
Chapter 4

PVDF in a model thrust bearing

4.1 Introduction

Thrust bearings are an important component in many mechanical systems. They permit rotational motion

under axial force whilst generating minimal friction. There are several different types of thrust bearings

such as cylindrical thrust bearings, magnetic thrust bearings and fluid filled thrust bearing. The tilted

pad thrust bearing, developed independently by Michell [Michell, 1950] and Kingsbury [Kingsbury, 1950]

more than 100 years ago, in its simplest form comprises pads at a fixed angle. More sophisticated designs

allow the pads to automatically adjust their angle to suit the operating conditions. Regardless of the

bearing type, fluid filled bearings all rely on the axial load being supported by a thin layer of oil generated

between two rotary surfaces.

The measurement of this interaction force is also important in determining these hydrodynamic

properties of the oil film inside the bearing, which is useful for the response prediction and control.

Although this can be achieved to some degree using conventional ceramic or MEMS transducers, their

physical size and properties make it difficult to install them in confined spaces. As a result, they tend

to be attached to the outside of the object of interest and the condition inside inferred. This chapter

attempts to address this problem by using a polymer piezoelectric film called Polyvinylidene Fluoride

(PVDF) which can be installed inside the bearing to directly measure the forces developed in the oil film

itself.
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CHAPTER 4. PVDF IN A MODEL THRUST BEARING

4.2 Materials and Methods

The same PVDF sensors as described in Chapter 3, type SDT1-028K, were used to measure the interaction

between the moving and stationary parts of the bearing.

Figure 4.1(a) shows the model thrust bearing. It consists of a cylindrical base of diameter 120 mm

and height 40 mm and was constructed out of Stratasys 720 Full Cure ink using a 3D printer. Four

equi-spaced rectangular recesses (30 mm x 20 mm x 2 mm) were made in the base to mount the PVDF

sensors. Each sensor was carefully attached to the base using cyanoacrylate glue. The sensor wires were

fed through a hole in the side of the plastic base and a thin layer of epoxy poured over the top to cover

the sensors, sufficient to make the surface flush with the base. In order to minimize electromagnetic noise,

SMB connectors were attached to the end of the coaxial wires.

Figure 4.1: The plastic base with the built in PVDF sensors(a) and the entire bearing including the
upper rotating upper piston (b) with interchangeable disks (orange). Schematic of the system (c).

In conventional thrust bearing arrangements, the pads remain at rest and the opposite flat surface

rotates. However, embedding the sensors in the rotating face of the bearing adds additional complexity to

the design of the system and it was decided to simplify the build by locating the PVDF films in the flat

stationary base and attaching the interchangeable pads to the upper rotating face. The relative motion of

the pads to the PVDF is the same for both conditions.

The sensitivity of individual films encased in the base was tested using a PCB 086C01 impact hammer.

Each film was subjected to a force perpendicular to the main face of the film (g33 direction sown in Figure
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4.1) and the corresponding output voltage recorded. This gave a good indication of the variability between

individual films. In the model thrust bearing, however, the induced forces are three dimensional, a normal

force due to the oil pressure and shear force due to frictional shear force up to 10% of the normal force

Stachowiak and Batchelor [2013]. This results in all three piezoelectric constants contributing to the

output voltage of the PVDF film. As a result, it is difficult to use the impact hammer results to infer

the absolute values of the pressures inside the oil filled bearing as only a single direction is being excited.

This is not considered an issue as the combination of forces contribute to the absolute response of the

system which gives us the interactions between the pads and the oil.

Figure 4.2: Drawings of the three interchangeable disks, where: (a) shows the 1 mm x 3 mm x 30 mm
wall, (b) the 13 mm x 3 mm by 30 mm wall and (c) the 5°angled pads.

Figure 4.1(b) is a photo of the complete test rig, the top half of the bearing consists of a steel cylinder

of diameter 100 mm and height 200 mm. This was directly coupled to a DC motor that was mounted to a

heavy steel plate. A schematic of the system is shown in Figure 4.1(c). On the bottom face of the steel

cylinder, a thin interchangeable plastic disc was attached using double-sided tape (orange line in Figure

4.1(b)). This disc represents the upper face of the thrust bearing where the pads are located. Various pad

shapes could easily be fabricated using a 3D printer, although. Three specific designs were investigated: a

1 mm step pad, a 13 mm step pad and an angled pad. The dimension of each pad is shown in Figure 4.2.

The steel cylinder was positioned concentrically in the plastic base above the PVDF films. Thin (600

µm) metal shims were placed under the base until both faces were touching and gradually removed to

adjust the height from 600 µm to 3600µm in 600 µm increments. SAE 80w 90 oil was then poured into the

base to a suitable level, which would have a negligible effect on the pressure produced within the bearing.

80w 90 viscosity oil is a relativity thick oil which is typically found in thrust bearings. The upper cylinder
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CHAPTER 4. PVDF IN A MODEL THRUST BEARING

was rotated at speeds from 0 to 300 RPM in 20 RPM increments and the output voltage of the PVDF

films recorded at each step. The rotational speed was measured using a laser tachometer and reflective

tape that was aligned with the leading edge of one of the pads.

The output voltage from the PVDF films was conditioned using a Brüel & Kjaer Type 2635 charge

amplifier using a gain of zero dB, a lower frequency limit of 1 Hz and an upper frequency limit of 30 kHz

ensure none of the signal is attenuated. The output signals, together with the laser tachometer signal,

were digitised using a Brüel & Kjaer 3050-B-060 data acquisition unit with a bandwidth of 6.4 kHz. Data

was recorded for 60 seconds for each run. Electromagnetic noise of 50 Hz was removed this was done by

applying an ideal low pass filter at 48 Hz in MATLAB. In order to gain a better understanding into the

mechanism responsible for this shape, the positions of the pads relative to the underlying PVDF film was

accurately monitored using a laser tachometer while measuring the voltage output from the film.

4.3 Results and Discussion

Figure 4.3 shows a typical time dependent voltage from one PVDF film for several revolutions of the 1mm

pad (Figure 4.2a). Two distinct sets of peaks are observed corresponding to the two individual pads as

they pass over one PVDF sensor. The difference in shape and amplitude of the two peaks is due to small

misalignments of the pads introduced on setting up the equipment. As can be seen, both positive and

negative voltages can be observed corresponding to regions of positive and negative pressures. In addition,

the resulting shape is quite complex with a number of inflection points observed between the two main

peaks.
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Figure 4.3: Typical voltage output from the 1mm pad rotating at 300 RPM. Two distinct peak features
can be observed corresponding to the two separate pads on opposite sides of the bearing.

4.3.1 1 mm Step pad

Figure 4.4(b) shows the output signal for the 1mm pad over a time period of 200 ms. This corresponds to

a revolution of the pads at a speed of 300 RPM. The height of the pads above the PVDF film was kept

constant at 0.5 mm.

Figure 4.4: The position of the 1 mm pad relative to the top PVDF film (A to M) (a). The corresponding
voltage output is shown in (b)
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The position of the front edge of the pad (black lines) relative to the PVDF film is shown in Figure

4.4(a). Positions A to E corresponds to the region where the pad has direct interaction with the underlying

film. As can be seen, once the pad starts to pass over the film (A) the voltage starts to increase. This

voltage has a maximum at position B when the top edge of the pad crosses the film. Beyond this point,

the voltage gradually decreases to zero at position C which lays approximately halfway across the film.

The voltage then continues to decrease to a minimum value between D and E and then starts to increase

again until it passes through zero at point H which is approximately midway between the films. Between

E and M a number of inflection points can be observed until the process is repeated for the second pad.

4.3.2 13 mm Step Pad

Figure 4.5: The position of the 13 mm pad relative to the top PVDF film (A to C) (a). The corresponding
voltage output is shown in (b) (green curve). For comparison, the output of the 1 mm step pad has been
shown in blue

Similar data was also recorded for the 13 mm step pad and is shown in Figure 4.5. Figure 4.5(b) shows

the output voltage for a revolution. Figure 4.5(a) shows the position of the 13 mm pad relative to the top

PVDF film. Voltages at times A, B, C and D correspond to the positions A, B, C and D in Figure 4.5(a).

For comparison, the voltage response for the 1mm step pad has also been shown in blue. It is clear that

the maximum and minimum voltage occur at the same positions for both pads regardless of length. The

voltage produced when the pad is between the PVDF films also has a similar shape. It should be noted

that for the 13 mm pad the negative voltages are almost double that of the positive indicating a larger

negative pressure behind the pad.
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4.3.3 5° Tilted Pad

Figure 4.6 shows the results for the tilted pad. The voltage output from the top PVDF film is shown in

Figure 4.6(b). 1, 2, 3 and 4 correspond to the four separate pads.

Figure 4.6: The relative position of the pads to the PVDF sensors (dashed rectangles) (a). The time
dependent voltage output is shown in (b) and comparison between the step pads is shown in (c)

While the voltage output shape looks similar to those obtained for the step pads closer inspection

shows that the maximum and minimum voltages occur at different pad positions than those shown in

Figure 4.4 and Figure 4.5. Zero voltage occurs when the position of the top of the pad has just crossed

over the PVDF film. This corresponded to a maximum voltage for both the step pads. A maximum

voltage is generated when the pad is directly over the film in position B. In position C the pad is just

starting to leave the film and zero voltage is observed. A minimum voltage is seen in position D when the

pad has left the film. For comparison, the corresponding output of the 13 mm step pad has also been

shown in Figure 4.6c in green.

4.3.4 Pressure fields as a function of speed

As would be inferred and as can be seen from Equation (4.3) the pressure under the tilted pad should be

directly proportional to the speed of the pad. To verify this, the PVDF output voltage was monitored as

a function of speed from 0 to 300 RPM in increments of 20 RPM, whilst the oil film height remained the

same. It was found that the overall shape of the waveform remained constant however the amplitude of
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the signal increased with increasing speed. Figure 4.7 shows the peak voltages observed by the PVDF

film against speed for all three pads. The blue line represents the angled pad and clearly shows that the

pressures generated by the sliding pads are a linear function of speed as predicted by Equation (4.3).

