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SUMMARY

This work presents a novel technique to measure viscosity in-situ and in real time in engine
component interfaces by means of an ultrasonic technique. Viscosity is a key parameter in the
characterization of lubrication regime in engine parts because it can be related to friction in the
contact, and to the lubricant film thickness.

Ultrasound is a non-destructive and non-invasive technique that is based on the reflection of sound
from interfaces. The reflection from a solid-air boundary can identify, for instance, the presence of a
crack in a material, while reflection from a solid-liquid interface can help detecting the properties of
the liquid sample. Reflection of longitudinal waves measures fluid film thickness and chemical
composition, while the reflection of ultrasonic shear waves measures the fluid viscosity. The viscosity
measurements based on ultrasonic reflection from solid-fluid boundaries are referred to as reflectance
viscometry techniques. Common ultrasonic reflectance viscometry methods can only measure the
viscosity of Newtonian fluids. This work introduces a novel model to correlate the ultrasonic shear
reflection coefficient with the viscosity of non-Newtonian oils by means of the Maxwell model
analogy. This algorithm overcomes the limitation of previous models because it is suitable for the
analysis of common engine oils, and because it relies only on measurable parameters. However,
viscosity measurements are prohibitive at the metal-oil interfaces in auto engines because when the
materials in contact have very different acoustic impedances the sound energy is almost totally
reflected, and there is very little interaction between the ultrasonic wave and the lubricant. This
phenomenon is called acoustic mismatch. When acoustic mismatch occurs, any valuable information
about the liquid properties is buried in measurement noise. To prove this, the common reflectance set-
up was tested to measure the viscosity of different lubricants (varying from light base oils to greases)
using aluminium as solid boundary. More than 99.5% of the ultrasonic energy was reflected for the
different oils, and accurate viscosity measurement was not possible because the sensitivity of the
ultrasonic measurement at the current state of the art is of £0.5%. Consequently, the discrimination by
viscosity of the oil tested was not possible.

In this study a new approach is developed. The sensitivity of the ultrasonic reflectance method is
enhanced with a quarter wavelength matching layer material. This material is interleaved between
metal and lubricant to increment the ultrasonic measurement sensitivity. This layer is chosen to have
thickness and mechanical properties that induce the ultrasonic wave to resonate at the solid-liquid
interface, at specific frequencies. In this work, resonance is associated with the destructive interaction
between the wave that is incident to the matching layer and the wave that is reflected at the matching
layer-oil interface. This solution brings a massive increment in the ultrasonic measurement sensitivity.

The matching layer technique was first tested by enhancing the sensitivity of the aluminium-oil set-up
that was affected by acoustical mismatch. A thin polyimide layer was used as a matching layer
between aluminium and the engine oil. This probe was used as ultrasonic viscometer to validate the
sensing technique by comparison with a conventional viscometer and by applying a temperature and
pressure variation to the samples analysed. The results showed that the ultrasonic viscometer is as
precise as a conventional viscometer when Newtonian oils are tested, while for Non-Newtonian oils
the measurement is frequency dependent. In particular, it was noticed that at high ultrasonic frequency
only the viscosity of the base of the oil was measured. The ultrasonic viscometer was used to validate
the mathematical model based on the Maxwell analogy for the correlation of the ultrasonic response
with the liquid viscosity.




At a second stage, this technique was implemented in a journal bearing. The ultrasonic viscometer
was mounted in the shaft to obtain the first viscosity measurement along the circumference of a
journal bearing at different rotational speeds and loads. The ultrasonic viscometer identified the
different viscosity regions that are present in the journal bearing: the inlet, the regions characterized
by the rise in temperature at the contact and the maximum loaded region were the minimum film
thickness occurs. The results were compared with the analytical isoviscous solution of the Reynolds
equation to confirm that the shape of the angular position-viscosity curves was correct.

Finally, the method was preliminarily tested on a coated shell bearing to show that the coating
presents in bearing, like iron-oxide or babbit, is a good matching layer for the newly developed
ultrasonic viscometer technique. This means that ultrasonic transducers, with sizes as small as a pencil
tip, have the potential to be mounted as viscometers in real steel bearings where the coating layer in
contact with the fluid acts as a matching layer. Overall, the results obtained showed that this technique
provides robust and precise viscosity measurements for in-situ applications in engine bearings.




S"ﬂﬂ%mmwk‘b%\

N §§‘:

R RN N

s%

~<q:

R A NDTE N M

Nomenclature

Reflection coefficient modulus (dimensionless)
Ultrasonic measurement amplitude (V)
Ultrasonic reference Amplitude (V)
Bearing width (m)

Speed of sound (ms™)

Bearing clearance (m)

Young Modulus (Pa)

Frequency (Hz)

Fast Fourier Transform

Shear modulus (Pa)

Storage modulus (Pa)

Loss modulus (Pa)

Infinite shear modulus (Pa)

Oil film thickness (m)

Spring stiffness (Nm)

Pressure (Pa)

Complex reflection coefficient (dimensionless)
Radius (m)

Sommerfield Number (dimensionless)
Temperature (°C)

Transmission coefficient (dimensionless)
Matching layer thickness (m)

Particle displacement (m)

Load (N)

Power losses (W)

Material acoustic impedance (Rayl)
Liquid acoustic impedance (Rayl)

Solid acoustic impedance (Rayl)
Pressure-Viscosity coefficient (GPa™)

Attenuation coefficient (Npm™)
Penetration depth (m)

Dynamic viscosity (Pas)

Shear stress (Pa)

Spring deformation (m)

Reflection coefficient phase (radians)
Wavelength (m)

Friction coefficient (dimensionless)
Material density (kgm™)

Relaxation time (s)
Angular frequency (rad/s)
Rotational speed (s™)




Chapter 1 Introduction

Chapter 1

Introduction

This chapter describes the reason and the aims of the project. The major role of viscosity in engine
lubrication is highlighted by showing the correlation of this parameter to wear mechanisms, and the
fuel economy market direction. Ultrasound is presented as the ideal non-invasive technology to build
a novel tool to measure viscosity in-situ and real time in operating engines. The advantages of this
tool are presented and described. Finally, the thesis layout reports a brief description of each thesis
chapter.

1.1Statement of the Problem

Viscosity is the most important parameter to characterize oils in lubricated contacts. The control over
this parameter implies, in fact, a control over the lubricant film thickness and the friction in the
lubricated contact. A small value of oil viscosity is associated with thin oil layer, low shear power and
low heating and degradation in the contact, but also with a lower load level tolerated by the lubricated
film and higher friction values. On the other hand, higher viscosity supports higher loads, reduces the
wear at the contact interfaces, but this increases the shearing power needed. Figure (1.1) schematically
highlights the key influence of viscosity on the lubricated contact parameters.

Wear Film

ViSCOSitV Thickness

\ Friction (/

Figure 1.1: The key role of viscosity in lubrication and tribology

The optimum viscosity design in engine lubricants is complicated by the presence of additives and
polymer chains of different nature in the lubricant formulation, with functions that range from wear
improvers to viscosity modifiers, and that evolves in the contact with changes in load and
temperature. It is not always possible to study lubricants in the contact in real time and in-situ. In
components such as the engine journal bearings the common non-invasive techniques such as the
Eddy current cannot be applied because the inner part of an engine is difficult to access. The
interaction of additive particles within the contact, polymer degradation, viscous boundary layers
formation, are just few of the phenomena that cannot be directly studied and on which chemical
engineers are still debating.

In standard engine tests the lubricant needs to be extracted from the contact area to be analysed with
rotational rheometers. This procedure cannot be considered fully satisfactory as the viscosity
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measured in a bulk is different from the one expected in thin layers and at the high shear rates and
pressures in operating engine conditions. Although test rigs can be used to simulate operating engine
shear rate conditions, for example the ultra-high shear viscometer (UHSV), the measurements from
such instrumentations cannot recreate the temperature, pressure and wear that occur in the real
lubricated contacts.

The strict CO, and NOx emission and fuel economy regulations (EPA standards for the USA,
regulation 443/2009 for the EU) call for a novel, powerful and robust tool to improve current test
methods and enhance lubricant design. Figure (1.2) shows the CO2 emission target for the year 2025
and the history of CO, emissions for the USA and the EU.

Fines applied —-+--USA
------- -#-EU
. .
'g' 240 ‘\\ USA 2025 TARGET
- ‘\
=~ ~, O EU 2025 TARGET
o3 ..
€ 190 R
o )
2 R
o Be-e_ P
140 Bt T
o) Ay |
(o]
Phasing in period
90 O
2000 2005 2010 2015 2020 2025
Year

Figure 1.2: CO, emission regulation target for 2025 in USA and EU (EPA directive 97/68/EC and EU 443/2009 regulation)

Table (1.1) reports the fines to be paid starting from 2015 in case the regulations are not respected.

Quantity €/8co2

1% g 3
Mg 15
3%g 25

4™ and above | 95
Table 1.1: CO, emissions fine applied from 2015 (EEA technical report 19/2014)

From Figure (1.2) and Table (1.1) it is clear that every year the emission regulations become stricter.
As a consequence, fuel economy (the quantification of how many litres of oils are needed to travel
one km) has to increase and this has a great effect on oil market and oil formulations. Figure (1.3)
shows the fuel economy trend and target for 2025 for the USA and the EU (Feng and Sauer, 2004).
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Figure 1.3: Fuel economy target for 2025 in USA and EU (Feng and Sauer. 2004)

Figure (1.3) shows that the lubricant oil market has to point towards thinner oils. This is because
lower viscosity oils bring to less friction and consequently to less energy losses in the engine and to
higher fuel economy. However, when the viscosity is too low there is risk of wear due to solid-solid
contact in engine parts. Therefore, an optimum viscosity has to be achieved to balance performance
and regulations requirements. Figure 1.4 shows the trend in oil manufacturing between 2002 and 2008
for passenger cars in the EU (source The Lubrizol Corp. © survey).

w B~ B~ O
cv O u» O
1 1 | |

N 2002
W 2008

Proportion in market demand (%)
= = [ N w
o w (@] [, ] o

(6]
1

o
|

15W-40 10W-405AE grade

5W-30 OW-30

Figure 1.4: Oil grade change between 2002 and 2008 in passenger vehicles market in the EU (source The Lubrizol corp.©
survey)

At the same time, the oil formulation has to respect the emission regulation and this leads to
formulations with lower SAPS (sulphated ash, phosphorous, sulphur). To guarantee low viscosity, but
high engine durability and low SAPS, the oil industry is developing new polymeric oil additives that
act as viscosity modifier, wear improvers and anti-oxidant, just to cite a few.

In spite of the improvements in oil manufacturing, respecting the emission and fuel economy target
remains one of the biggest industrial challenges. An example of this is given when Volkswagen
suffered a US$18 billion fine for not respecting EPA’s USA pollutions emission standards in

10
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September 2015, roughly $30,000 / fault vehicle, equivalent to ¥ of the trade mark value as reported
by (Vlasic and Kessler, 2015). The formation and emission of harmful particles is controlled by
contact friction, oil temperature and pressure and is then correlated with the oil viscosity.

In this scenario, it appears clear that a novel technique to design and measure lubricant property is
needed. Ultrasound was chosen to develop this tool because it is the most versatile non-invasive
technology. The ultrasonic set-up can be miniaturized to fit the complex engine geometry and receive
data from contact areas otherwise inaccessible such as journal bearing contact interfaces. This
technique allows direct correlation of the energy of the reflected sound wave at a solid-liquid
boundary with the viscosity. Though viscosity measurement by means of ultrasonic technique has
been possible since the 1950s (Mason, 1948), application of this technique in many practical
applications such us in engine has not been possible due to the acoustic mismatch between steel and
lubricant. In this work, this limitation has been overcome by interleaving a matching layer between
the metal and the oil. It has been found that in a real component the matching layer can be constituted
by the coating, and this allows the application of this technique in real engines, opening up the
possibility of the first in-situ viscosity measurements.

12 Project Aims

The aim of this work was to develop a novel viscometer that can be used in real time and in-situ to
improve the current engine test techniques, to help designing more effective lubricants and to better
understand oil evolution in the contact.

The objectives of the project were:

o Development of a mathematical model to correlate the ultrasound reflection to viscosity. This
model has to overcome the limitation of the current Newtonian methodologies to be applied
in the analysis of Non-Newtonian lubricants.

e Validate the model by comparison with previously developed Newtonian models.

e Development of an experimental method to successfully measure viscosity at a metal-oil
interface by means of ultrasound technology.

e Compare the results acquired from the ultrasound viscometer with the results from a
conventional viscometer.

e Mount the ultrasound viscometer into a journal bearing test rig to obtain the circumferential
viscosity profile.

1.3  Thesis Layout

This work is divided into nine chapters. This section reports a brief summary for all the chapters.

