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Abstract

Dearman were a start up company manufacturing engines utilising a waste product, liquid

nitrogen, to extract clean and cold power. The test case of the Dearman engine is a

truck refrigeration unit (TRU), used on refrigerated delivery lorries; accounting for a

large proportion of the total particulate emissions in refrigerated transport. The Dearman

Engine reduces the total emissions from these refrigerated lorries however there is room for

improvement and refinement to advance the technology closer to the maximum potential

e�ciency of the engine. This will reduce emissions from the system and the impact of

refrigerated transportation on the environment. This thesis is focused on the tribology of

the engine, reducing the parasitic losses through a three pronged approach: new materials,

new lubricants and new designs. The Dearman Engine has a low power output compared

to an internal combustion engine (ICE) and as such parasitic losses have the potential to

absorb a significant amount of the power generated.

The cylinder liner — piston seal interaction was identified as the key contributor to

friction in the engine. A material replacement investigation of the cylinder liner was

undertaken through tribological specimen testing. A poly-tetrafluoroethylene (PTFE)

cylinder, representative of the piston seal, was reciprocated against a number of polymer

matrix composites (PMCs). The investigation compared the PMC to the current material

used in the Dearman Engine: honed aluminium. The benchmark coe�cient of friction at

12 ◦C under a contact pressure and reciprocating frequency representative of the Dearman

Engine was 0.14. After investigation it was determined that unhoned poly-oxymethylene

(POM) was the most beneficial polymer to implement in this area with a coe�cient of

friction of 0.08 at 12 ◦C. Unhoned POM also outperformed the benchmark in terms of

settling time and percentage overshoot: summary statistics that were linked to the wear

of the PTFE cylinder.

The potential of a laminated polymer as an alternative to the current piston seal, a

composite, was also investigated: providing a saving in manufacturing costs and required

energy of manufacture. Samples were tested under contact pressures representative of
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the pressures in the Dearman Engine. There was no significant di�erence between the

coe�cient of friction and wear of a PTFE-PEEK composite and a PTFE-PEEK laminate

at the same ratio of PTFE:PEEK (20%).

In an attempt to negate the need for an oil pump two fluids were examined as

lubricants and potential heat exchange fluids (HEFs); one based on pectin and the other

on bovine serum albumin (BSA). HEF is the working fluid that ensures e�cient expansion

of N2 within the engine. It was shown that both fluids formed lubricating films and

had the potential to be successful industrially viable lubricants. Pectin solutions were

more sensitive to the concentration, where as BSA demonstrated less variation in the

coe�cient of friction between the two concentrations. At high loads BSA produced the

lowest coe�cient of friction; although at both loads tested 5mgml−1 pectin was capable

of producing low coe�cients of friction and as such in a complex system may be a better

solution. The study identified that these lubricants have the potential to be a replacement

for hydrocarbon based lubricants under the conditions tested.

Data analysis also led to improvements in the processing and potential insights inferred

from tribological data: utilising a higher sample rate to investigate the e�ects of viscoelastic

properties of polymers and lubricants on friction. Traditionally data is collected at a lower

sample rate; this is a brute force approach to tribology and increasing this sample rate

gives insights far exceeding the information present in traditional data analysis. The key

feature that is missed in reciprocating tests is the area at the extremes of the stroke where

a potential lubricant layer is broken down and there is stick-slip behavior resulting from

asperity contact and a potential increased wear rate.

Combining a biomimetic lubricant/heat exchange fluid with a POM cylinder liner

and a laminated PTFE/POM piston seal has the potential to reduce the parasitic losses

and overall weight of the TRU. New analytical techniques will assist in future testing

of viscoelastic materials and lubricants. This thesis has provided the inital steps in

developing the Dearman Engine from a tribological perspective: potentially advancing

the technology’s industrial readiness and ensuring that the environmental ethos of the

company is maintained.
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Chapter 1

Introduction



2 CHAPTER 1. INTRODUCTION

Fossil fuels and the issues surrounding their use are widely reported in the popular

media. Headlines such as:

“Air pollution particles found in mothers’ placentas”

(Carrington 2018)

and

“Noxious air disappeared when London closed roads to cars for cycle event”

(Reid 2018)

are never far from the front pages. Quoting alarming statistics is designed to apply

political pressure on vehicle manufacturers, policy makers and consumers to be mindful of

the impact of burning hydrocarbons for fuel. Whilst the statistics and measures reported

by the media should be approached with caution, the underlying messages are very

important.

The issues with crude oil fall into two categories: supply and usage. The drilling and

extraction of crude oil is nearing a global production peak whilst the consumption of fossil

fuel derived products is increasing with population growth and increased industrialisation

(Sperling and Gordon 2009, pp. 5, 120). It is without a doubt that rapid technological

development and increased production, as seen in Britain, during the 1850’s would not

have been possible without coal (Wrigley 2010) and later petrol, diesel and natural gas;

however there is now a push to reduce reliance on these fuels.

There have been large steps in the past few decades to reduce emissions from the

combustion of fuel in petrol and diesel engines. Legislation such as EU 2016/1628 restricts

the levels of CO2 and particulate matter allowed to be exhausted into the atmosphere by

a variety of vehicle types. This new regulation, which came into force in 2018 and 2019,

has widened the scope of previous regulation to include engines not involved in moving

vehicles on the road. It is currently the most restrictive emission standard in the world

(International Council On Clean Transportation 2016). Technological steps such as the

installation of catalytic converters (Bhattacharyya and Das 1999), diesel particulate filters

(Maricq 2007) and hydrogen fuel reforming systems (Fennell et al. 2014), to name a few,
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have all reduced the levels of emissions but gasses such as CO2 are still produced. The

drive for reduced emissions is driven by two factors: public health and climate change;

both equally as important for the improvement and continuation of the global community.

Reducing reliance on fossil fuels and their impact on health and nature is a step in the

right direction, however it is not the answer to solving the issues widely reported within

the media and in more reliable sources.

There is also social and political pressure to reduce waste. One way to decrease waste

is to use the resource in its most e�cient manner. This idea was brought into the public

domain by the publication of a report by the UK Department of Education and Science

in 1966 (Jost et al. 1966). The report lists the huge cost to British manufacturing that is

caused by improper lubrication and a lack of understanding of contacts between surfaces.

In addition to these available savings, a technology that takes a waste product and can

generate power or another useful product is hugely valuable on the path to reducing

reliance on fossil fuels and in utilising the most energy from any power source. One

example of this is combined heat and power (CHP) plants (Dentice d’Accadia et al. 2003).

This technology takes the heat produced and subsequently wasted by the generation of

electricity and use this energy to heat the premises and locality. This works well when

the power generation plant is in the locality of where the heat is required such as in a

residential neighbourhood.

Nitrogen is the most abundant gas in the atmosphere, making up ≈ 80% by volume

(Lehninger 1982, p. 335). It is separated from air by the use of fractional distillation.

This liquid nitrogen (LiN) can then be transported via tankers and stored for further use.

LiN is used throughout the world for many di�erent cooling purposes. The applications

vary from medical science (Chian 2010), transport of food (Brown 2008) and machining

(Ravi and Kumar 2012). In all of these the nitrogen is exhausted into the atmosphere

at cryogenic temperatures returning it to where it was initially extracted. This wasted

resource is a very useful energy vector (Private Correspondence, Dearman 2015).

The major issue with supply of LiN is that the infrastructure for widespread use is not

currently available. This issue is more prevalent in the developing world. The Birmingham
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Energy Institute proposed an interesting solution to this: liquid natural gas (LNG) being

pumped o� ships into storage and power generation plants as a source of waste cold that

can be used to produce liquid air (Peters 2016). Communities and their industries would

not benefit from such a system without technologies, such as the Dearman Engine — a

cryogenic rankine cycle expander; that can exploit this waste cold to produce power. This

engine has the most potential in applications where cooling and power are required such

as data centres or refrigerated transport.

This thesis focuses on improving the e�ciency of the Dearman Engine through

studying the materials, fluids and designs currently used and testing alternatives.

Thesis Structure

Figure 1.1 shows the structure of the thesis working to improve the e�ciency of the

Dearman Engine.

Biomimetic
Lubrication

— An investigation into
the possibilities of
biological additives

Polymer
Tribology

— Material replacement
of key components

Velocity
Dependant
Friction

— The development of
novel analysis methods

Introduction

Literature Review
— Establishing the aims

and objectives of
the thesis

Conclusions
— Combining the investigations

and a suggested program of further work

Figure 1.1: The structure of this thesis.
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The Dearman Engine is one addition to the global attempts to reduce the impact

of engineering on the natural world. In order to utilise its full potential, research into

reduction of parasitic losses, such as friction, is critical. Minimising lost energy, increasing

longevity of parts and reducing the complexity of the engine are all imperative for

successful industrialisation in the future.

2.1 The Dearman Engine

This section has been developed using personal correspondence with Dearman dating from 2015 to

the date of submission.

The Dearman Engine is a cryogenic expander, shown in Figure 2.1; it operates on a

cycle similar to the Rankine Cycle as shown in Figure 2.2 (Walshaw 1946, p. 135). The

initial test case for the e�ectiveness of the system was a refrigerated goods truck resulting

in the Dearman truck refrigeration unit (TRU).

The engine uses two working fluids: liquid nitrogen (LiN) and a heat exchange fluid

(HEF). These fluids work synergistically within the cylinder to provide a near isothermal

expansion (Igobo and Davies 2014). This combination of fluids within the cylinder was the

brain child of British Inventor: Peter Dearman (Dearman 2006). LiN is evaporated within a

heat exchanger external to the engine. In the case of the TRU the heat exchanger is located

within the food storage area of the truck and is the initial cooling step in the system. The

LiN enters the engine at high pressure (30 bar to 50 bar) and ambient temperature after

passing through the exchanger.

The power cycle is as shown in Figure 2.3. As soon as the N2 enters the cylinder and

comes into contact with the HEF, the pressurised gas expands resulting in a power stroke.

Due to the HEF, the expansion is nearly isothermal. As the piston rises the expanded

mixture is exhausted. The dual phase fluid that is removed from the cylinder is then

separated in the exhaust system. As the piston nears top dead centre (TDC) HEF is

injected into the cylinder ready for the injection of the N2 just after TDC.

In the TRU the power generated by the expansion is used to power a conventional
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Cylinder Liner

Valve Guide

Exhaust Valve with
HEF Valve behind

N2 Valve
with second N2
valve behind

Piston Seal

Piston
Guide Rings

ConRod

Crank
Hydraulic Oil in

crankcase and sump

Figure 2.1: The key components of the Dearman Engine addressed in this thesis. Not to
scale.

vapour compression refrigeration system. This process doubles the coe�cient of

performance of a standard diesel powered refrigeration device; this is due to the fact

the evaporation of the N2 removes heat from the food storage area of the truck and then



10 CHAPTER 2. LITERATURE REVIEW

Pump

Boiler

Steam Engine

Condenser

Dearman Engine
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Exhaust -

To atmosphere

LiN Tank
with pump

Figure 2.2: The Rankine Cycle for a steam engine (adapted from Walshaw 1946) with the
Dearman Engine terminology annotated.

is used to generate power. This power can then be used to provide more cooling. In other

applications the power may be used for other purposes such as electricity generation.

The power output from the Dearman Engine is around 5 kW. Analysis of a standard

durability dynamometer test performed by Dearman resulted in a mean indicated mean

e�ective pressure (IMEP) of 9.5 bar and a mean brake mean e�ective pressure (BMEP)

of 7.2 bar. This led to a calculated value of frictional mean e�ective pressure (FMEP)

of 2.3 bar and an e�ciency of 75.9%. There is a large potential for bringing the IMEP

and BMEP closer together through a tribological study. With the engine producing

significantly lower power output than a conventional internal combustion engine (ICE)

parasitic losses are more detrimental to the performance of the Dearman Engine.

Engine Friction

Figure 2.4 shows the contribution to friction of the major sub-assemblies within the

Dearman engine. The data was collected by motoring a fully assembled 1st generation

engine coupled to a dynamometer; the power consumed by the dynamometer was then

measured by Dearman Test and Development Engineers. The 1st generation engine is the

original configuration of the Dearman Engine where a large number of the components

are ‘o�-the-shelf’ ICE components, this configuration was designed as a proof of concept.

The engine was disassembled and the power recorded as the subsequent sub-assemblies
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HEF Valve Open

N2 Valve Open Isothermal Expansion

Exhaust Stroke
Not to Scale

Figure 2.3: The Dearman Cycle (stylised). Starting top left: 1) N2 valve opens
2) In contact with the heat exchange fluid (HEF) the N2 expands 3) As the piston

returns to TDC the expanded gasses are exhausted 4) HEF is allowed into the cylinder
just before TDC to prepare the cylinder for the next expansion.

were removed for a comparison of the contribution to the total losses of the engine. The

major contributor to frictional losses was the piston ring, accounting for nearly a third of

the total. This piston ring, also known as the piston seal, is critical to e�cient expansion

and thus e�cient power generation.

Originally the Dearman Engine was manufactured from mass produced ICE
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Drive Shaft
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Piston Ring
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Crankshaft
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Drive Belt

12.5%

Figure 2.4: The contribution of constituent sub-assemblies to overall friction within the
Dearman Engine derived from a frictional teardown performed by Dearman of a 1st
generation engine (Private Correspondence 2015).

components, adapted to allow the flow of N2 and HEF into the cylinder to provide

a quasi-isothermal expansion. This design worked as a proof of concept but as the

technology is inherently di�erent in its nature to an ICE it follows that there should be a

design process to advance the technology reflecting these di�erences. Later generations of

the Dearman engine developed the 1st generation engine moving the technology further

from a traditional ICE and closer to a fully bespoke design. The change in temperature

from ≈ 150 ◦C in an ICE (Priest and Taylor 2000) to ≈ 25 ◦C in the Dearman Engine,

working fluids and loads involved open up the possibility of utilising new materials, new

lubricants and new designs. These potential improvements include polymers: known for

their low density and high strength (Mark 2009) and biomimetic lubricants: based on

lubricants found in biological organisms with the potential to provide an alternative to

hydrocarbon based oils (Ahlroos et al. 2011).
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2.2 Polymer Tribology

Advances in material science have produced new materials that have been used in many

applications, however polymers are not widely used in sub-ambient temperatures (<

20 ◦C). Prime examples of applications operating that could benefit from the properties

of polymers are compressors (Yeo and Polycarpou 2012; Nunez and Polycarpou 2015;

Cannaday and Polycarpou 2005) and gearboxes (Dearn, Hoskins, Petrov, et al. 2013a;

Dearn, Hoskins, Andrei, et al. 2013; Meuleman et al. 2007). Polymers are used in these

applications for two main reasons: mass and friction reduction. The polymers discussed

in the rest of this chapter were all selected for their high relative sti�ness and suitability

for the application.

There have been many studies that have examined the tribology in an oil-less

compressor, these tend to operate at similar temperatures and loads to the Dearman

Engine. A study performed by Yeo and Polycarpou assessed the performance of polymer

coatings on the bore of a compressor (Yeo and Polycarpou 2012), this focused on the use

of polyether etherkeytone (PEEK) and poly-tetrafluoroethylene (PTFE) coatings between

−20 ◦C and 120 ◦C. PTFE was shown to outperform PEEK as a bulk coating when the

coe�cient of friction was observed. However impregnating PEEK with PTFE improved

the performance over that of the two materials on their own. It was hypothesised that the

PTFE formed small particles that created a solid lubricant layer.

Polymers can be combined with reinforcing fillers to improve both the mechanical and

tribological properties of the polymer matrix composite (PMC) as shown in Figure 2.5.

Glass fibres and carbon fibres are commonly impregnated into a thermoplastic matrix

to improve the wear resistance (Friedrich et al. 2005). These also have the benefit

of increasing the thermal conductivity of the material reducing the flash temperature

of the interaction. Hoskins et al. found that an increased flash temperature increased

the coe�cient of friction (Hoskins et al. 2014) through the melting of the surface. By

implication, increasing the thermal conductivity can reduce the coe�cient of friction.

Other solutions exist for the improvement of the wear resistance but glass and carbon
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fibres are more readily available and are often cheaper. Carbon fibres are sti�er but using

them has a higher cost penalty than glass (Chuah 2012). Glass fibres are supplied in

short chopped and long fibre variants. Under normal running short chopped fibres can

lead to many exposed fibres running against the counter surface when the matrix material

wears, significantly increasing the overall wear (Karger-Kocsis and Friedrich 1988); this

can be mitigated through careful selection of manufacturing process. Short chopped fibres

are easier to incorporate into a material but longer woven fibres are more e�ective at

reinforcing the material (Chuah 2012).

