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Abstract

The most difficult and challenging area for the tribology of reciprocating interna
combustion engines to improve efficiency and life is the lubricant health within the piston
ring pack. It is here where extreme temperatures, pressures and noxious gases interact with
the small volume of lubricant designed to protect the components. There is a lack of
knowledge of the correlation between the lubricant condition and its performance. This
research is an original contribution to this field and addressed the influence of lubricant

degradation on lubricant film thicknesses and residence times in the piston ring pack.

A laser induced fluorescence (LIF) system was first implemented on an operating motored
gasoline engine to examine the piston ring to cylinder wall lubricant film thickness. A
bespoke optical setup was designed and developed with excellent spatial resolution
incorporating an argon ion laser, operating at 488 nm, combined with photomultiplier tubes
to measure reference laser and incoming fluorescent light via a sapphire window in the
cylinder liner. Lubricants were doped with Pyrromethene 567A fluorescent dye and the
fluorescence signals were calibrated through a strict method, which alowed the fluorescence
of degraded samples, and hence the lubricant film thickness, to be quantified. A range of
degraded engine lubricant samples were acquired from Mercedes Benz, Leeds, UK and
Southwest Research Institute, Texas, USA. The LIF system was then adapted and transferred
to a high speed, fired Ricardo Hydra single cylinder gasoline engine. The capability of the
LIF system was finally extended to examine lubricant flow in the piston ring pack through a
novel tracer technique, which enabled direct measurement of piston ring pack lubricant

residence time.

A LIF system was developed that could clearly distinguish between lubricants of different
viscosities and degradation state. It was found that degraded lubricants, with increased
viscosity compared to fresh lubricant, produce thicker lubricant films in the piston ring to
cylinder wall interface, which would directly impact on engine efficiency. Additionaly, it
was found that engine speed, load and lubricant viscosity influence the piston ring pack

lubricant residence time and the replenishment of the lubricant within the piston ring pack.
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Chapter 1 Opening

The proposition of this research thesis is that the lubricant film thickness experienced
between a piston ring and the cylinder wall is the most sensitive parameter when considering
the tribological response of the internal combustion engine as the lubricant degrades with
service time. The lubricant within this region degrades more rapidly than anywhere else
within the engine and the piston ring film thickness ultimately governs the outcome of
lubricant flow, friction and wear in the piston assembly to the cylinder wall. Thereis alack
of knowledge when considering the correlation between engine performance and lubricant
degradation through normal operating use. Even in the commercial automotive market, there
are awide range of lubricant service intervals and lubricant viscosity grades. This can clearly
be seen by different service schedules presented by manufacturers for the same engine size
and engine technology. In passenger vehicles, the lubricant service is determined by on-
board duty cycle agorithms with many reflecting different service requirements and no
measurement of lubricant properties. A more scientific correlation would greatly assist in
optimising this process, increasing vehicle lifecycle efficiency, improving durability and

reducing lubricant usage and waste.

In this opening chapter, the role, technology and operating conditions of piston rings are
investigated, adong with the tribologica performance in terms of the lubrication

characteristics.

1.1 I ntroduction

In the current environment, the reciprocating internal combustion engine is considered the
primary means of propulsion, whether that be for ground or sea transport. It is widely
recognised that without it our quality of life would suffer. According to recent Department
for Transport statistics (DFT 2011), in the UK aone there were 35.7 million vehicles
registered for road use in 2010. Of these 41.3% were fuelled by gasoline, 58.4% by diesd

and 0.3% by liquid petroleum gas or were electric powered vehicles.

The interna combustion engine has improved as technology has advanced, allowing faster

and more reliable engines. However, the internal combustion engine, whether it be diesdl or
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petrol powered, has many weaknesses. Overall engine efficiency is poor, being at most 25%,
with much of this attributed to low thermal and mechanica efficiencies. Much of the
available energy from fuel islost as heat and friction. Coupled with this, internal combustion
engines emit harmful exhaust emissions, such as oxides of nitrogen, hydrocarbons,
particulate matter and the greenhouse gas carbon dioxide. As a means to overcome the
drawbacks, improved vehicle technology has led to more efficient vehicles with better
economy thanks to innovations such as the auto start stop function, brake energy
regeneration, aerodynamics, weight reduction, tyre pressure monitoring systems and use of
tyres with less rolling resistance. Better marketing and awareness has also improved driving
habits by introducing information on increasing fuel economy from vehicles, through simple
measures such as checking tyre pressures regularly and having a well maintained vehicle.
Alternative prime movers to improve economy and reduce environment impact are now
beginning to invade the motor market, but current examples of hybrid engine and eectric
fuel cell powered vehicles are expensive. It is therefore safe to assume that the internal

combustion engine will still be used for many yearsto come.

With so many internal combustion engines in service emitting harmful pollutants and
affecting the global climate, any slight improvement in efficiency in terms of reduced fuel
consumption is much welcomed. Government legislation gets tighter yearly, demanding
reductions in emissions, and as a result the combustion event of the engine is considered the
first place to make improvements for increased efficiency. Generally the piston assembly of
an internal combustion engine is widely recognised as having a significant effect on
performance and economy, and any improvement in efficiency is a leap forward for society

asawhole,

The battle to achieve lower vehicle emissions each year is seen across the continents of the
world. Each magjor territory has their own emission regulations, but the focus towards
emission reduction is the same. Figure 1-1 details the emission regulations internationally
and also shows future trends. Such trends have triggered new technology such as hybrid, fuel
cell and full electric vehicles to be presented in the market as a means of achieving emission
targets, but currently at a premium cost. Engine downsizing on vehicle models, whereby a
turbocharger unit is fitted to a smaller engine than its predecessor, is becoming more
common. They emit less carbon dioxide (CO,), have a lower fuel consumption and the
overal vehicle weight is lower since the engine is smaller whilst providing the same amount
of power. It is therefore safe to assume that the reciprocating piston engine is not yet
superseded. The European emission requirements were first established in 1992 with the

Euro 1 standard, which detailed that gasoline engines required cataytic converters on
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exhaust systems and single point fuel injection to replace carburettors. Since that first
standard, a further four have been introduced with stricter emission regulations, with a sixth
standard now scheduled for 2014. An overal emissions reduction of a massive 74% in
gasoline vehicle emissions has been achieved since the introduction of Euro 1. Legislation
introduced in 2012 levies fines on automotive manufacturers based upon the amount of CO,
their vehicles emit above atarget of 120 CO, g/lkm (Mortier, Fox et al. 2009). As a side note,
the sulphur content in liquid fuels was also reduced heavily in 1999 in gasoline to 0.1% of
mass and in diesel fuel to 1% of mass, as it was recognised that harmful emissions of sulphur
dioxide contribute to atmospheric acidification, increasing acid rain, and also affect human
respiratory health (Department for Environment 1999). Vehicle fuel economy is an
additional factor that constantly needs improving as the price of a barrel of crude ail
increases. As will be made apparent later in this chapter, the automotive industry would
struggle without the engine, fuel, lubricant and additive manufacturers to achieve improved
fuel economy and exhaust emission targets. As a result, lubricant standards, such as the
recently introduced ILSAC GF-5, issued by The International Lubricant Standardization and
Approval Committee in the USA, covers a number of critical factors including fuel
economy, emissions control and engine cleanliness that a lubricant needs to meet (Canter
2010). Although GF-5 is an American standard, the European market, with standards set by
ACEA (European Automobile Manufacturers Association), recognise and employ the new

standard in current [ubricant formulations (L ubrizol 2010).
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Figure 1-1: Current and future emission legidation from around the world (LNG 2010)
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1.2 Therole of the piston ring pack

In short, the internal combustion engine takes in fuel and air as a mixture and burnsthisin its
combustion chamber. As aresult of burning, the hot combustion gases expand rapidly over a
piston stroke length and this energy is transformed into kinetic energy through the piston,

connecting rod and crankshaft, providing rotational motion to drive the vehicle wheels.

To help illustrate the role of the piston ring pack, consider the schematic in Figure 1-2 which
details a typical layout of a four stroke gasoline engine. On the first stroke, with the inlet
valve open and exhaust valve closed, the piston moves from top dead centre (TDC), this
being the highest piston height in the chamber, drawing in air and fuel mixture from the inlet
manifold. The mixture is drawn in since there is a pressure gradient between the chamber
and the inlet manifold. When the piston reaches bottom dead centre (BDC), this being the
lowest piston height in the chamber, the inlet valve closes and the piston begins to start its
second stroke where it compresses the charge mixture heading for TDC. Just before the
piston reaches TDC the mixture is ignited by a spark delivered from the spark plug and the
mixture burns. The flame front propagates as the mixture is burnt and a rapid increase in
cylinder pressure and temperature results that forces the piston back towards BDC. Thisis
where the fuel energy is converted into useful kinetic energy for propulsion through the
crankshaft and ultimately the wheels. As the piston begins to complete its final stroke,
heading back towards TDC, the exhaust valve opens to release the combustion gases. The
inlet valve reopens just before the piston reaches TDC, in preparation to begin the first stroke

of the next cycle.

In terms of the efficiency of the power stroke, it can be seen that any leakage of hot gases
past the piston is detrimental to the available power output. It is therefore necessary to
maintain a seal between the piston and the cylinder bore throughout the piston stroke. The
piston ring maintains this seal by providing an interface in the gap between the piston and
the bore. It can aso be seen that any leakage, whether that be hot gases, in the form of
‘blow-by’ gases which simply blow past the piston ring, and unburnt fuel from the
combustion into the crankcase would eventually escape into the atmosphere through the
crankcase breather, a vent, and contribute to environment pollutants. In modern engines, this
emission contributor has been reduced through use of a positive crankcase ventilation (PCV)
system. A PCV system utilises a one way valve between the crankcase breather and the inlet
manifold of the engine. The blow-by gases and unburnt fuel that escape past the piston rings
into the crankcase are drawn into the combustion chamber during the intake stroke, when the

inlet manifold is experiencing alower pressure, and burnt in the combustion event.
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Figure 1-2: Cross section of atypical gasoline 4 stroke internal combustion engine
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Two additiona contributors to pollutant emissions, especialy hydrocarbon emissions,
include the lubricant left on the cylinder wall which is exposed to the combustion chamber
and aso where the lubricant flows from the crankcase into the combustion chamber, a
phenomenon known as ‘reverse blow-by.” The latter occurs when gas pressure builds up
between the piston rings, known as inter-ring gas pressure, which is greater than the pressure
above the top piston ring and pushes lubricant upwards towards the combustion chamber.
Consequently, any lubricant mist in the crankcase would be ‘caught’ in the reverse blow-by

and exit the exhaust pipe into the aimosphere.

A secondary function of the piston ring is to provide a means of heat conduction. The
combustion event can increase chamber temperatures up to 600°C and any heat generated
needs to be dissipated to prevent overheating of the cylinder bore, which could cause
premature lubricant degradation and evaporation, possibly leading to engine seizure. The
piston ring transfers heat from the piston to the cylinder wall and the water jacket, on the

opposite side of the cylinder wall.

A fina role of the piston ring is to control the amount of oil that can possibly flow into the

combustion chamber in an attempt to minimize hydrocarbon exhaust emissions.

One must also consider the design of the piston and the ring, and their completeness in
combustion sealing. On modern engines the top of the piston, above the top ring, is slightly
tapered so the crown diameter, which is the topmost part of the piston, is smaller than the
piston skirt, the bottommost part of the piston. The difference in diameter, known as the
piston crevice, is to alow the top of the piston to expand as a result of the very high
temperatures experienced in the chamber due to combustion. As a flame front progresses at
the beginning of the power stroke, any charge mixture which has been trapped in the crevice
will remain un-burnt since the flame cannot progress into the small volume. As aresult, on
the exhaust stroke the un-burnt charge will be exhausted and further contribute to

hydrocarbon emissions.

Wentworth, (Wentworth 1971), first discovered that the design of the piston has a great
influence on hydrocarbon emissions with a revised design of a narrower piston crevice
volume. Further improvements in piston design are particularly rare but changes in piston

ring design have been popular in attempts to meet stringent emission legidlation.
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1.3 Piston ring design

John Ramsbottom, (Ramsbottom 1854), first proposed a ring as a means of providing a
compression seal for locomotive steam engines and the same concept of using a piston ring
is still used in modern engines today. The proposed design was an open ended ring, which
was ten percent greater in diameter than the cylinder bore, and located in a groove in the
piston circumference. Once compressed and installed, the elasticity of the ring provided an
effective seal against gas compression, limiting any leakage of steam past the piston and
therefore improving efficiency. A single ring does not provide a complete compression seal,
due to the ring being open ended, and as aresult it is more common to see a collection of two

or three compression rings generally known as a ‘ring pack.’

Since the introduction of the piston ring in 1854 by Ramsbottom, there have only been a few
changes to the initial idea. A year after its introduction, Ramsbottom (Ramsbottom 1855)
himself declared that during initial tests it was found that the proposed ring caused uneven
circumferential wear from uneven loading due to the elagticity of the ring itself. It was found
that the ring must not follow afree circular shape but have a dightly larger radius at the ring
gap as manufactured to ensure even pressure loading on the cylinder bore when fitted and
hence even wear. One further improvement to the ring design was that of Miller, (Miller
1862), who investigated the use of high steam pressure from the compression to act on the
inside face of the ring and push the ring out to the bore, and provide additiona sealing force
without the use of springs. Miller’s idea of using the compression pressure is ill

fundamental to many ring designs in use today for modern automotive engines.

No further major designs changes have been made to date to the basic ring concept evolved
by Ramsbottom (Ramsbottom 1855) and Miller (Miller 1862). Smaller modifications such as
multi-piece ring designs and rings with edge profiles designed to reduce lubricant
consumption through better lubricant scraping capabilities and better compression sealing
and having shorter running-in periods are now common, reducing engine friction and

[ubricant consumption.

A typical piston ring pack of a gasoline engine is shown in Figure 1-3. Generally in gasoline
engines there are three rings;, a compression ring, scraper and an oil control ring. The top
compression ring is the primary seal from combustion pressure. It usually has a barrel shaped
profile since being closest to the combustion it experiences high temperatures and pressure
loading. Often the barrel ring would have an internal bevel or step (see Figure 1-4 7a), which
is useful in encouraging positive twisting, that being the inner edge of the ring making

contact with the piston groove to limit the lubricant flow upwards into the combustion
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chamber (Federal-Mogul 2008). The scraper ring is also a secondary compression ring, but
its primary function is to limit the amount of lubricant flowing upwards towards the top
compression ring and into the combustion chamber. It generally has a step removed from the

lower running edge, known as a Napier type ring, to improve the scraping action. The third

h—1 Piston crown

Piston ring pack:

Piston
Gudgeon pin
assembly
Piston
Cylinder wall
Connecting rod

p— Top compression ring

_ Piston grooves
—

Ce

Scraper ring

A

Qil control ring

Piston skirt

Thin lubricant film

s
S

Figure 1-3: A typical piston ring pack arrangement for a gasoline engine
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ring is the qil control ring and as the name suggests, it limits the amount of lubricant on the
cylinder bore in an attempt to minimise lubricant consumption. It is generally a multi-piece
ring with a steel coil between either one or two-piece rails. The coil alows the complete ring
to conform to bore distortions, (Federal-Mogul 2008), but aso allows any lubricant to flow
through it towards the piston groove where holes drilled radially through the piston transport

excess lubricant back towards the crankcase.

Figure 1-4, taken from (Neale 1994), details typical piston rings as found in many modern

engines.
Ring type Description Ring type Description
STRAIGHT- The most simple ring can GROOVED Materials such as %
FACED be chromium-plated on INLAID chrome, bronze and =
RECTANGULAR // peripheral face to give \ ferrox are inlaid in  §3 8
longer life multi-groove ‘;’ 4
configurations, =2
8 providing good scufl’ =
1 resistance 8
BARREL- Widely used as top EXTERNALLY- Combines gas sealing =)
FACED compression ring in STEPPED s and oil control ey
CHROMIUM- diesel and petrol engines. COMPRESSION functions, the step < &
PLATED Gives quick bed-in, good AND giving the ring a E =9
scufl resistance and long SCRAPER torsional twist when E
9 life. Has neutral oil 9 fitted
control characteristic
NAPIER Variation of externally
RECTANGULAR Various low-wear-rate stepped ring; hooked
INLAID scuff-resistant materials, relief gives sharp
. such as electroplated scraping edge with
&) 3a chrome, sprayed chrome, 10 good oil control
Z, molybdenum, etc. are set
= SEMI-INLAID into ring periphery. COIL Very popular ring
z Outer lands give edge SPRING particularly in
=) protection to deposited LOADED high-speed diesels.
7 3b material SLOTTED Main wall pressure is
a OIL CONTROL 1la derived from butting -
o KEYSTONE A common top ring in helical coil expander. (%
=) diesel engines prevents BEVELLED Chromium-plated for Z
E sticking due to carbon EDGE wall pressures above =
S 4a formation fitted in TYPE 700 kN/m o]
HALF groove with similar taper 8
KEYSTONE . =
4b 5
SLOTTED A common form of bulk &
TAPER FACED Nnrlmally between %“ to OIL CONTROL oil scraper with two
15°, gives quick bed-in scraping lands 5
and combines gas scaling 12a separated by
and oil control features. drainage slots or
5 A witness land at holes
periphery is often added BEVELLED
EDGE
DYKES Mainly used in high-speed TYPE
PRESSURE racing applications to 12b
BACKED prevent blow-by due to
Alutter’ under high STEEL (a) Combined spacer
A inertia loadu}g.'Fmed in RAIL expander
a groove of similar shape MULTIPIECE (b) Separate spacer
INTERNALLY Step or bevel relief on (a) - expander
STEPPED inner edge causes ring to = These rings allow very
POSITIVE dish when fitted, giving high scraping
TWIST bottom edge contact and b
: pressures to be
TYPE 7a good oil control applied with good
(b) conformability, and
NEGATIVE have chromium-
TWIST 13 plated rails
TYPE
.

Figure 1-4: Summary of modern automaotive piston ring designs (Neale 1994)
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Piston ring materials for modern engines tend to be either spring steel or grey cast iron. The
running faces tend to have various coatings to improve wear, scuffing and corrosion
resistance such as chromium plating, PV D (Physica Vapour Deposition) and nitriding. Other
surface treatments such as phosphating, improve the running-in of the ring and black oxiding
provides corrosion resistance (Federal-Mogul 2008). Diamond-Like-Carbon (DLC) coatings
for engine mechanical components are now becoming increasingly common. The coating has
been found to provide low frictional characteristics for piston rings (Araujo and Banfield
2012; Hanke, Fahr et al. 2012), and have now been tested in commercial vehicles with
improvements of approximately 5% in highway fuel economy (Read, Vazquez et al. 2012).

1.4 An introduction to engine lubrication

This project was concerned with engine lubrication, in particular the thin lubricant films
between the piston and the cylinder wall. It is therefore appropriate to highlight the different
regimes of |ubrication experienced by the piston assembly.

Boundary Mixed Hydrodynamic
& ]

Lubricant additives
important here

\/élve train

Friction \ " Piston skirt
coefficient : : Piston rings
0.1 1 Engine bearings
- A : Lubricant viscosity
0.003 important here
0 5 10 19
Qil film thickness (um)

Combined average surface roughness (Ra) (um)

Figure 1-5: A modified Stribeck diagram detailing lubricant property influence.
Adapted from Priest and Taylor (2000) (Priest and Taylor 2000)



Opening 11

It is possible to investigate different lubrication regimes that can take place between a
contact and how the overall performance is influenced by friction by means of a Stribeck
diagram. A Stribeck diagram for automotive engines is shown in Figure 1-5 from Priest
(2000). The diagram has been adapted to demonstrate where the lubricant additives and

viscosity become important for different regimes.

There are four lubrication regimes, boundary, mixed, elastohydrodynamic and
hydrodynamic. Boundary lubrication is where the surface asperities come into contact at an
interface. There is usualy a lubricant film (< 0.01um) between the interfaces but because it
is smaller than the asperity height on the surfaces, contact takes place. As a result the
agperities interact and dide over each other causing high boundary friction. Hydrodynamic
lubrication is where the lubricant film is sufficiently thick (>1um) to prevent any surface
contact. Any friction generated from the contact is purely caused by the viscous shearing of
the lubricant film. Mixed lubrication regime is where boundary and hydrodynamic regimes
both occur in the interface. In the mixed regime, the friction generated when the two surfaces
dlide is aresult of combined asperity contact and the viscous shearing of the lubricant film,
between 0.05um and 1pm. Finaly, elastohydrodynamic lubrication is caused by sufficiently
high loads deforming the surface and the surface asperities, increasing the loading capacity
of the surface. A small lubricant film, between 0.1um and 1um, exists to separate the
interface which undergoes arapid increase in viscosity with the ability to support the load, so
no contact occurs. Interfaces experiencing eastohydrodynamic lubrication have very low
friction coefficients due to thinner films and elastic deformation of the surfaces and the

asgperities. More information on the basics of tribology can be found in (Williams 2005).

In a modern engine the piston assembly, especialy the piston rings, can experience al
modes of |ubrication during operation as a smple consequence of the reciprocating maotion.
The piston rings would normally operate in hydrodynamic lubrication at piston mid stroke
since the piston speed is at its maximum. The lubricant film is thickest here and can vary
between 10um and 20um depending on absolute speed and load (Brown and Hamilton
1977). Frictiona power lossis also observed at piston mid-stroke, since the piston speed is at
its maximum. Upon approaching the extreme ends of the stroke, TDC and BDC, the piston
speed reduces and momentarily halts at its highest and lowest positions respectively. Here
large amounts of boundary and mixed frictional force, much greater than when the piston is
at midstroke, have been observed (Kovach, Tsakiris et al. 1982; Mufti 2004; Mufti and Priest
2005; Mufti, Priest et a. 2006) due to the piston becoming stationary and reversing direction
but also because the lubricant films are thin. However, the friction observed at the dead

centres is only momentarily during the reversal process. The thinnest lubricant films, in the
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order of 0.1um, have been predicted to occur just after top dead centre where hydrodynamic
lubricant is unlikely and elastohydrodynamic lubrication is more likely (Dowson, Ruddy et
a. 1983). Hence, it is not strange to see that piston rings can experience all lubrication
regimes as shown in Figure 1-5 and by other researchers (LIoyd 1969; Dowson, Ruddy et al.
1983; Hoshi 1984; Tian 2002).

Holmberg et al. (Holmberg, Andersson et al. 2011) examined the energy consumption within
passenger vehicles and from a collection of analyses from various authors, determined that
the average engine friction losses are as follows; 45% consumed in the piston assembly, 30%
in engine bearings, 15% valve train friction and the final 10% consumed by pumping losses.
A more specific case by Tung and McMillian (Tung and McMillan 2004) estimated that
7.4% of the potential fuel energy losses is lost as engine friction, 25% of which originates
from the piston rings, as shown in Figure 1-6 below. Clearly the lubricant has a major impact
on engine performance and efficiency.

Exhaust Piston

Crankshaft \ / Rings

Valve train ——>

Cooling \

Accessories/
Axleand /
Transmission . \ \
Friction Wheels
r \ . Piston
Braking Air Pumping Bearings ey
and Engine
Coasting Friction

Figure 1-6: Fuel energy losses with lar ge contribution from piston rings. After Tung
and McMillan (2004)

The engine lubricant has been enhanced over the years to meet the operating conditions and
performance characteristics of modern engines. As engines have become more powerful and
better manufacturing techniques have been employed, it is down to the lubricant to still
perform at its best when faced with ever tougher situations.

Previoudy, the lubricant itself was comprised of mineral ail refined from crude oil, which

provides the mgjority of hydrocarbons it contains. However, as engine technology has
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evolved, lubricant base stocks have also changed to include semi-synthetic and fully
synthetic formulations which have greater thermal stability. These base fluids, despite
providing some reduced friction and wear of parts, are poor at the extreme conditions
experienced in modern engines. They decrease in viscosity as the temperature increases. Asa
result the base stock contains 15-20% additives (Mortier, Fox et a. 2009) for performance
improvement and to increase lubricant service drain intervals. Apart from friction and wear
reduction, a lubricant must also act as a cooling agent by removing heat from the metallic
parts (Mortier, Fox et al. 2009). As can be seen from Figure 1-5, lubricant surface active
additives are important when contact occurs between interfaces and the lubricant viscosity,

when a sufficiently thick film exists between the interfaces.

The lubricant temperature and the proximity of the interfaces are the key factors in how the
lubricant copes with both viscosity change and performance. The increase in lubricant
temperature dictates the oxidation stability and the lubricant viscosity. Viscosity index
improver additives are used to recover the loss of viscosity with temperature (Mortier, Fox et
a. 2009). Any reduction in viscosity and the friction and wear of components becomes more
apparent. Friction modifier additives such as MoDTC (molybdenum dithiocarbamate) have a
strong molecular hexagonal type structure where a single molybdenum molecule is enclosed
by six sulphur atoms. The bonds between the sulphur and the molybdenum are strong
covalent bonds whereas between the sulphur, the bonds are dictated by the Van der Waal
forces. Hence alow energy is required to slide the bonds between the sulphur atoms. ZDDP
(Zinc-diakyl-dithiophosphate) is multifunctiona with uses as an anti-oxidant, anti-wear and
extreme pressure additive with thick films forming on surfaces in the order of 50-150nm
thick (Mortier, Fox et a. 2009).

Deposits, from combustion activity, are held in suspension by the use of lubricant dispersant
additives, and detergent additives keep lubricated components clean. Other additives such as
antifoam, antiwear, antioxidant, demulsifiers and corrosion inhibitors are usually present in a
fully formulated lubricant. More information on these additives can be found in Chapter Two
and various literature specific to automotive lubricants, for example (Bell 1993; Mortier, Fox
et al. 2009).

1.5 Scope of this project

This project aims were to investigate the changes in the tribological performance of the
piston ring pack with the influence of lubricant degradation through measurements of

[ubricant film thickness.
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The objectives of this study are as follows:

Develop a method of oil film thickness measurement for the piston ring — cylinder

bore interface through the cylinder wall of a horizontally opposed motored engine

Investigate the influence of lubricant degradation on lubricant film thickness within
the piston ring — cylinder bore vicinity using lubricant samples of known

degradation in the motored engine

Adapt the same lubricant film thickness measurement system, as used on the
horizontally opposed motored engine, to a Ricardo Hydra fired gasoline engine to

investigate ail film profiles at higher engine speeds and loads

Further this method to investigate residence time with the use of a switchable twin

[ubricant sump on the Ricardo Hydra engine
Investigate the implications of sampling lubricant from the top ring groove of a

piston, during engine operation, on the piston ring pack lubricant film thicknesses

1.6 Structure of thethess

Chapter 1 - Opening

The difficulties the automotive industry is facing with increasing pressures from government
legislation, environment and economic concerns, and customer demands and expectations is
discussed in this introductory chapter. A brief summary on how the emission regulations
have got increasingly tighter over the past twenty years is explained. An introduction to
gasoline internal combustion engines and piston ring design has been discussed with the
importance of piston ring lubrication being highlighted. This chapter also describes the

nature of thisresearch thes's.

Chapter 2 — Literature Review

Chapter 2 is aliterature review on previous work on Engine Tribology with a prime focus on
piston ring lubrication. A review of theoretica and experimental research is covered. An
investigation into the three main types of piston ring lubricant film thickness techniques;
capacitance, laser induced fluorescence and ultrasound, was made with a direct comparison

between al three techniques.
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Chapter 3 — Development of a Laser Induced Fluorescence Technigue on a Motored Engine

In this chapter, the development of a motored engine test and previous work on thisengineis
discussed. The motored engine was modified to improve the crankcase breather, oil and
coolant supply. This alowed the laser induced fluorescence (LIF) system to be developed
into an operational technique. A new cylinder liner was machined to have a greater wall
thickness, which provided a greater support for the LIF probe. The design considerations to
implement the same LIF system on the fired engine are made in Chapter 5. A brief
introduction into fluorescence theory is made along with the design considerations for the
new optica systemis also discussed. Laser fluorescence calibration methods have also been
discussed.

Chapter 4 — Implementation and Results of Testing on the Motored Engine

Lubricant samples were acquired from customer vehicles at Mercedes Benz Leasing, Leeds,
UK during oil service intervals and these were used as the test degraded samples. A fresh
lubricant of the same kind was also acquired and used as a reference to monitor the influence
of lubricant degradation on piston ring lubricant film thickness during motored conditions on
the simulated engine. The test strategy included the influence of engine speed, compression
peak pressure and engine temperature on the minimum lubricant film thickness experienced

by the piston ring pack. Results are also presented and discussed.

Chapter 5- Development and Testing of a LIF system on a Ricardo Hydra Fired Test Engine

The design and manufacture of the LIF system on the fired engine is described. A spare
unfinished Hydra barrel was machined to accept the LIF probe and completed to work on the
engine. An additional cylinder liner was machined to have a larger wall thickness similar to
the design used for the motored engine. The same test lubricants as used in Chapter 4 were
used on the fired engine with atest strategy which involved varying engine speed and torque.

Results are presented and discussed.

Chapter 6 — Piston Ring Pack Lubricant Residence Times and the Influence of Top Ring

Zone Sampling on Piston Ring Lubricant Film Thickness

The flow of lubricant within the engine, based on engine speed and torque, isinvestigated by
examining the residence time of the lubricant within the piston ring pack. A switchable twin
sump system supplying lubricant to the crankcase bearings and piston assembly was used to
examine the residence time. One sump contained fresh lubricant and the other sump

contained the same lubricant but had been mixed with fluorescent dye. Both sumps were
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maintained at the same temperature and by using the LIF system as a tracer technique, it was
possible to examine the lubricant residence times. An investigation into the effects of
sampling lubricant from the top ring zone of the piston on the piston ring lubrication was

also made.

Chapter 7 — Data Acquisition System

All the instrumentation and the data acquisition system employed to simultaneously measure
piston ring pack lubricant film thickness along with crank angle position, cylinder liner

temperatures and pressures to perform thisresearch is explained in great detail.

Chapter 8 — Conclusions and Recommendations for Future Research

Finally, the conclusions arising from this research work are presented in Chapter eight aong
with suggestions for further development techniques and future ideas to combine in-situ

infrared spectroscopy measurement of the piston ring lubricant condition and film thickness.

All the Appendices are given at the end of thisthesis.



Chapter 2 Literature Review

There has been much development in piston assembly lubrication for internal combustion
engines in terms of reduced power loss, through minimising frictional characteristics, and
improvements in engine lubricants and drain intervals, which have improved engine fuel

economy and reduced exhaust emissions.

Tribological engine research has been both theoretical and experimentally based. Theoretical
based modelling does not usually require much expense, but much computing and
predictions can be made. However, boundary conditions applied to any models are
important. Experimental research, depending on how intrusive and complex a system, can be
expensive but more rewarding if the system is adaptable to consider additional test variables

that may have initially been considered as constants.

This chapter outlines the process of lubricant degradation and detection along with
theoretical and experimental piston ring research, with a main focus on lubricant transport
and consumption where the influence of lubricant film thickness, within the piston ring —

cylinder wall interface, is drawn.

2.1 Engine lubricant degradation

For an engine to remain in a clean and problem-free condition it is necessary to change the
oil regularly since it degrades and reduces in performance. With the price of oil continually
increasing (BP 2012), lubricant engineers are trying to increase the oil drain intervals of
vehicles and this is one of the reasons why it is necessary to understand how the engine

[ubricant degrades.

Lubricant degradation can be considered a phase where the remaining useful life of the
lubricant starts to reduce. Lubricant degradation is caused by a combination of high
operating temperatures and pressures, contamination with unburnt fuel and water from the
combustion process, and combustion gases, such as oxides of nitrogen, that promote
lubricant acidity (Korcek and Jensen 1976; Korcek and Johnson 1993; Winborn and Shayler
2001). Through degradation, additive depletion, that being a reduction in additive

performance, results (Kumar, Mishra et al. 2005) and the lubricant presents reduced
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performance characteristics. Eventualy the lubricant degrades to a point where any further
use of the lubricant would be detrimental to engine performance. The lubricant viscosity has
been found to increase as a consequence of degradation (Spearot 1974; Y asutomi, Maeda et
a. 1981b; Fox 1997), and this is detrimenta to frictional power loss and engine efficiency
(Taylor 1997).

The lubricant can degrade through many means such as:

Thermal degradation and evaporation
M echanical molecular degradation
Dilution

Oxidation and nitration

Additive depletion

2.1.1 Thermal degradation and evaporation

High temperatures, in excess of 120°C, are observed in the engine itself with temperatures of
~200°C being experienced in the piston assembly. A consequence of high temperature is
reduced lubricant viscosity. The atoms between the long hydrocarbon chains are excited and
vibrate, due to the increase in thermal energy, causing the molecular bonds to break.
Consequently the lubricant viscosity decreases. If the lubricant is allowed to cool, the
viscosity is recoverable. However, too high a temperature can cause permanent viscosity
damage. In an internal combustion engine, high temperatures cause the lubricant viscosity to
reduce and therefore, it is necessary to use viscosity index improver additives to slow down
the rate of decrease of viscosity with increasing temperature. Viscosity index improvers are
generally polymers and mainly consist of polymethylmethacrylates (PMAS) and olefin
copolymers (OCPs) (Mortier, Fox et a. 2009). Another consegquence of high temperature is
lubricant evaporation, which is considered to be a major contributor to the total lubricant
consumed in an engine (Yilmaz, Tian et al. 2004) and the greater the lubricant film
temperature, the greater the rate of evaporation (Bailey and Ariga 1990). The volatility of a
lubricant, defined as an indication of the propensity of lubricant loss by vaporisation
(Mortier, Fox et a. 2009), plays an important part in the rate of evaporation; the more
volatile a lubricant the greater the tendency and rate of evaporation (Mortier and Orszulik
1992; Yilmaz, Tian et al. 2004).
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2.1.2 Mechanical molecular degradation

In the piston assembly, high speed reciprocating parts shear the polymer additives in the
lubricant. At high shear rates the polymers, which have a long chain molecular structure,
stretch and distort, causing the lubricant viscosity to reduce. If the shearing is not excessive
the molecular structure can ‘spring’ back to its original shape. This is known as temporary
shearing and is a reversible effect. The molecular structure can only take so much shearing
and excessive shearing causes this structure to bresk and collapse, resulting in reduced
viscosity. Thisis permanent shear damage, which isirreversible and only occurs at very high
shear rates, greater than 10° sec™ (Mortier and Orszulik 1992). A reduced viscosity will
ultimately reduce the ail film thickness that is present between an interface. Figure 2-1
shows the effect of increasing shear rate on viscosity of a lubricant, as drawn by Mortier
(Mortier and Orszulik 1992).
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Figure 2-1: Effect of shear rate on viscosity of lubricant (Mortier and Orszulik 1992)

2.1.3 Dilution

Fuel is used in the combustion process and one by-product of combustion is water. In a
sealed combustion system, fuel can absorb into the lubricant in the sump and the water can
form an emulsion with the lubricant both causing lubricant contamination. Water can also be
absorbed into the lubricant on cold start conditions from condensation build up on the
crankcase walls. Other fluids present in the engine such as the antifreeze, glycol, do not

contaminate the lubricant unless there is a physical leak in the cylinder head gasket.

The use of renewable energy is seen as the solution to the world energy crisis. Newer fuels

now have a small content of biofuel, derived from ethanol for gasoline fuels and biomass for
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diesdl fuds, which are sustainable without exhausting natural resources. Currently in the UK,
ethanol content accounts for 4% in gasoline fuel, and an increase by 0.5% annually until
2014 has aready been confirmed (DECC 2011). Ethanol however, does attract water and
therefore any unburnt fuel which rests in the lubricant sump will ultimately increase water
dilution levels (Boons, Van Den Bulk et al. 2008).

Winborn modelled fuel transport, and found that blow-by pressure causes unburnt fuel to be
transported past the piston into the crankcase. Eventually this dilutes the bulk oil in the sump
(Winborn and Shayler 2001). Short trip, cold start engine operation can cause fuel and water
concentrations to exceed 5% (Tung and McMillan 2004), which is enough to cause engine
corrosion problems. This is usually referred to as ‘Aunt Minnie’ driving conditions, where
mileage accumulation is low from short start stop journeys and cold starts are regular enough
not to alow the lubricant to fully warm up. In these conditions the majority of the fuel is
absorbed into the oil films from the blow-by and is carried into the crankcase. Clearly with
ethanol based fuels, this problem escalates as the ethanol is highly hydroscopic. As the
lubricant temperature increases, the rate of fuel absorption decreases and some of the
unburnt fuel then flows through the crankcase vent via the blow-by pressure. This process,
absorption and desorption, eventually reaches some equilibrium state once the lubricant fully

warms up (Winborn and Shayler 2001).

2.1.4 Oxidation and nitration

The principle of the oxidation process is described below, (Korcek and Jensen 1976; Mortier
and Orszulik 1992).

The lubricant undergoes oxidation as soon as it is exposed to the atmosphere. So in an
engine, where oxygen is presented to the lubricant in a more pressurised state and at higher
temperatures, one can imagine the rate of lubricant degradation to be higher. This is usualy
considered an autoxidation process if the oxidation stage is self-propagating. Generdly this
occurs in the low temperature region, <120°C, which sub-divides further into four distinct

stages:
Initiation — slow construction of freeradicals

Propagation — these free radicals react rapidly with oxygen to form alkyl radicals and

slowly forming hydroperoxides
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Chain branching - hydroperoxides are cleaved only at higher temperatures (>100°C)
or with catalysts leading to an “autocatalytic’ phase. The time taken from the start of

oxidation to the autocatalytic process is known widely as the ‘induction period.’

Termination — hydrogen becomes completely used and any further chain branching

isterminated. The degradation process ceases.

At higher temperatures (>120°C) oxidation is a two phase process. The first stage is similar
to that of the low temperature oxidation process but the reaction rate is greater. Here the
cleavage of hydroperoxidesisthe most vital part, leading to hydroxyl radicals. The acidity of
the lubricant increases and the introduction of carbonyl products, such as ketones, begins. In
the second stage, the viscosity of the bulk base lubricant increases due to the production of
polymerisation and polycondensation reactions. Eventually these reactions create products,
known as “sludge,” which are insoluble in the bulk lubricant. This sludge generally settlesin
the sump, but in the piston assembly where there are thin ail films, these products deposit on
the piston with a varnish like appearance. Apart from physical appearance and fed, the
lubricant increases in molecular weight due to the creation of these degradation products
(Mortier and Orszulik 1992).

