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1 ABSTRACT

The tribological behaviour of Itubricant base oils used in aviation gas turbine engines wasere

evaluated on theirtribolegical-behaviourto further understanding ofa how the molecular structure

of the group V polyol ester base oils influence friction. The frictional properties of the oils were
investigated using a Mini-Traction Machine (MTM) to produce Stribeck curves over the range of te
evaluate-theirperformance—across—the+range-of-lubrication regimes relevant to seen-threughout-a
gas turbine oil system. Whilst the viscosity of the lubricant plays an important role in governing the
tribological characteristics, the base oils were also examined independent of viscosity to reveal the
impact of the base oil molecular structure on friction. The effect of two molecular variables on the
measured traction coefficient were explored; the effect of chain length of the protruding alkyl chains
and the number of ester groups in the polyol ester. It was shown that friction decreases as the chain
length increases and as the number of ester groups increases (from neopentyl glycol (NPG) based
ester to trimethylol propane (TMP) based ester to mono-pentaerythritol (MONOPE) based esters).
The decrease in traction coefficient as the chain lengthsize increases was attributed to improved
packing efficiency and that larger chains can separate surfaces better since they take up more space
thus providing improved support. la-additien-These findingsthis-testing wereas further explored by

testing-obtaining Stribeck curves for fully formulated gas turbine lubricants with different base oils,

but the same additive package. The results showed a reversal in the trend showing friction
increased as the number of ester groups in the polyol ester increased. _]The variable responsible was
the increased the amount of molecular branching giving rise to increased friction due to more

bulkier molecules hindering packing efficiency by interfering with neighbouring molecular layers.
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2 INTRODUCTION

The formulation of a lubricant requires a careful balance of different chemistries to tailor the
lubricant to a specific environment thus ensuring optimal performance. The oil system of an
aerospace gas turbine engine presents highly challenging conditions for a lubricant, which requires a
sufficiently low pour point that it is still able to flow on start up in a cold climate at -40 °C, and also
possess the chemical stability to resist degradation during take-off when the engine is at full thrust
with bulk oil temperatures over 200 °C (1). There are many other requirements in which additives
are needed to boost capability in other areas and these additives include anti-wear additives, anti-
foamants, corrosion inhibitors, metal deactivators and anti-oxidants (2). However, the largest
proportion of the formulation of a gas turbine lubricant is the base oil; approximately 95% of the
total. Hence the base oil governs most of the lubricant’s-physical characteristics of the lubricant and

is the focus of this study.

In most mechanical systems, low friction is desired to improve machine efficiency and limit
component wear. It has been highlighted in many industries that frictional losses are a major source
of energy loss and understanding of tribology can be implemented to conserve energy and therefore
efficiency (3). This is especially relevant within a gas turbine oil system where it is vital that the oil
lubricates the many different components such as bearings and gears to prolong the component life
and ensure the safe operation of the engine. Advances in gas turbine technology has resulted in an
is due to the Brayton cycle which shows thermodynamically that the power and gas turbine
efficiency is proportional pressure ratio, therefore by increasing the compression ratio, this increases

engine temperatures as expected from the ideal gas law (1).

Consequently, aviation lubricant technology has evolved to cope with the rise in oil system
temperatures. Specifically, the type of base oil has moved away from crude oil derived mineral oils
that were unstable at high temperatures resulting in excessive volatility and degradation and onto

entirely synthetic polyol esters |(2,4).‘ ‘Base oils are categorized by the American Petroleum institute

(API) and are used in many lubricant specifications worldwide (5). The base oil categories are:

e Group | — Mineral oil-based containing <90 % saturates and/ or >0.03 % sulphur with a
viscosity index 280 and <120.
e Group Il — Mineral oil-based containing 290 % saturates and/ or <0.03 % sulphur with a

viscosity index 280 and <120.
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e Group lll — Mineral oil-based containing 290 % saturates and/ or <0.03 % sulphur with a
viscosity index >80 and >120.

e Group IV — Polyalphaolefin (PAQO) base oils.

e Group V — All other synthetic base stocks not included in the other groups. Therefore,

aviation polyol esters are part of this group.\

Research on how the molecular structure of the latest generation of aviation base oils influences
friction is limited and inconclusive due to difficulty in acquiring base oils with a specific molecular
chemistry. This is because standard production produces base oils containing mixture of chain
lengths which would require a costly separation process. However, a mixture of chain lengths is
beneficial as it lowers the pour point giving enhanced lower temperature capabilities as—A a mixture
of molecule sizes hinders the close packing necessary for freezing to occur at low temperatures.
Previous research in this area has mostly been done with base oils containing a mixture of molecules
therefore resulting in generally assumed conclusions, especially as it is not always possible to
reproduce a base oil mixture exactly. Conversely, base oils with a mixture of chain lengths are more
relevant to lubricants used in real applications and hence, trends drawn from simplified single
molecule compounds have to be balanced with understanding how mixtures of different size base oil

molecules synergistically affect friction (6).

Previous trends in the effect of base oil types on friction have been reviewed. It is well known that a
higher kinematic viscosity results in higher elastohydrodynamic (EHD) friction due to the higher
viscosity fluid having more resistance to shear (2,7). However, this research focuses on the effect of
molecular chemistry on friction when the effect of viscosity is removed by testing the oils at the

same viscosity by varying the test temperature for each oil.

IMost papers evaluating base oils ‘relate the molecular characteristics to EHD friction as this is the

regime where additives have little influence and the properties of the base oil dominate. It is also
useful to understand how various fluids behave in high speed conditions (6,8—16). Conversely, there
has also been extensive work looking at how the molecular structure of fatty acid friction modifier
(FAFM) additives affect friction-tee, but this is mostly for the boundary regime as they are added as
boundary additives to reduce boundary and mixed friction beyond the capabilities of low viscosity
grade oils (3,17). Consequently, by considering the effect of base oil_propertiess in the EHD regime
and FAFM in the boundary regime, these trends provide a useful insight into the expected behaviour

of polyol base oils across a range of lubrication regimes.