Sti� chopped fibers
with multiple orientations

Matrix Material

Figure 2.5: An example polymer matrix composite.

Lu and Friedrich demonstrated that between 0 ◦C and 50 ◦C the coe�cient of friction

of PEEK increases with an increase in temperature for an unreinforced sample. The

coe�cient of friction decreases with short carbon fibre reinforced samples with an increase

in temperature with a minimum value at the glass transition temperature of PEEK (≈

150 ◦C) (Lu and Friedrich 1995).

Polymers are rarely used for power generation components inside ICEs due to the high

temperatures involved (Priest and Taylor 2000) meaning that their weight and power saving

advantages can not be exploited. However, the much lower operating temperatures of the

Dearman engine (<30 ◦C) mean that this technology has many potential applications and

one key material of interest is poly-ether-ether-ketone (PEEK) (Z. Zhang et al. 2004).

All of these factors must be considered when applying PMCs in tribological

applications. This research aimed to assess the tribological properties of polymers and



2.2. POLYMER TRIBOLOGY 15

composites that may be used to manufacture a cylinder liner for a reciprocating low

temperature engine by replicating the conditions in the engine.

HEF, the fluid mixed with pressurised nitrogen in the engine to ensure quasi-isothermal

expansion, is an aqueous solution made up of 70% water and 30% poly-ethylene glycol

in the current Dearman Engine configurations. So whilst the engine is currently mainly

lubricated with hydraulic oil the polymers must also be compatible with aqueous solutions

due to the HEF present in the cylinder. Some poly-amides (PAs), are well known

for absorbing moisture and expanding, however they are among some of the polymers

commonly utilised for tribological applications (Mark 2009). Polyphthalamide (PPA) is a

subset of PA used for its improved performance with moisture and chemical resistance and

has been produced mainly for the automotive industry (DuPont 2008). Polytrimethylene

terephthalate (PTT) is mechanically similar to PA but has been relatively unused due to

a large cost in the manufacture but DuPont developed a process utilising corn starch to

produce 1,3-propandiol. This is a major step in the commercialisation of the polymer as

previously this was produced from petrochemical sources. This novel process allows PTT

to be manufactured economically (Kurian 2005).

One of the major benefits of using polymers is the ability to produce composites

utilising the desirable properties of each individual material (Lu and Friedrich 1995).

Traditionally a sti� polymer is used in combination with a soft lubricious polymer in

order to provide a material that is durable and has a low coe�cient of friction under

certain conditions (Khedkar et al. 2002). This combination tends to be produced by

embedding the softer polymer into a sti�er matrix material. Although PMCs come with

a few downsides: they tend to be more expensive compared to unreinforced polymers

and the inter-facial boundary between each component material can adversely a�ect the

mechanical properties.

PTFE-PEEK composites (PTFE-PEEK-Cs) have been investigated in a variety of

di�erent ratios of PEEK:PTFE. When the PTFE percentage is larger than that of the

PEEK, they do not perform favourably an undesirable phenomenon known as grooving

occurs; where the PTFE wears more than the PEEK and causes cavities to appear on the
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surface (Lu and Friedrich 1995). The tribological film produced during grooving also has

a lower thickness resulting in lower lubricity.

Although composites are widely used to obtain properties of multiple materials, there

is some evidence to suggest that using laminated materials can provide comparable friction

with composites; a schematic is shown in Figure 2.6. Qi et al. investigated the tribological

performance at elevated temperatures using a pin on laminated aluminium oxide with

molybdenum, the friction was 60% lower than the monolithic material (Qi et al. 2012).

However, at ambient temperature the AlO3/Mo composite gave better results than the

laminate.

Sti� supporting
layer

Lubricious
layer

Bonding between
layers

Sliding Direction

Figure 2.6: A schematic for a laminated polymer concept.

The investigation of friction pre dates the formal study into Tribology in 1966. Pioneers

in the subject include da Vinci, Amontons, de la Hire and Coulomb. Da Vinci is often

credited with the earliest scientific experiments in analysing the coe�cient of friction.

Amontons published four laws of friction in his paper ‘De la resistance cause’e dans les

machines’ (Amontons 1699) that were later investigated in depth by Coulomb. De la

Hire developed a the first theory of the mechanism that causes friction. These pioneering

works led to the development of the three fundamental laws of dry friction that are widely

accepted, however there are limits to their validity (Schnurmann 1942; Hutchings and
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Shipway 2017; Popova and Popov 2015):

1. Friction is directly proportional to the applied normal load.

2. Friction is not dependant on the apparent area of contact.

3. Friction of a sliding object is not dependant on its velocity.

These laws can be condensed mathematically into Equation 2.1; Figure 2.7

demonstrates the notation used. It is now understood that these laws are a good ‘rule

of thumb’ but they are idealised. The coe�cient of friction depends on many factors

such as the materials involved, the temperature of the surfaces and the topography of the

surface.

Fµ = µF⊥ (2.1)

Fµ

F⊥

v

Figure 2.7: A schematic of the notation used in Equation 2.1.

The above laws fail to hold during extreme conditions; high velocity and force

experiments do not respect them (Bevan 1939). In the case of polymers there are other

factors that impact the coe�cient of friction. The visco-elastic nature of polymers and

their change in crystallinity during heating means that the mechanisms and conduction

of heat is significantly di�erent to that of metals and so their behaviour under friction is

di�erent (Johnson 2003, pp. 184–195) (Dearn, Hoskins, Petrov, et al. 2013a).
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Visco-elastic materials are those that undergo an elastic and plastic deformation during

an applied strain (Roeder 2013). This introduces a hysteresis in their use as supporting

surfaces. As plastic deformation is related to the rate of strain applied as well as the

magnitude; polymer friction is dependant on the relative speed of the contacting surfaces.

This is a major deviation from Coulomb’s law of friction.

In traditional tribological studies the friction and wear properties are measured at

low sample rates (≈ 1Hz) and summarised in statistical descriptors such as maximum,

minimum, mean and median friction or post test measurements such as wear volume.

These all have their place in describing the tribological performance of materials and

lubricants but do not give insight into the non-linear e�ects of materials.

In addition to non-linear properties, frictional data can also give more insight into the

transient wear of materials. The frictional energy dissipated during motion is converted

into other forms: heat (Carslaw and Jaeger 1959, pp. 266–270), sound, vibration and

the most important tribologically — wear (Hu et al. 2013; Rymuza 1996). Frictional

energy dissipation can be calculated using the coe�cient of friction, however the higher

the sampling frequency, the more accurate the reported value.

The Nquist-Shannon sampling theory (Nyquist 1928) describes the minimum

frequency (B) e�ects that can be described by observations at a given sample rate (fs )

as shown by Equation 2.2. For example, in order to observe e�ects that occur at,

say, 1Hz a sampling frequency of 2Hz must be used. This implies that in pursuit of

fully understanding non-linear e�ects of materials and lubricants a low sample rate is

unsuitable.

fs > 2B (2.2)

2.3 Lubrication

Another approach to reducing the parasitic losses of the Dearman Engine is to address the

lubricant currently used: hydraulic oil. Traditional lubricants, derived from hydrocarbons
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(Mang 2007) do not fit the ecological and environmental focus of the Dearman Engine.

The polymers discussed above are also derived from the same sources however they are

expected to have a significantly longer life span than the lubricant during operation. For

these reasons there was a focus on searching wider than the traditional sources of lubricant.

A lubricant within an engine needs to operate under a wide variety of conditions as

it is in contact with a number of di�erent components. They operate under boundary

and hydrodynamic lubrication and a mix between the two, known as mixed lubrication.

Boundary lubrication is when the two surfaces are fully supporting each other and the

asperities of the two materials come into contact (Komvopoulos et al. 1985). Friction

under boundary lubrication loosely follows Amontons’ laws for dry contacts and is

not significantly dependant on velocity. Again this falls down when the materials are

visco-elastic. It is a common form of lubrication in both the natural and engineering

world. These kind of contacts occur under high pressure and low velocity conditions such

as: bearings, gears and synovial joints (Bart et al. 2013; Schmidt et al. 2007). As boundary

lubrication results in partial contact between the two surfaces it can lead to high levels of

adhesive wear due to the cold welding of asperities (Mang 2007, p. 17).

Boundary lubricant additives react chemically with the surface of materials through

polar bonds (Komvopoulos et al. 1985). In the human body fatty acids, proteins and

polysaccharides all make up synovial fluid, these chemicals all react and are absorbed into

cartilage to make a lubricious surface for low friction, low velocity, high contact pressure

motion within joints. The exact make up of these fluids is highly complex and varies due

to species, age, health and environmental factors of each subject but the breaking down

of these fluids has been linked to debilitating conditions such as arthritis (Schmidt et al.

2007). In ICEs boundary lubrication regimes can be found between the camshaft and

followers and piston rings briefly at TDC and bottom dead centre (BDC). Due to the

higher temperatures present in the system (≈ 150 ◦C to 200 ◦C) the lubricants involved

tend to be based on crude oil and are also subject to oxidation within the contact around

the piston ring causing contamination of the oil (Lee et al. 2006).

Hydrodynamic lubrication occurs when the pressure or velocity in the fluid rises
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high enough to fully separate the two surfaces. When this lubricating layer becomes

contaminated with wear debris, or other particles, abrasive wear occurs. This regime

is found under high velocity contacts such as the crank bearings and piston rings (Priest

and Taylor 2000). The coe�cient of friction is dependant on the velocity and pressure

between the surfaces in this situation due to the changes in viscosity in the lubricant caused

by the applied conditions.

2.4 Biomimetic Lubrication

It is known that animal fats and water were used to grease doors and axles in wagons

and carts in antiquity. It is no wonder that the Latin and Greek word for lard ‘axungia’

(αξoνγγiα) is rooted in the Latin word for an axle ‘axem’. There is also evidence of the

Romans using the dregs of olive oil mixed with water, left over from olive oil production,

being boiled down and used as a lubricant (Harris 1974). Lard and Olive oil are both

mixtures of fatty acids with long carbon chains. The major di�erence between the two

substances is the concentration of saturated and unsaturated fatty acids. Olive oil has a

saturatedC16 concentration of 7 g/100g to 16 g/100g (mass of compounds with chains of 16

carbon atoms per 100 g of oil) whereas lard has a saturated C16 concentration of 24 g/100g

to 30 g/100g (Thomas et al. 2015). The di�erences change the physical properties of the

lubricant but the fundamental chemistry of the fluids is the same.

During autumn across the globe there are issues with leaf abscission reducing the

traction available on road surfaces and rail track. This loss in traction has been attributed

to pectin, a type of polysaccharide (Cann 2006). Pectin is a complex mix of polymerised

chains of sugars, found in plant cell walls (Bauer 2012). The structure of pectin varies with

species of plant, time of year and where the cell is on the plant, however it is present in

all live plant cells. Approximately 60% of the cell wall is made up of homogalacturonan a

main constituent of pectin (Ca�all and Mohnen 2009). The interaction between the pectin

in the leaves and the wheel/rail contact forms a layer (Zhu et al. 2014) that is di�cult to

remove, due to bonding between the leaf matter and the steel, and significantly reduces
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the coe�cient of friction (Li et al. 2009). This phenomenon is potentially beneficial as a

way to generate a boundary lubricant coating harnessing the adhesion between the pectin

and steel to reduce the contact between the two surfaces and reducing the friction.

Pectin tends to be used as a viscosity modifier and emulsifier in food chemistry. It is

starting to be more prevalent in other sectors from the manufacture of polymer films for

convenience food (Silva et al. 2009) to corrosion inhibiting coatings (Fares et al. 2012)

however it has never been used as a lubricant additive for an engineering application.

There are other examples of long chained organic molecules in nature that have

lubricating properties. Synovial joints use synovial fluid to lubricate themselves. This

fluid is largely made up of proteins (long chains of amino acids), mostly serum albumin.

Higher concentrations of these proteins have been detected in patients who are su�ering

with arthritis, demonstrating their importance in lubricating joints (Hui and Mccarty

2013). Bovine serum albumin (BSA) has been found to be approximately 13× 3 nm in

size (Lehninger 1982, p. 170) and molecular weight of 66 000 gmol−1 (Lehninger 1982,

p. 707). BSA is used in blood to move fatty acids, metals and other compounds around

the body (Huang et al. 2004). Synovial joints operate at a significantly lower contact

pressure than a rail and wheel but the fluids contain the same long chained structure as

pectin and so may be capable of running under similar loads.

In all of these cases these fluids consist of a long chemical chains constituting of

fatty acids, amino acids (in the case of proteins) or polymeric sugars (polysaccharides).

The other similarity is that in these situations the environment is aqueous. There is an

interaction between these chemicals and the water present to form a boundary lubricant,

reducing the coe�cient of friction and heat in a contact, whilst washing debris out of the

contact. This is observed over a range of contact pressures from the knee at ≈3.5MPa

(Haut Donahue et al. 2003) to the contact between the rail and train wheel at ≈1200MPa

(Li et al. 2009).

The ability for long chained biological compounds to lubricate mechanical components

over a wide range of conditions is clear; opening the possibility of alternatives to

hydrocarbon based lubricants. Biolubricants — lubricants sourced from biological matter
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and biomimetic lubricants — fluids mimicking a natural lubricant by using a constituent

compound from a biolubricant. Hydrocarbons are derived from either crude oil or

synthesised from those derivatives (Mang 2007, pp. 1–6). The use of hydrocarbon based

lubricants adds to the carbon footprint of the end product and also has the possibility

of contaminating the environment (Boyde 2002). A bio- or biomimetic- lubricant derived

from living sources, when sourced sustainably, can reduce the carbon footprint and impact

of the lubricant on the environment.

Biological lubricants are complex chemicals and so the e�ects of temperature, load and

velocity have not been fully studied. In order for industrial and wide scale implementation

of bio- and biomimetic- lubricants these e�ects need assessing. A critical factor in the

utilisation of biomimetic polymers is the stability and longevity of the lubricant, controlling

the chemical degradation. E�ects of both temperature and pH have been shown to a�ect

the chemistry of biomolecules. Above 70 ◦C BSA forms complex structures and denatures

above 55 ◦C (Schmitt et al. 2009). Whilst the denaturing of proteins is not critical to

the formation of a lubricating layer, complex structures could form detrimental detritus

that may end up trapped between the two surfaces. The properties of pectin are well

reported and are dependant on the pH of the surrounding solution, changes in viscosity

such as gelling are due to the levels of pH or the introduction of Ca2+ ions into a solution

(EndreSS and Christensen 2009). Unless the solution is taken above a high temperature

and the molecules begin to oxidise; pectin solutions are not reported as having major

changes in their chemistry.

Chemistry of Pectin

Pectin is abundant and present in most plant matter, and as such if it could be proven to

be a potential industrial lubricant it is a renewable alternative to hydrocarbons. Leaves

are made up of multiple carbohydrates and polysaccharides, in some leaves pectin is used

to cement the cellulose fibres together. Pectins are polysaccharides (literally many sugars)

found in the cell walls of all plant cells. The levels of pectin vary dependant on where
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the cell is located on the plant. Homogalacturonan, a constituent part of pectins, is a

polymer of α-1,4-linked-D -galacturonic acid, the structure is shown in Figure 2.8 (Ca�all

and Mohnen 2009).

O
COO−

O

OH
HO

O

C
O

O CH3

O

O
OH

O
COO−

O

OH
HO

O

C
O

O CH3

O

HO
OH

O
COO−

O

OH
OC

O

H3C

O

COO−

O

O
OH

O

Figure 2.8: The skeletal structure of homogalacturonan (adapted from Ochoa-Villarreal
et al. 2012).

This polymer has sections with carboxylic acid groups spread along the chain. It has

been hypothesised by that between these carboxylic acid groups ionic bonds form with

Ca2+ ions. These bonds form the polymer into a parallel chain. This model is known as

the ‘Egg Box Model’ shown in Figure 2.9 (Grant 1973). In general pectin requires Ca2+
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or a complex molecules, such as sugars and acids to form a gel (Thakur et al. 1997).
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Figure 2.9: The ’egg box’ model of bonding between Pectin and Ca2+ ions (adapted from
Ochoa-Villarreal et al. 2012).

Metals and bacteria have been shown to bond through the use of polysaccharides. This

has been shown for a large variety of polysaccharides and metals (Kotrba 2011). There is

also a drive to develop green polymers to replace polymers derived from crude oils. Silva

et al. developed a polymer based on pectin and one on alginate. They used glycerol as a

plasticiser and a CaCl solution to crosslink the polymer. CaCl is used as it helps to make

the resulting polymer insoluble in water but makes the film brittle (Silva et al. 2009).

