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Abstract

The presence of lubricant droplets in the gas that flows through the piston assembly and crankcase of an internal
combustion engine (generically termed oil misting) has important implications for performance, particularly
lubricant supply to the upper piston assembly, oil consumption and lubricant degradation. A significant source of
these droplets is thought to be oil shearing and blow-through by blow-by gas flows in the piston assembly. An
experimental rig was developed to simulate the high velocity gas and lubricant film interactions at a top piston
ring gap where the flow conditions are most severe. Flows of lubricant droplets were produced and characterised
in terms of the proportion of the oil flow that formed droplets in the gas flow and the size distribution of the
droplets produced. Considering various aspects of a commercial automotive crankcase formulation, the effect of
lubricant viscosity was found to be particularly important. Of the lubricant additives evaluated, viscosity modifiers
were found to have the greatest effect on the tendency to form droplets: Detailed study on a range of viscosity
modifiers identified that the influence of their molecular architectures on viscoelasticity was the key mechanism.
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1. Introduction

The lubrication of the piston assembly in an automotive engine has been studied in great detail due to its
importance to the performance of an engine. For instance, Mufti et al showed that between 33% and 44% of engine
friction can be attributed to the piston assembly [1]. Tung et al gave piston assembly friction as 44% of total
engine friction, translating to approximately 5% of engine power usage [2]. Therefore, the effective lubricant
supply to the piston assembly, particularly the upper piston rings where the tribological environment is most harsh,
is a key factor in engine system design. Droplets of oil entering the combustion chamber are causes of low speed
pre-ignition (LSPI) in modern high power density, turbocharged engines [3—7]. Also, it has been shown that 80%
of oil consumption can be attributed to lubricant flow paths through the piston assembly [8], which has a
significant effect on exhaust emissions. Furthermore, based on the work of Yasutomi et al, it has been shown that
the high temperatures, high shear stresses and exposure to hot air, fuel and combustion products in the piston
assembly produces the most rapid rate and greatest source of lubricant degradation in the engine [9].
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Figure 1: Lubricant Transport Mechanisms in the Piston Assembly of a Fired Automotive Engine

Much research over the years has established several key lubricant transport mechanisms, Figure 1. These are:

e Scraping [10-18]

e Evaporation [10,13,18-23]

e Ring Pumping [10,11,13,24,25]

e Inertia [10,11,13,18,24,26,27]

e Dragging by Blow-By Gas [10,18,28-33]. Interfacial shear from blow-by gas over the surface of oil
films causes the lubricant film to move in the predominant direction of gas flow: Circumferentially
around the piston lands and through the ring gaps. When the ring gaps are circumferentially opposite on
the piston (180° apart), the large area of lubricant film on the predominant gas flow path but gas flow
rates are relatively low. When the ring gaps are vertically aligned (0° apart circumferentially), blow-by
flow rate is high but lubricant flow rate by this mechanism is low. Thirouard et al [15] found that the
maximum lubricant flow rate is at an intermediate angle. These and other studies [34,35] showed that
relative ring gap position influences more than absolute position.

¢ Ring Lift and Flutter [25]. The flow of gas through the ring groove, behind the ring, causes the lubricant
in the ring groove to be rapidly evacuated, predominantly, in the direction of the gas flow. This can cause
high levels of lubricant consumption, particularly when the flow of gas is upwards into the combustion
chamber (reverse blow-by).



e  Misting [10-12,15,18,36]. Lubricant droplets are carried by the gas flow until they are deposited or until
they leave the engine.

Generally termed misting, although referring to droplets typical of aerosols, mists and sprays, the presence of
droplets in the gas flow of the piston assembly and crankcase has been discussed for many years, from the
perspectives of oil consumption and lubricant transport. However, little of this has been previously understood. It
is thought that droplets can be produced in several ways: Firstly, the high gas flow rates and shear over the
lubricant film around the ring gaps might produce droplets [15,28].

Secondly, droplets may form by air flow through the ring and liner interface, particularly when significant bore
distortion is seen: The lubricant film is ‘blown through’ when the pressure differential across the ring is greater
than the interface oil film can support [37].

Thirdly, a similar effect has been observed with certain designs of oil control ring, lubricant pockets are ‘blown
through’ [24]: This might also occur in other areas where oil can accumulate in a potential gas flow path such as
oil drain holes and the piston skirt.

Fourthly, oil vapour generated in the piston assembly condenses into droplets when it reaches cools in the
crankcase. Condensed droplets are typically in the order of 107-10° m in diameter, whereas mechanically formed
droplets are in the order of 103-10"*m [38].

The presence of lubricant droplets in the crankcase has been associated with deposit and varnish on turbochargers
and intake components if exhaust gas is recirculated [39], affecting key systems in modern engines. Oil transport
mechanisms have been shown to be affected by transient engine conditions [24], where oil can accumulate and
dissipate rapidly, so the frequent start/stop cycles in hybrid engines [40] may contribute to the influence of droplets
on these effects.

The aim of this investigation was to simulate the oil mist formation mechanisms thought to occur at the piston
ring gaps in a controlled laboratory environment, where the influence of individual parameters and their
interactions could be systematically and rigorously investigated. Bespoke apparatus was designed and built for
this purpose. Stage 1 of the research investigated the mist forming tendency of the relevant components of a
commercial lubricant to determine which had the greatest effect on the mist formation process. This led to a more
detailed study of the influence of viscosity modifiers, Stage 2.

2. Methodology

2.1. Apparatus

The apparatus developed for this study utilised a venturi mist generator to produce an oil mist flow. This flow was
measured using a particle sizer, and by weighing the oil in various flows before and after the test, Figure 2.
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Figure 2: Schematic of Mist Generator and Measurement Equipment

Top Piston Ring
Gap after Venturi Mist
Parameter
Gamble et al Generator
[12]
Peak air inlet gauge
3.94 0.15
pressure (x106 Pa)
Peak throat gauge
3.94 0.053
pressure (x106 Pa)
Peak air mass flow rate
1.01 1.54
(103 m3s?)
Peak air velocity (ms™) 438 300
Mach number 0.91 1
Expansion ratio 3.42-13.23 11.67
Gas Temperature (°C) =200 20
Oil Temperature (°C) =200 20

Table 1: Comparison of Venturi Mist Generator Flow Parameters with those Modelled in an Engine
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Figure 3: Dimensions of Venturi Mist Generator

Oil was fed into the throat of the venturi mist generator using a motorised syringe pump. The venturi reproduced
conditions at the peak flow through the top ring a of a gasoline engine at 2500rpm, 75% load and 50% throttle, as
reported and derived from the model of Gamble et al [28], Table 1. Dimensions are shown in Figure 3. The
lubricant inlet was raised approximately Imm above the venturi throat surface, so that the lubricant flowed over
a distinct edge, as in the piston ring gap. This feature was accounted for in the flow calculations. The expansion
ratio of the venturi is the ratio of the outlet duct area to the throat area. The venturi was supplied with air from a
laboratory compressed air supply via a coalescing filter with a 0.01um element and a pressure regulator. At an
inlet air pressure of 0.15MPa, the venturi was choked and the flow parameters are as listed in Table 1. Conditions
correspond well to those in the engine in all but pressure and temperature. The effect of pressure was considered
secondary as this mist formation mechanism is controlled by shear between the gas and lubricant flow, where
similarity in velocity and flow rate is of greater importance. The lower temperature in the lab test may have
influenced droplet formation and droplet size distribution, as viscometric, viscoelastic and extensional properties
vary with temperature [41,42]. Further work to measure droplet distributions extracted from the crankcase of a
fired engine was performed: The effects of temperature on droplet formation will be best clarified in future
publications by comparing between the lab and engine environments.
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Figure 4: Droplet Size Distribution for PAO 8 at 3 ml/min