Fitting a linear regression line results in a coefficient of determination R2 of 0.9879 to 0.9977 meaning a

strong linear relationship is present. The red and green data displays similar results for the two step pads.

It is interesting to note that these also show a linear variation with speed except with smaller gradients

compared to the tilted pad.

Figure 4.7: Peak voltage as a function of oil film shear rate

4.3.5 Pressure fields as a function of oil film height

A similar investigation was conducted for the height variation of the oil film. The thickness of the oil film

was increased from 600 µm to 3600 µm in increments of 600 µm. These results are shown in Figure 4.8 for

the three rotational speeds 100, 200 and 300 RPM. The output voltage is inversely proportional to the oil

film thickness h. The green lines represent the logistic function that is fitted to the data, which is line

with Reynolds equations discussed later.
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Figure 4.8: Peak voltage as a function of oil film shear rate, where (top) and (middle) is the 1 and 13
mm stepped pad respectively and (bottom) is the tilted pad.

4.3.6 Modelling of the oil film

To gain a better understanding of the pad signatures, a mathematical model was developed based on

Bernoulli’s equation to approximate the pressure generated around a pad. Shown here is the simplest

form of the Bernoulli’s equation (4.1) for incompressible flow.
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2
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+
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ρ
=
V2
2
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+
P2

ρ
(4.1)
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This equation is applied to the system shown in Figure 4.9. Because the oil is being drawn along by

the pad, the inflow V1 is travelling slower than the outward flow V2, the oil will then slow down due to

the viscosity until the next pad approaches. P1 and P2 represent the pressures at positions 1 and 2.

Figure 4.9: Schematic of the system in question

It can, therefore, be deduced that the velocity profile will have the following properties:

1. The inflow velocity is slower than the outflow i.e. V1 < V2(as discussed above).

2. The velocity around the step and the top wall is zero due to the no-slip condition.

3. The velocity of the bottom surface is the tangential velocity generated by the disc rotation.

4. The velocity that passes underneath the step is at the same velocity of rotation.

From this, a velocity profile can be generated. For the purpose of predicting the general features of

the waveform, variations in oil thickness have been ignored as well as oil flow radial in the bearing making

this a 2D solution, where the pad bearing is infinity long.

With regards to the tilted pad, the pressure formed underneath the tilted pad can be predicted using

the well-established Reynolds equation [Stachowiak and Batchelor, 2013]. However, in order to describe

the pressure variations in front and behind the pads it is necessary to use Bernoulli’s equation. The

one-dimensional Reynolds equation where the ‘long bearing approximation’ is used is shown below:

dp

dx
= 6Uη

h− h̄
h3

(4.2)

Where p is the pressure, x is the dimension along the bearing, U is the sliding speed η is the viscosity

of the oil, h is the oil film height and h̄ is the oil film height where the maximum pressure is observed ie
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dp
dx = 0. Using the above equation and the assumption that the pressure at the inlet of the bearing and

outlet of the bearing is equal to zero, it can be shown [Stachowiak and Batchelor, 2013] that the pressure

p can be described by the following relationship:

p =
6UηB

Kh0
(− 1

h
+
ho
h2

(K + 1)

(K + 2)
+

1

ho(K + 2)
) (4.3)

Where B is the length of the bearing, K is defined as the convergence ratio of the bearing and ho is

the outlet film height. The assumption to use a ‘long bearing approximation’ (oil does not flow transverse

to the direction of motion of the pad) may not necessarily be true for our application due to the size of

the pad and small radius of the disc. However, it has been shown [Bevan, 1948] that the effect of this

leakage is to move the position of the maximum pressure closer to the outlet of the pad with the overall

shape remaining the same.

The mathematical models shown were used to generate the predicted pressure output characteristics

for the tilted pad. Comparisons of absolute pressure values were not possible due to the anisotropy issues

of the calibration of the PVDF film discussed above. An initial velocity profile was generated using the

boundary condition described and is shown in Figure 4.10(a). Red represents high velocity and blue zero

velocity. The orange region on the left hand side corresponds to the inflow while the red region is the

outflow.

Using this velocity profile, the pressure at different locations was calculated using Bernoulli’s equations

assuming that the inflow pressure is zero. The result is shown in Figure 4.10(b). Green, red and blue

indicates zero pressure, positive pressures and negative pressures respectively.
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Figure 4.10: Assumed initial velocity profile generated by Eq. (4.2) where blue colours are regions of
low fluid velocity and red colours are regions of high fluid velocity (a). Calculated pressure field where
blue colours are regions of low fluid pressure and red colours are regions of high fluid pressure (b).

This clearly shows that when the velocity of the oil is accelerated ( +ve and -ve) by the step it creates

pockets of positive and negative pressures in front and behind the pad. The sensors response however

is the sum of applied force across the entire film and as a result, the film output can be obtained by

integrating over the length of the sensor. The result for the 1mm pad is shown in Figure 4.11 in red.

The blue curve is the experimental data. Both data sets have been normalised to help comparison. As

can be seen, there is good agreement especially in the region when the pad interacts with the film. The

small inflection points observed either side of the main peak in the experimental data may be due to oil

movement in the radial direction. In the model, it is assumed that the surfaces have infinite width in the

direction perpendicular to the motion and as a result, no flow is possible in this radial direction.
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Figure 4.11: Experimental and simulation results of 1 mm stepped pad where the time at which the
pad interacts with the PVDF shaded

Figure 4.12: Experimental and simulation results of the tilted pad where the time at which the pad
interacts with the PVDF shaded

It is interesting to note that the maximum pressure observed is just before the leading edge of the

step, as shown in Figure 4.11. This is where the oil comes to a complete stop. Past this point, the oil

accelerates to the max velocity resulting in negative pressure. After this, the oil begins to slow down

equalizing the pressure.
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A similar analysis can be done for the tilted pad. However, in order to do this, it is necessary to couple

the Reynold and Bernoulli models to give an approximate prediction of the pressure wave in front, under

and behind the pad. It is possible to couple the two models at the leading and trailing edge of the pads

because zero pressures are expected at the inlet and outlet of the bearing.

Figure 4.12 shows the normalised pressure as a function of time for the tilted pad. The red and green

curves give the theoretical results using the Reynolds and Bernoulli equations. The blue curve is the

experimental result. From the results, it can be seen that:

• At the inlet and outlet, the measured pressure is zero. This agrees with the assumptions made

above.

• A maximum pressure is observed by the PVDF directly underneath the bearing. The position of this

maximum pressure lies closer to the outlet of the bearing. This is more prominent in the theoretical

result that assumes a pad of infinite width.

• The inflection point observed experimentally after the main peak is not present theoretically. As

mentioned above this is most probably due to infinite pad approximation.

In addition to the further describing the waveforms of the signatures, the model can also assist in

explaining the speed and height variations. In Figure 4.7 it was shown that there is a linear relationship

between the observed voltage peaks and the speed of rotation. This observation is in line to what is

expected, Equation (4.3) describes the pressure field that exists underneath a titled pad, and it is clear

that the pressure field is directly proportional to speed. Concerning the height variation of the oil film,

this is not as easy to describe using the presented equation. In Figure 4.12 it is clear that the relationship

between the oil film height and the pressures observed are not directly proportional, but rather logarithmic.

4.3.7 Axial Excitation of the Thrust Bearing Housing

In a real thrust bearing under normal operating conditions the bearing is subjected to propeller induced

vibrations transmitted via the propeller shaft. In an attempt to simulate this, the thrust bearing housing

was attached to an electromagnetic shaker that could be driven at various frequencies and amplitudes.

In doing so it was possible to investigate the effect of the vibration on the pressure formed underneath
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the bearing under various conditions. The results here focus on the 13 mm step bearing. The rotational

speed and height of the pad were fixed at 300 RPM (5 Hz) and 0.5 mm respectively. The amplitude of

the shaker was set to oscillate between +/- 0.05 mm at 6, 10 and 25 Hz. The acceleration of the bearing

housing was carefully monitored using an accelerometer attached directly to it. The voltage output of

the PVDF film was then measured at each frequency. The time dependent output for a 10 Hz excitation

frequency is shown in Figure 4.13. For comparison, the output for the film with zero excitation is also

shown. As can be seen the additional vibration results in a complex waveform which is the superposition

of the vertical excitation of the shaker and the rotating step pad.

Figure 4.13: The time dependent output from the PVDF with zero excitation (a) and 10 Hz excitation
(b).
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Figure 4.14: The frequency domain data for no excitation (Blue) and 6 Hz excitation (top), 10 Hz
(middle) and 25 Hz (bottom) excitation frequency. All rotational speeds were 6 Hz.

To investigate the effect of the vibration on the pressure under the pads, an FFT was taken of the time

domain data and the amplitude of the 10 Hz frequency monitored for the three excitation frequencies,

where the BPF is 10 Hz. This is shown in Figure 4.14. The following features can be observed:

1. The external excitation significantly influences the frequency content of the voltage response compared

to the no excitation output

2. Peaks are seen at each of the excitation frequencies of 6 Hz (albeit very small), 10 Hz and 25 Hz.

3. The maximum positive pressure observed by the PVDF sensors has increased due to the excitation

at each frequency. This increase is a function of frequency and will depend on the difference between

the phase of the excitation and that of the rotation. This is an area of investigation for future work

4. The effect of the shaker has a negligible effect on the negative pressure as shown by the time domain

data.
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These observations suggest that the pressure loading generated by the thrust bearing does in fact

change with the vibration of the system in the axial direction. The vibration of the thrust bearing causes

the pressure generated to increase which suggests that both the relative fluctuation between the shaft and

bearing housing and the uneven profile contribute to the contact pressure. The effect of these combined

excitations on the contact pressure is dependent on the amplitude and frequency of the axial vibration.

The relative phase between the cyclic rotation of the pads and the axial vibration also is expected to play

some role in the resultant pressure. Such effects have been observed in other non-linear dynamic systems

experiencing forced vibration [Guzzomi et al., 2010]. It is believed that the change in pressure seen is

caused by the change in apparent viscosity of the oil. In addition to this, the vibration results in the

increase and decrease in the oil film thickness resulting in a change in the volume underneath the bearing,

which will also influence the pressure for an incompressible fluid. The oil has a viscosity at a steady state

that defines its ability to flow, in a state of continuous vibration these properties would change. To see an

increase in pressure developed underneath the pad, the apparent viscosity would have to increase. Further

investigation is required to confirm this hypothesis.