Chemistry of Proteins

Proteins make up a large amount of the biochemistry present in the natural world. Despite

the large variety of organisms ranging from bacteria to plants these proteins are made

up of 20 building blocks known as amino acids (Lehninger 1982, p. 121). These are

organic compounds that consist of an amino group (–NH3) and a carboxylic acid group

(–COOH). These amino acids form a peptide bond between a –N+H2 and COO– groups

on subsequent acids to form chains known as proteins (Daintith 1966, p. 402). This process

is shown in Figure 2.10 (Lehninger 1982, p. 111).

Proteins form very complex structures determined by the order of these amino acids.

The peptide bonds form what is known as the primary structure of the protein, a back bone

of amino acids (Daintith 1966, p. 442). When describing proteins each of the 20 amino

acids is abbreviated to a single letter allowing sections of the back bone to be represented

by a sequence of letters (Lehninger 1982, p. 134). Figure 2.11 shows this process. In

the figure, a section of a protein containing Alanine (A), Lysine (K) and Cysteine (C) is

shown with the peptide backbone running along the top of the figure. Hanging o� the
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Figure 2.10: The formation of a peptide bond.

chain between each peptide bond is a tail. These tails are what makes each amino acid

unique (Lehninger 1982, p. 56).
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Figure 2.11: The primary structure of proteins. Example shown is AKC (Alanine - Lysine
- Cysteine). Adapted from (Campbell et al. 2017, p. 125).

There are two major forms of secondary structures: alpha and beta. Alpha structures

form helical sections within the protein and beta structures form folds within the structure

causing the peptide chains to run parallel to each other. The secondary structures are

formed via hydrogen bonding between the carboxylic acid and amino groups as shown in

Figure 2.12 (Campbell et al. 2017, p. 128). Due to the individual chemistry of each tail
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forming electron rich and electron deficient areas of the chains the tails form hydrogen

bonds between sections of the chain creating the tertiary and quaternary structures of the

proteins (Lehninger 1982, pp. 147–206).
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Figure 2.12: Hydrogen bonding between peptide chains forming parallel peptide chains.

2.5 A Synergistic Approach - Aims and Objectives

In order to reduce the parasitic losses found within the Dearman Engine an approach that

addresses materials, lubrication and design in conjunction with each other is needed. It

is clear that with an engine designed to be an adapted ICE there is a large amount of

room for improvement to ensure the engine is adequately designed for the working fluids

employed. In the case of the TRU reduction of weight is key in increasing the e�ciency

of the prime mover as more of the energy produced will go into accelerating the payload

and not the vehicle itself.

The literature has shown that there is a significant potential for the reduction

of parasitic losses through material replacement with polymers and the introduction

of biomimetic lubricants. Combining this with improved analysis methods designed

to provide insight into the velocity dependant non-linear material properties such as
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visco-elasticity. These need to be applied synergistically ensuring that each of the areas

of the research work together and no unwanted e�ects are produced.

Aim: To reduce parasitic losses in the Dearman Engine

Objectives:

i) A tribological assessment of a polymer cylinder liner.

ii) The testing of a laminated polymer piston seal as a method of reducing upstream

energy usage and increasing the e�ciency of the piston seal - cylinder liner interaction.

iii) Development of biomimetic fluids capable of operating as a lubricant and as a HEF.

iv) Improvement of the materials and lubrication in the cylinder head to reduce the need

for an oil pump thus reducing the weight of the system.

v) Develop novel analysis methods to assess the impact of visco-elastic properties on the

friction and wear.





Chapter 3

General Materials and Methods
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3.1 Introduction

The following chapter sets out the key materials and methods used in order to facilitate the

reduction of parasitic losses within the Dearman Engine. Following the literature review

and the establishment of aims and objectives the materials and methods presented below

all facilitate the completion of those aims.

3.2 Materials

Table 3.1 shows all of the materials used in this thesis with key data. Initially polymers

for Chapter 4 were selected through a Pugh analysis: quantifying and prioritising key

material properties, shown in Table 3.1. Further details of the Pugh Analysis are given in

the appendices. The materials for later chapters were selected for their practicality in the

application and to exploit their properties as stated in Chapter 2.
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3.3 Methods

Friction and Wear

The aim of tribological laboratory testing is to produce friction and wear data in various

forms that relate to an application. Various methods exist for producing results in the

laboratory that are scalable back to the technology being modelled. Test rigs exist that

model a specific motion or application but they are limited to that mechanism and do not

necessarily produce results that are transferable to wider applications. The Institution of

Mechanical Engineers Tribology Group defines five types of tribological test (Institution

of Mechanical Engineers 2014):

1. Machinery Field Tests — Testing of live machinery

2. Machinery Bench Tests — Testing of machinery under simplified operating

conditions

3. Systems Bench Tests — Testing of sub-assemblies under simplified operating

conditions

4. Component Bench Tests — Testing of components under simplified operating

conditions

5. Specimen Tests — Testing of materials under laboratory conditions or conditions

representative of simplified operating conditions

The further down the list the cheaper the testing is to perform but the more widely

applicable the results to other applications. Standards such as ASTM D6079, ASTM

D7688 and ISO 12156 exist to assess the lubricity of fuels in a variety of internal

combustion engines (ICEs). However the testing parameters in these standards are

significantly less harsh than the conditions within an ICE. For example ASTM D6079

states the parameters set out in Table 3.2. This exists as a way of comparing fuels lubricity

and does not give results of how a fuel will operate within a specific ICE. This is the key
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to tribological testing: producing comparable results through testing that emulates the

mechanisms present.

Table 3.2: The test parameters as listed in ATSM D6079 (ASTM International 2012).

Fluid Volume 2.0 ± 0.2ml
Stroke Length 1.0 ± 0.2mm
Frequency 50 ± 1mm
Fluid Temperature 60 ± 2mm
Relative Humidity 30 to 85%
Applied Load 200 ± 1 g
Test Duration 75.0 ± 0.1min
Bath Surface Area 6 ± 1 cm2

Equipment exists that will perform tests according to the standards listed above

however they do not allow the user to run tests under conditions dissimilar to

the parameters defined within the standard. For example the PCS high frequency

reciprocating rig (HFRR) (London, UK) allows for variation in frequency in the range

of 10Hz to 200Hz over 0.02mm to 2mm. This allows for a wide range of velocities but

will only accept a 6mm ball as an upper specimen and a 10mm diameter disc as a lower

specimen. This limits the relevance of results to applications where the contact pressure

is within a specific range.

Equipment such as the Phoenix Tribology TE77 (Hants, UK) have a large level of

customisability allowing the rig to be used to model biomechanical contacts such as hip

joints (Choudhury et al. 2013; Novak et al. 2007). For this adaptability, the TE77 was used

in this thesis in order to adequately model the contacts being studied.

The rig can be set up to accept di�erent shaped geometries for testing. The three most

common are: ball on flat which was not used in this thesis but is used in ASTM D6079

(shown in Figure 3.1a), flat on flat (also known as low pressure and shown in Figure 3.1b)

and cylinder on flat (also known as line contact and shown in Figure 3.1c).
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s

Brass Holder

6mm � Ball

Flat Lower
Specimen

(a) The TE77 ball-on-flat configuration; used in ASTM D6079 not utilised in this thesis.

s

Upper Specimen

Flat Lower
Specimen

Driver

(b) The TE77 low-pressure configuration; used in Chapter 6. A modified version of this
configuration is used in Chapter 4.

s

Upper Specimen

Flat Lower
Specimen

(c) The TE77 line-contact configuration; used in Chapters 4 & 5.

Figure 3.1: The TE77 configurations used in this thesis.

In each of these configurations the force is applied to the upper specimen through the

holder attached to the reciprocating arm.

Also shown in the schematic is the cooling plate of the TE77. This plate can be

interchanged with a heating plate allowing the rig to be controlled to an accuracy of ±

2 ◦C within a range of −10 ◦C to 300 ◦C. The cooling plate has channels running through
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it that allow for the flow of a heat exchange fluid (HEF) through them. These channels

are connected to a Thermo Scientific Haake A40 chiller with AC200 controller (Thermo

Fisher Scientific, MA, USA) in order to control the temperature of the HEF. The heating

plate is controlled by the TE77 operating software, COMPEND 2000, utilising heating

elements embedded in the plate. Temperature feedback is provided through a K-type

thermocouple mounted in the lubricant bath.

Normal Load

Mechanical Actuation

To Force Transducer

Cooling plate

PTFE Specimen

Lower Specimen

Figure 3.2: A profile schematic of the TE77 with labels in the line contact, cylinder on flat
configuration. Image taken from I. M. Stead et al. 2019.

In cases where a variable volume of lubricant during a test is required a syringe pump

(KDScientific Legato 110, MA, USA) was utilised. The outlet of the syringe was connected

to a pipe attached to the reciprocating head; drip feeding lubricant directly to the contact

zone.

TE77 Data Files

Data can be collected in two ways by the TE77, controlled by COMPEND 2000, a

proprietary program developed by Phoenix Tribology. Low speed data (LSD) is stored at

a rate of 1Hz throughout this thesis. Each data point is the mean of the signal over the

previous second. This is useful in order to monitor the trends that may occur during the

duration of the test. Table 3.3 shows the data collected in the LSD file.
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Table 3.3: The contents of the LSD file as recorded by the TE77.

Signal Unit Description

Time - Timestamp of when the data line was taken

This Step - Step number relating to the test control program

Step Time s The duration of the current step

Test Time s The time elapsed since the start of the test

Friction Force N The measured friction force

Frequency Hz The frequency of rotation of the motor

Load N The normal contact force applied to the upper

specimen

Specimen Temp ◦C The temperature of the specimen measured by a

thermocouple situated in the lubricant bath

Friction Coe� - The coe�cient of friction as calculated by Fµ
F⊥

Friction Range N The measurement range of the frictional force The

voltage range of the force transducer is 10V, the

conversion from a potential di�erence to frictional

force is Fµ =
FI nput
10V ×FRange . Varying the Friction Range

will adjust the resolution of the measurement.

Contact Potential mV The potential di�erence between conductive

specimens. Supplied voltage is 50mV
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Signal Unit Description

Force Input V The raw voltage signal from the force transducer

High speed data (HSD) is collected periodically throughout the test rather than

continuously. In this thesis the HSD is collected at 20 kHz, each sample is the raw value

of the signal; recorded at 0.050ms intervals. The data collected is shown in Table 3.4.

Table 3.4: The contents of the HSD file as recorded by the TE77.

Signal Unit Description

HSD Friction Volts V The raw signal from the force
transducer

HSD Stroke mm Signal from an linear variable
di�erential transducer situated on
the back of the reciprocating arm
reporting position of the arm

HSD Contact Potential V The potential di�erence between
the upper and lower specimen (not
useful when either specimen is
non-conductive)

HSD Friction Force N The friction force

In both files reference is made to the contact potential between the two specimens.

This can be used in lubricated tests to analyse the film thickness between two conductive

specimens. The signal maximum is 50mV.

TE77 Data Analysis

Coe�cient of Friction - Steady State The steady state coe�cient of friction was

determined by finding the median of the coe�cient of friction data for the whole of each

test.
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Steady State Descriptors The time to steady state was assessed by using settling

time and percentage overshoot of a smoothed signal. These concepts were derived from

control engineering analysis (Ogata 1997). These descriptors, settling time and percentage

overshoot, tend to refer to a desired value of a control system. However in this analysis

they have been compared to the steady state coe�cient of friction.

Equation 3.2 and Equation 3.3 demonstrate the calculation process for the time to

steady state. The settle percentage was found at each point along each coe�cient of

friction trace in the data set. Before the settle percentage was calculated the signal

was smoothed using Tukey’s (running median) smoothing function (3RS3R) as seen in

Equation 3.1. The data is passed through the algorithm as a whole dataset and as split

sections until convergence (Tukey 1977).

x3Me
1 = x1

x3Me
i = median[xi−1,xi ,xi+1], i ∈ [2,n − 1]

x3Me
n = xn

(3.1)

The last time where the settle percentage is larger than the threshold was deemed the time

to steady state.

Settle% =
µ − µ̃

µ̃
(3.2)

Settle Time = max (|Settle%| > Threshold) (3.3)

The threshold for this analysis is defined as the settling time or the time taken for the

system to reach an equilibrium where variation is less than 10% of the median value of

the coe�cient of friction. The percentage overshoot was calculated using the comparison

of the peak value (highest measured value) and the median of the coe�cient of friction.

This is shown graphically in Figure 3.3. This was important to demonstrate the stability

of the tribological interaction.
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Figure 3.3: An example analysis of the coe�cient of friction. The overshoot region and
settling time are annotated on the diagram.

Frictional Energy Dissipated

Friction force was recorded in the HSD file as positive and negative values to reflect

the change in direction. The signal was filtered using a Butterworth filter to remove

as much of the high-frequency noise as possible from the frictional data. 5th order

Butterworth polynomials were generated using the Python 3 function butter from the

scipy.signal package. A low pass filter with a critical frequency of 5mHz was applied

to the 20 kHz sample rate high-speed data. This filter attenuated any oscillation higher

than 1 kHz. These frequencies are outside those that would be expected from the testing;

filtering these changes out corrects for the error in measurement.

Equation 3.4 to Equation 3.6 show the form the Butterworth polynomials take and the

corresponding transfer function (Hashumoto et al. 1989), in this case each set of factors

calculated the average friction. Equation 3.4 denotes the standard form for a transfer

function in the s space where: σ represents the rise time of the signal; αi are coe�cients

of the filter; βn are the Butterworth polynomials; unless otherwise defined j is
√
−1 and s
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is the transfer space represented by s = σ + jω.

Y (s ) =
1

α0 + α1(σs ) + . . . + αλ (σs )λ
R(s ); λ ∈ [2,5] (3.4)

αi =

(
βi
β0

) (
β0
β1

) i
(3.5)

β0 + β1s + . . . + βns n =
n∏
i=1

(
s − e

j (−n−2i+1)π
2n

)
(3.6)

Each high-speed data set contained multiple oscillations averaged by degree. The

circular integral was then extracted from the average using Equation 3.7, giving the

frictional energy cost of a reciprocation stroke, where: µ is the coe�cient of friction;

d is displacement, F represents force, y the integrating variable and Eµ denotes work

done by friction also known as the dissipated frictional energy.

Eµ (d ) =
∮ d

0
Fµ(y)dy (3.7)

Surface Topography and Morphology

Analysis of the surface pre- and post-test allows for better understanding of the

mechanisms that are present during testing. Three types of method were used that have

varying levels of resolution.

Optical Methods

The Alicona InfiniteFocus (Graz, Austria) can be used in order to assess: the form of a

surface, the profile of a wear scar and the surface roughness of a sample. The surface

morphology is measured by moving an objective lens with a very narrow focal length

through a range of heights and, by processing the images, a 3D image of the surface is

produced.



42 CHAPTER 3. GENERAL MATERIALS AND METHODS

Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

An scanning electron microscope (SEM) can be used to generate a 2D image of a

surface. In this thesis a Hitachi TM3030 (Krefeld, Germany) was used, a table top

microscope. In contrast to the Alicona the SEM does not provide any data on the

topography of the surface but provides information on the morphology. The TM3030

has a back scatter electron detector, which detects changes in composition rather than

detailed analysis of di�erences in surface height. It can be used to identify scratching and

pitting on the surface. In conjunction with energy-dispersive X-ray spectroscopy (EDS)

more information on these features can be obtained. EDS provides information on the

elements present in the measuring field; this measuring field can be a point, line or area

of the SEM image. Two EDS units were used one manufactured by Bruker (MA, USA)

and one by Oxford Instruments (High Wycombe, UK).

In polymer based testing it was possible to use EDS in order to examine the transfer

of poly-tetrafluoroethylene (PTFE) onto the counter surface. A majority of the polymers

used did not contain F– ions unlike PTFE and so detecting these ions on the surface

suggests the presence of a PTFE transfer layer.

Physical Methods

A Mitutoyo Surftest SJ-310 (Hampshire, UK) was used to measure the surface roughness

of samples. This benefit from being easy to take quick measurements but is limited by the

size of the stylus and is unable to deal with large changes in surface height.

Surface Roughness Parameters

Ra is a surface topography descriptor of the average roughness of a surface.

Mathematically this can be represented as in Equation 3.8.