Chapter 2: Background on viscosity and lubrication. This chapter gives a fundamental knowledge
of what viscosity is and how it is measured. Attention is given in particular to the relationship
between viscosity and temperature, pressure and shear rate. The chapter covers also the basic aspects
of engine lubricants formulation and classification. Finally, in chapter 2.5, the basic concepts of
journal bearing lubrication are presented.

11
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Chapter 3: Background on ultrasound. This chapter provides the reader with the basic knowledge
of ultrasound. The chapter starts with the basic ultrasound definition and relation of sound with the
material properties. It follows an accurate description of the different set-up and transducers used for
ultrasound measurements. Finally the reflection and transmission of ultrasound waves at boundaries is
studied in detail for normal and angular incidence and for two and three-layered systems.

Chapter 4: Literature review. This chapter describes the different ultrasonic methodologies
developed so far to measure viscosity. This chapter aims to show the application found by shear
waves in industry for viscosity measurement and the limits of the current state of the art. Particular
attention is given to the reflectance method that has been chosen in this research to undertake
viscosity measurement.

Chapter5: A novel ultrasonic model for Non-Newtonian oils. This chapter describes in depth the
novel analytical model developed to calculate viscosity using the ultrasound method. The Maxwell
viscosity is correlated to the ultrasonic reflection coefficient and the analytical results are compared to
the expected results from common Newtonian based models.

Chapter 6: Viscosity measurements at an aluminium-oil boundary. This chapter describes the
instrumentation employed for the ultrasound acquisition and reports the results from the first
experiments in this work. Ultrasound reflection coefficient is acquired at an aluminium-oil boundary,
for different samples, and this parameter is converted to viscosity using different analytical models.
The high error in the results show that such a measurement is not practically possible by employing
the common ultrasonic reflectance technique.

Chapter 7: The matching layer method. This chapter describes the approach used to overcome the
limitations of the common reflectance technique. A matching layer is interposed between the metal
and oil interface to allow a better response from the reflected wave at the solid-oil boundary. This
novel method to measure viscosity is explained in detail. The chapter starts with the theory at the
heart of the method. The methodology is then implemented to analyse the effect of frequency, shear
rate, temperature and pressure on the viscosity and the results are compared with the viscosity
measured with a common cone-on-plate viscometer.

Chapter 8: Viscosity measurement in journal bearing. In this chapter the matching layer
methodology is tested for in-situ and real time viscosity measurement in a journal bearing test rig. At
first the set-up and the experimental protocol are presented. Different lubricants are tested for
different loads and rotational speed of the shaft. Finally the circumferential viscosity results are
presented and then discussed.

Chapter 9: Conclusions. In this section the results and finding of the research are summarized. The
chapter highlights the usefulness of the research results and suggestions for future works are outlined.

12
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Chapter 2

Background on Viscosity and Lubrication

This chapter introduces the basic concepts of viscosity and lubrication. The optimization of the
lubricant viscosity plays a crucial role in preventing wear mechanisms in engineering components.
The chapter starts with the basic definition of viscosity and the relation of viscosity with temperature,
load and shear rate. This is followed by an overview of the current conventional methods to measure
viscosity and on the composition of engine lubricant. Subsequently the different lubrication regimes
are described with particular attention to the analysis of different lubrication stages in a journal
bearing, the case study in this research.

2.1 Definition of Viscosity

Figure (2.1) schematically shows the contact of two solid components in relative motion separated by
a fluid layer. For this situation, the relation between force F applied to the “Component 2”, the
relative velocity gradient u and fluid film thickness h is:

u
Where A is the wet surface area and the proportionality constant 7 is called viscosity.

Component 1

!

h y  Fluid Layer

P

Component 2

i

>

Figure 2.1: Schematic representation of a lubricated contact with two components in relative motion

Shear viscosity therefore defines the resistance offered by a fluid to an applied shear stress.
Rearranging equation (2.1) it is possible to obtain the following definition for the viscosity:

E (2.2)
¥
h

Oy (2.3)

and consequently:

13



Chapter 2 Backgroundon Viscosity and Lubrication

where g, is the shear stress and y is the shear rate. When expressed in Pas, the shear viscosity is
referred to as dynamic viscosity, measured in P (Poiseuille) where 1P=0.1Pas. The viscosity can be

also calculated as kinematic viscosity when the dynamic viscosity is divided by the density of the oil:

= (2.4)

n
p

where v is the kinematic viscosity. The kinematic viscosity is measured in St (Stokes). Kinematic
viscosity is used to quantify the resistance to the fluid flow. Fluid viscosity is sensitive to
thermodynamic and stress changes in the lubricated system and especially to temperature, pressure
and shear rate variations.

2.1.1 Viscosity Relation with Temperature

The lubricant viscosity decreases with an increment in temperature because the particles dispersed in
the fluid will increase their oscillatory speed and atomic bonds become weaker thus offering an
overall less resistance to motion. The relation between viscosity and temperature is described by
several empirical laws, the most precise of which being the Vogel equation (Crouch and Cameron,
1961):

b
y = el (2.5)

In this equation a, b and c are constants defined by knowing three values of viscosity at three known
temperatures and T is the temperature at which the viscosity is measured.

2.1.2 Viscosity Index

The viscosity index describes how oil viscosity changes with the temperature. This is an empirical
parameter that was introduced by Dean and Davis (1929) and is measured as:
_L-U (2.6)

VI = ——
L—H

Where L is the viscosity at 40°C of an oil of 0 VI having the same viscosity at 100°C of the oil whose
VI has to be calculated, H is the viscosity at 40°C of an oil of 100 VI having the same viscosity at
100°C as the oil whose VI has to be calculated, U is the viscosity at 40°C of the oil whose VI has to be
calculated. The values of L and H are tabled in the ASTM standard D2270 (1998). The viscosity index
is one of the most important in the classification of lubricants. Figure (2.2) compares the viscosity
index for base oils and polymer oils with high and low VI.
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Figure 2.2: Viscosity Index for different oil types

It can be noticed that high VI guarantees less changes in lubricant viscosity with temperature thus
incrementing the stability of the oil in high temperature environments. This is the optimum situation
for protection and durability of engine parts, while a lower VI is characteristic of a less stable oil ideal

for less friction and higher performances.
2.1.3 Viscosity and Pressure

An increment in pressure produces an increment in viscosity because the fluid particles tend to pack-
up increasing atomic bond strength and offering a higher resistance to motion. The pressure -viscosity
relation is described by the Barus equation (Barus 1893, Cameron 1981):

n =noe*” 2.7)
where n is the viscosity at the pressure P, nq is the viscosity at ambient pressure and « is the pressure
viscosity coefficient. This value varies with the oil formulation. Table 2.1 reports common values of
Pressure viscosity coefficient for different type of fluid and lubricants (as reported by Stachowiack

and Batchelor, 2001).

Lubricant Pressure-Viscosity Coefficient a at 30°C (GPa™)
Water 0.8
Castor Oil 360
Cylinder Oil 810
Heavy Machine QOil 170
Spindle Oil 30.7

Table 2.1: Pressure-Viscosity coefficient for different oils

Equation (2.7) shows that when the pressure increases the viscosity increments exponentially because
the fluid particles tend to pack-up offering a much higher resistance to motion. In conformal contacts
the contact area are large and the increment in viscosity due to pressure increment is low, as in the
case of journal bearings. In non-conformal contacts, on the other hand, the contact areas are small and
the pressure can rise up to 1-3GPa bringing a significant increment in viscosity and to localised fluid
solidification.
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2.1.4 Viscosity and Shear Rate

In perfectly Newtonian fluids the shear stress is proportional to the shear rate through the
proportionality constant shear viscosity, as shown in equation (2.3). This means that for purely
Newtonian oils viscosity is not dependent on shear rate. In practice perfectly Newtonian fluids do not
exist at the very high shear rates encountered in engine machinery, and oils with high additive
concentrations or complex molecular structure show Non-Newtonian behaviour. For these lubricants
the relation between stress and viscosity is non-linear. The relation of Non-Newtonian oils viscosity
with shear rate is quite complex and various mechanisms are involved. The main categories of Non-
Newtonian fluids are the pseudoplastic, or shear thinning, and dilatant, or shear thickening. For the
first category, the viscosity decreases as the shear rate increases because the random positioned
molecules tend to align thus offering less resistance to the shear, as shown in Figure (2.3 a). On the
other hand, shear thickening oils have suspensions of polymer particles with high solid content. When
there is no shear applied the solid particle will have a closed-up formation. When shear is applied the
voids between the solid particles expand in way that not enough liquid can fill them. This results in an
increment to the resistance to shear applied as shown in Figure (2.3 b). Another category of shear
dependent fluid is constituted by the Bingham fluid. These fluids “mimic” solid behaviour at low
shear and start flowing only after a sufficient stress is applied. The minimum stress at which Bingham
fluids flow is called the yield stress. Figure (2.4 a) shows the different shear rate-shear stress curves

for the different strain-dependent fluid type described in this chapter.

Shearing surface
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v
v
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Figure 2.3: a) Shear thinning oil, b) Shear thickening oil
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Figure 2.4: a) viscosity categories of shear dependent fluids, b) viscosity categories of time dependent fluids

Figure (2.4 a) shows that the shear thinning and shear thickening behaviour can depend on the
duration of the applied shear stress. The rupture of the molecular bonds, if time dependent, brings to
different measured apparent viscosities. The time dependent shear thinning behaviour is called
thixotropic behaviour, on the other hand, shear duration dependent thickening is known as rheopetic
behaviour.

In this work shear thinning fluids, not duration dependent, are studied. The most common shear
dependent viscosity models are the power law and the Carreau-Yasuda model (Yasuda, 1981). The
power-law model is the simplest Non-Newtonian model:

n=Klyl"! (2.8
where K is the flow consistency index, n is a natural integer and y is the shear rate. It is possible to
notice that when n=1 the model is equivalent to the one for Newtonian fluid. When n>1 the model
describes shear thickening fluids, while when n<1 the model describes shear thinning fluids. The
model presented by Carreau (1972) is given by:

=10+ (10— 1)1+ KIPDD T (2.9)

where 1, Is the viscosity at infinite shear rate, 7, is the viscosity at zero shear rate and a is a
constant that for most of the shear thinning fluid is around 2. This shear rate dependent model is more
precise than the simple power-law model for the way it fits the data at low and high shear. In practice
measurements of 1., are very difficult so this model is used in numerical flow simulations rather than
as an analytical tool.

Engine lubricating oils behave commonly in a manner as shown in Figure (2.3 a). It should be noticed
that the oils do not shear thin until the viscosity drop to zero, which is physically impossible. In fact
the shear thinning behaviour in many lubricants is isolated to a certain range of shear rates. Figure
(2.5) reports the shear rate-viscosity graph that is typical of an engine oil. Three regions can be
identified. At low shear rates the oil behaves like a Newtonian fluid, so the viscosity is constant even
with a change in shear rate. In the second region the viscosity is dependent on the shear rate and the
oil shear thins. Finally in the third region, at very high shear rates, the viscosity is an independent
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function of shear rate. This region is called the second Newtonian plateau or second Newtonian
viscosity. It is important to take into consideration the possibility of existence of a second Newtonian
plateau when designing engine oils because the second and third regions in Figure (2.5) are the
operating regions of lubricants in engines. For instance, two lubricants that show the same viscosity at
low shear might provide very different performances at the engine operative conditions. A technique
to measure oil viscosity at very high shear rate is presented in this work in chapter 7.

Il Newtonian
plateau

| Newtonian Transition

plateau

Shear Viscosity, n

Shear Rate, y

Figure 2.5: Typical shear rate-shear viscosity curve for engine oils

2.2 Viscosity Measurement

Instruments that measure viscosity are called viscometers or rheometers depending if one or more
flow conditions can be analysed. Viscometers can be mechanical, when a body applies a shear to the
fluid or vibrational when the fluid is sheared by a vibration. When a mechanical shear is applied,
viscosity is commonly measured with rotational viscometers. Another measurement principle is
constituted by the vibrational viscometers. These viscometers are usually made of a sensor that
vibrates thus displacing shearing the fluid at the interface. Another viscometer type is Electromagnetic
Spinning Sphere that correlates the magnetic field necessary to displace a ball immerged in a fluid to
the fluid viscosity. Figure (2.6) shows schematically the main viscometers type.

Viscometers

Rotational Falling body Capillary Vibrational
Plate Cone Cylinder Ball Quartz Fork

Figure 2.6: Different viscometers type
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A wide number of viscometers exist and it would be impossible, and out of the purpose of this
research, to enumerate and describe them all in this chapter. In this section the main mechanical shear
type viscometers are analysed to give the reader the perspective of some of the options the market
offers to measure viscosity with conventional systems (sections 2.2.1-2.2.3). Along with this, the main
commercial type of vibrational viscometers (section 2.2.4) are described. In this research a vibrational
viscometer is developed and the results are compared with the reading from a conventional
mechanical shear rheometer. Finally, high pressure and high shear viscometry is described in relation
to tribological and automotive applicability.