The mist flow was directed, via an 8mm pipe, through a laser diffraction particle sizer, that measured droplets
with diameters between 0.1-1000um that passed through the 10mm diameter beam. Data was collected
continuously, recorded every second and averaged for the duration of the test. The distribution was presented as
the proportion of the Total Flow Volume at each droplet diameter, the Volume Frequency: This was most relevant
to bulk flow mechanisms, rather than number of droplets or proportion of the total surface area. Figure 4 shows a
typical droplet size distribution. In this and almost all cases observed the distributions were tri-modal, i.e. three
characteristic droplet diameter ranges. The largest had diameters of 135-1000um, typical of what is termed spray,
where droplet inertia is high and they quickly deposit from the flow. These were not thought to form readily in
the piston assembly, as they are of similar size to the ring gap. Droplets with diameters of 18-135um were present
in almost every test. These droplets were typical of mist flows, where inertia is overcome by aerodynamic forces
and droplets stay entrained in the gas flow, but are rapidly deposited from a flow as its velocity reduces. The
smallest droplets, with diameters of 0.1-18um were typical of aerosol flows, where inertia is extremely low,
entrainment in the gas flow is dominated by Brownian motion and, therefore, aerosol droplets are present even in
stationary flows. Aerosol flows weren’t present in many tests. The mist and aerosol droplets were thought to be
representative of those found in the engine [43]. Aerosol and mist ranges were termed the minor and major misting
region, respectively, in this study. Characteristic Droplet Diameters were defined by the droplet diameter at the
peak of each distribution bell curve.

The tendency to form droplets was measured by weighing the bulk liquid lubricant flowing into and out of the
system. The lubricant entering the mist generator was calculated by weighing the syringe and feed line before and
after each test and subtracting to find the difference. The oil that dripped from the outlet pipe was collected in a
beaker and, again, weighed before and after the test. As this oil was not entrained in the gas flow, it was assumed
to contain lubricant that has not formed droplets and/or droplets deposited on the pipe walls, i.e. this was un-
misted oil. As it was not possible to collect all the droplets entrained in the gas flow, the weight of oil leaving the
system as droplets was calculated by subtracting the un-misted oil from the total input:

M, =M, -M

droplets unmisted out

Where Myyopiers 1s the total oil leaving the system as droplets, M;, is the total oil entering the system and Muumisied
out 18 the total oil leaving the system unmisted. The tendency of a lubricant to form droplets was defined as total
quantity of oil leaving the mist generator as droplets as a percentage of the total entering the system:

M 4ot
%Droplets =100 x %

in



In order that the measurements of the output values were more accurate, the outlet pipe from the mist generator
was lined with PTFE so that oil would not wet the surface and be retained in the system, but would flow out under
shear from the gas flow.

2.2. Procedure

The syringe charged with oil, the oil feed tube and the un-misted oil collection beaker, Figure 2, were weighed.
The syringe was compressed until the oil feed tube was full of oil. The particle sizer self-calibrated and data
recording commenced. The air supply was switched on, set to 0.15MPa and left for 10s to allow the flow through
the system to become steady. The syringe pump started and the inlet feed attached. The test duration was two
minutes, starting when the oil entered the venturi (indicated by an audible change in gas flow). The test was ended
by stopping the particle sizer and the syringe pump, clamping and disconnecting the oil feed pipe to prevent further
oil flow. The air supply was kept running for a further 5 minutes to ensure that all oil was removed from the
system. The mass change of the syringe, the oil feed tube, un-misted oil collection beaker, and the drip tray before
and after the test provided M;, and Muumisted out, and by subtraction Mayqpiers. Data from the particle sizer was recorded
and averaged for the two-minute test period.
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Figure 5: Variation in Droplets Produced with Oil Inlet Flow Rate: a) Variation in Misting Tendency with Oil Inlet
Flow Rate; Droplet Size Distributions for Fully Formulated Lubricant at; b) 1.8 ml min, ¢) 7.1 ml min’, d) 14.1 ml
minl, ) 28.2 ml min™!

As the flow rate of air in the venturi was fixed, the misting process was controlled by the flow rate of oil. Figure
5 shows the misting tendency of an API Group III SAE 5W base oil and an API Group III 5W30 fully formulated
lubricant at a range of oil inlet flow rates and the droplet size distributions at selected positions on the curve. As
the inlet flow rate increased, the misting tendency initially decreased and then increased greatly above
approximately Sml/min until almost all the oil formed droplets. At lower flow rates, the majority of droplets were
in the major and minor misting regions. Above 9ml/min, the droplets were almost entirely spray-sized droplets. It
was hypothesised that a greater oil flow rate caused a greater accumulation of oil at the oil feed. Above a certain
oil flow rate, approximately 9ml/min in these cases, the droplet formation mechanism changed from ‘rolling’ to
‘undercutting’, as described by Hewitt et al [44] and Figure 6. The rolling mechanism was thought to be
representative of the droplet formation at piston ring gaps and component edges. The undercutting mechanism
was thought to be more representative of blow-through e.g. at the cylinder-liner interface or in the oil control ring.
Repeatability was low at low flow rates, below approximately 2.5ml/min.
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Figure 6: Droplet Formation Mechanisms: a) Rolling, b) Undercutting, after [44]

As both rolling and undercutting were representative of droplet formation mechanisms in the engine, the range of
oil flow rates used in these tests was generally 3-9ml/min, allowing observation of both mechanisms and the
transition between them. For a small number of lubricants, the transition from rolling to undercutting occurred
outside of this range. Where feasible, the range was extended to accommodate this.

The undercutting mechanism was evaluated by considering several key parameters at a condition in the region of
approximately linear increase in droplet formation tendency with oil inlet flow rate (i.e. significantly away from
the transition so that the gradient of the curve was close to linear). An oil inlet flow of 9ml/min met this condition
for almost all lubricants. These parameters were %droplets, the gradient of the curve at this point and the linearly
projected abscissa intercept of the curve from this point, Figure 7.
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Figure 7: Schematic of the Comparative Parameters used to Describe Behaviour in Undercutting Droplet Formation,
or Blow-Through

The region of linear increase in droplet formation tendency was thought to be a superposition of the rolling droplet
formation, which had low %droplets, and the undercutting droplet formation, which had higher %droplets. As the
oil inlet flow rate increased, the quantity of lubricant at the throat of the venturi subject to the undercutting
mechanism increased and the overall %droplets increased. Counterintuitively, a greater resistance to droplet
formation by the undercutting mechanism produced a higher %droplets value, i.e. the resistance to droplet
formation caused a greater quantity of the lubricant being exposed to the undercutting mechanism and a steeper
curve. The complexity of droplet formation is exemplified by this greater ‘resistance to shear and pressure-driven
droplet formation’ causing more droplets to be produced, as lubricant accumulates and blows through rather than

flowing.



2.3. Repeatability

Several repeated tests were conducted using different lubricants at various conditions. Parameters used to define
the statistical significance of results and interpretations are in Table 2.

