Experimental investigation into the effects of diesel dilution
on engine lubrication

Abstract

The dilution of lubricant due to contamination with diesel fuel is an increasingly prevalent, potentially important
and poorly understood issue. This study addresses two fundamental questions: 1) How does the change in lubricant
rheology due to diesel dilution affect engine lubrication? 2) How is the chemical performance of lubricant
components (base oil and performance additives) impacted by diesel dilution under different lubrication regimes
(boundary/full film, hydrodynamic/elastohydrodynamic). This is achieved by testing three lubricant samples: 1)
neat fully formulated OW-30 engine oil, 2) fully formulated OW-30 oil diluted with diesel at a concentration of
15%, denoted “OW-30D”, and 3) neat, fully-formulated OW-16, with the same base oil components and
performance additives as the OW-30, but blended to give a viscosity equal to that of the diluted an equivalent
“OW-30D”. Tribometer tests, including 1) low pressure, low shear viscosity, 2) Ultra-high Shear Viscosity (USV),
3) elastohydrodynamic film thickness, 4) Stribeck friction and 5) boundary friction and wear, are then conducted.
To further emulate engine lubrication conditions, Stribeck curve measurements are performed on the three
lubricants using a journal bearing test rig, fitted with a connecting-rod and commercial diesel engine shells.
Results suggest that diesel dilution only slightly affects chemical additive performance (with friction modifiers
being more inhibited than anti-wear additives) but does reduce both viscosity and film thickness. However, care
must be taken in using viscometrics to predict dilution behaviour because 1) the pressure viscosity coefficient is
also affected by diesel dilution which has implications for elastohydrodynamically lubrication contacts, 2) shear
thinning means that viscosity modifier additives effects lose their functions at high shear rates; whereas diesel

contamination affects viscosity behaviour throughout the whole shear rate range.
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1. Introduction

Fuel dilution (or crankcase dilution) refers to the phenomenon in which excessive and unburned engine fuel
(diesel or gasoline) leaks into the crankcase and mixes with the engine lubricant [1]-[3]. Hydrocarbon-based
engine fuel normally has lower viscosity than engine oil. This means that dilution may be beneficial in terms of
engine efficiency due to lower viscous losses [4]-[5], but will also result in thinner oil films, increased surface
contact between engine components (e.g. journal bearing shells/crankshaft, piston/liner), and this may lead to
increased wear and even higher friction. Moreover, high temperatures and high pressures may facilitate chemical
interaction between the fuel and the lubricant performance additives (e.g., viscosity-modifier (VM) and anti-wear

additives of zinc dialkyldithiophosphate (ZDDP) [6]), and could further affect lubrication characteristics.

Recent research in this area has focused on approaches to reduce fuel dilution and detect/monitor/quantify
fuel dilution, and characterize the effect of different fuels [7]-[12]. For instance, high-frequency reciprocating
tests, together with modelling have suggested that the presence of fuel in the cylinder liner contacts facilitates a
transition from full-film, hydrodynamic lubrication to the undesirable boundary conditions due to reduced oil film
thickness [9]. Tribometer testing of fuel diluted lubricants has also been combined with analytical ferrography to
enable microscopic evaluation of wear debris [13]-[14]. More recently, biodiesel Fatty Acid Methyl Ester (FAME),
has attracted attention as renewable and sustainable energy source, and its dilution of engine oil has been studied
experimentally. Biodiesel is less volatile than other fuels and therefore its dilution effects are likely to more
persistent under running engine conditions. This in contrast for instance to ethanol, which inhibits ZDDP film
formation at low temperature but evaporates at 100<€ and has minimal tribological impact [15]. Four-ball and
high frequency reciprocating testing has suggested that fresh biodiesel decreases friction forces in engine bearing
shells, while aged-biodiesel degradation results in a chemical interaction with lubricant performance additives
(mainly with the ZDDP) and leads to increased wear [15]. Furthermore, pin-on-disc tests quantifying wear under
biodiesel-diluted lubrication conditions show that animal fat-based biodiesel can somewhat relieve the dilution
effect, as compared to vegetable feedstock biodiesel [17]. Finally, the oxidation of biodiesel dilution in engine

lubrication oil can increase deposits and accelerates corrosion, as indicated in [18].