2.2.1 Capillary Viscometers

Capillary viscometers measure viscosity by correlating the time a fluid samples takes to travel through
a capillary with the kinematic viscosity of the sample. The higher the fluid viscosity, the longer the
time needed by the sample to travel through the capillary. Figure (2.7) shows the scheme of capillary
viscometers.

Fluid Reservoir I

oil

Inlet, P1 I

Capillary I

Outlet, P2

Figure 2.7: Schematic representation of a capillary viscometer

Kinematic viscosity in capillary viscometers is measured as (Webster, 1999):

B 4n (APD*m) (2.10)
B <(3n + 1)(128QL)>
where AP is the difference in pressure at the inlet and outlet of the viscometer, D is the diameter of
the capillary, Q is the fluid volume flow rate and L is the length of the capillary.

2.2.2 Rotational Viscometers

Rotational viscometers are used to measure dynamic viscosity. In this type of viscometer the fluid is
placed between two surfaces, one stationary, while the second one rotates. The viscosity measurement
is either done by measuring the change in rotational speed given a fixed torque or by measuring the
torque change given a constant rotational speed. The main rotational viscometers are cylinder or cone-
on-plate. Figure (2.8) reports the typical setup for a rotating cylinder viscometer. Here the gap
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between two concentric cylinders is filled with the fluid sample. The inner cylinder rotates thus
shearing the contact interface between solid and liquid.

| Inner cylinder
oil | 1
|
R: | L

>
|
R =
je——>,
|

| Outer cylinder
‘ |
w

Figure 2.8: Schematic representation of a cylinder rotational viscometer

The viscosity is measured as follows (Webster, 1999):

B (BZ— 1>T (2.12)
T=\4nR2L)

where £ is a parameter dependent on the cylinder geometry, w is the rotational speed, T is the applied
torque and L is the effective length of the cylinder at which the torque is measured. Figure (2.9)
reports the setup for a cone-to-plate viscometer. The operating principle is the same as in the rotating
cylinder, but in this case the rotating part is cone shaped. This type of viscometer is the most used on
the market as just a small drop of fluid is needed and very thin films can be analysed.
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[ Plate | ]
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Figure 2.9: Schematic representation of a cone-on-plate viscometer
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In cone type viscometers the viscosity is measured as:

_ 3T8, (2.12)
~ 2nwR3

n

where 6, is the cone angle of incidence and R is the plate radius. The shear rate generated in
rotational viscometer varies from 10° — 10%*s~1 in conventional viscometers to 106 — 107s~1 in
recently developed ultra-high shear viscometers (UHSV). The same measurement principle is adopted
in other viscometers such as the plate-to-plate viscometer.

2.2.3 Falling Body Viscometers

Falling body viscometers measure viscosity by correlating the time a body takes to travel through a
capillary with the resistance offered by the fluid and so to the viscosity. Figure (2.10) reports two
examples of falling body viscometers.

a) b)

P1 P1

P2

L L
Ut I Ut

2r 2r

Figure 2.10: a) Falling sphere viscometer, b) falling cylinder viscometer

Figure (2.8a) shows schematically a falling ball viscometer, Figure (2.8b) shows a falling cylinder
viscometers. In this section only the case of the falling body is analysed, but similar consideration can
be made to obtain the value of viscosity from the falling cylinder viscometer type. The restraining
force F resulting from the viscous drag in a fluid for a spherical body is calculated from the Stokes
law as:

F = 6nnryU; (2.13)

where 1 is the radius of the sphere and U; is the terminal velocity of the falling body. By balancing
equation (2.13) with the buoyancy force exerted on a ball then viscosity can be calculated as:

(p2 —p1) (2.14)

= 207.2

More accurate equations can be obtained by taking into consideration the wall effect and the finite
length of the capillary.
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2.2.4 Vibrational Viscometers

Different types of vibrational viscometers exist. The rotational and the turning-fork viscometer
measure the viscosity by determining the amount of power necessary to displace the fluid of a certain
quantity. The quartz resonators measure the change in resonant driving frequency when an oscillating
quartz crystal is submerged in a liquid. The sonic and ultrasonic viscometer measures the reflection of
sound at a solid-liquid interface and correlate the amount of reflected energy to the viscosity of the
fluid samples. In this section the rotational and the turning fork viscometer are described, while the
quartz resonator is briefly described in section 4.1. The ultrasound viscometer is described in depth in
chapter 3, 4 and 5 and the applications of this novel technique are described in sections 6 to 8.

Figure (2.11) shows schematically a turning fork viscometer.

Spring plate

e

Displacement
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Electromagnetic

/driven fork

Sample\
Q Q(/Oscillator

Figure 2.11: Schematic representation of a vibrational fork viscometer

The rotational viscometer operates similarly, but in that case only a cantilever beam is present. The
measuring system is driven by electromagnetic power and the natural frequency of the system is
determined by the mass and spring constant of the measuring system. The energy consumed by the
measuring system will only be the viscous term of the liquid because the inertial force and the
restorative force of the spring balance each other. The motion equation of the system is:

F d2x+ dx+K (2.15)
M T T
where F is the excitation force, m is the mass of the system c is the viscosity-density coefficient, K is
the spring constant and x is the displacement of the system. After integration, equation (2.15) gives:
F
o (2.16)
CWy
where w,, is the natural vibrational frequency of the system. The coefficient c is calculated by setting
x and w,, as constant.
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2.2.5 High Pressure Viscometers

The viscometers described in sections 2.2.1 to 2.2.4 can be modified to work as pressure viscometers
to study the pressure-viscosity characteristic of engine oils. Basically, the viscometer is enclosed in a
pressurized vessel where the oil to be study is brought to the desired pressure normally using pressure
intensifiers. Bair (2007) enumerated and described the characteristic of the most common high
pressure viscometers:

e High pressure capillary viscometer. the first attempt of pressurizing the capillary
viscometers was made by Warburg and Sachs (1884), but the maximum performance (at the
current state of the art) were achieved by Novak and Winer (1968) who managed to obtain
viscosity at 0.6 GPa at the temperature of 150°C. Figure (2.12) shows the viscometer.
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Figure 2.12: The Novak and Winer high pressure capillary viscometer. R1 and R2 are the translating pistons the displace
the fluid and P1 is the piston that determine the pressure at which the fluid is measured (Bair, 2007)

The high pressure is obtained with two pressure intensifiers. The capillary of the viscometer is
placed in between the pressure intensifiers and the pressure is measured with strain gage
transducers.

e High pressure dropping body viscometer. These are divided in falling ball and falling
cylinder viscometers. The high pressure falling ball viscometer consists of a falling ball
capillary inserted in a pressure vessel. The vessel pressurizes the tube externally and
internally. Figure (2.13) shows the high pressure ball viscometer by Sawamura et al. (1990).
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e

(a) (b)

Viscometer cells of original design (a) and of improved design
assembled with the potentiometer (b); a permalloy cylinder, b retain-
ing coil, ¢ ball, d differential transformer, e tube, f sample liquid,
g spacer, h bellows, i coil spring, j connecting stem, k leaf spring
contact, | manganin wire.

Figure 2.13: Sawamura high pressure falling body viscometer (Bair, 2007)

In this set-up, the light from a lamp is refracted from the glass ball across a pair of sapphire
windows. This allows measurement of the falling time of the ball. This type of viscometer,
however, presents some limitations such as complex flow and a limited range of viscosity that
can be studied. The falling cylinder viscometer by Irving and Barlow (1971) provided
considerable improvement because the sinker does not have to travel along all the length of
the capillary. This is because the sinker position is detected monitoring the inductance of
different coils that are positioned around the viscometer. This allows using any desirable
length of the capillary for the measurement. Figure (2.14) shows the high pressure falling
cylinder viscometer. The operative principle is very similar to the falling body viscometer, but
for the falling cylinder the falling time is measured by detecting the making and breaking of
an electric contact once the sinker touches an electric pin at the bottom of the capillary.
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Figure 2.14: Irving and Barlow high pressure falling body viscometer. The falling body (9) descends through the capillary
(1). The electrical coils (10) allows the identification of the position of the falling body (Bair, 2007)

2.2.6 High Shear Viscometers

Common viscometers can measure viscosity at shear rates up to 10,000 s™. The shear rate in engine
journal bearings can exceed 10,000,000 s™ (Selby and Miller, 1995). Starting from the 60s, novel high
shear viscometers were designed to measure oil properties at the operating engine conditions and to
fulfil the requirements of the ASTM standards. The operative principle of the high shear viscometer
is the same as the rotating cylinder viscometer, but the gaps between the cylinder are very thin and the
rotational speed of the cylinder is much higher. The first high shear viscometer was the tapered
bearing shear viscometer, patented by the Savant Inc. (1979), and its design has been used for
decades. Figure (2.15) shows this viscometer schematically.

Ransmg]and lowering rotor
e rotor- stator gap

Figure 2.15: Tapered bearing high shear viscometer (Selby and Miller, 1995)

In this geometry, the stator and the rotor are separated by a gap of just a few micrometres. This means
that if the rotor spins at high rotational speed (usually ®>2000 rpm) then high shear rates are obtained.
This measurement from this viscometer is affected by the shear heating that occurs at the contact area.
This causes distortions in the film shape that affect the accuracy of the measurement at shear rates
higher than 3,000,000 s™. These limitations have been recently overcome by the USV ultra high shear
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viscometer patented by the PCS instruments. Figure (2.16) shows schematically the rotor and stator of
the USV.
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Figure 2.16: Ultra high shear viscometer set-up by PCS instrument

The USV was designed to limit the shear heating by making the measurements of a very short
duration (100 ms). The negligible shear heating allows this viscometer to have a cylindrical, not
tapered, geometry. This is also ideal to minimize the calibration procedure because the gap between

rotor and stator is constant. This viscometer operates between 40°C and 100°C and the fluid to be
tested cannot exceed 50 mPas in viscosity to avoid inaccurate torque readings.

In this work, the viscosity measurements from a high shear viscometer are compared with the
ultrasonic viscometer readings in section 7.5.

2.3 Engine Lubricating Oil Composition

An engine lubricant is a mixture of a base oil and a polymer package chosen to give to the lubricant
the desired performances. Figure (2.17) shows the general composition of lubricant.

S~

8-18%
Additive Pack
0-2%
Viscosity modifiers

80-90%
Base Qil

Figure 2.17: Engine lubricant composition

The additive pack in Figure (2.17) might include, depending on the formulation, polymers with
function of dispersants, pour point depressant, detergents, antioxidants, anti-wear and friction
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modifiers. A polymer is a long chain of repeating monomers arranged in different architectures, as
shown in Figure (2.18).

0% ey ey

Monomers Homopolymer Alternating Copolymer

Graft Copolymer Cross-linked Network Star-Shaped Polymer

Figure 2.18: Some polymer architectures

Figures (2.17) and (2.18) show the complexity involved in the study and design of lubricants.
Depending on the polymers nature (geometry and chemical composition) and the number of species
present in a lubricant the analysis of contact in engine is complicated by the interaction of these
species and their evolution (or deterioration) in new compounds inside the contact. In the following
sections the base oil type and viscosity modifier and detergent additives are analysed (sections 2.3.1-
2.3.2) because the engine lubricant tested in this work are made manly of these polymers.

2.3.1 Base Qils

Base oils are long chain hydrocarbons refined from crude oil (mineral oils) or they can be
synthetically made. Tables (2.3) and (2.4) report respectively the composition of mineral oils and their
official API classification.

Element | % by weight
Carbon 83-87
Hydrogen 11-14
Sulphur 0-8
Nitrogen 0-1
Oxygen 0.5
Metals 0.02
Table 2.3: Mineral oil composition (Arora, 2005)
API Classification | | [}
% saturates <90 >90 >90
%Sulfur >0.03 <0.03 <0.03
VI 80-120 | 80-120 >120

Table 2.4: API base oil official classification (source API)
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An “unofficial” classification exists also for synthetic base oils. This classification includes two other
groups: Group IV or the synthetic Polyalphaolephin (PAO) group and Group V or Ester group.

API Classification IV-PAO | V- Ester
% saturates - -
%Sulfur 0 0
\ 130 135

Table 2.5: Unofficial synthetic base oil classification (source API)

The 90% of base oil market is constituted of oils from the first three groups, while the synthetic oils
constitute only 1% of the overall sales due to the high costs involved in the manufacturing process.