Nitrogen forms the majority of air and hence is involved in the combustion process.
However, the majority of nitrogen is not reacted with any by-products of the combustion, but
due to high temperatures, it reacts with the lubricant when in contact with the blow-by gases,
causing the lubricant to degrade, reducing its useful life (Korcek and Johnson 1993). This

process is known as nitration.

2.1.5 Additive depletion

The additive concentration in a lubricant formulation tends to decrease with use (Kumar,
Mishra et al. 2005). It has been shown (Lee, Stark et al. 2004; Lee, Priest et al. 2006) that
fully formulated lubricant actually undergoes a ‘degradation free’ service period, which is
the time taken for the additives, generaly those with antioxidant characteristics, to be
consumed, thereby delaying any initial degradation. They are depleted through general use
within specifications, destroyed through extreme use outside specifications, or consumed via

the exhaust process of the engine cycle.

As mentioned previoudy the viscosity changes with degradation. A lubricant has viscosity
improver additives added to suppress the rate of viscosity decrease with temperature increase

(Mortier and Orszulik 1992), and if these begin to deplete the viscosity will reduce. It is the
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high temperatures and shearing effects which cause the bonds to break, reducing the additive
effectiveness (Mortier and Orszulik 1992; Taylor 2002).

When an anti-wear or corrosion inhibitor additive is active in the lubricant system, it forms a
film on the surface, usualy by chemisorption. This film can be removed by excessive
abrasive wear from loose wear particles in the engine. Providing there is still additive reserve
remaining in the lubricant, another film will be formed over the wear (Mortier and Orszulik
1992).

Some additives such as dispersants, which surround contaminant products, will only be
effective once and are not reusable. That means that these additives can only cope with so

much contamination (Mortier and Orszulik 1992).

Apart from additive depletion, the physical appearance of degraded oil is darker than the
equivalent fresh sample. Hammond (Hammond 2003) from the University of York in the
UK, investigated the autoxidation of ketones, which are part of the chemical Carbonyl group
present when a lubricant degrades, as a means to investigate what happens to a lubricant as it
degrades. He used UV radiation and oxygen alone to investigate lubricant colour change
with degradation. He found through controlled oxidative tests of Nanon-5-one, which is a
hydrocarbon found in automotive lubricant formulations and in its purest form is colourless,
turned a pale yellow colour, caused by the formation of oxidation products. Although it
cannot account for the complete colour change, it does provide some indication that

oxidation of the lubricant is the source of a colour change.

2.1.6 Methods of bulk engine lubricant degradation detection

One of the mgjor signs of preliminary degradation is that the lubricant acidity increases (Hsu,
Ku et a. 1986). The most common method of detection is that of the ASTM D-664 standard
which measures the total acid number (TAN) (ASTM D-664-09). The number determines
the acidity of the lubricant sampled. It is believed that the acidity of the lubricant increases
due to the exposure to nitric acids, which are present in blow-by gases (Korcek and Johnson
1993; Stark, Wilkinson et al. 2004). TAN is the opposite to Total Base Number (TBN)
(ASTM D-2896) which is a standard measure of the alkalinity of the base (ASTM D2896-
07a) and as expected, decreases with increased TAN. Both must be referenced to the values
of afresh sample of the lubricant to determine the degradation level.
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One of the first chemical signs of degradation is the formation of nitrate and carbonyl
compounds when oxidation begins. Carbonyl compounds consist of carboxylic acids, and
ketones (Mortier and Orszulik 1992; Powell and Compton 1993; Toms 1998).

Another smple method of acid detection, apart from using extensive TAN and TBN
methods, is to use the pH scale (Kumar, Mishra et al. 2005; Endo, Watanabe et a. 2009).
Although this provides a quick insight into lubricant degradation in terms of lubricant
acidity, it does not however indicate by how much the lubricant has degraded or what
species have caused the degradation. A lubricant may initially degrade, but this does not rule
out its service life. It is only when the lubricant begins to change its composition and present
poorer performance behaviour that concern for engine protection should be raised. This,

however, may take along time.

Another factor to consider is that any strange substance, for example coolant contamination
occurring from leakage at the cylinder head gasket, would be difficult to detect by traditional
TAN and pH methods, where the former has been considered in the past a vital measure of
oil quality (Hsu, Ku et al. 1986). Here coolant, being of akaline nature, would suppress any
acid formed in a degraded lubricant sample, leaving the user convinced the lubricant is still
fairly fresh. Over the years, the majority of researchers interested in lubricant degradation
(Coates and Setti 1986; Powell and Compton 1993; Nattrass, Thompson et al. 1994; Dong,
Van De Voort et a. 2000; Dahmani and Gupta 2002) have used infrared spectroscopy as a
method of detection.

Infrared spectroscopy can be used to measure the state of lubricant degradation and is now
widely accepted as an industry standard (ASTM E 2412-04). Fourier Transform infrared
spectroscopy (FTIR) is usually the popular method used, since it offers fast and reliable data
capture. The infrared region between the visible and microwave regions (0.7 and 500pum in
the electromagnetic spectrum), is employed and passed through a sample for investigation.
The compounds absorb infrared radiation and absorption peaks are mapped on an absorption
spectrum against infrared frequency. The benefit of using FTIR over traditional techniquesis
that it not only provides the state of degradation, but the level of compound activity. A fresh
sample of the lubricant is required to measure the extent of degradation. Providing the user
has a library of information on the absorption frequencies for lubricants and their
compounds, quick identification of compounds contained in the lubricant sampleis possible.
Also any strange fluid, such as a coolant leak in the above example, would be easily
detected, resulting in an additional means of engine protection. Monitoring in this way

makes sure the engine is running in an optimum condition and maintaining lower fuel
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consumption through oil quality control (Powell and Compton 1993). It has also been
possible to determine TBN from FTIR spectroscopy (Dong, Van De Voort et al. 2001).

Apart from additive depletion and contamination from other fluids, the characteristic
properties, such as the lubricant viscosity, change with mechanical degradation, as
mentioned earlier, and degradation caused by the by-products of combustion. In diesel
engines, soot contamination causes an additional increase in lubricant viscosity (Y asutomi,
Maeda et al. 1981b).

2.1.7 In-gitu lubricant sampling methodsfor piston ring pack
degradation

It is necessary to examine the lubricant within the piston ring pack, since it is here that the
lubricant experiences extreme operating conditions. This section introduces the concept of
piston ring pack lubricant residence time and the need to examine the chemica changes to
the lubricant in the ring pack.

2.1.7.1 Piston ring pack lubricant residencetime

The engine can be considered as a two phase reactor model with two, well mixed,
homogenous oil volumes; the piston ring pack (small volume) and the sump (large volume)
(Yasutomi, Maeda et al. 19814a), Figure 2-2. The lubricant residing in the piston ring pack
area experiences greater temperatures, pressures and interaction with noxious combustion

gases than the lubricant that resides in the sump (Lee 2006).

High temperature
Small oil volume
Short residence time

Piston ring pack

Oil flow
Blow-by

Low temperature
Large oil volume
Long residence time

Figure 2-2: Two phasereactor model of an engine. Reproduced from L ee (L ee 2006)
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The lubricant in the sump resides for a longer period than that in the piston ring pack. The
lubricant in the sump is at relatively low temperatures and low rates of degradation whereas
the lubricant in the ring pack is subjected to higher temperatures (Y asutomi, Maeda et al.
1981a). There is a flow of lubricant from the sump to the piston ring pack and back to the
sump, and this is a cyclic activity (Burnett, Bull et al. 1995). In terms of the influence of
lubricant degradation, the lubricant residence time can therefore be defined as the time to
exchange the small volume of degraded lubricant in the piston ring pack with an equivalent

amount of lubricant volume in the sump.

The piston ring pack lubricant residence time was first reported to be measured by Saville et
al. (Saville, Gainey et a. 1988). They measured the ring pack residence time by using a
tracer marker in the lubricant sump and extracting lubricant samples from the top
compressing ring. By comparing the concentration of the tracer in the sump and the extracted
piston ring samples it was possible to calculate an estimation of the ring pack residence time
as three minutesin a Caterpillar 1Y 73 diesel engine at an engine speed of 1200 rpm. Stark et
al. (Stark, Gamble et al. 2005) followed the same approach as Saville et a. on a Ricardo
Hydra single cylinder gasoline engine and measured the ring pack residence time to be 60
seconds at 1500 rpm and 50 % load.

It is therefore of greater interest to examine the lubricant in the piston ring pack as opposed
to the lubricant in the sump to determine state of degradation and ultimately the ring pack

performance.

2.1.7.2 Topring zone (TRZ) lubricant sampling

The lubricant towards the top piston ring has been found to be more degraded, in terms of
carbonyl oxidation (Lee 2006; Lee, Priest et al. 2006) and fuel dilution (Smith, Priest et a.
2006), than the bulk lubricant in the engine sump. Lubricant has been sampled from the top
ring zone (TRZ) of the engine by many researchers in the past (Thompson 1990; Burnett,
Bull et a. 1995; Fox 1997; Moritani and Nozawa 2003; Lee, Priest et al. 2006). These
researchers have made use of grasshopper type linkages that attach to the big end bearing of
the connecting rod with the sole purpose of carrying a lubricant sample pipe from the piston
assembly to the outside of the engine. A small hole drilled into either the top ring groove
(Thompson 1990; Burnett, Bull et a. 1995; Lee, Priest et a. 2006) or the second land
(Moritani and Nozawa 2003), feeds blow-by samples containing a mist of lubricant down the
pipe into a collection vial for post analysis. The difference in pressure from the combustion

pressure in the chamber to the atmospheric pressure outside the engine forces this gas stream
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down the pipe (Lee 2006). At University of Leeds, many linkages have been used in the past
to help facilitate sampling but with many failures. An extensive research into the different
types of grasshopper linkages used at University of Leeds, on the Ricardo Hydra gasoline
engine, with improvements in sample flow rates can be followed in (Lee 2006). Lee, (Lee
2006), used a PTFE pipe that fed through a stainless stedl tube attached to the front face of
the connecting rod to improve the reliability of the pipe, see Figure 2-3. From the crankshaft,
the pipe fed around a single axia constraint creating a coil spring before feeding out of the
side of the crankcase through awindow and into a vial to collect the sample, Figure 2-4.

Stainless stedl tube
with PTFE pipeinside

Figure 2-3: Method to attach sample pipe to connecting rod (L ee 2006)

Piston
Upper sample pipe

/ (3.18mm o.d.,
1.59mmi.d.)

Union

-

Lower sample pipe
L~ (4.76mm o.d.,

1.59mmi.d.)

Crankshaft ——H

Pipe exit to g 22
sample vial C

Axial constraint

Figure 2-4: TRZ lubricant sample collection method as used by L ee (L ee 2006)
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The system as used by Lee was reliable up to 2500 rpm and was tested for 250 hours. Lee
managed sample rates of approximately 25 ml over 40 hours of testing. There was always a
desire for sampling at higher speeds since this would also improve the sample flow rates
down the pipe. In 2008, Notay (Notay 2008), an undergraduate student at University of
Leeds, designed and manufactured a grasshopper linkage for the Hydra engine, Figure 2-5,
which was tested at speeds in excess of 5000 rpm without failure. The linkage was fixed to
the bottom end of the connecting rod and anchored to the side wall of the crankcase. A PTFE
sample pipe is routed through the steel tube of the existing connecting rod, Figure 2-3, the
linkage and then out of a hole in the crankcase window for sample collection.

Figure 2-5: Current TRZ sampling linkage designed by Notay (Notay 2008)

Extracting actuad |ubricant samples from the piston ring pack is one method of analysing the
quality of the lubricant in terms of chemical analysis viainfrared spectroscopy and viscosity
check. However, it is not yet sure whether removing samples from the TRZ affects the piston

ring lubrication.

2.1.7.3 In-gitu infrared absor ption

An alternative to removing samples for chemical analysis is to measure the infrared
absorption directly in the piston ring pack during engine operation. In the past, researchers
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have used various novel in-situ infrared absorption analyses to measure the influence of
lubricant degradation (Nattrass, Thompson et a. 1994; Thompson and Nattrass 1996;
Watson and Wong 2010). Nattrass and Thompson of Shell Research Ltd, UK (Nattrass,
Thompson et al. 1994, Thompson and Nattrass 1996) both investigated just the carbonyl
oxidation absorption of the infrared spectrum to improve the signal to noise ratio whereas
Watson and Wong of Massachusetts Institute of Technology (MIT), USA (Watson and
Wong 2010) managed to measure the complete spectrum but only for approximately two
minutes since the infrared fibre optic became detached from the probe window as engine
vibration increased on start-up. However, the MIT method, Figure 2-6, had the benefit over
the Shell Research approach in that a complicated triggering system was not required and the
measurement was not sensitive to the thermal effects of the piston assembly since it was
nitrogen gas cooled. One of the more interesting finds in the Shell Research approach was
that it was found that the carbonyl absorption levels changed between strokes and were
predominantly lower in the intake and compression strokes with absorbances similar to that
of fresh lubricant (Thompson and Nattrass 1996).

Measurement Point ~ Engine Mount Silver Halide Optical Fibers ~ Compression Spring

ATR Crystal Optical Interface Cooling Channels

Cylinder Liner

Figure 2-6: Watson’s probe for in-situ infrared absor bance measur ements (Watson and
Wong 2010)

2.2 Theoretical piston ring research

In 1959, Furuhama (Furuhama 1959) modelled the lubricant film thickness between the
piston ring and the cylinder liner. He adapted the Reynolds equation to take into account the
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squeeze term, which is considered in the dynamic theory, and showed its importance since it
was assumed earlier by Eilon and Sauders and later by Lloyd (Eilon and Saunders 1957;
Lloyd 1968), that the film thickness is zero at zero speed, i.e. a the dead centres.
Subsequently, Furuhama went on to investigate the gaseous flow past the piston ring pack
(Furuhama 19614). This was done by measuring the gas flow rate through a narrow gap in
the ring of a piston. Increase in chamber temperature was also investigated simultaneously
and the discharge coefficient, that being the ratio between actual flow rate and the ideal flow
rate with the same conditions, was found to be 0.86. This value, obtained experimentally,
was used to predict the pressure distribution and gas leakage of piston rings in a volume
model, (Furuhama 1961b). The results obtained theoretically matched closely experimental

work.

The access to a cost effective computer system in large ingtitutions became easier from the
1960’s onwards, which greatly facilitated modelling research. Lloyd, (LIoyd 1968) was one
of the first to take advantage of the computer models with the addition of complex variables

and also included changesin ring velocity, which had never been investigated before.

The use of the computer proved beneficial, with an exceptional two part paper series
produced by Ting and Mayer in 1974 (Ting and Mayer 1974a; Ting and Mayer 1974b). They
produced a model that was able to predict cylinder bore wear over the complete four engine
strokes. The Reynolds equation was used to examine the pressure distribution between the
piston ring and the cylinder liner in a manner similar to the method developed by Furuhama
and Tada (Furuhama 1961a; Furuhama 1961b). Coupling this with lubricant film thickness
analysis, based on the film thickness being greater than a lower limit before boundary
contact takes place; it was shown how the Archard wear law, whereby the total wear debris
between an interface is inversely proportional to the surface hardness of the softer material
(Williams 2005), could be adapted to determine the wear along both the thrust and anti-thrust
sides of the cylinder wall. The analytical method in Part | of the series (Ting and Mayer
1974a) was compared to wear patterns from a collection of engines with different mileages
in Part 1l (Ting and Mayer 1974b). The agreement between the theory and practice was
found to be good (Ting and Mayer 1974b).

Modelling of lubricant film thicknesses was aso investigated by Sreenath and Venkatesh in
1973 (Sreenath and Venkatesh 1973), and a year later by Hamilton and Moore (Hamilton
and Moore 1974a; Hamilton and Moore 1974b). Hamilton and Moore were unsuccessful in
obtaining an agreement between measured film thicknesses and film thicknesses predicted

from hydrodynamic equations. Predicted film thicknesses, were a factor of eight larger than
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those films measured experimentaly. It was concluded that an error in the boundary
conditions explained the difference and that it was important to include lubricant starvation
in models (Hamilton and Moore 1974b). Sreenath and Venkatesh, also making use of the
hydrodynamic theory, found that there was a zero film thickness predicted at the dead
centres but during practice this was the not the case (Sreenath and Venkatesh 1973).
Dowson, Ruddy et al. (Dowson, Ruddy et al. 1983), were the first to investigate the
possibility of elastohydrodynamic lubrication in piston ring operation. They also mentioned
that the film thickness is not zero at the dead centres but is a minimum shortly after the
piston has passed top dead centre and can be as small as 0.1 pm (Dowson, Ruddy et al.
1983).
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4
g 3
g ]
< 27
1
k5
!
0 180 360 540 720
Crank Angle (degrees)
———— Reynolds Cavitation and Reformation
- = = = Full Fluid Film Separation
Coyne and Elrod Separation

--==- Modified Reynolds Cavitation & Separation

Figure 2-7: Minimum film thickness as predicted by Priest when adopting different
cavitation models. Adapted from Priest (Priest 1996)

It has been noted by Priest (Priest 1996; Priest, Dowson et al. 2000) that mathematical
models used to predict lubricant cavitation, that being a volume of space in the fluid with the
inability to sustain large negative pressures (Priest, Dowson et a. 2000), in piston ring
lubrication and dynamics are sensitive to the boundary conditions applied. When predicting
the minimum oil film thickness for a single diesel compression ring, Priest found a small
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variation in the film thickness when different cavitation models were applied as shown in
Figure 2-7. The film thickness was predicted at the mid-stroke position, where the lubricant
entrainment velocity is large. From Figure 2-7, it can be seen that each model has a similar
cyclic shape corresponding to the variation in the film thickness. From 0-360° crank angle,
the film thickness, as predicted by all models, is smallest throughout the entire cycle, since
this represents the power and exhaust strokes where high chamber pressures push the piston
rings out towards the cylinder wall. The small spike at around 470° is believed to be caused
by ring lift (Priest 1996; Priest, Dowson et al. 2000).

From a mechanica efficiency perspective, piston ring and cylinder wall friction has also
been modelled by many researchers including Dowson, Economou et a (Dowson,
Economou et al. 1979), and Wakuri, Hamatake et al (Wakuri, Hamatake et al. 1992), again
based on hydrodynamic theory. They obtained frictional forces from calculations of oil film
thickness. Dowson, Economou et al stated that the curvature of a piston ring face along with
its height, influences the lubricant film thickness and ultimately friction (Dowson,
Economou et al. 1979). An investigation by Wakuri et a. (Wakuri, Hamatake et a. 1992)
into (a) fully flooded lubrication, where the interface is filled completely with lubricant since
there is an unlimited supply of lubricant at the inlet to the ring and operating under
hydrodynamic lubrication and (b) starved lubrication, where the interface has an inadequate
lubricant supply which experiences boundary lubrication causing unwanted high friction and
component wear. They found that the frictional force in starved lubrication was at least twice
that when fully flooded due to thinner films. Taylor (Taylor 1997) took frictional analysis of
engines a step further by investigating cold start and fully warmed conditions and the impact
on frictional power loss. The main focus of the paper was engine friction as a whole,
including bearing and valve train losses, and the importance of lubricant rheology. It was
found that engine friction is particularly sensitive to lubricant characteristics such as
viscosity. He aso noted that engine friction under cold start conditions was up to five times

greater than with fully warmed normal operating conditions.

The running-in of the piston ring and the cylinder wall leads to a reduction in component
roughness. Thisin turn increases the specific film thickness ratio and a move from boundary
to hydrodynamic lubrication. Even after a short run period the piston ring profile changes
from new (Ting and Mayer 1974a; Ting and Mayer 1974b; Sreenath and Raman 1976;
Sreenath and Raman 1976). The ring profile has a great influence on the ail film present
between the ring and cylinder wall interface (Ting and Mayer 1974b). So, as the ring wears a
shift in lubrication regime from boundary/mixed to hydrodynamic is very likely, causing

changesin lubricant film profiles.
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Another area analysed in piston ring tribology, not particularly specific just to lubrication, is
the absorption and desorption of fuel into and out of the lubricant films on the cylinder wall.
This, as mentioned earlier, contributes to unburnt hydrocarbon emissions. Thomson et a
from the University of Leeds modelled the fuel absorption/desorption effect in 1997
(Thomson, Radcliffe et al. 1997). Lubricant film thickness and temperature, along with
engine speed were found to be very influencing on the rate of fuel absorption. Again
stressing the extremities of cold start conditions, it was found that absorption and desorption
rates were greatest with the thicker films produced at the colder temperatures (Thomson,
Radcliffe et al. 1997).

Gamble et a, from University of Leeds, modelled piston secondary motion (Gamble, Priest
et al. 2000) and lubricant transport past the piston ring pack (Gamble, Priest et al. 2003). It
was found that any oil that accumulates in front of the ring, will adjust the oil film thickness
ahead of thering (Gamble, Priest et a. 2003), Figure 2-8.

NYANNANAN

01l Accumulation

Figure 2-8: Oil accumulating ahead of ring (Gamble, Priest et al. 2003)

In Figure 2-8, point A is the first point of contact for the oil film on the ring and as ail
accumulates ahead of the ring, the film thickness increases and contact occurs further up the
ring at point B. This has implications for the hydrodynamic equations since the inlet oil film
thickness is varying (Gamble, Priest et a. 2003) and is possibly the reason why piston rings
experience a shift in lubrication regime in the interface during the engine cycle (Rabute and
Tian 2001; Tian 2002).
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From the 1990’s, as technology advanced and new techniques became available, there was

an upswing in experimental studies.

2.3 Experimental piston ring research

Experimental piston ring research progressed simultaneously with theoretical modelling.
Much research has involved piston ring friction and the investigation of lubricant
consumption, which has led to the discovery of lubricant transport mechanisms past the
piston rings. In the early days of ring-wall lubrication, there was doubt as to the amount of
lubricant present in the ring pack during engine operation. It can be appreciated that below
the oil control ring, there will be excess lubricant and any above will only be partly
lubricated. Theoretical film investigation is sensitive to the assumptions, modelling theory
and the boundary condition applied, and only provides an insight. This has encouraged
experimental developments in measurements of lubricant film thicknesses within the piston

ring and cylinder wall interface as a means to fully understand transport mechanisms.

2.3.1 Lubricant transport and consumptions mechanisms

There are many factors influencing the rate of lubricant flow through the rings, from
temperature and pressure to engine speed and load. It has been suggested that the piston ring
lubricant flow is driven by two dynamics. Those being inertia driven, due to the movement
of the piston, and gas driven; caused by gas flow through rings which depends on the
position of the ring gaps (Min, Kim et a. 1998; Thirouard and Tian 2003).

The rings undergo various axia forces contributing to the lubricant flow driven by inertia.
The rings are continually experiencing frictional forces and a difference in gas pressure
above and below the ring (Furuhama and Hiruma 1972). Such effects allow the rings to
move axialy, circumferentially and twist, and it is these effects which cause concern for
lubricant consumption (Bailey and Ariga 1990). The gas flow (blow-by) through the ring
pack has been investigated by Ruddy et a (Ruddy, Dowson et a. 1981), and it was found
from modelling, based on a large marine diesel engine, that gas flow rates are a maximum
when the ring gaps are in line (Ruddy, Dowson et al. 1981). The blow-by gas carries any
lubricant through the piston ring gaps, onto the piston lands, and eventualy into the
crankcase due to the interfacia shear stresses between the gas and the oil (Thirouard and
Tian 2003). Hence the flow rate of blow-by gas influences the flow of lubricant through the

ring pack.
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Piston ring flutter is a major concern for lubricant consumption and this phenomenon occurs
when the gas pressure is unable to balance the inertial force to hold thering in its groove and
as a consequence excessive blow-by and lubricant consumption results, due to the poor
sealing ability of a fluctuating ring, which is greater than the gas flow through the ring gaps
(Rabute and Tian 2001; Tian 2002). The illustration in Figure 2-9 demonstrates how the
various forces ‘fight’ to balance the ring in the groove. It is this balancing which forces the
rings into various dynamic motions, altering the transport mechanism.

minimum net downward force maximum net downward force
from gas pressures when ring is up from gas pressures when ring is down

Positive Relative Angle

STABLE

(a) (b)

maximum net downward force minimum net downward force
from gas pressures when ring is up from gas pressures when ring is down

Negative Relative Angle

UNSTABLE

(c) (d)

Figure 2-9: Inertia and gasforcesfight to keep thering stable (Tian 2002)

Ring twisting is also a concern for lubricant consumption since certain twisting mechanisms
can sgueeze lubricant in and out of the piston grooves. The schematic in Figure 2-10
demonstrates two different mechanisms of ring twisting; positive and negative, within the
ring groove. It can be seen that if a positive twisting isin action, positive meaning an upward
direction towards the combustion chamber, the lubricant would be squeezed out of the
groove and fall into the crankcase. On the other hand if negative twist is in action the
lubricant is still squeezed out of the groove, but the direction of the twist forces the lubricant
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upwards towards the combustion chamber (Thirouard and Tian 2003). This also causes a

concern for lubricant consumption.

I .
! !

Positive ring twist Negative ring twist

Figure 2-10: Dynamics of ring twisting cause the lubricant to squeeze out of piston
groove. Reproduced from (Thirouard and Tian 2003)

Nakashima et al, (Nakashima, Ishihara et a. 1995) investigated relative piston ring gap
positions including when the piston ring gaps are out of phase to each other, Figure 2-11, and
when the rings gaps are al in line, Figure 2-12. A single cylinder motored engine with a
quartz liner was used, with a high speed CCD camera recording lubricant flow. From Figure
2-11, the minimum flow rate through the ring pack is observed and as expected, in Figure
2-12, the maximum flow rate through the ring pack is experienced when the ring gaps are set
in line (Nakashima, Ishihara et al. 1995).

Apart from ring dynamics, piston secondary motion has an effect on oil consumption. If the
piston is moving away from the cylinder wall surface, the ring sealing ability is
compromised, and easier lubricant transport towards the combustion chamber can occur
(Munro and Parker 1975; Shin, Tateishi et al. 1983; Gamble, Priest et a. 2000).

The flowchart in Figure 2-13 shows a diagram of the oil flows in an engine reproduced from
Burnett et al (Burnett, Bull et al. 1995). It can be seen that lubricant transport in the form of
amist in the gas flow, from the crankcase to the combustion chamber, is another contributor

to lubricant consumption and is caused by reverse blow-by effects.
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Figure 2-11: Oil Flow observed when ring gaps areall 180° out of phase with each
other (Nakashima, Ishihara et al. 1995)
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Figure 2-12: Oil Flow observed when ring gaps areall in phase (Nakashima, I shihara et
al. 1995)
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Figure 2-13: Flow of cil in an engine, reproduced from (Burnett, Bull et al. 1995)

It is generaly accepted that particulate emissions are greatly influenced by lubricant
consumption (Bailey and Ariga 1990; Min, Kim et a. 1998; Thirouard and Tian 2003). Min
et a. investigated lubricant consumption while using a hydrogen fuelled engine. Any carbon
compounds, such as CO,, in the exhaust were therefore assumed to come completely from
the consumption of the lubricant. Min also placed radioactive isotopes in the rings and
measured the ring rotation with respect to engine speed and load. One major increase of oil
consumption rates into the exhaust was found to be caused by ring rotation when the top two
ring gaps were in-line (zero phase angle). Accordingly, a minimum oil consumption rate was
recorded when the ring gap positions were out of phase by 180° (Min, Kim et al. 1998; Jung
and Jin 1999). In the recent yearsit has been difficult to determine why this occurs and much
work has been undertaken to examine ail films and transport within the ring pack. It has been
stated (Thirouard and Tian 2003), that it is the lubricant in the piston grooves which causes

ring dynamicsto be influential on the total lubricant consumption.

Bore wear and distortion can aso change lubricant flow patterns. As the bore becomes more
polished with worn rings, the sealing ability decreases and as a result, lubricant is able to
flow past the rings more freely, as observed by McGeehan (McGeehan 1983). Engine tests
were conducted on five turbocharged diesel engines, with runs lasting up to 120 hours. The
influence of different oil formulations was also considered. Bore polishing is caused by

crown land piston deposits which are hard and polish the bore to the point where the cross
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hatch honing is removed. The polished bore and rings are more likely to scuff since lubricant
retention of a polished bore is poor. This increases the lubricant consumption. McGeehan
stated that bore polishing, and ultimately lubricant consumption, can be reduced providing
lubricant formulations with additives to reduce piston ring deposits. Bore deformation due to
high operating temperatures, causes the bore to become out-of-round. Schneider et al.
(Schneider, Blossfield et a. 1993) investigated bore deformation and explicitly stated that a
deformed bore affects the oil consumption rates and the rotation of the top two compression
rings thereby influencing the lubricant flow. They used an open-deck 4.5 litre V8 engine and
atered the level of out of roundness for one cylinder by either adjusting the clamping forces
of the cylinder head, removing material from the outside of the liner to promote bore
distortion and by wrapping steel bands around the outside of the liner to induce some
distortion. Radioactive techniques were then used to measure the ring rotation and the
amount of oil consumption simultaneoudy. It was found that if the cylinder bore out of
roundness was up to 110 um of radial difference (whereby a nominal production level of 50
um is acceptable), not only does a significant increase in blow-by and oil consumption

result, but ring rotation reduces.

The lubricant flow in an engine is complex. For complete protection the oil flow should be
continual and be present in al the mechanics of the system. However this is not always the
case. The piston ring pack has been observed to operate in a starved condition by Brown and
Hamilton (Brown and Hamilton 1977) and this would promote high friction and scuffing
wear. To reduce the potentia for oil starvation it has previousy been proposed, (Kovach,
Tsakiris et . 1982; Basaki, Saito et a. 2000; Seki, Nakayama et al. 2000), to reduce the oil
control ring tension, thereby allowing more ail to enter the piston ring pack. However, even
though this is desirable it causes an increase in oil consumption since the ring may not
conform sufficiently to a bore that could be out-of-round (Kovach, Tsakiris et a. 1982
Basaki, Saito et al. 2000).

In modern engines, lubricant consumption has been greatly improved with advancing
technology, such as narrower tolerances now achievable in machining and more advanced
research into materials and coatings. Many modern engines in service can operate
comfortably without ever needing oil top ups in-between oil drain intervals. However, in
recent attempts to improve the fuel economy and reduce the harmful exhaust gases emitted
from the exhaust, many manufacturers have begun to deactivate cylinders (Leone and Pozar
2001; Fujiwara, Kumagai et al. 2008). Although a very successful means of operation with
reductions in engine pumping losses, there are concerns for elevated oil consumption, since a

lack of compression pressure on the rings in the deactivated cylinder results in easy upward
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oil flow to the combustion chamber and into the exhaust. Ma from the General Motors
Company (Ma 2010), has recently investigated this. Design changes in piston ring and
cylinder wall clearances, ring gaps, and drain hole sizes was recommended to improve the

downward flow of the excess oil, (Ma 2010).

The ail film thickness between the piston ring and cylinder wall is of major importance when
investigating lubricant transport patterns and oil availability in the ring pack. In order to
validate the modelling predictions of lubricant film thickness between the ring and cylinder

wall, there have been various experimental developments.

2.4 Lubricant film thickness measur ement methods

The three frequently used experimental techniques employed to measure the lubricant film
thickness between the piston ring and the cylinder wall are electrical methods, laser induced

fluorescence and more recently, ultrasound.

2.4.1 Electrical methods

Electrical film thickness methods can either be conducting using electrical resistance and

inductance transducers or capacitance transducers.

2.4.1.1 Electrical resistance

By electricaly insulating part of the piston ring from the rest of the piston and allowing an
electric current to flow from the piston ring and the cylinder wall and measuring the
resistivity, it is possible to obtain information on the lubricant film thickness (Courtney-Pratt
and Tudor 1946; Furuhama and Sumi 1961; Dow, Schiele et a. 1983). The electrical
resistance measured is proportiona to the film thickness and a thicker film consequently
produces a greater resistance. However, with such an examination of the films, a smooth plot
of resistance against crank rotation was not easily observed. When the ring contacts the
cylinder wall a short circuit is experienced and a complete breakdown of the films is
observed at TDC and BDC where boundary lubrication results (Sherrington and Smith
1985).

2.4.1.2 Inductivetransducers

The distance between the piston ring and the cylinder wall can be measured with inductive

transducers to give a measurement for the lubricant film thickness present. These transducers
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work on the principle of induction of a magnetic material. The separation between a wire

coil and amagnetic materia is dependent on the inductance (Sherrington and Smith 1985).

Wing and Saunders were one of the first to report this technique (Wing and Saunders 1972).
The piston ring was made part of the armature circuit and was excited by an alternating
current. Two sensors were placed in the back of the ring, on opposite sides of the piston ring,
and used to monitor the distance between the back of the ring and the piston. The benefit of
such a method allows a continuous ail film to be measured across the piston stroke but was
found to be highly temperature sensitive and inappropriate for fired engine investigation
since the transducer output is non linear and the transducer has very low thermal stability
(Sherrington and Smith 1985).

2.4.1.3 Capacitancetransducers

One of the first reported lubricant film thickness measurements by the capacitance
transducer method was achieved by Brown and Hamilton in 1978 (Brown and Hamilton
1978) at the University of Reading. Lubricant film thicknesses between 4 and 12um were
measured from slow motored engine speeds from 200-800 rpm with capacitance transducers
mounted in the liner. Lubricant cavitation was found to disturb the signal. At Reading,
Moore continued this work further (Moore and Hamilton 1978; Moore 1979; Moore 1981;
Moore 1985). The lubricant film thickness between the piston ring and wall is investigated
by measuring the electrical capacitance between the interface (Moore 1979), this techniqueis
known as paralle plate capacitance. Moore stated that for thin films between 0.1 ym and 1.0
pm the capacitance method can be accurately calibrated using the parallel plate formula
Greater than 1.0 um and it is necessary to calibrate the system through other means since the
fringing field of electrons diverges the signal from theory (Moore 1979). In one of his papers
(Moore 1979), with transducers mounted in a cylinder liner, he found that during engine run-
in the capacitance method did “fail’ since the composite surface roughness of the piston ring
and liner was greater than the lubricant film thickness. The metal contact between the rings
and the liner greatly disturbed the signals. However when working, the capacitors were very
sensitive and had very good resolution; it was possible to measure the minimum film
thickness at both the mid stroke and TDC at an engine speed of 1800 rpm with values of 2.0
pum and 0.2 um respectively (Moore 1979). In 1985, Moore investigated the influence of
lubricant viscosity on the minimum film thickness experienced across the four piston ring
pack (Moore 1985). The same Petter AV 1 diesel engine was employed with two capacitance
transducers mounted near top dead centre and mid-stroke, as used in previous research

papers (Brown and Hamilton 1977; Brown and Hamilton 1978; Moore and Hamilton 1978).
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The engine was equipped with a switchable sump, allowing a series of lubricant samples
with different viscosity grades to be examined. The mgjor find, was that the minimum

lubricant film thickness, especialy at top dead centre, increases as the lubricant viscosity

decreases (Moore 1985).
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Figure 2-14: Cross sectional view of the capacitance transducers mounted in the top
and scraper ring by Takiguchi (Takiguchi, Sasaki et al. 2000)

Shin et a. (Shin, Tateishi et al. 1983) placed transducers in the top ring of a motored diesel
engine in 1983. One of their major findings was that at 1300 rpm with no load and without
the ail control ring, the film thickness at the top ring increases on average by 3 um across the
complete engine cycle, since the control action of the missing ring is not occurring. The
angle of inclination of the piston ring to the cylinder wall was also found to influence piston
ring lubricant profiles (Shin, Tateishi et a. 1983). A more recent paper from Takiguchi et a.
(Takiguchi, Sasaki et al. 2000), saw a major advancement in placing the transducers in the
rings. Takiguchi et al. followed Shin’s work (Shin, Tateishi et a. 1983) and placed
transducers in the running surfaces of the top and the second scraper rings as shown in
Figure 2-14. This alowed the effects of the thrust and antithrust side ring dynamics to be
investigated in terms of lubricant film thickness, by positioning and pinning the rings during
installation. An additional inductance type sensor was installed in the piston skirt to monitor
piston slap motion. The electrode wires were taken through the piston and even though this
may sound extreme for small wires, the author states that the system was reliable up to 2800
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rpm in their four stroke diesel engine. Film thickness measurements with respect to engine
stroke were measurable and it was found that films for the top ring had the greatest
difference when compared to theoretical results in the expansion stroke, Figure 2-15. Here,
an increase in engine speed barely influenced the film thickness. It was found that the back
pressure from the second ring on ring reversal increased the film thickness of the top ring.

This was more evident with no engine loading (Takiguchi, Sasaki et a. 2000).
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Figure 2-15: Lubricant film thickness measur ements of thetop ring acrossall four
engine strokes (Takiguchi, Sasaki et al. 2000)

The capacitance, C, is usually expressed as:

Equation 2-1

Where e, is the dielectric constant of the substance present between the paralel plate
electrodes (the lubricant), e the vacuum dielectric constant, S the transducer surface area

and hoerthe ail film thickness (Shin, Tateishi et al. 1983).

In a recent paper by Sochting and Sherrington (Sochting and Sherrington 2009),
investigated the effect of engine load and lubricant viscosity on the minimum oil film
thickness experienced at the piston ring to cylinder wall interface. A naturally aspirated
compression ignition engine mounted on a dynamometer to provide load was used. Two
capacitance sensors were mounted flush to the cylinder wall and could both observe the top
and second piston ring. Two different monogrades and a single multigrade lubricant were

tested at four different engine loads. It was found that the use of thinner lubricants generally
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provided a reduced minimum film thickness at the piston rings and the change in load had
less of an effect than the change in viscosity. Similar results of the impact of engine load on
ail film thickness were also observed by Tamminen et a. (Tamminen, Sandstrom et a. 2006)
and Takiguchi et a. (Takiguchi, Sasaki et a. 2000).

Measuring lubricant film thickness with a capacitor transducer requires the dielectric
constant of material it is measuring the displacement across, to be known for correct
calibration. In this case the material being the lubricant. As the lubricant degrades, the
dielectric constant of the lubricant changes and as a result any existing calibration would not
be valid. The small transducer and consequently small electric wires do not survive for long
periods, due to the harsh environment of extreme temperature and pressure. Thermal
expansion of the transducer wires and the glue used to hold the wire, to either the liner or the
piston, has caused reliability issues with transducers failing over short periods. During
engine run-in, Moore (Moore 1979) found that the signal was very random and erratic,
caused by the electrodes touching as the lubricant films where much thinner than the
combined asperity heights of the ring and the cylinder liner. Shin et a. (Shin, Tateishi et al.
1983), struggled to get any signals and it was found that coating the transducers in

Aluminium Oxide improved signal to noise ratio and reliability.