Parameter 95% Confidence Interval
Lubricant Inlet Flow Rate (ml min)
3 5 7 9
%Droplets (%) 0.8 +1.3 +1.8 +1.0
Volume Fraction (%)
<18um +3.3 +1.4 $1.0 0.5
18 - 135um +11.7 18.2 3.4 2.6
>135um +11.0 +8.0 2.8 2.8

Mean Droplet
Diameter (um)

<18um +1.4 +7.6 +7.0 +2.4
18 - 135um 9.1 +20.9 +15.7 8.2
>135pum +63 +101 +76 +18

Table 2: 95% Confidence Intervals Denoting the Statistical Significance of Measured Parameters

3. Stage 1 Investigation: The Influence of the Components of a Commercial Lubricant

The initial aim of this study was to determine the key characteristics of a commercial automotive lubricant that
have the greatest effect on the tendency to form mist. Three aspects were considered:

1. Molecular weight and viscosity of the base oil
2. Molecular weight distribution of the base oil and comparing mineral oils to synthetics.
3. Additives used in a typical commercial lubricant

Test lubricants and their relevant properties are in Table 3. Molecular weight and viscosity of base oils were varied
using four API Group IV polyalphaolefin (PAO) fluids of known molecular weight, and the same manufacturing
process and feedstock: PAO 2, PAO 4, PAO 6 and PAO 8 in Table 3.

Molecular weight distribution of base oil was varied using SAE 5W grade base oils from Groups [-IV of the API
base oil classification. Molecular weight distribution around the average value decreases with increasing API
Group: The increased refining of Groups 1 to 3 narrows the distribution and Group IV is a synthetic PAO with
extremely narrow molecular weight distribution. There are differences in molecular structure between typical
Group I-1IT oils and PAOs. PAOs are highly branched molecules, which can lead to differences in rheology e.g.
the pressure-viscosity relationship [20, 49]. There can be differences in saturation and branching between Groups
I-1I1, but were not considered significant in this investigation. These oils had similar kinematic viscosity at 100°C
and comparable dynamic viscosity at 20°C. These are Gp I, Gp II, Gp III and Gp IV in Table 3.
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Table 3: Description and Key Properties of Lubricants Tested

Additives were hypothesised to affect misting tendency by introducing changes in surface tension and/or
viscoelastic properties. Therefore, surfactants (two detergent chemistries, dispersant, and silicone anti-foam) and
polymeric viscosity modifiers were considered. These were added to the Group III SAE 5W base oil described
previously at concentrations used in a commercial lubricant. For commercial reasons, concentrations and specific
chemistries are not disclosed here. The fully formulated lubricant from which these formulations were derived,
and the base oil used in this were included as reference values. These are Gp I1I, VM, Det 1, Det 2, Disp, AF and
FF in Table 3.

4. Stage 1 Results and Discussion

4.1. Base Oil Molecular Weight and Viscosity

Figure 8 shows the misting tendency of PAOs of varying molecular weight and viscosity at a range of oil flow
rates. At low flow rates, base oils with lower molecular weight and viscosity produced droplets more readily. As
molecular weight and viscosity decreased, transition from a rolling to an undercutting mechanism occurred at a
higher flow rate. This can be attributed to the lower resistance to shear exhibited by lower viscosity oils: Oil was
more quickly removed from the venturi under shear and did not accumulate as much as a higher viscosity oil
under the same conditions.
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Figure 8: Variation in Misting Tendency for PAOs of Different Average Molecular Weight

Figure 9 shows the variation in misting tendency of oil with average molecular weight. These were tests with an
inlet oil flow rate of 3ml/min, where the greatest proportion of mist-sized droplets was formed. Misting tendency
varied inversely and linearly with molecular weight.

0, —
oD% PAO 2
\\\ PAO 4
\ mPAO 6
N\ *PAO8
20% -
8 h |
[} N\
3
= N\
o =
10% - y =~ 0. 06X + 44 \\§
\
0% T T T 1
0 200 400 600 800

Average Molecular Weight (Da)

Figure 9: Variation in Misting Tendency of PAOs with Varying Average Molecular Weight at 3ml min-! Oil Inlet Flow
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Figure 10 shows that the dynamic viscosity at 20°C for these oils varied with molecular weight to the power of
3.35. Thus, misting tendency variation with dynamic viscosity at 20°C can be described using a third order
polynomial, Figure 11, as could be expected from a combination of Figure 9 and Figure 10: Greatly increasing
misting tendency with a decrease in dynamic viscosity.
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Figure 12a-d shows the droplet size distributions for the tests described in Figure 9 and Figure 11. As the
proportion is volumetric, the apparently substantial proportion of spray in these distributions was contained in
relatively few droplets. There was a large quantity of mist-sized droplets in each distribution, especially in the
major mist region. PAO 2 and PAO 6 had comparable characteristic diameters, approximately 34um. PAO 8 had
a larger characteristic diameter, approximately 63um, consistent with previous findings that higher viscosity oils
produce larger droplets [45,46]. The distribution for PAO 4 was different but the reason for this was not clear.
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Figure 12: Droplet Size Distributions for PAOs of Varying Average Molecular Weight at an Oil Inlet Flow Rate of 3ml
min': a) PAO 2, b) PAO 4, ¢) PAO 6, d) PAO 8

4.2. Base Oil Molecular Weight Distribution

Figure 13 shows the variation in misting tendency of oils with similar viscosity but of different API Groups, again
at an oil inlet flow rate of 3ml/min. Fully formulated reference oil was included for comparison. There was no
significant difference in the misting tendencies between the refined oils (I-III). Group IV oil, PAO, showed
significantly greater misting tendency. This may arise from differences in molecular structure between refined
hydrocarbons (slightly branched linear chains) and PAO, which is mainly trimer and tetramer of decane with a
star-type structure.
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Figure 13: Variation in Misting Tendency for Oils in Different API Groups with Similar Dynamic Viscosities at 20°C
at an Oil Inlet Flow Rate of 3 ml min!

4.3. Common Commercial Additives

Figure 14 shows the misting tendency of Group III SAE 5W lubricants containing single commercial additives at
an oil inlet flow rate of 3ml/min. The commercial fully formulated lubricant, FF, and the base oil reference, Gp
III, were included. Fully formulated lubricant had a much lower tendency to form droplets than its base oil under
the same conditions. The blend containing viscosity modifier, VM, behaved comparably to the fully formulated



lubricant, indicating that VM has a dominant role in reducing misting tendency. Detergent 2, Det 2, and silicone
antifoam, AF, significantly increased misting tendency. Detergent 1, Det 1, or dispersant, Disp, did not
significantly affect the misting tendency of the base oil. Some additives altered the viscosity, Table 3, but viscosity
didn’t correlate significantly with misting tendency in Figure 14.
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Figure 14: Variation in Misting Tendency for Group III SAE 5W Oil Containing Various Additives with an Oil Inlet
Flow Rate of 3 ml min™!