4.4 Summary

This chapter presents the use of PVDF sensors inside a model thrust bearing to directly measure the

oil film pressure that is developed inside a thrust bearing. A model thrust bearing was designed which

consisted of a chamber with an oil reservoir, that had four rectangular recesses made with a small hole for

the sensor wire. The model was constructed out of Stratasys 720 Full Cure ink using a 3D printer. The

four sensors were attached with cyanoacrylate glue and a thin layer of epoxy, sufficient to make the surface

flush with the base, was poured over the top to cover the sensors. In order to minimise electromagnetic

noise SMB connectors were attached to the end of the coaxial wires. To complete the bearing, a steel

cylinder of diameter directly coupled to a DC motor that was mounted to a heavy steel plate. On the

bottom face of the steel cylinder, a thin interchangeable plastic disc was attached using double sided tape.

Three discs with different pad shapes were investigated: a 1 mm step pad, a 13 mm step pad and an

angled pad. SAE 80W 90 was used within the bearing. Sliding speeds of 0 to 300 at 20 RPM increments

were examined. In addition to the variation in speed, the oil film thickness was also varied from 600 µm
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to 3600 µm in 600 µm increments. The voltage from the PVDF sensors were conditioned and acquired.

It was found that both the stepped bearings had similar signatures which were quite complex. However,

the amplitude of the 13 mm wide step exhibited larger amplitude pressures underneath the bearing given

the same speed and oil film thickness. The titled pad signature was relatively more simple. It should be

noted that all of the bearing types exhibited both positive a negative pressure in the signature caused

by the displacement of the oil in the bearing. Given the same conditions, it was observed that he tilted

pad bearing produced the largest pressures followed by the 13 mm stepped bearing and finally the 1 mm

bearing, suggesting that the tilted pad bearing load carrying capacity is superior.

Whilst varying the speed of the bearing, it was found that the peak voltages form the PVDF film

increased linearly for all pad types. A different trend was seen when varying the oil film thickness, as

the film thickness increased the pressure seen within the bearing decreased. The signatures and trends

observed were explained through the use of Reynolds equation where the ‘long bearing approximation’

was used to predated the pressure underneath the bearing and Bernoulli’s equation was then used to

explain the negative pressure observed by the PVDF film

As in the real system, the propeller’s excitation is transmitted down the shaft which ends up at the

thrust bearing. This was simulated by attaching the thrust bearing housing to an electromagnetic shaker

which enabled various frequencies and amplitudes to be used to excite the thrust bearing whilst the

bearing was in operation. The 13 mm stepped bearing was spun at 300 RPM at an oil film thickness of

0.5 mm. The amplitude of the shaker was set to oscillate between +/- 0.05 mm at 6, 10 and 25 Hz. It was

found that the external excitation significantly influences the frequency content of the voltage response.

The maximum positive pressure observed by the PVDF sensors increased whereas a negligible effect on

the negative pressure was seen.
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Chapter 5

PVDF embedded inside an

operational thrust bearing

5.1 Introduction

It is well established that the thrust bearing contributes the greatest vibration transmission into the hull.

Acquiring accurate models for the bearing can be difficult as previous work Dylejko et al. [2007] assumes

a simple linear stiffness for the thrust bearing. However, it has been shown [Pan et al., 2002; Parkins

and Horner, 1993; Suohuai and Qinglei, 2008] that the bearing exhibits nonlinear characteristics under

large loads and deformations of the oil film thickness found in the bearing. The use of accurate models of

the thrust bearing is vital in order to predict the vibrational response of the propulsion system, this was

shown in Chapter 2. Hence having a sensor that is versatile and robust enough to be inserted within the

thrust bearing is desirable, Chapter 3 showed that PVDF was a suitable candidate.

Chapter 4 presented the results of using PVDF sensors in rotating bearings, however, the model thrust

bearings were not used under realistic load conditions. In this chapter, a PVDF (Polyvinylidene Fluoride)

sensor is embedded inside a thrust bearing that is part of a marine propulsion rig to monitor dynamic

conditions within the thrust bearing. Multiple parameters were investigated such as shaft speed, propeller

design as well as PVDF placement inside the bearing.
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5.2 Materials and Methods

It is desirable to observe the pressure fluctuations inside the thrust bearing with changes in load, speed

and number of pads. To achieve this the rig shown in Figure 5.3 was developed. It was designed to model

a typical propulsion system used in marine settings as depicted in Figure 5.3b. The system consists of a

propeller, shaft, journal bearings, and a thrust bearing attached to a supporting plate structure which

represents the hill. The propeller provides axial thrust to the shaft which is transmitted to the hull

(supporting plate) via the thrust bearing. The coupling, known as the “dog clutch”, is rigid in torsion but

flexible in bending thus allowing only axial motion to be transmitted along the “floating” shaft. This

helps to isolate any unwanted vibration from the motor. The 10 mm thick, 1500 mm wide supporting

steel plate is fixed to a concrete block to take the thrust load generated by the propeller and also supports

the motor as shown.

The set-up enabled the prop shaft to be spun from 0 RPM to 600 RPM in 20 RPM increments. A

number of configurations were defined. The first being with no propeller at the end of the shaft to give a

representation of the noise transmitted to the sensors from just the shaft spinning. Then, three different

propellers were attached to the shaft in turn and rotated at the various speeds. Two and three blade

propellers of equal diameter (0.22 m), shown in Figure 5.4a, were coupled to the propulsion system in

the water tank (0.99 x 0.59 x 0.58 m) to observe different blade passing forces. A larger (diam = 0.3 m)

alternative style two blade propeller was also used, Figure 5.4b.

In addition to the four test configurations, two PVDF arrangements were investigated with these

test configurations. For each case, the structure that the PVDF was embed was constructed out of

ABS (Acrylonitrile Butadiene Styrene) using a 3D printer as shown in Figure 5.2. Since the forces,

temperatures and operating times were relatively small it was presumed that using the plastic material

inside a functioning thrust bearing would not be a problem. As mentioned previously, two different designs

were investigated regarding the placement of the PVDF. The first case being the plastic collar acting as a

flat collar with a thrust washer sliding over top. The second case being the plastic collar acting as the

thrust washer with a flat collar sliding over top, both are shown in Figure 5.2. In both cases, the 3D

printed part remains stationary making it ideal to embed PVDF and run cables out of the bearing. Both

configurations had the PVDF fixed to the non-rotating body so as to permit the signals to be measured
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without the need for telemetry or slip rings.

In Case 1, Figure 5.2b, where the plastic collar was the flat collar, recesses were made in the collar to

insert two PVDF films as shown. Opposite the plastic collar, a number of thrust washers were used which

were also constructed out of ABS with four, five and six pads angled at two degrees to the surface. This

configuration enables the pad passing excitation to be observed.

To investigate the effect of the number of pads using Case 1’s design, three thrust bearing washers

were made, containing four and five pads respectively, that had the same 2° tilt angle but at different

lengths, as shown in Figure 5.1.

Using the same model discussed in Chapter 4, the effect of scaling the load over a different number of

pads was investigated. First, the pressure profile underneath a six pad bearing was calculated providing

an estimate of the load capacity of this configuration at an oil film thickness of 0.001 mm. The pressure

profiles of the four and five pad bearings were calculated ensuring the load capacity of each pad was 1.5

and 1.2 times the load of the six pad bearing respectively due to the reduced number of pads carrying the

same load.

(a) (b) (c)

Figure 5.1: The four (a), five (b) and six (c) pad bearings used

In Case 2 the plastic collar was printed with two, two degree tilted pads, this made the plastic collar

the thrust washer. The PVDF film was embedded into the tilted portion of the bearing. This configuration

would highlight on the propeller blade passing. This configuration also better resembles what is seen in a

typical thrust bearing in a marine propulsion system.

Consistent with Chapters 4, the PVDF sensors were cut from a sheet of 110 µm thick film purchased

from Measurement Specialties. Contacts were made onto the electrodes using conductive copper tape and
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the films were glued inside the two recesses in the plastic washer using West Systems 105 epoxy resin

as shown in Figure 5.2. An attempt was made to protect the PVDF sensors by covering the interacting

surface of the collar with a thin layer of epoxy.

(a)

(b)

(c)

Figure 5.2: Assembly drawing of the thrust bearing (case 1 bearing design) (a). The thrust bearing
washer with embedded PVDF film in Case 1 configuration (b). The thrust washer with embedded PVDF
film in Case 2 configuration (c).
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(a)

(b)

Figure 5.3: Schematic of the experimental rig (a), enlarged view of the propulsion system (b).

(a)

(b) (c)

Figure 5.4: Two blade propeller (a), bronze two blade propeller (b) and three blade propeller (c) used
in the experiment.

Data acquisition was facilitated using a number of devices. The schematic of the equipment used for

the data acquisition system is shown in Figure 5.5.
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Figure 5.5: Schematic of the data acquisition system

A PCB 352C67 accelerometer was attached to the thrust bearing in the axial direction. A Brüel &

Kjaer LAN-XI data acquisition system (Type 3050-B-060) was used in conjunction with the PULSE

program to analyse and collect the data in the frequency domain. The data was recorded at a sampling

rate of 16384 Hz such that any higher frequency noise from the sensors would be captured whilst keeping

file sizes manageable.

An HBM strain gauge (Type 1.5/120 XY31-4L-3M) in a half-bridge configuration was placed on the 10

mm thick steel plate to measure the deflection due to the thrust force from the propeller. This is shown

in Figure 5.6 where SG is the strain gauge. The strain gauge was oriented in the primary direction of

deflection at the centreline of the shaft. The strain gauge could measure both the steady thrust force as

well as the fluctuating forces resulting from the non-uniform flow. The data was recorded through an

HBM QuantumX (Model MX1615B) data acquisition system in conjunction with the HBM catman-easy

software. As depicted in Figure 5.3, a HTI-96-Min Series hydrophone (sensitivity 5.625 mV/Pa) was also

used to measure the pressure fluctuations in the water. The data was analysed using the same LAN-XI

and PULSE system as the accelerometer measurements.
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(a)

(b)

Figure 5.6: Placement of strain gauge on the steel supporting plate (a). The schematic of the supporting
beam of the rig (b).