2.3.2 Viscosity Modifiers

Viscosity modifiers are polymers that increase the viscosity of the base oil and are among the most
important additives. They are designed to increase the viscosity at low temperature as little as they
can, while thickening the base at high temperatures, as shown in Figure (2.19).

Oil+Viscosity Modifiers

Small viscosity
increment at low
temperature

Log Shear Viscosity, n
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increment at higher Base Qil
temperature

v

Log Temperature

Figure 2.19: Viscosity-Temperature characteristic behaviour with the addition of viscosity modifier

It is possible to notice that the viscosity modifiers increase the VI. The aim of current light duty
commercial vehicle market is to increase oil’'s VI for higher economy and durability as engine
components wear is decreased. Another decisive factor in the viscosity modifier design is the polymer
shear stability. This is the ability of a fluid to maintain its viscosity after a stress is applied. When a
stress is applied to a polymer chain this might break or strain/compress with no rupture. For a
viscosity modifier polymer it is desired that the polymer does not break because otherwise the
viscosity modifier properties of the polymeric chain deteriorates over time. Table (2.6) reports a list
of the main polymers used as viscosity modifiers with benefits and negative effects on the engine

parts.
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Polymer Advantages Disadvantages
Olefin Copolymer Cost effective. Weak low temperature
(ocP) High thickening. performances.
Good solubility. Contribute  to  piston
deposits in engines.
Maleic Styrene Copolymer Cost effective Weak low temperature
(MSC) High thickening. performances.
Leave high deposits.
Great low temperature Expensive.
properties. Cannot be made as a solid.
Thermal and oxidative Relative low thickening.
Poly(alkyl methacrylates) stability.
(PMA) Excellent engine test
performance.
Used as VM and pour point
depressant.

Table 2.6: Main viscosity modifier polymers characteristics (Covitch and Trickett, 2015)

2.3.2 Detergents

Detergents are polymers used in engine oils, gear oils and automatic transmission lubricants. Their
major roles are to clean internal engine parts, neutralise acids of combustion and inhibit oxidation. All
these functions enhance durability of engine parts. Figure (2.20) shows schematically a detergent
polymer particle.

Fatty oil soluble tail

N\
o NeoNeNeYok

Engine surface

Figure 2.20: Schematic representation of detergent polymers in contact to an engine surface

Detergent particles come in different shapes, but Figure (2.20) gives a good idea of the general
detergent polymer structure and behaviour. This polymer is mainly made of a fatty oil soluble tail and
a charged polarised head. The detergent polymers head stick to the iron surface at the contact interface
with the lubricant oil. This allows inhibiting corrosion and removing undesired polarised particle from
the surface. Table (2.7) reports the most commonly used detergent polymer and highlights advantages
and disadvantages of using one polymer over the other.
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Detergent type Advantages Disadvantages
Sulfonates Excellent detergency. No antioxidancy.
Cost effective.
Phenates Good detergency. Expensive.
Antioxidant performance.
Excellent antioxidant. Expensive.
Salicylates Good detergency.
Sulphur free.

Table 2.7: Unofficial synthetic base oil classification (Mortier and Orszulik, 2010)

2.4 Qil Classification by Viscosity

Qil viscosity in combustion engines is classified by the SAE J-300 standard. This standard establishes
different oil grades and is updated every two years to meet the latest industrial standards. Table (2.8)
reports the oil grades viscosity as stated in the SAE J-300 standard of April 2013.

SAE Low- Low- Low-Shear Low-Shear | High Shear
Viscosity Temperature | Temperature rate rate rate
Grade (°C) cranking | (°C) Pumping kinematic kinematic viscosity
viscosity, Viscosity, viscosity viscosity (mPas) at
mPas mPas (mm?/s) at | (mm?/s) at | 150 °C Min
100 °C Min | 100 °C Max
ow 6200 at -35°C 60000 at-40°C | 3.8
5wW 6600 at -30°C 60000 at-35°C | 3.8
1ow 7000 at -25°C 60000 at-30°C 41
15w 7000 at -20°C 60000 at-25°C | 5.6
20W 9500 at -15°C 60000 at-20°C 5.6
25W 13000 at -10°C 60000 at-15°C 9.3
16 6.1 <8.2 2.3
20 6.9 <9.3 2.6
30 9.3 <12.5 2.9
40 12.5 <16.3 3.5
40 12.5 <16.3 3.7
50 16.3 <21.9 3.7
60 21.9 <26.1 3.7

Table 2.8: SAE J-300, oil classification by viscosity (source SAE standards)

In this table the letter W means “winter” and characterize the so called multigrade oils. This category
of lubricants have good cold start capabilities, but tend to shear thin at high shear rates that occur in
components such as journal bearing. The oils that appear in Table (2.8) without the letter W are called
monograde because they meet only one SAE grade. It has to be highlighted that in the SAE J-300 the
extreme grades are the ones more exposed to change. For example the grade SAE 16 has been
recently added to lower the limit of HSHT (high shear high temperature) applications. Also, the
upgrades are made to meet the pollution emission regulations; engines that operate with oils outside
the limits of this table are considered harmful and such engines need to be upgraded or dismissed.
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2.5 Lubrication Principles in Mechanical Components
2.5.1 The Stribeck Curve

Separation of sliding surfaces by means of a lubricant layer is necessary to reduce friction and wear in
mechanical components assemblies. Two sliding components in contact operate in ideal condition
when this separation is achieved. In practice three different lubrication regimes occur among
mechanical components in contact: boundary lubrication, mixed lubrication and hydrodynamic (HD).
The Stribeck curve, Figure (2.21), identifies these regimes in a graph where the non-dimensional
product of viscosity n, rotational speed U and the load in the contact area W is plotted against the

friction .

A Boundary
lubrication
|

Mixed lubrication

Hydrodynamic
lubrication

Friction coefficient, u

nu/wW

Figure 2.21: The Stribeck curve

The first region of the graph is called boundary lubrication because the lubrication film is not formed
and contact between asperities occurs. In this region of the Stribeck curve the load is completely
carried by the solid asperities in contact because there is absence of the hydrodynamic lift. Because of
this, the boundary lubrication region is characterized by high values of friction coefficient. This is the
case for most of the start-up conditions of mechanical components.

Once the components are in relative motion the contact area between asperities reduces and a
lubricant film starts forming. This causes a drastic drop in friction that is characteristic of the mixed
lubrication region. In this lubrication region the lubricant film starts forming and the load is partially
supported by the solid asperities and by the forming lubricant film. Figure (2.22) shows schematically
a mixed lubrication regime situation.
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Figure 2.22: Schematic representation of mixed lubrication contact

When mixed lubrication occurs, the hydrodynamic lift of the lubricating layer is still not sufficient to
form a full lubricated layer. Consequently, the contact region is characterized by pockets of oil and
asperities in contact. The mixed lubrication region physical nature is still a matter of debate. Spikes
(Spikes and Olver, 2003) states: “The key feature of mixed lubrication is considered to be that it
contains a mixture, i.e., the presence of two distinctly different regimes of lubrication within one
contact, one being conventional fluid-film lubrication ... and the other something else. This begs the
question as to what is the 'something else”. That ‘something else’ can be arise from complex solid-
solid asperities interaction, formation of micro-EHD (elasto-hydrodynamic) regions, and/or formation
of thin layer of lubricant that behaves differently compared to the bulk case.

As a full lubrication film is formed, the value of load per unit area decreases drastically and the
product of viscosity and rotational speed increases. Consequently the friction increases linearly
because of the increment in viscous drag forces. The region characterized by the absence of asperity
contact is referred to as hydrodynamic lubrication zone. HD lubrication was first studied by Tower
(1883) and Reynolds (1886) developed the governing equation describing fluid film separating two
wedge shaped components:

dx

d (h3d dh 2.17
(78)-% I
n dx dx

where h is the film thickness and U is the velocity gradient. This equation has been developed to suit
the analysis of different components geometries such as plain journal bearings.

2.5.2 Journal Bearing Lubrication

Journal bearings are widely used in automotive engines and their main purpose is to support and align
the load from a rotating shaft, for instance the crankshaft. Depending on the load direction the journal
bearing can be axial or radial. In this work the case of radial journal bearing is studied. In contrast to
ball or cylindrical roller bearings, the surface of the journal bearing is in direct contact with the shaft
to support. Figure (2.23) shows the main components constituting the journal bearing assembly. This
is made of a shaft or journal in direct contact with the bearing or bush. The separation of journal and
bush in automotive engines is usually obtained through a layer of liquid lubricant.
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Figure (2.23) shows, also, in detail the geometrical parameters of a journal bearing. In this scheme C
is the clearance between journal and bush, R; is the internal radius, R is the external radius and e is
the eccentricity and the film thickness is then equal to:

h=C+e=xcos() (2.18)

Bush

Journal

Pressure distribution P Max

Figure 2.23: Journal bearing representation with highlighted geometry and load distribution

where 6 is called the attitude angle or the angle that determines the misalignment between the ideal
centre of the bearing and the actual centre of the journal. Figure (2.17) also shows the pressure
distribution given the applied load W. The reason for the journal eccentricity (the centre of the journal
bearing O; is not coincident with the centre of the bearing O), and the position of the maximum load
P, misaligned of an angle ¢ with respect to the position of the application of the load, can be
explained by analysing the different lubrication stages encountered by the bearing. Figure (2.24)
highlights the different lubrication regions as the journal bearing operates with respect to the Stribeck
curve. Figure (2.24a) refers to the condition with the journal at rest when solid-to-solid contact occurs
because the conditions for the generation of a full lubricant layer do not exist. Figure (2.24b) refers to
the start-up conditions when the shaft starts rotating. The shaft starts spinning and at first is
constrained by the load W, but when the journal rotational speed is high enough the shaft slips on the
bush surface towards the right by dragging lubricant. This is the condition at which the journal is not
in full solid contact with the bush, but mixed solid-liquid lubrication occurs. Figure (2.24c) shows the
situation in which the shaft rotational speed is sufficient to drag the oil thus making a lubrication layer
that separates the shaft-bush surfaces.
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Figure 2.24: a) Journal bearing at rest solid-solid contact, b) rotation of shaft initiate the friction coefficient decreases
and the lubrication is mixed, c) full hydrodynamic lubrication

The determination of the maximum eccentricity and the minimum film thickness is complex and
dependent on many parameters; the most important of which are the radius of the shaft, the width of
the bush, the rotational speed of the shaft, the surface finish, and the applied load. The design of
journal bearings starts with the Reynolds equation, equation (2.17). For a narrow bearing (L/D<1/3)
the Reynolds equation becomes (Cameron, 1966):

3Unesind <L2 y2> (2.19)

- Rc2(1+esind)3\ 4

where y is the length on the axial direction. This solution is very convenient, but in practice L/D<1/3
are not common in engines because the bearing vibrations are not well-damped (Alford, 1911).
Common values of L/D ratio ranges normally between 0.6 to 1 for bearings used in engines. Because
of this the Reynolds equation was solved numerically by Raimondi and Boyd (1958) for bearings with
different L/D ratio. Figure (2.25) show the results plotted as function of the non-dimensional
Sommerfield parameter. This parameter is very important in bearing design because it correlates the
load, the pressure and the geometry parameter to the bearing eccentricity.
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Figure 2.25: Raimondi-Boyd chart for journal bearing design (Juvinall, 2006)

In Figure (2.25) the Sommerfield number (S) can be written in terms of the load (4) and in terms of
the pressure (P).

LD (R\? (2.20)
a=noy(z)
c 2 .
50 e
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Figure 2.26: Raimondi-Boyd chart for the determination of the journal bearings minimum film thickness (Juvinall, 2006)

Figure (2.26) shows an alternative solution of the Reynolds equation. In this case the Sommerfield
number is correlated to the minimum film thickness in the bearing.