A comprehensive understanding of the fuel dilution effect on lubrication performance is meaningful
especially for car manufacturers, in terms of lubricant development and engine efficiency improvement. Two
fundamental questions are proposed in the current study: 1) How do rheological changes due to fuel dilution effect
engine lubrication? 2) How does diesel dilution effect the chemical performance of different lubricant components
(base oil, and additives) under different lubrication regimes (boundary/hydrodynamic)? To address these, a
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thorough experimental investigation is performed including a case study of diesel dilution in an engine journal
bearing contact. Three lubricant samples are selected and tested: 1) neat, fully formulated OW-30 engine oil, 2)
fully formulated OW-30 oil diluted with diesel at a concentration of 15%, denoted “OW-30D”, and 3) neat, fully-
formulated OW-16, with the same base oil components and performance additives as the OW-30, but blended to
give a viscosity equal to that of the diluted equivalent “OW-30D”. A series of tribometer tests, including Stabinger
Viscometer, Ultra Shear Viscosity (USV), Ultra-Thin Film Interferometry (UTFI), Mini Traction Machine (MTM)
and High Frequency Reciprocating Rig (HFRR), are performed to assess both rheological and tribological
behaviour. Moreover, to emulate the journal bearing lubrication as operated in a real vehicle engine, a connecting-
rod assembly from a diesel engine is modified to fit with a Journal Bearing Machine (JBM), and the Stribeck

curve tests on the three lubricant samples are compared over a range of conditions.

This paper assesses the effects of diesel dilution on: 1) lubricant rheology in terms of viscosity and film
thickness, considering both shear rate and pressure dependence — the latter being achieved by characterizing
viscosity-pressure coefficients using a careful method compensating for physical uncertainties in contact
geometries and material parameters, 2) chemical additive performance 3) automotive journal bearing friction
under different regimes (boundary/mixed/hydrodynamic). This combined approach is necessary as overall engine
efficiency depends on both the tribological and rheological [2] performance of a lubricant in various contacts

operating under different regimes [3].

2. Lubricant Selection

To study the effect of fuel dilution on lubrication behaviour, three different lubricant samples are blended, as

follows.

= Neat Shell Helix OW-30 Ultra Professional AJ-L (denoted “OW-30" in the present work), which
comprises base oil (Shell Risella X 420, a hydrocarbon fluid based on Shell Gas-to-Liquid technology)
and performance additives (viscosity modifiers, anti-wear additives and so on), is a representative fully

formulated lubricant and widely used in gasoline, diesel and gas engines.

= “OW-30” (as above), blended with diesel at a concentration of 15% by volume (denoted “OW-30D” in

the present work).

» A research blend lubricant of “OW-16" (denoted “OW-16" in the present work), which has the same

composition of base oil and performance additives as “OW-30”, but contains a lower concentration of



viscosity modifier additive so as to give low pressure/low shear viscosity equal to that of the diesel diluted

lubricant (“OW-30D”).

Comparisons between test results from “OW-30D” and “OW-30” are intended to show the effects of fuel
dilution on the lubrication performance, while test results from “0W-16" are intended to reveal whether the causes

of discrepancies between “0W-30" and “OW-30D” are rheological or chemical in nature.

3. Tribometer Experiments

The three lubricants described above are characterized through a series of tests, as follows: 1) Low
pressure/low shear viscosity, measured using Stabinger viscometer in order not only to quantify viscosity
differences between the diluted and undiluted lubricants at low shear rate conditions, but also confirm that “0W-
16” is correctly blended to have a viscosity equal to the diluted one; 2) High shear rate viscosity, measured using
Ultra Shear Viscometer (USV), to characterize shear thinning behaviour; 3) Elastohydrodynamic (EHD) film
thickness, measured using Ultra-Thin Film Interferometry (UTFI), to characterize pressure-viscosity coefficients;
4) EHD friction, measured using Mini Traction Machine (MTM), to characterize boundary, mixed friction and
full film traction; and 5) boundary friction and wear volume, measured using High Frequency Reciprocating Rig

(HFRR), to quantify tribological behaviour under harsh rubbing conditions.