Coaxial cables from the sensors were fed through holes in the bearing housing. The entire bearing was

then installed into the propulsion system assembly shown in Figure 5.2. The outputs from the PVDF

films were conditioned using a Brüel & Kjaer Type 2635 charge amplifier and digitized using a Brüel &

Kjaer LAN XI 3050-B-060 data acquisition unit.

Determining the contact force from the PVDF sensors is straightforward through the application of

the previously presented sensitivity curves. This can then be compared to the strain gauge data which can

be used to infer the force applied to the bearing. To obtain the force from the strain gauge, a calibration

factor was determined. This was achieved analytically and experimentally.
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To derive the analytical solution it was assumed that the 10 mm thick 180 x 630 mm steel, that

supports the thrust bearing was clamped-clamped as shown in Figure 5.6. The shaft is located 230 mm

from the left most edge where the propeller force is concentrated. The strain gauge is located 330 mm

from the same edge. As the diameter of the hole for the shaft is 25 mm which is significantly smaller than

180 and 630 mm, it was ignored.

The strain (ε) at location Y of the beam is given by [Shigley, 2011].

ε =
Y

ρr
(5.1)

where Y is the distance from the centroid i.e. half the beam thickness, and ρr is the radius of curvature

due to the beam deflection. ρr can be calculated using the following :

ρr =
EI

M
(5.2)

where M is the moment about the point of interest. The moment at the location of the strain gauge is

given by [Shigley, 2011].

M =
Pab2

L2
+ P (L− c− a)− Pa2b

L2
(5.3)

where P is the force applied at the thrust bearing location, a, b, c and L are the distances shown in

Figure 5.6. Combining Equations (5.1) and (5.2) results in the following:

σ =
My

I
,
σ

ε
= E, ∴ ε =

MY

EI
(5.4)

Substituting the moment term from Equation (5.3) results in:

ε =
Y

EI
(
Pab2

L2
+ P (L− c− a)− Pa2b

L2
) (5.5)

After rearranging to have the force term on the left, the following is achieved:
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P = ε
EI

Y

1

(ab
2

L2 + (L− c− a)− a2b
L2 )

(5.6)

Substituting the dimensions of the rig and the properties of steel results in:

P = 18.1e6ε (5.7)

which suggests that the static force applied at the location of the thrust bearing is 18.1e6 times that

of the static strain measured at the strain gauge location.

The above model can be verified using an experimental approach. A load cell was attached to the end

of the shaft as shown in Figure 5.7 and a leaver was used to apply force down the length of the shaft, to

generate an axial propeller force.

Figure 5.7: A schematic illustrating the method of applying the force down the length of the shaft.

The force from the load cell and the strain from the strain gauge were recorded using a DigiDAQ

system. This system comprises of 8 acquisition units that are connected to a base station via wired

ethernet. The unit provides strain gauge excitation, signal conditioning and analogue to digital conversion.

The sensitivity of the strain gauge due to an applied force down the shaft could be calculated from a few

obtained readings, this turned out to be 17.8 µm/N which is within 2% of the theoretical value.

To evaluate the performance of the PVDF film as a force transducer, the film’s predicted force (obtained

by using the sensor’s calibration factor), are compared to that of the force predicted by the strain gauge.

This is achieved by developing a simple model which is shown in figure 5.8.
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Figure 5.8: Schematics of the propulsion system (top left) and the free-body diagrams of the propeller
shaft(top right), thrust bearing (bottom left) and the Supporting beam structure (bottom right)

The system is broken up into three sub-systems. The first being the propeller shaft coupled to the

thrust washer, where Fprop is the force due to the propeller, Fpads is the reaction force due to the oil

pressure under a single pad in the thrust bearing. The second subsystem is the thrust bearing where the

Fpads act on the thrust bearing which has mass mB , the reaction force is defined as a concentrated force

FA provided by the beam. The supporting beam is the final subsystem.

For the thrust bearing analysis, it is assumed that it is not static, therefore:

∑
Fy = mbÿ

FA − 4Fpad = mB ÿ

Fpad = FA−mB ÿ
4

(5.8)

Equation (5.8) links the force applied by the thrust bearing pads (which can be measured by the

PVDF) and the strain gauge measurements.
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5.3 System Characterisation

Before any attempt was made to measure the interaction inside the thrust bearing with PVDF sensors,

the test rig needed to be characterised such that known features could be examined and understood in

the signatures of the PVDF film.

To measure the interactions between the propeller and the surrounding water a hydrophone was placed

just behind the propeller to monitor any pressure fluctuations resulting from the rotation of the propeller

through the non-uniform flow. Figure 5.9 shows the hydrophone measurements in the frequency domain

for the systems with the two blade propeller and three blade propeller. A number of measurements were

taken with no propeller and they showed no change in pressure regardless of the shaft speed. This was to

be expected as there are no forces acting on the water.
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(a)

(b)

Figure 5.9: The spectrum of the hydrophone measurements using the (a) two blade propeller, (b) three
blade propeller.

For the two and three blade propellers, the blade passing frequency (BPF), which is equal to the
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shaft rotational frequency multiplied by the number of blades of the propeller which are 2 Hz and 3 Hz ω

respectively for a shaft speed of ω. These blade passing frequencies are visible in Figure 5.9. This suggests

that propeller is indeed rotating through a non-uniform flow and producing pressure fluctuations in the

water at the BPF. These fluctuations in pressure and force should be identifiable at different points along

the shaft propulsion system. In addition to this, a system natural frequency can be observed at 3 Hz as

this excitation can be seen in both trials and are independent of excitation shaft rate (SR).

The longitudinal vibrations are transmitted through the shaft to the supporting plate or hull via the

thrust bearing. In order to measure these vibrations more directly, an accelerometer was placed on the

thrust bearing in the axial direction. The accelerometer placed on the thrust bearing will not detect the

steady thrust force of the propeller. However, it will be able to detect the unsteady hydrodynamic thrust

force and vibrations that are occurring due to the turbulent and non-uniform flow field.

A number of configurations were used to identify the propeller forces from other influencing factors

such as irregularities in the test rig, shaft misalignment and friction from the bearings. The configurations

included a shaft with no propeller, two-blade propeller, three-blade propeller, and the motor decoupled at

the flexible coupling. Measurements were taken for the different configurations at speeds ranging from 0

to 600 RPM. Above 600 RPM significant losses in thrust were observed due to air being pulled into the

propeller from the surface. It should be noted that the tank had a sealed lid throughout these experiments

to avoid water spilling from the tank with a clearance of approximately 25 mm.

Three test configuration were defined for this experiment:

1. The motor running with a decoupled shaft.

2. The motor running with the shaft coupled but no propeller.

3. Finally, the motor running with the shaft coupled with a propeller attached at the end of the shaft.

This method was chosen such that the rig noise signatures can be measured and compared to when looking

at the propeller excitation, such that bearing noise and shaft rates can be easily identified.

The decoupled system determines how effectively the motor is isolated from the supporting plate and

thrust bearing. Ideally, the motor would have no influence on the shafting system however, as the motor

was bolted to the same foundation as the supporting plate vibration could be transmitted to the shaft

129



CHAPTER 5. PVDF EMBEDDED INSIDE AN OPERATIONAL THRUST BEARING

and thrust bearing through a direct path. The accelerometer measurements taken at the thrust bearing

for the decoupled shaft are shown in Figure 5.10.

(a)

(b)

Figure 5.10: Accelerometer spectrum at the thrust bearing: (a) motor decoupled from the rig, (b) motor
coupled from the rig with the absence of the propeller.
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The distinct peaks present in Figure 5.10 are at the third multiple of the shaft frequency. The

amplitudes of the vibrations do not increase with speed. The noise is due to the motor as the 6 pole

motor emitting noise at 3 times the shaft rate and its harmonics. It is believed that this is significant

compared to the thrust force expected from the propeller.

The system with no propeller was used to identify any misalignments in the shaft, friction from the

journal and thrust bearings and other irregularities in the test-rig that might influence the measurements.

Most of the irregularities would result in vibration in the radial and tangential directions however some

vibrations are expected in the longitudinal direction. The accelerometer measurements taken at the thrust

bearing for the system with no propeller are shown in Figure 5.10.

The shaft frequency can be seen which is to be expected, however it is quite small suggesting that

there is little noise due to misalignments in the shaft, friction from the journal and thrust bearings and

other irregularities in the test-rig. In both tests, the harmonics of the shaft rate can easily be seen in the

spectrum. The accelerometer measurements for the systems with a two blade and three blade propeller

are shown in Figures 5.11. Examining two propellers with differing number of blades is useful as they

have different BPFs.
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(a)

(b)

Figure 5.11: Accelerometer spectrum at the thrust bearing with the (a) two blade propeller, (b) three
blade propeller.
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In Figure 5.11 the first three multiples of the shaft frequency can be seen. The shaft frequency

amplitude is quite low and the second multiple of the shaft frequency, corresponding to the BPF, is much

higher as expected especially compared to the system with no propeller. However, the third multiple of

the shaft frequency, corresponding to the motor vibration, is the greatest contribution. For the system

with the three blade propeller, the BPF coincides to the vibration from the motor. As such, little can be

said about the BPF of this system. However, the second multiple of the shaft frequency has an amplitude

much lower than that seen in the two blade measurements suggesting that we are indeed observing the

BPF in Figure 5.11. It can be concluded that the accelerometer measurements were found to contain

significantly more noise from the motor at frequencies corresponding to the third multiple of the shaft

rate. The key outcomes from the above measurements are that the BPF of the two blade propeller can

clearly be seen at the second multiple of the shaft frequency where it is absent in the other measurements.

To provide an indication of the thrust force being generated for the different configurations, the strain

is measured with the previously discussed strain gauge. The mean strain for each system is shown in

Figure 5.12.

Figure 5.12: Mean strain for each configuration.

As expected the decoupled shaft and the system with no propeller produces little to no strain for all

speeds. Some noise from the strain gauge is expected due to the influence from the motor, bearings etc.