FAFM are believed to readily adsorb on to a surface either via dipole interactions (Frewing 1942 and

1944) or via hydrogen bonding interaction (Beltzer et al 1986 and 1988)(18-23). Friction trends for
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FAFM are well documented and it has been shown that friction decreases as chain length increases
(24,25), in unsaturated chains, trans isomers give rise to lower friction than cis isomer due to
straighter chains (26) and that polarity is also_a dominant factor—tee (18,19). It has also been
demonstrated that branching leads to higher friction due to creating an irregular profile of molecular
repulsion and deep interaction zone that gives rise to high friction and has weak cohesive forces

between adjacent chains in the monolayer resulting in increased vulnerability to shear (18-22,26).

Consequently, some of the trends seen with friction modifiers may be synonymous to polyol ester
base oils, however due to the difference in structure, location of the polar functional group in the
molecule and the difference in reactivity between a carboxylic acid and an ester group, care needs to
be taken in how transferrable these trends are. Polyol esters associate with metal surfaces due to
their polarity as well and increasing chain length and decreasing branching also decreases boundary
friction. However, the shielding from attached carbon chains around the ester group will result in a
decrease in their surface activity and could hinder monolayer formation leading to a decrease in the

applicability of the branching trend seen with FAFMs (27).

Contrariwise, there has been a wide range of research investigating base oils, but this mostly related
to EHD performance. Tsubouchi proposed five molecular properties that are likely to increase
friction in traction fluids (28). The first is high molecular stiffness caused by structures with restricted
molecular mobility, due to a high proportion of unsaturated bonds, or complex ring structures as this
hinders molecular slip as molecules cannot deform and rotate easily, which can also give rise to
molecular entanglement. Through various studies, it is believed that EHD friction is influenced

mostly by the flexibility and structure of individual molecules as this will affect how molecular layers

shear over one another under high pressure. This was seen by ?hang et al number]where it
was shown that flexible groups and linear molecules favoured low friction which allowed more free
movement and prevented molecular entanglement. Synthetic esters are an example of a flexible
molecule as the ester bond allows free rotation of substituents (6). Hentschel et a/ 4985 (9) also
discovered that bulkier and more irregular shaped cyclic structures gave rise to more steric
hindrance hindering fluidity due to neighbouring molecule interlocking resulting in higher friction in

comparison to regular spherical and ellipsoidal rings {9}.

The second was large molecule size as it was believed this produces more steric hinderance. More
specifically, this is referring to the degree of branching and linearity of molecule, how much free
space a molecule occupies and how it interacts with neighbouring layers. Zhang et al [number
showed that bulky cyclo-hexyl rings and methyl branches gave higher EHD friction due to hindering

movement against neighbouring layers. Whilel linear chains favour low friction as they interact less
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with neighbouring layers. An NPG based polyol ester with a branched substituent gave higher
friction than a linear one containing a double bond. It was also found that the friction of polyglycols
was strongly influenced by the amount of branching, with more propylene instead of ethylene units
resulting in more branching and therefore higher friction (6). This was confirmed by Hentschel who
suggested the low friction of polyglycols was caused by the low degree of branching resulting in a
thread-like structure which allowed the polyglycols chains to align which minimal interaction with

other layers (10). These results were backed—up—-againconfirmed by Hirst and Moore-4979 (11).

Further confirming that bulkier molecules give a higher EHD friction, Hammann et al 1970 showed

that molecules with one or two cyclohexyl rings gave high EHD friction (29). Cecil et al 1973 Comment [MS13]: mixed reference
styles — choose either Harvard or
Vancouver — not bits of both,

depending on Trib Int style.!.

this—upconfirmed this result -by -finding that paraffinic mineral oils gave a lower EHD friction than

naphthenic, the latter having more saturated rings substituents. The paper also showed that glycol

compounds produced a lower friction than the mineral oils tested (30). A similar study was also
performed by Hirst and Moore 1979 where EHD friction was higher for molecules containing
multiple side chains and saturated rings, but it was found to be lower for polyglycols. It was also

found that friction was found to be lower for benzene ring containing base oils where the

substituents were located [para to one another ]as opposed to ortho and meta due to the molecule [Comment [MS14]: 72?71

being more linear (11). Another study discovered that EHD friction increased with increased degree
of branching. Friction data was analysed using a viscoelastic Eyring model and it was noted that the
Eyring stress decreased with the degree of branching and with molecular volume (31). LaFountain et
al 2001 measuredebserved the EHD friction properties of three base oils a found that the EHD
friction increased from PAO (polyalphaolefins) to diesters to alkylated aromatic base_oils. This again
confirmed that bulkier molecules can give rise to higher friction (14). ]Zhang et al reported a general

trend with base oil group with group 1 having the highest friction, then group 2 and then groups 3

and 4 which also follows the trend of decreasing proportion of cyclic and branched components (6). ‘ Comment [MS15]: if you mention

groups here then you need it in the

However, an increase in the size of the molecule can also decrease friction if the larger molecule can text earlier then

pack more efficiently than the smaller molecule. With regards to base oils seen in aviation
lubricants, Chang utilized an in-contact temperature rise mapping method to measure the shear
stress properties of a range of ester base oils and it was found that pentaerythritol esters had a
lower shear stress than trimethylolpropane (TMP) based esters. The paper also noted that more

branching lead to an increase in shear stress (16).

The third molecular characteristic was short alkyl chains resultings in a_poor molecular packing
efficiency. Zhang et al showed an increase in chain length from adipic to azelaic to sebacic acid

results in decreasing friction (6,28).



The fourth factor was a high melting point, but this may just be due to larger molecules and
molecules with more polar atoms resulting in stronger intermolecular bonding as they inherently

have a higher melting point (28).

The fifth molecular characteristic is low molecular polarity as high polarity gives rise to repulsion
between neighbouring molecules preventing close packing and aiding the molecules sliding over one
another (28). It was found that solvent treated mineral base oils gave a higher friction than
hydrotreated oils and that the lowest friction was produced by group Il and group IV base oils
therefore showing the introduction of polar water resulted in lower friction than those treated with

organic non-polar solvents (15).