Figure 15 shows the droplet size distributions for the tests in Figure 14. Distributions for the fully formulated
lubricant and the viscosity modifier blend were narrow with no clear pattern. The relatively small quantities of
droplets, due to the influence of the viscosity modifier, caused these tests to have less statistical repeatability than
for lubricants with higher misting tendency. Droplets in the major mist region for the reference base oil, the blends
containing viscosity modifiers or detergent have similar characteristic diameter, approximately 46um. The
distribution for oil containing antifoam was tetramodal with two characteristic diameters in the major mist region.
The distribution for oil containing dispersant had characteristic sizes outside the established regions. Significant
quantities of minor mist-sized droplets were observed when surface-active additives were present, i.e. detergents,
dispersant and antifoam. These additives probably affected the liquid/air interfacial properties: This could be
investigated using e.g. the Weber Number [47], the ratio between inertia and surface tension forces, but was
beyond the scope of this study.
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Figure 15: Droplet Size Distributions for SAE SW API Group III Base Oil with Additives, at an Oil Inlet Flow Rate of
3 ml min!: a) Fully Forumulated Reference, b) Viscosity Modifier, ¢) SAE 5SW API Group III Base Oil Reference, d)
DIspersant, e) Detergent 1, f) Anti-Foam, g) Detergent 2

Including a polymeric viscosity modifier had the greatest effect on reducing the misting tendency of lubricants.
The viscoelastic properties of such polymer-containing fluids alter the extensional behaviour. As discussed by
Dasch et al [38], Marano et al [45] and Smolinski et al [46], higher extensional viscosity induced by the presence
of polymers reduces the tendency of a fluid to break into droplets under shear and extension. These effects were
more significant than changes in surface properties induced by the presence of surface-active additives; detergents,
dispersant and antifoam. This broadly correlated with the observations of Ohmori et al [48], where polymer
additives significantly increased extensional breakup time, but that surfactant additives had little effect.

5. Stage 2: Detailed Consideration of Viscosity Modifiers

Because of dominant influence of viscosity modifiers in Stage 1, seven types were compared, varying in molecular
structure, molecular weight, chain length, etc. Four linear polymers and three star polymers were used. Three of
the linear were olefin copolymers (OCPs), copolymers of ethylene and propylene, varying in molecular weight
over an order of magnitude. The fourth was a poly-styrene-co-isoprene with a longer chain length than the largest
of the OCP polymers. Two of the star polymers were fixed star structures, one isoprene and one isoprene-co-
styrene. The third was a micellar styrene-co-isoprene, where arms formed a star structure through association of
their end groups. These are shown in Table 4 with the following properties:

e  Number average molecular weight — Measured using gel permeation chromatography (GPC).

e Ratio of monomers — Estimated from manufacturer’s descriptions.

e  Average monomer weight — Calculated from chemical structure and ratio of monomers.

e  Chain length per monomer — Calculated from chemical structure and ratio of monomers.

¢ Entanglement molecular weight — Given for linear solid polymers by Ferry [49].

e Number of arms — Estimated from manufacturer’s patent literature.

e Arm molecular weight — Calculated from number average molecular weight and number of arms.

e  Chain length — Calculated from number average molecular weight, average molecular weight and chain
length per monomer.
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Table 4: Polymers Tested and Their Key Properties, with reference to Ferry [49], Graessley [S0] and Rhodes [S1]

| |/'|

VM at Same
+VM Blend Viscosity +VM

\ J\ J

A4 A4

Changein Changein VM
Blend Viscosity Concentration

Figure 16: Scheme of Test Lubricant Blends

Three blends per polymer were formulated, Figure 16. Two API Group III base oils were used: One with a KV100
(nominal kinematic viscosity at 100°C) = 4¢St and the other with KV100 = 8cSt. From these, two blends with
KV100 = 12¢St were produced, one from each base oil. A third blend KV100 = 8cSt was produced from the 4cSt
base oil. Different polymers required different concentrations to achieve the same viscosity. Viscosity modifiers
are typically included in engine oils at concentrations of 7%wt to 10%wt [52]. However, in most formulations,
these are concentrates of polymer diluted in a base oil. Concentrates contain typically 6%wt to 15%wt polymer



[52], i.e. VM polymer concentration is approximately 0.4%wt to 1.5%wt [52]. Where possible, polymer
concentrations were in this range, Table 5. Viscosity index (VI) was calculated using ASTM D2270 [53].

Polymer Chain

M, = Entanglement
Molecular Weight

Figure 17: Schematic of Polymer Entanglement Molecular Weight M.

The entanglement properties, molecular size and viscoelasticity of the blends were characterised. Entanglement
properties were calculated in two ways: Firstly, from theory developed by Ferry [49] and Graessley [50]. The
entanglement molecular weight, Figure 17, for a pure, solid and linear polymer was virtually ‘diluted’ until the
concentration of polymer was equivalent to that in the real blend. The new entanglement molecular weight was
calculated using the following equation:

Mgpiena = Mgc™'?
Where ME is the entanglement molecular weight and ¢ is the volumetric concentration of the polymer.

From this, the entanglement density was calculated:

MC1.3
Mg

Epiena = Ec'® =

Where E is the entanglement density and M is the number average molecular weight of the polymer. When the
entanglement density exceeded 0.1, the blend was considered semi-dilute [50], where there is significant
intermolecular-molecule interaction but not large-scale entanglement. However, this approach doesn’t account for
the variation in intermolecular interaction caused by temperature and shear. Data for the solid entanglement
molecular weights are reported by Ferry [49]. Entanglement of star polymers correlates better with the molecular
weight of individual arms rather than the whole molecule: The hindered structure affects intermolecular
interaction. Thus, for star polymers, the equation is:

MAC1.3
Mg

_ 13 _
Eppiena = Eac™” =

Where M, is the average molecular weight of an individual arm, estimated from Rhodes [51], and E, is the
entanglement density of the polymer considered as individual arms.

Secondly, the theory of Schulz et al [54] and Graessley [50] was used, where Gel Permeation Chromatography
(GPC) was used to measure the radius of gyration (R¢) of each polymer in a good solvent. R is the radius of the
generalised spherical volume the polymer molecule occupies and influences. From R¢ the self concentration
(Cmotecute) Was calculated, i.e. the volumetric concentration of the polymer in the volume of base oil it occupied and
influenced:

3M

Cmolecule = 41TNAR3
G



Where N4 is Avogadro’s Number.

When the volumetric concentration of polymer in the bulk blend approaches the self concentration of the polymer,
Cmolecule = €, the occupied volumes of the individual molecules start to overlap, i.e. more interaction and
entanglement: The blend is considered semi-dilute. ¢morecute can also describe polymer molecule coiling, i.e. higher
Cmolecule Means a greater degree of coiling relative to another polymer of comparable molecular structure under
comparable conditions.

The linear viscoelasticity of each blend was characterised using an oscillating test sequence on a parallel plate
rheometer. In linear viscoelasticity Hooke’s Law applies, where response to strain is linear and cycle-to-cycle
variation under the same conditions does not occur. Using a constant frequency and steadily increasing the
amplitude, the viscoelastic responses for all blends were linear up to at least 5% strain. Thus, in a subsequent test,
the frequency of oscillating shear was increased for a constant maximum strain of 5%, increasing the shear rate
until the elastic modulus became greater than the viscous modulus, i.e. where solid properties began to dominate.
The shear stress at this point was recorded.

The hydrodynamic volume (HDV) of the polymer, the volume of fluid an average individual polymer molecule
occupies and influences, was calculated from the following equation [50]:

3
HDY = 4o

The packing length was calculated using the following equation [50], indicating how well coiled or extended an
average molecule was:

M

=
* pN,R;

Where p is the density of the polymer as a solid.