2.5.3 Considerations for Journal Bearing Design

The charts in Figure (2.25) and (2.26) are at the basic stage of journal bearing design. The following
have to be taken into consideration when designing a journal bearing:

e The bush material. The material chosen for the bush have to resist the operative machinery
temperature, guarantee elastic deformability and resistance to the corrosion.

e The maximum operating pressure and the minimum film thickness. The minimum film
thickness has to provide full lubrication at regime given the operative pressure. These two
parameters can be determined using the Raimondi-Boyd charts (Figure (2.25) or (2.26)).

e The friction coefficient. This is correlated to the film thickness and can be obtained with one
of the Raimondi-Boyd solutions.

e Bearing misalignment. The best bearing design can fail if bearing and shaft are misaligned
when mounted. Figure (2.27) schematically shows an aligned and a misaligned journal
bearing. When the journal and bush are completely aligned the maximum pressure is obtained
at the centre of the bearing. When the bearing is misaligned, the maximum pressure is
obtained where the minimum thickness is encountered. The maximum pressure at
misalignment is higher than the maximum pressure in the aligned case because the film
thickness is less and the friction increases. The bearing, then, operates in non-ideal conditions.
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Figure 2.27:a)Aligned journal bearing and b) Misaligned journal bearing

e Oil supply. Figure (2.28) illustrates two common ways to feed oil into the bearing contact
interface. The simplest approach uses a simple cylindrical feeding hole. This is ideal when
the expected working pressure and load is not severe. Another approach consists of
supplying oil through a groove. The groove can be localised at the inlet or can be machined
along the bush circumference. Insertion of a groove causes the pressure to drop because the
film thickness increases, but this can lead to cavitation.

a) ~ Cylindrical oil b) Groove oil

Civ Sy
< =

Figure 2.28: Some possible designs for the oil supply

2.6 Conclusions

Machinery elements require lubricants to operate. Viscosity is one of the most important parameters
in the design of lubricants and lubrication. This parameter is correlated to the lubricant film thickness,
friction and elements power at the interface. The viscosity depends upon the temperature, pressure
shear rate in the contact and the composition of the oil. It was shown through the analysis of the
Raimondi and Boyd (1958) charts that viscosity is also one of the key parameters to take into account
when designing journal bearing. This parameter is commonly measured with rheometers, but in-situ
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measurement with conventional technique is prohibitive. Development of a novel tool to analyse
viscosity in real time can therefore benefit the design of journal bearing and of lubricant additives.
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Chapter 3
Background on Ultrasound

This chapter presents the background on ultrasound, the technology used in this research work to
measure the lubricant viscosity. The aim of this chapter is to provide the reader with an introduction
to the basic definitions of sound and on the properties of the ultrasonic plane waves. After the basic
definitions and methods, the different ultrasound transducers and measurement setups are introduced.
Finally the reflection of sound from interfaces is analysed in detail.

3.1 Introduction to Ultrasound

The sound is a vibration that propagates throughout a medium by elastic deformation of its particles.

When the vibration occurs at frequencies above the human audible limit (10* Hz), it is referred to as
ultrasound. Figure (3.1) reports the range limit for the different type of sound vibrational frequency.

Infrasonic Sonic Ultrasonic Hypersonic

0 10 102 10® 10* 10> 10® 107 10® 10° 10'YHz

Figure 3.1: Frequency limits for infrasonic, sonic, ultrasonic and hypersonic vibrations (Kinsler and Frey, 2000)

Ultrasonic waves are used in nature by animals, such as bats, for orientation or prey localization.
Since the early twentieth century they have found use also in industry originally for military non-
destructive examination and evaluation of structure (Firestone, 1940). Since then ultrasound has been
used in a wide range of application such as non-destructive examination of structures, medical
applications, fluid chemical analysis, and seismology.

Ultrasound propagates in different modes depending on the sound wave type and source. In this work,
plane wave propagation is studied. Plane waves are defined as constant frequency waves with wave
front propagating as a series of infinite parallel planes (Achenbach, 1973). In this case the particle
deformation can be compressional or transverse. Figure (3.2a) schematically represents a material
particle network at rest as a series of spring and masses to better understand how plane waves
propagate throughout matter. The displacement of the particles is parallel to the wave propagation
when a longitudinal or compressional wave interacts with the particles network, as shown in Figure
(3.2b). On the other hand, the displacement of the particle is normal to the wave propagation when a
shear or transverse wave interacts with the particles network, as shown in Figure (3.2c). When the
wave (either longitudinal or shear) has travelled through the material the particle network returns to
rest in the original configuration as shown in Figure (3.2a) because the deformation due to sound
propagation is considered to be purely elastic. Table (3.1) summarizes the main propagation features
of longitudinal and shear waves.
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Figure 3.2: a) Particle network at rest, b) Longitudinal wave propagation, c) Shear wave propagation
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Wave Type Propagation mode Propagation medium

Longitudinal | The particle displacement is parallel to the | Solid,liquid, gas
direction of wave propagation

Shear The particle displacement is normal to the | Solid
direction of wave propagation

Table 3.1: Recap of plane waves propagation properties

3.2 Ultrasound and Material Properties

The condition of sound propagation is strictly linked to the material properties. The speed of
propagation in a given material is called speed of sound. With reference to Figure (3.2), the speed of
sound is a function of the inertia of the molecules constituting the particle network and a function of
the stiffness of the springs. The inertia is represented by the density of the particle network and the
stiffness is the bulk modulus in case of compression and the shear modulus in case of transverse
motion. The following formulas report the expressions of the speed of sound for longitudinal and
shear waves:

B (3.1)
= |—

p

G (3.2)
= |[—
e
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where ¢; is the compressional speed of sound, c; is the transverse speed of sound, B is the bulk
modulus, p is the material density and G is the shear modulus. Equations (3.1) and (3.2) show that the
speed of sound is a characteristic of every material. This quantity can also be related to the vibrational
frequency and to the wavelength through the relation:

c=fA (3.3)

where ¢ is the speed of sound, f is the frequency and A is the wavelength. In many practical
applications the speed of sound is commonly measured through time of flight measurement. This
consists of the measurement of the time needed for a sound wave to propagate though a known
distance as:

_ specimen length (3.9
~ timeof flight

Another important acoustic property of materials is the acoustic impedance, z. This property
quantifies how well a sound wave propagates through a determined material. This is defined as the
ratio of the acoustic pressure P, which is the super-pressure the atoms are subjected to when
interacting with a sound wave, and the displacement velocity of the particle, v.

P (3.5)

Equation (3.5) can be re-written in terms of material density, p, and speed of sound as:

zZ=pc (3.6)

The acoustic impedance is measured in Rayl (Pa s m~1). Table (3.2) reports the value of acoustic
impedance for common engineering materials.

Material | Acoustic Impedance (MRayl)
Air 0.0005
Water 1.48
Aluminium 18
Steel 45

Table 3.2: Acoustic impedance of different materials

The values in Table (3.2) highlight that for solid materials the acoustic impedance is much higher than

for liquids and gases. In practice this means that the more compact the particle network constituting a
material is, the easier it is for the sound to travel through it for longer distances.

Ultrasonic wave propagation process is not exempt from energy losses. Figure (3.3) schematically
shows the main source of attenuation of sound energy due to interaction with material: scattering and
absorption.
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Figure 3.3: Schematic representation of the attenuation process for ultrasound wave

Scattering is defined as a redirection of energy due to a material’s inhomogeneity. When the sound
wave is incident at a material boundary, part of the wave is reflected away from the original
trajectory. Absorption is associated with conversion of ultrasonic vibrational energy into other energy
forms such as thermal energy. The overall attenuation is evaluated in the form of attenuation
coefficient. This can be obtained from the formula:

Ad =Aoe_ad (37)

In equation (3.7) A, is the amplitude of the ultrasonic wave after a distance d, A, is the initial
amplitude of the wave and « is the attenuation coefficient. Rearranging equation (3.7) the attenuation
coefficient is:

(3.8

—1l Ay —
a—dnAd(pm )

attenuation in metallic materials is usually low, allowing investigation of thick specimens, while
propagation in softer material like plastics is much more attenuated. The attenuation coefficient is
highly dependent on the temperature and the stress state. As result of this it is recommended to
determine the attenuation coefficient experimentally rather than rely on literature tables.

3.3 Ultrasonic Transducers
3.3.1 The Piezoelectric Effect

Generation and reception of sound waves is commonly achieved by the so-called piezoelectric effect.
This is a property possessed by a class of materials, the piezoelectric materials, that was discovered by
the Curie brothers (1880). They noted that when an electric potential was applied to a piezoelectric
crystal cut in a certain direction, a deformation or vibration occurs. On the other hand, when the
crystal was deformed an electric charge is produced. The possibility of generating ultrasonic waves
and converting the vibration into an electric signal allows the production of ultrasonic transducers for
non-destructive examination. Originally these transducers were made with a single barium titanate
quartz. However, in the 1950s these where replaced with ceramic plate made of lead zirconate titanate
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or PZT that are still widely used today. Ceramic materials are cheaper and do not need to be cut in a
certain direction to allow the piezoelectric effect to take place. This is an advantage because PZT can
then come in different shape (rectangular, circular, rod and so on) depending on the desired
application.

3.3.2 Ultrasonic Transducer Type

Ultrasonic transducers can be used as transmitters or receivers of the ultrasonic wave. The bare crystal
can be used as stand-alone pulsing-receiving unit or it can be incorporated in a probe. For industrial
applications the frequency of the ultrasonic transducer ranges from 0.5-50 MHz. The schematic
representation of an ultrasonic commercial probe is shown in Figure (3.4). The main elements
constituting a commercially assembled ultrasonic probe are the:

e Piezoelectric element

e External housing

e Backing material

e Wear plate

e Electrical connection and connector

Connector

Electrical leads

%

Inner sleeve

PZT

(active element)

e/‘I—’“'P_'—_—

Backing material

/

Figure 3.4: Schematic representation of an ultrasonic probe

Wear plate

The external housing is usually cylindrical, and together with the wear plate protects the active
element from wear and external agents. The backing material damps the vibration of the piezoelectric
element inner face allowing the transmission of a short pulse rather than a continuous signal.
Commercial probes are divided into contact and immersion transducers, as shown in Figure (3.5a) and
(3.5h).
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Figure 3.5: a) Ultrasonic contact probes b) Ultrasonic immersion probe

The contact probes are used in direct contact with the sample under analysis and they are suitable for
in-situ non-destructive examination such as detection of cracks in pipes. The immersion transducers
are so called because they operate immersed in water or in a coupling solution of water. Due to this
they are normally used in laboratory test rigs. They can be used for non-destructive examinations
outside the laboratory environment if equipped with a “squirter” a component that pumps water
between the immersion probe and the component surface under analysis.

Squirter

onnection to pump

Figure 3.6: a) Ultrasonic probe with squirter, b) Field application of an ultrasonic immersion probe

Bare piezoelectric elements can also be used as ultrasonic transducers. In this set-up, they can come in
very little dimensions (as small as 1x1 mm in surface area) and they can be directly bonded on the
surface of the material under test. This solution is ideal to analyse components with complex
geometry or that cannot be investigate with commercial transducers. This is the case, for example, of
testing in engine parts. Figure (3.7) shows two piezoelectric elements. The different coating of the
shear (chrome-gold coating) and longitudinal (silver coating) PZTs depends on the fact that shear
transducers need a better conductor as electrode for better transducer response performances.
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Figure 3.7: Bare PZT transducers

Figure (3.8) shows a practical PZT setup. The bare PZT is bonded on the surface of the specimen to
be analysed with a strain gauge bond and is covered with epoxy or similar material to have a backing
material to act as in the commercial probe setup.

Electrical connection

Protective/Backing epoxy

Ground /
Electrode

=

Specimen surface PZT element

Figure 3.8: Schematic setup for a bare piezoelectric element

3.3.3 Other Type of Ultrasonic Transducers

Piezoelectric sensors are not the only way to produce ultrasound waves. Electromagnetic ultrasound
generation (EMAT) and laser induced ultrasound are two alternatives to conventional piezoelectric
crystal.

Figure (3.9) shows schematically the EMAT setup. The EMAT technique produces ultrasound by the
interaction of the magnetic field induced by a magnet and a coil driven by an alternating current (AC)
at ultrasonic frequencies. The common frequency range for this technique varies from 20 kHz to 10
MHz. This technique does not require a coupling material between the transducer and the test piece to
operate and offers advantages over the conventional piezoelectric element in dry inspections.
However the resolution of the acquired signal and the dimensions of the transducers and the
acquisition instrumentation do not allow the use of this technique for in-situ examination of lubricants
in engines.
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Figure 3.9: Ultrasonic EMAT setup

Ultrasound can be generated and received using a laser technique. The ultrasound is generated by
heating the specimen surface with a laser. The sudden thermal expansion of a very small region
causes the ultrasound wave to be generated. The ultrasound can be also received using different
techniques. One technique is the gas-coupled laser acoustic detection. With this technique, the laser
heats up the region from where the sound needs to be received in the same time the ultrasound wave
changes the air’s refraction index. The variation of this index causes a change in the incident angle of
the laser. This change is converted in an electric signal that is function of the ultrasonic wave
amplitude. This technique requires large instrumentations to operate, smooth and accessible specimen
surfaces. Therefore it is not suitable for in-situ applications in engine bearings.

Figure (3.10) shows a diagram that summarizes the different types of ultrasonic transducers available.