24.2 Laser Induced Fluorescence (L1F) method

Laser induced fluorescence (LIF) measurement of lubricant film thicknesses between the
cylinder wall and the piston ring was first conducted by Ting in 1980 (Ting 1980) with many
researchers following (Hoult, Lux et a. 1988; Dearlove and Cheng 1995; Inagaki, Saito et al.
1997; Sanda, Murakami et a. 1997; Arcoumanis, Duszynski et al. 1998; Arcoumanis,
Duszynski et al. 1998; Casey 1998; Takiguchi, Nakayama et al. 1998; Seki, Nakayama et al.
2000; Taylor and Evans 2004; Yilmaz, Tian et al. 2004; Baba, Suzuki et a. 2007; Ohsawa,
Kiyamaet al. 2011) and aso on connecting rod bearings (Nakayama, Morio et al. 2003). The
principle uses laser light which absorbsin oil that has been dosed with afluorescent dye. The
oil fluoresces a different wavelength to the carrier signa and this return beam is converted
into a voltage signal by using photomultiplier tubes. The signal can be read into a computer
for recording. The intensity of the signal is related to the film thickness (Hoult, Lux et al.
1988; Takiguchi, Nakayama et al. 1998). Baba et a (Baba, Suzuki et al. 2007) produced an

eguation, Equation 2-2, which represents the intensity | of the fluorescence.

I =1, K> )F(,I)chy Equation 2-2
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Where |, is the initid intensity of laser source, ¢ is dye concentration, hoer is il film
thickness, K(A\) and F(T,\) are constants relating to wavelength of the source A and
temperature T respectively. As can be seen from Equation 2-2, the fluorescence intensity is
influenced by the temperature, the film thickness and the dye concentration (Baba, Suzuki et
al. 2007). These conditions and their effects are discussed in detail in a Chapter 3.

The success of LIF lies in the calibration. In the past, researchers have etched grooves of
known depths in the piston skirt as a means of calibration, as Seki et al. (Seki, Nakayama et
a. 2000) did, but Dearlove suggested that this method is ineffective since the grooves will
wear as the piston skirt will eventually wear with piston slap dynamics (Dearlove and Cheng
1995). Other researchers (Hoult, Lux et al. 1988; Takiguchi, Nakayama et al. 1998; Baba,
Suzuki et al. 2007) have used lubricant samples of known film thicknesses statically to gain
calibration of the system. Figure 2-16 shows an LIF optics system mounted in the liner of an
engine as used by Yilmaz et a (Yilmaz, Tian et al. 2004). Many researchers use similar
optical arrangements. As can be seen from the schematic, the return signal is different to the
carrier signal due to the shift in wavelength as caused by the fluorescence, known as Stokes
Shift and thisis discussed in detail in Chapter 3.
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Figure 2-16: LIF method through theliner asused by Yilmaz (Yilmaz, Tian et al. 2004)

Initially, LIF was used as a means to achieve film thickness measurements (Ting 1980;
Hoult, Lux et a. 1988; Inagaki, Saito et a. 1997) but it was clearly seen that the system has
the potential to investigate lubricant transport within the ring pack. The common system of
shinning a laser beam through the liner was criticised (Casey 1998; Takiguchi, Sasaki et a.
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2000; Thirouard and Tian 2003) for only providing information at one point and not valuable
information about the ail film variation for the entire piston ring — cylinder wall interface,
like the capacitance method was capable of doing when transducers were mounted in the
ring (Shin, Tateishi et al. 1983; Takiguchi, Sasaki et a. 2000). This has led to the
introduction of multipoint LIF investigations, whereby multiple LIF probes were used at
various positions on the cylinder liner to improve the understanding of the oil film profiles
radially around the piston (Arcoumanis, Duszynski et a. 1998; Nakayama, Seki et al. 1998;
Takiguchi, Nakayama et al. 1998). The benefit of this outweighs the additional cost in extra
probes and photomultiplier tubes, as Takiguchi et al. found that a considerable amount of ail
is supplied to the oil control ring a TDC for completion of the compression and exhaust
strokes on the thrust side of the cylinder liner, and only at the end of the exhaust stroke on
the anti-thrust side.

Further improvements in multipoint LIF have seen a two dimensiona LIF system being
developed at Massachusetts Institute of Technology, USA by Thirouard et al. (Thirouard,
Tian et a. 1998; Thirouard and Tian 2003). They used a single cylinder diesel Kubota engine
with a quartz window, with a viewing area of 20 mm long and 8 mm wide, installed in the
liner for initial L1F system development, and also a gasoline Peugeot single cylinder research
engine, with a dightly larger viewing window, to investigate modern gasoline engine
operating conditions. The window was used to observe the fluorescing lubricant when laser
light was absorbed by the doped oil, coupled with a CCD camera system to inspect and
record the lubricant transport (Thirouard, Tian et al. 1998; Thirouard and Tian 2003), as
shown schematically in Figure 2-17. It was observed that lubricant flows on the piston lands
both axialy and circumferentially. Axia flow was influenced by piston inertia force, and
circumferential flow was seen to be influenced by blow-by gases which “carry’ the lubricant
from one piston land to the next via the piston ring gaps. One of the more interesting
findings was that lubricant breaks down into a mist in the ring gaps which was never
discovered before. The lubricant was found to entrain into one of the top two ring gaps with
the gas flow and continues to flow with gas stream. Any droplets exiting the gaps can
transfer to either the cylinder wall or the piston lands. The gas flow and velocity dictates the
fate of disposition of the droplets. This process was difficult to detect with single point LIF
since it was believed that the dye concentration in the mist was too low to be detected than if
in liquid state. Figure 2-18 shows an illustration of what is believed to occur in the ring gaps
(Thirouard and Tian 2003). LIF has also been used with Particle Image Velocimetry (PIV)
recently (Baba, Suzuki et al. 2007; Kato, Fujita et al. 2009) to investigate the lubricant

velocity and lubricant film thickness, when experiencing different operating conditions.
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Figure2-17: 2D LIF system asused by Thirouard (Thirouard, Tian et al. 1998)
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Figure 2-18: Oil misting due to blow-by gasesin thering gaps. Adapted from
Thirouard and Tian (Thirouard and Tian 2003)

PIV for lubricant flow investigation is a fairly new concept, and is based on visualisation
with results in velocity vectors to examine the oil speed and direction behaviour (Baba,
Suzuki et a. 2007). Usualy PIV requires tracer particles, so that the velocity has a reference,
but in an operating engine these particles would cause abrasive wear. Instead Baba et 4.

found that the ail film illuminated by LIF, in a quartz cylinder equipped motored engine, was
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constant during a small time period allowing artificial vectors to be introduced to a known
time frame for oil flow velocity measurements. Baba et al. found that the il velocity is close
to the theoretical piston speed, Figure 2-19 and that any difference occurs just after BDC
when the oil film exhibits a small time delay. It was also noted in another test that at the
same engine speed the oil film velocity is greater in a motored engine state than when fired.
When fired, the LIF datais disturbed by the combustion event (Baba, Suzuki et al. 2007) and
this could be causing anomalies in fired results. Clearly PIV coupled with LIF for ail film
velocity measurements, isstill in itsinfancy and requires further investigation.
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Figure 2-19: Comparison of oil film velocity by PI'V with average piston speed Vpt at
various engine speeds (Baba, Suzuki et al. 2007)

LIF as well as capacitance film thickness measurements do have their limitations. They both

cannot cope with lubricant cavitation and as a result anomalies are recorded.

2.4.3 Ultrasound method

Recently, a novel method of using ultrasonic frequency to measure the lubricant film
thicknesses has been attempted at the University of Sheffield (Harper, Dwyer-Joyce et al.
2005; Zhang, Drinkwater et al. 2005; Dwyer-Joyce, Green et a. 2006; Avan, Mills et a.
2010; Gasni, Wan lbrahim et d. 2011; Mills, Avan et d. 2013).

The method involves transmitting and reflecting ultrasonic pulses. If there is a film present
between two solids, an ultrasonic pulse, directed at the film, will reflect from it. The signal

of the reflected pulse is proportional to the stiffness of the film. The film thickness can be
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determined from the stiffness providing the acoustic characteristics of the film medium are

known (Harper, Dwyer-Joyce et al. 2005).

When investigating lubricant films between the piston ring — cylinder wall interface, this
method uses an ultrasonic transducer attached to the outside of the liner, Figure 2-20. The
transducer continuously pulses and any reflected pulses, that bounce off the piston as it

passes, are recorded along with the incident pul ses.
The principle of this processis described below, (Dwyer-Joyce, Green et a. 2006).

The reflection coefficient, R, based on the proportion that is reflected, is related to the
stiffness of the layer between the interface, k, governed by:

1 .

R =——m Equation 2-3
l+¢c—=

8WZQ
Where w is the angular frequency and z is the acoustic impedance of the material either side
of the layer. This equation is true when the acoustic impedance of the surfaces in the
interface are the same and when the ultrasonic wavelength is greater than the film thickness.

The stiffness of the lubricant layer of thickness, horr, between an interface is given by:

B
hoer

k =

Equation 2-4

Where B is the bulk modulus of the lubricant. Knowing that the speed of sound, ¢, is
governed by the density, p, and the bulk modulus by:

C, = B Equation 2-5
r
Then, combining Equation 2-4 and Equation 2-5:
_rc? .
k= Equation 2-6
hOFT

Combining Equation 2-3 and Equation 2-6 it is possible to derive the following equation in

terms of the lubricant film thickness:
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Equation 2-7

The technique is capable of measuring thin films in the region between 2 and 21 pm (Dwyer-
Joyce, Green et al. 2006) which is respectable when compared to capacitance and LIF
techniques. Through strict calibration even thinner films between 0.5-1.3um have been
reported (Zhang, Drinkwater et a. 2005). Figure 2-21 shows an example of the [ubricant film
thickness of the piston ring to cylinder wall interface of a motored engine speed of 840 rpm
taken from a recent paper (Avan, Mills et al. 2010). The distance on the scale refers to the

distance up and down the piston.

Another recent paper from Sheffield University (Avan, Mills et al. 2011), saw a positive step
forward with an investigation into simultaneous piston ring — cylinder liner friction and oil
film thickness measurement. The test was conducted using a Plint TE77 high frequency
reciprocating tribometer with a part of a piston ring and a cylinder liner as the specimens. A
series of eight ultrasonic transducers were mounted in an array underneath the liner
specimen, and any incident and reflected ultrasonic signals were recorded to provide
information of the lubricant film thickness. The speed and load was increased independently
to investigate the effects of these with two lubricant samples of different viscosities. It was
found that with loads ranging from 40 — 180 N, boundary lubrication was taking place. As
the load was increased, the friction coefficient remained constant as the film thickness
reduced. However, as the speed was increased, the oil entrainment speed increased causing
the ail film thickness to increase and consequently the friction coefficient to reduce (Avan,
Millset al. 2011).

The ultrasonic method relies on the stiffness of the lubricant being known, similar to the
dielectric constant of the lubricant being a requirement for capacitance transducers. These
rely on the lubricant being isotropic, as they are bulk parameters. There is some argument
that the stiffness of the lubricant, and hence the bulk modulus and the dielectric, would
change during operation when ring dynamics are considered and at the dead centres where
ring reversal takes place and piston frictional forces are greater. The technique can however
detect some cavitation of the lubricant, since the method can detect lubricant and ar
(cavitation). The reflection can only take place off either the piston ring, for film thickness
measurements, or air, for cavitation investigation, it cannot however, measure both cavitation
and lubricant film thickness (Avan, Spencer et al. 2013).
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Figure 2-20: Ultrasonic transducer mounted to outside of liner (Dwyer-Joyce, Green et

al. 2006)
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Figure 2-21: Typical OFT measurement of the piston ring — liner interface using
ultrasound at a motor ed engine speed of 840 rpm (Avan, Mills et al. 2010).
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244 Summary of the measured film thicknessesin theliterature

A summary of the lubricant film thicknesses measured between the piston ring and cylinder
wall by some researchers in the past is presented in Table 2-1. This information is based on
what engine type and speeds, engine operating condition; either fired or motored, and the
type of film thickness measurement technique that was employed. Those with a “*” are an

approximate range deduced from the graphs in the relevant journa papers.

Reference Method Engine Engine Engine OFT range
Type Operation  Speed (rpm) (um)
(Sochting and
Sherrington Capacitance  Diesd Fired 2000 4.0-12.0
2009)
(Radcliffe 1993) Capacitance Gasoline  Motored 1000 1.6-5.8
(Brown and : : "
Hamilton 1978) Capacitance  Diesd Motored 200-800 5.0-13.0
(Moore 1985) Capacitance Diesd Motored 1000 0.9-2.0
(Dhar, Agarwal : . _ i
et al. 2009) Capacitance  Diesd Motored 1300-1400 0.2-8.2
(Seki, Nakayama . ,
et al. 2000) LIF Diesd Fired 1500-2000 0.5-4.0
(Taylor and : :
Evans 2004) LIF Diesdl Fired 1000 0.9-4.7
(Takiguchi,
Nakayama et al. LIF Diesdl Fired 2000 0.6-3.5
1998)
(Avan, Millset _
Ultrasound  Diesd Motored 840 6.0-8.0*
al. 2010)

Table2-1: A summary of the lubricant film thickness as measured at the piston ring

through various experimental techniques and conditions by previousresear chers

From Table 2-1, the first striking piece of information is that lubricant film thickness
measurements have rarely been conducted on gasoline engines, and as a result the tested
engine speeds are low. Many commercialy available diesel engines now have the
technology to have higher speeds approaching those of gasoline engines. The fact that diesel
engines have been considered the choice for film thickness measurements by researchers,
could be due to the fact that diesel engines generally have a larger access area for probes

than in gasoline engines.
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The three lubricant film thickness techniques have very similar film thickness measurement
ranges, with the exception of ultrasound which is developing rapidly. All methods do
however, require a strict calibration procedure to ensure the film thickness measurements are
within order. Capacitance and LIF have similar oil film thickness measurement range. The
ultrasound measurements currently have a much narrower range but is a newer technique
being developed. Sherrington (Sherrington 2011) has suggested that film thickness methods
in general will continue to be used for research and development purposes and as technol ogy
advances, the possibility of providing an online piston ring oil film thickness measurement

with feedback contral, to optimise the lubricant flow to the ring pack, looks promising.

For this research, LIF was chosen over the other film thickness methods since there is a
possibility to combine a future idea of measuring the chemical composition of the lubricant,
through the same optical observation window, using infrared absorption techniques thereby

improving the understanding of piston ring lubrication during service.

2.5 Summary

In the introductory chapter and this literature review chapter, an overview of the technology
and importance of piston ring research for reciprocating internal combustion engines has
been made. This has included:

the operation of the internal combustion engine and the role of the piston ring pack
the development, design and coating considerations of the piston rings

a brief account of engine lubrication, degradation and common detection and
sampling methods

aliterature review of theoretical piston ring research

a literature review of experimental piston ring research including specific research
related to lubricant transport and consumption mechanisms, with the benefits and the
different methods of measuring the lubricant film thickness within the piston ring —

cylinder wall interface

The literature review shows that there is a need to understand the tribology of the piston ring
pack. There has been much research on modelling of piston ring to cylinder wall lubrication
which discusses fully flooded, starved and elastohydrodynamic operating conditions, with

experimental research proving initial theories and predictions

It can be seen how the state of the lubricant within the piston ring pack plays an important

role in mechanical energy losses. There is little detailed knowledge of how the lubricant
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degrades with time. This is primarily by oxidation, which affects the tribological behaviour
within the piston ring pack, which in turn impacts fuel economy and exhaust emissions.
Knowledge of the lubricant film thickness between the piston rings and the cylinder wall is

fundamental to our understanding of engine tribology.

One of the mgjor issues in the automotive industry is that there is no clear indication yet of
when alubricant requires renewal based on the condition of the lubricant. The manufacturers
base their oil drain intervals on experience with engine oils that meet the international
specifications be they European (e.g. ACEA) or American (e.g. ILSAC GF-5)

This project is aimed at bridging that gap between lubricant performance and lubricant
degradation.

The project objectives were outlined in the first chapter. This project will make use of laser
induced fluorescence (LIF) as a means to investigate the lubricant film profile in two
gasoline engines; a bench top motored rig and a research engine based on a production
engine, as the lubricant changes composition in terms of chemical degradation and viscosity
change when in service. The influence of extracting lubricant from the TRZ of the piston
ring pack can also be assessed and measured when simultaneously measuring lubricant film
thickness and extracting TRZ lubricant samples. The LIF system also has the scope to be
coupled with in-situ chemical analysis using infrared spectroscopy to provide lubricant film

thickness and lubricant quality information in the future.



Chapter 3 Development of a Laser Induced
Fluor escence Technique on a M otored

Engine

The design and manufacture of a laser induced fluorescence (LI1F) apparatus to measure the
lubricant film thickness within the piston ring - cylinder wall interface is described in this
chapter. This chapter also introduces the first engine, a Volkswagen (VW) horizontally
opposed motored engine, used for the development of the LIF system.

The VW engine has been used in the past for piston ring lubricant film thickness and friction
measurements (Radcliffe 1993; Thomson 1996). For this research, its primary use was to aid
development of the LIF imaging system since it only offers motored operation before a fina
move to the Ricardo Hydra for fired engine investigation. The VW engine underwent
numerous modifications which are outlined in this chapter. Laser fluorescence principle
theory is introduced along with the design considerations for the optical system. Extensive
calibration, and the variables that influence the fluorescence signal, was aso conducted with

various calibration ideas proposed and tested as outlined in this chapter.
31 VW horizontal piston motored engine

3.1.1 Specifications and previous OFT work on engine

The LIF system was developed and tested on a motored engine since thisis an intermediate
step between a test rig and a fired engine. As an additional benefit, the motored engine
allowed good control over the environment and is excellent for test development. The
motored engine, Figure 3-1, was desighed and commissioned by Radcliffe in 1993 for his
doctorate, which investigated lubricant film thickness and friction simultaneously in a piston
ring assembly (Radcliffe 1993). In an attempt to keep manufacturing costs low, Radcliffe
decided to use as many OEM engine components as possible. A 1970cc VW Type 4
horizontally opposed gasoline engine, with engine code CU, was acquired. The engine

originally had four cylinders of 94 mm bore diameter and 71 mm stroke, but for research
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purposes, the crankshaft was reduced in length to only allow two cylinders to be motored.

One of the cylinders housed the standard VW piston assembly specification setup, whilst the
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Figure 3-1: A schematic of the modified motored engine used for the development of
the LIF system

other cylinder was initially adapted for a smaller diameter Jaguar V12 piston assembly with
a new 90 mm diameter bore cylinder liner. The small end bush of the connecting rod only
required a dight ream to accept the Jaguar piston. This adapted cylinder was used for the
experimental investigations and the change to a Jaguar piston was motivated by a project
sponsorship from Jaguar Cars Limited (Radcliffe 1993). The work continued with Thomson
who added thermocouples to include liner temperature profiles along with the film thickness
and friction results (Thomson 1996). The Jaguar piston and cylinder liner were replaced by
the same diameter GM piston, with 86mm diameter, as used in the Ricardo Hydra engine and
anew liner at alater date, but no documentation exists of the change. In all cases, the heavier

VW piston was turned at the crown to be equally balanced by mass to the test piston.

The instrumented piston side incorporates a floating liner which is rigidly attached at the
lower end to three Kistler 9311A force transducers, which are fed in parald into a Kistler
5011 charge amplifier. The top of the liner is not attached rigidly, but is fixed in place with a
102 micron shim in-between the cylinder head and the liner, coloured in red in Figure 3-2.
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The shim forms a seal between the cylinder head and the barrel, and hence the coolant, but
a so has been designed so that only a small force is exerted on the liner. This allows the liner
to react entirely to the piston ring pack friction in the axial direction, which is measured by
the force transducers and is known as aforce balance seal. This has been used by researchers
in the past when instrumenting floating cylinder liners (Furuhama and Sasaki 1983; Parker,
Adams et a. 1989). More about the engine can be found in Radcliffe’s thesis (Radcliffe
1993).
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Figure 3-2: A cross section of the experimental cylinder. Adapted from (Radcliffe 1993)

The crankshaft is driven by a Hainsworth Speedranger 2.2 kW, direct current motor, via a
pulley belt system and sits on a platform below the engine. The maximum speed of the
engine was originaly in excess of 3000 rpm, but was altered because of the poor starting
torque of the motor. It was found that if the piston rested at either near TDC or BDC after its
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previous run, the lower piston speeds at these positions relied on higher starting torques than
the motor was specified for, to turn the engine. The engine can be run with or without a
cylinder head (no compression pressure), and using a head caused this problem to be even
worse. To rectify this problem, the pulley on the crankshaft and the motor spindle was
swapped to allow for a speed reducing setup. This provided increased starting torques but

with the penalty of a now lower maximum engine speed of 1450 rpm.

During the on-going development of the LIF system, many modifications to the engine were
made in an attempt to improve the engine either for the benefit of the LIF system or the
engine itself. The next sections describe in detail the modifications to the crankcase breather

system, cylinder compression pressures and method of supplying the coolant and lubricant.

3.1.2 Moaodificationsto lubricant and coolant supply

In the origina configuration, the engine lubricant was a dry sump setup, and was used to
lubricate the mechanical components and also act as a coolant in the barrel for the
instrumented cylinder. A Haake 10 litre heated oil bath, which was situated on the floor, had
an interna thermostat controller and an internal pump to supply lubricant coolant to the
experimental barrel, and an additional Baldor direct current 29 hp oil pump was used to
provide a high flow of lubricant to the two crankshaft bearings, into the connecting rod big
ends and spray towards the piston assembly. The feed and return pipes for the engine oil
pump were placed directly into the heated oil bath. Oil flow to the engine bearings was
pressurised via a hydraulic pressure regulator and oil flowed through a high efficiency Pall
oil filter. The oil pressure was indicated via a pressure gauge and the oil returned back to the
bath under gravity. Lubricant was used as the coolant as opposed to antifreeze since it could
be used as a coolant to remove heat from the piston assembly, be heated to provide
temperature controlled analysis of the piston assembly and it is arust inhibitor. The original
system itself was perfect for the motored engine. However, since there is a large lubricant
sump volume, it was expensive to dope a large amount of lubricant for fluorescence
investigation with fluorescent dye. The smallest lubricant bath available was only 5 litres but
this did not have an internal pump and could not be used for the coolant. So, a change in the

[ubricant supply system was required.

The heated bath was to remain as the supply for the coolant to the barrel. The crankcase
volume is approximately 7.5 litres and is therefore large enough to contain two litres of test
oil to lubricate the internals without affecting the displacement volume of the engine. So, the

system was changed from a dry to a wet sump system, modification as shown in Figure 3-1.
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This aso alowed the lubricant, originally used for the barrel coolant and that for the engine
internals, to be separate and different, and thereby allowing the sump test oil to be doped in
much smaller quantities. During this change, it was aso noted that the coolant seal flange
that secures the liner in place and fits inside the barrel providing a sea of the coolant from
the crankcase, coloured in yellow in Figure 3-2, had sections removed where an o-ring
would seat, and as a result the coolant was not sealed from the crankcase. The flange,
originally designed by Radcliffe (Radcliffe 1993), was modified by Thomson for passing
liner thermocouples to a cut-out on the side face of the barrel (Thomson 1996). To rectify
this, a new flange was turned from mild steel to the origina specification as designed by
Radcliffe. There was now a seal between the coolant jacket and the crankcase and a wet
sump system could now be implemented. The two separate pipes in the bath; oil feed and
return, were removed from the bath and connected with a straight connector and jubilee
clips, thereby removing the use of the heated bath as adry sump for engine lubrication. Two
litres of test lubricant was then poured into the crankcase from the case cover. Theinitial test
saw the lubricant aerate as air was being drawn in from an open loop. Originaly, there was
an additional lubricant drain on the cover for the balance piston which returned excess ail in
the crankcase breather system to the lubricant sump, mentioned in Section 3.1.3 below.
During engine operation, air was drawn in from the crankcase breather and caused the oil to
aerate. On inspection, the balance piston had the crown removed for balance purposes, as
mentioned in Section 3.1.3 below, and hence did not require any means of a breather since
the piston was just moving. The drain was capped off and the engine was now operating with

awet sump system without the oil aerating.

3.1.3 Maodificationsto crankcase breather system

Radcliffe experienced numerous issues regarding the crankcase breather system (Radcliffe
1993). As both pistons come to BDC together and the crankcase volume is smal, the
frictiona measurements suffered due to pressure fluctuations in the crankcase. Various
attempts to provide a breather system that would not pressurise the crankcase and dampen
the pressure fluctuations were tried and tested. The purpose of a crankcase breather systemis
first to allow air into and out of the crankcase and as a secondary effect, separate any oil
mist. Radcliff designed a system consisting of 50 mm diameter PV C plumbing piping which
alowed air to flow between the crankcase and the combustion chamber of the non-
instrumented piston, Figure 3-3. The piping was aso open to the atmosphere with a gauze
used as an air filter to prevent dust from entering the engine. Radcliffe found that the system

worked well in terms of the cyclic variation in pressure, but suffered from large amounts of
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oil misting in the long pipe connections which would eventually end up in the atmosphere.
The piping system was al so found to be choked at the higher speeds possibly due to the small
diameter piping. To correct this, alarge 25 litre drum was placed above the crankcase in an
attempt dampen the cyclic variation and minimise the effect of choking. The drum was
sealed and any oil collected in the drum could be drained back into the sump (Radcliffe
1993).

25 litre plastic drum

I Qil return to sump
—

[z |

Figure 3-3: Original crankcase breather system (Radcliffe 1993)

When this project commenced, the pipe work was only remaining on the engine and required
replacing as some of the pipes were cracked. Since the fittings on the crankcase cover and
the end cover on the balance fitting were designed to accept 50mm inner diameter, the same
size of hydraulic pipe system was used. There was no way of suspending a similar large
container from the ceiling so instead a 1.2 m long pipe of 50 mm diameter was used instead,
which was placed above the crankcase, and an aftermarket vehicle air filter was placed on
top. The system worked well and did not require any additional oil drain as the oil would
simple flow back down the pipe into the crankcase. However, since the crankcase had alarge
50 mm diameter opening, it was found that approximately 0.5 litres of oil was getting
trapped in the pipe system during engine operation and took some time to drain back into the
crankcase after engine shutdown. As mentioned in the above Section 3.1.2, the lubricant
supply system originally served a dual purpose; one to provide lubricant to the mechanicals
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of the engine and two, to act as a coolant for the instrumented piston where compression
took place. On the original 10 litre lubricant supply system, 0.5 litres of lubricant trapped in
the pipe work was not an issue. When the system was changed to a wet sump application, it
was found that the oil pressure to the bearings was reduced at higher engine speeds due to a
lack of qil in the 2 litre sump system. As a result, a rethink on the crankcase breather was

required.

There was no need to balance the air flow between the piston, in the non-instrumented
cylinder, and the crankcase since the piston crown had been removed for balance purposes.
So this meant that the air in the crankcase and on the instrumented piston side required
exhausting to prevent the crankcase from pressurising. In modern engines, as a means of
blow-by gas contribution to emissions, positive crankcase ventilation (PCV) systems are
used. A PCV system vents blow-by gasses that escape past the piston assembly into the
crankcase back into the intake system to be reused as opposed to the atmosphere, thereby
reducing harmful emissions. Various attempts were made to implement such a system on the
motored rig. In the initial attempt, a ¥4” BSP Martonair non return valve was fitted on the
crankcase top cover which expelled air into a 3/8” diameter PTFE tubing straight into a %”
BSP Martonair non return valve fitted to the cylinder head. It was found that air was
pulsating back and forth in the PTFE tubing during engine operation, as an oil droplet was
seen to be ‘stuck’ in one position in the tube. The tube eventually burst due to excessive
heating and the idea was scrapped. The biggest problem was the cylinder head. There was
insufficient room to use alarger fitting, and hence larger tubing, since the head was occupied
by a Kistler 601 pressure transducer and a large bolt to adjust the compression ratio and
hence compression pressure. It was decided to keep the non-return valve on the crankcase
cover and expel the air to a separate large 5 litre container which was then vented to the
extraction system. The crankcase experienced a lower pressure when the pistons headed
towards TDC thereby allowing the oil to remain in the bottom of the sump rather than as a
mist in the crankcase and retain oil pressure at the bearings. A pressure gauge was later fitted
to the crankcase to determine if the crankcase pressurised and a fluctuation of 5 ps in
pressure was observed. The same collection container was later used as the exhaust for the

instrumented cylinder as mention in the next section.

3.1.4 Maodificationsto cylinder pressure

For basic engine simulation a motored engine is highly recommended over a fired engine,
since an expensive engine control system and toxic exhaust extraction system is not required.

However, attaining similar engine operating conditions is far more challenging with motored
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engines. In particular, having high cylinder peak pressures is extremely difficult since there
is no combustion to enhance cylinder pressures. It was always desirable to have higher
cylinder pressures for the LIF system so that film thickness profiles resemble those of afired
engine. Radcliffe used a 1/2” BSP Martonair non return valve for the inlet which had a
cracking pressure of 16 bar.

The cylinder head was fitted with a large bolt which extended into the chamber, of which
when loosened, reduced the cylinder compression ratio (cr), due to the increase in the
clearance volume, and as a result provided a means of reducing the peak pressure from a
maximum of 16 bar. The bolt needed to be secure when the desired compression ratio was
set so that the bolt did not come loose with engine vibration and hence alter the ratio during
engine operation. A set of three spacers of different lengths providing a means to secure the
bolt, Figure 3-4, and alowing for 3 different compression ratios of 7.4:1, 9.4:1 and 11.6:1,
were made. Peak cylinders pressures of 9, 13 and 16 bar respectively were now possible at
1200 rpm, whereas before Radcliffe would achieve 16 bar at engine speeds around 3000 rpm
(Radcliffe 1993). Even though there were now three different engine loading operations, it
was inconvenient to constantly change spacers and something more variable was considered.

Using different length spacers

varies the clearance volume and

atersthe compression ratio

Large bolt

Intake one-way valve

Pressure transducer

—

Exhaust one-way valve

Cylinder
head

Barrel

Figure 3-4: Schematic of how compression ratio of cylinder was adapted
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A pneumatic airline, with a maximum pressure of 10 bar, was used to provide a means of
forced induction and increase cylinder peak pressures. The airline was connected to a
Norgren air pressure regulator to reduce and vary the flow rate of the incoming air. A %"
BSP schrader valve was fitted to the non-return valve on the inlet on the cylinder head and
the pressure regulator connected to this permanently. It was now possible to vary peak
cylinder pressures and increase them above 16 bar. A maximum of 1.5 bar of forced
induction, at 1200 rpm, provided a cylinder peak pressure in excess of 25 bar. At these peak
pressures the drive became unstable and either reduced in speed or the motor shut down. As
aresult of this, the engine peak pressure was capped at 22 bar throughout this research to
remain below the maximum load capacity of the motor. A summary of the variation of peak
cylinder pressure with and without forced induction and the use of 3 different spacers,
thereby altering the compression ratio, at varying engine speedsis shown in Table 3-1, Table
3-2 and Table 3-3. A schematic of the engine system complete with the LIF probe and the
compressed airline intake is shown in Figure 3-1.

Speed (rpm) With Forced Induction (bar)  Without Forced Induction (bar)

500 17 13
800 185 14.8
1000 193 154
1200 20.2 15.7
Table 3-1: Variation of peak cylinder pressureswith and without forced induction at
11.6:1cr

Speed (rpm) With Forced Induction (bar)  Without Forced Induction (bar)

500 14.8 10.8
800 16.9 115
1000 17.8 12.3
1200 18.1 12.6
Table 3-2: Variation of peak cylinder pressureswith and without forced induction at
94:1cr

Speed (rpm) With Forced Induction (bar)  Without Forced Induction (bar)

500 13.7 8.3
800 151 8.8
1000 158 9.1
1200 164 9.2

Table 3-3: Variation of peak cylinder pressureswith and without forced induction at
74:1cr
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3.2 Laser induced fluorescence (L1F)

3.21 Fluorescenceprinciples

Fluorescence is a effect used to identify specific components within chemical and biological
bodies. It can provide a wide base of information of a part which may seem difficult to
identify with the naked eye. Dyes and stains are generally used as these have a fluorescent
component allowing specific molecules to be detected with surprisng sensitivity and
selectivity.

Depending on the dye, some electrons have the capability of being excited to higher internal
energy states through absorption of light energy. These molecules are unstable at this higher
internal energy state and decay resulting in light being emitted. This activity is known as
fluorescence and those molecules with the ability to fluoresce are known as fluorophores.

The principles of this process are described below, (Hauglan 2005).

Fluorescence is a three stage process as shown schematically in Figure 3-5 below.
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Figure 3-5: Diagram illustrating fluor escence process (Hauglan 2005)

Stage 1: Excitation - At the energy ground state, S,, the fluorophore is stable and does not

fluoresce. When a photon (light) of energy, hue, (where histhe Planks constant, and v is the
frequency) from an external source such as that from alaser or incandescent lamp strikes the
fluorophoreit is absorbed exciting the molecule to a higher state, S;.
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Stage 2: Excited-state lifetime - The fluorophore undergoes a multiple number of

interactions within its molecular environment and can also exhibit multiple excited levels
depending on the energy and frequency of the external source. At these excited levels the
fluorophore is unstable and decays to alower energy level, S, by releasing some heat energy
to become semi-stable. The length of time the fluorophore isin excited states is known as the

excited lifetime and typically lasts for 1-10 nanoseconds.

Stage 3: Fluorescence emission - Next the fluorophore molecule returns to the ground state

from the semi-stable state. As it does this a photon of energy, hven, isemitted and released as
light. The energy of the photon is lower than that of the photon provided from the external
source and as a result the wavelength of the emitted light is longer. This provides the

inherent colour change in light emitted to that which it is exposed to.

In summary:
E=hug=S,-S; Equation 3-1
huen=S1-S Equation 3-2
S -$%<S,-S Equation 3-3
Hence,
Uem < Uex Equation 3-4
Since,
s=M\ Equation 3-5

where A isthe wavelength and sis the wavespeed and is constant, then,

Aem > Aex Equation 3-6

Since the fluorophore is capable of returning to its initial ground state it is capable of
absorbing light energy yet again and repeating the entire process generating multiple signals
from the same molecule. This is an ideal situation and in reality increased duration of
exposure and intensity of the external source to the fluorophore would result in diminishing
fluorescence since the structure of the molecule changes prohibiting its ability to fluoresce.

This effect is known as photobleaching.
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3.2.2 Stokes shift

As mentioned earlier the emitted fluorescence signal is of alonger wavelength than the one
absorbed as Equation 3-6. The energy difference between the two (hvex - hven) is known as
the Stokes Shift (Hauglan 2005) as can be seen in Figure 3-6.

Stokes shitt
_—

intensity

/

vexcitation /~enn~‘~‘1011

wavelength

Figure 3-6: Illustration of Stokes Shift theory

The magnitude of the Stokes Shift is fundamental to the sensitivity of the fluorescence
emission since it allows the photons emitted to be isolated from the excitation photons

(Hauglan 2005) allowing easier detection.

In summary, the spectra excited and emitted contains important information for detection
analysis using the fluorophore appropriately and effectively.

3.3 LIF system

This research continues the development of the LIF system from an undergraduate student,
Rahimiardali (Rahimiardali 2008), who initialy set the system out but did not manage to
complete the system and achieve a film thickness measurement from the piston assembly.
His original design included an optical arrangement of coloured filters, a 600 um core fibre
optic cable and a collimator probe tube of 16mm diameter and housing two planoconvex
lenses of 10mm diameter. The collimator tube sat in-between the fibre optic and a sapphire
window in the cylinder liner, and provided a means of collecting all diverging light from the
end of the fibre optic, making it parallel before focussing the light into the window for
examination. The optical arrangement was attached to the laser head and included room for
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two photomultiplier tubes (PMT), photon counting detectors, to measure both incoming laser
(PMT 1) and returning fluorescence light (PMT 2), but was incorrectly designed and only
alowed detection of the fluorescence return signal, as shown in Figure 3-7. A new optical
system with new PMTs was designed for this research. Rahimiardali’s collimator probe and
the fibre optic cable were redesigned following problems with sealing the collimator probe
from the coolant jacket on the motored engine and alignment issues with the sapphire

window in theliner.

Laser signal
Fluorescence signal

Laser

Dichroic mirror
Through

fibre optics L N
S —
—— . [p

Figure 3-7: A schematic of the original optics arrangement as used by Rahimiar dali
(Rahimiardali 2008)

The probe system was aways situated at piston mid-stroke since this is where the thickiest
lubricant films would be expected because the piston speed is about its maximum. The probe
system was capable of examining the complete piston ring pack as it passed the window in
the liner in both directions. At TDC, the oil behaviour on the piston skirt could aso be
observed.

3.3.1 Laser system and optical arrangement

A Mélles Griot Argon-lon Series 543 continuous laser was available. It had an adjustable
wavelength range from 465 — 514 nm aong with a variable laser power output from 125 to
250mW. The laser head is connected to a Melles Griot Series 400 power supply and hest
extraction system. Pyrromethene 567A dye was the fluorophore chosen which has a
hydrocarbon chemical structure and absorbs 488 nm laser emission well and fluoresces at a
peak wavelength of 543 nm giving a substantial stokes shift (55 nm). The peak fluorescence
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aso worked well with the transmission spectrum of the dichroic mirror with transmission
rates of approximately 94% at 543 nm.

For laser transmittance to the engine and fluorescence signal separation, a bespoke light tight
enclosed optical system was designed using off the shelf parts from Thorlabs, Inc which was
attached to the laser head source. The origina fibre optic cable was used to transmit and
collect laser and fluorescence signals to and from a sapphire window, which provides the
optical access to the piston assembly, in the cylinder liner. The origina available system
consisted of a 10 mm diameter collimator probe and a 600 um single mode fibre optic cable.
The schematic in Figure 3-8 illustrates the optical system and the partsinventory is provided
in the Appendix A1l.