6. Stage 2 Results and Discussion

6.1. Characterisation of Polymers and Blends

Table 5 shows polymer and blends properties. Only a few blends had were semi-dilute (i.e. entanglement density
>0.1), generally high concentration linear polymer blends. Star polymers had entanglement densities around an
order of magnitude lower than linear polymers, i.e. no significant intermolecular interaction. At engine
temperatures, larger hydrodynamic volumes could cause semi-dilute interactions in more blends.
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Table 5: Characterisation of Polymers and Blends

Polymers 1 and 2, high molecular weight linear OCPs, had similar hydrodynamic volumes, but Polymer 1 had
higher self-concentration, indicating tighter coiling. Polymer 3, a low molecular weight OCP, had extremely small
hydrodynamic volume and extremely high self concentration relative to other OCPs. This indicated either extreme
high coiling or that molecules were sufficiently short to not coil significantly. The latter was more likely,
suggesting low potential for further extension of Polymer 3 molecules.

Polymer 4, a high molecular weight styrene-butadiene, produced the lowest entanglement densities of the linear
polymers. The thickening effect was high, so concentrations were relatively low. The large hydrodynamic volume
and low self concentration indicated low coiling. The larger styrene side groups appeared to hinder coiling. Thus,
the potential for extension of this molecule was lower than an OCP of similar chain length [55].

Polymers 5 to 7, star polymers, showed different behaviour. Hydrodynamic volumes were higher than the linear
polymers. Due to the dense molecule core and the coiling of the arms, self concentration was extremely high.
However, as the arms are fixed in the core, or physically attracted (Polymer 6), bending and extension was
hindered, hence the stronger correlation with arm molecular weight than total molecular weight [50].

6.2. Misting Behaviour

Figure 18 and Table 6 show misting tendency and droplet distribution characteristics for polymer blends at low
inlet flow rate, 3ml/min, ‘rolling” or misting conditions. Table 7 and Table 8 show droplet formation parameters
and droplet distribution characteristics for polymer blends at higher inlet flow rate, 9ml/min, i.e. “‘undercutting’
or blow-through conditions.
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10% M 12cSt Blend from 8cSt Base Oil
° @ 3ml/min Inlet Flow Rate
8%
2
S 6%
a
X
4%
2%
0%
8cSt 1 2 3 4 5 6 7
Base .
oil olymer

Figure 18: %Droplets for all Lubricants at an Oil Inlet Flow Rate of 3ml/min

8cSt Base Oil 8cSt (from 4cSt) 12 cSt (from 4cSt) 12¢St (from 8cSt)

Polymer Characteristic Droplet Sizes (um) @3ml/min

Aero. | Mist | Spray | Aero. | Mist | Spray | Aero. | Mist | Spray | Aero. | Mist | Spray

95% ClI 14 | £91 | =63 14 | £9.1 63 | £14 | 9.1 63 | 14 | 9.1 63
1 8.5 46 215 15 54 400 7.5 40 215 1 73 630
2 0.5,10 - 540 8.5 63 630 - 40 400
3 0.6 63 630 0.5 30 460 0.7 46 400
a v - a0 | - sa 60 [ %% - sa0
5 8.5 116 - - - 460 - - 540
6 1.2,13 - 540 1.2 54 630 - - 460
7 4.6 29 730 6.3 34 290 13 - 460

Droplet Size Volume Proportions (%) @3ml/min

Aero. | Mist | Spray | Aero. | Mist | Spray | Aero. | Mist | Spray | Aero. | Mist | Spray

95% CI £33 | £117 | 2110 | £33 | £117 | 2110 | £33 | £117 | £110| £33 | 2117 | 2110

1 35.0 25.7 39.3 11.0 50.7 38.3 3.9 23.7 724 0.1 9.3 90.7
2 6.0 - 94.0 5.8 6.7 87.5 - 9.6 90.4
3 1.2 38.5 60.3 3.5 8.1 88.4 1.6 249 73.5
4 16.3 - 83.7 9.4 49.6 40.9 7.3 - 92.7
5 4.9 60.0 35.1 - - 100 - - 100
6 1.8 0.0 98.2 0.1 5.1 94.8 - - 100
7 9.0 39.8 51.2 23 19.1 78.6 31 7.5 89.4

Table 6: Characteristic Droplet Diameters and Droplet Size Proportions for Polymer Blends at an Inlet Flow Rate of
3ml/min, ‘Rolling’ Conditions. 95% CI Denotes the Statistical Confidence Interval. Some Distributions Have Two
Characteristic Sizes in a Range (Separated by Commas)



8cSt 12 cSt 12cSt

8cS:)Ii?;ase (from (from (from
4cSt) 4cSt) 8cSt)
Polymer % Droplets @9ml/min (% £0.8)
1 18.9%
2 25.0% 34.1% 27.7%
3 19.2% 23.7% 26.6%
4 23.5% 31.4% 28.2%
5 18.2% 29.8% 26.1%
6 20.2% 29.7% 23.1%
7 20.1% 24.6% 29.0%
Polymer Gradient @9ml/min (%/(ml/min) £0.4)
1 4.0
2 6.3 8.0 6.5
3 3.9 5.3 7.5
4 4.4 7.3 5.4
5 3.2 6.6 5.6
6 4.9 5.9 5.0
7 4.3 5.0 6.8
Polymer Abscissa Intercept @9ml/min (ml/min 10.3)
1 4.3
2 3.0 2.7 2.8
3 4.1 4.5 5.4
4 3.7 2.7 1.8
5 3.4 25 2.3
6 4.9 1.9 23
7 2.4 4.1 2.7

Table 7: Comparative Parameters for Blow-Through of Lubricants



8¢St Base Oil 8¢St (from 4cSt) 12 cSt (from 4cSt) 12cSt (from 8cSt)

Polymer Characteristic Droplet Sizes (um) @9mi/min

Aero. | Mist | Spray | Aero. | Mist | Spray | Aero. | Mist | Spray | Aero. | Mist | Spray

95%Cl 24 | £82 | £18 | 224 | £82 | £18 | £24 | £82 | £18 | 224 | £82 | 18

1 & N 460 11 83 630 - = & - = 184
2 46 540 15 73 540 - 73 540
3 4.6 - 460 0.3 85 600 | os,10 - 540
4 0.5 73 400 - - 540 0.7 40 540
S 0.6,11 - 460 18 85 600 - 5.4 540
6 74 40 340 | 06,10 - 540 - 54 630
7 4.6 - 540 0.3 - 630 - - 540

Droplet Size Volume Proportions (%) @9ml/min

Aero. | Mist | Spray | Aero. | Mist | Spray | Aero. | Mist | Spray | Aero. | Mist | Spray

95%Cl tos 26 t28 tos 26 t28 05 *26 28 tos 26 t28
1 B 3 100.0 6.1 20.0 73.9 = » = = 0.0 100.0
2 = 22 97.8 0.5 1.0 98.6 - 1.2 98.8
3 0.9 4.2 94.9 0.1 8.7 96.2 1.6 - 98.4
4 0.6 3.6 95.7 6.4 93.6 0.2 34 96.4
5 13 98.7 0.6 4.0 95.4 04 = 99.6
6 13 6.4 924 1.6 = 98.4 - 19 98.1
7 2.8 = 97.2 0.0 = 100.0 - 14 98.6

Table 8: Characteristic Droplet Diameters and Droplet Size Proportions for Polymer Blends at an Inlet Flow Rate of
9ml/min, Blow-Through Conditions. 95% CI Denotes the Statistical Confidence Interval, Some Distributions Have
Two Characteristic Sizes in a Range (Separated by Commas)
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Figure 19: For Polymer 1; a, Variation in Droplet Formation Tendency with Lubricant Inlet Flow Rate; b, Droplet Size
Distributions Blends at 3ml min'! Lubricant Inlet Flow Rate. (Polymer Concentrations in Brackets)

Figure 19 shows droplet formation tendency and droplet size distribution at 3ml min’' for Polymer 1, a high
molecular weight OCP. Droplet formation tendency was dramatically reduced under all conditions. Behaviour
was independent of polymer concentration and viscosity. There was a relatively high proportion of mist-sized
droplets, 27.8-60.7%, Table 6, and an increase in the characteristic droplet diameters in blends using higher
viscosity base oil, 73um versus 40-54um.