There have also be other studies that observed the loss of torque and efficiency of real bearings and
gears and found that the synthetic base oils tested; PAOs, polyglycols and esters produced a
reduction in torque in comparison to other mineral oils. This could be due to a few characteristics
such as molecular packing efficiency, polarity or bulky substituents, but it is difficult to make further
deductions without more detail on the molecular chemistry of the mineral oils, but is likely to be due
to a higher proportion of cyclic and branched substituents (32—-36). When compared the synthetic
base oils to each other, the literature sources found opposing results in that Yoshizaki et al found
PAO to give a lower friction than polyglycols whereas the opposite was found by Hohn et al. This
may be due to differences in the PAOs and polyglycols tested hence the reason for the difficulty in
understanding trend with base oils and the necessity for control of base oil production for research

purposes (32,33).

fThe above literature shows that Hence-thetrendsforthe effect of molecular structure on base oils

in the EHD regime and FAFM in the boundary regime haveindicate similar trends but differ the
mechanism behind the frictional effects. The_literature suggests that y-beth-suggest-low friction is

favoured by longer chain lengths, linear molecules, less branching and therefore less bulky

molecules.\

TFhereforetheThe -aim of this-eurrent paper is to deduce whether the molecular structure of the
aviation derived base oils influences friction following the trends previously outlined in the literature
independent of viscosity. Specifically, the effect of varying the alkyl chain length on the end groups
on the polyol esters, the number of ester groups in the polyol ester and the introduction of
branching to these structures on friction iswere explored. This was done by producing Stribeck
curves to compare the different melecularstructure—of-base oils overat a range of temperatures.

Alse, Tto deduce whether the molecular structure still influences friction when independent of
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viscosity, the different base oils were compared at-the-samekinematic-viseosity-by testing each-base

oil at a specific temperature to attain the samea speeific-kinematic viscosity.



3 EXPERIMENTAL

3.1 MIiNI TRACTION MACHINE
A Mini Traction Machine (MTM2, developed by PCS instruments) was used to evaluate the
tribological performance of the oils. The MTM uses a ball on a disc configuration, each component

with a specific rotational speed and to achieve the defined slide-roll ratio (SRR).

The contact between the ball and the disc is submerged in a reservoir of lubricant (approximately 35
mL) and the ball rotates against the disc at an inclined axis to eliminate spin in the contact. The

speed of both ball and disc are controlled independently and driven by separate motors, which

allows different combinations of surface speeds and }SRRI to be set by the operator. The load and [Comment [MS17]: define

lubricant temperature can also be controlled and the traction coefficient (friction) is measured.

[Figure 1 - Configuration of the MTM showing the rotational directions of the ball and disc. Comment [MS18]: Schematic
showing key parameters needed.

Specifications of the test specimens are shown in Table 1, both of which showed minimal wear
Comment [AJ(19]: | mentioned the

throughout the Stribeck tests. | key parameters in the text, doe it
need any more than that?

Table 1- Specification of test specimens. Comment [MS20]: YOU need to
draw a schematic.,i.e. a labelled
Property MTM Standard Disc MTM Drilled Ball diagram. You are an engineer!
Dimensions (diameter) 46 mm %" (19.05 mm)
Material AISI 52100 AISI 52100
Surface Finish, R, <0.01 um <0.02 um
Hardness, H, 720-780 800-920




3.2 TEST CONDITIONS

The MTM was used to produce Stribeck curves at a range of temperatures. Each of these tests was
completed three times to confirm repeatability and all Stribeck curves have been plotted with error
bars of one standard deviation for each data point. Representative gas turbine oil system contact

conditions were used for Stribeck analysis are shown in Table 2.

Table 2- Conditions used for Stribeck analysis.

Parameter Value
Applied Load 40N
1.01

Contact Pressure
GPa

Slide-to-Roll Ratio (SRR) 50 %

Entrainment Speed 0-3m/s

It should be noted in these tests, the type of EHD lubrication seen at high entrainment speeds was
hard viscous EHD lubrication as the steel specimens used have a high elastic modulus, the viscosity
changes in the contact due to the high contact pressures and the contact is elastically deformeds

due to the high contact pressure in the non-conformal contact (37,38).

The entrainment speed U and the SRR are defined by equations (1) and ( 2 ) where u; and u, are the

surface velocities of surface 1 and 2 respectively.

I —up| (1)
2

[y — usl
SRR = ——= (2)
U

Two different methods of normalising for viscosity were applied to the tests to isolate the effect of

U:

the molecular structure on friction. One method involved plotting the measured traction coefficient

against_ a—d-imen&ie#ess—ﬁumber—e&”ed{the Hersey number ( 3 ) where W is the dynamic viscosity, N

the entrainment speed in revolutions per second and p, is the maximum contact pressure.

X N (3)

Hersey Number = a
Po

The dynamic viscosities were calculated using the supplied densities and can be seen in the

Appendix 8.1.

The second method involved testing each lubricant by carrying out experiments at different
temperatures for each oil so that they all had the same kinematic viscosity. This was done using data

from measurements of kinematic viscosity and ASTM D341 (39). The viscosities selectedehesen were

|
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| 7.3 cSt, 5.0 ¢St and 2.9 cSt, these values —Fheseviscosities—were chosen as the calculated test
temperature required for each oil was within the temperature range capability of the MTM. The

calculated temperatures for each base oil can be seen in Table 10.

| Another consideration worth noting is shear stability of the base oil molecules. Walker et al (40)
showed by sampling the base oil through a small hole, that polymeric base oils can break down into
’ smaller molecules in EHD contacts. {48} TheyAn-egquatien-was suggested that polymeric scission
will begin to occur in linear hydrocarbon polymers if shear stress x molecular weight> >1 x 10*
dyne/ cm?, but this is generally only a concern for much larger base oil molecules and hence, the

shear stability of the base oils tested in this study was assumed not to be an issue (41).

Also, due to the low roughness of the superfinished specimens (R, <0.01 um for the disc and R, <0.02
um for the ball), very minimal wear was produced for all tests and therefore the wear was not

investigated.

3.2.1 TestLubrication Regimes

Using the supplied pressure-viscosity coefficients, the fluid film thickness and therefore lambda
ratio, the lubrication regimes can be estimated for each oil over the range of speeds seen in the
Stribeck test. The fermulas-equations used to calculate the contact pressure, film thickness and the
lambda ratio can be seen in Appendix 8.1. These calculations utilized the data provided by the
manufacturer to calculate the dynamic viscosity at each test temperature to give a more accurate

estimate of the film thickness and therefore the lambda ratio.