PMT :
(source : Bench mounted ! Engine mounted
signal) Neural  components | components
A density filter
2 — Laser source signal
Colour SRl — Fluorescent signal
filter dichroic mirror

Probe
S —
5 4

PMT 7 { 6 3
(fluorescence

signa) 1 i Fibre optics
ens

Laser source

Figure 3-8: LIF Optical System

As can be seen from the schematic in Figure 3-8, the optics is split between those that are
bench mounted and those that are engine mounted. An air-sprung optics bench was used to
provide a vibration free optics arrangement with minimal environmental disturbance. From
the laser emission (488 nm) (1), the beam is split at the centre of the optics at an ided
reflectivity-transmission ratio of 97:3 so the mgjority of the light is used in the engine for
absorption and a small amount of light transmits through the mirror, a blue filter, a biconvex
lens and finally into a PMT (2), so that the incoming laser source signal is recorded. Since

this PMT just observes continuous strength laser light, a neutral density filter of optical
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density 2.0, which reduces the intensity of the incident light to 1% of the origina, was placed
in front of the PMT to reduce the laser intensity and prevent premature burnout of the PMT.
The reflected laser light travelled past a biconvex lens which focused the light through a
multi-mode fibre optic cable with a 600 pum core diameter (3). This cable was eventually
changed to a smaller core diameter of 105 pm, to improve the signal to noise ratio. The fibre
optic screws into a collimator probe mounted in the engine, which houses two plano-convex
lenses, with the flat side of each lens facing away from each other as illustrated Figure 3-8,
and provides a means of collecting laser light and making it parallel before refocusing it to
its destination whether that be the laser light into the engine or the fluorescence return into
the fibre optics (4, 5). The initial collimator probe had spacers in between the lenses to set
the desired focal length, as shown in Figure 3-9 below. The return fluorescence (543 nm) (6)
is outside the operable range of the dichroic mirror and hence transmits through the mirror,
at a reflectivity-transmission ratio of 6:94, through a green filter, through a biconvex lens

and finally into an additional PM T to measure the fluorescence intensity (7).

Assembled probe

~45 cm

Disassembled probe Plano convex lens

End cap

Probe tube

Figure 3-9: Original complete assembled collimator probe and dismantled probe



Development of a Laser Induced Fluorescence Technique on a Motored Engine 69

There were continuous problems with sealing the probe designed by Rahimiardali from the
coolant jacket, as the probe was mounted in a matching thread machined into the cylinder
liner, and coolant would leak into the threads of the probe cap ends and the space between
the probe and the cylinder liner. It was not a simple case of increasing the tightening torque
of the probe to the liner, since the probe would touch the window surface and damage it.
Paper gaskets were made in an attempt to improve the seal of the probe at the cylinder liner
interface and this proved successful, Modification 1 in Figure 3-10. However, the seal on the
probe cap end threads was still problematic. The small access window in the barrel to fit the
probe in place meant adding any silicone sealer was difficult. Even if a seal could be placed,
it would not prevent eventual |eakage as the seal would come loose due to engine vibration.
Additionally, the thread length available in the liner, to allow the probe caps to screw as
mentioned later, was small and sufficient sealant could not be added. In an attempt to
improve the seal, a ‘crush bush’ sleeve, Modification 2 in Figure 3-10 that would slide over
the probe and fit between the cap ends was turned from aluminium. The sleeve was
manufactured to be dlightly greater in length than the distance between the cap ends, when
the probe was assembled, so that the deeve would crush and provide a tight seal. This

proved successful for a short period of time.

Probe tube and
4 endcaps

Plano-convex lens

Spacers ’ ‘Crush bush’
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Conical hi
Difficulty in machining Wci):(ljowsapp e
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seating in the liner Paper gasket

(Modification 1)

T

Figure 3-10: Illustration of crush bush sealing and conical window seating in theliner

The original design of the sapphire window was of a conical shape 3.06mm thick with a
major diameter of 7.11 mm and a minor diameter of 1.00 mm. The window was inserted into

a 45° taper that was machined in the liner and allowed the window to theoretically fit flush of
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the liner inner surface, as shown in Figure 3-10. The taper did provide difficulty in aigning
the window sguare to the inner liner surface as machining a 45° taper on acylindrical surface
to an acceptable tolerance is extremely difficult, and a misaligned window would always
allow the test lubricant to leak through. What would appear to be a perfectly aligned window
in the liner was not aways the case. When a profilometry scan with a Taylsurf profilometer
was conducted, Figure 3-11, it can be clearly seen that the window was not aligned. A
continuous streak of leaking windows, misalignment and coolant leaking into the collimator

probe, led to a compl ete change of the probe and window shape.
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Figure 3-11: Talysurf profile of the misaligned conical window in theliner

3.3.2 New collimator probe and window design

Repeated failure of the original collimator probe and the window in the cylinder liner, as
designed by Rahimiardali (Rahimiardali 2008), suggested a new approach to this part of the

system was required. There was now an opportunity to improve the signal to noise ratio.

Rahimiardali’s collimator probe was manufactured in-house from mild steel and athough
having the convenience of a bespoke system, it has some inherent flaws. Firstly, a degree of
adjustability of the probe system is required to satisfy any focal lengths of the lenses used
since manufacturing tolerances are finite and secondly achieving surfaces with low
reflectance and matt black colouring is required to prevent any scattering of light and
increase the signal to noise ratio. The origina probe had spacers between the lenses and the
length of the spacers dictated the position of the focal point of the lenses on the sapphire

window in the liner. The optimum position of the focal point should lie just on the inner
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surface of the window in the liner to accurately measure the OFT between the cylinder liner
(where the inner surface of the window should be flush) and the piston ring. It was found
upon measurement of the focal length that the spacers set the focal point approximately
0.2mm before the window surface. This reduced the signal to noise ratio dramatically.

A collimator probe system consisting of parts from Comar Instruments was purchased and
mountings required to use the parts on the motored engine were designed around this new
probe. The probe was anodised black which is best for the prevention of light scattering from
internal reflection. The probe is a simple collection of tubes of different lengths with an
internal fine threaded bore and allows optical lenses to sit square inside when lens retaining
rings with external threads are used. This provides the dynamic feature of the probe allowing
focal points to be adjusted according to application. A new sapphire window was designed
and sent for manufacture at Y orlab, Figure 3-12. Sapphire material was retained and chosen
over aternative optical materials since it has a similar thermal expansion as cast iron, the
liner material. The window was a step design so that it could it flat to a surface milled in the
liner preventing any misalignment issues. The new window has increased area of adhesion
over the previous conical design allowing for a more reliable seal with adhesive, without
being excessively large and altering the natural engine operating condition. It had a 2 mm
diameter liner optical access. A schematic of the window in the liner and the collimator

probe is shown in Figure 3-12. The technical drawing of the window isin the Appendix B1.

Laser beam path Plano-convex lens  Sepphire window
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Figure 3-12: New dynamic collimator probe and step window design

One of the major drawbacks of the previous probe system was that coolant would eventually
leak into the probe system and cover the lenses. The wall thickness of the liner was
originally 5mm and when a 3 mm thick conical window was used, only approximately 2 mm
thick material was left for athread to accept the probe end caps. For the new probe system, it

was decided to design and manufacture aliner with alarger wall thickness. The wall
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Figure 3-13: A schematic of the new optical probe setup on the motored engine

thickness was turned to 7 mm as this was the maximum thickness that could fit through the
flange plate holding the top of the liner in place. On the origina system, the threads on the
probe caps and the one in the liner to accept the probe would continuously alow coolant to
leak through, so to prevent any leaking with threads it was decided to design a system which
did not make use of any threads to hold the probe to the liner. Instead, a deeve was designed
and turned from aluminium which would accept the probe and protect it from the coolant by
fitting in-between the liner to the outside of the motored engine barrel. The liner had a flat
machined on the outside edge on the thrust plane, where optical examination took place, so
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that the sleeve could house an o-ring sea to sea the whole system, window and probe, from
the coolant. The complete optical arrangement can be seen in Figure 3-13 and technica
drawings of the system are in Appendix B2 and Appendix B3. The sleeve had been turned to
include an edge which sat in a section milled in the liner where the window was, which
helped with alignment but did restrain the floating liner. As a result, no piston assembly
friction measurment was possible on the motored engine. An M3 grub screw held the probe
in position. The biggest advantage the sleeve had over the previous method of screwing a
probe into the liner, was that the collimator probe could be removed from the engine without
dissembling the engine components or draining the coolant. The sleeve worked well and
there were no reported cases of leaks. A similar strategy was employed on the Hydra engine,
as discussed in Chapter 5.

The new probe was dightly larger in diameter, 16 mm internal bore, and as a result the
original plano-convex lenses of 10 mm diameter could not be used, so new lenses were
purchased. There was a need to improve the signal to noise ratio, and one of the drawbacks
of the original system was that the fibre optic had a core diameter of 600 um. This implies
that at the focal point of the lenses, the focus point will only be a minimum of 600 pm in
diameter too, and as the piston ring was 1.5 mm thick, the signal to noise was greatly
convoluted. Convolution being an effect whereby an image is distorted due to wide aperture,
the aperture here being the diameter of the focal point as dictated by the lenses and
ultimately the fibre core diameter. By reducing the core diameter of the fibre optic, the
convolution effect can be reduced and a more accurate profile of the piston ring can be
captured. An example of optical convolution and reducing it with aperture is shown in Figure
3-14. It can be seen that by reducing the fibre core aperture, an improvement in the signal
profile is gained. However, by reducing the core diameter, the amount of light transfer isless
and as a result the signal is reduced so there is atrade-off. For this particular reason, a fibre
optic cable with a 105 um was purchased. The new fibre optic cable had a numerica
aperture, which dictates the maximum divergence angle or acceptance angle, suitable for the
foca length of the plano-convex lens such that al the diverging light from the end of the
fibre optic would be transferred through the lenses without any light internally reflecting and
causing light scattering inside the probe tube. Since the new probe tube was threaded on the
inside it was possible to set the focal point of the laser to suit the system. The focal point of
the laser was set to the inner surface of the liner, therefore the surface of the window which
interacts with the oil film, so that the oil film across the window to the piston ring could be

measured.
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Figure 3-14: Illustrating the importance of fibre optic aperture on optical convolution

3.4 LIF Calibration

To gain an understanding of the fluorescence signals from the PMT, it was necessary to
calibrate the signal with known lubricant film thicknesses. Different techniques were
employed to calibrate the signals statically and after much deliberation a purpose built
calibration system was built. By chance, during initia calibration runs, it was found that the
reflectivity of the surface used as the calibration standard was extremely important. |nagaki
et al. (Inagaki, Saito et a. 1997) used reference blocks which have known depths etched in
the surface for calibration, Nakayama et. al and Takiguchi et al. (Takiguchi, Nakayama et al.
1998; Nakayama, Morio et a. 2003) have both calibrated their system using a known film
thickness squished between two plates containing slip gauges, and Arcoumanis et al.
(Arcoumanis, Duszynski et al. 1998; Arcoumanis, Duszynski et a. 1998) mounted the end of
their fibre optic in the anvil of a high resolution micrometer which had an oil film squished
in-between. However, it is very rare to see researchers consider the material and the material
surface reflectivity which should in fact be similar to that of a piston ring. Since the point of
interest is the lubricant films experienced at the piston rings, the reflective surface should be
of similar material and surface roughness as the piston ring for accurate calibration.
Ultimately, an actual piston ring taken from a running engine was used as the reflective

surface.
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An investigation into the effects of temperature and dye concentration on fluorescence
efficiency, that being the ability of the fluorophore fluorescing when absorbing laser
emission, was undertaken. Since the project is concerned with lubricant degradation, the

sampl e transparency for light transmission, the opacity, was also investigated.

3.4.1 Lubricant film thickness calibration methods

The PMT used for the fluorescence imaging requires calibration with known lubricant film
thicknesses so that the lubricant profiles obtained from the engine can be understood. Static
calibration is usually performed outside the engine environment and dynamic calibration on
the engine during operation. Placing grooves of known thicknesses etched on the piston,
generally on the piston skirt, is one method of dynamic calibration and it is possible to obtain
a value for the PMT output as the groove in the piston passes the optica window in the
cylinder wall. Seki et a (Seki, Nakayama et al. 2000) and Dearlove and Cheng (Dearlove
and Cheng 1995) both attempted this method but Dearlove and Cheng found that the grooves
would eventually wear out causing concern for correct calibration. This author also believes
that it cannot be assumed that the interface between the piston skirt and the cylinder wall is
completely filled with lubricant for this type of calibration method to be valid.

However, as an initia attempt to understand the developing LIF system, a piston was placed
in the lathe and four grooves of increasing depths were turned into the skirt surface, Figure
3-15, followed by a surface profile scan using a Taylor Hobson Taysurf profilometer
machine, Figure 3-16.

4 groovesin piston skirt of increasing depths

Figure 3-15: Four groovesturned into the piston skirt for dynamic calibration
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Figure 3-16: Surface profile scan of the four grooveson the piston skirt
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As can be seen from the surface profile scan, Figure 3-16, the smallest depth that could be
turned on the skirt was a groove of approximately 70um and in reality for an operating
engine this would be too thick a film to be present under the piston rings. Unfortunately,
even though grooves were present on the skirt, they could not be detected on the oscilloscope
as the piston passed the probe doubting fully flooded lubrication was taking place on the
skirt. In an attempt to allow for fully flooded Iubrication on the piston skirt, lubricant was fed

onto the skirt from the oil pump via a pressure fitting place on the piston crown. Lubricant
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flowed to the underside of the skirt, through a hole drilled through the skirt, via a copper pipe
which was attached to the underneath of the crown. A PTFE pipe was attached to the fitting
on top of the crown and an axia constraint on the outside of the engine controlled the
position pipe due to the rapid piston motion, Figure 3-17. The cylinder head was replaced
with aclear Perspex cover with a centre hole to provide clearance for the fitting on the crown
and for observation. The engine speed was limited to 200 rpm since above the speed the
PTFE pipe would fail at the constraint due to fatigue. Although the additiona oil feed
provided fully flooded lubricant operation, the oil feed hole was in direct sight of the LIF
probe. As a result, the LIF signals were found to be saturated and it was beginning to get
even more difficult to distinguish the grooves. So, an alternative idea was required and it was
decided to attempt calibration statically.

, . . . Microscope cells
Fibre optic mounted on optics rail P

—
500um copper

- L

—

/ Qil + dye
%\ Aluminium

reflective surface

Figure 3-18: An attempt at fluorescence calibration using an increasing oil film

thicknesstrapped between two microscope cells

Another attempt at calibration saw an increasing oil film between two microscope slides
which was created by a wedge between the two slides. A copper wire of 500 pum diameter
was placed at one end of the dlides to create the wedge effect between the dides. A similar
method was employed by Baba et al. (Baba, Suzuki et a. 2007) and Kato et a. (Kato, Fujita

et a. 2009). The dides were placed on an aluminium block to provide a reflective surface.

The calibration piece was placed upon an adjustable height stage and the end of the fibre
optic was mounted on an optics rail. The fibre optic could dide along the optics rail and by
using adial gauge it was possible to measure the displacement of the fibre optic. The system
is shown in Figure 3-18 and a typica result is shown in Figure 3-19. Although it was
possible to achieve an accurate calibration coefficient the design failed at eevated
temperature since the copper wire would expand. So the film thickness would vary with

temperature and as a result an aternative solution was required. Another reason why this
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idea was not taken further, was that the microscope dides introduced additional reflectivity
and stray light which influenced the output and hence the calibration coefficient. It is also
apparent that there is a slight ‘bump’ in the calibration line of Figure 3-19 which was found
to be caused by the light focusing on the slide edge as the fibre optic scanned across the cell
surface. It was decided that the best way forward was to keep any static calibration very
similar to the probein theliner.
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Figure 3-19: Typical calibration graph obtained from the wedged cells

Thisincluded variables such asfocal length distance to the point of interest; in an engine this
is the piston ring, on the calibration setup it is the reflective piece, the use of the same
collimator probe as used in the engine, same reflective object to measure any static oil films
against the piston ring in the engine, same method of light transfer to the point of interest;
meaning if the laser light exits the probe and passes just a sapphire window which forms one
of the interfaces of the oil film (the other being the piston ring) then the light should pass the
same window in the calibration setup and nothing else. Taking the variables into
consideration and controlling them allowed a static calibration setup to be designed and

manufactured, Figure 3-20.
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Figure 3-20: Calibration setup designed and manufactured
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Figure 3-21: Part of a piston and piston ring which wasinitially used asthereflective

surfacefor calibration

As can be seen from the schematic in Figure 3-20, avertical stage was clamped to the side of
alarge reference block and the collimator probe was made part of the stage by using a sleeve

in which the probe could be mounted. The sleeve a so housed a spare sapphire window of the
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same shape as the window in Figure 3-13. The deeve was machined from auminium.
Similar tolerances that were used for the liner, where the window was to mount, were
employed so that the focal point of the laser was in the same position as used in the engine,
which was the window surface that interacts with the oil. A calibration piece, Figure 3-21,
was situated underneath the deeve. The calibration piece was simply an oil bath which
contained part of a piston ring mounted into a dlice of a spare piston, and a K type
thermocouple to measure oil temperature. The ring piece was used as the reflective surface
and test lubricant was poured into the bath for calibration. The probe sleeve, which was
mounted on the vertical stage, would move back and forth from the piston ring and the
lubricant across the piston ring and the sapphire window was measured as the film thickness.
Initially a plunger type dial gauge with a resolution of 2 pum was attached to the vertical
stage to monitor the height and thereby the film thickness between the piston ring and the
window. It was often difficult to locate the crest of the ring, to ensure no lubricant would be
present between the ring and the window, and as a result the ring was later changed to an
equivaent flat chromium piece. The dia gauge was later found to have stick dlip on the
plunger and was replaced with a linear variable differential transformer (LVDT) with a
resolution of 0.25 um. The calibration piece was placed on top of an auminium hot plate
which contained a 400 W ceramic heater element of 6mm diameter and 100mm length, and
this was controlled by a separate heater control box. The hot plate was mounted on an

auminium block so that the calibration piece was at the correct height for the vertical stage.

The use of the hot plate allowed lubricants to be tested against temperature and not just oil
quality, i.e. oil degradation phase. It was not an issue if the calibration piece expanded due to
an increase in temperature since it was possible to re-zero the dial gauge once the
temperature was stable. The caibration system was the first of its kind and the repeatability
up to film thicknesses of approximately 100 um was found to be +/- 0.5 um. Any
examination above 100 um and the repeatability changed to +/- 1 um which was found to be
caused by backlash in the micrometer screw of the vertical stage. Since lubricant films
greater than 100 um in the piston ring pack are rare, the system was deemed appropriate for
LIF calibration.

A description of the calibration procedure for atest lubricant follows below, with a selection
of some of the calibration tests of the oil samples used in thisresearch in Appendix C:

a) Add lubricant sample to be calibrated to the oil bath
b) Set hot plate to desired test temperature for calibration and alow to lubricant to
thermally stabilise for approximately 30 minutes
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c)

d)

f)

9)

h)

34.2

Lower the stage to its lowest position using the micrometer, thereby allowing the
probe seeve and hence optical window to sit on the reflective piece under its own
weight

Check fluorescence return signal and record

Remove probe from sleeve and position flat against a similar reflective piece outside
the calibration rig and record florescence signal return

Check and compare both readings, they should be equal indicating no fluorescence
emission is occurring from the contact between the window and the reflective piece,
hence no measurable lubricant film present. If not, adjust the oil bath position
underneath the deeve and recheck

Once satisfied, begin calibration using calibration program and the LVDT as
described in Chapter 7. Adjust stage height and alter the film thickness between the
window and the reflective piece. Record film thicknesses against PMT output using
the program.

For next test sample to be calibrated, remove existing sample and clean components

using suitable solvent (e.g. Heptane or Acetone) and repeat above steps.

Temperature effects

The quantum efficiency, that being the rate of electron production from photons when

striking the fluorophore, depends upon the viscosity and temperature of the lubricant. A dye

molecule strikes a lubricant molecule and this is how the dependency arises. The Debye —
Einstein equation predicts the callision rate, k., given as Equation 3-7 below (Parker 1968;
Hoult, Lux et a. 1988).

k. = (8RT/300h) Equation 3-7

Where Ris the gas constant, T absolute temperature and ) viscosity.

The Stern — Volmer equation governs the change in quantum efficiency shown as Equation
3-8 (Parker 1968).

|:q0 IF, - 1=kt ,[Q] Equation 3-8

Where Fq"is unquenched fluorescent efficiency (background fluorescence), Fis actual

fluorescent efficiency, t ,the lifetime of the excited fluorophore (about 10" nanoseconds
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(Parker 1968)) and [Q] the concentration of the quenching lubricant molecules (Hoult, Lux
et al. 1988).

From Equation 3-7 and Equation 3-8 it can be seen that as the temperature increases
molecular interactions increase, reducing the lubricant viscosity and degrading the signal
(Hoult, Lux et a. 1988).

3.4.3 Dyeconcentration

Some samples can fluoresce naturaly, they contain intrinsic fluorophores, whereas others
require a doping agent (dye) and are said to contain extrinsic fluorophores (Lakowicz 2006).
All test engine lubricants used were of the Group 3 lubricant type which are highly refined
lubricants with a higher base oil quality and so do not contain any intrinsic fluorophores and
require a doping agent to provide the fluorescence. There are many doping agents available
for a wide range of fluorescent imaging applications and laser systems. The correct doping
agent is based on the amount of absorption of the laser emission wavelength. A major
requirement for the correct dye for the application was that the dye had to be completely
soluble in the lubricant sample without any additional catalyst to improve the solubility and

without affecting the natura operating performance of the lubricant.

The concentration of the dye was determined mathematically by taking into account the

maximum path length, i.e. the thickest films to be observed.

Lubricant films under the top compression ring can be as large as 20 um. If we consider that
the maximum film we will observeis 20 um, then we will only be able to observe films up to
20 pm and nothing greater since the dye concentration will be optimum up to this thickness.
As a result, the maximum film thickness to be observed across the ring pack, i.e. the
maximum optical path length, was assumed to be 200 um. This would alow the film
thickness up to 200 pm to be clearly identified. So this maximum thickness was taken as the
path length b (in cm) in the Beer-Lambert law, as defined by Equation 3-9.

A =ebc Equation 3-9

Where A is the absorptivity (defined by the absorption curve of the laser wavelength
emission when using fluorescence dye), € the molar extinction coefficient (litres’mole cm)
and c¢ the molar concentration (mole/litre). As per the specification in Appendix D, the
maximum absorption of the laser excitation at 488 nm in Pyrromethene 567A isA = 0.16, €
= 8.4x10° and the molecular weight is 374.32
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The concentration for a path length of 200 um is given as:

.- 0.16
(8.4x10° " 0.020)

¢ = 9.52x10° mole/litre

c(weight) =9.52x10"° mole/l x 374.32g/mole
= 35.6mg/litre

So, 35 mg/litre of dye was used as the doping concentration. This was acceptable for fresh
lubricant with excellent results of films being measured from near zero to easily up to 200
pum. For degraded samples, it was necessary to add more dye up to concentration rates of 100
mg/litre. Even then, because of the high sample opacity, as mentioned in the next section, the
maximum measurable films were the general order of 50 pm thick, which was still
acceptable for examination under the piston rings. Figure 3-22 shows an example of why dye
concentration is important. Two test lubricants, as used in the Chapter 4, one a fresh fully
formulated lubricant and the same lubricant but which had degraded. The fresh lubricant
contains the prescribed 35 mg/litre of dye whereas the degraded lubricant contains
100mg/litre. Even though the degraded lubricant contains more dye, the fluorescence

efficiency is poorer due to the weaker absorption of the laser in the sample.
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Figure 3-22: Increased level of dye concentration isrequired for degraded lubricants
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3.4.4 Sample opacity
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Figure 3-23: Contamination with carbon black (CB) influences the sample opacity

One of the interesting findings of this research was that the opacity of the lubricant plays a
big part in the fluorescence signal return. The opacity is defined as the optical transparency
in terms of how easy an optical beam is capable of passing through a medium. The stronger
the opacity, the less transparent the medium and hence the poorer transmission. In the past
when researchers have used LIF as a means of lubricant film thickness measurements, fresh
lubricant, which is generally a clear light tan colour, has been used. As a result, since the
opacity of the lubricants used was acceptable for laser transmission, lower powered lasers
could be used and laser absorption was not an issue. In this research with degraded
lubricants, which are generally black in colour caused by carbon deposit contamination and
the oxidation process itself which produces darker coloured components (Hammond 2003),
the opacity cannot be ignored. As a means to investigate the effect of the opacity further,
Monarch 280 carbon black powder with atypical particle size of 41 nm and a density of 146
kg/m® acquired from Cabot Corporation, data sheet in Appendix E, was used to tone fresh
lubricant samples that had been equally doped with dye. Carbon black powder was used as it
has been shown to have similar molecular structure and aggregate size when compared with
soot (Ruot, Faure et a. 2000). Fresh Shell XHVI 8.2 base oil with 1% detergent and
dispersant, with lubricant specification in Appendix F2, was doped with 75 mg/litre of dye.
Sample quantities were limited to 2 ml in volume and placed in a petri dish with increasing
levels of carbon black (CB) concentration. Figure 3-23 illustrates the influence of carbon
black contamination in terms of sample opacity when each sample was placed on alight box.
It can be seen that as the concentration of carbon black increases, the opacity reduces and
hence the light transmission becomes weaker. Figure 3-24 shows the importance of opacity
when the samples are calibrated. The abrupt change in the caibration coefficient at around
10 umis caused by backlash in the calibration setup as discussed earlier in this chapter.
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Another important factor when considering the fluorescence signal return is the choice of the
reflectivity of the material used at the point of examination for the signal to return back
through the fibre optic cable. The fluorescence emission of the molecule is the same in al
directions, but that fluorescence which is moving away from the probe window is reflected
back to the sensor and the amount of reflection depends heavily on the reflectivity of the
surface. The sengitivity of the PMT would also contribute to the output and the sensitivity to
the materia surface finish. To investigate the effect of the material surface reflectivity, three
aluminium strips were used which had different surface finishes; one painted matt black, one
polished to a mirror finish and one left with the standard received auminium finish. The
fibre optic probe was placed above each material piece, so that the foca point was on the
surface, and the return signal was measured. No lubricant sample or any sample doped with
dye was placed on the pieces, they were left bare to just examine the reflectivity. The PMT
control sensitivity voltage was increased and the PMT output was recorded, Figure 3-25. The
PMT sensitivity voltage is just purely the gain. It can be seen, as expected, that as the PMT
sensitivity is increased the influence of the surface reflectivity becomes more significant.
This is interesting as during long engine operation periods, components such as piston rings
generally become polished and hence the surface reflectivity would change. Therefore, it is
wise to keep the PMT sensitivity suitable for the application without introducing the effects
of dark current, that being the small current that flows through the PMT diodes even when
no light is entering the PMT module. From the graph in Figure 3-25, it can be seen that a
maximum sensitivity voltage of 0.6 V gives sufficient sensitivity to minimise differences due
to surface reflectivity and having enough sensitivity to actually detect fluorescence of small
[ubricant films. It was therefore decided to keep the PMT sensitivity at 0.6 V for the duration
of this research.

35 Summary

A technique to measure the lubricant film thickness experienced between the piston ring and
the cylinder liner interface was developed on a motored engine. The engine required
extensive modification for the purposes of this research and a sound technical skill on

engineering optics and design was gained.

Fluorescence principles and the influence of sample temperature and opacity, fluorescent dye
concentration and the material surface reflectivity on fluorescence efficiency was also
considered. The original LIF probing system was found to cause repeated sealing issues,
coolant leakage and window seating misalignment in the cylinder liner. As a result a new

optics prabe, fibre optic cable and sapphire observation window developed and provided a
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better signal to noise ratio than before. Various calibration ideas were tried and tested, but
failure of these for the applicability of the research resulted in the design and manufacture of
a purpose built caibration system. The caibration system allowed test |ubricant samples to
be calibrated against temperature and the measurement of the temperature dependence on the
fluorescence efficiency, and the oil quality. In the next chapter a discussion on the testing

procedure employed and results from the motored engine are made.



Chapter 4 Implementation and Results of Testing on
the Motored Engine

A set of tests to investigate the influence of lubricant degradation on the lubricant film
thickness experienced under the piston rings was undertaken and is described in this chapter.
An implementation of the tests, a description of the tests themselves, the results, discussion
and finally the conclusions are presented. Gasoline lubricant samples were acquired from
customer vehicles at the Mercedes Benz (MB) leasing firm in Leeds, UK, along with asingle
diesdl lubricant sample provided by Southwest Research Institute (SwRI), Texas, USA. All
MB lubricant samples were of the same multigrade type with differences only in the vehicles
they were extracted from and the service interval. The diesel engine lubricant was a post-test
reference test lubricant of a monograde type. Engine testing included the effects of engine
speed, load and cylinder peak pressure.

The results show significant differences in OFT profiles of the piston ring pack when the
lubricant quality changes with degradation, which would have an impact on the tribol ogical

performance of the piston ring pack.

4.1 I mplementation

A LIF imaging system complete with laser optics, collimator probe and fibre optic was
designed and developed for lubricant film thickness measurements of a reciprocating
motored engine as described in Chapter 3. The new measurement system was implemented

and initial motored engine OFT results demonstrated the potential of this system.

4.1.1 Setting thefocal point of lenses

The collimator probe was housed in an aluminium sleeve, which protected the probe from
any coolant leak as the laser light in the probe passed from the outside of the engine, through
the barrel where coolant flows, and into the sapphire window in the cylinder liner. The
sleeve was manufactured with tolerances in the order of £ 0.2 mm to keep manufacturing

costs low and, since the focal point of the lenses in the probe can be adjusted and set to the
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desired position, the manufacturing tolerances did not need to be any finer. The laser light is
focussed in the engine and maximum laser absorption occurs at this point. The optimum
position of the focal point, for highest signal to noise ratio for measuring the lubricant film
across the interface between the window and the piston ring, is on the inside window surface.
The inside window surface of the sapphire window was locked in place flush with the
cylinder liner.

The probe tube had an internal thread and it was possible to move the position of the lenses
in the tube to alter the position of the focal point. A depth gauge was used to first determine
the accuracy of the sleeve machining to the technical drawing, Appendix B3, and also how
far down the probe tube the lenses sat. The focal length of the lenses was 13.6 mm. From the
internal depth of the deeve, it was possible to determine how far down the tube the lenses
needed to be to achieve the optimum position of the focal point. A couple of retaining rings
with externa threads inside the tube retain and position the lenses at the desired distance.

Focal length
13.6mm

Mirror | 5jip gauges used to
surface || measure distance

<>|<—>|Depth gauge for this
distance

; Fibre optic
Focal point ——>i¢ Hm

Probe tube

Adjustment
knob for stage

Horizontd
stage

Opticsrail

Figure4-1: Illustration of the position of the focal point of the lenses
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Figure 4-1 shows the system to accurately measure the focal point of the lenses. The probe
tube was aimed at a mirror and the reflected laser emission light passed back through the
lens. The reflected laser emission beam intensity was measured using the fluorescence signal
PMT and removing the green colour filter in front of the PMT to allow the reflected blue
emission to be monitored. An optical rail was used to mount an optics mirror and mount the
collimator probe to a horizontal stage. The probe was moved back and forth from the
stationary mirror and the output of the PMT was monitored on an oscilloscope. The focal
point was determined at the maximum PMT signal output and the distance between the end
of the probe tube and the mirror was measured using dlip gauges, adong with the
measurements of how far down the tube the lenses sat. The combined distance calculation
gives the focal length. Measuring and atering the focal point position this way was the most
accurate since the output of the PMT was monitored. The focal point is not an infinitesimal
point, but is determined by the fibre core diameter, the smaller the core diameter the
narrower the focal point. In this research, the focal point was approximately 105 pum in
diameter similar to the core diameter of the fibre used. The resolution of the apparatus to

measure the correct focal point was found to be approximately + 50 um.

Extent of the coolant
jacket

New liner

Window seating coated
black to reduce surface
reflectivity

Figure4-2: Thereflectivity of the window seating surface was reduced to minimisethe
effects of stray light
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4.1.2 Black coating of window seat

During engine and LIF probe assembly, it was noted that the window seating in the new
liner, which had an increased wall thickness to accommodate the new probe, as mentioned in
Chapter 3, was machined to a high degree of accuracy to fit the window and this caused a
concern for light scattering as the surface was left highly reflective. Taking the collimator
probe tube, which is anodised matt black, as a standard example, it was decided to colour the
window seating in the liner black. A black marker was used as opposed to coating it with a
spray paint of the same colour since the tolerance for the window seat was already tight. It
was found that the coating was not easily rubbed off and more than adequate to reduce the

surface reflectivity for the optical examination, Figure 4-2.

4.1.3 Pistonrings

For the development of the LIF system, the ring pack remained to standard specification and
comprised of:

Grey cast iron top compression ring which is phosphated with chrome rolled inlay
and abarrel face
An grey cast iron taper faced Napier style scraper ring

A three piece oil control ring with chrome plated sted rails

4.1.4 Cylinder liner thermocouples

As the fluorescence efficiency is influenced by the lubricant temperature, Chapter 3,
thermocouples were added to the cylinder liner to examine the temperature distribution.
Three blind holes of 2 mm diameter were drilled into the outside surface of the liner
approximately to a depth of 1 mm from the inner liner surface to prevent break through.
Holes were drilled at either near TDC, mid-stroke and BDC. The TDC thermocouple had to
be placed 5 mm from the top liner edge otherwise the wiring interfered with the liner sed
flange. K-type thermocouple wire was used and glued into the holes with epoxy glue, Figure
4-3. An additional thermocouple was placed in the barrel to monitor coolant temperatures.
All four thermocouple wires were taken outside the engine through a plate attached to the
barrel which aso served as a location for the LIF probe sleeve, Figure 4-3. The
thermocouples and the probe sleeve were seded, to prevent coolant leaks, using clear

silicone sealer. The same silicon sealer plus an additional paper gasket were used to seal the
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barrel to the crankcase. The four thermocouples were then wired into the National

Instruments hardware for data acquisition as described in Chapter 7.

An example temperature trace of the motored engine at 1000 rpm with 10 bar peak cylinder
pressure is presented in Figure 4-4. The coolant jacket only extends to just below the mid-
stroke position on the liner (see Figure 4-2), hence the BDC thermocouple measures the
highest temperature regardless of speed and pressure as there is no cooling. The TDC
thermocouple wire was found to have eventually interfered with the liner flange seal and a
small cut in the wire meant that the flange temperatures were measured instead of TDC liner
temperatures. Since the mid-stroke temperatures were most important, for calibration of the
LIF signal, the TDC wire was not replaced as a complete engine strip down was required and
the testing continued.

Thermocouples
Thermocouples

Figure 4-3: Thermocouples used to monitor cylinder liner temperatures

4.1.5 Installation of the optical encoder and engine TDC position

A Series 85 hollow shaft optical encoder from Hohner Automation Limited was used to
determine the crank angle position of the engine and to act as the sample clock for the data
acquisition system. This particular encoder produces 720 pulses per revolution along with a

single TTL (transistor-transistor logic) reference signal once every revolution. The single
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Figure4-4: Liner temperaturetrace at 1000 rpm and 10 bar cylinder peak pressure

reference signal was used to monitor the TDC position of the piston. This type of encoder is
known as a quadrature encoder since there are two output channels, A and B, which are 90°
out of phase and are used to determine the direction of rotation. The additional benefit of
this, is that during data acquisition the rising and falling edges of both channels are recorded
allowing four times the resolution of the encoder, therefore alowing an impressive 0.125°
resolution of crank angle. The shaft encoder was attached using grub screwsto thetail end of

the crankshaft which extended out of the crankcase through an oil seal.

A plunger type dial gauge, with a resolution of 2 um, was used to help determine the TDC
position of the piston in the cylinder liner. An initial estimate was made by manually setting
the piston at approximately TDC and aligning and setting the encoder reference line pulse at
TDC. The piston itself moves very little with crankshaft angle near TDC position,
approximately up to 10° either side of TDC, so the piston displacement measurement was
taken at least at 20° either side of TDC. The crankshaft was rotated before TDC (BTDC) to a
deflection of 2mm on the dial gauge and the encoder angle was recorded. The crankshaft was
then rotated anticlockwise toward BDC and then back to TDC, so now after TDC (ATDC),
and the encoder angle was noted for the same plunger deflection. Measurement either side of
TDC alowed the difference between the angles to be calculated allowing the encoder to be
adjusted to the correct piston TDC position. This procedure was repeated at different angles
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to improve the accuracy of the TDC position. An estimated accuracy of +0.125° crank angle
was achieved. To reduce any systematic error, measurement was performed on both sides of
TDC (Eriksson 1998).

4.1.6 Cylinder head pressuretransducer

As mentioned in Chapter 3, a Kistler 601 dynamic piezo-electric pressure transducer was
used to monitor the peak cylinder pressures and this was connected to a Kistler 5011 charge
amplifier. The voltage output from the charge amplifier was sampled and recorded on one of

the channels on the data acquisition system.

Piezoelectric sensors are very sensitive and measure compressive load. They require no
external power source, but are very prone to leakage, hence cannot be used to measure a
static load or pressure as they have very small time constants (Taylor 1997) whereby
eventually the signal decays to ‘zero’ for a constant load, so a drift in the signal is often seen.
As a result they are often used with charge amplifiers to control the time constant for
dynamic cyclic measurement, like cylinder pressure measurements, and the ‘zero’ is actually
afloating zero which is an average of the value being measured (Radcliffe 1993). A known
procedure to calibrate pressure transducers is to use a hydraulic dead weight tester (DWT)
machine. Weights are added to a hydraulic line system with the pressure sensor part of the
line and this provides an accurate calibration of the sensor. This is a perfect application for
static pressure sensors, known as piezoresistive sensors, but not for dynamic sensors. It must
also be noted at this stage that dynamic pressure transducers will always drift towards zero
during constant loads. For cylinder pressure measurements there will always be a drift of the

zero which needs to be post corrected.

As a means to calibrate the dynamic 601 sensor, a static Kistler 4045 pressure transducer
was calibrated on a small DWT and then used to aid calibration of the 601 sensor. If both
pressure transducers experience the same pressure load at the same time, then since the 4045
sensor is calibrated, the 601 can aso be calibrated. A bespoke four way pressure splitter
block was connected to a nitrogen gas bottle which provided regulated gas pressure up to 25
bar. Both pressure sensors, the un-calibrated 601 and the calibrated 4045, were connected to
either port of the block and the final port had a gate valve attached to release the pressure,
Figure 4-5. The maximum pressure rating for the 4045 is 100 bar, whereas for the 601 it is
25bar. Repeated tests were performed with repeats within 1% error of each and with
confidence levels of 1.00. It was found that the sensitivity of both pressure transducers was

linear in response up to the measured 25 bar, Figure 4-6. The difference in the gradients for
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both sensor calibrations is caused by the specific transducer sensitivity setting required for
each sensor on the charge amplifier as dictated by the manufacturer.