The two blade and three blade propellers produce a significant amount of strain at speeds above 150 RPM.

With the three blade propeller producing more force than the two blade propeller at a given speed. This

is expected given the propellers have the same diameter with similar blade dimensions (5.4).
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The strain measurements for the decoupled shaft showed no apparent trends. This is most likely

because the vibrations from the motor are not strong enough to produce any significant deflection in the

steel plate.

The strain measurements for the system with no propeller are shown below in Figure 5.13. The first

few multiples of the shaft frequency are evident with the approximately equal magnitudes however the

third multiple is marginally larger, again probably due to the motor vibrations. The shaft multiples

are due to other forces exciting the plate such as misalignments in the shaft and friction from journal

bearings. This is to be expected and needs to be considered when looking at the two blade and three

blade measurements.

The strain measurements for the systems with the two-blade and three-blade propellers are shown

below in Figures 5.14 and 5.14. They differ from the accelerometer measurements as the vibration from

the motor have a reduced influence and the shaft frequency is stronger.

Figure 5.13: Strain measurements where no propeller is attached to the shaft.
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(a)

(b)

Figure 5.14: Strain measurements - (a) Two blade propeller, (b) Three blade propeller.

The first few multiples of the shaft frequency are clearly visible in Figure 5.14 as expected. The second
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multiple, which corresponds to the BPF, has much higher amplitudes than the first and third, especially

at the higher speeds. As the shaft speed increases, the vibration from the bearings and motor become less

significant and the fluctuating forces from the propeller become prominent. In Figure 5.14 again, we can

clearly see the first three multiples of the shaft frequency. The first shaft frequency clearly has the highest

amplitude out of the others. It is believed that a slight misalignment exists in the system, hence as the

load on the shaft increases with speed, this contribution becomes larger.

The third multiple of the shaft frequency, corresponding to the BPF, is not as high as the BPF for

the two-blade propeller and is a lot noisier along this line. Again, this is mainly due to the interference

from the motor meaning little conclusion can be made regarding the BPF for the three-blade propeller.

The main outcome from this is that the second multiple of the shaft frequency is much lower for the

three-blade propeller compared to the two-blade propeller, highlighting the BPF and suggesting that the

forces seen inside the thrust bearing will be due to the loading caused by the propeller rather than noise

from the system.

Before the PVDF sensors were used, they were calibrated using the method discussed in Chapter 3.

The sensitivity of the collar in Case 1’s configuration is shown in Figure 5.15.
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(a)

(b)

Figure 5.15: Sensitivity curves of the embedded PVDF films R2
Sensor1 = 0.991, R2

Sensor2 = 0.981 (top).
Dynamic in situ calibration curve of the PVDF sensor embedded in the rig (bottom).

From Figure 5.15 it is evident that Channel 1 and 2 PVDF films appear to be performing as expected

with a sensitivity of 6.8 mV/N and 7.1 mV/N respectively. In the discussion that follows, only Channel

1’s PVDF film is discussed as both sensors produced similar trends.

In a similar manner, a dynamic in situ calibration can be achieved by installing the bearing into the

system and measuring the output of the PVDF as a function of an impact input at the end of the propeller

shaft. Case 1 design’s dynamic in situ calibration is shown in Figure 5.15.

This dynamic in situ calibration gives an indication of the force applied at the end of the shaft via the
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voltage measured from the PVDF sensor. The calibration curves have the response of the system included

such that any unexplained troughs or peaks measured during the experiment may be explained by the

calibration curve. Fortunately, the calibration curve is relatively flat in the frequency range of interest

(0-100 Hz) with no prominent peaks or troughs observed.

(a)

(b)

Figure 5.16: Case 2’s embedded PVDF sensitivity measured statically according to the method described
in section 5.2 (a). The embedded PVDF dynamic in situ calibration (b).

Shown in Figure 5.16 is the sensitivity of both sensors embedded in the Case 2’s collar, which have the

sensitivity of 300 mV/N and 390 mV/N respectively. The large increase in sensor sensitivity is attributed

to the much thinner layer of epoxy used to protect the film. The dynamic in situ calibration is relatively
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flat from approximately 5-35 Hz, a peak is observed at 40 Hz and then the response decreases.

5.4 Results and Discussion

5.4.1 Case 1 bearing design

A spectrogram can be produced for each of the configurations, the plain shaft, the two blade propeller,

bronze two blade propeller and the three blade propeller. The purpose of the spectrogram is to observe

the shaft rate and the BPF as a function of speed. At each of these shaft speeds, 10 s of data was

recorded. The 10 s records were stitched together resulting in a 310 s file for each configuration, allowing

a spectrogram to be produced. The plain shaft spectrogram is shown in Figure 5.17

Figure 5.17: Spectrogram of the PVDF output of the shaft alone.

The features seen here are due to the shaft spinning in the bearing with no load applied to the end of

the shaft. A prominent 50 Hz noise is noticeable across the measurements. Additional components are at

150, 250 and 350 Hz, which are independent to shaft speed. The shaft rate and its harmonics can be seen

originating from 0 Hz and increase linearly with speed. In addition to this, speed dependant signatures

can be seen originating at 100 Hz. The bifurcation is likely due to the electromagnetic noise of the electric

motor, as when a nominal shaft rate of 0 RPM is selected, 100 Hz noise is still observed, and noise will
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vary with selected shaft rate. The resulting spectrum when the two, two blade propellers are attached to

the end of the shaft is shown in Figure 5.18.

(a)

(b)

Figure 5.18: Spectrograms of the PVDF output with a two blade (a) and bronze two blade (b) propeller
is attached.
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Here, the engagement force required for the thrust bearing can clearly be seen in both data sets,

which is achieved at 100 RPM. Below this speed, the spectrogram looks very similar to that of just the

shaft spinning. The unavoidable 50 Hz electromagnetic noise can be seen, however compared to the shaft

rate and the pad passing frequencies, this is considered reasonable. The shaft rate can be seen with its

harmonics, however the largest signature seen is six times the shaft rate which corresponds to the pad

passing frequency (PPF) of the system. The two propellers produce similar spectrograms, which is to be

expected as the excitation frequencies will be the same, however there are slight differences concerning

the magnitudes observed.

A similar figure can be produced for the final configuration, the three blade propeller, this is shown in

Figure 5.19.

Figure 5.19: Spectrogram of the PVDF output of with a three blade propeller is attached.

The engagement force required for this configuration is achieved at a slower shaft rate of 80 RPM. This

is because the three blade propeller produces larger loads at a given shaft rate compared to the two blade

propeller. The unique feature seen in this figure is the failure of the PVDF sensors at 520 RPM where no

recognisable trends are seen. The sensor appears to recover at 540 RPM but fails again at higher speeds.

Figure 5.20 shows the force output from the PVDF film when both two blade propellers were spun at
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200 RPM, using Case 1’s bearing design. The top plot shows the time series data for four rotations of the

shaft. The blue curve is the output force with no propeller on the shaft. As expected this results in a

significantly smaller output force than the two cases with the propellers attached. This confirms that the

additional complex structure observed in the red and green data sets is due to propeller induced effects.

It should also be noted that the bronze propeller (TBBP) produces a significantly larger force than the

smaller swept two blade version (TBP).

The lower plot in Figure 5.20b shows the spectrums of the time domain data. The cyan plot shows

the electrical noise floor of the system in the stationary state and clearly shows the presence of 50 Hz

noise. At all other frequencies, the noise floor is well below the measured signals. It can be seen that the

introduction of the propeller has resulted in an increase of approximately 50 dB. The vertical lines on the

plot show the shaft rate and its harmonics. It should be noted that the 6th harmonic of the shaft rate is a

few dB larger than the rest of the data. This is due to the six pads on the thrust bearing. Consequently,

there will be six impulses from the pads every rotation of the shaft. These impulses can be seen in the

time series data, were approximately 24 peaks can be counted due to the four rotations. It should be

noted that these impulses are only apparent to the PVDF film, and the forces are always acting on the

bearing. These peaks are expected with Case 1’s bearing design.

Shown in Figure 5.20 is the data captured when the three blade propeller is used. Many of the same

trends of the two blade propeller are seen here. However, it is interesting to note that there appears to be

little difference between all the signatures from the PVDF, suggesting that the response is dominated by

the pads of the bearing. This may be due to the fact that the fluctuations of the propellers are supported

by the thrust pads. The PVDF sense the impulses of the thrust pads with the superimposed propeller

force making them difficult to observe. Since the purpose of the sensors was to examine the contact force

inside the bearing, this result appears to be reasonable.

Figures 5.21 shows similar results for a rotational speed of 400 RPM or 6.67 Hz. It can be seen that

the obtained waveforms are better defined than at the slower speed of 200 RPM. This is believed to be

due to the formation of a higher pressure oil film forming under the tilted pads in the bearing.
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(a)

(b)

Figure 5.20: Time (top) and frequency (bottom) data of the captured force from the PVDF with the
two blade propeller (a), three blade propeller rotating at 200 RPM (b), where: TBBP - Two bronze blade
propeller, TBP - Two blade propeller, ThBP - Three blade propeller, NP - No propeller, NF - Noise floor.

At lower speeds, the oil film is not fully formed and the pads are only partially lifted off the collar.

The increase in speed clearly shows the shaft rotation in the time domain as can be seen by the amplitude

modulation of the four cycles. This is especially evident in the three blade propeller data where the larger

forces produce an increase in shaft noise being transmitted into the bearing. In addition, from Figure

5.20, a repeating pattern can be seen in the time domain. The repeating signatures contain six peaks
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which are the impulses caused by the oil pressure generated underneath the pads.