Ra =
1
L

∫ L

0
|z (x)| dx (3.8)
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Abbott-Firestone curves plot the cumulative distribution of the surface height; this

relationship is shown in Figure 3.4. A useful statistic in the analysis of these curves is the

gradient of the interquartile range. A less steep gradient indicates that the surface is more

consistent and is made up of similarly sized asperities; whereas a higher gradient would

suggest a wider spread of asperity sizes (G. W. Stachowiak and A. W. Batchelor 2014,

pp. 477–479).

25% of the
surface height

x
0 25 100

%

Figure 3.4: An example Abbott-Firestone curve, where the red line shows the calculating
procedure. The highest 25% of the observations are shaded in red on the left, and the
corresponding cummulative probability shown on the right.

Quantifying Wear

Wear can be quantified volumetrically and gravitametrically. The volumetric wear

measurement method of cylinder upper specimens is shown in Figure 3.5. The wear

volume was calculated using Equation 3.9 where VWear is the wear volume, VT otal is

the total volume of the sample of the cylinder before testing, VC ylinder is the volume of

the cylinder after testing. The average standard deviation of the mean for this process

is 0.31mm3 which is equivalent to an error in the measurement of 13% 1. Taking the

measurement multiple times along the length of the sample allows for any misalignment

in the tribometer. Graviametric wear was observed by measuring the mass of the sample

pre- and post-test.

VWear =VT otal −VC ylinder (3.9)

1These results are presented in section 4.2
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H

�

H1 H2 H3 H4 H5

Figure 3.5: Post-test measurement technique to determine wear volume in the cylinder
upper specimens. Each measurement was taken five times at di�erent points along each
sample.

Wettability

A transfer layer can help to further lubricate a contact, especially if the transfer layer

consists of a self lubricating material such as PTFE (Jain and Bahadur 1978). Jain and

Bahadur concluded that the transfer would occur from a material with low cohesive

energy to a higher energy material. In addition to this using the Young - Dupré equation

(Equation 3.12) materials with a lower contact angle will encourage transfer. Nunez

and Polycarpou found that to create a continuous and uniform film, the optimum for

a consistent contact, a smoother counter surface was ideal due to the higher adhesion

forces causing cohesion. They also reported that a smoother surface caused smaller wear

particles and less ploughing, this also promoted a more consistent counter surface (Nunez

and Polycarpou 2015). There is a limit to this, some roughness is required in order to

promote adhesion of the transfer layer on the alternative surface (Hutchings and Shipway

2017).

The surface roughness a�ects the contact angle formed by a droplet of lubricant on

a material surface. This spreading, or wettability, is influenced by the surface roughness,

viscosity of the lubricant and the surface energy of the material (Bhushan and Jung 2008;

Kalin and Polajnar 2013).

The fundamentals of this theory are encompassed in Equation 3.10 whereR f is defined

in Equation 3.11, where ASL is the real area of the surface and AF is the projected area
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(Whyman et al. 2008).

cos θ = R f cos θ0 (3.10)

R f =
ASL

AF
(3.11)

The e�ect of this change in contact angle reduces the adhesion of the lubricant to

the surface of the material leading to more spreading of the lubricant and a lower film

thickness. This relationship is described in the Young-Dupré equation — Equation 3.12

where: WSL is the work of adhesion between the solid and liquid and γLV is the surface

tension between the lubricant and air (Schrader 1995). The work of adhesion can also

be written as in Equation 3.13 (S. Wang et al. 2009). γS is also known as the surface free

energy and is displayed in Table 3.1. An increase in γS will lead to an increase in the work

of adhesion.

WSL = γLV (1 + cos (θ)) (3.12)

WSL = γS + γL − γSL (3.13)

θ

Figure 3.6: Contact angle measurement procedure.

Figure 3.6 shows the procedure used to measure the contact angle that the lubricant

made with the surface. The surface was first cleaned with ethanol, then acetone and then

hexane. In between each cleaning process the solvent was allowed to evaporate for 10min.

A 10 µl drop of lubricant was placed onto the surface and an image was taken every 5 s
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for 10min. The angle (θ) of the edge of the drop was measured, shown as a blue line

in Figure 3.6. The droplet was imaged using a telecentric lens, this accounted for any

parallax errors in the measurement.

Surface Tension

A SITA T15 bubble tensiometer (SITA Messtechnik GmbH, Dresden, UK) was used to

measure surface tension of lubricants. The surface tension was measured at a range of

bubble life times for each lubricant. The measurements were repeated 3 times each.

Surface tension and contact angle are highly linked as shown in Equation 3.14 where

γ denotes surface tension and θ the contact angle; the subscripts S and L refer to the solid

and liquid boundaries. The higher the inter-facial energy (γSL) the thicker the lubricant

film and the lower the coe�cient of friction (Liu et al. 2008). At the start of the test the solid

surfaces of the same material will have similar values of γS and so the parameter γLcos (θ)

is indicative of inter-facial energy; an increase in γLcos (θ) will reduce γSL and increase

friction when comparing lubricant performance between identical materials. In this case

the e�ect of solid contact between identical materials will be constant and so comparing

the parameters in this way results in a description of the lubricant performance.

γSL = γS − γL cos θ (3.14)

As the tension and wettability of a lubricant is dependant on temperature, these tests

were conducted at the same time over a few hours on the same day. This ensures only

minor variation in the ambient temperature reducing the error in the measurement.

3.4 Contact Mechanics

In order to accurately simulate the Dearman Engine on the TE77 the contact pressure of

the pertinent interaction was modelled. Working from Dearman technical drawings and
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data from engine testing the contact pressure between the piston seal and cylinder liner

and the valve stem and valve guide was calculated.

Many theories of contact mechanics have been presented in literature, in this thesis a

purely elastic contact was assumed for the calculations using the theory set forward by

Hertz (Hertz 1896). In the case of polymers the true contact area will deviate from the

Hertzian contact as represented by theories such as JKR (Johnson 2003) however, these

deviations are small. Many assumptions were made in simulating the Dearman engine on

the TE77 caused by limitations in the geometry of the lubricant bath and the motion of

the motor that drives the upper specimen. As such a minor variation in contact area is

negligible and Hertzian contact pressure can be assumed.

Piston Seal - Cylinder Liner

Figure 3.7 shows the cross-section of the piston seal of the Dearman Engine. The following

calculations determine the contact pressure acting upon the outer lip of the seal, the

mechanics is based on the free body diagram shown in Figure 3.8.

R 49.5

�84

Figure 3.7: Cross-section of the piston seal showing the polymeric outer and spring in the
centre of the seal circumference. An image of the piston is shown in the top left of the
schematic with a circle to show where the cross-section has been taken (not to scale, all
dimensions are in mm).

The maximum pressure and resulting force was calculated from the data represented

in Figure 3.9. This data was collected from a generation 1.5 Dearman Engine at 40 bar N2
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FGasx

LConRod = 135mm

LCrankThrow = 42mm

ξ

ψ

Figure 3.8: A free body diagram of the force acting on the cylinder wall transmitted via
the connecting rod.

supply pressure, 800 rpm and a cylinder temperature of 12 ◦C: representative of a standard

operating conditions for the engine installed on a truck refrigeration unit (TRU). The

generation 1.5 engine is identical to the 1st generation from the bottom end of the engine

to the top of the cylinder, the cylinder head is a bespoke unit designed for the flow of

nitrogen and HEF.

The maximum contact pressure within the seal was calculated using Equations 3.15

to 3.26 (Johnson 2003, p. 101), assuming the seal is manufactured from PTFE and the

cylinder from Aluminium 6063. The equations first calculate the force on the cylinder

wall from the expansion of the gas and then convert it into a contact pressure. It was

assumed that the length was equal to 84 π mm and the radius was taken from the seal

geometry shown in Figure 3.7.
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Figure 3.9: The cylinder pressure and force relative to crank angle degree as measured on
a generation 1.5 Dearman Engine during normal running conditions.

FCylinder Wall = FGas x + FSeal (3.15)

FGas x = PGasAPiston tan(ψ) (3.16)

ψ = sin−1
(
LCrankThrow
LConRod

)
(3.17)

LCrank Throw x = LCrankThrow cos (ξ) (3.18)

FGas x = PGasAPiston tan
(
sin−1

(
LCrankThrow cos (ξ)

LConRod

) )
(3.19)

F̂Gas x

����P̂Gas=36.9 × 105 Pa
ξ=28.9°

= 590N (3.20)

FSeal = PGasASeal Inner Lip (3.21)

FSeal

����P̂Gas=36.9 × 105 Pa
A=3.7 × 10−5m2

= 136N (3.22)

F̂Cylinder Wall = 726N (3.23)
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P̂Cylinders with parallel axes =

√
FCylinder WallE∗

πLR
(3.24)

E∗ =

(
1 − ν21
E1

+
1 − ν22
E2

) −1
(3.25)

P̂ = 3.33MPa (3.26)

The maximum contact pressure (P̂ ), 3.33MPa, was used in Chapter 4 as a target

contact pressure to achieve in testing.

Valve Stem - Valve Guide

44.5

6.05

5.97

δ = 0.11°

Maximum Displacement
of valve stem

16.68

Figure 3.10: A schematic of the valve stem and valve guide, all dimensions in mm.

Figure 3.10 and Figure 3.11 were used to calculate the maximum contact pressure

imparted on the valve guide as calculated below. The spring rate of the valve spring was

calculated from data collected by Ricardo (Shoreham-by-Sea, West Sussex, UK) on behalf

of Dearman. This was then integrated to calculate the force applied down the valve stem

and then the maximum force in the x direction calculated.
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Figure 3.11: A graph of compression length against spring rate shown in blue is the actual
spring rate and a quadratic polynomial fit with the equation also shown.

K = 0.011x2 + 0.0796x + 22.872 (3.27)

FΣ =
∫ x̂

x̌
Kdx (3.28)

FΣ

����x̂=16.68mm
x̌=0mm

= 410N (3.29)

P̂ =
Fx
A

(3.30)

P̂ =
FΣ tan δ
A

(3.31)

P̂

���� δ=0.11°
A=1.13 × 10−4m2

= 6.96 kPa (3.32)

The maximum contact pressure of the valve stem, 6.96 kPa on the valve guide is used

in Chapter 6.

3.5 Conclusions

This chapter has set out materials and methods used throughout this thesis. It set out a

variety of methods for assessing tribological performance of materials and lubricants and

analysing the resulting data and surfaces. These methods all contribute to the delivery of
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the aims and objectives set out at the end of Chapter 2 in order to reduce the parasitic

losses within the Dearman Engine.







Chapter 4

Polymer Tribology: A Material
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4.1 Introduction

The following chapter explores the implementation of polymers within the Dearman

Engine cylinder-piston interaction. This was undertaken in order to utilise the

advantageous tribological properties of polymers when compared to the original materials

used within the engine. The first investigation was into the replacement of the cylinder

liner, originally manufactured from aluminium. The second investigation in this chapter

concentrated on the piston seal assessing if a cheaper and less complex design utilising

laminated polymers as an alternative to a composite material.

4.2 Cylinder Liner

Materials and methods

The materials used in this phase of testing are shown in Table 4.1 where aluminium is a

benchmark for comparison representing the current engine block.

Currently, the piston of the Dearman engine employs a poly-tetrafluoroethylene

(PTFE) composite seal to separate the cylinder from the bottom end—this was modelled

using a PTFE cylinder (pin) for the upper specimen. The lubricant used was Lubron ISO

10 Hydraulic Oil (Lubron Advanced Oils Ltd., Northamptonshire, UK).

Table 4.1 also shows a summary of the testing parameters. These were designed to

simulate conditions within the Dearman engine. 10ml of lubricant was used as it flooded

the contact, this was the closest to splash lubrication that could be replicated on the TE77.

Before testing the specimens were chilled to the required temperature; during the testing

the chiller and controller kept the specimen bath at the required temperature (±2 ◦C).

The PTFE upper specimens were cut from long lengths using a jig to guarantee

consistency in length, after the sample was cut the edges were de-burred and cleaned

in ethanol.

The lower specimen samples were systematically honed using 320 grit wet dry paper to

formulate a cross hatched surface. Aluminium, polyphthalamide (PPA), polytrimethylene
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Table 4.1: The parameters used in the testing on the TE77 HFRR. The testing was split
into two phases, one hour and twelve hour testing. Values are taken from the Dearman
standard operating conditions, the calculations for derived parameters are presented in
Chapter 3

Parameter Value

Frequency 13.3Hz

Stroke Length 25mm

Contact Pressure 3.33MPa

Sliding Distance 2394m / 28 728m

Time 1 h / 12 h

Temperature −8 ◦C / 12 ◦C

Upper Specimen
Material PTFE

Size ∅ 6mm × 15mm

Lower Specimen
Material Aluminium 6063 T83, PPA, PTT, PEEK, POM, POM

with PTFE and UHMWPE

Size 58mm × 20mm × 4mm

Lubricant 10ml Lubron 10, Hydraulic Oil

terephthalate (PTT), polyoxymethylene (POM) and POM with PTFE were all also tested

unhoned to compare the e�ect of the honing on the samples. Where materials were

supplied as plates less than 4mm thick, shims were used to make up the thickness for

the lower specimen samples. When the samples were prepared for testing on the TE77

they were cleaned in an ultrasonic bath with ethanol and the excess solvent was allowed

to evaporate. Ethanol was used as it was one of the few solvents that were suitable to use

with all of the materials.

The TE77 was used for two di�erent phases of testing. i. A one hour test with three

repeats was used to ascertain the coe�cient of friction and to screen the materials. ii.

A 12 h durability run for each material, this allowed data about the wear volume to be

collected and to explore transfer of materials between specimens.
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Results

Steady State Coe�cient of Friction

Figure 4.1 shows the mean coe�cient of friction of each material at both temperatures

tested. The honed glass reinforced materials (PPA and PTT) both had a noticeable

increase in friction with a decrease in test temperature, although PPA had a larger variance

in the data. The other polymers did not demonstrate a large change in coe�cient of

friction with temperature. This is significant as they are both reinforced with glass and

all of the others were unreinforced polymers. The POM with PTFE also demonstrated an

increase in coe�cient of friction but this e�ect was reduced, this demonstrates that the

reinforcing of materials directly a�ects the tribological performance in low temperature

reciprocating sliding. Out of the polymers, the PPA and PTT demonstrated the lowest

coe�cients of friction. The materials in Figure 4.1 have been ordered in reducing Young’s

modulus. It can be seen that the coe�cient of friction is a�ected by the Young’s modulus

of the honed materials. In general the sti�er materials demonstrate a lower coe�cient of

friction. This trend is not replicated in the unhoned materials.

The e�ect of the honing process can also be determined from Figure 4.1. For all of the

materials other than the PTT, honing the samples has increased the coe�cient of friction.

Time to Steady State

Figure 4.2 shows the time to steady state for each material during the 1 h tests. The

aluminium shows a long settling time for the friction signal but with a wide spread of

data. PPA at 12 ◦C has a long settling time, this is not an ideal trait for a bore material as

the system is not stable and this can promote excessive wear during the bedding in process

but this e�ect is also a�ected by other factors such as surface roughness. The transition to

steady state is a balance between the wear mechanism determining the frictional properties

and vice versa. For instance the excessive flash temperatures can cause increased plastic

deformation and more adhesion increasing the wear rate. A shorter transition is not

guaranteed to reduce the wear rate but it can be loosely correlated (Ian Hutchings et
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Figure 4.1: A comparison of the steady state coe�cient of friction at the two di�erent
temperatures and surface preparations, 12 ◦C in red and −8 ◦C in blue. The materials are
ordered in decreasing sti�ness from left to right.

al. 2011). In general the −8 ◦C tests show a lower settling time. The only material that

does not follow this trend is polyether etherkeytone (PEEK). PTT, POM and ultra high

molecular weight polyethylene (UHMWPE) all show a short settling time, which is a

promising property for reduction of wear and system stability. POM with PTFE had a

consistently short settling time.

Figure 4.3 shows the percentage overshoot of the coe�cient of friction over the steady

state coe�cient of friction. It can be seen that aluminium overshoots by at least 15%, this

increased coe�cient of friction could increase the flash temperature of the material and

therefore increase wear in the seal. At 12 ◦C PPA has a high overshoot and this combined

with a long settling time may promote excessive wear over a long period of time. At −8 ◦C

overshoot is less than 20%. Again PTT, POM and UHMWPE all show similar trends with

a low overshoot and clustered data. This data point corresponds with the sample that

displayed a high settling time.
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Figure 4.2: Time to steady state (s) calculated from tests conducted for one hour.