Further details about these well-established measurement techniques can be found in [25], [26], [33] and [35].

3.1 Stabinger Viscometer
Stabinger viscometer measurement results of three lubricant, as well as the diesel, at low shear rate (10-100
s™1) are listed in Table I in the Appendix and plotted in Figure 1, where each sample has been tested with the
temperature swept from 20°C to 100°C. This shows that diesel dilution substantially reduces the viscosity of OW-
30, and also confirms that OW-16 is correctly blended to a viscosity close to that of the diluted sample (OW-30D).

The viscosity measurements have been linearly fitted with the Walther formula [36], written as:

log,o(log,o(v + 0.7)) = A — B - log,,(T) (1)
where v (cSt) is the kinematic viscosity, T (K) is the temperature, and A (= [8.23, 8.61, 9.14], for OW-30, OW-
30D and OW-16 respectively) and B (= [3.21, 3.39, 3.60], for OW-30, OW-30D and OW-16 respectively) are
constants. It should be noted that the constant B changes by only 5.45% when the OW-30 is diluted (confirmed by
the lines of the graph being approximately parallel), which shows that diesel dilution does not greatly affect the

temperature dependence of the viscosity.



The expected kinematic viscosity of the diluted sample (0W-30D) can be also calculated by following

Walther mixing rule as [36]-[37]:

logo(log1o(Vowsop + €)) = x4 - 10g19(10810 (Vgieser + €)) + xp - logyo(10g10(Vowso + C)) (2)
where x, (= 0.15) and x5 (= 0.85) are the volume fractions of the diesel and OW-30 respectively, and C (= 0.7) is
Walther constant obtained via regression analysis. The predicted results, plotted as “OW-30D (Walther Mixing)”
in Figure 1-(a), are in a good agreement with the Stabinger measured results. Moreover, Figure 1-(b) employs

equation (2) again to essentially show how different concentrations of diesel affect the viscosity of the engine

lubricant.
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Figure 1: (a) Measurement results with the Stabinger Viscometer: kinematic viscosity (v, cSt) against the temperature (T, K)
for the three selected lubricant samples as well as the base oil and the diesel. “0W-30D (Walther Mixing)” denotes the predicted
kinematic viscosity of OW-30D by following Walther Mixing rule in equation (2); (b) predicted kinematic viscosity of 0W-30

with different concentrations of diesel using Walther Mixing rule in equation (2).

3.2 Ultra-High Shear Viscosity Measurements
The Ultra Shear Viscometer (USV) from PCS Instruments [25], enables viscosity measurements at shear rates
up to 107 s, without incurring significant shear heating and is commonly used to investigate shear thinning

behaviour, e.g., due to viscosity modifiers [20], [21].

The USV test results with the selected lubricant samples are shown in Figure 2, where the Carreau—Yasuda

equation [19] is further employed to fit the viscosity versus shear rate at a given temperature:

0= 1o+ (o — 1) (1L + (A7) T 3)



where 7 is the dynamic viscosity of the lubricant at the shear rate of y, n, is the first Newtonian viscosity, 1., is
the second Newtonian viscosity, while A, a and n € [0.2, 0.9] are constants and are obtained through Matlab
function nlinfit, as listed in Table Il in the Appendix. The value of 1., is normally close to the viscosity of the
polymer-free formulation (the base oil). At 40°C, the viscosity curves of OW-30 and OW-16 collapse into the
horizontal line of the base oil at high shear rate (i.e. shear thinning has negated the effect of the viscosity modifier).
By contrast, the viscosity of 0W-30D at high shear rate is the lowest, as it is determined jointly by both the base

oil and the diesel, that is: 1,,(0W-30) = 1,,(0W-16) > n,,(0W-30D), and n,(0W-30) > n,(0W-16) ~ ,(0OW-30D).
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Figure 2: USV test results (markers) and equation fitting results (lines) for three lubricant samples as well as the base oil and

the diesel: the variation of dynamic viscosity (cP) against shear rate (s*) at 40°C (a) and 100°C (b) respectively.

