triangle and it has the modal frequency of 16.37 kHz, which is
above the 15 kHz threshold. The corresponding mode shape is as shown in Fig. 14
where the red end of the colour spectrum denotes greater deformation. It can be
observed that the outer edges of the round sleeve do not appear to deform much while
the middle section deforms noticeably.
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Figure 14 - Mode shape at Mode 13 of squeeze film air journal bearing

3.41. Experimental set up

Signal Generator

Capacitance displacement
sensor

Actuator
driver

l

Actuator monitor
unit

Data acquisition
card

Piezoelectric Structure
actuator

Figure 15 — Schematic diagram of the experimental set-up

Fig 15 shows the set up of equipment for the dynamic response experiment. The

following items of equipment were used:

1. A signal generator — 0 to 5 V and 0 to 100 kHz (S J Electronics)

2. An actuator driver — ENP-1-1U (Echo Electronics)

3. An actuator driver monitor — ENP-50U (Echo Electronics)

4. A capacitance displacement sensor and a gauging module — MicroSense 5810;
measurement bandwidth up to 100 kHz; measurement ranges+100um; resolution +
49.69 nm (Ixthus)

5. A data acquisition card — PXI 6110 (National Instruments)

The signal generator created a sinusoidal wave which was amplified by the actuator
driver and shaped by the actuator monitor to provide an excitation signal, with a 75V
DC offset and a 75V peak-to-zero AC sinusoid. This excitation signal was used to
drive the single layer piezoelectric actuators. The vibration response of the structure
caused by the actuators was measured by the capacitance displacement sensor, whose
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output was sampled into a PC via the data acquisition card driven by a LabVIEW

program.

3.4.2 Oscillation amplitude on vibrating shell of journal bearing and excitation
frequency

The maximum amplitude of oscillation at the vibrating shell of the bearing was
measured within a range of frequencies, 16.28 kHz to 16.55 kHz, in the vicinity of the
predicted Mode 13 frequency of 16.37 Hz. The results are as shown in Figure 16. The
measurements were made 10 times and it is the average that is shown on the graph; the
corresponding error bar represents +2 standard errors. The narrow extent of the error
bars suggests good measurement repeatability and high precision of the displacement
amplitude obtained. From Figure 16, it is observed that the natural frequency for Mode
13 was 16.32 kHz; and that the amplitude of oscillation was 2.88 wm, compared to the
simulated result of 3.22um from ANSYS Workbench modelling.

Figure 16 - Displacement amplitude at the centre of the bearing shell at Mode 13 versus
excitation frequency at 75 V AC input with 75V DC coupling; error bars represent 2

standard errors

3.4.3 Mean film thickness and oscillation amplitude

According to the second design rule the mean squeeze film thickness increases with the
amplitude of oscillation of the shell. Experiments were conducted to validate this
assertion. Figure 17 shows the relationship between the mean film thickness and the
oscillation amplitude at three load levels. The loading was implemented by attaching a
weight to the journal bearing and three loads were studied, namely 1.14 N, 1.64 N and
2.14 N. These loads were hung on the bottom fin — see Figure 14 — such that there was
a squeeze air film at the top and another pair symmetrically disposed at 120° on either

side. In Figure 17, it can be seen that the minimum film thickness increases in an
exponential fashion with increasing oscillation amplitude for all three different loads.

247



Appendices

Figure 17 — Mean film thickness versus oscillation amplitude at three load levels.

3.4.4 Comparison between experimental and theoretical mean squeeze film
thicknesses

With the journal bearing loaded as described in Section 3.4.3 corresponding to the
orientation of the three squeeze films as shown in Figure 14, an approximate simulation
CFX model was formulated and analysed. Two simplifying assumptions were made:

1. As the surrounding sleeve is loaded, the squeeze film at the top has a thickness which
is much smaller than that at the other two squeeze film situated towards the bottom

(Figure 14), such that the levitation force created is solely due to the top squeeze film;
2. The top squeeze film is flat and there is no leakage when in operation; and

3. The upper plate of the top squeeze film translates bodily up and down with no
deformation.

The CFX simulation modelled an air film which was 30mm long, 0.1 mm wide and
0.03 um thick using the same set of boundary conditions as that described in Section
2.3. Since the bearing shell of the top squeeze film did not oscillate as a rigid body but
rather flexed itself at the Mode 13 natural frequency, the average amplitude of
oscillation of 1.31um was used in the simulation. This average was obtained by
measuring the modal shape of the bearing shell at the top squeeze film with the bearing
driven at the Mode 13 natural frequency of 16.32 kHz and then taking an arithmetical
average from these measurements.

Figure 18 shows the results from the simulation as compared to those obtained from the
experiment for different loadings. There is broad agreement between the two in terms
of the trend and of the values of the mean film thickness, with better fit towards the
higher loading. It is surmised that the better fit could be due to the fact that the first
assumption becomes more correct as the loading increases; further work needs to be
done in this area. The agreement between the theoretical and experimental results
serves, in some way, to validate the simulation results in Section 2, from which the
three design rules were derived.

Figure 18 — Comparison of theoretical and experimental for mean film thickness
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4 Discussions

In this paper the flat rectangular plate was first studied in order to identify important
design rules and parameters that would better inform subsequent design activity,
leading to the design of a tubular bearing with fins. A comparison between the dynamic
simulation results obtained from the flat plate and the curved shell is informative; Table
1 summarises the effort.

Flat Rectangular Plate [Tubular Bearing with Curved
Shell
- 2 mm thick
— 2 mm thick
Natural frequency 23606 Hz 16368 Hz
Dynamic deformation 1.99 um 3.22 uym

Table 1 Comparison between flat plate and curved shell in respect of dynamic response

The flat plate is seen to have a higher natural frequency than the curved counterpart.
This is due to two reasons: 1) the flat plate was subjected to a more severe end-fixing
condition, namely built-in fixing along the full length, compared to the partial fixing
via the foreshortened fins, which themselves are free to move radially, on the curved
shell; 2) the curved shell has a milled flat for the actuators, which reduces the shell’s
stiftness in bending locally.

The foreshortened fins can be responsible for the larger dynamic response at 3.22 um

compared to the 1.99 um on the severely edge-constrained plate.
5 Conclusions

Three design rules for squeeze air film bearings were produced and verified from the
research:

1.To ensure a greater film thickness and to reduce end leakage, the oscillation
frequency imposed on the air film should be high, preferably above 15 kHz (Figure 2).

2.The greater the oscillation amplitude of the air film, the greater is its mean thickness
(Figure 3).

3.With a greater oscillation frequency of the air film, the bearing reaches its stable
equilibrium position much more quickly (Figure 5).

Based on the design rules, a journal squeeze air film bearing was designed (Figures 13
and 14) and analysed. The bearing was designed to be driven at its 13™ mode at the
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frequency of 16.37 kHz at which the amplitude response was 3.22 pm and the modal

shape produced a squeezing action on the air film between the journal shell and the
bearing shaft.

These three design rules were validated from experiments conducted on the journal
squeeze air film bearing, as demonstrated in Figures 17 and 18.
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