The frequency domain data show similar trends as the 200 RPM data, where the shaft rate has

increased from 3.33 to 6.67 Hz. At this speed, the peaks in the data appear to diverge from the shaft

rate’s harmonics. This is due to a lag associated with the set speed of the AC motor used and the actual

speed of the shaft, this was confirmed via the use of a tachometer comparing the nominal speed to the

true speed. The motor is set to operate at a designated speed, however a lag exists between the stator

and the rotor hence the shaft does not spin at this set speed and its effect is seen here [Abbondanti and

Brennen, 1975]. In addition to this, it can be seen that the change between the peaks and the shaft rate

harmonics are greater when a propeller is attached compared to just the shaft alone. This additional

torque introduced by the propeller results in a speed dependent lag between the designated speed and

true speed.
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(a)

(b)

Figure 5.21: Time (top) and frequency (bottom) data of the captured force from the PVDF with the
(a) Two blade propeller, (b) Three blade propeller, rotating at 400 RPM

Figures 5.22 show the result at 600 RPM or 10 Hz, the highest speed selected for the experiment. The

time domain data sees an improvement in the waveform shape produced for the two blade propellers.

This is believed to be a good representation of the pressurised oil film sliding over the PVDF film, as the

developed waveform is similar to that of earlier investigations with PVDF inside a model thrust bearing

discussed in Chapter 4. 1

1The three blade results are not included because it was found that the large loads produced by the propeller had
damaged the films. This was due to irregularities in the surfaces and the small clearances inside the bearing.
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Figure 5.22: Time (top) and frequency (bottom) data of the captured force from the PVDF with the
two blade propeller rotating at 600 RPM

As the PVDF film is only able to measure the dynamic fluctuations that are experienced in the thrust

bearing, there is little value in taking the mean of the time signatures. The Root Mean Square (RMS) of

the signatures are shown in Figure 5.23.

Figure 5.23: The RMS values of the time signatures captured for all speeds for each propeller configuration

There is a steady increase of the observed forces with an increase with speed, which is expected where

the three blade propeller and the larger bronze two blade propeller produce the larger loads at the same

speeds compared to the smaller two blade propeller. However, there are two features of interest. Firstly,

the PVDF does not produce a force at low speeds less than 100 RPM. This is believed to be caused by the

small forces produced by the propeller to engage the thrust bearing at these speeds, meaning the pressure

formed underneath the tilted pad is insufficient to observe a noticeable force. This hypothesis is backed
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up by the fact that the three blade propeller begins to sense the pressure at a slower speed of 80 RPM

when compared to the two blade propellers, as the pressure formed is a function of the applied load. The

second feature of interest is the large peak seen at 520 RPM for the three blade propeller. This occurred

when the epoxy in the PVDF failed due to imperfections in the surface.

The influence the number of pads

The effect of the number of pads on the obtained signature was investigated using a four, five and six pad

bearing. The model discussed in section 5.2 was used to predict the oil film pressures, where the change

in length of the pads and the resulting change in oil film thickness at the inlet and outlet were taken into

account in the model. The resulting pressure profiles underneath the pad are shown in 5.24.

Figure 5.24: The predicted pressures underneath the different pad configurations

It can be seen that the maximum pressure underneath each of the bearings is very similar. As the

reduced number of pads carry a larger amount of load, it is expected that the pressure formed underneath

the pads would increase, however, each of the pads are longer negating the need for larger pressures

underneath the bearing. The same conclusion can be found by the fact that the area of the load carrying

bearing has not changed significantly between the configurations, hence similar pressures are observed.

A new rig was setup for this investigation that required a new flat collar with embedded PVDF films.

Again, this was calibrated using the same method as discussed previously, this is shown in Figure 5.25
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Figure 5.25: Sensitivity curves of the embedded PVDF films.

It can be seen that the sensitivities of the PVDF films are 42.4 mV/N and 16.1 mV/N for Channels 1

and 2 PVDF films respectively. These sensors are significantly more sensitive to that of the previously

discussed washer as a less stiff material was used to make the washer, this should be noted when discussing

the obtained forces from the PVDF. Shown in Figure 5.26 is the result when the six pad bearing is spun

at 500 RPM with a two blade propeller is attached.

Similar trends can be seen in Figure 5.26 as discussed previously, however it should be noted the new

system seems to exhibit larger noise levels. The PVDF sensors showed increased issues concerning 50 Hz

electromagnetic noise, hence additional grounding of the data acquisition system was required resulting in

a different noise floor. In addition to this, the noise due to the shaft spinning in the rig without a propeller

increased significantly. This may be attributed to the increase in sensitivity of the PVDF film, however

adding the propeller does not result in a significant change in response which suggests an alignment

anomaly that did not exist previously. This results in an increase in the noise of 50 dB in some cases.
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(a)

(b)

(c)

Figure 5.26: Time and frequency data of the captured force from the PVDF when the six (a) four (b),
and five (c) pad bearing is spun at 500 RPM when a two blade propeller is attached.
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From the frequency spectrum of 5.26, it can be seen that the 6th harmonic of the shaft rate or the PPF

is the highest following the fundamental shaft rate of the system as discussed previously. The ’impulses’

due to the pads sliding over the PVDF can clearly be seen in the time series data, however they are

superimposed over a lower frequency signature. This low frequency waveform is believed to be caused

by the alignment anomaly, as its frequency matches that of the shaft rate. When replacing the six pad

bearing with a four pad bearing, the following Figure 5.26 is achieved.

It can be seen that the largest contribution to the time series signature is the PPF of the four pad

bearing. The same trends are not seen in the data set taken with a five pad bearings which is shown in

Figure 5.26. These results are quite poor, as the impulses from the pads are barely distinguishable over

the shaft rate frequency in the times series data. The frequency spectrum in Figure 5.26 highlights the

strong contribution from the shaft rate and no significant increase at the PPF. This may be explained by

the presence of small impurities found in the oil whilst investigating a reason for the inconsistent result,

this occasioned in the wear of the bearing changing the bearings response.

Similar trends can be seen in the data obtained for the three blade propeller, these are shown in Figures

5.27. Comparing the magnitude of the forces obtained from the PVDF sensors at the PPF indicates the

pressure fluctuations due to the pressures developed underneath the sliding pads. These are shown in

Table 5.1.

Table 5.1: Observed forces at the PPF

Propeller Type
Force (dB)

Pad Number
6 4 5

2 Bladed 47.57 46.5 53.93
Bronze 2 Bladed 69.5 68.66 66.2

3 Bladed 68 67.68 75.05
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(a)

(b)

(c)

Figure 5.27: Time and frequency data of the captured force from the PVDF when the six (a) four (b),
and five (c) pad bearing is spun at 500 RPM when a three blade propeller is attached.
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It can be said that the change from a six pad bearing to a four pad bearing does not result in a

significant change in the obtained forces from the PVDF film for all the propeller types. These results are

consistent with the model results which suggest that the sensors are measuring the pressure fluctuations

within the bearing correctly.

It should be noted that the effect of the number of blades on the propeller has very little effect on the

signatures obtained from the sensors, As discussed previously, this is related to the thrust fluctuations

observed produced from the propeller being masked by the pressure fluctuations of the pad passing over

the sensor.

System response due to propeller blade and pad passing excitation

Using these PVDF sensors, it is desirable to monitor the excitation mechanisms that might be transmitted

by the thrust bearing. The frequencies of excitation that are of interests are the shaft rate, the blade passing

frequency and the PPF which can only be examined with Case 1’s bearing design. The system’s response

due to the shaft and blade passing excitation has already been discussed in the system characterisation,

however the pad passing excitation has yet to be discussed.

It is clear from the PVDF data that the internal forces acting on the thrust bearing are applied as

strong tonal excitation at the shaft rate and its harmonics, especially at the pad passing frequencies. It is

likely that the pad passing excitation is passed onto the structure rather than just localised within the

thrust bearing. To determine whether this is true, the response of the structure is examined, the response

at the thrust bearing for the three bearing configurations with the 2 blade propeller at 500 RPM is shown

in Figure 5.28.
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Figure 5.28: The structures response at the thrust bearing were the two bladed propeller is spun at 500
RPM.

From the figure, it can be seen that the three response curves are remarkably similar. This is to be

expected as the propeller excitation would be the same for each case. The magnitude of the response at

the PPF does however change with pad number. At the PPF of the four pad bearing of 33.33 Hz, it can

be seen that the four pad bearing response is approximately 20 dB larger than the five and six pad results,

this suggests that there is some pad passing excitation. The same can be said for the six pad bearing,

where the PPF is 50 Hz, however this is not true for the five pad bearing. In an attempt to explain this

irregularity, the supporting structure’s response was measured, this is shown in Figure 5.29. This shows

an increase in the response of the structure with frequency which does not explain the reduced response

at the PPF of the five pad bearing.

Figure 5.29: The supporting beam response.
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These results do not conclusively suggest that the structure is excited by the PPF of a particular

bearing due to the five pad bearing result. To evaluate whether or not the PPF excites the structure, the

different configurations and speeds are examined. Figure 5.30 shows the maximum response observed at

the pad passing frequencies for each of the bearing types.

Figure 5.30: Maximum response of the thrust bearing at four (left), five (centre) and six (right) times
the shaft rate using the two (top), bronze two (centre) and three (bottom) bladed propeller.

It can be seen from the figure that at the four PPF, generally the response from the four pad bearing

was the greatest, by at least 10 dB at higher shaft rates. The same can be said for the six PPF, where the

response from the six pad bearing is greater than the other bearings types for all configurations. However,

once again the five pad bearing does not have a greater response at five times the shaft rate which does

not follow the trends of the other bearing. This may be explained by the fact the five pad bearing’s

measurements were taken last, as previously mentioned the sensors had visible wear on the surface of the

protective coating of the sensor which may have reduced the sensitivity. As manufacturing this part is a

long and laborious process, a spare thrust bearing was not available at the time.

Based on these results, it can be said that there may be a contribution of the pad passing excitation on
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the structure. This can be a likened to a moving force excitation problem. The pressure underneath a pad

can be simplified to a point load that moves in a circular fashion on the surface of the bearing. This would

result in low frequency excitation such as the PPF. In addition to this, higher frequency excitation can

also be an issue if friction between the pad and the surface is large resulting in large shear force excitation.