Wear Volume

Figure 4.4 shows the average coe�cient of friction plotted against the wear volume of

the PTFE upper specimen. This does not show a strong trend but suggests that the

wear volume is related to the coe�cient of friction, this corroborates trends seen by

Chattopadhyay and Barrell et al. (Chattopadhyay 2001; Barrell and M. Priest 2003). PTT

has the lowest coe�cient of friction, wear volume and percentage overshoot out of all the

honed materials that were tested.

There are some datasets where the coe�cient of friction has a broad spread as shown

by large error bars. This is likely caused by misalignment of the upper specimen in the

specimen carrier of the TE77.

The POM impregnated with PTFE has a higher coe�cient of friction than the standard

POM. It appears that the PTFE impregnation worsened the wear rate and friction.

Burris and Sawyer reported that the wear rate for filled polymers was dependant on the

percentage of reinforcement by weight. They reported that there is a ‘sweet spot’ in the
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Figure 4.3: Percentage overshoot calculated from tests conducted for one hour.

reinforcement percentage at which wear would be the lowest (Burris and Sawyer 2006). It

can be surmised that the level of impregnation used in the POM with PTFE is unsuitable

and a di�erent level of impregnation may improve the wear volume observed.

PPA had the highest wear rate out of the polymers relative to the coe�cient of friction.

This was likely to be due to the trend shown in Figure 4.2 and Figure 4.3 where the

coe�cient of friction overshot by the largest amount the steady state coe�cient of friction

and took longer to settle to the steady state. Honed PEEK also has one of the lower

coe�cient of friction’s but the second highest wear rate out of the polymers.

Figure 4.5 shows the mean wear volume of the PTFE upper sample for each condition

plotted against the overshoot of the coe�cient of friction during the testing. It can be

seen that there is a loose correlation between the variables, the calculated coe�cients

were honed: R2 = 0.31 and unhoned: R2 = 0.77. This is not unexpected but supports the

notion that a large overshoot can lead to excessive wear rates through asperity smoothing.

The likely explanation of this phenomenon is that the reduction of coe�cient of friction
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Figure 4.4: The wear volume of PTFE upper specimen plotted against the coe�cient of
friction during the 12 h durability runs. The error bars are one standard deviation in each
direction of the measurement.

to steady state is due to the transfer of PTFE onto the counter-surface and so a higher

overshoot leads to more transfer of PTFE.
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Figure 4.5: The mean wear volume of PTFE upper specimen plotted against the percentage
overshoot of coe�cient of friction during the 12 h durability runs. The error bars are one
standard deviation in each direction of the measurement.
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The method through which the overshoot leads to high wear rates is likely to be due

to a higher coe�cient of friction causing a higher flash temperature (Hoskins et al. 2014).

This higher flash temperature will reduce the activation energy required to remove the

asperities promoting an increased wear rate. This can also be linked to work by Kubiak et

al. where a higher dissipated energy in contact was linked to a higher wear rate (Kubiak

et al. 2011). A higher flash temperature is indicative of a higher dissipated energy.

In this study only one repeat of the durability tests were undertaken. This provides

some limitation in the conclusions that can be drawn from the data. However, the wear

data was compared with literature as a check to support the validity of the data. Whilst

the numerical data cannot be directly compared, the trends are able to be analysed. The

comparative wear (ie. PEEK causing more wear in the PTFE sample than POM) between

UHMWPE, PEEK, POM and PTFE composites is corroborated in literature (Friedrich

et al. 2005; Cannaday and Polycarpou 2005; Mens and Gee 1991).

Wettability

The wettability of the materials measured with the hydraulic oil compared to the wear

volume is shown in Figure 4.6. It can be seen that there is a PTT data point that is an

outlier in the data. Honed PTT displays more oleophobic behaviour, the drop of oil did

not spread across the surface. In the more oleophilic materials the wear volume roughly

increases with an increase in wettability, although surface roughness and morphology

e�ects will be present. Unhoned POM and aluminium were the most oleophillic and have

a low wear volume. Higher wear volumes occur with a higher contact angle in these

materials. Physically, the lower the contact angle, the better the spread of the lubricant

across the sample, the oil is theoretically able to better lubricate the bearing surfaces.

Borruto et al. showed a low contact angle allows the oil to ’wash’ wear debris away and

reduce the coe�cient of friction. To promote low coe�cient of friction and wear the

seal and cylinder liner should have significantly di�erent contact angles (Borruto et al.

1998). This is also supported by more fundamental work undertaken by Schertzer and

Iglesias where it was determined that a spreading of the lubricant in low film thickness
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contacts reduced the coe�cient of friction and therefore the frictional energy dissipation

and adhesive wear (Schertzer and Iglesias 2018). In the case of honed PTT with a high

contact angle, more energy will be required to remove material from the surface. A high

contact angle and a low wear rate means that the lubricant is not coating the surface well

but that the materials are suitable to be run against each other in starved lubrication.

However, poor retention of the liquid lubricant can be counteracted by lubrication from

a solid lubricant, in this case PTFE from the upper specimen. This may lead to excessive

wear in the seal. A low wear volume would suggest that the honed PTT and the PTFE

with the hydraulic oil lubricating the contact is ideal. Unhoned PTT has a high wear

volume and a low contact angle. This would suggest that the system is unstable, this also

coincides with a large percentage overshoot.

Both POM and POM with PTFE have a low contact angle. As discussed in Section 4.2

the pure POM has a lower wear volume but a comparable contact angle. This low contact

angle may allow for adequate lubrication, producing a low wear volume compared to the

other materials that are not reinforced ie. UHMWPE, PEEK.

In general the materials with a lower contact angle have a lower wear volume; this

also coincides with the lower overshoot materials as demonstrated in Figure 4.5. The only

material that does not fit the trend is the PTT but it is significantly more oleophobic and

so the mechanisms of lubrication are likely to be significantly di�erent from the other

materials.

Surface Roughness

Figure 4.7 shows the Abbott-Firestone curve for each material with the upper and lower

quartiles marked. The Ra is shown in Table 4.2 and the uncertainty in the Ra is one

standard deviation of the mean. Measurements were taken after tribological testing.

Aluminium has the smoothest Ra and the lowest gradient for the interquartile range

for both the honed and unhoned samples. For honed PTT the Ra is 0.790 µm but the

bearing area curve suggests a large proportion of the roughness is significantly consistent,

this is demonstrated by its low gradient. This may be one of the reasons PTT displayed
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Figure 4.6: The contact angle plotted against the coe�cient of friction from tests operated
at 12 ◦C. The wear of the PTFE upper sample is shown using the colour bar on the right.
The wettability was tested using Lubron ISO10 at ambient temperature.

low coe�cient of friction as well as a low wear rate. Smaller asperities and a better bearing

surface will reduce the coe�cient of friction as long as the lubricant can be held at the

surface. The surface of the PTT was the best solution for coe�cient of friction and wear

resistance out of the honed polymers tested. Rohm et al. reported that the bearing area

curve a�ects the coe�cient of friction. In the study they demonstrated that the di�erence

was more prevalent with a higher velocity but that close to 0 ◦C a lower gradient in the

bearing curve reduced the coe�cient of friction (Rohm et al. 2016). As the piston velocity

is high the e�ect of bearing area is important to the running of the engine. It can be seen

that the surface roughness of the samples also correlates with the trend seen in the steady

state coe�cient of friction in Figure 4.1; the surface roughness appears to increase with an

reduction of Young’s Modulus and the increase in coe�cient of friction. This is likely to

be due to material preparation, a sti�er material will be harder to hone and so less fatigue

is introduced into the surface during the initial preparation.

Honed PPA had a similar Ra and a similar Abbott-Firestone curve to the honed PTT

although the PPA wear volume shown in Figure 4.4 was significantly higher. The honed
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PPA had a higher percentage of glass filler than the PTT tested; a higher percentage of

glass filler has been shown to increase wear resistance (Khedkar et al. 2002). This may

also explain why the honed PPA is smoother than the unhoned PPA after testing as the

hard glass will wear the PTFE further and lead to a transfer layer forming faster. However

a shorter fibre length increases the wear rate (Friedrich et al. 2005). This e�ect may have

been caused by the honing process exposing some of the fibres increasing the abrasive

wear. UHMWPE has the highest surface roughness of the materials which corresponds

with the highest coe�cient of friction, this was due to the honing process damaging the

surface rather than causing a cross hatching pattern but the material resists wear.

The honing process does not appear to have changed the roughness of the samples by a

large amount. In general the honing makes the surface roughness increase. Figure 4.8 and

Figure 4.9 show the relationship between coe�cient of friction and the surface roughness

parameters. It can be seen that a higher surface roughness and higher gradient of the

interquartile range can be correlated with a higher coe�cient of friction. As the main

method of wear is adhesion leading to increased wear, a less consistent and rougher surface

would lead to more asperities to be in contact and subsequently more wear and friction.
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Figure 4.7: Abbott - Firestone curves for each material tested. In the appendices the same
data is presented with identical axes to aid comparison.

Transfer Layer

Figure 4.10 shows the energy-dispersive X-ray spectroscopy (EDS) data for all of the tested

materials. The elements seen in the spectra are indicated in the legend of the graphs. Every
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Table 4.2: Ra and gradient of the interquartile range of the Abbott Firestone curve shown
in Figure 4.7 for each material. The uncertainty in Ra is one standard deviation of the
mean.

Material Ra (µm) Gradient of Interquartile
Range (µm/%)

Aluminium Honed 0.29 ± 0.01 -0.04

Aluminium Polished 0.18 ± 0.01 -0.04

PPA Honed 0.98 ± 0.01 -0.23

PPA Unhoned 1.46 ± 0.13 -0.20

PTT Honed 0.79 ± 0.02 -0.19

PTT Unhoned 0.35 ± 0.01 -0.10

PEEK Honed 1.50 ± 0.12 -0.33

POM Honed 2.41 ± 0.37 -0.45

POM Unhoned 0.85 ± 0.02 -0.11

POM with PTFE Honed 1.14 ± 0.07 -0.22

POM with PTFE Unhoned 0.35 ± 0.13 -0.10

UHMWPE Honed 3.72 ± 0.06 -0.76
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Figure 4.8: Comparison of Ra and coe�cient of friction for each material honed and
unhoned. Square symbols denote polymer materials and triangles polymer matrix
composite (PMC). Hollow symbols are honed specimens and filled in unhoned.
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Figure 4.9: Comparison of the gradient of interquartile range and coe�cient of friction
for each material honed and unhoned. Square symbols denote polymer materials and
triangles PMC. Hollow symbols are honed specimens and filled in unhoned.

sample had Si and S present. This was hypothesised to be due to either the degreasing

solution used in the sample preparation or the lubricant used in the testing. Every sample

was subject to both of the fluids and as they are present on all of the samples these peaks

were discounted in the observation of a transfer of PTFE. The aluminium samples also had

Na and Mg present, these are present in the aluminium alloy used in the testing. In general

the materials that were honed appear to have a large spike in F and so it is inferred that

there is a larger proportion by mass of PTFE present in the sample. This is an expected

result as the grooves left by the process could be filled with PTFE and so a higher level

of transfer occurred: leading to the potential of PTFE - PTFE contact a hugely beneficial

material combination. Unhoned samples appear to have a lower proportion. The results

for POM with PTFE cannot be used from these tests as the material is impregnated with

PTFE. Therefore there is no way of determining if a transfer layer is present on these

samples.

Unhoned POM does not display a transfer layer. This is also the material with the

lowest median coe�cient of friction out of all the materials at all temperatures and
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Figure 4.10: The EDS spectra of each of the tested materials with the principle elements
indicated on at each peak.
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Table 4.3: The presence of elements in the EDS analysis.

Material Au C Si O S F Al Ca Na Mg

Aluminium - Honed X X X X X X X × X X

Aluminium - Unhoned X X X X X × X × X X

PPA - Honed X X X X X X X X × ×

PPA - Unhoned X X X X X X X X × ×

PTT - Honed X X X X X X X X × ×

PTT - Unhoned X X X X X X X X × ×

PEEK - Honed X X X X X X × × × ×

POM - Honed X X X X X X × × × ×

POM - Unhoned X X X X X × × × × ×

POM w/ PTFE - Honed X X X X X X × × × ×

POM w/ PTFE - Unhoned X X X X X X × × × ×

UHMWPE - Honed X X X X X X × × × ×

preparations. The percentage overshoot and settling time was also low which suggests

that the system was stable quickly. This further supports the notion of a low wear rate

and a minimal transfer layer. This would suggest that the interaction with the seal would be

promising: reducing wear and promoting sealing around the piston. That said a transfer

layer is not necessarily a bad thing to occur: as long as the overall wear rate is low. A

coating of PTFE on the aluminium samples could reduce friction and potentially lead to

a lower wear rate (Dearn, Hoskins, Petrov, et al. 2013a).

Polished aluminium also did not display a transfer layer. This also coincided with

a low wear rate and a low coe�cient of friction. The reduced surface roughness of the

aluminium potentially means that there is less asperity contact leading to less friction and

adhesive wear.

Figure 4.11 shows the e�ect of the honing process on the polymers as examined under

an SEM and annotated on each micrograph. Figure 4.11a displays significantly less glass

fibre close to the surface compared to Figure 4.11b. Figure 4.11c also shows emerging

glass. Figure 4.11f shows the e�ect of honing on the unreinforced samples. Whilst the
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glass causes individual pockets of hard and soft materials the increased Young’s Modulus

creates a more consistent surface as less damage is done. These transitions between hard

and soft surfaces cause stress concentrations in the bulk material, this e�ect appears to

be exaggerated when the glass is exposed by the honing process showing more evidence

of fatigue and wear. This can be seen in the scanning electron microscope (SEM) images;

around the edges of the glass fibres fractures are present indicative of fatigue. The unhoned

surface shown in Figure 4.11e appears to be a significantly more suitable surface to be a

bearing surface. Despite this the surface roughness parameters in Table 4.2 do not suggest

that unhoned POM will be better than unhoned PTT. The Abbott-Firestone curve for

unhoned PTT has very steep ends which would suggest that there are gaps or crevices

in the surface but there are not enough of these to e�ect the gradient of interquartile

range. In comparison, the unhoned POM curve is very flat both within and outside the

interquartile range, this also corresponds with low wear and friction.

As the upper specimen is extremely soft compared to the lower specimen the upper

specimen will comply around the surface if there is a large gap or peak. This will be

exaggerated if the lower specimen is made up of two materials of varying sti�nesses as

they will comply di�erently and cause localised stress in the sample.

In this testing, the specimens that were tested have not previously been run against

PTFE. It is expected that the phenomenon of overshoot is not limited to a traditional

bedding in period that is only present once in the life of a component. Due to the

viscoelastic properties of polymers when the components are not in contact the surfaces

relax, this causes changes in the form and surface roughness of the material. In addition

the contact area will reduce in temperature as they are not subject to frictional heating

when the component is not in operation. Other factors that may change the tribological

properties are the breakdown of the tribofilm and creep in the surface. When the

component is operated again the surfaces will need to return to steady state, resulting

in an overshoot. This overshoot is likely to be lower than that of the first operation of the

component. In this testing polymer molecule orientation was not observed however this

will also have an e�ect on the wear rate of the specimens (G. Zhang et al. 2010). This is
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Figure 4.11: SEM Images of PPA, PTT and POM before and after the honing process.
Features are marked on each micrograph.

likely to also relate to the magnitude and duration of the overshoot.

A summary of the testing is shown in Figure 4.12. This shows all data collected through

this study, each thin blue line represents a di�erent material with the two best materials

and the original honed aluminum marked in bold. The area shaded in blue represents

the area where the property is larger than the benchmark, the unshaded area represents

the area where the property is lower than the benchmark. It can be seen that unhoned

aluminium and POM outperform the benchmark.

In the context of the Dearman Engine this leads to the suggestion that in order to
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reduce the largest contribution to parasitic losses either the cylinder liner should have a

reduced surface roughness or be replaced with POM. There are implications on lubrication

with reducing the surface roughness as there are less cavities in which to store lubricant

in the bore potentially leading to areas of starvation. For this reason the replacement of

the alumnium cylinder liner to one manufactured out of POM is more likely to result in

desirable results.
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4.3 Laminated Piston Seal

Currently the piston seal employs a PMC however it was hypothesised that the materials

do not need to be combined into a matrix in order to produce the same performance.

The impact of PTFE-PEEK laminate (PTFE-PEEK-L) was analysed to determine if its

tribological performance is better than that of a composite of the same PTFE-to-PEEK

ratio.