Gate vaveto

Dynamic Kistler

Static Kistler
601 transducer 4045 transducer
(un-calibrated) ~ (calibrated)

Nitrogen gas
pressure feed

Figure 4-5: Four-way pressure splitter used to help calibrate Kistler 601 pressure

transducer
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Figure 4-6: Calibration graphsfor pressuretransducer sensors 601 and 4045

As mentioned earlier, cylinder pressure measurements with a dynamic transducer need to be
post corrected to adjust for the zero drift in the signal. This can be clearly seen in Figure 4-7
which shows the cylinder pressure traces of both the uncorrected and corrected zero. To
correct for this offset, it was assumed that after the intake stroke, at BDC, the one-way valve
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on the cylinder head would open to equalise the pressure to the minimum, assumed to be
atmospheric. Thisis similar to the method described by Radcliffe (1993).

12
800 rpm

Cylinder pressure
(bar)

-180 -90 0 90 180

-2
Crank angle (degrees)

——Corrected zero drift Un-corrected zero drift

Figure4-7: Motored engine cylinder pressure measurement showing cor rection applied

for pressuredrift

4.2 Engine L ubricant samples

Since this research was interested in the influence of lubricant degradation on piston ring —
cylinder wall lubricant film thicknesses, five degraded gasoline multigrade lubricant samples
were acquired from Mercedes Benz (MB) Leasing in Leeds, UK and a single degraded diesel
monograde lubricant sample from Southwest Research Institute (SWRI) Texas, USA. The
lubricant samples from MB were from customer vehicles acquired during lubricant drain
service intervals and were from a wide range of vehicles. An additional fresh lubricant
sample of the same type as the gasoline samples was also acquired. The diesel sample from
SWRI was an APl end-of-test lubricant sample removed from a Caterpillar 1Y 73 diesel
engine when tested for the requirements of the lubricant standards APl CF and API CF-2.

These standards test for lubricant effectiveness in preventing ring sticking and
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ring/piston/liner scuffing, and a complete test lasts 120 hours (ASTM D4485). A list of the

lubricants, their grade and service interval is presented as Table 4-1.

Lubricant Description GS;AeEe Oil Type ISn?e\:ivC;
A VEFSICSIESX  guy e FeLTom
B 2005 MB A170 Auto OW-30 Gasoline 5470 miles
C 2009 CLK200 Kompressor 0W-30 Gasoline 9156 miles
D Referergg,g‘fz‘)’” (AP 40 Diesdl 120 hours
E 2010 MB C180 CGi O0W-30 Gasoline 9722 miles
F 2009 CLK200 Kompressor 0W-30 Gasoline 8463 miles
G 2000 C320 V6 O0W-30 Gasoline 8362 miles

Table4-1: A list of the lubricants acquired for the investigation of piston ring to

cylinder wall film thickness measur ements

4.2.1 Lubricant chemical analysis

The lubricants in Table 4-1 were anaysed to examine the state of degradation by FTIR
spectroscopy using a Perkin EImer S100 Series FTIR. For the MB samples, a scan was taken
of the fresh lubricant (Sample A), with the complete spectra with known compound
absorption pesks presented as Figure 4-8. The region below 1200 cm™ is known as the
fingerprint region of the spectra where exact identification of compoundsis difficult since an
overlap of different compound absorption peaks occurs. For this research, the focus was
carbonyl oxidation which absorbs infrared between 1800 and 1650 cm™. The spectra of all
samples showing the carbonyl oxidation peak is presented in Figure 4-9. It can be clearly
seen from the spectra that there is an increase in the nitration, from combustion products, and
carbonyl oxidation when compared to the fresh Sample A. For clarity, the diesel sample,
Sample D, has also been included to demonstrate the universality of FTIR infrared
spectroscopy. A repeat sample scan was performed on the fresh sample A and was found to
be within 1% of the first scan. Overlaying the fresh lubricant sample and degraded |ubricant
sample on the same spectrum provides quick identification of lubricant chemical changes
and has been attempted by researchers in the past (Coates and Setti 1983; Powell and
Compton 1993)
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By comparing the area underneath the oxidation region of each degraded sample to the same
area of the fresh lubricant, it is possible to provide some quantification to the increase in
degradation as caused by oxidation. Thisis assuming that the fresh sample has not oxidised.
The data in Table 4-2 shows the percentage increase in oxidation for each of the degraded
gasoline samples. This method of investigating the absorption intensity increase as a means
of providing some information on the percentage change of an absorption peak has been
performed in the past by Coates and Setti (Coates and Setti 1986).

Typical lubricant spectra Lol
Hydrocarbons
0.25
\ Fingerprint
region 0.20 o
[ <eg—> §
Methyl group 0.15 2
Carbonyl 9
Q2
oxidation ZDDP = 0.10 <
0.05
T i R i 0.00

3800 3400 3000 2600 2200 1800 1400 1000 600
Wavenumber (cm-1)

Figure4-8: FTIR spectra of Sample A showing mast common absor bance peaks
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Figure4-9: FTIR spectra of oxidation and nitration absor ption for all samples
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Lubricant % Increasein oxidation (1800-1650cm-1)
B 81
C 219
E 272
F 168
G 246

Table 4-2: Percentage area increasein the oxidation region of the gasoline lubricant
sampleswhen compared to the fresh sample

From Table 4-2, it can be seen that there is an increase in oxidation across al lubricant

samples. To investigate the samples further, the lubricant viscosity was also measured.

4.2.2 Lubricant viscosity analysis

The viscosity of the lubricant changes as the lubricant degrades, which in turn should
influence the lubricant film thickness experienced at the piston rings. As a result, the
viscosity of the lubricant is equaly as important as the changes in lubricant chemistry

through degradation.
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Figure 4-10: Dynamic viscosity of all samplesat 40°C and 100°C



Implementation and Results of Testing on the Motored Engine 100

The viscosity of the lubricant samples was measured with a Mavern Kinexus Pro rheometer
using a cone on plate arrangement at shear rates from 1 s to 1000 s* and temperatures
increasing in 20°C intervals from 20°C to 120°C. A repeat of the fresh sample, A, was
conducted and at the higher temperatures was found to be within 1% of the initial viscosity
scan. For clarity, only results at 40°C and 100°C are shown in Figure 4-10. As expected, as
the temperature increases, the viscosity of the lubricant decreases. The area of interest is at
the higher temperatures, those above 80°C which is similar to the temperatures to be
experienced by the lubricant in the piston ring pack of the motored engine. The largest
viscosity change is shown by Sample C but al other gasoline samples were found to have

similar viscosity at the higher temperatures.

Since at this stage there was a lack of variation in sample viscosity and in chemica
degradation, for the purpose of this research, the first four samples in the list in Table 4-1
were chosen and used in the motored engine for testing. Those samples were 3 gasoline
samples; Sample A, B, C and the single diesel sample, Sample D. To improve the clarity of
the written communication, Samples A, B, C and D are now known as Samples A (MB
fresh), B (MB medium size car), C (MB sports car) and D (diesel) respectively for the rest of
this study. These samples underwent further viscosity analysis at high temperature and high

shear rates.

Modern lubricants are specified in terms of high temperature and high shear (HTHS)
viscosity stability since modern engines operate at high temperatures and speeds. Therefore,
it was necessary to investigate the change in HTHS viscosity values due to lubricant
degradation and compare with values quoted by lubricant manufacturers. Manufacturer
quoted HTHS viscosity values are performed at a temperature of 150°C and a shear rate of
1.0x10° s* following the ASTM D4683 standard (ASTM D4683-10). The test samples A, B,
C and D were analysed with a PCS Ultra shear viscometer machine at high shear rates from
1.0x10° to 1.0x10" s™ at temperatures 80, 100, 120 and 150°C. These results are displayed in
Figure 4-11. It must be noted that Sample D, diesd sample, failed to produce any results on
the viscometer at higher shear rates above 5.0 x10° s since the torque with this lubricant

exceeded the maximum measurable by the machine at atemperature of 80°C.

From Figure 4-11, it can be clearly seen that all samples undergo a decrease in viscosity as
the temperature increases. The multigrade lubricants suffer from shear thinning at all
temperatures since they contain polymer viscosity index improver additives, whereas the
monograde diesel lubricant is shear stable. The minimum HTHS viscosity at 150°C and

1.0x10° s in the lubricant specification is noted and it can be seen that as the lubricant
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degrades, through service, an increase in viscosity occurs at the higher shear rates.

4.3 Testing and test matrix

Four lubricant samples were selected, A (MB fresh), B (MB medium size car), C (MB sports
car) and D (diesdl), and these were tested at three different engine speeds, 800, 1000 and
1200 rpm, at four different cylinder peak pressures, 4, 10, 16 and 22 bar and four different
mid-stroke temperatures, 80, 100, 120 and 150°C. The heated bath used for the coolant
supply and the increase in cylinder pressure were used collectively to help increase the
temperature of the barrel and hence the liner and piston assembly to achieve the higher
temperatures desired. However, higher temperatures were not achievable at lower peak
cylinder pressures, so lower peak cylinder pressure tests were not conducted at the higher

temperatures.

For each test, a single parameter was changed, either the temperature, the speed or the
cylinder pressure whilst the other two were kept constant. Tests were conducted in this
simple manner to gain an appreciation of the effect of the individua engine parameters on
the piston ring lubricant film thickness, but admittedly were unable to statically examine
parameter interaction. Once the engine was at the test operating condition, the engine was
operated for an additional 30 minutes to ensure that the temperature of the engine was
stabilised before data acquisition for the fluorescence investigation commenced. The data
acquisition of the fluorescing lubricant only took approximately a couple of seconds which
provided a data file of the piston ring film thickness profiles per a number of engine cycles.
To check for repeatability, test numbers were selected at random and repeated once. Once
the test matrix was completed for one lubricant the next test lubricant was employed after a
double lubricant flush and drain. During the lubricant change procedure, the test lubricant
was drained from the engine, 2 litres of a fresh lubricant of the same kind was poured into
the engine sump and the engine operated with this lubricant for approximately one hour at
1200 rpm engine speed and at 16 bar cylinder peak pressure. This lubricant was then drained
and the 2 litres of the test lubricant was used to flush the engine of the previous lubricant at
the same engine flushing operating conditions, until finally this was drained and 2 litres more
of a fresh batch of the test lubricant was poured into the sump ready for examination. At
each lubricant drain, a new oil filter was used. Performing the oil flush in this manner

reduced the likelihood of cross contamination of lubricant occurred.

The test matrix used for the fresh lubricant, Sample A, is presented in Figure 4-12.



Speed (rpm) 800 rpm | 1000 rpm | 1200 rpm | 800 rpm | 1000 rpm | 1200 rpm
Test 1 2 3 4 5 6
M'd'g(fkc‘i Temp | g 80 80 100 100 100
Pressure (bar) 4 4 4 4 4 4
Qil Sample A A A A A A
Speed (rpm) 800 rpm | 1000 rpm | 1200 rpm | 800 rpm | 1000 rpm | 1200 rpm | 800 rpm | 1000 rpm | 1200 rpm
Test 7 8 9 10 11 12 13 14 15
M'd'g(flg Temp | g 80 80 100 100 100 120 120 120
Pressure (bar) 10 10 10 10 10 10 10 10 10
Qil Sample A A A A A A A A A
Speed (rpm) 800 rpm | 1000 rpm | 1200 rpm | 800 rpm | 1000 rpm | 1200 rpm | 800 rpm | 1000 rpm | 1200 rpm | 800 rpm | 1000 rpm | 1200 rpm
Test 16 17 18 19 20 21 22 23 24 25 26 27
M'd'g(fkc‘i Temp | g 80 80 100 100 100 120 120 120 150 150 150
Pressure (bar) 16 16 16 16 16 16 16 16 16 16 16 16
Oil Sample A A A A A A A A A A A A
Speed (rpm) 800 rpm | 1000 rpm | 1200 rpm | 800 rpm | 1000 rpm | 1200 rpm | 800 rpm | 1000 rpm | 1200 rpm | 800 rpm | 1000 rpm | 1200 rpm
Test 28 29 30 31 32 33 34 35 36 37 38 39
M'd'g(fkc‘i Temp | g 80 80 100 100 100 120 120 120 150 150 150
Pressure (bar) 22 22 22 22 22 22 22 22 22 22 22 22
Oil Sample A A A A A A A A A A A A

Figure4-12: Motored enginetest matrix for test lubricant Sample A
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4.4 Results and Discussion

The piston rings were removed from the engine once testing was completed and profiles of
the three piston rings were taken using a Talysurf 120L profilometer. It was decided to
perform a profilometric scan of the rings before and after engine testing so that any profile
changes could be observed, thereby providing some evidence if the LIF profiles were to
change during engine testing as a result of ring wear. The piston, complete with rings, was
mounted in a Perspex piece that allowed the rings to be under tension whilst a scan was been
taken, Figure 4-13. This Perspex mount was developed and used by Priest (Priest 1996) and
the same measurement technique as defined by him was used for this research. Using the
Perspex mount, the profiles were measured at three locations circumferentialy, Figure 4-14.
A 2 um diamond tipped stylus was used. The piston was first placed square to the stylus and
the ring profile was measured. The scan often had to be repeated to allow afull profile of the
piston ring running race to be obtained. The profiles were outputted to a computer for
analysis. To improve the clarity of the written communication, the profiles of the new,
Figure 4-15, and used, Figure 4-16, piston rings are presented in this section.

Perspex piston
mount

Figure 4-13: Perspex piece used to mount the piston and allow theringsto bein tension
ready for a profilometric scan. Asused by Priest (Priest 1996)
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Figure 4-15: Before engine testing new piston ring profiles
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Figure4-16: End of test (EOT) used piston ring profiles

The running face of the top compression ring and the scraper rings show a small smooth
wear pattern on the bottom tip of the both rings suggesting some running-in wear has taken
place, Figure 4-16. It must be noted for the second ring, a Napier ring, the profilometry scan
isascan of the running face of the piston ring and does not include the inherent notch, which
is characteritic of its design and benefits the lubricant scraping action. It was decided to just
take a scan of the running face since there was a possibility that the stylus would be damaged
if the scan trace extended over the full ring face. Both rails of the oil control ring seem to be
quite sharp in the profile. Thisis possibly caused by flanking of the stylus either side of the
rail. Asaresult, it is difficult to comment on the wear profile of the oil control ring.

To understand the film thickness profiles obtained from the engine during operation on a

first occasion, in Figure 4-17 atypical LIF profile of OFT against engine crank angle during
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Figure4-17: Typical LIF profile with the piston rings superimposed (compression
stroke), Sample A at 120°C, 800r pm and 22 bar peak cylinder pressure
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Figure4-18: LIF profile on intake stroke showsamirror likeimageto the compression

stroke profile. Sample A at 120°C, 800r pm and 22 bar peak cylinder pressure

the compression stroke is presented. A schematic of the piston and piston rings has been
added to help demonstrate their position in the profile. The position of the piston and the
piston rings on the following figures has been accurately determined using Solidworks
computer aided design software. This result refers to the fresh gasoline lubricant, Sample A,
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at 800rpm, 120°C mid-stroke probe temperature and at 22 bar peak cylinder pressure. It must
be noted that although a single profile of oil is observed across the piston ring pack, between
the piston rings the LIF signal will combine any lubricant on the piston lands and lubricant
on the cylinder wall (i.e. the optical window) since the technique istwo dimensional. For this
reason the focus of this research are the films observed under the piston ring, that is the
minimum oil film thickness (MOFT). Also the MOFT at the oil control ring (OCR) was
taken as the film experienced under the upper oil contral rail since the bottom flank of the
ring groove had an inherent chamfer which sometimes created a reservoir for local oil films
that saturated the film under the lower control ring making exact identification of the MOFT

under thisrail difficult.

During engine testing, it was found that operating at such high pressures did cause the
gasketsto fail prematurdy. Initially, the engine was sealed with silicone sealer to prevent the
oil contaminating the coolant and preventing coolant leaks. But since high compression
pressures were now possible, with the forced induction setup, silicone sealer was found to
burst at the interface between the shim and the barrel, causing a loss of cylinder pressure and
the coolant oil to aerate. As aresult, orange Hermetite Instant Gasket, used for cylinder head
sealing, was used with great success.

All LIF results obtained from the motored engine were averaged over 10 complete engine
cycles and the standard deviation was found to be 0.7 um at the piston rings. The standard
error was found to be 0.22 um over the 10 engine cycles. An explanation of this and further
data filtering is discussed in Chapter 7. Repeatability was aso tested by repeating

measurements and the results fell within the repeatability of theinitial measurements.

The intake stroke for the same engine operating conditions, Figure 4-18, has an almost
mirror image of the profile for the compression stroke, Figure 4-17. The compression stroke
does however show a dightly lower film under the second ring suggesting that the increase
in cylinder pressure, as the piston moves towards TDC, is pushing the ring harder against the
liner thereby squeezing the lubricant out from under the ring. However, since inter-ring gas
pressures were not recorded, this can only be assumed to be an effect on the lubricant film
thickness. Also, the Reynolds boundary condition predicts thicker films on the downstroke
than the upstroke part of the cycle as investigated by Richardson and Borman (Richardson
and Borman 1992).

In Figure 4-19 and Figure 4-20, a summary is presented of the effect of engine temperature

on the MOFT experienced at the piston rings at engine operating conditions of 800rpm speed
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and 22 bar peak cylinder pressure for all test lubricants during the compression stroke. The

first noticeable effect that becomes apparent is that regardless of [ubricant quality or
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Figure 4-19: Theeffect of lubricant temperatureon MOFT across the complete piston

ring pack for the MB gasoline lubricant samplesat 800 rpm and 22 bar pressure
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ring pack for the SwRI diesel lubricant sample at 800 rpm and 22 bar pressure
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Figure 4-21: Compression ring MOFT vs HTHS viscosity, 80 °C, 800 rpm and 22 bar
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Figure 4-22: Compression ring MOFT vs HTHS viscosity, 100 °C, 800 rpm and 22 bar
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Figure 4-23: Compression ring MOFT vs HTHS viscosity, 120 °C, 800 rpm and 22 bar
pressure
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lubricant type, the film thickness reduces across the complete ring pack as the temperature

increases. Thisis obviously caused by the lubricant viscosity decreasing with temperature.

Using the data from these resuilts, it was possible to calculate the instantaneous shear rate of
the lubricant and hence the instantaneous HTHS viscosity at the mid-stroke position and plot
this against the MOFT for the film thicknesses at the compression ring for each gasoline
lubricant. Results of the MOFT against the HTHS viscosity values at temperatures 80°C,
100°C and 120°C are presented as Figure 4-21, Figure 4-22 and Figure 4-23 respectively. We
can see that the viscosity of the gasoline type lubricants decrease by approximately 50%
between 80°C and 100°C whereas the decrease in viscosity between 100°C and 120°C is
much smaller. As aresult, we see alarger reduction in lubricant film thickness between 80°C
and 100°C. Sample C, which is the most degraded gasoline sample, tends to have a greater
film thickness than the Sample A, which is the fresh equivalent, see Figure 4-19. Sample C
has a greater HTHS viscosity than Sample A and this increase in viscosity is the reason why
the film thickness is larger. Sample B, the second most degraded gasoline sample, has very
similar profiles to Sample A and is consistent with the HTHS viscosity values being very
similar. It can be seen that up to 120°C, lubricant degradation is important especially under
the compression ring as it can be seen that thereis a clear indication that a degraded ubricant
presents thicker films under this ring but as temperatures increase above 120°C the effect
becomes negligible. The diesel lubricant, Sample D, (see Figure 4-20) almost immediately
experiences alower MOFT as the temperatures increase above 80°C, but after does not show
as much change as the gasoline lubricant did. Strangely, the diesel |ubricant was expected to
retain thicker piston ring lubricant films as temperature increased much better than the
gasoline lubricants since it is a SAE 40 monograde lubricant with a greater viscosity than the
gasoline lubricants, but instead it presented reduced films above 80°C. This actually
correlates well with the behaviour of Sample D observed in the HTHS viscosity results (see
Figure 4-11) as an increase in the test from 80°C to 100°C saw a greater decrease in the

viscosity than anything above 100°C.

The effect of cylinder peak pressure on the MOFT at the piston rings at 800 rpm and 120°C
mid-stroke temperature during the compression stroke is illustrated in Figure 4-24 for the
gasoline lubricants and in Figure 4-25 for the diesel lubricant. From Figure 4-24, it can be
seen that as the compression pressure is increased, the rings are pushed harder into the
cylinder liner and the film thickness is observed to reduce but only very dlightly. The
gasoline lubricant which is most degraded, Sample C, presents a larger film thickness across
the entire piston ring pack than Sample A throughout the test. Strangely, the diesdl lubricant

(see Figure 4-25) does not seem to be affected by the increase in the cylinder pressure as the
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films under the top two rings per pressure increase are small and similar. A possible causeis
that the higher viscosity of the lubricant, when compared to the gasoline lubricants, is

affecting the ail flow into and out of the ring pack. An opposite effect of the use of lower
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Figure 4-24: Theeffect of cylinder peak pressure on the piston ring pack MOFT for the
M B gasoline lubricant samples at 800 rpm and 120°C
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SwRI diesel lubricant sample at 800 rpm and 120°C



Implementation and Results of Testing on the Motored Engine 113

viscosity lubricants was that a thicker lubricant film has been measured at TDC in a diesd

engine (Moore 1985).
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The effect of engine speed on the MOFT at the piston rings at 16 bar peak cylinder pressure
and 100°C mid-stroke temperature is illustrated in Figure 4-26 for the gasoline lubricant
samples and in Figure 4-27 for the single diesal lubricant sample. It can be seen that as the
engine speed increases, the MOFT, especialy at the bottom two piston rings, increases. The
crankshaft speeds are greater and the rate of the oil squirt onto the liner, from the crankshaft
and connecting rod, will also be greater thereby contributing to the increase in oil availability
in the piston ring pack. The diesdl sample (see Figure 4-27) does present similar trends to the
gasoline lubricants when the engine speed increases. Additionally, the Reynolds boundary
condition predicts thicker films under the piston rings as the engine speed increases
(Richardson and Borman 1992). However, again the greater lubricant viscosity is affecting
the flow of the lubricant in and out of the ring pack and this could be the reason why the
diesal lubricant does not follow the trend as proficiently as the gasoline lubricants. However,
it must be stated that without measuring the oil flow rate through the ring pack
simultaneoudly, this can only be considered as a hypothesis. Admittedly, the small range in
engine speed does not provide much variation in the piston ring pack MOFT when
considering the influence of the lubricant degradation.
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Figure 4-28: Theinfluence of temperature and engine speed on Sample A lubricant
shear rateat 16 bar peak cylinder pressure

Since the film thickness is measured at the piston ring and from calculations of the piston
speed at mid-stroke, it is possible to determine the shear rate of the lubricant between the
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Figure 4-29: Theinfluence of temperature and engine speed on Sample C lubricant
shear rateat 16 bar peak cylinder pressure

piston ring and the cylinder wall. The shear rate as a function of temperature and speed for a
peak cylinder pressure of 16 bar is presented in Figure 4-28 for Sample A and Figure 4-29
for Sample C. Immediately it can be seen that the temperature is a major contributor to the
shear rate the lubricant experiences since the viscosity of the lubricant decreases with
temperature, which in turn minimises the film thickness at the piston ring for a given engine
speed. Since Sample C has alarger viscosity than the fresh Sample A, the overall maximum
shear rate for any given temperature or engine speed for the former is much less than Sample
A. It must also be noted that regardless of the fact that the shear rate for the fresh lubricant is
much greater than the degraded lubricant, permanent viscosity loss does not occur since
there is alack of energy to completely break the polymer bonds during operation (Mortier,
Fox et a. 2009). Additionally, as engine speed increases for a given temperature, the film
thickness is greater, as discussed earlier, and as a result the shear rate reduces with the

increasing film thickness.

441 End of test (EOT) components

During the first set of tests, a sudden large accumulation of lubricant occurred at the second
ring position. The cylinder head, barrel and liner of the engine were removed and upon
inspection it was found that the second piston ring was broken and this was replaced and

testing continued. No visible damage to the engine liner or the piston and the piston
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assembly was observed. This was aso a good time to investigate the engine and check for

any issues.

Photos of the engine liner were taken at the end of engine testing on the thrust side, Figure
4-30, and the anti-thrust side, Figure 4-31, of the liner. Again on both surfaces no visible
damage to the liner was observed, proving the LIF probing system caused no physical

damage to the natural operating condition of the engine.

The cylinder head was removed. It was observed that on the piston crown there was residue
from where the temperatures were high enough to cause the lighter compounds in the
lubricant to evaporate leaving the heavier compounds adhering to the piston crown. This can
be clearly seen in Figure 4-30, Figure 4-31 and Figure 4-32. Also, Figure 4-32, shows how
the probe deeve fitsinto the barrel to alow the probe optical examination without interfering

with the coolant jacket, which was a concern as mentioned in Chapter 3.

Figure4-30: Thrust side of cylinder liner at EOT

Figure4-31: Anti-thrust side of cylinder liner at EOT
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Figure 4-32: Cross section of engine without cylinder head showing the piston crown

deposits

45 Conclusions

A LIF system has been developed to investigate the piston ring to cylinder wall lubricant
film thickness for a range of engine operating conditions and also a wide range of engine
lubricants. The novelty in the system is that film thickness profiles of even degraded engine
lubricants can be investigated with very good spatia resolution. The results were obtained
from a motored gasoline engine and the following conclusions can be drawn:

the LIF system is universa in that lubricant film thickness profiles of different

types of engine lubricants with varying degradation and viscosity grades can be
Investigated.

the lubricant film thickness profiles of the intake and compression strokes were
amost identical in shape. The compression stroke did however, present lower
film thickness under the piston rings due to the increase in cylinder pressure as
the piston came towards TDC.
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increasing the mid-stroke, and hence lubricant, temperatures saw the lubricant
viscosity decrease, which in turn reduced the MOFT at the piston rings. This was
true regardless of lubricant type, grade or even quality in terms of degradation

phase.

a reduction in cylinder peak pressure reduces the overall effectiveness of the

piston ring sealing of the top two rings and increased the MOFT at the ring pack.

more lubricant is available on the cylinder liner and hence the piston ring pack,
since a greater rate of oil throw from the crankshaft and connecting rod occurs at

higher speeds, thereby increasing the piston ring MOFT.

HTHS viscosity results correlated very well with the lubricant profiles and the
MOFT values. It was also found that an increase in engine speed reduced the
lubricant shear rate since the film thickness increased but an increase in mid-
stroke temperatures had the an opposite effect and the lubricant shear rate

increased for any given engine speed.

the shear rate of the degraded lubricants, which had a greater increase in
viscosity, were generally found to present lower shear rates regardless of engine

operating condition than an equivalent fresh lubricant of alower viscosity.

generally, a fresh gasoline engine lubricant was seen to have a lower MOFT
under the top two piston rings than an equivalent degraded |ubricant regardless of

engine operating condition.



Chapter 5 Development and Testing of aLIF System
on a Ricardo Hydra Fired Test Engine

The LIF system had been implemented successfully on the motored engine and much of the
initial development problems had been resolved. It was now time to move on to the fired
Hydra engine work to confirm some of the initial motored engine results and to test the

system at higher engine speeds and loads.

A complete move of the LIF system to the Hydra engine was made and to facilitate this,
additional parts had to be designed and machined. All bench mounted optics were
transferrable, but new components were required for fitting to the engine. The design
strategy followed the success of the system on the motored engine with a new probe deeve
being machined. A spare unfinished Hydra barrel was available and this was machined to

accommodate the new probe sleeve and hence, the LIF collimator probe.

The engine lubricants acquired from Mercedes Benz and used for testing purposes in Chapter
4, were also used as test lubricants in the Hydra engine. Engine testing included the effects
of engine speed and load. These results are presented and discussed in this chapter.

51 Ricardo Hydra gasoline single cylinder engine

The Ricardo Hydra is a gasoline single cylinder engine designed primarily for research
purposes by Ricardo Consulting Engineers Limited. This engine has aready been proven to
be a successful engine for tribology research and many publications have been drawn from
it, such as (Stark, Wilkinson et a. 2004; Mufti and Priest 2005; Lee, Priest et al. 2006; M ufti,
Priest et al. 2006; Mufti and Priest 2009). It isa naturally aspirated gasoline indirect injected
engine based on a quarter of a commercially available 1998 cc in-line 4 cylinder General
Motors engine introduced in 1988. The engine uses a production piston (AE reference
24024) and an equivalent production piston ring pack set (AE reference R23490). It was
equipped with a single 86 mm bore wet liner housed in a barrel alowing for liquid cooling.
The parent engine had a metal bore and no separate cylinder liner. As a result, the cylinder

liner for this engine was turned from cast iron and machined in-house. The stroke length was
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86 mm and the compression ratio in this configuration was 10.5:1 with a displacement of
499.5 cc. The engine has dual overhead camshafts and had four valves per cylinder; two inlet
valves and two exhaust valves. The flywheel is directly connected to a dynamometer which
can provide motoring operation and absorb torque under fired conditions. It can be operated
fired up to 5000 rpm, which was software limited, and with a maximum torque output of 36
Nm. The engine uses a dual lubricant supply such that the crankshaft and the piston
assembly can be lubricated with a separate lubricant to the valvetrain. This allows high
quality lubricant to lubricate the valvetrain whilst simpler formulations for test purposes can
used to lubricate the bottom end without causing premature wear of the valvetrain. The
cylinder liner is lubricated via a splash feed from the crankshaft rotation coupled with a
connecting rod squirt action. This cylinder liner lubricant supply setup is exact to the parent
engine system. A CP Engineering control system, using Cadet V14 software, was used to
electronically control the engine and the dynamometer in terms of ignition advance, injection
squirt rates, desired engine speed and load. A Horiba Automotive Emissions Analyser,
model MEXA-554JE, was used to analyse the exhaust emissions and determine whether the
charge mixture is stoichiometric, and provide quantitative information on the CO, CO, and
the unburnt hydrocarbons. The CP Engineering control system is defined further in Chapter
7 and the Ricardo Hydra engine specifications are presented in Appendix G.

52 | mplementation of the L1F system on the Hydra

5.2.1 Design and manufacture of Hydra barrel

The use of the probe deeve to alow the collimator probe to be removed from the engine and
be sealed from the coolant jacket was a successful design idea that was used on the motored

engine. A smilar deeve was aso required for the Hydra engine.

The Hydra engine was equipped with a barrel that accepted a single wet cylinder liner and
retained coolant that flowed in and out of the barrel, for heat removal, similar to the barrel on
the motored engine. The barrel was an original specification made from cast iron. A spare
unfinished barrel was available at the start of this project which was machined from mild
steel and it was decided to use this as a means to provide optical access to the liner. This
barrel required drilling and tapping to accept the cylinder head bolts, and also required the

coolant drain and supply holesfor the cylinder head.

Since there was a spare square barrel available, it was decided that any machining of the

barrel should take into account the possibility of expanding the current single point LIF
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probe in the future to a multipoint system with additional probes. It was also desirable to
have a system where the probe could be removed from the engine and to have a barrel that
could be easily instrumented without the need for a tedious engine disassembly. The design
of the Hydra engine restricts any access to the front of the barrel, because of the timing belt,
but there is access to the barrel on the left (thrust side), right (anti-thrust side) and back
(flywheel side) of the engine. It was decided to remove sections from these three sides of the
barrel to alow access to the cylinder liner in the centre. The illustration in Figure 5-1 shows
the modified Hydra barrel. The sections coloured in green are the sections that were
machined and removed for access to the cylinder liner, which was positioned in the orange
section. The blue face on top is the face the cylinder head fixes to with a gasket in-between.

Cylinder liner is seated
on thislip in the barrel

Open sections closed
off with plates

Figure5-1: Illustration of modified Hydra barrel

By opening the side sections on the barrel, an improvement to the access of the externa
surface of the cylinder liner was made. This in turn improved liner instrumentation
installation and eased the routing for any liner oil sampling pipes. Each side section required
a 10 mm thick mild steel plate slightly larger than the open section to cap off the section and
contain the coolant. Each plate was held in place with an array of M5 screws. To prevent

coolant leaks, paper gaskets were placed between these plates and the barrel. An additional
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benefit of using plates, was that should there be a need to instrument the barrel with other
sensors or even sampling tubes, the plate could be changed and no further modifications to
the barrel would be required. This has a greater advantage over the original cast iron barrel
whereby any modifications for the instalation of instrumentation devices would be

permanent.

Theorigina barrel has the coolant intake on the thrust side and the coolant outlet on the anti-
thrust side of the cylinder head. Since it was desired to have the LIF probe on the thrust side,
a barbed hose tail was turned from mild steel and welded on the plate on the flywheel side to

accept the coolant pipe allowing coolant to enter the barrel from this side, Figure 5-2.

Coolant intake hose
tail welded on plate

Modified barrel
on Hydra engine

......

Capping plate

Figure5-2: A picture of the coolant intake re-positioned on the engine flywheel side

Similar to the system implemented on the motored engine, a liner with a thicker wall was
machined and used to help improve the fixing of the window and the probe deeve to the
liner. The liner had a wall thickness of 9.5 mm as opposed to the original 5.0 mm. The
thicker wall of the liner was only present from just below the TDC and extended to just
below the mid-stroke position. The larger wall thickness meant that it was not physically
possible for the liner to fit into the bore of the barrel since the extra materia interfered with

the lip at the top of the barrel, which seats the liner in the barrel, and can be seen in Figure
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5-1. So, it was decided to remove the extra wall thickness of the liner, but retain it at the
probe position. Since future expansion was the focus, the material was retained at three
sections circumferentially around the liner, at the thrust, anti-thrust and flywheel side of the
engine, Figure 5-3. These sections were at 90° to each other and were machined flat.
Consequently, three sections from the barrel lip at the same positions were also removed to
alow this liner to be inserted. This alowed the liner to be inserted and aligned correctly
every time during subsequent engine disassembly and assembly, since the liner could only be

inserted in one way.

A probe seeve was machined from aluminium, similar to the sleeve as desighed and
manufactured for the motored engine. This sleeve was fitted from the outside and attached to
the plate on the thrust side. The setup, complete with the liner in the barrel and the probe
sleeve attached, can be seen in the illugtration in Figure 5-4. A groove in the bottom of the
sleeve held an o-ring between the deeve and the liner to seal the deeve and the window from
the coolant, as can be seen in the schematic in Figure 5-5. The probe position was at mid-
stroke and on the thrust side to remain consistent with the setup on the motored engine. The
same sapphire window, as used in the motored engine, was al'so mounted in the cylinder liner
for the Hydra engine. The same practice of colouring the window seating black, as for the
motored engine in Chapter 4, was aso implemented on this liner.

Sapphire window
position

Anti-thrust sde —»

Thrust side. LIF
probe position at
mid-stroke

Flywheel side

Figure5-3: Modified cylinder liner with extra material at 3 locations
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Figure5-4: Thetop view of the barrel completewith liner and probe seeve
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Sapphire Probe sleeve inserted here
window

Figure5-5: A cross sectional view of the interface between theliner and the probe
Sleeve
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5.2.2 Cylinder liner thermocouples and mid-str oke sampling tube

As in the motored engine, three thermocouples were located in the cylinder liner to measure
the temperature distribution. The data obtained from these was used in the calibration of the
LIF signal from the test lubricant. Three blind holes of 2 mm diameter were drilled into the
outside surface of the liner approximately to a depth of 1 mm below the running surface on
the thrust side. A hole was drilled at near TDC, mid-stroke and BDC. K-type thermocouple
wire was used and held in position with epoxy glue. All three thermocouple wires were taken
outside the engine through the same capping plate as used for the LIF probe sleeve. The
thermocouples and probe sleeve were sealed with silicone sealant to prevent coolant leaks.
These thermocouple wires were then wired into National Instruments hardware for data

acquisition as described in Chapter 7.

Since the range of temperatures at the mid-stroke position for the probe for the Hydra engine
was unknown, it was decided to first measure and record the temperatures for various engine
speeds and loads. The engine was stabilised at each test condition for an hour and at an air
fuel ratio (AFR) of 14.7:1. Thistemperature datais shown in a graph as Figure 5-6.

To sample lubricant from the mid-stroke for post test analysis, a sample hole of 0.5 mm was
drilled into the cylinder liner at this position. This hole was opened up to accept a M3 screw
thread so that a hose tail fitting could be inserted that could accept a sample tube. A
Polytetrafluoroethylene (PTFE) sample tube of 1.5 mm inner diameter was used and this was
fitted over the hose tail. For additional sealing ability, silicone sealer was applied liberally on
the fitting. The tube exited the barrel to the outside through a combination of brass fittings
mounted on the same plate as used for the thermocouples and the probe sleeve, Figure 5-7.
The tube passed through to a vial where the sample was collected and any blow-by gases that
had passed through the tube were extracted from the vial and exhausted. During testing, it
was possible to collect approximately 20 ml of sample every 8 hours and a faster rate of
collection was observed at the higher engine speeds. It was found during testing that the
sample tube would come loose and the sample began to contaminate the coolant, since the
tube passed through the water jacket, and it was often required to reseal the tube. It was
found that orange Hermetite instant gasket sealer was best to seal the tube on the hose tail of
the fitting in the liner but for additional strength a small metal piece was crimped over the
tube end to secure it to the hose tail fitting. This modification worked well with no

contamination of engine coolant.
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Figure 5-6: Mid-stroke liner temperaturesfor various engine speeds and loads

Coolant
intake

Liner thermocouple wires Mid-stroke oil sampling tube Probe sleeve

Figure5-7: Mid-stroke sampling tube and thermocouple wireson the thrust side asthe
probe
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5.2.3 Pistonringsand running-in

Prior to any engine testing, a new piston complete with the same piston ring pack as used on
the motored engine and described in section 4.1.3, was run-in against the new cylinder liner
which had the window inserted. Running-in took place with a fresh fully formulated
lubricant of SAE 5W30 grade. The running-in procedure used is detailed in Table 5-1.

Test Number Speed (rpm) Load (% of max)  Test Period (hours)

1 1500 50 6
2 2000 50 6
3 2000 100 10

Table 5-1: Running-in test procedure
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Figure5-8: Piston ring profiles before enginerun-in
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Figure5-9: Piston ring profilesafter enginerun-in

The piston was removed from the engine and surface profile scans were taken of the piston
ring pack before and after engine run-in. The piston rings show some wear has occurred
during engine run-in when comparing the profiles from before testing, Figure 5-8, and after
testing, Figure 5-9. The rings were measured at the same three locations as for the motored
engine in Section 4.4.1. The barrel shaped top ring has a flat wear profile on the face which
has run-in against the liner. The second ring also has some wear just on the tip of the bottom
edge of the ring. The two rails, upper and lower, of the oil control ring appear to have

become more barrel shaped and the profile is much smoother with less peaks and valleys.