Hence from Figure 2, it can be seen from the plot of lambda ratio against the entrainment speed
that the NPG C7 base oil does not reach the EHD regime with the conditions used. Therefore, whilst
previous studies have only compared the effect of base oil structure on EHD friction, the results
presented in this paper observe the effect of the molecular structure across a range of lubrication
regimes as not all the oils will reach the EHD regime at higher entrainment speeds due to specific
lubricant properties and limitations of the test rig. However, the results across the range of
conditions seen in this study have-given—an-insight into the behaviour of different base oils on

friction.

10
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Figure 2 — Lambda ratio against the entrainment speed for the NPG C7 base oil showing that it does not reach the EHD at
any test temperature for the test conditions used..

3.3 TESTFLUIDS

3.3.1 Pure base oil blends

A variety of group V base oils were acquired of known chemical composition and molecular structure

with no additives. The five pure base oils can be seen in Figure 3.

\/\/\/\ioxgi/\/\/\/ \/\/\jioxoi/\/\/ \/\)CLUXOL\/
) /\/\/\/\go GW , /*-‘./\/\[Oro D\IOI/\/\/\ ) /\/\Igo 070(\/\
RN j\o oj\/\/\/ 0 o
?i;]/\/\/\ . W\/J\D/><\D)I\/\/\/
d. o

Figure 3 - Molecular structure of the base oils tested. a. polyol ester made from pentaerythritol with chains of n-C9, b.
polyol ester made from pentaerythritol with chains of n-C7, c. polyol ester made from pentaerythritol with chains of n-C5, d.
polyol made from trimethylol propyl with chains of n-C7 and e. polyol ester made neopentyl glycol with chains of n-C7.

The base oils represent esters typically seen in aerospace lubricants and havewith representative

chain lengths. The_two parameters considered are re-are-two-variables-being-observed;-the chain

length of the substituent end groups on the esters and the amount of ester groups on the molecule.

The chain lengths of the pentaerythritol base oils vary by increments of two carbons. These

variations were selected as they were readily available from the supplier.

11



Extra data for these base oils both measured and calculated can be seen in Extra Data for the Pure

Base oil blendsExtra-Datafeorthe-Pure-Base-oil-blends in Appendix 8.1. Tests have shown that the

base oils tested are Newtonian up to shear rates of 200 s™* due to the imeasurement imitation of the
cone anden plate rheometer centrifugally forcing out low viscosity fluids at high shear rates. But it is
assumed that these base oils are all Newtonian in the EHD regime as well as shown by Moore 1997

(Appendix Base Oil Rheology)(8).

3.3.2 Fully formulated pure base oil blends
Fully formulated lubricants based on a commercially available aviation lubricants were acquired
which all contain the same additive package but have different amounts and types of group V base

oils (A, B, C and D) to alter their viscosity.

The base oils used contain varying amounts of different polyol esters to vary the viscosity; they differ
in the proportion of base oils with a different number of ester groups (Figure 4). Typically, the alkyl

chain branching is 2-ethylhexyl but there may be some low level of iso C9 branching.

o)

DG AT

o]

0]

(o]

"

(o]

[
Figure 4 — Molecular structure of the base oils used in the formulated oils tested. a. polyol ester made from pentaerythritol
with chains of 2-ethylhexyl and some iso C9, b. polyol ester derived from neopentyl glycol with side chains of 2-ethylhexyl!

and c. polyol ester derived from trimethylol propane with side chains of 2-ethylhexyl.

The composition of each formulated lubricant tested in terms of additives and base oil can be seen

in Table 3Fable3. The High viscosity oil (made from base oil D) are predominantly pentaerythritol

based (4a) and the Low viscosity oils (from base oil A) are mostly neopentyl glycol (4b) based but

also contains some trimethylol-propane-based ester (4c).

12

[ Formatted: Font color: Text 1




Both Medium viscosity oils (made from base oils B, C and D) are a blend of polyol esters
(pentaerythritol and neopentyl glycol) with the Medium High containing more pentaerythritol esters

and less neopentyl glycol ester esters than Medium Low. Exact formulation details of oils are

unavailable. Fa mposition-of-cach-formulatedtubricant-testedinterms-ofadditiv ad-ba i
a b Bin 2T ahl 2
Table

Table 3 — Table showing oil compositions.

Kinematic
OilA Oil B oilC OilD Additives  Viscosity
(v/v %) (v/v %) (v/v %) (v/v (%) (v/v %) @ 100°C

(cSt)
High - - - 94.8 5.2 8.0
Medium High - - 28.0 66.8 5.2 6.9
Medium Low - 10.0 84.8 - 5.2 5.0
Low 94.8 - - - 5.2 3.1

13

[ Field Code Changed




4 RESULTS & DISCUSSION

4.1 PURE BASE OIL ANALYSIS
This section will interpret the tribological properties of the base oils containing no additives with

specific molecular structures.

4.1.1 Effect of Temperature
The normalised Stribeck curves solely showing the MONOPE C7 base oil are shown in Figure 5. The

other base oils displayed similar trends.

Generally, it is known that a higher viscosity results a lower traction coefficient in the boundary
regime due to the fluid forming a thicker oil film to protect asperities, but a lower viscosity will result
in a lower traction coefficient at high speeds as a thinner fluid is sheared more easily (42). As the
temperature is varied, this results in a viscosity change, which alters the performance in the
boundary and EHD regimes and the general trend is the friction decreases from low to high
temperature due to the difference in viscosity and temperature effects. The calculated kinematic

viscosities of these oils can be seen in Table 9.

Normalisation of the Stribeck curves would lead to a single master curve if viscosity was the sole
parameter governing frictional characteristics, but the fact that there is still separation of results in
Figure 5 shows that another variable as well as viscosity is contributing to the underlying tribological

behaviour.

Figure 5 shows a decrease in traction coefficient as the temperature is increased which is due to the
increased temperature resulting in a decrease in viscosity and hence the fluids are sheared more
easily. Prior to normalisation of the Stribeck curves, higher viscosities would favour a lower traction
coefficient in the boundary regime however, normalisation results in shifting of the curves as the
tests have been normalised for viscosity. The separation in the curves is also larger for the test fluids

that have a larger difference in viscosity across the range of test temperatures.