Materials and Methods

Five di�erent material combinations were tested: PEEK, PTFE, PTFE laminate (PTFE-L),

20% PTFE-PEEK-L and 20% PTFE-PEEK composite (PTFE-PEEK-C).

These were machined to the dimensions as shown in Figure 4.13. Where the materials

have been bonded for testing, the surfaces were initially primed with a polyolefin primer

(Loctite 770) and then bonded with ethyl-cyanoacrylate (Loctite 496). PTFE-PTFE-L was

tested to investigate the e�ect of the bonding process on the sample. In order to ensure

the samples were flat they were polished with an abrasive paper before they were run.

4mm

5mm
8mm

PTFE

PEEK

Sliding Direction

Figure 4.13: A schematic of the PTFE-PEEK-Laminated samples.

The samples were tested on the TE77 in order to measure the friction and to generate

wear. A bespoke upper specimen holder was produced for the rig to hold the polymers

in place. Table 4.4 shows the testing parameters used, they were selected to simulate the
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worst tribological condition in the Dearman Engine, start up. The upper specimens were

weighed pre-and post-test in order to quantify wear. The samples were then also examined

under a SEM and analysed using EDS.

Table 4.4: The test parameters used in this research, representative of the Dearman
Engine, using calculations presented in Chapter 3.

Test Frequency 4Hz

Stroke Length 12mm

Contact Pressure 33MPa

Test Time 1 h

Sliding Distance 172.8m

Temperature Ambient

Lubricant None

Upper Specimen Polymer Composites/Laminates

Lower Specimen Aluminium

Results and Discussion

Figure 4.14a shows the median coe�cient of friction as measured by the TE77. It can be

seen that the PEEK sample had a significantly higher coe�cient of friction than the rest

of the samples tested. The rest of the samples had a very similar coe�cient of friction

and a Mann-Whitney U test showed that there was no significant di�erence between the

four datasets at a 95% confidence interval. This is an exciting result for two major reasons.

One is that the pure PTFE sample and the PTFE-PTFE-L sample having no significant

di�erence suggests that the process of bonding two polymers together has no e�ect on

the coe�cient of friction under these conditions. Another interesting result is that a 20%

PTFE-PEEK mix produces a coe�cient of friction statistically similar to a pure PTFE

sample.

Figure 4.14b shows the logarithmic graviametric wear percentage after 1 h of testing.

This graph shows why materials such as PTFE are commonly used as composites as the

wear rate for PTFE is significantly higher than any other of the materials tested. As with
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Figure 4.14: The friction and wear data for each material combination.

friction, it can be shown that bonding has no significant e�ect on the wear. This can

be surmised due to the fact that the pure PTFE and bonded PTFE as well as the PTFE

PEEK composite and laminate demonstrated no significant di�erence in their composite
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vs laminate wear rates.

There is a wider spread of data in the PTFE-PEEK-L cases, this error may have been

caused by inconsistencies in the material preparation. Samples not being perfectly flat or

layers not being perfectly parallel may cause variation in the friction and wear. These

errors are not of major concern as the purpose of the study is to investigate if the process

will worsen the performance; which is not the case here.

Fatigue Cracking

(a) PEEK

Fatigue
Cracking

Scoring

(b) PEEK-PTFE-C

Bonding Line

Smearing

(c) PEEK-PTFE-L

Figure 4.15: SEM Images of the polymer upper samples. Subplots a) and b) were sliding
vertically and c) was sliding horizontally.

As shown in Figure 4.15a, PEEK showed very little damage to the surface. There were

areas of fatigue and areas of scoring. The scoring was due to the scratching of the sti�er

aluminium into the PEEK surface. The areas of fatigue are small in comparison to other

samples and after one hour did not appear to produce any pitting within the surface. The

composite surface as shown in Figure 4.15b looks remarkably similar to the bulk of PEEK
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again scoring and fatigue cracks are seen on the surface. There are areas in which the

fatigue cracks have led to a small amount of pitting.

Figure 4.15c shows an overall view of a laminated upper specimen it can be seen that

the surface has been subject to a large number of imperfections. Only one of the bonding

lines can be seen clearly as on the other bonding line the PTFE is smeared across the

top of the surface. Around the bonding surface, there does not appear to be an increase

in the intensity or frequency of the fatigue cracks on the surface. The bonding line itself

does not appear to be damaged and would suggest that the adhesive was suitable for

the application and did not fail during testing. Again scoring can be seen on the surface

parallel to the direction of reciprocation. It is di�cult to separate damage produced during

sample preparation and damage ascertained during testing, however, all of the samples

were treated in the same manner and so it is possible to compare between samples.

Figure 4.16a shows a bar chart of the intensity of the F– ions detected by the EDS

on the lower aluminium specimens. The scan was taken in the middle of the wear track

where the velocity was highest, shown in Figure 4.16b. It can be seen the pure PEEK and

the PTFE-PEEK-C demonstrated either low or no intensity of F– ions. This is expected

for the PEEK as there is no material present that contains F– . However comparing

the PTFE-PEEK-C and PTFE-PEEK-L it can be seen that significantly more PTFE is

transferred onto the aluminium from the laminate. This transfer layer has been shown by

Dearn et al. to promote a low coe�cient of friction and potentially a more stable contact

(Dearn, Hoskins, Petrov, et al. 2013a). However, in both a transfer of PTFE occurs.

These results would suggest that the hypothesis that laminating makes no di�erence to

the tribological properties of the sample compared to a composite is in part true. Whilst

the friction and wear are not a�ected, the mechanism by which the PTFE spreads across

the surface appears to be di�erent for the laminate and composite PEEK and PTFE

samples. This is di�cult to examine but in a composite, PTFE is spread evenly assuming

that the composite is homogeneous and therefore the PTFE is supplied to the contact from

an evenly distributed source. In the laminate, PTFE is at either end of the sample and so

is very easy to identify where the PTFE has come from. As it has been shown that PTFE
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has a higher wear rate than the PEEK this would suggest that the edges of a laminated

sample would wear quicker than the centre. One solution to this is to reduce the contact

pressure incident on the PTFE by reducing the thickness of the laminates and increasing

number of laminated layers.
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(a) A bar chart of the intensity of F– ions as detected by the EDS for each material.
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(b) A schematic of the position of the EDS analysis.

Figure 4.16: The EDS analysis of the aluminium samples.
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4.4 Conclusions

Cylinder Liner

Six polymers and PMCs were tested against aluminium as a benchmark material on a

tribometer with a PTFE counter surface and using other analytical techniques to determine

the tribological mechanism between seal and liner at sub-ambient temperatures. This was

undertaken to simulate the conditions in the cylinder of the Dearman Engine, a zero

emissions cryogenic engine.

The following conclusions can be drawn:

1. A higher surface roughness prior to testing was linked to an increased coe�cient of

friction.

2. Temperature had a significant e�ect on coe�cient of friction and the e�ects are

dependant on the reinforcement of the polymer. The unreinforced materials showed

a small variation with temperature but the reinforced materials showed an increase

in friction with a reduction in temperature

3. A new concept of the percent overshoot of the coe�cient of friction (defined as

the percentage of the maximum coe�cient of friction to the median coe�cient of

friction from each test) was introduced. The frictional overshoot correlated with

wear such that higher overshoot led to a higher wear rate due to an increased flash

temperature.

4. In general the materials with a higher coe�cient of friction had a higher wear rate.

5. For a compliant material, reinforcement was shown not to be ideal increasing wear

rate. This was the result of di�ering sti�nesses in the matrix causing higher levels

of wear due to stress raisers in the soft PTFE upper specimen.

6. Wettability did not have a large e�ect on the process as most of the materials were

highly oleophillic.
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7. Surface roughness and the gradient of the inter quartile range of the

Abbott-Firestone curve was linked with the coe�cient of friction. A higher surface

roughness and a less consistent profile led to an increased coe�cient of friction.

8. Evidence of a transfer layer was detected by analysing the Abbott-Firestone curves

and using EDS to detect F– ions. Unhoned POM and polished Al displayed no

transfer layer. This also coincided with a low overshoot and coe�cient of friction.

The comparisons led to the conclusion that an unhoned POM cylinder liner would

perform better under the conditions tested than the current aluminium honed surface.

Laminated Piston Seal

Five material combinations were studied in order to ascertain whether combining the

polymers in a laminated material would produce similar tribological properties to

composite polymers.

The following conclusions can be drawn:

1. A 20% PEEK PTFE composite under the conditions tested demonstrated a wear

resistance consistent with PEEK and a coe�cient of friction consistent with PTFE.

2. Bonding PTFE together changes neither the friction or wear properties of the

material.

3. A 20% PTFE PEEK laminate produced statistically similar results to the equivalent

composite. A comparison of the surfaces demonstrated that smearing of the PTFE

across the surface occurred in the laminate material. This is important as a PTFE

layer will reduce the coe�cient of friction. Similar levels of fatigue cracking and

scoring occurred between the composite and the laminate.

4. The PTFE encompassed within the laminate may have worn at a higher rate than

the PEEK due to it being located on the leading edges of the samples. However,
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increasing the number of laminating layers would reduce the contact pressure in

these areas.

5. The presence of a sti� component and a lubricious component within a specimen is

more significant than whether the PTFE is evenly distributed across the surface or

not; meaning it is possible to use lamination as an alternative to composite materials.

This study has explored the replacement of materials within the Dearman Engine

utilising the beneficial properties of polymers and their composites. A new material has

been suggested for the cylinder liner along with a new methodology of creating composite

materials at a significantly lower cost then a traditional PMC.







Chapter 5

Biomimetic Lubrication
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5.1 Introduction

The previous chapter discussed the potential improvements to the Dearman Engine that a

material replacement my lead to. An alternative to the material replacement and redesign

of the engine is to address the lubricant. The aim in lubricant replacement within the

Dearman Engine is to produce a ‘single fluid engine’. This is an engine where the lubricant

and heat exchange fluid (HEF) are the same fluid. A combined fluid will have a reduced

need for auxiliary components. Reducing the auxiliary component mass of the TRU will

increase the fuel e�ciency of the prime mover.

The following chapter presents an analysis of two potential sources of a combined

lubricant and heat exchange fluid: Pectin and bovine serum albumin (BSA). These were

selected as they are water soluble and had potential to increase the lubricity of water. This

was motivated by the original HEF used by Dearman — water.

5.2 Materials and Methods

Lubricant Preparation

Four lubricants were tested, two based on BSA and two on pectin, in two concentrations:

1mgml−1 and 5mgml−1. These concentrations were selected to be identical to previous

work into aqueous solutions of BSA analysing the performance of these lubricants under

boundary lubrication with unidirectional sliding in order to compare the results (Ahlroos

et al. 2011). The BSA (Bovine serum albumin solution, 22% in saline, contains azide,

aseptically filled, Sigma Aldrich, Darmstadt, Germany) and pectin (Pectin from citrus

peel, Sigma Aldrich, Darmstadt, Germany) were mixed with deionised water in sterile

tubes to the desired concentrations. The pectin solutions were mixed at 70 ◦C for 24 h.

The solutions were agitated thoroughly both after initial mixing and before each test in

order to ensure homogeneity. The samples were then frozen in the tubes, containing 5

tests worth of lubricant, until 24 h before each test.
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Tribological Experimental Con�guration
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Figure 5.1: The tribological experimental configuration. Showing the location of the
temperature measurement, the size and location of the wear tracks in the top view and
the size of the upper specimens in the front and side views.

Figure 5.1 shows the experimental configuration used to generate friction and wear,

on a TE77 high speed reciprocating rig (Phoenix Tribology, Hants, UK). The cylinder

(shown in blue) is loaded with the desired force and reciprocated at the required frequency

against a plate (shown in green). Metals were used to negate any viscoelastic e�ects of the

supporting surfaces in the examination of the lubricants. The cylinder was manufactured

from hardened AISI 52100 chrome steel. The plates were manufactured from SS 440C

stainless steel. Two tests were performed on each lower plate with the wear tracks at least

10mm apart. The temperature of the plate was measured using a thermocouple positioned

as annotated in Figure 5.1.

Table 5.1 shows the parameters used during the testing. The force, frequency, lubricant

concentration and type were all varied at two levels resulting in 16 di�erent experiments

with 5 repeats of each. The contact pressures were selected as the lowest pressure possible
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Table 5.1: The parameters used in testing.

Parameter Value

Stroke Length (mm) 21.5

Test Time (h) 1

Testing Temperature (◦C) 25

Volume of Lubricant (ml) 8

Force (N) 5
/

310

Equivalent Contact Pressure (MPa) 76.4
/

601.2

Frequency (Hz) 5
/

10

Lubricant Concentration (mgml−1) 1
/

5

Lubricant Type Pectin
/

BSA

from the TE77 and to simulate a mechanical contact such as a cam and follower in an

internal combustion engine (Priest and Taylor 2000).

In order to control the statistical independence of the data the order of the experiments

was randomised with regard to the force and frequency. The BSA tests were run separately

from the pectin tests to reduce the risk of cross contamination between tests. Every

five tests the concentration of the lubricant was changed. This meant that the lubricant

could be kept frozen until it was needed but still allowing for the tests to be statistically

independent. Each test performed on every lower specimen was performed using the same

concentration so there was no cross contamination on the sample.

5.3 Results and Discussion

Table 5.2 shows the median coe�cient of friction, maximum temperature, median contact

potential and median frictional energy dissipated for each lubricant and applied force as

listed in Table 5.1. The reported uncertainty in Table 5.2 is one standard deviation of the

mean. The frictional standard deviations shown in Table 5.1 are all at least two orders

of magnitude smaller than the mean which represents a clear consistency in the testing
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procedure and lubricant performance. The median coe�cient of friction was used as it

best describes the steady state value of a test and discounts the bedding in period.

Each test performed at 5N has a higher coe�cient of friction than the test performed

at 310N, although the di�erence is reduced in the pectin based lubricants. This would

suggest that the coe�cient of friction of the pectin solutions are not as dependent as BSA

on the applied load at the observed conditions.

Previous literature has shown that the concentration of BSA in deionised water does not

impact the resulting coe�cient of friction in a unidirectional sliding test at low velocity as

the temperatures involved do not change the chemical structure of the BSA. This testing

was conducted at a contact pressure of 585MPa, sliding velocity of 0.100m s−1 and at

22 ◦C and resulted in a coe�cient of friction of ≈ 0.3 (Ahlroos et al. 2011). The results

from this study also suggest that the friction of BSA is not a�ected by concentration in

the range of 1mgBSA/mlH20 to 5mgBSA/mlH20. However, in this range it is evident that

a higher concentration of pectin results in a lower coe�cient of friction at both contact

pressures simulated.



92 CHAPTER 5. BIOMIMETIC LUBRICATION

Ta
bl
e
5.
2:

A
st
at
is
ti
ca
ls
um

m
ar
y
of

th
e
tr
ib
ol
og

ic
al
te
st
in
g
sh
ow

in
g
m
ed
ia
n
fr
ic
ti
on

-µ̃
,m

ax
im

um
te
m
pe
ra
tu
re

-T̂
(◦
C
),
m
ed
ia
n
co
nt
ac
t

po
te
nt
ia
l-
Ṽ
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The lowest observed coe�cient of friction at 5N was the 5mgml−1 pectin, at 310N

the 5mgml−1 BSA. At 5N the distinction between lubricants and concentrations is more

clear. In terms of coe�cient of friction it is clear that the optimum lubricant tested is the

5mgml−1 pectin.

There is no distinction in the frictional data between the tests conducted at 5Hz and

those at 10Hz as denoted by the magnitude of the standard deviation. This implies that

the lubricants are quasi-newtonian and do not undergo any major chemical changes due

to a higher shear rate within the lubricants (Mang 2007).

Table 5.2 also reports the maximum bulk temperature reached by the plate specimen

in the top corner as annotated in Figure 5.1. The 5N tests have very similar distributions

in temperature and average values of just above the testing temperature of 25 ◦C. The

BSA tests conducted at a higher contact pressure result in a higher temperature at the

thermocouple.

5mgml−1 pectin showed no major di�erence in the average temperature at each

condition. This would suggest that the lubricant was not as e�ective at removing the

heat from the contact zone. As discussed in section 2.4, the chemistry of pectin is not

e�ected by temperature.