Ultrasonic Transducers

Commercial Probes Bare PZT
) [ | | |
Air Coupled Immersion Contact Longitudinal Transverse
EMAT Laser Focused Planar  Longitudinal Transverse

Figure 3.10: Ultrasonic transducer types
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3.4 Characteristics of Ultrasonic Signals

An ultrasonic wave made by the ultrasonic transducer is characterized by a centre frequency,
bandwidth and amplitude. The frequency at which the vibration occurs in the ultrasonic transducer is
a function of the piezoelectric element thickness:

- < (3.9)
" 2,

where hp,. is the thickness of the piezoelectric element, c is the speed of sound in the PZT and f; is
the desired centre frequency. Equation (3.9) shows that as the frequency increases, the thickness of
the transducers decreases. Also it can be noticed that shear piezoelectric elements will be thinner than
longitudinal ones because transverse motion is slower than longitudinal wave propagation because the
shear speed of sound in a solid is less than the longitudinal speed of sound, as shown by equations
(3.1) and (3.2). For instance, a shear ultrasonic transducer with speed of sound of 3000 ms~?! and
centre frequency of 5 MHz has a thickness of 0.3mm while the same material operating at 500 kHz
has a thickness of 3mm. Figure (3.11a and b) shows the signal produced by an ultrasonic transducer at
the centre frequency of 10 MHz in the time domain and in the frequency domain. The amplitude of
the signal is a function of the applied voltage to the transducer electrode. The applied voltage ranges
commonly in conventional instruments from 1 to 10V. In Figure (3.11 b) the bandwidth refers to the
energy content from the ultrasonic signal that is useful for measurement. The E-1065 ASTM standard
defines the bandwidth as the frequency range for which the amplitude of the pulse is greater than half
of the maximum amplitude or -6dB from the maximum amplitude.
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Figure 3.11: a) Time domain ultrasonic signal b) FFT of the time domain signal

The ultrasonic wave propagates throughout a pattern called the acoustic field. This can be focused or
unfocused, as shown in Figure (3.12a and b). In a focused field the ultrasonic energy is redirected in a
point in space called focal point. Focused fields are generated by focused transducers with the use of a
curved lens. This acoustic field is particularly useful in scanning processes where small areas have to
be scanned with high degree of accuracy. The non-focused field is generated by contact probes or bare
piezoelectric elements. This is characterized by a first zone called near field and by an area where the
ultrasonic beam spreads out called far field. The length of the near field is defined as:

_Df (3.10)

4c

47



Chapter 3 Background on Ultrasound

where L is the near field length, D is the transducer diameter, f is the frequency and c is the speed of
sound in the medium. The near field is characterized by superposition of waves generated by and
reflected to the transducer. It is good practice to work with signals acquired at the end of the near field
for maximum amplitude energy and minimum noise.

Planar Focused
transducer transducer

Near field

Maximum
acoustic energy

Focal Point
(Maximum energy)

Far field

Figure 3.12: a) Planar transducer acoustic field, b) Focused transducer acoustic field

3.5 Transducers Arrangements

Figure (3.13) presents the two main ultrasonic set-up techniques: through-transmission and pulse
echo.

a) . b) _
Transmitter Transmitter Receiver
Transmitted Transmitted Reflected
Sound wave Sound wave Sound wave
A 4
Receiver

Figure 3.13: a) Through transmission method, b) Pulse echo method

Figure (3.13a) shows the setup of the through-transmission technique. In this case one transducer
emits the ultrasonic wave while the second transducer located on the other side of the specimen
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receives the ultrasound signal as it is attenuated by discontinuity, such as cracks, in the material. This
technique does not allow the detection of the exact positions of cracks in solid specimens, but is
commonly used in spectroscopy setup for the analysis of chemical structure of liquids, as shown in
Figure (3.14).

Piezoelectric transmitter

Enclosed
volume of

fluid Sound path Known
distance

Piezoelectric receiver

Figure 3.14 Through transmission technique for fluid spectroscopy analysis

The pulse-echo setup is the most versatile and largely used setup in NDE analysis with ultrasound. In
this case the transmitter and the receiver are located on the same face of the specimen, as shown in
Figure (3.13b). The transmitter produces an ultrasound wave that travel through the specimen until a
discontinuity or a boundary is met. When the wave is incident to a discontinuity part of the ultrasonic
wave is reflected back to the receiver. If the speed of sound in the material and the time of flight are
known the position of cracks and discontinuities can be located. This setup results then more versatile
compared to the through-transmission setup and it is chosen in this research work to run the
experiments.

3.6 Reflection of Ultrasound Waves at Interface.

Figure (3.15) shows that when an ultrasonic wave strikes the boundary between two different
materials perfectly bonded together at a normal incidence angle the wave is partly transmitted into the
second medium and partly reflected back.

2z Zy
Pir Ui -
&
Pe, U
( pr: uT‘
1 2

Figure 3.15 Reflection and transmission of sound at a boundary between two media
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In Figure (3.15) p; is the incident wave pressure and u; is the incident wave velocity, while the
subscripts t and r refer to the transmitted and reflected waves respectively. By continuity of pressure
and velocity at the boundary:

pi +or =prand u; +u, = u; (3.12)

Rearranging equation (3.11) gives:

pi+pr _ Pt (3.12)

u; +u, U

From the definition of acoustic impedance (equation (3.5)):

Pi oy and B =—z andZ =2, (3.13)
u; Ur us

where the sign depends on the arbitrary convention on the positive direction of the propagation axis.
This means that the terms on the right in the equation (3.12) is the acoustic impedance of the second
medium, while the particle velocities on the left hand side terms can be written in terms of acoustic
impedance and acoustic pressure using the expression (3.13). Rearranging in this way equation (3.12)
becomes:

pi +pr _ (3.19)
G — =273
pi —DPr

The amount of energy reflected is calculated in the form of amplitude reflection coefficient. This is a
non-dimensional factor that states the percentage of ultrasonic signal amplitude that is reflected from
an interface as:

R=Pr (3.15)
bi
Substituting equation (3.15) in equation (3.14), it is possible to obtain an expression of the reflection
coefficient in terms of acoustic impedance as:
_Aa— 2% (3.16)
VAl + Zy
In the same way, the transmitted amplitude is calculated in the form of amplitude transmission
coefficient as:
T=1-R (3.17)

When the second medium is a liquid only longitudinal wave can be transmitted while shear wave can
propagate only for a very short distance, as shown in Figure (3.16).
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Figure 3.16: a) Propagation of longitudinal sound wave at solid-liquid interface, b) Propagation of shear sound wave at
solid-liquid interface

The propagation distance that a shear wave can withstand in a fluid is called penetration depth and is
calculated as (Buckin, 2001):

EN (3.18)
Tfpy

In equation (3.18) & is the penetration depth, n is the viscosity, and p; is the density of the fluid.
Figure (3.17) shows what happens when an ultrasonic waves is incident to a solid-solid and to a solid-
liquid boundary at a non-normal incidence angle.
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Figure 3.17: Reflection and transmission of ultrasound longitudinal (a) and shear (b) waves at solid-solid boundary and
reflection and transmission of ultrasound longitudinal (c) and shear (d) waves at solid-liquid boundary at an angle
different from normal incidence

In the case of a longitudinal wave and in the case of solid-solid boundary the reflected and transmitted
resultants are affected by mode conversion, meaning that both longitudinal and transverse resultants

are produced. The angle at which the longitudinal and the transverse wave are produced can be
calculated using the Snell’s law of reflection:

¢ _ sinb; (3.19)
Crie  SinBy;

where c; is the speed of sound of the incident wave (either longitudinal or shear) and ¢, is the speed
of sound in the medium where reflection or transmission occurs, sin6; is sine of the angle of
incidence and sin6, . is the angle at which reflection or transmission occurs. In the case of
longitudinal wave incident to a solid-liquid boundary, the reflected wave will be affected by mode
conversion, while in the liquid medium only a longitudinal wave will propagate. The angles of
reflection and transmission can be calculated again using the Snell’s law. In case a shear wave is
incident to a solid-solid boundary, no mode conversion happens and the reflection and transmission
angle is calculated again with equation (3.17). Finally, Figure (3.17d) shows that when a shear wave
is incident to a solid-liquid boundary only a shear wave is reflected.

The reflection coefficient is the most important ultrasonic measurable parameter because it can be
correlated to many material properties. In the case of shear waves, the reflected energy from a solid-
liquid layer can be directly correlated with the liquid viscosity, as shown in the latter chapters.
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3.6.1 Reflection and Transmission in a Three-Layered System

Figure (3.18) shows the propagation of an ultrasonic wave through two media into a third one. This is
the case of propagation of longitudinal or shear waves when at least medium one and two are solid or
the case of propagation of a longitudinal wave when media two and three are liquids.

Zl Zz 23
i, Uj ,u
Pi, U s Pe2, Ugz s
P, U
t t
yu , U
: Pr,Up : Pr2,Ur2
X
1 3 2 3

Figure 3.18 Sound transmission and reflection in a three layered system

The boundary conditions for the situation depicted in Figure (3.17) are continuity of shear
displacement and shear force at the two boundaries x = x; = 0 and x = x,. If the displacement and
the consequent pressure field are supposed to be sinusoidal, the following relation applies:

py = P,el(@tika) (3.20)
where P is a constant, k is the wave number in the medium considered and the subscript x refers to

any incident or reflection subscript for the different wave component in Figure (3.17). At x = x4 the
application of the continuity displacement boundary condition gives:

(3.21)
piei(wt—kix) + Prei(wt+er) — Ptzei(wt—ktzx) + Przei(wt+knx)

where k is the wave number in the medium considered. Since it is supposed that x; = 0 then equation
(3.21) becomes:

Pi+PT:Pt2+PT2 (322)

The second boundary condition atx = x; states that the force (T dy/dx) is continuous so:

T(—lkLP,_ + lkrP-,-) = T(_iktZPtZ + ikTZPTZ) (323)
If equation (3.23) is divided by ® and remembering that Tk/w = z, then the equation becomes:

o o z1(Pi—B) = Zz(Ptz_T Py3) ) ) (3-29)
Similarly the application of the same boundary conditions at x = x, gives for the displacement
continuity:

Ptzei(wt—ktzx) + Przei(wt+kr2x) — Pt (3.25)
and for the force continuity:

Z2 (Ptzei((ut—kth) — przei(wt+krzx)) — ZZPt (3.26)
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At this point equations (3.22) and (3.24) are used to obtain P; in terms of P, and P,,. Using
equations (3.25) and (3.26) the constants P;, and P,., are obtained with respect to P, and P; becomes:

p. = Py(rip + D+ Prp(rip — 1) (3.27)
¢ 2115
Whel'e T = Zl/ZZ'
Ptz _ 23 +1 PteiktZXZ (328)
23
and
P.,= MP e_ikrzxz (329)

where 1,3 = z,/z5. Substituting equations (3.28) and (3.29) in (3.27):

p Py + D (s + Det*ee*z + (ry; — 1) (ry3 — 1) e~ eer2] (3-30)
L 4112723

The denominator on the right hand side of the equation can be simplified as follows:

Z22_ 24 (3.31)

N2l = = =n3
Zy73 73

Finally if the exponential terms are rewritten in forms of sine and cosine (i.e. e*® = cosf =+ isiné),
and if the equation (3.30) is expressed with respect to the squared ratio of P, and P; this gives:

(Pt)z . T2 . 47‘132 (332)
P/ T (3 + D%(coskpx)? + (1ig + 1a3) % (sinkpx;)?

The total transmitted and reflected energy is equal to:
1=T+R (3.33)

So the amplitude of the total reflection coefficient from a three-layered system, after expressing with
respect to the acoustic impedances and after some algebraic manipulation, is:

R=1-

4 (3.34)
2
Z3 4 2 (Zz 2123) 2
2+ (21 +Z3)cos (kyxy) + 7 +Z—22— sin?(kyx,)

3.6.2 Reflection of Shear Waves at Solid-Liquid Boundary

This section analyses the reflection of an ultrasonic shear polarized wave that is incident at a fluid
(elastic and viscoelastic)-solid boundary. The relation between acoustic, mechanical and viscoelastic
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parameters obtained in this chapter is the basis of the ultrasonic analytical model described in chapters
4 and 5. The analysis starts by considering the interaction of a shear wave with an element of fluid as
shown in Figure (3.19).

AZ

Fluid element

Oz + d Ozy
- | ] %

dz Ozy

>y

dx

Figure 3.19: Interaction of a shear wave stress with a fluid element

The equation of motion for a fluid element under the stress o, is:

&2 do 3.35
pdxdydz (a—iz> = a;y dxdydz (3:39)

where ¢ is the particle displacement. By defining the shear modulus as G = o, /y andy = % gives:

582 (G)d_fz (3.36)

5t2 \p/ §y2

This is the wave equation in general form in case of shear stress applied to the element of fluid shown
in Figure (3.18). For sinusoidal displacement the solution of this equation is:

In the last equation ¢ = \/g is the speed of the shear wave. In the case where the wave is propagating

into a solid the value of G would be a real value, and this leads to the relation of the acoustic
impedance and sound speed presented in equation (3.6). For a purely viscous (Newtonian) fluid G is
90 degrees out of phase with the strain and this means that the shear modulus is composed just by the
imaginary component. From Newton’s law, g, = ny and:

55



Chapter 3 Backgroundon Ultrasound

g
6 =22~ ian (3.38)

In a real viscoelastic fluid, the complex shear modulus is composed of a real and an imaginary part:
G=G+iG" (3.39)

where the real part is called the storage modulus, while the imaginary component is called loss
modulus. Figure (3.20) helps understanding what the shear modulus represents for viscoelastic fluids
with a simple experiment.