14
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Figure 5 — Normalised Stribeck curves of the MONOPE C7 base oil at a range of temperatures.
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4.1.2 Effect of Base Oil Structure at Constant Temperature

Figure 6 shows that when the base oils are compared at a constant temperature, separation of the
Stribeck curves only emerges at the higher temperatures (120°C). At the lower test temperature_of
60°C s there is no significant trend. _But-athighertesttemperatures—the prominence—of-this
separation-becomes-more-apparent. By considering the viscosities of each of these oils at each test
temperature, there is a larger difference in kinematic viscosity at the lower test temperatures.
Hence it can be seen that at the-highest-test-temperature-o£-120 °C, this has the smallest range of
viscosities of 2.83 cSt whereas at 60 °C the range is 12.04 cSt. Consequently, at low temperatures,
viscosity dominates the behaviour leading to similar curves due to normalising for viscosity by
plotting the traction coefficient against the Hersey number. When the difference in viscosity in
minimised, a difference in friction emerges due to other underlying variables in the system, namely;

the difference in molecular structurel.

The order of the friction decreased from NPG C7 to TMP C7 to MONOPE C5 to MONOPE C7 and then
to MONOPE C9. Hence, this indicates an effect of molecular structure on friction. The results shown
that friction decreases with an increase in both As-the number of ester groups inereases-thefriction
deereases-and as-thethe -chain length-inereasesthefriction-decreasestoeo. It is likely this is due to

the larger molecules being able to pack more efficiently and separate the surfaces due to with-their
larger [size\. LEssentially-targer chains can better separate surfaces bettersince they take up more
space thus providing improved support, but this can often come with increased friction if larger

bulkier molecules have more difficulty moving which can mask this effect.

lHowever, at high test temperatures at high entrainment speeds, the pentaerythritol base loils‘
converge, and the neopentyl and trimethylol base oils remain separated from them. This suggests
that the pentaerythritol base oils behave similarly at higher entrainment speeds regardless of their
difference in chain length as they reach the EHD regime and that the neopentyl and trimethylol base
oils require higher speeds to reach the same traction coefficient. Hence this shows that the effect of
the number of ester groups potentially has a larger impact on the molecular packing than

differences in substituent chain length.

Comment [TM23]: The sectionis a
bit confusing — if you are not careful
you imply smaller difference in
viscosity means larger difference in
friction, but what you should mean is
that the viscosity dominates
behaviour leading to not much
difference but where you minimise
that factor the effect of molecule on
its own becomes apparent.
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since they support and separate more
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— often this comes with increased
friction due to larger molecules having
more difficulty moving which can
mask the effect. (chain length effect is
limited though sometimes just general
size is important which fits your
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Figure 6 — Normalised Stribeck curves comparing the different base oils at 60 °C and 120 °C.
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4.1.3 Effect of Base Oil Structure at Constant Viscosity

When tested at a constant viscosity, there is a clear separation of Stribeck curves across each of the
different test viscosities, but there appears to be a slightly larger separation on the lowest viscosity
graph; Figure 7. The order from high to low friction is marginally different to the same temperature
Stribeck curves as the trend now goes NPG C7, PE C5, TMP C7, PE C7 and then PE C9. Therefore, the
PE C5 and TMP C7 have swapped. However, this is due to the fact thatlikehas they have very similar

molecular weights and therefore viscosity (as shown in Table 5) and have performed very similarly

throughout all the tests.

Despite this marginal change in frictional order, the same trend can clearly be observed, showing

that as both chain length irereases;-and the number of ester groups increases, the friction decreases

ean-clearly-beseen. This reinforces the theory that viscosity is not the only factor influencing friction
and that the molecular structure has a substantial effect tee-which is revealed after viscosity has
been eliminated as a variable. It is likely this is due to the larger molecules being able to pack more
efficiently, which results in less frictional resistance and be able to separate the rubbing surfaces

more effectively because of their increasing Lsize‘.

Another observation is that the pentaerythritol base oils do not completely converge at high
entrainment speeds as they did when all compared at the same test temperature. This could be due
to increasing chain length effect being more apparent at the same viscosity and potentially requires
higher entrainment speeds to converge. Again, the effect of the number of ester groups potentially
has a larger impact on the molecular packing than differences in substituent chain length as there is
a larger separation between the NPG C7, TMP C7 and MONOPE C7 than each of the MONOPE

curves. |
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4.2 FuLLY FORMULATED BASE OIL ANALYSIS
The section describes the results obtained for wil-shew-the—results—ef-the-the fully formulated

lubricants each with the same additive package and all have a controlled mixture of different

structure base oils to vary viscosity.

4.2.1 Effect of Temperature
The Stribeck curves for the high viscosity formulation are shown in Figure 8 (the other formulations
are not shown as they show a similar trend). There is a trend showing that traction coefficient

decreases with increasing temperature as shown with the pure base oils.

The difference in traction coefficient in the boundary regime is smaller than the difference in
traction coefficient in the EHD regime. This is because the boundary region is affected much more by
additive performance and as all the oils contain the same additive package, similar performance is
expected. As it is the base oil which is being varied and not the additives, it is expected that the main
differences will be seen in the EHD regime and this is confirmed byin these-presented results. T-But
the differences that are seen in the boundary regime must be due to higher viscosity oils forming
thicker films and therefore they can separate the surface asperities more than lower viscosity blends
(7). It is likely that the additives will introduce some surface chemistry effects that could interact
with the base_oils creating a different frictional response in comparison to the unadditised oils.
However, it is not expected these effects will be significantly different between each of the fully

formulated lubricants.