As BSA is a protein it su�ers from denaturing at a specific temperature, this changes

the tertiary structure of the protein and impacts the conductivity, making the thermal

properties of the solutions highly temperature and concentration dependant. BSA

denaturing occurs around 50 ◦C to 70 ◦C and increases the thermal conductivity (Kyoo

Park et al. 2011). Denaturing of a protein is permanent and so returning the solution to

a lower temperature will also benefit from this structural change, increasing the ability of

the solution to conduct temperature away from the contact zone, reducing thermal and

tribological damage to the surfaces. Higher volumes of lubricant will improve the ability

to conduct heat away from the contact area, reducing this e�ect however denaturing of

the protein will not have a negative e�ect on the tribology of the contact.

Median contact potential (ṼCP ) values are representative of the film thickness between

the two contacting surfaces. The contact potential of each lubricant cannot be compared
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directly as the dielectric constant of each fluid will change with concentration and

biological additive. It can be seen that the pectin based lubricants vary less in their

median values as indicated by the reduced standard deviation. Whilst it is not possible to

compare between each lubricant the major overriding conclusion from analysing this data

is that the film thickness of the BSA is less consistent under testing. However both fluids

produced a supporting film critical to the function of a lubricant.

As is expected less frictional energy is dissipated during the lower contact pressure

experiments. The disparity between the lubricant concentrations is more distinct in the

pectin tests with a reduced frictional energy at 5mgml−1. The BSA lubricant tribological

properties are less influenced by the concentration than pectin, this is reflected in both

the coe�cient of friction and the frictional energy. This may be due to di�erences in

solubility between BSA and pectin or the hydrogen bonding present between water and

the biological additive modifying the surface tension, this is discussed later in the chapter.

A major problem encountered in the tribological testing was evaporation of the

lubricant due to heating of samples. This was evidenced by a reduced volume of lubricant

at the end of the test and in some cases the liquid had completely been removed leaving

only a residue on the surface. From qualitative observation pectin was less susceptible to

this although no quantative analysis of the process was undertaken. In this testing only

a small amount of lubricant was used in each test. In testing with more lubricant this

evaporation will be reduced as there will be more fluid able to conduct and convect heat

away from the contact. It is also pertinent that pectin’s chemistry is not as sensitive to

temperature, as discussed in Chapter 2.

Table 5.3 shows the mean and standard deviation of the contact angle (θ) measured

every 5 s for 650 s using the method as set out in Chapter 3. The standard deviations are an

order of magnitude smaller than the means demonstrating a stability in the measurement

and a small amount of spreading also shown by a large contact angle. In both lubricants

the increased concentration increases the contact angle.
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Table 5.3: The mean and standard deviation of the contact angle and surface tension for
each lubricant measured over 650 s at a sample frequency of 0.2Hz and the measured
surface tension aver a range of bubble times. γL cos θ an indicator of interfacial energy
is also presented, as contact angle and surface tension are not independent the standard
deviation of the result cannot be estimated.

Lubricant θ◦ γL γL cos θ

1mgmlBSA 60.4 ±5.3 73.1 ±2.1 36.2

5mgmlBSA 62.6 ±3.2 72.0 ±0.9 33.1

1mgmlPectin 62.2 ±3.2 71.8 ±0.6 33.4

5mgmlPectin 66.6 ±4.4 73.9 ±1.6 29.4

The surface tension does not follow the same trend. Increasing the concentration of

BSA reduces the tension where as with pectin it increases. The key parameter in the table

is the γL cos (θ), a lower value will result in a higher film thickness and a lower friction.

This comparison only describes the lubricants ability to form a film and so is only relevant

at higher velocities. Therefore deviations in the γL cos (θ) from the trends described by

Table 5.2 describe the ability of the biological compounds to form a boundary lubricant.

The higher concentrations reduce γL cos (θ) and therefore are more likely to generate

a thicker lubricant film. Pectin has a lower γL cos (θ) than BSA at both concentrations.

Combined with the results presented in Table 5.2 especially when comparing the median

coe�cient of friction at 310N the concentration of pectin has a larger impact on the

friction and γL cos (θ) but also results in a thicker lubricant film and a lower coe�cient of

friction. The variation of γL cos (θ) with respect to concentration is lower in BSA and may

explain why the coe�cient of friction was less dependant on the concentration of BSA in

the lubricant.

The testing has compared the friction, potential to produce wear, film thickness and

ability to form a film. In each of these comparisons at the conditions tested, BSA produced

results less dependent on concentration of BSA in water, however the pectin 5mgml−1

consistently produced a better tribological performance. This solution resulted in a lower

coe�cient of friction, frictional energy dissipation (indicative of lower surface damage)
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and demonstrated an ability to operate as a boundary lubricant as well as being capable

of forming a film at higher contact pressures and velocities. This was shown through both

tribological testing and through the surface tension and contact angle measurements.

5.4 Conclusions

Two potential aqueous biomimetic lubricants have been analysed assessing the impact

of concentration, contact pressure and sliding velocity on their tribological performance.

The conditions were designed to assess the capability of the lubricants to perform in a

mechanical and industrial capacity. This testing has highlighted the potential of this type

of lubricant. Although more investigation and understanding of these additives is required

before any implementation of pectin or BSA based lubricants; these results demonstrate

that they may be possible replacements for hydrocarbon based lubricants. A summary of

the main results is as follows:

1. Both lubricants tested, BSA and pectin, supported the surfaces resulting in a

tribologically beneficial contact

2. The concentration of pectin has significantly more e�ect on the tribological

properties than that of BSA

3. No major e�ect of velocity on the lubricant friction or film thickness was observed

suggesting that there are no major viscoelastic e�ects in either lubricant

4. BSA demonstrated the lowest coe�cient of friction under high loads; 0.17 and 0.15 at

1mgml−1 and 5mgml−1 respectively and less sensitivity to changes in concentration

in all factors

5. The most promising lubricant tested is 5mgml−1 Pectin. Demonstrating a

low coe�cient of friction at both loads
(
µ
��
F⊥=5N

= 0.37; µ
��
F⊥=310N

= 0.18
)
, lower

temperature rise, lower indicated wear through frictional energy dissipation and a

lower γL cos (θ)
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6. This investigation highlighted that these lubricants may be susceptible to

evaporation, a feature of them being aqueous, however utilisation in a closed system

with higher volumes of lubricant would likely result in this e�ect being reduced

This chapter has shown that biomimetic lubricants are able to support a mechanical

contact e�ectively. They are ecologically sustainable and able to withstand a wide variety

of contact pressures and velocities. As the lubricants are aqueous they are also potential

alternatives to the HEF although more work is required in this area. A biomimetic

lubricant/HEF combination would allow for the removal of the oil pump within the TRU

and reduce the overall mass of the system. This is a hugely exciting area of investigation

and has the potential to lead to the replacement of hydrocarbon based lubricants in other

applications as well as the Dearman Engine.





Chapter 6

Velocity Dependant Friction
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6.1 Introduction

In the examination of novel engines there is a large focus on data collection during

durability testing. Using the Nyquist-Shannon sampling principle, the traditional

methodology of data analysis ignores e�ects of visco-elasticity and other high frequency

phenomena. The following chapter applies this theory to an analysis of the valve guides

within the Dearman Engine.

The valve guides were lubricated via oil pumped into the cylinder head. The aim

was to examine if the lubrication was necessary and if it was possible to remove the oil

pump entirely: potentially providing a significant weight reduction in the overall system

supporting the move to a single fluid engine discussed in the previous chapter.

6.2 Materials and Methods

Methods

The experimental conditions used were selected to approximate the Dearman Engine valve

train on the TE77. The upper sample reciprocation frequency was 13.3Hz (800 rpm),

stroke length was 25mm (amplitude of 12.5mm). The 7N normal force was equal to a

contact pressure of 61.9 kPa as calculated in Chapter 3. The test duration was one hour.

The tests were run at room temperature, in Chapter 4 it was shown that the tribological

properties of the PEEK and POM are not significantly influenced by temperature in the

range of the operating conditions of the Dearman Engine.

Lubrication

The tests were lubricated with HEF. A syringe pump (KDScientific Legato 110, Holliston,

MA, USA) delivered fluid directly to the contacts at a rate of 0.2mlmin−1 via a tube that

was attached to the moving carriage of the TE77. Homogeneity was ensured by agitating

the mixture vigorously immediately before testing. During the testing the velocity and
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agitation of the samples was assumed to keep the fluids from separating. Tests were also

run dry for comparison.

Materials

POM and PEEK were used to manufacture dynamic upper specimens, both are

engineering polymers that have been previously used and analysed for machine element

design (Mark 2009; Dearn, Hoskins, Petrov, et al. 2013b; Yeo and Polycarpou 2012;

Friedrich et al. 2005; Nunez and Polycarpou 2015). The static lower specimen was made

from titanium; benefiting from corrosion resistance and high strength to weight ratio (K.

Wang 1996). Currently the valve stems of the Dearman Engine are manufactured from

titanium.

Material Preparation

After being processed into TE77 lower samples, the titanium Ti6A4V samples were

ground with a Jones-Shipman 540AP surface grinder (Leicester, UK) with PBR Abrasives

24C 60 J 5V silicon carbide wheel (Wolverhampton, UK). Following this, grades P140, 600

and 1200 silicon carbide abrasive papers were used to polish the surfaces to a target

roughness of Ra 0.1 µm to 0.3 µm was reached, measured using a Mitutoyo Surftest SJ-310

(Coventry, UK).

Following machining, the roughness of the contact surfaces was measured. The

surfaces were then refined using silicon carbide abrasive paper until the target roughness

of Ra 0.3 ± 0.1 µm.

Before testing, all samples were rinsed in a dilute degreasing solution (Loctite SF0

7840). They were then placed in an ultrasonic bath with distilled water before being

rinsed in ethanol to wash the abrasives o� the surface before testing. Samples were left

exposed to evaporate the ethanol before the experiments.
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6.3 Results and Discussion

Friction

Steady State Friction

Table 6.1 lists the median coe�cient of friction (µ̃) from unlubricated and lubricated tests.

As expected, the coe�cient of friction was significantly higher for unlubricated tests. Also,

the PEEK demonstrated higher friction than the POM for the unlubricated tests which is

consistent with the results shown in Chapter 4.

There was less of a distinction between the materials in the lubricated tests. In these

tests, the fluid is likely to remove wear debris and create a film separating the surfaces

reducing reliance on the sti�ness of the surface as well as reducing the contact temperature.

This observation implies that in the case that the materials are entirely in contact, the

friction is dependent on the material sti�ness.

Table 6.1: A summary of the steady state coe�cients of friction (median) for each test
showing the mean and standard deviation of the distribution of medians.

µ̃ POM PEEK

Unlubricated 0.36 ±0.07 0.55 ±0.09

Lubricated 0.10 ±0.02 0.10 ±0.03

Friction within a stroke

Figure 6.1 shows the friction against velocity for each test with the mean trace overlaid

in bold. The black line is steady-state friction. The plots demonstrate the reliance

of tangential loading on the sliding speed during the unlubricated testing, showing the

transition from static to dynamic frictional phases. In the unlubricated tests, there was a

peak as the samples overcame the static coe�cient of friction at each stationary point of

inflexion during each stroke. After this point, the friction was then almost constant as the

velocity increased.
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The lubricated tests did not display a peak in friction at lower velocities, which would

suggest that the lubricant layer does not breakdown as the direction of velocity changes;

avoiding significant levels of asperity contact at the limits of the stroke. This behaviour

may be because even though the samples are theoretically stationary, the lubricant is still

moving relative to the surfaces due to inertia within the fluid or viscoelastic e�ects in the

polymers.
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Figure 6.1: Friction velocity plots showing steady-state friction and energy dispersed
during 65 cycles recorded at 30min into each test. The friction during each cycle is plotted
in for each material. In the darker colour the mean of all these cycles is plotted. The plots
are also annotated with the steady state friction and the frictional energy dissipated as
calculated by the circular integral of the mean cycle.
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Frictional Energy Dissipated

Figure 6.1 also shows the frictional energy dissipated calculated from the mean stroke for

each test. The unlubricated PEEK tests have a significantly higher frictional energy. A

higher level of frictional energy was dissipated in the unlubricated tests. The unlubricated

POM released a frictional energy about a third of that as calculated for the unlubricated

PEEK. This trend is due in part due to the PEEK having a higher median coe�cient of

friction for each test and also higher surface energy (given in Table 3.1).

In this case, PEEK requires more energy to generate debris from the surface and so

may lead to less wear; although in this application wear is not a major concern as the

contact pressure is so low. Friction is significantly more important in order to reduce

parasitic losses within a valvetrain. A penalty of this reduced damage is that friction is

higher as a result of increased energy required to fracture inter-molecular bonds on the

contact surface. Peaks are present at the start of each stroke during the PEEK tests, and

these are proportionally lower during the POM tests. These factors combine to produce

lower energy dissipated per stroke for POM.

The lubricated tests demonstrated similar trends, independent of the material used

in testing. The lubricant removed heat and debris away from the contact zone, lowering

the total amount of energy dissipated as friction, meaning that the surface free energy, an

indicator of adhesive wear, was much less of a driving factor, compared to the unlubricated

tests.

Because the frictional energy dissipation is calculated from HSD it describes the

frictional behaviour of the system better than the coe�cient of friction as calculated in

the LSD. Whilst energy dissipation is directly proportional to friction, the LSD does not

sample at a high enough rate to encapsulate the static-dynamic transitions and viscoelastic

variations in material properties.
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Surface Analysis

Neither of the polymers tested contained titanium and so EDS could be used to look for

transfer of titanium onto the polymer surface. The inverse is also true, in that the titanium

does not contain carbon within the alloy and so can be used to identify transfer layers of

the polymers onto the counter surface. It is prudent to be cautious of using carbon as it

is present in anything organic and so even handling of the specimens can lead to a false

reading.

All of the polymer surfaces showed score marks across the surface, an example is

shown in Figure 6.2. These grooves were in the order of 10 µm to 20 µm wide. This is

consistent with the size of the abrasive on 1200 grit sandpaper (15 µm) used in the sample

preparation; therefore these grooves were examined with caution in the analysis of wear

mechanisms.

Rough edges

Scratches ≈ 15 µm wide

Figure 6.2: SEM image of PEEK after
unlubricated testing.

The lubricated tests generated large elongated fragments of titanium, some as large as

50 µm but most were in the region of 20 µm. There was also evidence of pitting in some

areas. The larger particle size would suggest higher sub-surface fatigue potentially caused

by large hydrostatic pressures present in the contact (G. Stachowiak and A. Batchelor
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2006, p. 636). Wear particle morphology studies are outside the scope of this study as

they require a significant amount of computational e�ort (Eckold et al. 2015).

As the upper specimen reached its maximum velocity a wedge of lubricant is likely to

have been trapped between the surfaces. This wedge of lubricant causes a high pressure

spike that forces lubricant into surface cracks and exacerbates any previous damage. This

explains the observation of the large pieces of titanium embedded in the polymer surface.

The surface cracks themselves will have emanated from discontinuities in the surface. A

pit examined on the titanium counter surface is shown in Figure 6.3.

Pit

Figure 6.3: Pitting observed in titanium run
lubricated against PEEK.

Scratches in sliding direction

Aglomeration of POM

Figure 6.4: SEM image of titanium after
lubricated testing against POM, carbon
EDS map overlaid in red.

The titanium samples show score marks as shown in Figure 6.4. In general, those in the

direction of sliding were less pronounced than the damage left by the surface preparation.

There was evidence of smearing on the titanium surfaces, and this is likely to emanate from

polymeric wear debris trapped between the bearing contacts. This polymer wear debris

resulted in agglomerations forming transfer layers on the titanium surface Figure 6.4 shows

an EDS map overlaid to support this observation.

The polymer specimens tested with no lubricant showed evidence of small fragments
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Pit

20 µm to 50 µm sized titanium

Figure 6.5: SEM image of PEEK after
lubricated testing, titanium EDS image
overlaid in red.

Pit

Large piece of titanium

20 µm sized titanium

Figure 6.6: SEM image of POM after
lubricated testing, titanium EDS image
overlaid in red.

of titanium spread across the surface, in a similar way to the coverage of carbon on the

titanium surfaces. The condition of the surfaces suggests abrasive wear with two and three

body particle wear.

There were also pits observed in the lubricated titanium samples shown in Figure 6.3.

These were of a similar size to the large fragments seen embedded in the polymer surfaces

and were, in likelihood, formed by the same mechanism described above. The polymer

counter surfaces are shown in Figure 6.7 and Figure 6.8.

Surface roughness was measured pre- and post-test for both the upper and lower

specimens. Table 6.2 contains the change in surface roughness (calculated using

Equation 6.1) and the variation of all the tested surfaces.