Cup oscillation- Cylinder Oscillation

@ 0=90° 0+90°

Solid Newtonian Fluid Viscoelastic Fluid

Passive torsional
cylinder

Fluid

Cup

Sinusoidal
motion

Motor

Figure 3.20: The rotational viscometer analogy to show fluid behaviour under oscillation

In this figure, the cup contains a fluid and is connected to a motor that oscillates with sinusoidal
motion. Inside the cup and in contact with the fluid, is a cylinder that rotates passively with the fluid.
For instance, if the fluid is replaced with a solid the cup and the cylinder would oscillate in phase as
shown in Figure (3.19). Alternatively, if a completely viscous fluid is in the cup the oscillation would
be 90° out of phase. For real viscoelastic fluids the oscillation is partly in phase, and partly out of
phase. As a consequence also the resistance offered by the fluid to the motion will be partly in phase
and partly out of phase. When defining the shear modulus of a fluid the real component, or the storage
modulus, is a measure of the material’s ability to store elastic energy, while the out of phase
component, or loss modulus, is related to the viscosity. The shear modulus is then a very important
parameter to define the viscoelastic behaviour of fluids and polymers.

The shear modulus can be related to the impedance of a viscoelastic fluid. By definition the acoustic
impedance is the ratio between the acoustic load and the displacement on the fluid element:

9 (3.40)
dy
2= T
ot
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Substituting equation (3.35) in equation (3.38) a direct correlation between shear acoustic impedance
and shear modulus is obtained:

7 = [pG(iw)]% (3.41)

and the value of fluid impedance may be correlated with the shear reflection coefficient in the same
way as defined in equation (3.16). In this case the reflection coefficient R is a complex value because
Z is complex and can be written in terms of modulus and phase as:

R = |R|e~iw¢ (3.42)

where |R| is the reflection coefficient modulus and ¢ is the reflection coefficient phase. From
equation (3.39) it can be noticed that the value of the fluid impedance is a complex value that can be

expressed as Z; = R; + iX; and so the reflection coefficient may be written in the following form:

RoZs” VoG’ +iG" (3.43)

B Zs ++/piG' +iG"

The modulus of the complex reflection coefficient can be obtained as:

lRlzjzsz+Rlz+Xlz—2zsRl (3.44)
Z&o+ RS+ X"+ 2z,R,;
where:

R =2 +VGT+ G (3.45)
and

X =L(-¢ +va ¥ (3.46)

)

Equation (3.44) can be simplified in case of Newtonian fluid. In this particular case G'=0, G"" = wn
and R; and X; become:

bon (3.47)
Rl = Xl = _2

Equation (3.47) shows the relation between the viscosity n and the shear modulus in the terms of R;
and X;. Substituting equation (3.47) in equation (3.44) it is possible to obtain a relation between
viscosity and reflection coefficient. This relation is implemented in chapter 4 to obtain the relation
between the viscosity of a Newtonian fluid and the reflection coefficient at a solid-liquid boundary. In
chapter 5 the hypothesis of Newtonian fluid is overcome and the relation between reflection
coefficient and viscosity is solved in case of Non-Newtonian Maxwell fluids.
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3.7 Conclusions

Ultrasonic methods are ideal for non-invasive testing. Different transducers types are available, but
the bare piezoelectric transducers are ideal for the analysis of lubricants in machinery components.
This is because they can be miniaturized to fit machinery components with geometries that are
difficult to access with conventional techniques. This is the case for engine parts like journal bearings.
The pulse-echo transducers arrangement allows the propagation of an ultrasonic wave through a
component and the analysis of the reflected echo from the solid-liquid boundary of a lubricated
contact. The amplitude of the reflected echo is measured as reflection coefficient. This is a quantity
that can be directly measured experimentally (see chapter 6) and that can be directly correlated to the
fluid viscosity. The reflection coefficient, in fact, is a function of the acoustical and mechanical
properties of the solid where the transducers are bonded and the viscoelastic characteristic of the
liquid layer. In chapters 4 and 5 the correlation between the reflection coefficient and the viscosity is
studied to obtain an analytical model for the correlation of viscosity with the experimentally measured
reflection coefficient.
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Chapter 4
Literature Review

This chapter presents the literature review on liquid viscosity measurement by means of ultrasonic
plane waves. The purpose of this review is to provide the knowledge of the current state of the art in
ultrasonic plane waves viscometry. Several techniques have been developed to study viscosity with
ultrasound. The first part of the literature review analyses these methods. They may be recapped in the
following categories: crystal and rod resonators, the speed of sound and attenuation techniques,
spectroscopy and the reflectance technique. In this review the advantages, applications and the
limitations of each method are analysed. The second part of the literature reports how these
techniques have been used to analyse lubricating oils. The review provides also a comparison between
the ultrasonic viscometers and the conventional viscometers. Finally, the considerations on the limits
of the literature methods are used to point out the direction undertaken in this research to design a
novel ultrasonic viscometer for in-situ applications in journal bearings.

4.1 The Crystal Resonator

The pioneer of the use of ultrasonic techniques for measuring viscosity was Mason (1948). In his
innovative work Mason described the possibility of studying the viscoelastic characteristic of liquid
mixtures by shearing them quickly enough to analyse ultrasonic waves elastic effect on solid particles
dispersed in the liquid. Mason’s work is divided both in the analysis of resonance quartz peak
variation and in the analysis of the reflection coefficient from a solid-liquid boundary. Figure (4.1)
shows the setup implemented by Mason. Every piezoelectric material has a resonance peak at a
certain frequency and Mason noticed that if a quartz crystal was immersed into a liquid the frequency
peak was shifted. The analysis of the resonance peak shifts in the quartz-liquid system was used to
calculate the viscoelastic properties of different fluid mixtures. Mason’s equipment pulsed a
piezoelectric (PZT) crystal at 500 kHz and analysed the response with good agreement to theoretical
data fluids with a value of shear viscosity up to 10 mPas.

Fluid Drop

/\

Emitter Receiver

Quartz rod

Figure 4.1: Mason’s reflectance set-up

Mason’s resonating quartz viscometer is Still used in industry. The resonating crystal approach is
applied, for example, to analyse the viscosity of curing epoxy in composite materials (Bujard, 1989).
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The resonating quartz technique is also used to produce modern acoustic microbalances (Eggers and
Funk, 1987).

4 In contact with epoxy : .
ree quartz

-~

Amplitude

Frequency

Figure 4.2 Frequency response from quartz-air system and from quartz fluid system in the frequency shift technique

4.2 The Resonating Plate/Rod

Woodward (1953) and Rich and Roth (1953) developed in parallel two vibrational viscometers based
on Mason’s resonance frequency shift principle. This was the first attempt to build an ultrasonic
viscometer to be used on-site for industrial characterization of lubricants. The Woodward viscometer
correlated the damping experienced by a vibrating plate driven by a piezoelectric crystal immersed in
a viscous fluid. Similarly, the so called ultra-viscoson by Rich and Roth, shown in Figure (4.3),
operated with a magnetostrictive strip or cylindrical rod driven by a piezoelectric sensor that was used
to produce transverse elastic waves guided to interact with the fluid sample of interest. This work is of
particular importance because for the first time the piezoelectric transducer was not in direct contact
with the fluid being analysed. The resonating plate viscometer consisted of a metal strip that was
immerged in the liquid and vibrated at a desired frequency (in the range 0.2-2MHz). The vibration of
the strip into the liquid was compared to the one in a reference volume (e.g. air). The vibration in the
liquid was damped by the vibration in air. This damping was correlated to the viscosity of the liquid.
This viscometer cannot be used to analyse thin layers of lubricant because of the dimensions of the
probe, so the implementation to real time and on site application was, in fact, limited to the analysis of
fluids in barrels or pipes. Kim and Bau (1988) refined this viscometer at low operational frequencies
(50 kHz). Kauzlarich (1996) used the same operating principle at higher frequencies (2.5 MHZz) to
obtain a patent for an ultrasonic viscometer for general fluid characterization. The main limitation of
the resonating plate is that the waveguide cannot be used to analyse the thin films that are present in
machinery lubricated layers.
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Figure 4.3: Schematic representation of the resonating waveguide. The vibration of the strip is damped when it is
submerged in the fluid sample. The damping is correlated to the viscosity of the fluid (Woodward, 1953)

Figure 4.4: Archive image of the Ultra-Viscoson from Roth and Rich (1953)

4.3 Reflectance Methodologies

Mason (1948) described in his ground-breaking work the possibility of using the reflection of shear
ultrasound waves from the piezoelectric-fluid interface to measure viscosity. Following Mason’s
work, different approaches based on the reflection coefficient analysis have been developed and
nowadays different reflection coefficient techniques are at the heart of modern ultrasonic viscometers.
Figure (4.5) shows schematically the set-up for the analysis of the reflection of shear waves at a solid-
liquid boundary. The ultrasonic pulser and receiver in Figure (4.5b) can be represented by any kind of
transducer described in sections 3.2 and 3.3.
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Figure 4.5:a) Shear particle displacement b) Schematic representation of the pulse-echo setup for the reflectance
method

This technique measures the viscosity comparing the shear ultrasonic reflection amplitude from a
solid-liquid boundary to the reference reflection from a solid-air boundary. The amplitude of the
ultrasonic wave incident to the fluid attenuates in comparison to the reflation at the air boundary. The
attenuation in amplitude is calculated in the form of reflection coefficient, as it was shown in detail in
sections chapter 3.6.2 and 3.6.3, and is correlated to the liquid viscosity. In this section two popular
algorithms for the analysis of the reflected waves at solid-liquid interface are analysed: the Newtonian
solution of the wave equation and the Greenwood model.

4.3.1 The Newtonian reflection model

This model considers the liquid as being Newtonian and the relation between viscosity and ultrasound
reflection is derived after the method of Franco et al. (2008). This approach has found great
applicability between 1980s and 2000s in the study of viscosity of Newtonian fluids (Shah, 1996).
This is because starting in the early 80s the costs associated with piezoelectric crystal and the
electronic pulsing-receiving instrumentation became accessible allowing implementation of ultrasonic
method at high frequency for a wide range of applications. This model is developed with the
assumption that the fluid under analysis is Newtonian. This assumption greatly simplifies the solution
of the wave equation at solid-liquid interface and allows for a correlation between shear reflected
energy from the solid-lubricant interface and viscosity (Buiochi et al., 2000). This model has found
industrial applicability in all the processes where the fluid can be considered Newtonian. The
following are just a few example of patented inventions based on this model: diagnostic of
combustion processes (Chien et al., 1994), clean up processes, characterization of resins in autoclave,
(Ahlberg, 1988 and Hinrichs, 1985) and characterization of fluids for general purposes (Farone et al,
2002).

The propagation of an ultrasonic wave at an interface is described by:

0’u  Oo, (4.1)
otz ~ “ox
where u represents the displacement, ¢ = \/pz is the shear velocity where p, is the liquid density, o, is
l

the applied shear stress and x is the wave propagation direction. In the case of a sinusoidal
perturbation the wave displacement u in equation (4.1) can be defined as:

= ugeliele-2)] 4.2)
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where w is the angular frequency and u, is the initial particle displacement. The Newtonian state law
correlating stress and strain is:

gy =1y (4.3)

where y is the strain rate and n is the dynamic viscosity. Combining equations (4.1), (4.2) and (4.3)
leads to:

Yy = lwy (4.9)

The shear modulus is defined as the stress over the strain:

Oy (4.5)

Substituting equations (4.4) and (4.5) in equation (4.3) gives:

G (4.6)

77=a

In case of a perfectly viscous liquid G’ is zero and equation (4.6) reduces to:

G" (4.7)

77:;

The storage modulus for a Newtonian solution may be defined by combining equations (3.39) and
(3.41) as:

"o__

zs2[ 4R(1 — R?)sinf (4.8)
p1 |1+ R? + 2Rcosb

Substituting equation (4.8) into (4.7) gives:

, zs2 [4R(1 - Rz)sine] (4.9)

- piw |1+ R? + 2RcosO

Equation (4.9) relates viscosity and the ultrasonic reflection coefficient when the liquid can be
considered to be Newtonian.