A 3D profile analysis of the window in the liner was taken, Figure 5-10. A 16 mm? area scan
of the window in the liner was taken with a profile measurement taken approximately every

0.001 mm in the direction of piston motion and a spacing of 0.075 mm in the circumferential
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direction. It can be seen from the 3D scan, that the window surface was flush and level with
the surface of the liner after engine run-in. A single 2D scan was extracted from the 3D scan,
Figure 5-10, in the direction of the piston motion (A), Figure 5-11, and the circumferential
direction (B), Figure 5-12. Both single profile scans show that the window was flush to the
running surface of the liner in al directions at the centre point. This wasidea since the laser
emission was at the centre point. Additionally the window surface caused no damage to the
liner or the piston ring as can be confirmed in the piston ring profiles before, Figure 5-8, and

after run-in, Figure 5-9, and also in the EOT pictures of the liner and piston in alater section.

Towards TDC 22

X =4 021244 mm
Y =3975mm
Z = 66.169998 um

Figure5-10: A 3D scan of the Hydra liner shows the window isflush with therunning

surface

5.24 Enginelubricant samples

The same gasoline lubricant samples as used in the motored engine for testing, Sample A
(fresh lubricant), Sample B (MB medium sized car) and Sample C (MB sports car), were
used in the Hydra engine for testing purposes. The monograde diesel lubricant, Sample D as



Development and Testing of a LIF System on a Ricardo Hydra Fired Test Engine 130

pm

Figure5-11: A 2D profile scan of the window in theliner in the direction of the piston

motion
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Figure5-12: A 2D profile scan of thewindow in theliner in the circumferential
direction

used in the motored engine, was not used in the Hydra engine because there were concerns
that this lubricant would provide inadequate component protection during fired engine

operation.

5.3 Testing and test matrix

Three lubricant samples were used on the Hydra engine to investigate the influence of
lubricant degradation on the minimum lubricant film thickness experienced by the piston
ring. The lubricants were tested at four different engine speeds, 1000 rpm, 2000 rpm, 3000
rpm and 4000 rpm and three different engine loads of 0% (motored), 50% and 100% of
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maximum torque. The engine was operated under fired conditions at an AFR of 14.7:1. The
AFR was measured from the exhaust gases using a Horiba MEXA-554JE Automotive

Emission Analyser.

Once the engine was at the test operating condition, it was run for 30 minutes to ensure the
engine was stabilised before the data acquisition commenced. A ‘snapshot’ of the piston ring
oil film thickness profiles was taken once the engine was stabilised. To check for
repeatability, a random selection of test conditions was repeated. Once the test matrix was
completed for one lubricant the next test lubricant was employed after a double lubricant
flush and drain. This was similar to the method employed on the motored engine with a new

oil filter used at each lubricant drain.

The test matrix used for the fresh lubricant, Sample A, is presented in Table 5-2. A similar
test matrix was used for the two other [ubricant samples; Sample B and Sample C.

Speed (rpm) 1000 2000 3000 4000
Test Number 1 2 3 4
Load (% of max. torque) 0 0 0 0
Test Oil Sample A Sample A Sample A Sample A
Speed (rpm) 1000 2000 3000 4000
Test Number 5 6 7 8
Load (% of max. torque) 50 50 50 50
Test Oil Sample A Sample A Sample A Sample A
Speed (rpm) 1000 2000 3000 4000
Test Number 9 10 11 12
Load (% of max. torque) 100 100 100 100
Test Oil Sample A Sample A Sample A Sample A

Table 5-2: Hydra engine test matrix for test lubricant Sample A
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With the addition of two extra strokes, the power and exhaust strokes, it was now possible to
observe the variation of the lubricant film thickness profiles across a complete 4 stroke
gasoline engine cycle. The profiles presented in Figure 5-13 refers to the result obtained with
the engine operating on the fresh lubricant, Sample A, at 1000 rpm and firing at 50% load.
The position of the piston rings and the piston direction are superimposed on the figure. The
position of the piston and the piston rings on the following figures has been accurately
determined using Solidworks computer aided design software. Almost immediately from the
profile traces, it can be seen that the piston direction greatly influences the complete ail film
thickness profile. The profile between the piston downstrokes is clearly different to the
profile on the piston upstrokes. The skirt profiles are interesting too. The cylinder pressure of
the compression and power strokes is greater than the cylinder pressures of the inlet and
exhaust and as a result a lower film thickness profile is measured on the skirt. It is however
difficult to conclude whether the film measured here or even between the piston rings, on the
lands, corresponds to the film between the piston and the cylinder liner since the techniqueis
two dimensional and only strengthens the viewpoint of just using the piston ring MOFT

results.

It must be noted at this point that the results were averaged over 50 complete engine cycles
and the standard deviation was found to be 0.7 um at the piston rings. The standard error was
found to be an impressive 0.10 um over the 50 engine cycles, with an explanation of this
provided in Chapter 7. Repeatability was also established by repeating random test
conditions and the results fell within the repeatability of the initial measurements. Due to the
scale of the following results, the error of 0.1 pm is not displayed on the figures. Also all

temperature recordings here were at the mid-stroke probe position.

Figure 5-14 displays the piston ring MOFT results when the engine is operating at a motored
speed of 1000 rpm. The mid-stroke temperature was measured to be 30 °C during steady
operating conditions. Figure 5-15 displays the piston ring MOFT results of Figure 5-13
where the engine was operating fired at 1000 rpm and 50% load. The mid-stroke temperature
was measured here to be 60 °C. By comparing the two figures, Figure 5-14 and Figure 5-15,
it can be seen that the firing action does reduce the MOFT experienced by the piston ring
pack substantially. This is expected since the cylinder pressures during the latter would
contribute to the lower films along with the increase in cylinder temperatures as combustion
takes place. The same was observed for a combination of different engine speeds and
operating conditions. The films measured at the compression ring for the compression and

exhaust stroke remain consistently small whether the engineis firing or motoring.
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It is now possible to observe the difference between the upstroke and downstroke on the
piston ring MOFT. The lubricant films during the upstrokes are generaly thinner than the
lubricant films during the downstrokes and this is fairly evident regardiess of whether the
engineisfiring or motoring. The second ring is of a Napier type ring and this performs at its
best at scraping excess lubricant from the cylinder wall on the downstroke. As a result,
during firing operation on the downstroke there is an accumulation of lubricant at the inlet to
the second ring and hence a larger film thickness is observed here on the inlet and power
strokes than either the compression or the exhaust strokes. In fact, on the upstrokes, the films
observed at the second ring are similar to those at the compression ring. Here lubricant
starvation is occurring because as the piston moves upwards towards TDC, the lubricant
supply offered to the second ring is that from the compression ring which, was originally
starved, and hence the second ring is starved of lubricant also. The top compression ring
continues to remain operating in a starved condition throughout the compl ete engine cycle at
thistest condition.

In terms of investigating the effect of lubricant degradation across the complete engine cycle,
during motored operation, the films for the fresh lubricant, Sample A, present lower films
when compared to the most degraded lubricant, Sample C. However, under fired conditions
Sample A presents a thicker film under the ring pack than the degraded samples during the
inlet and power strokes. Sample A has the lower HTHS viscosity value than any of the other
degraded lubricants and the lower lubricant viscosity is possibly alowing for a better
lubricant flow into the ring pack, hence a greater film is observed at the scraper and ail
control rings. However, as mentioned earlier, since the lubricant flow is not directly
measured, this can only be assumed. However, the compression ring profiles are similar in

thickness regardless of the quality of the lubricant or the stroke.

The piston ring MOFT results presented in Figure 5-16 show the effect of increasing the
engine speed at maximum load. Since there was a lack of substantial variation between the
two downstrokes; the intake and power stroke and also between the two upstrokes; the
compression and exhaust stroke, only the compression and power stroke data is presented. It
can be seen from the figure that as the engine speed is increased, a greater film thicknessis
generally experienced across the piston ring pack. As the engine speed increases, the
crankshaft rotational speed increases and the rate of lubricant throw from the crankshaft
bearings and the connecting rod is greater. Additionally, there is al'so a greater rate of piston
inertial, gas effects and ring pumping. A combination of these would result to more lubricant
available on the cylinder wall for lubrication and hence thicker films under the rings. So, itis

acceptable to state that at the lower engine speeds, oil availability iscritical.
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The film thickness increases as the engine speed increases on the compression stroke
whereas on the power stroke thereisareversa in thistrend at 4000 rpm. It is not known why
exactly this occurs, other than the increase in chamber pressures has contributed to a lower

lubricant viscosity and hence alower piston ring MOFT. However, as the speed increases the
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influence of the lubricant degradation becomes more apparent. The most degraded lubricant,
Sample C, shows consistently higher film thickness profiles as the speed increases. Here the
HTHS viscosity of the lubricant is appreciably more and therefore it is acceptable to state
that at the higher engine speeds, the lubricant viscosity and hence lubricant degradation is
more dominant. Sample B, being of asimilar HTHS viscosity as Sample A, is aso showing
less difference at the highest test engine speed emphasising the fact that the viscosity of the

[ubricant is more dominant at the higher engine speeds.

Using the HTHS viscosity data measured for each test lubricant (See Section 4.2.2), it was
possible to plot results of the instantaneous measured piston ring MOFT against the
instantaneous HTHS viscosity value. The results of the test condition at 4000 rpm and 100 %
load for the compression, scraper and oil control rings is presented as Figure 5-17, Figure
5-18 and Figure 5-19 respectively. The shear rate was determined based on the measured
MOFT and the mean piston speed a mid-stroke and this was used to estimate the
instantaneous HTHS viscosity value using linear interpolation of the measured HTHS
viscosity results. This test condition was chosen since the mid-stroke liner temperature, 95
°C, was the closest to the measured HTHS viscosity temperature of 100 °C. It can be seen
from the results, that there is very good correlation between the measured piston ring MOFT
and the HTHS viscosity value. Generally, the higher HTHS viscosity lubricant, Sample C, is
presented the greatest film thickness than either Sample A or B at the rings, which is
regardless of test engine stroke.

The data presented in Figure 5-20 shows the influence of increasing the engine load on the
piston ring MOFT during the power stroke at 1000 and 3000 rpm. It can be seen that as the
torque output is increased, cylinder temperatures increase along with a greater reduction in
the film thickness than experienced with a decrease in engine speed alone. Also, as the fired
engine speed increases the film thickness increases and this increase is not reduced as the
load increases. As the motored engine speed increases, the film thickness for Sample A
increases across the entire ring pack as expected. But, the results for Sample B and C do not
lie on the same trend and produce thinner films at the bottom two rings as the speed changes.
Additionally, the influence of lubricant degradation only becomes apparent at higher engine
speeds and the maximum loads as otherwise the highly degraded Sample C provides smaller
films across the entire ring pack than the fresh Sample A. This suggests that at the
extremities, high temperature and high cylinder (pressure) loading, and high engine speeds,

the lubricant viscosity is dominant.



Development and Testing of a LIF System on a Ricardo Hydra Fired Test Engine 139

POWER STROKE
1000 rpm, no load, 30 °C 3000 rpm, no load, 45 °C
mid-stroke temperature mid-stroke temperature
80 A
z 70 .
360 b
= 50 1 436 24738
% 40 ) 32.2
30 4 251
" ] s 18.5 21.6
10.3 -
10 4
0
Compression Scraperring Upper rail Compression Scraperring Upper rail
ring OCR ring OCR
1000 rpm, 50% load, 60 °C 3000 rpm, 50% load, 85 °C
mid-stroke temperature mid-stroke temperature
80 - 80 -
- 70 =70 -
E. 60 | 5 60 |
=50 =50

] 22.0 22.0
| - 7.65.7 9.7 10.0
Compression Scraperring Upper rail Compression Scraperring Upper rail
ring OCR ring OCR
1000 rpm, 100% load, 65 °C 3000 rpm, 100% load, 90 °C
mid-stroke temperature mid-stroke temperature
80 80
=70 - £ 70 -
3 60 - 360 -
E 50 - E 50 -
= 40 = 40 -
=0 il 170100200 20.012.0240
20 - 20 - 14.0 17.010.0
10 - 6.05.04.0 10 - 2570
051.005 3-03.015 .
04— s 0 -
Compression Scraperring Upper rail Compression Scraperring Upper rail
ring OCR ring OCR

A: MB Fresh B: MB Med car | C: MB sport car

Figure 5-20: Theeffect of engineload on piston ring MOFT at engine speeds of 1000
and 3000 rpm



Development and Testing of aLIF System on a Ricardo Hydra Fired Test Engine 140

The shear rate as a function of engine speed and load for Sample A during the compression

and power strokesis displayed in Figure 5 21 and Figure 5 23 respectively and for Sample C
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shear rate during the compression stroke
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for the two strokes in Figure 5-22 and Figure 5-24. Thereis alarge variation in the shear rate
regardless of engine speed or load between the two strokes. Due to the smaller films

measured during the compression stroke and together with high piston diding speeds, the
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shear rate begins to become much greater than those experienced during the power stroke.
Thisistrue for al lubricants tested. This shows the lubricant undergoes a cyclical variation
in shearing during operation at a constant engine speed or load. In terms of the influence of
lubricant degradation on the outcome of the lubricant shearing, the greater HTHS viscosity
of Sample C is proving beneficia since a larger film is retained under the ring at higher
engine speeds and loads which in turn experiences a lower shear rate than the fresh Sample
A. It must be noted at this point, that the duration and high shear rates are till not enough to
completely deform the polymer bonds and cause permanent viscosity loss (Mortier, Fox et
al. 2009).
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Figure5-25: FTIR spectra of lubricant Sample C; before engine testing, mid-stroke and

sump samples

It was proposed to extract [ubricant samples from the mid-stroke position and provision was
made (see Figure 5-7). However, during firing operation a beige sample was beginning to
collect in the vial which was found to be an emulsion of water in oil, due to the combustion
process, and as a result no sample collected from the mid-stroke was used for post analysis.
Although this sample appeared to have an increase in the carbonyl oxidation when compared
to the sump sample, as can be seen from the FTIR spectra presented as Figure 5-25, the
excess water rendered the sample useless for fluorescence calibration. It was believed that

water was extracted from the liner as a vapour down the tube and carried with the blow-by
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and oil mist, and condensed in the vial. However, since there was no triggering of sample
collection from this point as the piston passed and was continually sampling during engine
operation, what would be collected could be regarded as being none representative of piston
mid-stroke lubricant sample. As a result, samples were extracted from the sump after each
test condition and used for calibration purposes to help provide information on the film

thicknesses for that particular test condition.

During firing, noise was being recorded by the PMT during the start of the ignition pulse for
the excitation for the spark plug, see Figure 5-26. The noise was, however, only small with a
maximum peak signal voltage output of approximately 6 mV and only lasted approximately
2 ms every ignition cycle. The noise did not affect the results of the fluorescence intensities,
since the value was small and was removed by the post filtering process. It has been included

here for compl eteness.

PMT signal output
Noise at the start of

theignition pulse

imehas 800

10.0

Figure 5-26: Spark plug noise at the start of ignition as observed on the oscilloscope

541 EOT components

Photos of the engine cylinder liner were taken after the LIF engine testing was completed. A
picture of the thrust, Figure 5-27, and anti-thrust, Figure 5-29, side of the cylinder liner was
taken. Both images show some light deposits around the TDC just above top ring reversal
position. Bath sides of the liner show some introduction of medium deposits adhering to the

surface. Thereis aso alight varnish colour to the liner, which is present along the full length
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of the bore. The thrust side of the piston shows some light - medium deposits on the top two
lands, Figure 5-28, whereas the anti-thrust side shows only very light deposits and a varnish
appearance, Figure 5-30. The images correspond well to the cylinder liner EOT images
which show similar light deposits above the top ring reversal. The piston did not contain any
excessive carbon deposits within the ring grooves and the rings were not stuck in position

when the piston was removed from the cylinder liner.

Light -
medium
deposits

Figure5-28: Thrust side of EOT piston
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Figure5-29: Anti-thrust side of EOT cylinder liner

Light
deposits <
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Figure5-30: Anti-thrust side of EOT piston

As a fina observation, an optical prism was placed on the liner surface just above the
sapphire window. This allowed a clear high resolution picture to be taken of the window, the
sample hole and the surrounding area, Figure 5-31. It can be clearly seen that the cross hatch

honing pattern of the liner is still present and no damage or polishing to the liner has
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occurred around the window and the sample hole. It is therefore safe to assume that the

window and the sample hole did not affect the natural operating condition of the engine.

Figure5-31: Theuse of a prism to observe the area around the window in the liner

55 Conclusions

The LIF system has been developed further in a fired gasoline engine to investigate the
influence of lubricant degradation on the piston ring to cylinder wall lubricant film thickness.
A wide range of operating conditions were tested with a selection of degraded lubricants as
used on the motored engine. The results were obtained from the Ricardo Hydra gasoline

engine and the following conclusions can be drawn:

The film thickness of a degraded lubricant can still be measured even during fired

engine operation with results that have very good spatial resolution.

An instantaneous lubricant scan of al four engine strokes showed that there is a
difference between the measured lubricant film thicknesses which depends on the
direction of the piston motion and it was found that the ring profiles were the main
cause of this. This was different to the two stroke profiles taken from the motored

engine which were almost mirror images of each other.
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Thinner lubricant films were observed on the compression and the exhaust strokes
for the top two rings than for the intake and power strokes. This occurs during both
firing and motoring operation. It is believed lubricant starvation is occurring as the
piston moves upwards towards TDC since the lubricant supply offered to the second
ring is that from the compression ring which, was originally starved, and hence the

second ring was starved of [ubricant also.

The introduction of firing, and hence increased cylinder pressure and temperature,
reduces the film thickness of the lubricant under the rings. A continuous increase in
engine loading reduces the film thickness further regardiess of engine speed. A
similar effect was observed on the motored engine where an increase in the cylinder
pressure reduced the piston ring MOFT.

At the slower engine speeds, the rate of lubricant throw from the crankshaft and the
connecting rod is much less than at higher speeds. As a result, at dower engine
speeds the availability of lubricant is less and hence the film thickness in the ring
pack is smaller. However, as the engine speed increases a greater availability of
lubricant on the cylinder liner contributes to a higher film thickness. Additionaly,
there is a greater rate of inertial, gas effects and ring pumping which would
contribute to more lubricant availability in the piston ring pack. This is true

regardless of lubricant quality.

At the higher engine speeds, the high temperature high shear rate viscosity of the
lubricant, was found to be more dominant in influencing the extent of thicker piston
ring MOFT than the engine speed. This was also true for the results obtained from

the motored engine.

Due to the change in the lubricant film thickness per engine stroke, it was found that
the lubricant shear rate aso changes even during constant engine operation. In the
compression stroke, an excessive amount of shearing was found to occur at high
engine speeds and loads.

Generaly, the HTHS viscosity values of the test lubricants correlated well with the
measured piston ring MOFT. Again this was true for the results obtained from the

motored engine.



Chapter 6 Piston Ring Pack Lubricant Residence
Times and the Influence of Top Ring Zone
Sampling on Piston Ring Lubricant Film

Thickness

The flow of the lubricant has been shown to be highly influential on the gas flow and the
piston inertial effectsin an operating engine, as discussed in Chapter 2. The lubricant in the
piston ring pack is more degraded than the lubricant in the sump since it interacts with the
combustion gases and experiences higher temperatures and pressures. Additionaly, the
lubricant in the ring pack is of a much smaller volume than the bulk lubricant in the sump.
The lubricant residence time is therefore important in determining the flow of lubricant
through the ring pack and the replenishment of the lubricant in the ring pack, which both
govern the extent to which the lubricant in the sump becomes degraded (Y asutomi, Maeda et
a. 1981a; Lee, Stark et al. 2004).

In previous chapters, the lubricant film thickness was measured using a laser induced
fluorescence technique. Since the technique examines the fluorescence intensity, it is
possible to further the method to investigate the lubricant flow through the ring pack. This
technique was applied to the Ricardo Hydra engine and compared to previous ring pack

residence time results by other researchers.

A twin switchable sump system was setup that allowed the lubricant supply to the crankshaft
bearings and the piston assembly to be changed during engine operation. By using two
lubricant sumps with one of the lubricants doped with fluorescent dye, it was possible to
measure the time required for the new lubricant to displace the old lubricant in the interface
between the ring pack and the cylinder wall when the supply was changed over. Two fresh
lubricants with different viscosities were tested and the results are presented and discussed in

this chapter.

Additionally, lubricant has been sampled from the piston top ring zone in the past and it was

not entirely certain the extent to which sampling lubricant in this manner affected the
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digtribution of the lubricant in the ring pack, if at al. An investigation into this was made
with the LIF technique and is also discussed in this chapter.

6.1 Previous Studies of Piston Ring Pack Residence Time

Both Stark et a. (Stark, Gamble et a. 2005) and L ee (L ee 2006) measured the residence time
of the lubricant in the ring pack of the Hydra engine using lubricant which had a certain
concentration a hydrocarbon marker. By sampling lubricant from the top ring zone (TRZ) at
the same time, it was possible to determine the ring pack residence time by analysing the
concentration of the marker in the TRZ lubricant samples. Stark et al. used 2 litres of
[ubricant which was mixed with a hexadecane marker at 5% concentration (v/v) and after the
engine was operating stably for 30 minutes, a further 2 litres of test lubricant containing 5%
hexadecane (v/v) and 5% octadecane was added. The test lubricant used was Shell Extra
High Viscosity (XHV1) 8.2 base lubricant. Lubricant samples were extracted from the TRZ
over a 90 minute period at an increasing sample collection interval from 5 seconds to 10
minutes. By comparing the hexadecane marker to the octadecane marker in the TRZ sample,
it was possible to express the octadecane marker as a percentage of the 5% concentration in
the sump. The marker in the TRZ sample was compared to the marker in the sump sample.
Knowing the time between sample extractions, it was possible to provide an estimate for the
ring pack residence time, which is the time required to displace the degraded lubricant
volume in the piston ring pack with an equivalent volume from the sump. The marker
concentration in the samples was measured using gas chromatography (GC) and those
markers were chosen since they could be detected by GC in very small quantities in a
lubricant and are less prone to oxidation than the base lubricant, since they contain no
tertiary C-H bonds (Mortier, Fox et al. 2009).

This approach of monitoring a marker in the lubricant has been tried and tested before.
Saville et a. (Saville, Gainey et al. 1988) monitored a marker in the lubricant to measure the
residence time in a Caterpillar single cylinder diesel engine and found a time period of 3
minutes at an engine speed of 1200 rpm. Stark et al. measured the residence time of the
lubricant for the Ricardo Hydra engine operating at 1500 rpm and 50% load to be 60 seconds
(* 15 seconds). Thisis 3 times faster than the result obtained on the diesel engine. Stark et al.
suggested that the difference could be caused by the smaller lubricant volume in the ring
pack area when compared to the larger piston of the diesel engine and al so the fact that diesel
engines operate at higher compression pressures making lubricant flow through the ring pack
more difficult (Stark, Gamble et al. 2005). Lee (Lee 2006) followed the same approach as
Stark et a. on the Hydra engine with the same test lubricant and marker but tested over a
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wider range of engine speeds, loads and lubricants, and measured residence time of the order
of minutes on the same engine. His results are summarised in Table 6-1. Results from the
method include the residence time of the lubricant sample in the TRZ tube and it is believed
that a longer tube length would reduce the sample collection rate in the bottle and increase
the estimate of the ring pack residence time. But, since the sample residence time in the tube
was not measured, this can only be hypothesised. As a result this method is considered an

indirect approach to measuring the piston ring pack residence time.

Engine Speed (rpm)

1000 1500 | 2000
o o 33 6.0
ngine Loa
(% of ma) 50 9.0 55 75
75 4.0

Table 6-1: Piston ring pack residence times (in minutes) over a wide range of engine

operating conditions (error + 1.0 min) as measur ed by L ee (L ee 2006)

6.2 Using the L1F Technique to Measure Piston Ring Pack Residence

Time

Vv :
Switchablevalve | " avewran
Bottom end
Sump
vave

Sump 3

Figure6-1: A flow diagram of the complete engine lubricant supply



Piston Ring Pack L ubricant Residence Times and the
Influence of Top Ring Zone Sampling on Piston Ring Lubricant Film Thickness 151

A more direct method to measure the piston ring pack residence time is to use the LIF
system as a tracer technigue to monitor the flow of the lubricant through the ring pack. The
Hydra engine has a two sump lubricant supply system, one for the bottom end (crankshaft
and piston assembly) via the crankshaft bearings and one for the valvetrain. This allows the
bottom end of the engine to be operated on the test lubricant, but the valvetrain on standard
high quality lubricant (Lee 2006). By using a twin sump switchable supply system for the
bottom end with the same test lubricant but with one of the lubricants doped with fluorescent
dye, it was possible to monitor the flow of the lubricant through the ring pack when the

supply was changed over.

Sump 1 Engine Supply Sump 2 Engine Supply

Sump 1 Sump 2 Sump 1 Sump 2

return
>

Sump 1 Sump 2 Sump 1 ’ Sump 2

supply supply supply supply

return return return

.

Engine bottom Engine bottom

end supply end supply

Figure6-2: Anillustration of the oil flow for the switchable valve

Lee (Lee 2006) designed and manufactured a switch that would allow the lubricant supply to
the bottom end to be switched instantaneoudly without any transfer of air pockets to the
crankshaft bearings. The valve was fitted to the ail inlet on the crankcase for the bottom end
and used two supply and two return pipes. Both oil supplies were continuously pumped to
the valve to continuously prime the system and prevent any air pockets. One sump was
supplied as the bottom end lubricant, whilst the other oil supply was returned back to its
sump of origin. The supply to the bottom end changed once the switch was moved from
position one to position two. Thisis shown in the engine oil flow diagram, Figure 6-1. There
was also a valve on the engine lubricant drain to switch the lubricant return from the bottom

end to either be wasted or return to the sump of origin. So, in total 3 sumps were used; two
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for the switchable valve for bottom end lubricant supply and the other for the valvetrain
lubrication. Asaresult 3 oil pumps, which were the same, were used with separate oil filters.

The diagram in Figure 6-2 details the oil flow diagram through the switch.

This switchable supply system was used to change the supply of lubricant to the engine. The
lubricants used in the sumps were the same fresh lubricant, but in Sump 2 Pyrromethene
567A dye was added in quantities of approximately 35 mg/l and this was used as the tracer
lubricant. The dye concentration was similar to the concentration used in fresh lubricants in
the previous chapters and was known to provide excellent PMT signal strength under awide
range of engine operating conditions. The engine was operated on Sump 1 until the engine
was operating steadily and then the supply was switched to Sump 2 and the lubricant exiting
from the engine was then wasted to prevent cross contamination. Once a measurement was

recorded, the lubricant outflow to waste was switched back to recirculating flow.

6.2.1 Implementation on the Hydra Engine

Switch valve body

LIF collimator probe

Switch handle

Brass turn switch

Mid-stroke
sampling tube

Figure 6-3: Lubricant supply switch valve on Hydra enginewith LIF collimator probe
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The same lubricant supply switch valve as used by Lee (Lee 2006) was used in this project.
This switch was mounted on top of the Hydra crankcase where the oil gallery feed was and
plumbed between the oil pumps and the oil gallery. The PTFE gasket used between the brass
turn switch and the body of the switch was replaced and a new o-ring was used between the
interface of the body to the oil gallery on the engine. Upon instalation, it was found that the
block of the switch valve interfered with both the LIF collimator probe and the mid-stroke
sampling tube. As aresult, part of this block was machined to provide clearance for both the
probe and the sampling tube, as can be seen in the picture in Figure 6-3. It was aways
difficult to turn the switch since a high preload was required on the switch part of the valve
in order to seal the system and prevent cross contamination. The supply change over needed
to be swift during engine operation to prevent a sudden loss of lubricant to the crankshaft
bearings, so an improvement here was required. A spindle, which was used to turn the
switch, runs through the body of the switch. The spindle was threaded at one end. This was
held in position with a series of spring washers tightened by a single M10 nut with a handle
to turn the spindle. The spindle, machined from mild steel, was turned against the mild steel
body of the switch. To reduce the force required to turn the spindle, a series of PTFE
washers was placed between the spindle shaft and the switch body. Additionally, a larger
handle was machined from mild steel which also included a 1 metre long extension bar so

that the switch could be turned without the operator being close to the running engine.

6.2.2 Temperature Controlled Lubricant Sumps

The sumps used for the supply to the bottom end of the engine were temperature controlled
units with an internal stirring mechanism. To prevent thermal shock to the engine, the sumps
were both maintained via an internal thermostat at a constant temperature of 70 °C, low
enough to prevent significant lubricant degradation occurring. This method followed on from
the exact same technique as Stark et al. (Stark, Gamble et a. 2005) and Lee (Lee 2006). The
photograph in Figure 6-4 details the compl ete setup on the Ricardo Hydra engine.

6.2.3 EngineLubricant Samples

This part of the research was concerned with investigating the ring pack residence time on
the Hydra engine and so it was not necessary to use degraded lubricant samples. Instead two
fresh lubricant samples were used. One was the same |ubricant sample as used by Stark et a.
and Lee which was XHVI 8.2 base lubricant with 1% detergent and dispersant to maintain
piston cleanliness. The second test lubricant used was Shell Helix HX7 AG 5W30 whichisa

fully formulated commercially available lubricant. Both lubricants were used from fresh and
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Switchable
valve

Sump valve
Figure 6-4: Ricardo Hydra engine equipped with 3 sump lubricant supply
Shell XHVI 8.2, 1% Shell Helix HX7
detergent and dispersant AG 5W30
Kinematic viscosity 40 °C (cSt) 48.0 69.5
Kinematic viscosity 100 °C (cSt) 8.3 11.7

Table 6-2: Test oil kinematic viscosity specification
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mixed accordingly with the dye. The two test lubricants were used to gain appreciation of the
influence of lubricant viscosity on the residence times. Table 6-2 summarises the kinematic
viscosities of the two test lubricants and the complete oil specification is provided in

Appendix F2 and Appendix F3.

6.3 Using the LIF Technique to Investigate the Influence of TRZ
Sampling on Piston Ring Pack L ubrication

The TRZ sampling system, Figure 6-5, as designed by Notay (Notay 2008) and described in
Chapter 2 was used in this research. The sample pipe had a miniature gate valve in-line so
that the sampling could be stopped and started to investigate the resulting changes, if any, in
the LIF profiles between the piston ring and cylinder wall. Since it was only a concern to
investigate the sampling effects on the piston ring pack film lubricant film thickness, only
one test lubricant was used and Shell Helix HX7 AG 5W30 was chosen.

Sample pipeisrouted
through a stainless -
steel tube mounted on

/1 the connecting rod
]

PTFE sample pipe

Figure 6-5: TRZ sampling linkage complete with sample pipe, connecting rod and
piston assembly



Piston Ring Pack L ubricant Residence Times and the
Influence of Top Ring Zone Sampling on Piston Ring Lubricant Film Thickness 156

6.4 Testing and Test Matrix

The test matrix for the piston ring pack residence time investigation is summarised in Table
6-3 and the test matrix as used to investigate TRZ sampling is summarised in Table 6-4. The
orange shaded area in Table 6-3 shows the engine operating range as tested by Lee (Lee
2006) when he conducted his investigation. All residence time tests were repeated at least
once, but the tests at 1500 rpm and 50% load were repeated twice to check for repeatability.
Once the piston ring pack residence time test matrix was completed for one lubricant, the
next test lubricant was employed after a double lubricant flush and drain. This was similar to
the method as employed for the tests in Chapter 4 and 5, with a new oil filter used at each

[ubricant drain.

For the TRZ sampling investigation, only the engine condition at 1500 rpm and 50 % |load
was repeated once. From previous LIF testing, it was already known that the piston ring
MOFTs observed during motored engine operation tend to be large and hence any TRZ
sampling during this operation is less likely to be detrimental to the oil availability of the
rings than during fired operation. As a result, the testing focus was with fired engine
operation, but to improve the trend for engine load investigation, a single motored engine
test at 1500 rpm was conducted.

A scan was taken when TRZ sampling commenced, with the sampling valve open, after
which the sampling valve was closed to prevent further sampling. The engine was then
operated for approximately one minute (= 10 seconds) before a fina LIF scan of the ring
pack was taken for post comparison. A minute was chosen based on the ring pack residence
time results being less than a minute for any given test condition. Each test condition was
repeated at least once with the condition at 1500 rpm and 50% load repeated twice with the
results falling within the repeatability of the experiments.

The piston ring MOFT was taken as a means to investigate the influence of the TRZ

sampling on the ring pack oil availability.

In all experiments, the engine was run for an hour to allow stable temperature operation and
ensure consistency between tests and maximise repeatability. During all fired test conditions,
the air fuel ratio was maintained at 16:1 + 0.1, which was consistent with Lee, see (Lee
2006).
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EngineLoad (% of max)
0% (motored) 33% 50% 75% 100%
1000 XX XX
Engine 1500 XX XX XXX XX X
Speed
(r pm) 2000 XX XX
3000 XX X

Table 6-3: Test matrix to investigate piston ring pack residence time (X denotes test

point, area shaded in orangeistest range asinvestigated by L ee 2006)

EngineLoad (% of max)

0% 50% 100%
1000 X
Engine 1500 X XX X
Speed (rpm) 2000 X
3000 X

Table 6-4: Test matrix to investigate the effect of TRZ sampling on piston ring pack

lubrication (X denotestest point)

6.5 Method Used to Measure Piston Ring Pack Residence Time

A LeCroy WaveSurfer Oscilloscope with a maximum sampling frequency of 400 MHz was

used to monitor the output from the fluorescence PMT and observe the ail film thickness

trends as the engine operated. Once the engine reached steady test temperature conditions,

the supply of lubricant was switched over using the valve. The engine was operated on fresh

[ubricant without dye (Sump 1) and then switched to the equivalent [ubricant which had been

doped with dye (Sump 2). A stopwatch was used to measure the time taken from changing

the lubricant supply to the oil film thickness profiles becoming stable on the oscilloscope.

The stabilisation of the fluorescence output was taken when the film thickness profile was

within 10% output per each power stroke profile.
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Supply switched Sump 1 exited ring pack

Fluorescence PMT (FPMT) Increasing
5sper divison fluorescence

FPMT, 10 ms per division

(. Timebase 6.1 6
o HNo data 0o
Zvailable. available. oo

Figure 6-6: Oscilloscope image of fluorescence and ignition during the switch of

lubricant supply at 3000 rpm and 50 % load

(12 (Mimebase 513
I rodats @0 data

awailahble. EVENELLS

Figure 6-7: Oscilloscope image of fluorescence and ignition at the start of Sump 2

lubricant entering the piston ring pack at 3000 rpm and 50 % load
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Figure 6-8: Oscilloscope image of fluorescence and ignition with increasing

concentration of Sump 2 lubricant at 3000 rpm and 50 % load

Figure 6-9: Oscilloscope image of fluorescence and ignition with further increasein

concentration of Sump 2 lubricant at 3000 rpm and 50 % load
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data

available.

Figure 6-10: Oscilloscopeimage of fluor escence and ignition once all Sump 1 lubricant

has been displaced from the piston ring pack at 3000 rpm and 50 % load

Taking the test condition at 3000 rpm and 50% load for the HX7 5W30 lubricant as an
example, it was possible to record the output of the fluorescence PMTs using the LeCroy
WaveSurfer Oscilloscope. The oscilloscope screenshots in Figure 6-6, Figure 6-7, Figure
6-8, Figure 6-9 and Figure 6-10 show the introduction and increasing concentration of the
Sump 2 lubricant through the ring pack at this test condition. This provided a quick insight
into the increase in the fluorescence signal as the concentration of the Sump 2 lubricant
increased through the ring pack. The fluorescence signal was recorded via the oscilloscope
as soon as the switch of the [ubricant supply from Sump 1 to Sump 2 was made. Once the
fluorescence signal of the ring pack stabilised, this was taken as the point at which the Sump
1 lubricant had fully exited the ring pack and al that was flowing through was the Sump 2
lubricant. The time between starting the oscilloscope recording and the point a which the
Sump 1 lubricant had exited the ring pack was taken as the ring pack residence time. The
fluorescence signal output increases with time indicating an increase in the concentration of
the dyed lubricant (Sump 2 lubricant), and hence a decrease in the concentration of the non
dyed lubricant (Sump 1 lubricant) until the fluorescence signal stabilises approximately 11.5
seconds later. By using the viewing the signal on smaller time divisions, it was possible to

measure this residence time from the oscilloscope as can be seen in the scan, Figure 6-6.
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This indicates that the ring pack is completely operating on the Sump 2 lubricant after this
time. This was the method used to measure the ring pack residence time for al engine test

conditions.

The time was measured with the lubricant supply switched from Sump 1 to Sump 2 and
Sump 2 to Sump 1, so that the time taken for the dyed lubricant to enter and exit the ring
pack was measured respectively. It was found that it took longer for the dyed lubricant to
exit the ring pack and a greater replenishment of Sump 1 lubricant was required to

completely remove any trace of dyed lubricant.

Once the lubricant supply was changed at the switch valve, the sump valve was also
switched and the lubricant was drained into a separate third sump to be wasted. It was

decided this was the best method to employ to prevent cross contamination of the lubricants.

6.6 Results and Discussion

6.6.1 Piston Ring Pack Residence Time

35
30 -
25 -
z
Q
£ 20
[
Q
3
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(7]
[
x
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5
0 . |
500 1000 1500 2000 2500 3000 3500
Engine speed (rpm)
-+ Motored XHVI 8.2 —=—Fired 50% Load XHVI 8.2
-4« Motored HX7 SW30 ——Fired 50% Load HX7 SW30

Figure 6-11: Piston ring pack residencetime for lubricant supply switch from Sump 1
to Sump 2
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Both test lubricants were tested at different speeds under different operating conditions. In
the ring pack residence time results for the lubricant switch from Sump 1 to Sump 2, Figure
6-11, there is a clear difference between engine operating conditions regardiess of test
lubricant. During motored engine operation, the residence time for the lubricant is much
greater than for the fired engine operation. Here it can be observed that the influence of
cylinder pressure and greater cylinder temperatures during fired operation improves the rate
of ail flow through the ring pack. The increased cylinder pressures benefits the ring pack and
pushes the rings further outwards towards the cylinder wall thereby improving the seal of the
top ring and scraping of the second ring. A more plausible reason for the reduction in ring
pack residence times when switching from motored to fired condition, is simply the
increased cylinder pressure additionally increases the blow-by gas volume and rate through
the ring pack which in turn is carrying lubricant downwards towards the crankcase. An
increase in the engine speed also reduces the ring pack residence time. A greater lubricant
throw rate from the crankshaft bearings and the connecting rod squirt onto the cylinder wall
improves the oil availability at the higher speeds. This also improves the replenishment of
the lubricant in the ring pack and reduces the residence time. Between the test lubricants, the
XHVI 8.2 base lubricant constantly produces lower residence times than the fully formulated
Shell Helix HX7 AG 5W30 lubricant. A difference on average of 3.60 seconds during
motored conditions and 3.68 seconds during fired conditions across the engine speeds was
measured. The greater viscosity of the fully formulated lubricant has an effect on the ring
pack residence time as the flow of lubricant is reduced. This suggests that lower viscosity
lubricants have greater lubricant flow and a reduced residence time. This was also suggested
by Lee (Lee 2006).