Figure 20 shows results for Polymer 2, a high molecular weight OCP. Droplet formation tendency was reduced
by 1.5-2.3% at 3ml min™!, Figure 18. The proportion of mist and aerosol (6.0-12.5%) was greatly reduced versus
8cSt base oil (60.7%), Table 6. Transition to undercutting occurred at lower flow rate, Table 7. At high flow rates,
droplet formation tendency increased with polymer concentration. Characteristic spray droplet diameters were
greater under all conditions (540pm) than 8cSt base oil (460um). Mist was suppressed in the 8cSt blend and
aerosol was suppressed in the 12cSt blend from 8cSt base oil. Characteristic mist droplet diameter was greater at
the highest polymer concentration, 63um versus 40um, Table 8.
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Figure 20: For Polymer 2; a, Variation in Droplet Formation Tendency with Lubricant Inlet Flow Rate; b, Droplet Size
Distributions Blends at 3ml min-! Lubricant Inlet Flow Rate. (Polymer Concentrations in Brackets)
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Figure 21: For Polymer 3; a, Variation in Droplet Formation Tendency with Lubricant Inlet Flow Rate; b, Droplet Size
Distributions Blends at 3ml min-! Lubricant Inlet Flow Rate. (Polymer Concentrations in Brackets)

Figure 21 shows results for Polymer 3, a low molecular weight OCP. Droplet formation tendency correlated with
blend viscosity: The 8cSt blend and 8cSt base oil were insignificantly different, as also for 12c¢St blends. There
was relatively high proportion of mist and aerosol (39.7% for 8cSt blend versus 60.7% for 8cSt base oil) and the
consistent presence of aerosol-sized droplets with diameters of ~0.5um, Table 6, Figure 21. Some blends were
semi-dilute but entanglement effects were not significant. Base oil dependency was seen, Table 7: Abscissa
intercepts for 8cSt and 12¢St blends from 4cSt base oil were insignificantly different, but was greater for the 12cSt
blend from 8cSt base oil.
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Figure 22: For Polymer 4; a, Variation in Droplet Formation Tendency with Lubricant Inlet Flow Rate; b, Droplet Size
Distributions Blends at 3ml min'! Lubricant Inlet Flow Rate. (Polymer Concentrations in Brackets)

Figure 22 shows results for Polymer 4, a high molecular weight styrene-butadiene. Polymer-dominated behaviour
was indicated by differences in droplet formation between 8cSt blend and 8cSt base oil. However, viscosity
dependence was greater, indicated by similar droplet formation tendency for 12cSt blends despite different
polymer concentration, Table 6 and Table 8. There was some aerosol formation.

Figure 23 shows results for Polymer 5, a high molecular weight styrene-isoprene star. 12¢St blends produced
similar sized droplets, larger than the 8cSt blend (460-540um vs. 116um), Table 6. The 8cSt blend produced a
significant quantity of aerosol (4.9%). Misting tendency correlated with viscosity, especially for spray. There was
insignificant difference in misting tendency between the 12cSt blends, and between the 8cSt base oil and 8cSt
blend, Figure 18
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Figure 23: For Polymer 5; a, Variation in Droplet Formation Tendency with Lubricant Inlet Flow Rate; b, Droplet Size
Distributions Blends at 3ml min™! Lubricant Inlet Flow Rate. (Polymer Concentrations in Brackets)
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Figure 24: For Polymer 6; a, Variation in Droplet Formation Tendency with Lubricant Inlet Flow Rate; b, Droplet Size
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Figure 24 shows results for Polymer 6, a micellar-type styrene-isoprene star polymer. The star structure of this
polymer dissociates under shear into individual arms of short chain linear polymers (molecular weight ~6500 Da,
around 30% greater than Polymer 3, i.e. low). Misting tendency of the 8cSt blend was insignificantly different to
8cSt base oil, Figure 18, and there was significant formation of aerosol (0.1-1.8%), Table 6. Because blend
viscosity was calibrated to the star structure, dissociation will have changed the high shear viscosity: Droplet
formation curves had similar profiles but varying abscissa intercepts, Table 7.

Figure 25 shows results for Polymer 7, a high molecular weight fixed isoprene star. Viscosity dependence was
greater than viscoelastic effects. The 12¢St blends behaved comparably overall, producing higher proportions of
spray than the 8cSt blend (78.6-89.4% vs. 51.2%), Table 6, Table 8. The 8cSt polymer blend generated lower
aerosol proportion (9.0% vs. 35.0%) than 8cSt base oil, Table 6.
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7. Comparison between Viscosity Modifiers

7.1. Different High Molecular Weight Fixed Stars: Polymers 5 and 7

At low flow rate, misting conditions, the higher molecular weight star (Polymer 5) produced larger mist and
aerosol droplets in 8cSt blends, Figure 18. In 12¢St blends, the high molecular weight star suppressed mist and
aerosol formation substantially: The lower molecular weight star reduced mist and aerosol proportion substantially
versus 8cSt base oil.

Behaviour at high flow rates, spray conditions, was similar for both polymers except that, in Polymer 7, the 12¢St
blend from an 4cSt base oil had misting tendency than the 12¢St blend from an 8¢St base oil - Inverse to Polymer
5, Table 7. Although the smaller molecules of Polymer 7 store less energy individually than Polymer 5 (lower self
concentration and arm molecular weight), higher concentration was required to achieve the blend viscosity, so
perhaps the total quantity of potential extensional energy per unit finished blend was higher. This suggests that
potential viscoelastic energy could be controlled somewhat independently of thickening effect.

7.2. Fixed and Micellar Star Polymers: Polymers 5 and 7, and Polymer 6

At low flow rates, 3ml/min, misting conditions, the micellar star polymer (Polymer 6) produced less mist and
aerosol in 8¢St blends than fixed star Polymers 5 and 7 (1.8% vs. 48.8% and 64.9%), Table 6. Dissociation means



micellar star arms are, functionally, linear polymers, so energy dissipation may be greater than fixed star arms,
which are constrained at one end and hindered.