In general, the surface roughness of all the samples reduced apart from the titanium

specimens run against PEEK with no lubricant. The PEEK had a higher variation in the

roughness between the lubricated and unlubricated samples. The POM samples varied by

a small amount between the unlubricated and lubricated tests. The standard deviations

for all experiments were of a similar order of magnitude, suggesting the same level of
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Scratches in sliding direction

Aglomeration of POM

Figure 6.7: SEM image of titanium after
unlubricated testing against POM, carbon
EDS map overlaid in red.

Scratches in sliding direction

Aglomeration of PEEK

Figure 6.8: SEM image of titanium after
lubricated testing against PEEK, carbon
EDS map overlaid in red.

stability between the di�erent scenarios.

∆Ra = RaPre-test − RaPost-test (6.1)

Table 6.2: The change in roughness and standard deviation of the upper and lower
specimens over the test duration.

Upper Specimen
Material

Lubrication
Methodology

Upper ∆Ra
(µm)

Lower ∆Ra
(µm)

PEEK
Unlubricated 0.29 ±0.31 −0.06 ±0.13

Lubricated 0.72 ±0.18 0.07 ±0.05

POM
Unlubricated 0.47 ±0.18 0.06 ±0.13

Lubricated 0.43 ±0.43 0.09 ±0.15

This analysis utilises data sampled at 20 kHz to allow for insight into lubrication and

wear mechanisms. In this manner, a diagnostic system in an industrial setting would be

able to make a short high speed data recordings at periodic intervals. A system reliant

on such a method would provide a similar amount of data and more insight into the
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system than constantly recording at 1Hz; for example a test run for 12 h on the TE77

generates a file that is 2600 kB. A high speed data file is 200 kB in size. This is an arbitrary

measurement but hints at potential savings in storage. If a file is taken every hour over

12 h the physical size of the data would be the same as a low sample rate file, however

the data recorded allows for condition monitoring of the lubricant, surface damage and

other tribological phenomena. Low sample rate files only give insight into the coe�cient

of friction or a major tribological failure.

In running a visco-elastic material or lubricant the stick slip behaviour impacts the

contact mechanics and fluid dynamics within the contact. Taking readings at a suitably

chosen sample frequency leads to better insight into the mechanisms present.

6.4 Conclusions

This chapter compared the performance of PEEK and POM at low contact pressures in

lubricated and un-lubricated reciprocating tests, while analysing the velocity dependent

friction. Investigating the changes in friction during a stroke gives insight into the

tribological mechanisms occurring during the motion of the surfaces. This method allows

for the development of a diagnostic system with a greater comprehension of the tribology

present in a contact. Key conclusions:

1. The transient analysis of friction demonstrated that the unlubricated samples

experienced a static to dynamic transition, leading to a higher coe�cient of friction

at low velocities and higher frictional energy (Unlubricated: PEEK = 2.25 J, POM

= 0.72 J. Lubricated: PEEK = 0.11 J, POM = 0.18 J). This is not observed in the

lubricated tests.

2. Unlubricated contacts produce higher frictional losses which are dependent on the

material properties such as the sti�ness and surface free energy (µPOM = 0.36,

µPEEK = 0.55). Lubricated contacts produced a lower coe�cient of friction that was

influenced less by the sample materials properties (µPOM = 0.10, µPEEK = 0.10).
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3. Friction in the unlubricated tests increased as the sliding velocity tended to 0,

contributing to higher frictional energy dissipation. This trend was not the case

in the lubricated tests.

4. Extreme pressure caused by the lubricant wedge led to pitting in the Ti demonstrated

by the large pieces of Ti observed embedded in the surface of the polymers.

5. Unlubricated test in-stroke friction was significantly more a�ected by velocity.

The method presented will accentuate the understanding of the Dearman Engine’s

performance, especially with the introduction of visco-elastic materials and lubricants as

presented in the previous chapters.







Chapter 7

Conclusions
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This thesis has explored potential developments that will reduce parasitic losses within

the Dearman Engine. This has focussed on three methods: new materials, new lubricants

and new designs.

7.1 Polymer Tribology: A Material Replacement Study

The first investigation was into the area where a majority of the friction had been measured

previously by Dearman — the cylinder-liner piston seal interaction.

Tribological assessment of a wide variety of polymer matrix composites (PMCs), under

conditions representative of the Dearman Engine, led to the selection of POM as an

alternative material for the cylinder liner. POM unhoned demonstrated the lowest steady

state coe�cient of friction at ≈ 0.05 compared to the benchmark of ≈ 0.14 at 12 ◦C. In

addition POM presented a short settling time and percentage overshoot: descriptors of

the steady state condition directly correlated to the wear volume of the upper specimen

representative of the piston seal. This testing has exposed the potential that a polymeric

cylinder could have on the parasitic losses, there is another benefit: a reduction in mass

of the engine. The aluminium cylinder liner has a mass of 2.208 kg, replacing the material

with POM will result in the cylinder liner mass being reduced by 1.063 kg as calculated

by the ratio of the densities of the materials.

The original piston seal was a polymer matrix composite of PTFE and as such there

was not the same potential improvement in the tribological performance as with the

cylinder-liner. For this reason an investigation into novel manufacturing techniques was

undertaken. This examined the possibility that PMC’s do not need to be necessarily be

macroscopically homogenous but instead could consist of laminated polymers providing a

lubricious layer of a soft polymer (PTFE) and a sti� matrix material (PEEK). This study

showed that as long as the bonding between the layers is strong a laminated polymer can

be utilised in the place of a PMC. The coe�cient of friction for the PTFE-PEEK composite

and PTFE-PEEK laminate were both ≈ 0.2 with a reduced wear rate when compared to

PTFE or PEEK run under the same conditions. As the piston seal is operated linearly
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the direction of sliding whilst reciprocating is always along the same plane. This means

the laminated layers can be orientated perpendicular to the sliding ensuring the counter

surface is in contact with both laminated materials during the operation. An application

where this is not always the case would not benefit from this approach.

The testing of laminated polymers was conducted at 4Hz however, the Dearman

Engine operates at 800 rpm (13.3Hz). As the tests at 4Hzwere successful the reciprocating

frequency should be increased to ensure the forces through the bonded layers are not

excessive and large enough to cause fracture between the surfaces.

7.2 Biomimetic Lubrication

In the TRU one of the largest and potentially unnecessary auxiliaries is the oil pump.

As the motion of the crank provides splash lubrication within the main body of the

engine removal of the pump would only majorly impact the valvetrain. For this reason

two biomimetic lubricants were examined to see if they would operate under the harsh

conditions within the crankcase: high velocity and contact pressure. In nature the most

common form of lubrication is boundary and so these lubricants mimicking nature have

a large potential to perform well in the valve train.

Pectin and bovine serum albumin (BSA) were selected for their ability to provide

boundary lubrication in nature, pectin is found on train tracks reducing traction and BSA

is partially responsible for the lubricating properties of synovial joints in mammals. Both

additives were manufactured into aqueous solutions at 1mgml−1 and 5mgml−1.

The investigation demonstrated that BSA at both concentrations tested (1mgml−1

and 5mgml−1) under high loads a coe�cient of friction of 0.17 and 0.15 respectively

was observed. Under low loads pectin at 5mgml−1 produced a coe�cient of friction of

0.37, the lowest observed at that contact pressure, and at high loads 0.18. Each lubricant

formed a lubricating film as demonstrated by the contact potential measured across the

two surfaces. This led to the conclusion that 5mgmg−1 Pectin was the most promising

lubricant from the testing.
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7.3 Velocity Dependant Friction

New materials were examined to reduce the lubricating requirements of the valve-train.

These were analysed with a novel analytical method exposing the potential insight that

using an appropriate sampling rate when measuring friction data can provide. This is

critical when using materials and fluids that are viso-elastic in a reciprocating contact.

This led to demonstrating that by sampling at a rate above the Nyquist frequency

the transition from quasi-static to dynamic can be observed. Calculation of the frictional

energy dissipated and observations of the coe�cient of friction at this sample rate are more

representative of the physical e�ects being observed than observations at a significantly

lower sample rate.

With the study into lubrication and novel investigative methods the potential mass

reduction is less tangible. A better understanding of the friction within the valve guides

and the potential lubricants in the cylinder head may lead to the possibility that the oil

pump is no longer needed within the truck refrigeration unit (TRU) reducing auxiliary

loads on the engine and the overall mass of the system.

All of these approaches have had the sustainable nature of the Dearman Engine at

their heart. Focussing on reducing manufacturing energy costs, frictional losses and data

storage requirements; all with one goal: reducing the overall weight of the TRU. The

relevance of this research is wider than that of the Dearman Engine: whilst the focus of

research has been into improving the e�ciency and ecological footprint of the engine;

most aspects of the experimental work are applicable to a wider scientific audience.

7.4 Future Work

This work is not complete: the suggested changes are not at the same technological

readiness as the rest of the engine and there are limitations within the work.

As with all experiments conducted on a test rig these investigations come with

limitations, in order to simplify the test conditions assumptions must be made to align
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the desired loading parameters with the operating envelope of the machine. The most

significant of these assumptions comes from the physical loading of the materials. On

the TE77 it is not possible to dynamically load the specimens, within an engine under

operation the cylinder pressure varies significantly with respect to the position of the

piston. In the assessment of the cylinder liner and the piston seal the maximum

contact pressure within the engine cycle was selected as the testing parameter. With

the introduction of visco-elastic materials the frequency of the loading will have an e�ect

on the static-dynamic transition in friction and the sti�ness of the materials. As with the

introduction of analyses at a suitable frequency, for a more accurate result the loading

frequency, reciprocating frequency and sliding velocity would ideally be identical to that

of the application. Within the physical footprint of the lubricant bath of the TE77 this is

not possible and within the Dearman Engine, even on a test bed, there is not the sensor

capability to analyse the friction at specific interfaces under realistic loading. For this

reason the worst case scenario was always modelled with the assumption that at lower

velocities and normal contact forces the friction and subsequent wear will be reduced.

Where possible every care was taken to align samples correctly within the TE77

specimen holders however the method through which the frictional force is measured the

flatness of the lower specimen and reciprocating arm is critical to the recorded values.

When samples have been manually prepared either through honing or lamination in

Chapter 4 natural variation in the samples occurred which was unavoidable due to the

equipment and techniques available. This variation can be seen in the results however the

standard deviation is mostly an order of magnitude lower than the mean. This variable

will also be observed in the final product within the tolerances determined by Dearman

but is more noticeable in this style of testing as the focus in on one contact and not the

multiple contacts that are found in the whole system.

Each of these investigations has been undertaken in an isolated manner despite the

intention being to combine all of results to enhance the Dearman Engine. It is not possible

to fully predict the interactions between each enhancement although every care has been

taken to investigate compatible materials and lubricants.
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In order to take the results of this thesis to an industrially viable product there is still

a significant amount of work to be undertaken. With the cylinder liner and piston seal

the solutions are ready to move to a component level test, gradually increasing loads and

operation. Initially this would take the form of motoring an engine with the components

mounted at low speeds to identify any issues with a modified manufacturing method and

material.

A laminated piston seal will require a bespoke piston with which to accept the seal and

provide compression perpendicular to the layer, assisting with the bonding of the lamellae;

this will take a significant amount of design time to ensure the geometry is economically

viable to manufacture. The e�ect of layer thickness, the optimum ratio and distribution

of the laminated layers are also not fully understood so more laboratory work should be

undertaken to fully explore this. With the addition of a more in depth analysis method and

corroboration of these analyses with wear debris and surface morphology characterisation

will help to develop the use of velocity dependant friction as a performance monitoring

tool.

The area that is furthest away from technological readiness is the biomimetic single

fluid lubricant and heat exchange fluid (HEF). Throughout this thesis the tribological

performance of the fluids have been studied however the heat transfer properties have

been assumed from the nature that they are largely aqueous. In order to fully assess these

lubricants a more in depth chemical, rheological and thermodynamic analysis of the fluids

must be undertaken. In addition only two possible sources of biological additive have been

analysed. This investigation has also not addressed the impact of the chemistry on the

performance of the lubricants, proteins undergo denaturing and the temperature at which

BSA undergoes this is within the potential temperatures that may be seen momentarily

during the operation of the engine in a contact. Denaturing is a permanent process and

this will impact the longevity of the lubricant. Under the test conditions the stability of the

lubricants has not been addressed, under operation in the Dearman Engine the lubricants

will be used for a significant period of time (in the order of months) and under a wide

variety of contacts and conditions. In order to utilise these lubricants in an industrial
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setting the longevity must be understood. This will be realised through chemical and

rheological analysis and extended rig testing initially and then introducing the lubricant

into the Dearman Engine. Most commercial lubricants use additives to assist with reducing

undesireable properties of the fluid such as corrosion, this may be necessary in the further

development of the fluids but until introduction to the system under full operation some

of these e�ects may not be observed. As the purpose of the testing was to determine if

the lubricants would support a surface, viscosity was not examined however industrial

development will require this to be determined at a variety of shear rates.

In conclusion this thesis has set out the groundwork for the reduction of parasitic losses

in the Dearman Engine; exploring and investigating exiting developments in sustainable

lubrication and potential weight reductions in the overall TRU system whilst also

contributing new analytical methods to provide better understanding of the mechanisms

present in visco-elastic systems. These have also had an impact wider than the scope of

the Dearman Engine, whilst the material replacement studies are very focussed on the

application the analysis work and the contents of the other investigations accentuate what

can be found in literature and as such have relevance to the wider engineering community.
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Table 1: The multipliers used during the Pugh analysis for polymer selection, ordered

by the magnitude of the multiplier with comments describing the thought process for

assigning importance.

Property Mulitplier Comment

Price 10 Money is the most important factor in

implementation of new technologies. Consumers

are not receptive to large increases in cost without

a significant and measurable improvement to

performance. The cost also implies technological

readiness, as a rule of thumb the greater the

potential of a polymer to be mass produced the

lower the cost per kg.

Bulk Modulus 10 Bulk and Shear moduli (related to Young’s

modulus and Poisson’s ratio) describe the

material response to compression and shear the

two major loading mechanisms seen by the

cylinder liner (Hibbler 2011, p. 680).

Shear Modulus 10 See Bulk Modulus.

Compressive

Strength

10 The loading of the cylinder liner is mostly in

compression from the expansion of the gas and

pressure from the piston seal.

Continued on next page
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Property Mulitplier Comment

Thermal

Expansion

Coe�cient

10 Excessive shrinkage from poor operation may

lead to seizing of the engine so minimising

thermal expansion will reduce the risk of this.

Fatigue Strength 9 Durability of the components is key in the

operation of the engine.

Thermal

Conductivity

8 The key to the function of lubricants is to conduct

heat away from a contact. The material shouldn’t

impede this process.

Fracture

Toughness

8 Polymers have the ability to form glass like

crystals creating brittle areas (Rudin 1982,

pp. 394–399).

Vickers Hardness 8 An increase in hardness has been linked to a

reduction in adhesive and abrasive wear (Arnell

et al. 1991, pp. 68–72).

Density 7 There will be a distinct reduction in mass

switching from metals to polymers however any

gains from a potential material replacement must

be exploited.

Poisson’s Ratio 7 This is lower down the Pugh selection as it is

taken account for in the bulk and shear modulus.

Continued on next page
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Property Mulitplier Comment

Minimum Service

Temperature

6 A large portion of the Dearman Engine working

conditions are around ambient however there is a

possibility of lower temperatures.

Specific Heat

Capacity

6 Not a property directly related to tribological

phenomena however the temperature rise in

contact is related to the property (Carslaw and

Jaeger 1959, pp. 266–268).

Young’s Modulus 5 This is lower down the Pugh selection as it is

taken account for in the bulk and shear modulus.

Yield Strength 5 The load state of the cylinder liner is not su�cient

to cause significant plastic deformation as the

liner is mostly in compression.

Tensile Strength 5 The cylinder liner is not subject to significant

tension.

Glass Transition

Temperature

4 The crystallinity of the polymers is encapsulated

within the other properties presented.

Maximum

Service

Temperature

4 No excessive heating should occur unless poor

lubrication occurs, there has been no evidence of

this occurring in the Dearman Engine to date.

Elongation 1 Encapsulated within bulk modulus and Poisson’s

ratio

Continued on next page
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Property Mulitplier Comment

Melting Point 1 No excessive heating should occur unless poor

lubrication occurs, there has been no evidence of

this occurring in the Dearman Engine to date.
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Figure 1: Abbott - Firestone curves for each material tested. Figure 4.7 presents the same
data with di�erenctly sized axes to aid understanding of the form of the surface.
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