Determining the contact force from the PVDF Sensors

It was possible to compare the thrust force estimated externally via the strain gauge with that arising from

the PVDF sensors using the approach given previously, this is shown in Figure 5.31 where the two-blade

brass propeller was spun at 500 RPM with the four pad bearing and Case 1 bearing design. It should

be noted that the two forces are not equivalent as the PVDF film is measuring the force applied in a

localised area of the film as the pad moves over it, while the external measurement represents the resultant

force of all the pads acting on the thrust bearing. Observing the two signals enables a comparison to

investigate whether the same forcing level is observed, however, the PVDF data should include additional

information concerning the pressure profile that is formed inside the bearing which would not be seen

externally. This can clearly be seen in the frequency domain where the shaft rate (8.33 Hz) and the 4th

harmonic of the shaft rate is the largest in amplitude. The force measured from the strain gauge senses

the higher frequency fluctuations of the propeller force which is not seen in the PVDF. This is because the

PVDF sensors are distributed sensors that sense across their area; this limits the PVDF sensors ability to

measure higher order frequency content when embedded in a rigid housing resulting in a low pass filtering

effect. The low frequency features can clearly be seen by the PVDF as this is dominated by the pressure

of the sliding pads at a much lower frequency. The low frequency fluctuation of the propeller due to the

non-uniform wake can be seen in both the strain gauge and PVDF data.
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Figure 5.31: Comparison of the predicated external force of the thrust bearing (a, c) to the localised
force measured by the PVDF film (b, d) using the Bronze two blade propeller, 4 Pad thrust bearing at
500 RPM. Where (a, b) is the time domain and (c, d) is the frequency domain with the BPF and it’s
harmonic shown.

Comparing the time domain signals, it can be seen that the magnitudes are similar in value. No other

conclusions can be made as the ramp-on and ramp-off of the bearing pressure is not observed outside of

the bearing. This effect is also seen in our previous paper Reference Youssef et al. [2017]. In the frequency

domain, both the force obtained from the strain gauge and the PVDF show the shaft rate clearly at

8.33 Hz and its harmonics. At the BPF of 16.67 Hz, the PVDF peak is greater than the fundamental shaft

frequency but the inverse is true for the strain gauge results. This may be attributed by a small shaft

alignment issue which would impact the strain gauge results far greater. The peak at the PPF, which is

four times the shaft rate (33.33 Hz), is larger than adjacent peaks for the PVDF data as this signature is

heavily dominated by the pads. This is not the case regarding the strain gauge measurements where the

5th harmonic is greater. This is explained by the increase in response of the beam at these frequencies,

this is shown in Figure 5.29. As the blade passing excitation is coupled with the pads, it is expected that
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the multiple of the two would also be prominent i.e., modulation. This combination of excitation can be

seen where the 8th harmonic of the shaft rate (66.67 Hz) is the most prominent when compared to its

adjacent peaks. The same experiment was conducted with a five and six pad bearing with the same pad

angle. The same trends were seen. Given the large shaft diameter and close supports, it can be shown

that the lowest critical speed of the shaft is far greater than the operational speeds used here.

Due to the configuration of the PVDF sensors in the thrust bearing, the true propeller force is carried

by the signatures of the apparent periodic pad passing force. This makes separating the force solely due to

the propeller loading from the pad passing force difficult. This task is made more difficult by the fact that

the BPF and the PPF are the same, making the contribution from each mechanism indistinguishable.

5.4.2 Case 2 bearing design

The following results are that of when the bearing design of Case 1 is replaced with Case 2. In this

configuration, the sensor signature will likely be dominated by the blade passing effects. This can be seen

in Figure 5.32 which shows the fluctuation propeller force from one of the embedded sensors at 500 RPM,

the other channel shows similar trends. The time domain signature is difficult to interpret due to the

chaotic nature of the system, however it can be seen that the propeller force varies with approximately

±2 N. This change in propeller force is similar in magnitude for the three propeller types. In addition

to this, the plain shaft exhibits an unusual signature at the shaft rate, which is attributed to the shaft

rotating in the bearing.

It can be seen in the frequency domain that the most significant peak after the shaft rate is the second

harmonic for the two blade result and the third harmonic for the three blade propeller, these correspond

to the blade passing frequency. This is in contrast to when the PVDF is embedded as in Case 1’s design,

this result is shown in Figure 5.33 where a two pad bearing is used. No matter which propeller is used,

the second harmonic of the shaft rate is the most significant, due to the two pads sliding over the PVDF

film. This characteristic is not seen in the results shown in Figure 5.32 where Case 2’s design is used.
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(a)

(b)

Figure 5.32: Time and frequency data of the captured force from the PVDF with Case 1’s design when
the two (a) and three (b) blade propeller is spun at 500 RPM with a 2 pad bearing.

158



5.4. RESULTS AND DISCUSSION

(a)

(b)

Figure 5.33: Time and frequency data of the captured force from the PVDF with Case 2’s design when
the two (a) and three (b) blade propeller is spun at 500 RPM.

Embedding the PVDF film in the tilted portion of the bearing removes the effect of the PPF, ensuring

that only the change in propeller force is observed. This is particularly useful in the vibration control

applied at the thrust bearing as this can be used as the control signal for the active noise control algorithms.
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5.5 Summary

In the previous chapter, PVDF was embedded inside a model thrust bearing. This was done to evaluate the

feasibility of PVDF in such an environment, it was found that PVDF was indeed able to sense the pressure

fluctuations due to the thrust bearing’s pads. However, the model thrust bearing was not necessarily the

same conditions that would be present in an operational thrust bearing, therefore a more conventional rig

of the propulsion system was developed. This new rig is made up of a water tank, propeller, propeller

shaft, journal bearings and a thrust bearing which is powered by an electric motor. This new rig enables

more realistic loads to be applied at the thrust bearing and the PVDF film.

Before PVDF can be used with the new rig, the system was characterised such that when PVDF

is used, the features of the system are known and the results can be better interpreted. The system

was characterised using a hydrophone placed into the water tank as well as accelerometers placed at

the bearings of the system. The hydrophone data showed significant excitation from the blade passing

frequency of the propeller, with some noise at the shaft rate as well. The accelerometer data at the journal

bearing showed tonal results at the shaft rate and its harmonics. At the thrust bearing, the blade passing

frequency is clearly seen which is what is expected when using the PVDF film.

The PVDF was embedded in the thrust bearing by replacing the existing washer found in the bearing

with a new one that has been fabricated allowing the PVDF to be placed on the surface of the washer via

two methods Case 1 being a flat collar to measure effects such as pad passing and Case 2 being embedded

in the tilted pad. Before the bearing can be used the sensors need to be calibrated, different calibration

techniques are used. The first being the standard calibration method discussed in previous chapters, the

second being a dynamic in-situ calibration by which the bearing is installed in the system and then is

excited at the location of the propeller and the output of the sensor is measured. This enables predictions

to be made regarding the propeller force. With this configuration, the signature of the PVDF film had

both the PPF excitation from the bearing as well as the propeller force superimposed in the signature.

This signature was then verified using an externally placed strain gauge to compare the output of the

PVDF.

With this system, a few parameters of the rig were investigated such as the effect of the shaft rate on

propeller force using PVDF as well as the effect of different number of pads used in the bearing. It was
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shown that the force measured from the PVDF increased linearly with shaft rate. Reducing the number

of the pads in the bearing did not significantly change the signature from the PVDF other than changing

the number of peaks seen during a single rotation.

161



CHAPTER 5. PVDF EMBEDDED INSIDE AN OPERATIONAL THRUST BEARING

162



Chapter 6

Conclusions and future work

6.1 Conclusion

In this thesis, the vibrational properties of marine propulsion systems were investigated. Firstly, the

immittance method was used to model a generalised marine propulsion system, this was discussed in

Chapter 2. It was found that the thrust bearing was a crucial component in the vibration transmission,

therefore modelling the bearing as accurately as possible was vital. Therefore sensors that could be

embedded into the bearing was explored in Chapter 3, that sensor being PVDF. The sensor’s characteristics

were explored in detail to determine its feasibility as a force transducer. It was indeed found that the

sensors performed well, hence Chapter 4 discusses the use of PVDF inside a model thrust bearing, which

had the components found in a typical thrust bearing, however no external loads were applied to the

bearing. The sensors successfully sensed the pressure fluctuations caused by the pads within the bearing.

Finally, in Chapter 5 the use of PVDF was explored in a conventional bearing where realistic loads

generated by a propeller was applied to the PVDF. The PVDF was able to measure the contact force

within the bearing, various parameters were varied to observe the change in the measured signature. The

following paragraphs are the conclusions for each chapter.

In Chapter 2, a mathematical model was used to model the marine propulsion system which consists

of the propeller, shaft, journal and thrust bearing in three dimensions. The axial, torsional and bending

vibration of the propeller shaft was considered using the immittance method. The modular nature of the
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method allowed accurate modelling of a complex propulsion system consisting of a propeller, shaft, thrust

bearing and supporting journal bearings. The propeller was modelled using both a traditional lumped

mass and a continuous beam model. The shaft was modelled using the six degrees of freedom immittance

matrix adapted from Bishop and Johnson [1979]. This enabled aspects of the propeller blade vibration to

be examined as well as the coupling of different modes of vibration. The journal and thrust bearings were

modelled using linear stiffness and damping coefficients experimentally obtained for different directions

with the addition of a lumped mass for the thrust bearing’s collar.

Firstly, the axial results given by the new model were compared to that of a single dof system found

in literature which utilises the same technique used here. The agreement was good. Secondly, a simple rig

was designed that included a shaft and journal bearing. The response of the shaft was measured in the

axial mode as well as the transverse modes. Bearings response was recorded and used in the model such

that the simulation was a hybrid analytical-experimental model. The resulting prediction from the hybrid

model showed considerably better agreement with the experimental data.

The two propeller models, the lumped mass model and the continuous beam model, were compared

using the developed immittance model for the entire system. The results show that the axial response of

the system with the continuous beam model had more fidelity, including more information concerning the

possible resonances of the system. This is to be expected as the propeller was long and thin resulting in a

large transverse response of the propeller, which couples directly to the axial vibration of the shaft. The

transverse modes were also affected by the distributed mass, though to a lesser extent. Based on these

results it can be said that the propeller dynamics should be considered when modelling the system and

that assuming a lumped mass propeller may not be a valid assumption.