At high flow rate, 9ml/min, spraying conditions, the micellar star polymer produced more mist and aerosol-sized
droplets than fixed stars (7.4% vs. 1.3% and 2.8%), Table 8. Projected abscissa intercepts for micellar stars varied
due to micelle dissociation affecting viscosity, Table 7. Overall, differences in misting tendency under spray
conditions correlated more strongly with viscosity. For all star polymers, fewer aerosol-sized droplets were formed
in higher viscosity base oil (12cSt blend from 8cSt base oil)

7.3. Differences in High Molecular Weight OCPs: Polymers 1 and 2

Polymer 1 greatly suppressed droplet formation but Polymer 2 did not generate such dramatic reduction. Polymer
1 was more tightly coiled and had greater capacity for energy dissipation in extension. At low flow rate, 3ml/min,
misting conditions, the 8¢St blend of Polymer 1 produced larger droplets in mist, spray and aerosol regions versus
8cSt base oil. However, Polymer 2 did not produce mist-sized droplets. 12¢St blends from 8cSt base oil both
produced little or no aerosol compared to 12¢St blends from 4cSt base oil, Table 6.

At high flow rate, 9ml/min, spray conditions, dramatic differences in misting tendency were observed. Polymer 1
blends had misting tendencies factors of 3 to 11 lower than equivalent Polymer 2 blends, Table 7. None of these
blends were semi-dilute (no significant intermolecular interaction), suggesting viscoelasticity differences as a root
cause.

Merely including Polymer 1 appeared to define behaviour. Polymer 2 showed some base oil and concentration
dependency: At 3ml/min the 12¢St blend from 4c¢St base oil produced larger mist droplets (63um vs. 40pum) but
greater proportion of aerosol (5.8% vs. 0%) versus 12¢St blend from 8cSt base oil.

7.4. Differences between Long-Chain and Short-Chain OCPs: Polymers 2 and 3

Droplet formation tendency of the 8cSt Polymer 3 blend, short-chain OCP, was not significantly different to 8cSt
base oil - But was significantly lower using Polymer 2, a long chain OCP. A low concentration of long-chain
molecules more effectively reduced droplet formation than a high concentration of short-chain molecules.
Polymer 3 reduced aerosol formation and generally increased characteristic diameters of droplets formed, when
compared to 8cSt base oil. Higher potential energy storage under extension in Polymer 2 effectively reduced mist
and aerosol-sized droplet formation, and, thus, overall misting tendency.

It was possible to get similar viscometrics but substantially different misting tendency, caused by viscoelastic
differences. This was particularly clear at high flow rates, spray conditions, where Polymer 3 blends had
significantly lower droplet formation tendency and lower projected abscissa intercept than the equivalent Polymer
2 blend, i.e. lower resistance to shear and extension. Because short chain molecules were easily repated
(dissociated) and aligned with the shear axis, resistance to shear and extension was lower. Polymer 3 blends
produced higher aerosol and mist proportion than equivalent Polymer 2 blends (1.6-5.2% vs. 1.2-2.2%), Table 8.
The lower Droplet formation influence of Polymer 3 produced greater difference in mist and aerosol formation
between the two 12¢St blends using different base oils. Lower mist proportion was formed in 8cSt base oil blends.
Little difference in characteristic droplet diameters and proportions between the two 12¢St blends was observed
in Polymer 2 blends, indicating greater dependence on polymer properties.

7.5. Olefin Copolymer and Styrene Butadiene: Polymers 2 and 4

Polymer 2, a high molecular-weight OCP, and Polymer 4, a high molecular weight styrene-butadiene are linear
polymers. However, larger side groups and differences in base oil interaction meant styrene butadiene molecules
did not coil as highly under low shear, indicated by lower self concentration. Because Polymer 4 had greater chain
length and hydrodynamic volume, a lower concentration was required to achieve blend viscosity than Polymer 2.



Therefore, Polymer 2 blends had greater total capacity for energy dissipation in extension, shear and repation,
because each molecule had greater extension capacity and there were more molecules in the blend.

At low flow rate, 3ml/min, misting conditions, both polymers suppressed mist-sized droplet formation in 8cSt
blends. Polymer 4 blends generated high aerosol proportions in the 8cSt blend (16.3%) and 12¢St blends (7.3-
9.4%), implying lower influence on energy dissipation in shear and extension, Table 6. Thus, energy dissipation
in extension depended less on chain length (Polymer 4 = 4605, Polymer 2 = 2161) and more on capacity for
extension, indicated by coiling and self concentration.

At high flow rate, 9ml/min, spray conditions, little difference in droplet formation tendency was observed, though
curves gradients were higher for Polymer 2 blends than equivalent Polymer 4 blends, Table 7. This indicates that
the OCP had a greater resistance to shear and extension, i.e. greater viscoelasticity and potential energy storage.
Abscissa intercepts of Polymer 4 blends decreased with increasing polymer concentration but Polymer 2 blends
had the same abscissa intercept, i.e. the viscoelastic contribution of Polymer 2 was more influential than
concentration. 8cSt blends of Polymers 2 and 4 were the only such blends to produce significantly higher
%droplets than 8cSt base oil under these conditions. This droplet formation mechanism seemed to have high
viscosity-dependency, but these polymers increased resistance to shear and blow-through significantly. Similarly,
12¢St blends of Polymers 2 and 4 from 4cSt base oil had significantly higher gradient than all others, indicating
increased resistance to shear due to viscoelasticity and, therefore, increases the quantity of lubricant exposed to
blow-through as flow rate increases.

7.6. Short Chain OCP and Micellar Stars: Polymers 3 and 6

Due to micellar dissociation under shear, both polymers acted, effectively, as short chain linear polymers. Arms
of Polymer 6, micellar star polymer, had a chain length of 227, greater than Polymer 3 (175), a linear OCP.
Dissociated, Polymer 6 arms had greater potential energy storage in extension or shear, and greater base oil
solubility. Differences in treat rate to produce 8cSt blends were striking: Polymer 6 = 1.46%, Polymer 3 = 6.2%.

At low flow rate, 3ml/min, misting conditions, both polymers effectively reduced aerosol formation compared to
8cSt base oil, Table 6. The micellar star polymer produced much lower mist-sized proportion than the OCP under
the same conditions. In 12¢St blends from 8cSt base oil, Polymer 6 suppressed both mist and aerosol formation
but the equivalent Polymer 3 blend produced 24.9% mist-sized droplets. Both polymers produced higher mist-
sized proportion in 12cSt blend from 4cSt base oil, despite higher polymer concentrations.

At high flow rate, 9ml/min, blow-through conditions, droplet formation behaviour correlated greatest with
viscosity: There were insignificant differences between the droplet formation tendency of 8cSt blends and 8cSt
base oil (18.9% vs. 19.2% and 20.2% for Polymer 3 and 6 respectively), Table 7. All OCP blends produced a
significant quantity of aerosol droplets: The micellar star polymer suppressed aerosol formation in the 12¢St blend
from 8cSt base oil, Table 8. Overall, the micellar star polymer behaved more like a short chain OCP than a fixed
star, confirming micellar dissociation under shear. The minor differences in droplet size distributions and droplet
formation tendencies seemed to occur where micellar star blend curves were offset, where micelle dissociation
caused variation in real viscosity.

Unlike all other 8cSt polymer blends, Polymers 3 and 6 abscissa intercepts were insignificantly different to 8cSt
base oil, i.e. lower influence on resistance to droplet formation.