3.3 EHD Film Thickness Measurements

Ultra-Thin Film Interferometry (UTFI) is used to measure film thickness of lubricants under
elastohydrodynamic (EHD) using optical interferometry. Here, a steel ball (the diameter of which is 19.05 mm)
is loaded against a rotating glass disc, coated with a semi-reflective layer of chromium and silica [26]. The UTFI
has an applicable measurement range of the oil film thickness within 1-1000 nm, with a load varying from 0 to

50 N, a contact pressure up to 0.7 GP.

UTFI tests with “OW-30”, “OW-30D” and “OW-16" are performed at four different temperatures (40°C, 60°C,

80°C and 100°C), a constant applied load of 20 N, a varied entrainment speed of U € [4, 3000] mm/s (the

Ul;ruz, where U; (mm/s) and U, (mm/s) are the speed of the ball and the disc

entrainment speed is defined as U =

respectively), and under pure rolling condition (i.e., U; = U,, as the ball in the present test is not driven by the

actuation shaft in the UTFI). The results of EHD central film thickness (h.) against entrainment speed (U) are



shown in Figure 3, where it can be seen the film thickness of “0W-30" and “OW-16" have similar values, both of

which are greater than that of the diluted lubricant.
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Figure 3: UTFI test results with three lubricant samples: the variation of the central film thickness (h.) against the entrainment

speed (U). (Note: the log scale underplays the differences between the samples at film thicknesses > 1nm).

To further understand the discrepancy in EHD film thickness (h.) between the diluted and undiluted
lubricants, Dowson and Hamrock equation, proposed in [27] and given as below, is employed:

—0.067

= k'(Un,)*68 53 (4)

Ung 0.68 w
= kR’ E’ 0.53 ( )
he =k (E’R’) @ \Ere

where k is determined by the geometry of elliptical contact area, E’ and R’ are the reduced Young’s modulus and
reduced radius of the interacting solids, W is the applied load, U is the entrainment speed of ball-on-disc contact,
1, is the dynamic viscosity at atmosphere pressure, and « is the pressure viscosity coefficient. It is worth noting
that Dowson and Hamrock equation is normally applied to Newtonian fluids with constant values of viscosity,
while accurate EHD film thickness distribution of non-Newtonian fluids requires a much more complex numerical
solution with exact profiles of shear stress - shear rate incorporated [28]-[30]. With respect to the present EHD

tests of non-Newtonian fluids under pure-rolling condition, second Newtonian viscosity (1,,) is used instead in



Dowson and Hamrock equation to simplify the film thickness prediction meanwhile to minimize the calculation

errors of the viscosity pressure coefficients (a) [31].

Since three lubricant samples are tested under the same test conditions, the conventional Dowson and
Hamrock equation can be further simplified as equation (4)-right side, with these lubricant-independent
parameters collapsed into the constant, k’. This equation indicates the oil film variation is caused by both the
lubricant viscosity n, and the pressure viscosity coefficient a. n, has been replaced by the second Newtonian
viscosity (i.e., 1, the high shear rate viscosity as measured by the USV in Section 3.2) as discussed above, while

the unknown parameters a can be accurately estimated as follows.

Firstly, a reference lubricant with known viscosity (7,,.r) With known pressure viscosity coefficient (e, )
needs to be introduced and measured by the UTFI, again under exactly the same test conditions. The lubricant-

independent constant, k', which has significant uncertainties and may be inaccurately estimated, can be cancelled:

0.68 1
h. Mo o8 a oo yields Mo \>>3 hcref 0.53
e O = e (1) (R 5)
hcref noref aref noref hc

where h.,..r is EHD central film thickness of the reference lubricant.