In addition to investigating different propeller modelling, realistic loading was developed using a wake

flow of a ship. The vortex panel method was then used to predict the thrust and drag force applied to a

propeller blade. Four propeller blades, out of phase by 90◦, were used to estimate the time series loading

signatures that would be expected at the end of the shaft. In the frequency domain, the signatures showed

significant peaks at the shaft rate of 5 Hz and peaks at 15, 25 and 35 Hz that are at increments of 10

which is different to the shaft rate, this is caused by the non-symmetrical characteristic of the wake field

along the horizontal axis.
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It has been shown that the thrust bearing is a critical component in the vibration transmission into

the hull. Because of this, it is desirable to know the forces that exist within the thrust bearing which will

enable a more accurate model for the bearing to be developed.

Chapter 3 proposed the use of PVDF films as a force. PVDF has a linear sensitivity curve for each of

the sensing directions 1, 2 and 3. These were measured when the PVDF film was embedded inside a simple

block geometry. Three identical block structures were made from three different materials: aluminium, 3D

printed ABS plastic and 3D printed Stratasys 720 Full cure ink. These direct sensitivities were measured

when struck with an impact hammer. The voltage of the sensors was compared to that of the force exerted

by the hammer. It was found that the force transmission into the PVDF film was different for each of the

structures. It was also found that the relative change between the sensitive directions was the same for

each of the materials which suggest the difference was the material properties.

With the unique properties of the intrinsic sensors, it was desirable to know how each of the sensing

directions would couple when a combination of loads was applied to the structure at the same time.

This was achieved by striking the block at various angles to exert a load that would excite two different

directions. It was found the coupling of the different directions were predictable and produced consistent

results for each of the blocks examined. This coupling could be useful for force characterisation and

localisation.

Chapter 4 presents the use of PVDF sensors inside a model thrust bearing to directly measure the

oil film pressure that is developed inside a thrust bearing. A model thrust bearing was designed which

consisted of a chamber with an oil reservoir, that have four rectangular recesses made with a small hole for

the sensor wire. The model was constructed out of Stratasys 720 Full Cure ink using a 3D printer. The

four sensors were attached with cyanoacrylate glue and a thin layer of epoxy, sufficient to make the surface

flush with the base, was poured over the top to cover the sensors. In order to minimise electromagnetic

noise SMB connectors were attached to the end of the coaxial wires. To complete the bearing, a steel

cylinder of diameter directly coupled to a DC motor that was mounted to a heavy steel plate. On the

bottom face of the steel cylinder, a thin interchangeable plastic disc was attached using double sided tape.

Three discs with different pad shapes were investigated: a 1 mm step pad, a 13 mm step pad and an

angled pad. SAE 80W 90 was used within the bearing. Sliding speeds of 0 to 300 at 20 RPM increments
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were examined. In addition to the variation in speed, the oil film thickness was also varied from 600 µm

to 3600 µm in 600 µm increments. The voltage from the PVDF sensors was conditioned and acquired.

It was found that both the stepped bearings had similar signatures which were quite complex. However,

the amplitude of the 13 mm wide step exhibited larger amplitude pressures underneath the bearing given

the same speed and oil film thickness. The titled pad signature was relatively more simple. It should be

noted that all of the bearing types exhibited both positive a negative pressure in the signature caused by

the displacement of the oil in the bearing. Given the same conditions, it was observed that the tilted

pad bearing produced the largest pressures followed by the 13 mm stepped bearing and finally the 1 mm

bearing, suggesting that the tilted pad bearing load carrying capacity is superior.

Whilst varying the speed of the bearing, it was found that the peak voltages form the PVDF film

increased linearly for all pad types. A different trend was seen when varying the oil film thickness, as

the film thickness increased the pressure seen within the bearing decreased. The signatures and trends

observed were explained through the use of Reynolds equation where the ‘long bearing approximation’

was used to predated the pressure underneath the bearing and Bernoulli’s equation was then used to

explain the negative pressure observed by the PVDF film

As in the real system, the propeller’s excitation is transmitted down the shaft which ends up at the

thrust bearing. This was simulated by attaching the thrust bearing housing to an electromagnetic shaker

which enabled various frequencies and amplitudes to be used to excite the thrust bearing whilst the

bearing was in operation. The 13 mm stepped bearing was spun at 300 RPM at an oil film thickness of

0.5 mm. The amplitude of the shaker was set to oscillate between +/- 0.05 mm at 6, 10 and 25 Hz. It was

found that the external excitation significantly influences the frequency content of the voltage response.

The maximum positive pressure observed by the PVDF sensors increased whereas a negligible effect on

the negative pressure was seen.

Chapter 5 used a new rig which was made up of a water tank, propeller, propeller shaft, journal

bearings and a thrust bearing which is powered by an electric motor. This new rig enabled more realistic

loads to be applied at the thrust bearing and the PVDF film.

Before PVDF can be used with the new rig, the system was characterised such that when PVDF

is used, the features of the system are known and the results can be better interpreted. The system
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was characterised using a hydrophone placed into the water tank as well as accelerometers placed at

the bearings of the system. The hydrophone data showed significant excitation from the blade passing

frequency of the propeller, with some noise at the shaft rate as well. The accelerometer data at the journal

bearing showed tonal results at the shaft rate and its harmonics. At the thrust bearing, the blade passing

frequency is clearly seen which is what is expected when using the PVDF film.

The PVDF was embedded in the thrust bearing by replacing the existing washer found in the bearing

with a new one that has been fabricated allowing the PVDF to be placed on the surface of the washer via

two methods Case 1 being a flat collar to measure effects such as pad passing and Case 2 being embedded

in the tilted pad. Before the bearing can be used the sensors need to be calibrated, different calibration

techniques are used. The first being the standard calibration method discussed in previous chapters, the

second being a dynamic in-situ calibration by which the bearing is installed in the system and then is

excited at the location of the propeller and the output of the sensor is measured. This enables predictions

to be made regarding the propeller force. With this configuration, the signature of the PVDF film had

both the PPF excitation from the bearing as well as the propeller force superimposed in the signature.

This signature was then verified using an externally placed strain gauge to compare the output of the

PVDF.

With this system, a few parameters of the rig were investigated such as the effect of the shaft rate

on propeller force using PVDF as well as the effect of the different number of pads used in the bearing.

It was shown that the force measured from the PVDF increased linearly with shaft rate. Reducing the

number of the pads in the bearing did not significantly change the signature from the PVDF other than

changing the number of peaks seen during a single rotation.

6.2 Future Work

Regarding the mathematical model, the damping introduced by the entrained water can be included

such that the effect of the propeller’s dynamic response does not have such an impact on the entire

response of the system. In addition to this, non-linear models should be used to represent the journal and

thrust bearings, this will increase the accuracy of the model. Lastly, full scale experimentation should be

conducted such that comparisons can be made between real marine propulsion systems and the immittance
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method.

Here, a novel sensor that can be embedded within the bearing is discussed, this enables the contact

force in the bearing to be measured. With this, the stiffness of the bearing could be calculated under

various conditions. Accurate models can then be developed for the bearing resulting in better analytical

models of the marine propulsion system. In addition to this, condition monitoring of the thrust bearing

using PVDF sensors should be investigated.

Finally, using both PVDF and improved modelling techniques, control regimes can be developed to

reduce the vibration transmission of the propeller to the hull, improve the stealth capability of marine

vessels, as well as reduce the environmental impact of these vessels.
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A.1 Force measured from the PVDF with the 6 pad bearing

Figure A.1: Time and frequency data of the captured force from the PVDF when the six pad bearing is
spun at 100 RPM when a two (top) and three (bottom) blade propeller is attached.

Figure A.2: Time and frequency data of the captured force from the PVDF when the six pad bearing is
spun at 200 RPM when a two (top) and three (bottom) blade propeller is attached.
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Figure A.3: Time and frequency data of the captured force from the PVDF when the six pad bearing is
spun at 300 RPM when a two (top) and three (bottom) blade propeller is attached.

Figure A.4: Time and frequency data of the captured force from the PVDF when the six pad bearing is
spun at 400 RPM when a two (top) and three (bottom) blade propeller is attached.
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Figure A.5: Time and frequency data of the captured force from the PVDF when the six pad bearing is
spun at 500 RPM when a two (top) and three (bottom) blade propeller is attached.

Figure A.6: Time and frequency data of the captured force from the PVDF when the six pad bearing is
spun at 600 RPM when a two (top) and three (bottom) blade propeller is attached.
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A.2 Force measured from the PVDF with the 2 pad bearing

Figure A.7: Time and frequency data of the captured force from the PVDF when the two pad bearing
is spun at 100 RPM when a two (top) and three (bottom) blade propeller is attached.

Figure A.8: Time and frequency data of the captured force from the PVDF when the two pad bearing
is spun at 200 RPM when a two (top) and three (bottom) blade propeller is attached.
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Figure A.9: Time and frequency data of the captured force from the PVDF when the two pad bearing
is spun at 300 RPM when a two (top) and three (bottom) blade propeller is attached.

Figure A.10: Time and frequency data of the captured force from the PVDF when the two pad bearing
is spun at 400 RPM when a two (top) and three (bottom) blade propeller is attached.
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Figure A.11: Time and frequency data of the captured force from the PVDF when the two pad bearing
is spun at 500 RPM when a two (top) and three (bottom) blade propeller is attached.
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A.3 Force measured from the embedded PVDF in the tilted pad

Figure A.12: Time and frequency data of the captured force from the embedded PVDF in the tilted
pad at 100 RPM when a two (top) and three (bottom) blade propeller is attached.

Figure A.13: Time and frequency data of the captured force from the embedded PVDF in the tilted
pad at 200 RPM when a two (top) and three (bottom) blade propeller is attached.
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A.3. FORCE MEASURED FROM THE EMBEDDED PVDF IN THE TILTED PAD

Figure A.14: Time and frequency data of the captured force from the embedded PVDF in the tilted
pad at 300 RPM when a two (top) and three (bottom) blade propeller is attached.

Figure A.15: Time and frequency data of the captured force from the embedded PVDF in the tilted
pad at 400 RPM when a two (top) and three (bottom) blade propeller is attached.
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Figure A.16: Time and frequency data of the captured force from the embedded PVDF in the tilted
pad at 500 RPM when a two (top) and three (bottom) blade propeller is attached.
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