Sheen et al. (1994) tried to use the reflectance method to calculate shear impendence also for Non-
Newtonian fluids by enhancing the Newtonian model with the Voigt, Maxwell and power-law
solution. Sheen built the reflectance set-up using Perspex and plastic wedges. This is due to the fact
that sensitivity in reflection coefficient acquisition is highly affected by the high acoustic impedance
of materials of engineering interest (e.g. aluminium). The wide application of the Newtonian model is
the starting point for the development of a novel model to analysis engine lubricants. The Newtonian
model is used in chapter 5 as comparison with the Non-Newtonian model proposed in this work.
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Figure 4.6 Kasolang-Dwyer Joyce set-up for measuring viscosity and film thickness in Journal bearings: it can be noticed
the shear sensor to be inserted in the shaft (Kasolang and Dwyer Joyce, 2011)

4.3.2 The Greenwood Model

Greenwood (2002) developed another reflection coefficient based technique. This model can be easily
obtained from the definition of acoustic impedance for Newtonian fluids as it has been shown in the
work of Kasolang and Dwyer-Joyce(2011). This methodology has the advantage of being independent
of the film thickness and the reflection coefficient phase, but its applicability is still limited to
Newtonian fluids in the viscosity range 5-600 mPas.

The equation that correlates the viscosity of a fluid layer and the ultrasonic reflection coefficient is
derived starting from the most general definition of acoustic impedance for a viscoelastic fluid:

Y (4.10)
VARES c = a_u
Jat

From the definition of viscosity the shear stress is proportional to the shear strain and so:
on_ (4.12)
Tox =%

Combining equation (4.11) and equation (4.1), and if equation (4.1) is solved with the limitation that
the displacement is sinusoidal, a solution for u is obtained in the form:

U = ugeliot—lox] (4.12)

Where &’ is defined by Greenwood et al. (2002) and it is solution of equation (4.1) only if it is equal
to:

k' = (‘;’—5)0'5 (1+1) (4.13)
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Finally substituting equation (4.13) in equations (4.11) and (4.10) gives the definition of acoustic
impedance:

(4.14)

7= (wgm) (1+0)

By equating the real parts of the reflection coefficient equation (3.14) and the real part of equation
(4.14) the fluid viscosity value is obtained in terms of reflection coefficient:

- ne®) G50)
n_pl P\ 1+R

Equation (4.15) presents a simplified approach to the problem with respect to equation (4.9) as only
the modulus, and not phase, of the reflection coefficient is needed to calculate shear viscosity. This
model has been studied and implemented for its simplicity and the good accuracy of the results
obtained. The weakness of this model is that it can be used only to study Newtonian fluids.

2 (4.15)

4.4 The Attenuation Method

Longitudinal plane waves can be used to measure viscosity as well. The use of a longitudinal stress
instead of a shear stress allows the measurement of a quantity called compressional viscosity. This is a
measure of the resistance of the fluid particle network to a normal stress. The use of longitudinal
waves is at the base of the attenuation method. Dukhin (2009) correlated the attenuation of an
ultrasonic wave to the longitudinal viscosity through the relation:

2apc3 (4.16)
m=

w2

The attenuation coefficient was measured experimentally using equation (3.8). In this equation the
value of speed of sound is obtained through time of flight measurement as described in section (3.2)
in equation (3.4). Figure (4.7) shows the conventional set-up to measure the speed of sound using the
time of flight technique.
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Figure 4.7: Schematic setup of the attenuation and time of flight technique test cell

The time of flight measurement technique consists in measuring the time that takes to an ultrasonic
longitudinal wave to travel through a path of known length that is filled with the liquid. The speed of
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sound in a liquid can be related to many fluid properties. An example of the time of flight
methodology is reported in the work of Greenwood (2003). In this work a simultaneous measurement
of density and viscosity was made by taking into account the possibility of measuring accurately the
speed of sound in the fluid layer under examination by knowing the time of flight in the layer. The
weakness of this model is that it can be implemented only for fluid in a bulk. The Greenwood model
for viscosity measurement by means of time of flight measurement found applicability in the
characterization of slurry and the range of viscosity covered is 4 to 940 mPas at the frequency of 2.25
MHz.

The attenuation coefficient method is based on the same principle of the time of flight method. If the
time of flight is known then the attenuation coefficient can be calculated through equation (3.8). The
attenuation coefficient can be correlated to the fluid composition and to the longitudinal viscosity. Ju,
Gotlieb et al. (2010) followed Dukhin’s work and demonstrated that using the set-up shown in Figure
(4.7) it is possible to correlate the attenuation of the sound wave that travels through the liquid with
the sample viscosity. In this case the viscosity will be a combination of the shear viscosity and the
longitudinal viscosity, defined as the resistance of the fluid to normal stress. Shear viscosity,
longitudinal viscosity and attenuation can be correlated through:

w? (4 (4.17)
*= 2pc3 <§77 + 771)

The method has proven to be ideal for the investigation of fluids flowing through a pipe (Augenstein
et al.,, 1999), but it is not suitable for application in the analysis of thin layer of fluid because the

method is based on the time of flight measurement.
4.5 Ultrasonic Spectroscopy Methods

Recently, Kaatze (2001) developed a shear spectroscopy approach to measure viscosity of low
viscosity fluids. Figure (4.8) shows the set-up developed by Kaatze for spectroscopy measurements of
the liquid shear viscosity.

Figure 4.8: Spectroscopy ultrasonic viscometer (Kaatze, 2001). The fluid sample (9) viscosity is analysed using a
piezoelectric crystal (5).

The set-up is, again, very similar to the one proposed by Mason. An AT-cut quartz in contact with the
fluid and oscillated transversely. The oscillation was damped by the presence of the liquid and the
damping was correlated to the liquid viscosity. This damping corresponded also to a shift of the
resonance frequency. The shift is calculated as:

2" . (4.18)

Af. =
le Z(IJ
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where Af, is the frequency shift, z"’ is the immaginary part of the shear acoustic impedance, z; is the
real part of the shear impedance of the unloaded quartz and f;, is the resonance frequency of the
unloaded quartz, 2 MHz in the experiment by Kaatze. Combining equations (4.18) and equation
(3.41) Kaatze calculated the complex viscosity coefficients as:

’ (z'*-2""% " z'z" (4 19)
n = and n =
(f) 2npf (f) npf

Using the shift of the frequency spectrum between 1 and 150 MHz Kaatze measured the viscosity at a
wide range of frequencies. Figure (4.9) shows the results obtained by Kaatze.
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Figure 4.9: Spectroscopy viscosity measurement by Kaatze. (Kaatze, 2001)

The results are in good agreement for the real component of the viscosity, but the experimental error
is high for the imaginary component (up to over 20 %). This method has not found applicability in
real time processes as for an ultrasonic spectroscopy approach it is necessary to contain the lubricant
of interest into a perfectly machined test cell, as shown in Figure (4.9). This is, in fact, a limitation in
industrial processes. In other experiments Kaatze (2001) used a combination of longitudinal and shear
wave to analyse a wide variety of fluid samples mechanical and chemical properties. The shear
viscosity of a series of samples in the range 6-120 MHz is obtained with a technique based on the
quartz resonator technique. The complex shear viscosity spectrum in this case was used to find the
relaxation frequency and the results were compared with the classical longitudinal wave based
techniques.

4.6 Ultrasonic Resonator to Analyse Lubricating Oils

One of the limitations of the previously described methodologies is that most of them consider the
fluid as perfectly viscous. In the analysis of lubrication regimes this assumption is not valid anymore.
Dowson (1962) showed that lubricant layers subjected to at high pressures and shear rates, in fact,
assume Non-Newtonian behaviour. A first attempt to study complex lubricants and
elastohydrodynamic lubrication (EHL) by means of ultrasound waves was made by Lamb (1967) and
Barlow (1959). The analysis by Lamb and Barlow was dictated by the necessity of obtaining
experimental data to validate the novel findings of Dowson in EHD analysis. With the use of the
ultrasound technique viscoelastic parameters such as the relaxation time and the fluid complex shear
modulus were obtained for selected engine lubricants. The aim of this innovative work was to
comprehend how oils act at the high shear rates encountered in engines, how the shear stress at
alternating shear is correlated to the shear stress at steady shear and to obtain the relaxation spectra for
the different oils tested. Figure (4.10) shows the ultrasonic set-up by Barlow and Lamb.
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Figure 4.10: Ultrasonic experimental setup to measure the viscosity of lubricant oils, Barlow and Lamb (1959)

These researchers implemented a set-up similar to the one developed by Mason (1948), see also
Figure (4.1), and developed models for the analysis of non-linear fluid behaviour by taking into
account particle relaxation time. The model is based on the Maxwell model analogy and calculates the
shear moduli as follows:
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Once the shear moduli are obtained, the dynamic viscosity is calculated as:
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Figure (4.11) shows the dynamic viscosity and shear elasticity results obtained by Lamb and Barlow
for three different aromatics oils in the range of frequency 1 to 75 MHz.
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Figure 4.11: Dynamic viscosity and shear elasticity for silicone oils (Lamb, 1959)
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The viscometric findings were relevant to understand engine oil behaviour. Lamb and Barlow showed
that relaxation effects are important and to be taken into account when the duration of the applied

stress is comparable to the relaxation time constant 7 = Gl.They showed that for frequencies above

1MHz at 30°C the length of the polymeric chain is not affecting the ultrasonic measurement of
viscosity. This behaviour is further analysed by Lamb (1967). In this work Lamb tried to correlate the
steady shear to the alternate shear through an empirical rule. Figure (4.12) shows the results obtained
by Lamb at steady and cyclic ultrasonic shear.
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Figure 4.12: comparison between oscillatory and continuous shear for light silicone oils (Lamb, 1967)

These results confirm that for an alternating shear the measured viscosity is different from the
viscosity expected from a conventional viscometer. This behaviour is further explored in the next
section and in chapter 7.

Lamb and Barlow’s work was at the basis of modern ultrasonic characterization of viscoelastic
properties of light lubricating oils by means of ultrasound. Dyson (1970) analysed Lamb’s findings
and compared them with conventional theories to obtain an experimental relation in terms of
viscoelastic parameters between frictional traction and sliding speed in bearing lubrication. Figure
(4.13) shows the comparison between the conventional Maxwell and the novel Lamb approach.
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Figure 4.13: Comparison of lubricant oil viscosity data extrapolated from experiment using the Maxwell and the Barlow
and Lamb theories, Dyson (1970)

The findings suggest that both the Maxwell model and the Barlow and Lamb model are satisfactory to
analyse the lubricated contact in engine parts and bring to similar answers, but concerns remained on
the estimation of the infinite shear modulus G,. Dyson (1970) stated on the Lamb and Barlow model:
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“Some features remain unexplained, and there is need for more information, particularly on the
variation with pressure and temperature of the limiting shear modulus in oscillatory shear”.

More recently, Verdier et al. (1998) used the ultrasonic technique developed by Lamb and Barlow to
compare the evolution of light silicon oils shear moduli over the last decades to determine how the oil
market has been evolving throughout the XX century.

The work of Lamb and Barlow was certainly innovative, but the viscoelastic parameters of the oils,
such as the fluid complex shear modulus, were a function of parameters that are impossible to
measure accurately outside the laboratory environment. This is the case of the infinite shear modulus
that is the shear modulus obtained if an infinite stress is applied at the oil surface. This does not make
it possible to apply the Barlow technique in practical applications because the ultrasonic measurement
is not standalone.

4.7 Comparisonof Ultrasonic Viscometers and Conventional Viscometers

All the previously mentioned authors claimed to measure the shear viscosity of fluids by the use of
vibrational techniques, but an important difference exists between vibrational techniques and steady
shear techniques (or the conventional viscometers). Cox and Merz (1958) were the first to study the
correlation between steady shear and vibrational shear. These researchers showed that the
mechanically induced shear rate in a conventional viscometer is the same as the shear rate induced at
the equivalent vibrational frequency in a rotational viscometer. This consideration is known as the
Cox-Merz rule:

nw) =nMly=w (4.23)
At that time it was possible to prove this rule only in the shear rate range of 10° — 10%s™ and the
work conducted at low ultrasonic frequency, such as the Mason or the Woodward’s one (1958), was
validated. Figure (4.14) shows the results obtained by Yu et al. (2004) in an attempt to validate this
rule.
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Figure 4.14: comparison of the viscosity measured with conventional techniques (solid line) and oscillatory
measurement (circles), Yu et al. (2004)
It is possible to see that the results at steady and oscillatory shear start deviating for shear rates above

103s™. Following Cox and Merz, other more complex rules to correlate steady shear and vibrational
shear were made. It is the case of the Laun’s rule (Laun, 1986):
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where ¥; is the normal stres