The measured data of both reference lubricant and the test samples, (U, h.), can fit a linear equation with

respect to log, U:

ield
he = A" U8 25 1og, o h, = logipA’ + 0.68 - logyo U (6)

where the offset value of A’ can be approximated through Matlab function polyfit. It is worth noting that only the
measured data (U, h,) that satisfies h, > 10 nm are included here, despite the high measurement resolution of 1
nm given by the UTFI. This is due to the root-mean-square roughness (R,) of the contact metal surface is around
10 nm, and the thin-film lubrication (< 10 nm) is in a regime of lubrication where the lubricant still flows but the
value of film thickness can no longer be predicted by the conventional EHL model [32]. Since the value of A’
numerically equals h, at the entrainment speed of U = 1000 mm/s (i.e., A" = h.(U = 1)), equation (5) can be

further written as:

0.68 0.68 1

1
a=a N, \0%3 hcref(Uref = 1000)033 — Mo 053 A;ﬂef 0.53 (7)
ref Norer h (U = 1000) ref Nref A
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An example of linear fitting results with the UTFI measured data from the “OW-30” sample are displayed in
Figure 4, and the calculation results of the pressure viscosity coefficients, a, of three lubricant samples are listed
in Table Il in the Appendix and compared in Figure 5. The film thickness h,(OW-30) = h.(0OW-16) > h_.(OW-
30D) and the pressure viscosity coefficients a(0W-30) = a(0W-16) > a(0W-30D). This finding, that it is only
low-pressure viscosity but also the pressure viscosity coefficient that it is reduced as a result of diesel dilution, is
likely to be because the molecular structure of the diesel is less branched than that of the base oil. The predicted
pressure-viscosity coefficient and its dependence on diesel dilution are highly important as they are necessary to
predict the viscometric characteristics of engine lubricants at different contact pressure, leading to the estimation

of the film thickness distribution, for example, in gears, rolling element bearings and camshafts.
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Figure 4 Linear fitting results of the UTFI measured data with the lubricant specimen “0W-30" (Note: the scatter in the data

appears greater at low speed, however this is a result of the log scale which magnifies the nanometre variations).
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Figure 5 Comparison of the pressure viscosity coefficients, «, between three lubricant samples.
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3.4 Stribeck Friction under EHD conditions

A Mini Traction Machine (MTM), is used to measure EHL, mixed and boundary friction from a contact

between a steel ball (19.05 mm diameter) and a steel disc (46 mm diameter), as detailed in [33].

Each lubricant sample is tested at four different temperatures (40 °C, 60 °C, 80 °C and 100 °C), the applied
load is a constant value of 30 N, the ratio of the sliding speed to the entrainment speed, known as slide/roll ratio
(SRR), is fixed at 50%, and the entrainment speed, U, is swept from 10 mm/s to 3500 mm/s. The MTM test results
are presented in Figure 6, which all show a transition from mixed to EHD lubrication regime, showing that the
“OW-30" and “OW-16" samples show similar friction values. This is because the shear rate (>10° s, as estimated
with the shear stress (the contact stress of around 0.5 GPa multiplied by the measured friction coefficients of 0.2-
0.4) divided by the dynamic viscosity measured in the USV in Section 3.2) is sufficiently high throughout the
MTM tests to cause shear thinning so the film thickness enhancing effect of the VM in the “OW-30” is negated.
It is also the case that the both oils have the same chemical composition (in terms of base oil and surface active
additives) and are therefore have similar boundary friction behaviour as expected [34]. The higher friction for the
diesel diluted sample “OW-30D” can be attributed to two factors: firstly, the lower viscosity of this sample reduces
the film thickness for a given entrainment speed and so increases the proportion of asperity contact in the mixed
regime; on the other hand, the existence of diesel, which is a small size (around 1.8 nm) molecule with weak

polarity, hinders the formulated polymer additives from bonding and acting on the contacting surfaces.
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Figure 6: MTM test results with three lubricant specimens and their base oil: the variation of friction coefficients with respect

Entrianment Speed (mm/s)

to the entrainment speed (U).
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3.5 High Frequency Reciprocating Rig (HFRR)

The High Frequency Reciprocating Rig (HFRR) producing a ball-on-flat contact is used to perform high-
speed, reciprocating friction and wear tests under harsh rubbing conditions as described in [35]. A camera and
microscope are then used to capture calibrated images of a wear scar. The HFRR has been widely used to assess

the lubricity of diesel fuel [38] as well as the performance of surface additives (e.g., the anti-wear additive ZDDP).