Figure 8 shows that the Stribeck curves for the higher viscosity oils do not flatten off. This could be a
possible effect of shear heating. Shear heating occurs when shearing of high viscosity fluids results in
friction which generates heat as the molecules shear over one another and as a result causes a
decrease in viscosity. Higher entrainment speeds may cause more shearing resulting in a thinner film

and therefore lower friction. But it is also possible that a higher entrainment is needed for the more

viscous oils to reach a minimum traction and hence these may not have reached the EHD regime yet. \ Comment [MS31]: Could this

explain earlier results?
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4.2.2 Effect of Base Oil Structure at Constant Temperature

Figure 9 shows the Stribeck curves comparing the fully formulated oils at the 120 °C (the other test
temperatures show a similar trend). There is a clear trend of decreasing friction from the high to the
low viscosity blend most likely due to differences in base oil molecular structure as the graph has

been normalised for viscosity.
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Figure 9 — Normalised Stribeck curves of the fully formulated blends with different base oils at 120 °C.
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4.2.3 Effect of Base Oil Structure at Constant Viscosity

iThe Stribeck curves at 5 cSt and results shown are in Figure 10. There is a clear trend showing that
friction decreases moving from the high viscosity to the low viscosity formulations even when all of
them have the same kinematic viscosity. Therefore, if the viscosity is not the main influence behind
the tribological effects, the only other difference between the oils is difference in base oil chemistry.
This graph demonstrates the opposite to Figure 7 as the oils with a larger size now result in higher

friction.

As mentioned earlier, the low viscosity oil is mainly composed of polyol esters from NPG and TMP
and the high viscosity oil is predominantly polyol esters from pentaerythritol, but these esters are
now branched too. Therefore, from the low to the high viscosity formulations, there is an increase in
the number of esters with more branching. Consequently, this increase in branching, has led to more

interference with molecular packing giving rise to higher friction.

Hence this shows that the inclusion of branching may inverse the trends seen with the previous oils
where increasing chain length and increasing the number of ester groups decreased friction
potentially due to larger molecules being able to pack more efficiently. It may be that the inclusion
of branched side chain prevents the larger molecule packing as efficiently giving rise to more steric
hinderance as the molecules get larger with more branching. However, this effect of branching
needs to be further confirmed with branched base oils of a known molecular structure without the

added variable of additives.
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5 CONCLUSIONS

}I-n—eenel-usien,—Stribeck curves have been produced wereproduced-for a range of base oils of specific

molecular structures_and fully formulated oils -to understand the effect of molecular structure on

friction. Whilst changes to molecular structure influence the viscosity of the fluid, the base oils were

also tested at the same viscosity by varying the temperature of each test.

The results showed the molecular structure has a substantial impact on the measured friction across

all lubrication regimes‘. H—was—shown—from—theresulis—that-Twhilst-the viscosity behaviour is as

affeetsas-expected with an increase in viscosity leading to an increase in friction as a higher viscosity
fluid incurs more resistance to shear. After viscosity was eliminated as a variable through plotting
Stribeck curves against the Hersey number and by conducting wears tests at the same viscosity, two
molecular variables were explored; the effect of chain length and the influence of the number of
ester groups on friction. It was shown that the friction decreases across all lubrication regimes as the
chain length increases and by increasing the number of ester groups which is most likely due to
larger molecules being able to pack more efficiently and separate the contacting lsurfaces‘. Essentially
Uarger chains can separate surfaces better since they take up more space thus providing improved
support, but this can often come with increased friction if larger bulkier molecules have more
difficulty moving which can mask this effect. It was also seen that the number of ester groups
potentially has more of an effect on friction that the substituent chain length as the pentaerythritol
base oils converge when compared at the same temperature, but the TMP and NPG oils remain
separated. This suggested that the pentaerythritol base oils behave very similarly at high

entrainment speeds regardless of their difference in chain length.

ml-n—add-meﬁ fully formulated lubricants showed a reversal the friction trend such that the friction
was seen to increase as the number of ester groups was increased. This was attributed to the
increase in proportion of branching on the ester substituents. Consequently, the results show an
increase in friction as the amount of branching increases creating more interference with molecular

packing.\
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Overall, these results are in elear-agreement with the literature in that low friction is favoured by
longer chain lengths, increasing the number of ester groups (within a polyol ester) and maintaining a
linear molecule. Branching leads to producing a bulkier molecule which gives rise to high friction
whereas, whilst increasing the chain length and the number of ester groups increases the size of the
molecule, the molecule remains linear and flexible giving rise to improved load carrying capacity and

packing efficiency which reduces friction.
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78APPENDIX

748.1 EXTRA DATA FOR THE PURE BASE OIL BLENDS

7118.1.1 Kinematic Viscosities of the base oils
Table 4 shows some of the measured properties of the base oils provided. Viscosity increases with
the molecular weight as expected and the pour point increases with viscosity and therefore

molecular weight also.

Table 4 — Table listing some of the measured properties of the pure base oils.

Kinematic Kinematic
Ester description Viscosity at 40 |Viscosity at 100
°C (cSt) °C (cSt)
PE with all n-C5 acid 15.4 3.6
PE with all n-C7 acid 21.3 4.6
PE with all n-C9 acid 30.3 5.9
TMP with all n-C7 acid 14.0 3.4
NGP with all n-C7 acid 5.6 1.9

Table 5 — Table displaying the number of each element in the compound and hence the molecular weights of the base oils.

Ester description Carbon | Hydrogen | Oxygen WZ;LT;/'Z;:M
PE with all n-C5 acid 41 76 8 472.619
PE with all n-C7 acid 33 60 8 584.835
PE with all n-C9 acid 25 44 8 697.051

TMP with all n-C7 acid 27 50 6 470.691
NGP with all n-C7 acid 19 36 4 328.493

The kinematic viscosities for the formulated oils provided are shown in Table 6 with their

corresponding viscosities at 40 and 100 °C.

Table 6- Table of the fully formulated blends viscosities at 40 and 100°C.

Kinematic Viscosity at 40 °C Kinematic Viscosity at 100 °C
(cst)/ (mm®/s) (cst)/ (mm’/s)
High 66.1 8.04
Medium High 52.4 6.93
Medium Low 315 4.99
Low 12.6 3.08
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71:28.1.2 Temperature and viscosity prediction using ASTM D341

The ASTM method D341 was used to calculate the temperature at which each oil has certain

viscosity (1). The example shown here is for the fully formulated blends, but the same method was

done for the pure baseoil blends. To predict the temperature at which the oils are 5 cSt, at least two

measured viscosities are needed for each oil at known temperatures. Using equations (4 ), (5) and (

6 ), the kinematic viscosities can be calculated by plotting a line of LogT against LoglLogZ as shown in

Figure 11.