When investigating the number of engine cycles required for lubricant to reach the ring pack,
Figure 6-12, additional trends can be observed. In terms of lubricant viscosity, the same
result is observed as the less viscous lubricant has greater flow through the ring pack.
However, it appears as if the monograde lubricant, XHV1 8.2, is not as sensitive to engine
speed as is the multrigade lubricant, HX7 5W30. At the higher speeds, the number of cycles
to reach the ring pack is more for fully formulated lubricant possibly purely caused by the

greater viscosity which is causing poorer oil flow through the ring pack.

Repeatability was also tested by repeating al test conditions at least once and the results fell
within the repeatability of the first measurements taken for each test condition. The test
condition at 1500 rpm and 50% engine load was repeated twice for determining the test error
range. From the repeated measurements, the error was calculated to be a standard deviation

of + 0.64 seconds.
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Figure 6-12: The number of engine cyclesrequired for the lubricant to reach the piston

ring pack for both test lubricants when the supply is switched from Sump 1to Sump 2

The time taken for the lubricant to exit the ring pack was also measured when the lubricant
supply was changed back from Sump 2 to Sump 1, Figure 6-13. The lubricant took longer to
exit the ring pack, especialy at the lower engine speeds (< 2000 rpm). A probable cause is
when the supply was changed over to the lubricant without dye, it was possible that there
was some residual dyed lubricant within the ring grooves and behind the piston rings. To
remove this residual dye, a greater lubricant refreshment rate would be required to ensure
that the al dyed lubricant had exited the ring pack. Hence the greater residence times when
comparing the results in Figure 6-13 to the results in Figure 6-11.

In terms of the influence of lubricant viscosity, during fired engine operation, the same trend
of the lower viscosity lubricant flowing through the ring pack at a greater rate is still valid.
However, during motored conditions at engine speeds of 1500 and 2000 rpm, the opposite
was observed, the lower viscosity lubricant having a greater residence time for the dyed
lubricant to exit the ring pack. Without conducting further testing, it is difficult to say why
this occurred other than this could be caused by sudden reduction in oil pressure which
would reduce the ail flow. This is difficult to confirm since the oil pressure feed was not
recorded. When comparing the number of cycles for the lubricant to exit the ring pack,

Figure 6-14, the multigrade lubricant is now unaffected by the increase in engine speed as
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was before whereas the monograde lubricant now is. Again, this could be caused by changes

inoil pressure.
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Figure 6-13: Piston ring pack residence timefor lubricant switch from Sump 2 to Sump
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Figure 6-14: The number of engine cyclesrequired for the lubricant to exit the piston
ring pack for both test lubricants when the supply is switched from Sump 2to Sump 1
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Figure 6-15: Theinfluence of engineload on piston ring pack residencetime

The influence of engine load was also investigated, Figure 6-15. Test conditions were
performed at 1500 rpm with increasing engine load; 0, 33, 50, 75 and 100% of maximum
engine load. It was found that with increasing engine load the residence time of the test
lubricants both decreased. Once again, the lower viscosity lubricant, XHVI 8.2, flows easier
through the ring pack and produces lower residence times than the HX7 5W30 regardless of
engine load. At 100% engine load the results for both appear to be similar, but fall just
outside the error of repeatability of the tests. The increase in engine load pushes the rings out
further towards the cylinder wall due to the increase in combustion pressure, and as assumed
earlier, and increase in cylinder pressure may improve the sealing and scraping of the top
two rings thereby displacing lubricant quicker and increasing the replenishment rate of the
lubricant through the ring pack. An increase in engine load at the same engine speed also
saw a decrease in the ring pack residence time as investigated by Lee (Lee 2006). However,
his work was an indirect measurement and included the residence time of the lubricant in the
TRZ sample pipe. Hence, his results were of the order of minutes as opposed to seconds as

measured in this research.
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Figure 6-16: Compression ring MOFT of test lubricantsat 1500 rpm with increasing
load
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Figure 6-17: Scraper ring MOFT of test lubricantsat 1500 rpm with increasing load
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Figure 6-18: Qil control ring MOFT of test lubricantsat 1500 rpm with increasing load
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The piston ring pack MOFT at 1500 rpm with increasing engine load was also recorded;
Figure 6-16, Figure 6-17 and Figure 6-18. The results of the compression stroke are only
shown as similar results were observed over the complete engine cycle. As expected MOFT
across the complete ring pack reduces with increasing load. However, the more viscous
lubricant, HX7 5W30, begins to produce lower films under the compression ring as the load
increases above 50 %. A possible cause for thisis that this lubricant, containing polymer VI
improvers, is suffering from shear thinning as the load increases whereas the monograde
[ubricant, XHV1 8.2, which does not contain VI improvers does not. Another possible reason
for the modest differences in film thickness is that lubricant starvation is occurring, more so
for the higher viscosity lubricant with poorer oil flow. This could be the reason why the
difference between the measured residence times of the lubricants is much shorter at the
higher loads (> 50 %) than the lower loads (< 50%), see Figure 6-15. The HTHS visocity
value for the HX7 5W30 lubricant from specification was found to be 3.5 mPa.s at 150 °C.
Monograde XHVI 8.2 has no published HTHS viscosity data since it does not shear thin.
However, using an ASTM chart (ASTM D341-03), and the available viscosity and density
data from the XHVI 8.2 data sheet, it was possible to estimate the HTHS viscosity of this
lubricant at 150 °C to be 2.7 mPas. This was an acceptable approach since the XHVI 8.2
lubricant does not contain any VI improvers and hence can be assumed not to shear thin.
Knowing this data, it can be assumed that oil flow through the ring pack was the likely

cause.

6.6.2 Top Ring Zone Sampling

Due to the scale of the following results, the standard error of 0.1 pmis not displayed.

The results of the ring pack MOFT during the compression and the power strokes for the
compression ring, scraper ring and the oil control ring against engine speed are presented as
Figure 6-19, Figure 6-20 and Figure 6-21 respectively. The influence of the sampling
technique can be clearly observed when the valve is open (sampling ON) or closed
(sampling OFF). Generaly, it was found that when the sampling valve was closed, thereby
preventing sampling from the TRZ, the piston ring MOFT measured during this condition
were either less or just fell outside the standard error (0.1 pm) than when sampling

commenced. Thiswas also regardless of engine speed or engine stroke.



Piston Ring Pack Lubricant Residence Times and the

Influence of Top Ring Zone Sampling on Piston Ring Lubricant Film Thickness

10 1 Compression Stroke
e
£
2 6
T
ol
Al

0 Tl e .

1000 1500 2000 3000
Engine Speed (rpm)
B Sampling ON

Figure 6-19: Effect of engine speed on TRZ

168

L1t Jhy Power Stroke
UG 1l
E
Z 6 -
T
allsli
= 2

o | [ |

1000 1500 2000 3000
Engine Speed (rpm)

B Sampling OFF

sampling — compression ring, 50 % load

20 1 Compression Stroke 20 - Power Stroke
15 Shich
= i 10 -
. A EE
= 5 - 0 - | .
. [ — 1000 1500 2000 3000
1000 1500 2000 3000 Engine Speed (rpm)
Engine Speed (rpm) = Sampling ON = Sampling OFF
B Sampling ON m Sampling OFF
Figure 6-20: Effect of engine speed on TRZ sampling — scraper ring, 50 % load
35 1 Compression Stroke 35 Power Stroke
30 - 30 -
€25 - €25
l%20 fzo .
w15 w 15
2 10 210
s s §
; In - Im
1000 1500 2000 3000 1000 1500 2000 3000
Engine Speed (rpm) Engine Speed (rpm)
m Sampling ON  m Sampling OFF
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Engine Load (% of max)
0% 50% 100%
1000 0.106
Engine 1500 0.072 0113 na
Speed
(rpm) 2000 0.123
3000 n/a

Table 6-5: TRZ sample pipeflow rate (I/min) as measur ed by L ee (L ee 2006)

It was expected that sampling would reduce the amount of lubricant within the ring pack,
especialy at the compression ring since the sample hole was in the top ring groove, and as a
result produce lower MOFT than without sampling. When sampling commenced a large
volume of blow-by was present with the oil mist that collected in the vial outside the engine.
Unfortunately, the sample volumetric flow rate was not measured on this occasion, but the
results from Lee’s work are summarised as Table 6-5. From the his results, it can be
concluded that as the engine speed increases the sample flow increases and a so as the engine
load increases for a given speed, the flow rate increases. The sample hole, which was 0.5
mm diameter, was at the top ring groove on the thrust side behind the top compression ring,
but directly in line with the LIF probe position. A plausible reason why the film thickness
was less when sampling was not occurring is possibly because the sampling system, when
active, is reducing the maximum pressure in the ring pack and hence the loading on the
rings. Priest measured the blow-by of the engine at 2500 rpm and 50 % load to be
approximately 5 litres/min (Priest 1996) and using the data summarised in Table 6-5, it can
be estimated that approximately 2 % of blow-by gas is diverted down the sample pipe. Since
such asmall variation, if any, in the load was not recorded, further testing would be required
to confirm this. The MOFT trend results between the compression and power stroke are
similar to those measured in the Chapter 5. However, the film thickness, regardliess of TRZ
sampling, was greatest on the power stroke at 1500 rpm than any other speed. It was not
known why this occurred. Engines are very complex machines. It would be beneficial to
repeat tests coupled with investigations into oil flow and ring dynamics to improve the

understanding.
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Figure 6-22: Effect of engineload on TRZ sampling — compression ring, 1500 rpm
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Figure 6-23: Effect of engineload on TRZ sampling — scraper ring, 1500 rpm
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The results of the ring pack MOFT during the compression and the power strokes for the
compression ring, scraper ring and the oil control ring against engine load are presented as
Figure 6-22, Figure 6-23 and Figure 6-24 respectively. Similar to the results for the influence
on TRZ sampling of engine speed, generaly it was found that when no TRZ sampling was
occurring, the ring pack MOFT measured during this condition were either less or just fel
outside the standard error than when sampling commenced. Again, the influence of engine
load on ring pack MOFT observed here shows that as the load increases the films reduce
which is especialy true of the results on the power stroke and similar to trends observed in

previous chapters.

6.7 Conclusions

The LIF system was taken a step further and used to investigate the piston ring pack
residence times and the influence of sampling lubricant from the TRZ on the MOFT. A wide
range of engine operating conditions were tested with a selection of two fresh [ubricants that
had different viscosities. The results were obtained from the Ricardo Hydra engine and the

following conclusions can be drawn:

The use of a lubricant supply switching valve and twin system can be used to

lubricate the bottom end of the engine successfully with repeatable results.

It has been shown that increasing engine speed reduces the piston ring pack
residence time of the lubricant thereby indicating an increasing in the oil flow

through the ring pack.

Piston ring pack residence times were measured directly and it was found that the
times were of the order of seconds as opposed to minutes as previoudly indicated by

indirect methods.
The viscosity is proportional to the lubricant flow through the ring pack and hence
the ring pack residence times. It was found that an increase in lubricant viscosity

increased the residence time regardless of engine speed.

Increasing engine load was found to reduce the piston ring pack residence times.
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It was generally found that the ring pack lubricant films reduced in thickness when
no sampling was occurring. A possible reason was that the blow-by gas, which
would escape down the sample pipe if sampling was on, was forced to flow past the
rings thereby carrying the ring pack lubricant and reducing the film thickness here.
This was regardless of engine speed, load and also engine stroke. Further
investigations into piston ring pack oil flow rates would confirm this, but it can be
concluded that TRZ sampling did not cause oil starvation issues in the piston ring

pack.



Chapter 7 Data Acquisition System

Measurement of the piston ring to cylinder wall oil film thickness in a high speed fired
engine to such a high degree of refinement would not be possible without the use of an
advanced data acquisition (DAQ) system. Data acquisition was at the heart of this research
and was developed aongside the LIF system on the motored engine before a move to the
Ricardo Hydra engine, where subtle changes to the DAQ software were made to

accommodate the additional two engine strokes and the higher engine speeds.

Data was captured and recorded from various thermocouples, a single pressure transducer,
spark plug ignition pulse and the crankshaft encoder simultaneoudly at high engine speeds. A
description in detail of the various analogue and digital channels used to capture data from
the multiple transducers and the crankshaft encoder is made in this chapter. The complete
DAQ hardware, including the signal conditioning units, is explained along with the
programming code used to communicate to hardware from the computer interface. Also, an

account on averaging and standard error as employed for the LIF MOFT resultsis made.

7.1 LIF Data Acquisition System

PXI System
I —) + 8.+ | g + |t +
- - ] .
NI PXle-
Transducer NI SCB-68 Cable 6366 NI PXle-1073  Controller NI LabVIEW

NI PXle-6366 and Accessories Only

Figure 7-1: Schematic diagram of transducer connection to NI hardware. Adapted
from (NI 2013)

When this project started, National Instruments (NI) data acquisition hardware for transducer
instrumentation was available, but did not meet the requirements of this research. This
system comprised of a NI PCI-6111 card having a maximum simultaneous sampling speed
of 5 Mega-samples per second per channel with 2 analogue input channels, two digital TTL



Data Acquisition System 174

(Transistor — Transistor logic) counter lines and 12-bit ADC (analogueto digital conversion).
In this project, numerous thermocouples and transducers were used simultaneously and this
meant that the lack of additional analogue and digital channels on the available hardware

forced anew DAQ system purchase.

A high specification Dell computer with a high performance Xeon central processing unit
with processing power of 2.40 GHz along with 3 GB of RAM (random access memory) was
specifically used for this research to handle the mass of data captured from the engine
instrumentation and process it. This computer was connected to a newly purchased NI PXle-
1073 chassis through a controller card added to the motherboard of the computer. This
chassis had 5 dots to accept a different combination of card modules. One of the dlots
housed a NI PXle-6366 multifunctional DAQ accessory card which had 8 analogue inputs at
a sampling rate of 16 Mega-samples per second and 24 channel digital 1/0 (input and output)
which were both 16-bit resolution, and four channel 32-bit resolution TTL counter lines. The
system was well advanced at the time and even had the benefit of analogue and digital
triggering. To allow physical wiring connections to plug into the DAQ hardware system, a
shielded NI SCB-68 connector block was used which offered screw terminals for the wires.
Some voltage signals can be affected with noise from surrounding electrical equipment and
from the 50 Hz alternating current mains supply. Since this can cause poor signal to noise
ratios in low voltage signals it is absolutely imperative that these signals are shielded. The
SCB-68 block is a shielded box which is earthed to the mains powered chassis.

The NI hardware was controlled by an additional software programming language, NI
LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench). The schematic in
Figure 7-1 summarises atypica connection of atransducer sensor signal to the hardware. An
additional 24-bit USB (universal serial bus) device, NI USB-9211A, with four low voltage

analogue input channels was used to connect thermocouples for temperature measurement.

7.2 DAQ Channels

As noted above, the data acquisition software was adapted slightly to accommodate the
higher engine speeds and the addition of the power and exhaust strokes which the motored

engine did not have.

The DAQ hardware has a large number of analogue and digital channels allowing various
combinations of transducers to be used. The DAQ hardware system for the motored engine

comprised the following data channels:
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a)

b)

d)

€)

Cylinder pressure transducer. This pressure transducer, a Kistler 601 sensor, was
used to monitor the motored engine cylinder peak pressures. The sensor was wired
directly to a Kistler 5011 charge amplifier whose voltage output was wired into one
of the analogue inputs in the SCB-68 block for the PX1e-6366 card. The scale of the
charge amplifier was set such that the maximum voltage at the maximum pressure
tolerance of the transducer (25 bar) provided a maximum voltage output of 10 V.
This was within the acceptable voltage range of the NI hardware.

3 liner temperature measurements. Three K-type thermocouples were mounted into
the thrust side of the cylinder liner of the engine. These were used to monitor the
temperature distribution. The three thermocouples were mounted at TDC, mid-stroke
probe position and BDC of the piston stroke. These thermocouples were wired into
analogue channels of the USB-9211A as voltage outputs. The USB-9211A has an
internal cold-junction compensator to provide accuracy in the data acquisition of the
thermocouple. K-type thermocouple wiring consists of two different wiring
materias; Nickel-Chromium and Nickel-Aluminium. A thermocouple is produced
once the two wires are fused together. Thermocouples produce very small voltage
ranges and require no power source for operation since a current is produced based
on the temperature difference between the cold (device) and hot junction (probe).
Coolant temperature measurements. A single K-type thermocouple was positioned
inside the engine barrel to monitor the coolant temperatures. This thermocouple was
wired into the spare analogue channel of the USB-9211A device

2 photomultiplier (PMT) current output measurements. The PMTs were used to
measure the laser excitation and the fluorescence emission intensities. These two
outputs were wired into the SCB-68 connector block for the PXle-6366 card.
Hamamatsu Photonics H5783-20 PMT modules were selected since they worked
well with the Hamamatsu Photonics C7169 power supply. They offered a high
cathode radiant sensitivity (> 70%) from approximately 460 to 700 nm which
covered the range of the LIF optical system. The specification sheet of the PMT
module and the power supply is presented in Appendix A2 and A3.

Crankshaft encoder to monitor crankshaft angle. The encoder produced 720 digital
pulses per revolution along with a single TTL reference signal once every
revolution. The single reference signal, Z line, was used to monitor the TDC position
of the piston. This quadrature encoder had two output channels, A and B, which are
90° out of phase and are used to determine the direction of rotation. The direction of
rotation is determined by the pulse channel that leads first. The additional benefit of
thisis that during data acquisition the rising and falling edges of both channels are
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recorded alowing four times the resolution of the encoder therefore alowing a
resolution of 0.125° of crank angle. This high resolution was used throughout this
research. Each complete pulsg, rise and fall, is 0.50° and is known as the pulse width.
A schematic explaining this is presented in Figure 7-2. The shaft encoder had a
separate 5 V power supply and the three outputs from the encoder; A, B and the
reference line were wired into the SCB-68 as counter lines. The maximum pulse

voltageis5V.

Channel A

Channel B , J ‘

No.ofpuse 1 2 3 4 5 6 7 8 9
counts

Figure 7-2: Four timestheresolution is possible with quadratur e shaft encoders

An additional thermocouple was placed in the motored engine crankcase to monitor the
[ubricant sump temperatures and was wired to a handheld display monitor and not into the
DAQ hardware.

When the LIF was moved onto the Ricardo Hydra engine, the same DAQ system was used.
The only difference in the hardware configuration was that cylinder pressure was not
monitored and recorded since a cylinder pressure transducer was not instaled. Instead the
spark plug ignition pulse was wired in place of the channel used for the cylinder peak
pressure of the motored engine. This was used to monitor the position of the engine strokes
with respect to the crank angle. The encoder was different in form on the Hydra engine and
the power supply for this was taken from the engine control unit. Both encoders were

quadrature encoders with 720 pulses per revolution.

During LIF calibration, the voltage output from the LVDT was monitored and recorded for
displacement measurements of the calibration stage. A summary of these output signals to

the signal conditioning units and the computer isillustrated in flow chart in Figure 7-3.
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Dell Computer, 2.5 GHz, 3 GB RAM pc

PXle-1073 chassis

v

PX1e-6366 card
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A A
Anaogue input: Digital counter 4K type
- Laser excitation PMT input: thermocouples:
output - Crankshaft - TDC
- Fluorescence emission angle encoder. - BDC
PMT output 3inputs; A, B - mid-stroke probe
- Cylinder pressure and Z position
transducer (motored (reference) - coolant (motored
engine only) lines engine only)
- Spark ignition pulse
(Hydra engine only)
- LVDT output for LIF
calibration

Figure 7-3: Dataflow chart of the DAQ system

The analogue/digital inputs for the PX1e-6366 card and the analogue (thermocouple) inputs
for the USB-9211A were wired into the devices via the screw terminalsin the SCB-68 or the
screw terminals on the device respectively. All analogue voltage inputs for the PX|e-6366
were wired as differentia inputs whereby two wires are required, a positive and a negative,
and the difference is measured between to give a readable signal. Connecting this way
minimises the chance of signal noise (NI 2013). Just to note (NI 2010; NI 2011; NI 2013) are
reference citations with the compl ete reference in the reference section. The PMT outputs are
current signal outputs. For current measurements it is necessary to wire aresistor in parallel
to prevent the chance of voltage overload and protect the DAQ device. The PMTs were
wired into the SCB-68 block with a shunt resistor of 1 MQ as the chassis could take up to a

maximum signal of 10 V. As a result, the incoming PMT signals were very small in the
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region of micro amperes, but the high resolution of the PX1e-6366 card meant that this was
not a problem. Additionally, the PMT signal output is by default negative in value but this

was corrected for in the software program.

7.3 Engine control unit

The motored engine had a control box on the outside of the engine mounting frame, which
was used to control the speed of the DC motor and thereby the crankshaft. There was an oil
pressure switch on the panel to indicate low oil pressure and the motor would shut down if

this was activated.

The fired engine was controlled by a CADET V 14 Compact CP Engineering Systems chassis

computer and software. This control unit was a purpose built system for the Hydra.
The CADET system was used to monitor:

Thermocouple temperature measurements of the coolant in and out, crankcase ail,
cylinder head and exhaust temperatures

Oil pressure sensors for the lubricant supply at the crankshaft bearings and the valve
train

O, lambda sensor mounted on the exhaust manifold

Air pressure at theinlet
The CADET system was used to monitor and control:

Throttle position

Ignition timing

Injection timing

Injection rate

Operating load on the engine
Dynamometer speed

7.4 Introduction to LabVIEW

LabVIEW is system design programming software which is used to communicate with the
DAQ hardware (Essick 2012). The manufacturer of both the DAQ hardware and the
software are the same, allowing easy integration. The software is unique and different to

other computer programming software, which are text based, and is purely graphical based.
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A typical LabVIEW program is designed around two windows. One of the windows is
known as the block diagram where the actual program is written and the other is known as
the front panel and is the user interface (Essick 2012). LabVIEW consists of fundamental
icons, wires, terminals, structures and nodes which are the building blocks of the program.
Such include mathematical functions, DAQ hardware specific functions and also data

storage functions.

The program executes in a data flow fashion, alowing certain functions to execute before
others and allows multiple functions to execute at the same time (Essick 2012). This benefit
alows simultaneous data acquisitions. Digital logic is the key to the programming and there
is usually more than one method to perform the same task. However, if data performance and
streaming is vital, it isimportant to remove or reduce the impact of bottlenecks, whereby the
program hangs during execution, to reduce the load on the computers’ resources and increase
productivity. Further information on LabVIEW can be found in other sources such as (NI
2010; Essick 2012).

For this research, many different programs were developed and tested. When the move from
the motored engine to the Hydra fired engine took place, the DAQ programs also needed to
be dtered to suit the changes in sampling rate to accommodate the higher engine speeds and

the additional two engine strokes; the power stroke and the exhaust stroke.

7.5 LabVIEW DAQ Programs

A LabVIEW software program was written for data acquisition from the engine and also for
the LIF calibration procedure. The difference between the two programs for the DAQ was
the sampling rate. The sample rate for the acquisition from the engine was much faster than
that for the calibration procedure, rates above 200kHz as opposed to 1Hz. The data obtained
from the engine was streamed to the disk at high speeds and as a result post processing of the
data was required to make sense of the fluorescence PMT signal output in terms of film
thickness measurements. If data was processed once acquired from the engine in the same
program, the speed of the DAQ would be hindered and the recorded data would either be
missing elements or a lag in the recording would cause not enough data points to be
recorded. A description of the programs that were developed and used for this research is

made in the next set of sections.
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751 LIF Calibration Program

The purpose of this program was to facilitate the calibration of the LIF system. The static
calibration rig as described in Chapter 3 was used to calibrate the PMT signal in terms of a
measured film thickness. Data was acquired and recorded from both PMTs, for the laser
signal strength check and the fluorescence signal, and the LVDT to measure the change in
the movement of the height of the vertical stage, which in turn represented the film thickness
between the probe window and the reflective caibration piece in the oil bath. The
thermocouple that was placed in the oil bath, to measure the temperature of the test oil, was
connected to a handheld monitor and the temperature was noted in the program and recorded
to the data file as generated by the program. The PMT sensitivity was monitored from the
display screen of the PMT power supply and also noted in the program to be recorded in the
datafile.

12

10

Transducer output (V)
[=)]

Overrun Overrun
2 region Operable region region

0 1 2 3 4 5 6
Armature travel (mm)

Figure 7-4: LVDTshavealimited operablerange

The LVDT used for the caibration was an RDP Electronics GTX 2500 spring return
displacement transducer connected to a RDPE 621 amplifier. This particular displacement
transducer has an absolute resolution of 0.25 um. An LVDT consists of a moving armature
in between two coils placed in parallel. As the armature moves past one coil and away from
the other cail, the voltage through the coil nearest the armature increases positively and
reduces in the cail it is moving away from. The combined potentia difference of the two
coils is used to monitor the displacement of the armature and hence measure the
displacement of the LVDT plunger.
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Figure 7-5: Dataflow diagram of the L1F calibration program

The amplifier can be set with a different level of gains depending on whether full stroke, 4.0
mm, or half stroke, 2.0 mm, operation is required. As aresult, once the gain and range is set,

it is necessary to calibrate the transducer. LVDT calibration was performed using slip gauges



Data Acquisition System 182

of known thickness up to 5 mm and placing these in-between the plunger tip and a flat
reference block. A tota of five test runs were completed and an average of the linear
relationship between the armature travel and the transducer output was taken. Calibration
results were found to have a standard deviation of 24 mV and all test runs had a confidence
level exactly equal to 1.0. LVDTSs have an inherent ‘overrun’ position, which occurs at the
inward and outward stroke ends, whereby the output deviates. This unusable overrun range

was not used for calibration and can be clearly seenin the LVDT output trace in Figure 7-4.
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Figure 7-6: Front pand of LIF calibration program

During subsequent calibration tests of different lubricant test samples, the calibration setup
needed to be disturbed to remove the oil bath and replace the sample. To alow this, the
vertical stage needed to be raised to remove the bath and as a result the reference zero of the
LVDT was lost. So during subsequent runs it was necessary to re-zero the LVDT. The zero
reference was taken when the probe was at its lowest possible height when the oil bath plus
sample was used. This was integrated into the software design, to first alow the software to
zero the LVDT at its current position before actua calibration of the LIF system
commenced.
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The data flow chart in Figure 7-5 illustrates how the program works. Data is recorded from
both PMTs and the LVDT. The relationship between the transducer output and the armature
travel, the calibration equation, obtained from the LVDT cdibration (see Figure 7-4) is used
in the program to provide information of the oil film thickness as the armature moves. The
front panel of the program is shown in Figure 7-6 and for clarity, data flow process numbers

from Figure 7-5 are also shown on the illustration.

7.5.2 Piston Ring Pack Oil Film Thickness M easurement Program
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Figure 7-7: Dataflow diagram of the piston ring pack OFT measurement program
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The program dedicated to the data acquisition of the fluorescence and laser intensity signals,
aong with data on the crankshaft angular position and the various transducers (pressure
sensors and thermocouples), was devel oped with aview to performing the data acquisition at
the fastest possible rate. Thiswould allow high levels of refinement and minimal data loss at
the higher engine speeds. The program was developed in conjunction with the hardware
development of the LIF system on the motored engine with subtle changes made to the
program when the fired Hydra engine was used. The data flow diagram in Figure 7-7

illustrates how the program works.

Simultaneous data capture between both PMTs, temperature/pressure sensors and the
crankshaft encoder was the plan during program development. For simultaneous data
acquisition, each acquisition channel needs to be referenced to the same time clock. The
operating system used on the Dell computer was Windows XP 32-bit and the maximum
internal clock speed capped by the operating system is at best 1ms (1 kHz). Since the Hydra
engine can reach speeds up to 5000 rpm and the encoder pulses at 720 per revolution (see
Section 7.2), the pulses occur at 60 kHz. For sampling this data and to prevent data loss, a
sampling frequency of at least 10 times the rate of the data is necessary. So, that is a time
clock of 600 kHz at an engine speed of 5000 rpm and this exceeds the time clock of the
operating system. Fortunately, the 6366 card has its own 2 MHz clock and this was used as

the externa reference for simultaneous sampling.

For simultaneous sampling, apart from the clock source, a trigger event is required to alow
data acquisitions from separate channels to occur at the same time. The Z line, the reference
output, on the shaft encoder is used for TDC identification and was used to synchronise the
crankshaft angular position (digital) to the PMT outputs (analogue). The pressure sensor
output, used for the motored engine work, and the ignition pulse, used for the Hydra engine
work, were also included in the simultaneous DAQ and recorded in the same data file. The
thermocouples used for the liner temperature and the coolant pickup in the motored engine
were not included in the simultaneous data capture since the speed of the temperature change
is much slower than the speed of the acquisition and they were recorded in a separate data
file. The DAQ for the thermocouples were, however, initialised on the same TDC triggering

event.

Sampling speed performance and data integrity was the focus for the data capture. Reading
data and writing the same data to afile causes sampling performance issues as the temporary
memory (RAM) capacity of the computer islimited. It takes longer to write a data point than
to read a data point. As aresult, a queuing system of events was used whereby the data
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Figure 7-8: Front pand of the piston ring pack OFT measurement program

process follows afirst in first out approach. Two data processing loops are used to allow this;
a producer loop and a consumer loop. In the producer loop, the data is read at its required
sampling rate and fed straight into a queue. The consumer loop runs at its own speed and
handles the data queued up by processing it and recording the data to a file for output. The
use of the two loops prevents data loss, provided the consumer loop is allowed to complete
the queue before the loop is terminated and the program is stopped (NI 2010). The data
capture and data recording for the thermocouples was performed in an additional separate
loop since the sampling rate was set to less than 1 kHz. No processing of the datain terms of
applying any calibration coefficients was performed during data acquisition as this was
found to reduce the sampling performance of the program and instead a separate post
processing program was used. Because the program was dedicated to just capture data, the
front panel of the program was limited with only a few text inputs, for the input of the test
number and engine speed and cylinder peak pressure (motored engine only). There were
graphica displays, for the display of the PMTs and thermocouple outputs, and the ignition
(Hydra engine only), but it was physically impossible to actualy view the data as the



Data Acquisition System 186

program ran rapidly due to the high speed of the data capture. The front panel of the program

is shown as Figure 7-8.

7.5.3 Post Processing Program

As mentioned earlier, the program used to capture data whilst the engine was operating only
performs acquisition to improve the performance of the program. The data captured is stored
in afile format specific to LabVIEW known as technical data management streaming, more
specifically a TDMS file output. As the name suggests the file format offers high speed data
streaming and has been optimised for saving data to a recordable disk (NI 2011). Since the
program is dedicated to high speed data acquisition, an additiona program is used to process
the data and make use of the calibration trends obtained from the calibration program. The
data processed is outputted into a new file, thereby preserving the original, and provides
information based on the ail film thickness, the laser strength and the cylinder pressure or

ignition sequence against the crankshaft angle of the engine.

The data obtained from the engine can sometimes be sampled at too high a rate for the
engine speed. It was found that there was more than one anal ogue data point per 0.125° crank
angle since the speed of the analogue data capture is faster than the resolution of the
crankshaft encoder. So for post processing it was decided to just take the first data point per
0.125° crankshaft resolution, thereby allowing a maximum of 2880 data points for a 2 stroke
engine (motored engine) and 5760 data points for a 4 stroke engine (Hydra engine). This
refinement was more than enough considering the size of the output data file, which could
exceed 100 Mb of raw data when the engine was operating at high speeds in excess of 4000
rpm. The post processing data file was also averaged over 10 strokes for the motored engine
and 50 strokes for the data collected from the Hydra engine. It was found that during
motoring, the film thickness under the rings, the MOFT, did not vary engine cycle to cycle
once the engine was stable at its test operating condition. The fired Hydra engine did
produce slight variance in the piston ring MOFT across engine cycles which was found to be
caused by the fluctuating nature of the combustion event per engine cycle and hence a

greater level of averaging was required.

The post program also implemented the calibration trends from the calibration program for
the test oil sample used in the engine (see Chapter 3) and the pressure calibration trend
obtained earlier (see Chapter 4). The calibration trend for the fluorescence signal was in the

form of:
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Fluorescence PMT output = m(ail film thickness) + ¢y, Equation 7-1

Where m is the gradient obtained from the calibration trend and ¢y, is the basdline of the
laser; that being the signal output of the fluorescence PMT at zero fluorescence emission.
The baseline of the laser was found to fluctuate dightly and believed to be caused by
changes in room temperature on a day to day basis, which would affect the output of the
PMT. This would cause the results of the fluorescence to fluctuate also for the same engine
operating condition and same test lubricant. As a result it was decided to take the baseline
based on the data obtained during engine operation where near zero fluorescence was most
likely. This was the position in the engine cycle where the piston, on its downstroke, had
passed the window completely with the laser emission diverging into the cylinder bore and
illuminating it (i.e. no reflected laser light was returned to the detector). This occurred
between 150 to 250° crank angle (when the piston was near or at 180° BDC) and the data
obtained within this was averaged over the same number of strokes. It was found that this
average was acceptable to be used as the baseline for the calibration. A [ubricant sample was
extracted from the sump during each test condition with the engine temperature noted for
sample calibration purposes. This sample was then used to calibrate the fluorescence signal
using the calibration program. Calibration included examination against both temperature
and the opacity of the lubricant, since these factors were found earlier to influence the
fluorescence signal. The influence of surface reflectivity was eliminated earlier in Chapter 3
as the PMT gain was set to the highest maximum sensitivity for fluorescence analysis, but
such that it was not affected by surface reflectivity. Once calibration was completed, a
calibration equation in a similar form to Equation 7.1 was aobtained. This was then used in
the post processing program to process the raw data obtained from the piston ring pack OFT

measurement program.

Since the program is designed for data manipulation, it was decided not to include a data
flow diagram in this chapter due to the size of the program, but the block diagram of the

program itself doesinclude information the data flow.

754 Additional LabVIEW Programs

Since the data capture from the engine LIF program occurred at a rapid rate, it was virtually
impossible to observe the data in the display charts, shown on Figure 7-8, and make sense of
it. It was, however, necessary to monitor the engine operating conditions and parameters to

make sure that the correct test condition was employed.
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To monitor the engine operating condition 3 programs were developed. Two of these
programs were used specifically for the motored engine, which did not have a separate
engine control unit. They monitored the engine crankshaft speed in terms of rpm and the
cylinder peak pressure. The third program was used to monitor the liner temperatures and the
coolant temperature (motored engine only). Once the operating test condition was reached
and the engine was under stable operation, al 3 of these additional programs were stopped to
allow a greater computer resource to execute the high speed DAQ of the engine LIF

program.

7.6 Data Averaging and Error Analysis

As mentioned earlier, data obtained from the engine was averaged over a number of engine
cycles to improve the accuracy and reliability of the data. The LIF profile in Figure 7-9
shows data captured at 800 rpm, 120°C and 22 bar cylinder peak pressure from the motored

engine during the compression stroke.

—1 cycle
—10 cycles average
—10 cycles avg + smooth

r

800rpm, 120°C, 22 bar

Oil Film Thickness (pm)
® o

[+2]

350

L TN e A

270 280 290 300 310 320
Crank angle (degree)

Figure 7-9: Example of averaging processused for all LIF OFT profiles

From Figure 7-9, it is apparent why it was necessary to average the data. A single engine
cycle (orange trace in Figure 7-9) appears to be very noisy as there is a large fluctuation of
data points. This ‘noise’ was actually found to be a characteristic of the PMT. The PMTs
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have a rapid response time of less than 1 ns and fluorescence emission can be anything up to
10 ns (see Chapter 3). As a result, the ‘noise’ is the capture of photons from the individual
fluorescent dye molecules, the fluorophores, fluorescing rapidly. An average of 10 engine
cycles (blue trace in Figure 7-9) helps eiminate the maority of the PMT response issues but
a further running average of 3 was applied for clarity (black trace in Figure 7-9). One point
to note is that through this averaging process, no data is added or removed from the trace
during the averaging process, thus showing that the technique is valid. The fluctuating
combustion event of the fired Hydra engine meant that further analysis into the averaging
technique was required to check the techniques validity for fired engine work. The Hydra
engine was operated at 2000 rpm at both motored and fired conditions and data acquired
from the engine under these conditions was averaged over 5, 50 and 100 cycles for the
compression and power strokes. The LIF profiles during these conditions are shown as
Figure 7-10, Figure 7-11, Figure 7-12 and Figure 7-13. This data underwent an extensive
statistical analysis to investigate the standard deviation (SD) value of the mean.

From Figure 7-10, Figure 7-11, Figure 7-12 and Figure 7-13 it can be seen that regardless of
engine operating condition, the films measured on the piston skirt have the largest variance
when considering the standard deviation from the mean. Per engine cycle the skirt film
thickness was observed to vary much more than the film thickness between the piston ring
and the cylinder wall. This is quite evident when comparing the films around TDC as the
piston slows down and prepares to change direction, and where piston secondary motion is
one likely culprit for the large variation. This also confirms the fact that the film thickness
measurements as such are not reliable to measure the films at the skirt since these are an
ensemble of lubricant on the piston, lubricant on the cylinder wall and/or lubricant mist. Asa
result, it can never be known whether the film thickness between the piston skirt and the
cylinder wall is correct in the film thickness profile. However, the film thickness under the

rings, the MOFT, was the focus for this research.

A large fluctuation in the standard deviation is present when data is averaged over 5 engine
cycles as opposed to either 50 or 100 cycles, deeming the technique unsuitable to average
over a shorter number of cycles. There is very little difference between averaging over 50
and 100 engine cycles if any and as a result it was found that averaging over 50 engine

cycles was more than enough and saved on post processing time.

As expected, the power stroke, during firing operation (see Figure 7-13), responds to the
fluctuating nature of the combustion event and the standard deviation is quite large for the

lower averaging range.