7.7. Base QOil Effects:

In 12¢St polymer blends from 8cSt base oil, no significant difference in droplet formation tendency was observed
for any of the polymers. This suggested that the higher viscosity base oil had a greater effect on behaviour than
when a lower viscosity base oil or higher polymer content was used. In many blends, the polymer content of the
12¢St blends in 8cSt base oil was of similar magnitude to 8cSt blends from 4cSt base oil: The droplet formation



of lubricants with lower viscosity base oils were more sensitive to the polymers they contained. This is logical, as
lower viscosity base oils have a higher droplet formation tendency, Figure 8.

8.

Concluding Remarks on the Detailed Consideration of Viscosity Modifiers

The tendency of polymers to reduce droplet formation was dependent on the storage of shear energy
elastically in the stretching and bending of the molecule.

The representative blends studied were found to be dilute or semi-dilute, thus did not indicate large-scale
intermolecular interaction, though some interaction was predicted to occur in semi-dilute blends. Further
work would be required to characterise behaviour at higher temperature, when molecules are more
extended under zero shear conditions than at low temperature.

Measurement of linear viscoelasticity did not correlate significantly with droplet formation behaviour
for these blends. Extensional viscoelasticity may be a better predictor of droplet formation behaviour.
The clearest explanation of droplet formation behaviour was from measuring polymer molecule size,
indication of coiling and potential to store energy in bending, shear and extension [55].

Linear polymers had the greatest capacity to store energy under shear and extension. Therefore, typically,
linear polymer blends most greatly reduced droplet formation. The concentration of long chain linear
polymers had a great effect on droplet formation tendency. However, in some blends, the mere presence
of the polymer at a significant concentration defined droplet formation.

Storage of energy in linear polymers depended on ability to extend and uncoil. Therefore, styrene-
butadiene had lower effect than olefin copolymers: Their more hindered structure and greater base oil
solubility restricted coiling, and, thus, potential for energy storage.

Below a certain molecular weight, linear polymers had reduced effect on droplet formation. Short chains
did not readily coil and were easily extended. In these blends, droplet formation primarily depended on
blend viscosity. Low reduction in droplet formation was further indicated by the high aerosol proportions
formed by these blends.

In fixed star polymer blends, hindered bending and limited extension of the molecules meant misting
tendency reduction was less significant than for linear polymers: Less energy could be stored in a
molecule. Misting tendency of star polymer blends depended more greatly on blend viscosity rather than
polymer concentration.

Micellar star polymers dissociated readily under shear. As individual arms, behaviour was similar to
short chain linear polymers where little reduction in misting tendency was seen and variation depended
on blend viscosity rather than polymer concentration. Behaviour was also affected by changes in
viscosity induced by micellar dissociation, altering the effective architecture of the polymers and their
thickening effect.

Further work on defining the extensional viscometrics and viscoelasticity of different polymers in
lubricants, and the quantity of energy that can be stored in polymer molecules with varying architectures,
would allow further quantification of these phenomena.

Implications for Industry

Lower viscosity oils and API Group IV synthetic base oils, rather than the refined oils of API Groups I —III, have
shown an increased tendency to form droplets in this research. This observation has important implications for
the transport and health of a lubricant in a modern engine. As industry moves towards lower viscosity lubricants
to reduce friction power loss and API Group IV base oils for increased lubricant life, the tendency for these
lubricants to form droplets will increase. Positively, increased droplet flow may mean increased availability of
lubricant in critical regions of the engine, e.g. the top piston ring zone, especially during start-up of the engine.
Of greater concern, greater droplet transport in gas flows may result cause increased lubricant consumption and
hydrocarbon exhaust emissions as more lubricant may reach the combustion chamber via either the top piston



land or gas recirculation: This has shown to affect combustion by causing Low Speed Pre-Ignition (LSPT) [3-7].
The burden on gas filters, for example crankcase breathers, is likely to increase too, as more droplets require
filtration.

Balancing this, modern engine oils of low viscosity and synthetic base oils generally require significant quantities
of viscosity modifier additive to achieve a specific SAE multigrade engine oil specification and thereby maintain
acceptable viscosity over a wide temperature range. So, the effect of low viscosity and synthetic base oil in
increasing the tendency to form droplets will be countered by the viscosity modifier. This research has therefore
clearly shown that there is another dimension to consider in the already complex and delicate lubricant formulation
process, especially when essential surface-active additives (detergents, dispersant and antifoam) have been shown
to increase droplet formation.

Hybrid engines will experience more intermittent operation and more frequent sudden transient events e.g. starting
at high speed [40]: As reported by Przesmitzki and Tian [24], blow-through oil transport mechanisms are linked
to transient events i.e. this mechanism could be more influential in hybrid engines. As reported by Taylor [40],
hybrid engines also tend to experience lower oil temperatures and greater fuel dilution than conventional engines,
both of which are likely to affect the viscometry and viscoelasticity of the lubricant and, thus, the droplet formation
tendency.

There is the potential to produce polymer-containing lubricant blends with similar viscosities and viscosity indices
but significantly different tendencies to form droplets and different sizes of droplet, by utilising different polymer
architectures and different degrees of interaction between molecules under shear. There is potential to vary droplet
formation tendency and viscosity somewhat independently. Through this, the flows of lubricant through various
systems in an automotive engine, especially the piston assembly, may be optimised.

The droplet formation tendencies of lubricants formulated from lower viscosity base oils were more sensitive to
the effect of polymers than those using higher viscosity base oils. This is logical as lower viscosity base oils
themselves have a greater droplet formation tendency. However, it should not be assumed that the blend
performance is a superimposition of the polymer behaviour and the base oil behaviour — Performance was clearly
affected by the interaction between the polymer and base oil too. Therefore, as lower viscosity lubricants become
increasingly commonplace, increasing sensitivity to the type and concentration of viscosity modifier may
necessitate greater consideration for formulators, especially regarding droplet formation.

10. Conclusions

1. An experimental rig was developed to generate and characterise oil mist flows considered representative
of those produced at the top piston ring gap of an automotive engine. Importantly, this involved
constraining the inlet oil flow rate below a critical value, for a particular oil viscosity, to ensure a rolling
droplet formation that yielded smaller droplet sizes.

2. The tendency of four API Group IV base oils, PAOs, to form mist decreased linearly with increasing
average molecular weight and decreased as a third order polynomial with increasing dynamic viscosity.

3. There was no significant difference in misting tendency observed between refined mineral oils of
different API Groups (I-III) and of similar viscosity, despite their different molecular weight
distributions. However, an API Group IV polyalphaolefin of similar viscosity showed significantly
greater tendency to produce droplets, presumably due its different molecular structure.

4. A fully formulated lubricant had a lower misting tendency than the base oil on which it was formulated.
When commercial additives were included individually in the base oil, the viscosity modifier was shown
to be the major factor causing this reduction in misting tendency.

5. Detailed consideration of different viscosity modifier architectures showed that the influence of the
polymer molecules on the viscoelasticity of the lubricant was the mechanism that caused this.



6. In particular, high molecular weight linear polymers had the greatest tendency to reduce droplet
formation: More so than star polymers.

7. Analysis of the polymer molecules indicated that the viscoelastic response was influenced by the capacity
of the molecule to extend: This was indicated by self concentration and hydrodynamic volume.

8. The results of this research have demonstrated that the selection process for base oils and functional
additives in automotive engine lubricant formulations needs to also consider the tendency to form oil
mist alongside all the other functions and behaviours of the fully formulated lubricant.
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