LoglogZ = A — BLogT

7 = p + e(-147-184v-051v%)

v=(Z-07)+ (0.7487-3.295(Z—-0.7)+0.6119(Z~0.7)?~03193(Z—0.7)%)

(4)
(5)
(6)

Temperature (°C) LogT (T converted Kinematic Viscosity LoglLogZ
into K) (cSt)

40 2.4958 66.1 0.2612

100 2.5719 8.04 -0.0262

150 2.6265 3.19 -0.2289

Table 7 - Table showing the measured kinematic viscosities and at measured temperatures and the calculated values for

LogT and LoglogZ.

The kinematic viscosities at 40 and 100°C were provided by the supplier and the viscosity at 150°C

was measured using ASTM D445.
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Graph of LogT against LogLogZ to predict kinematic viscosities at
certain temperatures using ASTM D341
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Figure 11 - Graph of LogT against LogLogZ to predict kinematic viscosities at certain temperatures using ASTM D341.
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From the graph the values of A and B in equation ( 4 ) are the intercept and gradient of the line
created respectively. Using this, the temperatures at which each oil is 5 cSt were calculated and are

shown in Table 8.

Table 8 - Table showing the temperatures at which each oil has a kinematic viscosity of 5 ¢St and the measured viscosity at
that temperature to confirm the viscosity (measured by Intertek West Thurrock using method IP 71 REF).

Temperature at which the Measured viscosity at
oil oil has a kinematic viscosity of 5 the corresponding
cSt (°C) temperature (cSt)
High 122.8 5.036
Medium High 115.9 5.021
Medium Low 100.6 5.130
Low 74.9 5.187

From the provided kinematic viscosities, the kinematic viscosity can be estimated at the test

temperatures using ASTM D341 and these can be seen in Table 9.

Table 9 — The estimated kinematic viscosities using ASTM D341 of the base oils at the temperatures tested.

Ester description Kinematic Viscosity cSt
P 60 °C 80°C 100 °C 120°C
PE with jall n-C5 8.48 5.29 3.92 2.65
acid
PE with gll n-C7 11.40 6.95 4.66 3.36
acid
PE with fall n-C9 15.65 9.33 6.14 4.35
acid
TMP W|th all n-C7 7.82 4.94 3.41 2.51
acid
NGP W;t(:;ll n-C7 3.61 2.54 191 1.52

The lubricants were also tested at the same viscosity by varying the test temperature for each base

oil. These temperatures were also calculated using ASTM D341 and can be seen in Table 10.

Table 10 — Table showing the calculated temperatures at which the base oils have the following viscosities.

Ester Temperature at which the lubricant has a kinematic viscosity of (°C)
description 2.9 cSt 5cSt 7.3 ¢St
PE with all n-
C5 acid 113.8 82.5 65.9
PE with all n-
C7 acid 130.2 96.2 77.8
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PE with all n-
€9 acid 149 111.5 91.3
TMP with all
n-C7 acid 110.1 79.4 62.7
NGP with all
1-C7 acid 71.9 44.8 30
74138.1.3 Calculation of the dynamic viscosities required for the Hersey Number

The density of these fluids was also required such that their dynamic viscosity could be calculated

which was needed to calculate the Hersey number.

Table 11 —Densities pure base oils.

NPG, all TMP, all C7 PE, all C5 PE, all C7 PE, all C9
C7 acids acids acids acids acids
Density of Liquids, 15.6 °C 0.9291 0.9628 1.022 0.9809 0.9569

The dynamic viscosity has been calculated from the density multiplied by the kinematic viscosities in

Table 9 and then converted from cP to Pa. s by multiplying by 10°. These dynamic viscosities can be

seen in Table 12. The density will change with temperature, but only the density at 15.6 °C could be

acquired and hence the dynamic viscosities have been estimated using this.

Table 12 — Dynamic viscosities at of the pure base oils at a range of temperatures.

Pa. Dynamic Viscosity Pa. s
60 °C 80°C 100 °C 120°C
NPG, all C7 acids 0.003354 0.00236 0.001775 0.001412
TMP, all C7 acids 0.007529 0.004756 0.003283 0.002417
PE, all C5 acids 0.008667 0.005406 0.004006 0.002708
PE, all C7 acids 0.011182 0.006817 0.004571 0.003296
PE, all C9 acids 0.014975 0.008928 0.005875 0.004163

Hence the dynamic viscosities can also be calculated for when they were all tested at different

temperature to achieve the same kinematic viscosity, these can be seen in Table 13.

Table 13 - Dynamic viscosities calculated from the kinematic viscosity.

Dynamic viscosities calculated from the kinematic viscosity

Ester description (Pa. s)

2.9 cSt 5cSt 7.3 ¢St
NPG, all C7 acids 0.00269439 0.0046455 0.0074606
TMP, all C7 acids 0.00279212 0.004814 0.00702844

34



PE, all C5 acids 0.0029638 0.00511 0.0074606
PE, all C7 acids 0.00284461 0.0049045 0.00716057
PE, all C9 acids 0.00277501 0.0047845 0.00698537
7148.1.4 Estimation of the pressure viscosity coefficient at different test
temperatures

The pressure viscosity coefficients (PVC) have also been supplied for these oils (Table 14) and have
been used to calculate the film thickness and the therefore the lambda ratio. This parameter also
varies with temperature and the PVC at different temperatures has been estimated by plotting the
known PVC against temperature and using the equation of the line to calculate the other
temperatures. These can be seen in Table 15 and the graph of the plotted pressure viscosity
coefficients can be seen in Figure 12. For most of the base oils, the PVC increases as temperature

decreases except for TMP n-C7, this is not currently understood.

Table 14 — Supplied PVC of the pure base oils.

Pressure-Viscosity NPG, all TMP, all PE,allC5 | PE,allC7 | PE,allC9
Coefficient, x 108 m?/N | C7acids | C7 acids acids acids acids
at 40°C 0.67 1.07 2.28 2.18 0.92
at 70°C 0.63 1.13 1.57 1.49 0.72
at 100°C 0.6 1.18 1.21 1.13 0.6
at 130°C 0.58 1.22 0.99 0.92 0.52

Table 15 — Estimated pressure viscosity coefficients that have been calculated from the line equations in Figure 12.