Data Acquisition System

190

36

34
32

30

28

NN
P -1

N

[=-]

7 | F
P
Pl

= A A NN
(=] o

+

P4
1 74

=N
N

Oil Film Thickness (um)

=
o

D e Y

SN A OO

i
=
@ LML T A
T T T

250 260 270 280 290 300 310 320 330 340 350 360

5 cycle SD

Crank angle (deg)
—5cycleavg —50 cycle SD

—50 cycle avg —100 cycle SD —100 cycle avg

TDC

Figure 7-10: Standard deviation analysisfor different averaging rangesduring the

compression stroke of the Hydra engine oper ating at a motoring speed of 2000 rpm

36
34

32
30

28

‘€26
&24

® 22
Qo

c 20

33
%
N

ON B~ O®

o ] e o i
T

-

P,
| !\ 1T | T ™ !

360 370 380 390 400 410 420 430 440 450

TDC

5 cycle SD

Crank angle (deg)
—>5cycleavg —50cycle SD

—50 cycle avg —100 cycle SD —100 cycle avg

460 470

Figure 7-11: Standard deviation analysisfor different averaging rangesduring the

power stroke of the Hydra engine operating at a motoring speed of 2000 rpm



Data Acquisition System 191

36
34
32
30
28

NN
o

Y]

=]

[=2]

= A A NN
o

E-N

Oil Film Thickness (pm)
N

=
o

?
{

| |

X\,
X\
3
h ]

B

/

‘M s el B P i =i

250 260 270 280 290 300 310 320 330 340 350 360

Crank angle (deg) TDC
5¢ycle SD —5cycleavg —50cycle SD
—50 cycle avg —100 cycle SD —100 cycle avg

O N B~ O

Figure 7-12: Standard deviation analysisfor different averaging rangesduring the

compression stroke of the Hydra engine operating at a firing speed of 2000 rpm

36
34
32

=

\_ﬁ: A

P

WY
Ny

,J

\..
T 2T ™ s TN I r1 s o
T T T T T T

360 370 380 390 400 410 420 430 440 450 460 470

TDC Crank angle (deg)
5cycle SD —5cycleavg —50cycle SD

—50 cycle avg —100 cycle SD —100 cycle avg

WA
\
}
[

e
=

(44
3

ON A~ O®
V.

Figure 7-13: Standard deviation analysisfor different averaging rangesduring the

power stroke of the Hydra engine operating at a firing speed of 2000 rpm



Data Acquisition System 192

Since the films under the piston ring pack are most important for this research, the standard
deviation around the ring pack was taken in the analysis of the standard error. The standard
error is defined as:

Standard error = Standard deviation Equation 7-2

Jnumber of observations

Under the piston ring pack the standard deviation was found to remain a constant and
approximately equa to 0.7 um. As a result the standard error was found to be 0.22 um for
the motored engine with a cycle average of 10 and 0.10 um for the Hydra engine with a

cycle average of 50. These values were taken forward in the results in Chapter 4 to 6.

1.7 Summary

To measure the [ubricant film thickness profiles at a high degree of refinement at high engine
speeds, a triggered simultaneous data acquisition sampling system was developed. Multiple
programs were developed in the LabVIEW architecture to integrate with the National
Instruments hardware. On both test engines, data was sampled from both PMTs for the laser
strength and the fluorescence intensity, the liner thermocouples. The motored engine had an
additional coolant thermocouple in the barrel and the cylinder pressure was also measured.

The ignition sequence on both the motored and fired Hydra engines was recorded.

Standard deviation analysis was also performed and it was found that there was avariation in
the films observed on the piston skirt, especially around top dead centre, possibly caused by
an influence of the piston secondary motion and blow-by effects. It is however, difficult to
confirm this since the film measured at the piston skirt and even between the rings is not
certain to be exactly between the piston and the cylinder wall. This aso varies whether the
engine is operating motored or fired. Standard error results were also performed for the
results obtained from both test engines. Based on the number of engine cycle averages, it
was found that a 0.22 um and 0.1 um error for the motored and Hydra fired engine
respectively was achieved.



Chapter 8 Conclusons and Recommendations for

Future Resear ch

8.1 I ntroduction

The purpose of this chapter is to bring together all the points from the discussions in
previous chapters and to draw final conclusions. The main aim of this research was to
investigate the influence of lubricant degradation on the oil film experienced by the piston
ring pack of an engine and the effect on piston ring tribology. This was carried out through
development of an in-situ piston ring to cylinder wall [ubricant film thickness technique on a

motored research engine which was furthered on to afired research engine.

A laser induced fluorescence system including a bespoke optics setup was used to monitor
the fluorescence intensity of engine lubricant doped with a specia fluorescent dye. The
intensity of the fluorescence was proportional to the film thickness and therefore, it was
possible to investigate the oil behaviour around the piston ring pack during a wide range of
engine operating conditions. This system was used to investigate a range of degraded
gasoline lubricants supplied by Mercedes Benz Leasing in Leeds and a single diesel lubricant
sample provided by Southwest Research Institute, Texas, USA. The lubricants were tested
on a horizontally opposed motored engine and a progression to a Ricardo Hydra fired

gasoline engine confirmed initia results.

The LIF system was taken a step further to investigate the oil flow through the piston ring
pack by measuring the residence time of the lubricant. A twin switchable [ubricant sump
system was setup and alowed the crankshaft bearings and piston assembly to switch
lubricant supply without any loss of lubricant or induced aeration. By using lubricant sumps
with and without dye, it was possible to observe the fluorescence emission in the ring pack
and hence the lubricant residence time when switching sump supply. Additionaly, the
influence of lubricant sampling from the top ring zone of a piston was also investigated with

the laser induced fluorescence system.
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8.2 Major Conclusions

The most important conclusions drawn from the research presented in the previous chapters

can be summarised into the following points, ranked in order of most important first:

A laser induced fluorescence system has been developed and implemented on a
firing engine that can clearly distinguish between lubricants of different
formulations (principally viscosity) and degradation state. A careful calibration of

each |ubricant sample isrequired to achieve this.

The piston ring to cylinder wall minimum oil film thickness was found to be
inversely proportiona to lubricant viscosity. Degraded lubricants, typicaly having
an increase in lubricant viscosity when compared to a fresh lubricant, were

generally found to present the thickest films.

Engine speed, load and lubricant viscosity were found to have a direct effect on the
piston ring pack lubricant residence time and the replenishment of lubricant within

the piston ring pack.

Engine speed and load were also found to have a direct effect on the piston ring to
cylinder wall minimum oil film thickness. Increasing engine speed was found to
increase the oil availability in the ring pack and increase the piston ring to cylinder
wall minimum oil film thickness. An increase in the engine load was found to

decrease the piston ring to cylinder wall minimum oil film thickness.

Sampling lubricant from the top ring zone of a piston of an operating engine for
post chemical analysis was found not to be detrimenta to the oil availability in the

piston ring pack

The piston ring to cylinder wall minimum oil film thickness was found to change
per engine stroke. As aresult of this, the lubricant shear rate was also found to be
different per engine stroke; with differences across induction, compression, power

and exhaust stroke.
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8.3 Detailed Conclusions

For the ease of presentation and discussion, the conclusions have been divided into three
main areas based on the original objectives of the thesis. These follow the progression of the

research work and include the conclusions drawn from the:

Motored engine experimental work
Ricardo Hydra gasoline engine experimenta work

Piston ring pack lubricant residence time and top ring zone sampling investigation

The objectives from Section 1.5 are repeated below in italics.

8.3.1 Motored Engine Experimental Work

Develop a method of oil film thickness measurement for the piston ring — cylinder bore

interface through the cylinder wall of a horizontally opposed motored engine.

Investigate the influence of lubricant degradation on lubricant film thickness within the
piston ring — cylinder bore vicinity using lubricant samples of known degradation in the

motored engine.

An optical system was developed on the motored engine to measure the piston ring to
cylinder wall lubricant film thickness using the laser induced fluorescence technique. The
experiments were carried out using a range of degraded gasoline multigrade lubricants and a
single monograde diesdl lubricant over a wide range of engine temperature, cylinder peak
pressures and engine speed conditions. Each test [ubricant was analysed in terms of chemical
degradation and lubricant viscosity. The outcomes of the research on this motored engine are

asfollows:

The use of a both gasoline and diesel type lubricants showed that the laser induced
fluorescence system is universally applicable to a wide range of lubricant viscosities

and lubricant quality based on the [ubricant degradation.

A decrease in lubricant viscosity, due to an increase in cylinder temperatures,
resulted in a reduction in piston ring to cylinder wall minimum oil film thickness,

which was true regardless of |ubricant type or quality.

The high temperature high shear viscosity results measured for each lubricant tested

correlated well with the piston ring to cylinder wall minimum oil film thickness.
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An increase in the cylinder pressure was found to reduce the overall piston ring to

cylinder wall minimum oil film thickness.

8.3.2 Ricardo Hydra Gasoline Engine Experimental Work

Adapt the same lubricant film thickness measurement system, as used on the horizontally
opposed motored engine, to a Ricardo Hydra fired gasoline engine to investigate oil film

profiles at higher engine speeds and loads.

The laser induced fluorescence system developed and optimised on the motored engine, was
moved and implemented on the Ricardo Hydra gasoline engine for fired engine
investigation. The same gasoline lubricant samples as used on the motored engine were
tested in this engine. A wider range of engine speeds and engine loads were now available
and used to confirm the initial findings on the motored engine. The outcomes of the research

on the Ricardo Hydra engine were as follows:

The piston lubricant profiles and the piston ring to cylinder wall minimum oil film
thickness were found to be engine stroke dependent. The piston motion direction and
the piston ring profiles were found to be causing the difference in the laser induced

fluorescence measurements per engine stroke.

The introduction of combustion, and hence firing, increased the cylinder pressure
and temperature which reduced the minimum oil film thickness of the piston ring to

cylinder wall.

A change in the film thickness per engine stroke; with differences across induction,
compression, power and exhaust stroke, led to a cyclic variation in the lubricant
shear rate.

As the engine speed increased, the piston ring to cylinder wall minimum oil film
thickness increased due to an increase in lubricant supply to the piston ring pack
caused by an increase in ring pumping and lubricant availability on the cylinder

wall. Thiswastrue regardless of the lubricant viscosity or quality.

Degraded lubricants were generally found to present thicker lubricant films between
the piston ring and cylinder wall. The high temperature high shear viscosity of the

test lubricants correlated very well with the measured lubricant film thicknesses.
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8.3.3 Piston Ring Pack Lubricant Residence Time and Top Ring Zone
Sampling I nvestigation

Further this method to investigate residence time with the use of a switchable twin lubricant

sump on the Ricardo Hydra engine.

Investigate the implications of sampling lubricant from the top ring groove of a piston,

during engine operation, on the piston ring pack lubricant film thicknesses.

The laser induced fluorescence system was adapted to investigate the flow of the lubricant
through the piston ring pack. The lubricant residence time is important in determining the
replenishment of the lubricant in the ring pack, since it is here where the lubricant degrades
at a faster rate than in the sump (Lee 2006). A twin switchable sump was used with one of
the test lubricants doped with fluorescent dye to examine the flow of the lubricant through
the ring pack and provide quantitative information on the lubricant residence time. Engine
tests were conducted over a wide range of operating speeds and loads, and with two test
lubricants of different viscosities. A further investigation in this research also examined the
influence of top ring zone lubricant sampling and the influence on oil availability, namely
the minimum oil film thickness, within the piston ring pack. The outcomes of this part of the

research are as follows:

An increase in engine speed reduces the piston ring pack residence time. As
mentioned earlier, there is an increase in the oil availability on the cylinder with
increasing speed. Additionally, an increase in oil flow through the ring pack is
possible at the higher speeds, but because this was not measured, this can only be
hypothesi sed.

Replenishment of the lubricant was observed to be inversely proportiona to the
lubricant viscosity. An increase in viscosity increased the piston ring pack residence

time regardless of engine speed.
Increasing the engine load was found to reduce the piston ring pack residence times.
Top ring zone sampling was found not to cause oil starvation issues within the piston

ring pack, confirming the technique is suitable for lubricant sampling from the top

piston groove without causing a concern for oil availability.
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8.4 Novel Aspectsof the Research

For the very first time in engine tribology research:

An experimental optical system to examine the piston ring to cylinder wall film
thickness of degraded engine lubricants has been investigated with excellent spatia
resolution in a rea fired gasoline engine. The system was also found to be

universally applicable to awide range of engine lubricant types, quality and grades.

Laser induced fluorescence examination of the piston ring to cylinder wall lubricant
film thickness has been performed at high engine speeds, in excess of 4000 rpmin a

gasoline engine.

The piston ring pack lubricant residence time has been measured directly using laser
induced fluorescence as a tracer technique. This allowed a detailed study of the

effect of engine load, speed and lubricant viscosity on the ring pack residence times.

The influence of lubricant sampling from the top piston ring groove has been
examined in detail against engine speed and load. Before this study, it was not
known what the consequence of sampling lubricant in this manner from an operating

engine would do to the oil availability in the piston ring pack.

8.5 Recommendations for Further Work

The recommendations for further work are suggested for work to be completed should there
be an additional sixth months to a year of time available. They are listed in order of highest
priority.

Investigate the influence of the lubricant degradation over a wider range of test
lubricants. In this research, only a select few test |ubricants were used and it would
be beneficial to confirm the initial conclusions here over a greater range of test
lubricants. A controlled set of engine tests to degrade Iubricant from fresh over a
specific period of service could be used to investigate the change in piston ring to

cylinder wall minimum oil film thickness with time.

The modern vehicle engine is now equipped with Stop-Start technology and cylinder

deactivation technology as a means to improve the fuel economy and lower the
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vehicle emissions. The difference between motoring engine operation and firing has
been shown to influence the lubricant film thickness in this research. It would be
beneficia to use the current system and investigate these current technology trends
by examining the piston ring minimum oil film thickness and the exhaust unburnt
hydrocarbon emissions at the same time. The CP CADET engine control system can

be programmed to include the investigation of this technology.

The current system is a single point laser induced fluorescence system. It would be
beneficia to expand this to a twin point laser induced fluorescence system with an
additional probe on the anti-thrust side. This would allow a greater detail of
information of the oil availability around the piston. It could also be used to
investigate the lubricant ring pack residence and determine if there is any difference

in lubricant residence between the thrust and anti-thrust sides.

Combine the laser induced fluorescence method for Iubricant film thickness
measurements with the indicated mean effective pressure piston assembly friction
measurement as used by Mufti, see (Mufti 2004). This would indicate the influence
of lubricant degradation on piston assembly friction and aso provide greater insight
into lubrication regimes as speed, load, etc. were varied.

Combine the laser induced fluorescence method for lubricant film thickness
measurements with investigation into the changes in lubricant film profiles during

piston ring and cylinder liner running-in and wear studies.

As vehicle engines are downsized, a need for alarger turbocharger unit is required to
improve the power output and thermal efficiency of the unit. As aresult, combustion
temperatures are increasing which could have a direct effect on premature lubricant
degradation, but thisis yet unknown. As aresult, piston under crown oil cooling jets
are required and used in some modern engines. It is not known whether these would
influence the oil availability in the piston ring pack. By using the laser induced
fluorescence system and making an adaption to the Ricardo Hydra engine to allow
for under crown oil cooling, it would be possible to investigate this over a wide

range of engine operating conditions.
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8.6 Recommendationsfor Future Resear ch

The recommendations for future research are suggested for work to be completed if more

than ayear of time was available. They arelisted in order of highest priority.

It would be beneficial to investigate the lubricant film thickness nearer to the top
ring reversal point. This would provide further information on the state of the
lubricant film thickness as the piston experiences intermittent zero velocity on piston
reversal. This would require a special Hydra barrel and possibly a new liner to be
manufactured. Going further upwards towards top dead centre would possibly
require additional neutral density filters to be put in place to avoid the possibility of
damaging the sensitive photomultiplier tubes when combustion takes place.

It would be interesting to examine the lubricant films towards the bottom dead centre
to gain an overal understanding of changes of lubricant film thickness profiles

during an engine cycle.

As mentioned earlier about the use of downsized engines, by adapting the Ricardo
Hydra engine for boosted application, it would be beneficial to examine the piston
ring to cylinder wall lubricant film thickness at increased inlet air pressures thereby

increasing cylinder pressures.

Fibre optic

o

Figure 8-1: Curved linkage design idea for in-situ L1F probe

Examining lubricant behaviour behind the piston ring in the ring groove would help
provide additional information on the flow of the lubricant past the ring and the
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direction of the lubricant flow. This requires a fibre optic to positioned inside the
engine behind the piston ring groove. This was investigated in this research to the
point where a new curved linkage was designed and manufactured to retain a fibre
optic cable, Figure 8-1. The linkage was designed so that no excessive bending of
the fibre optic caused premature fatigue damage or cause issues with interna
reflectance of the laser light in the fibre. This linkage was tested up to engine speeds
of 1800 rpm for 10 hours in the Hydra engine. It failed due to a natural resonance

occurring at high engine speeds, in excess of 2000 rpm.

In-situ lubricant degradation infrared analysis as previoudly attempted in the past by
only a few researchers (Nattrass, Thompson et al. 1994; Thompson and Nattrass
1996; Watson and Wong 2010). It would be beneficiad to examine the chemical
composition of the lubricant between the piston ring and cylinder wall during engine
operation, without the need to extract lubricant samples. By examining just the
oxidation region of a lubricant spectrum, it is possible to improve the spatial
resolution and improve spectral analysis time. Coupling this with the laser induced
fluorescence system would bring analysis of lubricant degradation and oil film

thickness measurements together.
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Appendix

A. Optical PartsInventory and Optical
Specifications
A.1l  Optical PartsInventory
Ilt\le(;n Description Manufacturer Part No.

1 Blue excitation filter Thorlabs MF475-35

2 25mm diaND Filter, Optical density 2.0 Thorlabs NE20A

3 Green emission filter Thorlabs MF535-22

4 105um, SMA Fibre patch cable, 5m Thorlabs M15L05

5 Lens Thorlabs -

6 Dichroic mirror Thorlabs DMLP605

7 Optical cage system Thorlabs B3C, CAW,

ER4,
8 H5873-20 Photosensor module Hamamatsu H5783-20
9 C7169 Photosensor module power Hamamatsu C7169
supply

10 UV-silicalens, planoconvex Comar 16PS10
Instruments

11 16mm, TubeMount, lens size adapter Comar 10MR16
Instruments

12 16mm, TubeM ount tube 40mm Comar 40MU16
Instruments

13 16mm, TubeMount SMA adapter Comar 02FA32
Instruments

14 16mm, TubeMount dotted retaining ring Comar 01MW16
Instruments

Table A-1: Optical partsinventory
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A.2  Photosensor Module Specification (H5783-20)

Metal Package PMT
Photosensor Modules H5773/H5783/H6779/H6780 Series

The H377¥H5783HE7THHE780 series are photosensor modules housing a metal

package PMT and high-voltage power supply circuit. The metal package PMTs
I Product Variations

have a metallic package with the same dismeter as a TO-8 package used for semi-
conducior photodetectors, and deliver high gain, wide dynamic range and high-
speed response while maintaining small dimensions identical fo those of photo-
diodes. The internal high-voltage power supply arcuit is also compact, making the
module easy to use.

Considering the mounting methods, a cable oufput type and a pin output type are
provided, and a total of 7 types are available according fo the wavelength range to
be measured. A P-iype is also aveilable with selected gain and dark count ideal for
photon counting under extramely low lght conditions.

Suffix Suffix
m\mm 02 |-03 | 04 |06 | 20 [DutputType Features e T
H5773 yee | yes | yes |yes | yes | yes [ yes |On-board | Low power consumption - 300 nm to B50 nm
H5783 yeE | yes | yes | yes | yes | yes | yes | Cabls output -2 300 nm to BBO nm
H5773F |yes [ no | no | no | mo | no | no | On-board For photon counting 03 185 nm to 650 nm
H5783P |[yes [ no | no | no [ mo | no | no |Cablke output | Low power consumption -0 185 nm to B50 nm
HE&TT8 yeE | yes | yes | yes | yes | yes | yes [On-board | Low ripple noise 06 185 nm to 650 nm
HE7TED yes | yes | yes | yes | yes | yes | yes | Cable oulpul | Fas! setiling time 20 300 nm to 000 nm
T T B
- - mmin E
I Specifications M
Parameter H5773 | H5T83 [ HETTO /| HETED Series | Unit
Suffix Naone | -03.-08 | -M.-04 02 -20 —
Ingart Voltage +11510 +155 v
Max. Input Volage +18 v
Mazx_ Ingut Current HE773/ H57B3 Seres: 9 A
HE778 / HE7BO Series: 30
Max. Signal Currant 100 A
Max. Control Voltage +1.0 (Input impedance 100 ki) v
Recommended Coninol Yoltage Ady Range +0.25 {0 +0.9 W
Effective Area +8 mm
Sensiiivity Adjustment Range 110+ .
Peak Sensitivity Wavelength 420 420 400 500 B30 nm
. e Min. A AD BO 200 as0
g Luminous Sensitivity Tp. 0 0 . 150 250 =00 pATm
Blue Sensivity Index (C5 5-58) B ] — — = =
E RadWhite Rafio — — 0.2 025 0.45 —
Radiant Sansitivity *1 62 [ (1] 58 78 mAW
'g Luminous [ Min. 10 10 15 25 35 Py
Sansitivity [Typ. 50 50 75 125 250 i
E Radiant Sansitivity *1 *= 43= 1 4.3=10¢ 3.0= 1 29 =<1 30 =10 AW
e | TR 02 02 0.4 2 2
g 3 | Dark Curent Max., 3 2 4 20 20 A
s Min. 7510 —
g|Gain ™ Typ. i1 = &
£ | Radiant Sansiivity *! ** 6.2« 10* — AW
o . [Tip- &0 =
Dark Count *2 ** [, A00 — B
Risa Time ** 078 ns
Fipple Noise ** ™ jpeak io peak)| Max. 12 0.6 my
Settling Tima *2 2 0.2 E:}
Operating Ambient Temparatura +5 1o +50 +5 1o +15 *C
Storage Temperature -20 to +50 *C
Waight [ [ 80 [ [ | &0 g

"1: Measured at the peai sereffivity wawslength  "2: Conbrol vollage = 308V "3 After 30 mirute siorsge in darkness
"4: Cabbs AG-174/4U, Cable length 430 mm., Load resistanos = 1 ML Load capaciiance = 22 pF
1E".|: The fime required for the oufput o reach a stabie level following a change in the conirol voltage from +1.0W o 4003 W
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Current Output Type Photosensor Modules

I Characteristics (Cathode radiant sensitivity, Gain)
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\ ' Al
ut .| I S | wel | 1
0 30 MND a0 TN M D 0 A0 Nd &0 30 30 0 30 0 100D [T E] a4 2 o7 12 12 15 1]

WAVELERGTH jnm)

WAVELEMOTH (nm) CONTROL VOLTADE (V)
I Sensitivity Adjustment Method
foltage Prog g [R Programming |
POWER S PHOTCSEHSOR MODLLE POWER SUFPLY PHOTOSEMSOR MODLLE
M SOHAL DUTFUT *1- When using a poienSomeier io adust
#13W! LOW VOLTADE INPUT 13N LW VOLTADE NPT sensihdty, monior Fe oonfrol voltage
@k oD .15 oD 50 N oc=s ot enpeed 410 V.
Vsl OUTPUT Vol QUTPLUT
e e Vesniral INPUT *Z: HOTTHHOTEN series has tis 2 ki
2 resisiorn.
* Adfpsst the conol wnltage i Ho extemal resisior is needed.
o adjust the sensiify. .,
‘EH"&! m#'m POTENTIOMETER (1) (10 kil N

I Dimensional Outlines (unit: mm) IDption (Optical Fiber Adapter)
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H'wooaiod NFUT O35 Y & =00 V) TOP VIEW SOE VEW
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> o WS LA
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— .
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A.3  Photosensor Module Power Supply (C7169)

POWER SUPPLY FOR
HAMAMATSUY | o,070SENSOR MODULES

PRELIMINARY DATA

JUL. 2000 C7169

C7169 is the power supply unit which can be used for various
photosensor module produced by Hamamatsu commonly. The
unit can provide both the drving vollage and the control
voltage.

EoIT
Type No. Effective Area Built-in Parts Type No. Valus Unit
H7 710 S5ERIES 3.7% 13 mm Dirrving Circust Outpart Voltage 115 v
H7T11H7712 SERIES| ™ Driving Circuit + AMP y 0.3 (+15V)
HE770 SEAIES Output Current [MAX.) 0.2 15 V) A
HETB0 SERIES Driving Circut Conirol Voliage +0.25 10 +1.2 v
H5773 SERIES 8 mm Dia. a Input Vollage 100 to 240 Vac
H5783 SERIES Inpast Line Voltage Freguency S0V60 Hz
H5784 SERIES Dinving Circust + AMP Operating Temperature +5 to +50 *C
H7826 SERIES 15 mm Dia. | Driving Circut Storage Temperature +20 o +50 *C
H7732 SERIES 4« 20 mm | Driving Circuit
[ asar HaTEaMTT IHTT I | [wmHOUT AMP HT71DHIT TR HITEAHE TTRHOTEOHTEZEHTTIZ)
POWER SUPPLY PHOTOSENSOR POWER SUPPLY PHOTOSENSOR
MODULE MODULE
SIGMAL OUTPUT SIGMAL OUTPUT
B —  —
+13v OV 3V o Voo
I e 1 T GnD
GHND &) j Vee GHD o
W red W et
i Q W conirod Bl aQ W cantrod
W red [w] L W et Lo
CONTROL o CONTROL o
vOLTAGE VOLTAGE
* The conneciion of the wnit and the pholosensor module must be made while the unil power ks “0FF.
Flaase make proper wiring connaction ohenstss the phoiosensor module may be damaged. uccoem

+ Bubjec! 1o iocal i=chnical requiremenis and reguiations, availabilty of products Included in this promolional malerial may vary. Pieass consult with our salss office. |

Inicrmation furnished by HAMAMATEL s bedisved bo be reliable. Howswer, no responsbility is assumed for poscible inacouracies or omissions. Spacificalions ans
subject io changs withoul noice. Mo palent righis are gramisd i any of the circulls descorbed hersin. 02000 Hamamatsy Pholonics KK
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A4 Thorlabs Excitation/ Emission Filtersand Dichroic Mirror
Specification

MF475-35
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Figure A-1: MF475-35 - Blue Excitation Filter
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Figure A-2: MF535-22 - Green Emission Filter

DMLP605, 45° AOI, Unpolarized Light
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Figure A-3: DMLP605 - Dichroic Mirror

(Specification from Thorlabs Catalogue V 20)
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Appendix

B.

Engineering Technical Drawings

Sapphire Window Technical Drawing
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Appendix

B.2

Motored Engine Cylinder Liner Machining Guideto Fit Window
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B.3 Motored Engine LIF Collimator Probe Sleeve
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Appendix
B.4

Ricardo Hydra Cylinder Liner Machining Guide
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Appendix
B.5

Ricardo Hydra Engine L1F Collimator Probe Sleeve
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Ricardo Hydra Barrel Machining Guide

Appendix
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C.

Cl

Engine Lubricant LIF Calibration Tests

Fresh Sample A — Castrol Edge SAE OW 30 plus 35mg/l dye
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C.2 Degraded Sample B - MB Medium Size Car, Castrol Edge SAE
OW30 plus 100mg/l dye
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C.3 Degraded Sample C — MB Sports Car, Castrol Edge SAE 0W 30
plus 100mg/l dye
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D. Pyrromethene567A Dye Specification
Y =7 Dayton, O 45437
Ex i Tel: 937.252. 2989 Fax: 037.250.3937
Z oo

PYRROMETHENE 36TA

Synonyms: 1,35 7-Tetramethyl-8-n-pentyl-2, 6-diethylpyrromethene BF,; complex
Catalog No.: 05678

CAS MNo: M/A MW: 374.32

Chemical Formula: C,.H.:M.BF,

Appearance: Bright orange crystalline solid

Structure:
j
)
VoL .-"’-
T T
LN hN
"x _.fB\ h
F F
Spectral Information:

Amarans  519nm (ethanol), 5322.5nm (gasoline), 521.64nm (Dow Corning 200 silicon oil), 320.5nm (PMMA),
518.85nm (ethyl acetate)

p S— 536nm (ethanol), 543nm (gasoline), 354nm (PMMA)

31 B8.4x10" liter/mole cm

& not reported

Selected Solubility Limits (25°C):

Acetone 43 grams/liter 2-Ethoxyethyl Acetate 48 grams/liter
Acetonitrile 15 grams/liter Ethyl Acetate >133 grams/liter
p-Dioxane =23 grams/liter Gasoline 4.8 grama/liter
Dow Coming 200 Silicone Oil  0.85 grams/iter Heptane 7.87 grams/liter

Ethanaol 3.4 grams/liter Methamnol 3.7 grams/liter
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Exciton, Inc.

in Hydrocarbon Solvent

Pyrromethene 567A

Excitation Spectrum
Amax = 522.5nm

~9x10"°M

HUtH

ncentrati
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Figure D-1: Pyrromethene 567A dye absor ption spectrum
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E. Monarch 280 Carbon Black Powder

Specification

[
C

SPECIAL BLACK — CABOT

UTILITY PIGMENT BLACK creating what matiers

MONARCH® 280

MONARCH® 280 s a general purpose low color pigment  The dispersibility of MONARCH 280 pigment black
black suitable for a variety of tinting applications. As a depends on the equipment used and the formulation.
fhuify product, MONARCH 280 is a versatile and an easy  Most low color pigment blacks exhibit the same ezse of
to disperse carbon black that can be used to replace lamp  dispersion because of their relatively lange particle size.
— MOMNARCH 230 is a flufiy pigment black with a typical
Produet Fom: Fluffy bulk density of 9 bs/t’ (146 kg/m3).

‘- m_lp_licaﬂnn Information R ——
Pioling bl Low Color Pigment Blacks
MONARCH 280 is a high structure pipment black that is
broadly applicable in a variety of inks. It is particularly
suitable for web ofiset and gravure printing where matte MONARCH® MONARCH
finish is required. it ako ofiers very blue underione, 120 5710
excellent hold out or lay with excellent dispersibility. JETNESS ._‘ .
Coalings Law High
This pigment back can be wsad n a variety of coatings
applications. It is recommended for -
underbodyiunderhood automotive, general industrial, or oy :'L! Sreram
architectural trade sales applications where high jetness
is ot required. It is also recommended for use as a
tinting black since the relatively large parficle size allows TINTING .—‘ L
for high lnading while the high structure allows less STREMGTH | gy High
mohility in the wet fim of the applied coating. This
reduces problems with floating and fleoding in liquid
finting applications. It can be easily dispersed using a MONARCH MONARCH
high speed disperser far liquid coatings or a single screw = ol
extruder for powder coatings.

EASE OF L]
ﬂtgrﬁ'mhﬁm DISPERSION Easy Hard
In addifion to the applications listed above, this product is
commaonly used as a pigment in Concreie & Cement and " = RS
Metallurgical Apphicatians.

-
|
Cabot Corporation

www_cabol-corp.com
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F. Test Oil Specifications

F.1 Castrol Edge SAE OW 30

Typical Properties:*
Edge with SPT
Method OW-20 OW-30 SW-20 SW-30
Viscosity @ 100C, c5t ASTM D445 8.65 12.21 .88 10,70
ASTM

Viscosity @ 210F, SUS D2161 54.59 67.22 55.37 61.72
Viscosity (@ 40C. c5t ASTM D445 45.08 720 49.35 62.64
Vigcosity Index ASTM 2270 174 167 161 158
Low Temperature [ C) Cranking
Viscosity, cP max. ASTM 5203 | 6200 @-35 | 6.200@ -35 | 6,600 @ -30 | 6,600 @ -30
Low Temperature [ ) Pumping
Viscosity. cP max. ASTM 4684 | oo.000m 90 | B0.000 @D 40 || 40.000 @0 -33 | 40,000 & -33
HT M5 Viscosity, cP min ASTM 4683 28 29 28 28

. Pour Paint, F {C} max ASTM D7 -38 {-39) -65 (-54) -3 (-38) -3 (-39)
Flash Point, PMCC, C min ASTM D33 =200 =200 =200 =200
Density @@ 15C, Relative ASTM 4052 0.845 0.839 0.848 0.856
Pounds per Gallon 7.038 6.939 7.083 T.128

Edge with SPT
Method 10W-30 10W-40 SW-40 SW-50

Viscosity @ 100C. c5t ASTM D445 11.30 14.60 139 18.50
Viscosity (@ 210F, SUS ASTM 2161 63.88 76.36 736 92.18

| Viscosity @ 40C, o5t ASTM D445 T75.10 91.89 826 114.36
Viscosity Index ASTM 2270 15 162 174 170
Low Temperature | C) Cranking
Viscosity. cP max. ASTM 5203 | 7.000@-25 | 7,000@ -25 | 6,600@-30 | 6,600 @ -30
Low Temperature [ C) Pumping
Viscosity, cP max. ASTM 4684 | sopooqy-30 | cooooq@-30 | ooooog-35 | ooooog-3s
HT M5 Viscosity, cP min ASTM 4683 29 29 29 37
Pour Poind, F {C) max ASTM Da7 -33 {-38) -27 (-33) -44(142) -22 (-30)
Flash Point, PMCC, C min ASTM D83 =200 >200 =200 =200
Density @@ 15C, Relative ASTM 4052 0.854 0.859 0.850 0.854
Pounds per Gallon 7.145 7.202 T.076 .1m

* Due to continual product research and development, the information contained herein is based on products
purchasad in the U.5. subject to change without notification. Typical properties may vary slighthy_

Product Data - Casirol EDGE
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Shell Extra High Viscosity Index (XHVI) 8.2

Shell XHVI 8.2

Extra high viscosity index base oil

U

Shell XHVI (Extra High Viscosity Index) base oils are special products from the Shell
XHVI synthesis process. With the VI above 120 they are classified as APVATIEL

Group lll type base oil. XHVI base oils are favourable blending components for high
quality speciality lubricants in the automotive and industrial sector, where excellent
viscosity-temperature behaviour and low volatility are required.

Typical Physical Characteristics

XHVI 8.2 sp’;c“;'n“ﬂﬁm
Appearance bright&clear bright&clear
Colour (ASTM) ASTM D 1500 L0.5 max 1.0
Density at 15 “C kgim3| ASTM D 1208 834
Flashpoint PMCC G| ASTM D93 240 min 210
Flashpoint COC | ASTM D92 250
Pour Point G| ASTMDST -15 max -15
Kinematic Viscosity at 40°C mm2/s| ASTM D 445 48
Kinematic Viscosity at 100°C mm2is] ASTM D 445 83 78-85
Viscosity Index ASTM D 2270 147 min 140
Acid Value mglOH/g] ASTM D874 =0.03 max 0.05
Ash %m| ASTM D 482 <001
Sulphur Content Btmim| ASTM D 2622 =0.03
Moack Volatility %m| ASTM D 5800 5 max 5
Thess charactenstics are typical of cusment production. Whilst futuns production will conform
fin Sheil's speciflication, variaions in these characherisiics may ooowr.
SIPC-OELP/PW HHVIE.2 - page 1:1 131 1/2004

S RODDS
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F.3

Shell Helix HX7 AG SAE 5W30

@ Techniool Dot Shest

Shell Helix HX7 AG 5W-30

Shall Halix HX7 AG is the latest generation synihetic technology engine oil designed specifically o meet the needs of
almost all Opel and Yawhall gasoline and dissal engines. Approved by these manufochrers for normal and exiended
sarvica.

Specifically designed fo provide excepfional engine responsivensss and profediion for almost all Opal and Yauxhall
gasoline and disssl enginas.

Contains Shell’s special adive cleansing technology fo confinuously prevent dirt and shedge build-up, mainiaining
responsivenass right up to the next oil drain.

DESIGMNED TO MEET CHALLEMGES

Performaonce, Features & Banefils * Speciol oerafion control

* Specially selected syihatic base ods, lower evaporation loss  ORfimized hydraulic system coniral.
Reduces the oil volatility ond therefore the oil consumption. * Lower Sulphur
The need for oil top-up is therefore reduced. For colalyst profection.

* Special odive deonsing technology * Minimise vibration ond engine noisa

Twice oz effective ot removing sludge from dirty engines than Smoother, quister drive.
mineral oil.

* Enhonced cuddetion stability
Up to 19% more proteciion than other synthetic technology

Main Applications
* Mhzets the requirements of General Motors for their specification
GMA LL-AD25 ond G#A LL-BO25.

Specificafions, Approvals & Recommendations

lzoding brands tested.

* Low viscosity, rapid oil flow and low frichon

Greater fuel efficiency. * APl SL/CF
- MMNW = ACEA- A3/B3, A3/B4
To maintgin viscosity and siay in grode throughout the oil * GMLL-A-025 equivalent to Owpel B-040-2095
drain period. * GMALB.025 equivalent o Opel B-040-2098
* Low Chlorine For o hdl listing of equipment opprovals and recommendaficns,
For improved enviranmental disposal. please consull your local Shell Technical Helpdesk, or the DEM

Approvals website.

Typical Physical Charoderistics

Properiies Mathod Holis KT AG
Viscosity Grode Enbe]

Kinamailc Viscosity @407C mmifs EM IS0 3104 9.5

Kirarmatic Wiscasity e mmis EM IS0 3104 1.7

WYiscosity Indax 150 2909 164

Dansity @15°¢C g/ m® DIM 51757 854

Flash Point [COC) 'c 150 2592 230

Pour Point " 150 30016 -34

These charackeristics ore sypical of curreni production. Whilst future producion will conform to Shell's specification, variotions in these charocieristics

MY oD,
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G. Ricardo Hydra Engine Specifications
Number of cylinders 1
Bore 86mm
Stroke 86mm
Swept volume 0.4995 litres
M aximum speed 5000 rpm (CP software limited)
Maximum power (kW/ bhp) 15 kW/ 20 bhp
Maximum torque 36 Nm
Maximum cylinder pressure 120 bar
Compression Ratio 10.5:1
Valve per cylinder/ arrangement | 4/ Overhead camshaft
Inlet opens 20°BTDC
Inlet closes 72° ABDC
Exhaust opens 60° BBDC
Exhaust closes 32° ATDC
Inlet clearance (cold) 0.3-0.4mm
Exhaust clearance (cold) 0.3-0.4mm

Induction system

Naturally aspirated

Injection Gasoline Indirect

Timing range 70° BTDC - 20° ATDC (software set at 12° BTDC)
Spark plug NGK BCPR 7ES

Spark plug gap 0.8 mm

Liner type Removable sleeve

Liner materia Grade 14 Cast Iron

Table G-1: Ricardo Hydra Engine specifications
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