PVC estimation NPG, all C7 . PE, all C5 PE, all C7 PE, all C9
. . TMP, all C7 acids K . .
(based on line acids acids acids acids
equations) x 10-8 y=- y= y=31.087x | y=32.713x | y=1.1531e
m’/N 0.001x+0.705 | 0.0017x+1.0083 0708 o 0.006x
60 0.65 1.11 1.53 1.44 0.77
80 0.63 1.14 1.15 1.08 0.68
100 0.60 1.18 1.21 1.13 0.60
120 0.58 1.21 0.77 0.72 0.54
30 0.68
44.8 0.66
71.92 0.63
62.7 1.11
79.4 1.14
110.1 1.19
65.9 1.39
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82.8 1.11
113.79 0.81
77.8 1.11
96.2 0.90
130.2 0.66
91.25 0.63
111.5 0.56
149 0.46
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Figure 12 — Graph showing the pressure viscosity coefficients for the pure base oils plotted against the temperature. These
were fit to line equations that allowed the estimation of the PVC at other temperatures.
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7-28.2 HERTZIAN CONTACT PRESSURE CALCULATION
As the configuration of the MTM is a ball on disc, this rig has a point contact geometry as the ball will
contact the disc at a single circular point. However, the calculation for an elliptical contact can be

used and as both radii on the contact patch are equal, it should give the same contact pressure (2).

Figure 13 — Diagram illustrating how a ball would contact a flat surface (2).

Firstly, the reduced radius (R’) of the contact was calculated from the reduced radii for the x and y

planes (Rc and R).

=t m)
* "Ry R

Then the reduced elastic modulus (E*) was calculated from using the Poisson’s ratio (v) and Young’s

modulus (E) for both the ball and the disc.

-1
1-v? 1-v2
E* =
<E1 T TE,

The contact area dimensions (a and b) were then calculated.

3(3k2EPR’
mE*
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L [BEPR
~ | mkE*

Where P is the normal load, k is the ellipticity parameter and E is the elliptic integral of the second

kind.

0.6360
k = 1.0339 (—y>
R

X

0.5968R,
E =1.0003 + ———=

v
Then finally the maximum contact pressure (po) can be calculated.

_ 3P
Po = 2mab
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738.3 DowsOoN & HIGGINSON FILM THICKNESS AND LAMBDA RATIO

CALCULATION
The lubrication regimes defined by the lambda ratio are derived from film thickness calculations,

these equations were derived empirically by Dowson and Higginson in 1977 (3; 2; 4).

The minimum film thickness (h.,,) was calculated from the individually calculated material

parameter (G), speed parameter (U) and the parameter (W).

hmin = 2.65G0-5407 013

Rl
W P
T 2E*R'L
_ Mol
2E*R’'
G = 2aE*

The length of the contact area (L) is the diameter of the contact area (2 times a), n is the dynamic
viscosity of the lubricant at ambient pressure, u is the entrainment speed and a is the pressure -

viscosity coefficient.

After the film thickness was calculated, the lambda ratio can be deduced using the roughnesses both

the ball and the disc.
h

[ 2 2
o + 0y

The lambda ratio gives an indication of the lubrication regime that a contact is operating in and can

A=

be simplified into the following.

Table 16 — Table showing what lubrication regime the lambda ratios correspond to (4).

A Full fluid film separation (the EHL or hydrodynamic
>3 regime)

1

Partial or Mixed EHL (some asperity contact)
<A<3
A
Asperity contact (Boundary Regime)

<1
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748.4 BASE OIL RHEOLOGY

The bases oils were tested using a Bohlin Gemini HR Nano Rotonetic Drive 2 rheometer with a cone
on plate configuration. The parameters for the rheometer can be seen in Table 17. The cone
attachment was a 40 mm stainless steel cone with a 4 ° angle. The tested conducted used a
controlled shear stress ramp up to a shear rate of 200 s™ and then back down to check for

hysteresis. Temperature was controlled using the Peltier plate attachment.

All the base oils were tested at 25 °C but only 2 of the base oils were tested at a range of
temperatures to show no effect with temperature and viscosity influencing non-Newtonian
behaviour. The lowest and highest viscosity base oils were selected to show under the rationale that

if these were Newtonian, the base oils in between are also Newtonian.

Table 17 — Table showing the parameters for the Bohlin Gemini HR Nano Rotonetic Drive 2 rheometer.

Parameter Value
Torque Range in controlled stress & rate viscometry: 10nNm to 200mNm
Torque Range in controlled stress & strain oscillation: 3nNm to 200mNm
Torque resolution: Better than 1nNm
Position resolution: 50nrad

Frequency range: 1pHz to 150Hz

Controlled speed range (CR mode):

0.01mrad s-1 to 600rad s-1

Measurable speed range (CS mode):

10nrad s-1 to 600rad s-1

Normal force N1 measurement range:

0.001N to 20N (50N optional)

Step change in strain: <10ms
Temperature controls: Peltier Plate: -302C to 200°C
Nominal operating voltage 110 or 220V
Size (with Peltier plate) 52cm (H) x 33cm (W) x 37cm (D)
Weight (with Peltier plate) 28kg

It can be seen from Figure 14 and Figure 15 that the lowest and highest viscosity lubricants in this
study are Newtonian and therefore all the baseoils used in this study can be assumed to be
Newtonian. The graphs are expected to be noisier at lower speeds and more so with less viscous
fluids however it can be seen at higher shear rates, the viscosity remains relatively constant with

shear thus suggesting Newtonian behaviour.

40



Base Oil Rheology - NPGC7 Dynamic Viscosity vs. Shear Rate
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Figure 14 — Graph showing the measured dynamic viscosity against shear rate for NPGC7 showing Newtonian behaviour.
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Base Oil Rheology - High Lubricant Blend - Dynamic Viscosity vs. Shear Rate
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Figure 15 — Graph showing the measured dynamic viscosity against shear rate for the High lubricant blend showing
Newtonian behaviour.
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