HFRR testing of “0W-30”, “OW-30D” and “OW-16" is performed under the conditions of 2 hour rubbing
time, 100 °C temperature, 50 Hz reciprocating motion, and 400 g load. The test results are shown in Figure 7 and
Figure 8, where it can be seen both the friction coefficients and wear volumes (quantified by wear scar dimensions)
of three lubricant specimens are almost identical, while their base oil exhibits the highest values. This suggests

diesel dilution only slightly affects the anti-wear performance of surface additives.
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Figure 7: HFRR test results with three lubricant samples and their base oil: the variation of friction coefficient with respect to

rubbing time.

HFRR: wear volume

250
_ow 16 -ow 30 |:|ow 3OD -Base oil
200 |
B
150 | _ _
' < m B
scar on disc k)
‘ ) > 100 |
]
- 8]
%)
50 -
~
N 0 L L] L Ll
« 48 A B c D
Yy A\ -y scar location

Figure 8: HFRR test results with three lubricant samples and their base oil: (left) illustration of scar shapes in the ball and the

disc respectively; (right) scar dimensions at different locations.

4. Journal Bearing Machine Experiments

To emulate lubrication conditions under a real crankshaft-journal bearing operating environment, in this
section, a connecting-rod assembly is modified to fit a journal bearing machine (JBM, which has been employed
previously to experimentally study the effects of viscosity-modifiers (VMs) and laser surface texture on journal

bearing lubrication [22], [23]), such that friction force measurements and comparison between different lubricant

samples can be realistic.
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4.1 Setup of Journal Bearing Machine (JBM)

To fit the connecting-rod from a diesel engine into the JBM test rig, a hollow shaft sleeve is utilized and fixed
onto the journal shaft through an interference fit, the out diameter of the shaft sleeve (the nominal dimension is
55 mm) is designed to have a desirable dimension clearance (50 um) that matches the target bearing shells, as
shown in Figure 9-a). The connecting-rod is further modified by cutting its beam, such that the produced flat

section facilitates the connection of the load cell of the JMB, as shown in Figure 9-b).

—)

- connecting-rod oil inlet  connecting rod load cell step motor
RTD sensor hole (upper) \

_+—— joumal shaft

F: jounal load

I>— shaftsleeve
I\— lubricant

L .
— bearing shells

Figure 9: a) schematic of modified connecting-rod assembly and b) the journal bearing machine (JBM).

The JBM is equipped with the following actuators: i) A stepping motor, which provides a steady-state load
(F) to the connecting rod; ii) A cam-driven motor, which provides a periodical load to the connecting rod as the
classical four-stroke engine does; iii) A primary journal motor, which derives the journal shaft to emulate the

crankshaft rotation in an engine; iv) An oil pump motor, which pumps oil to the journal bearing chamber.

The JBM is equipped with the following sensors: i) A load cell, which measures the lateral load (F) and the
friction force (f) of the journal bearing; ii) An internal encoder, which measures the journal shaft velocity (w);
iii) Three RTDs (resistance temperature detectors), which are installed respectively for the temperature
measurement of at the oil system heater (Tyeqcer), the chamber inlet oil (T},,p,), and the bearing shells (Tjgyrmar)-
In addition, a couple of control schemes are in place: i) Closed-loop controllers that enable reference value
tracking of the lateral load, F, with the step motor position being the manipulated control variable; ii) Reference
value tracking of the chamber inlet oil temperature, T;,,;., With the heater being the manipulated device; iii)
Reference value tracking of the journal shaft speed, w, which is implemented by an inner-loop PI controller for

the journal motor.

15



The nominal operation ranges are as follows: the steady-state load of the connecting-rod F € [1, 10] kN, the

temperature of the chamber inlet oil T},,;,. € [60, 120] °C, and the journal shaft speed w € [750, 3500] rpm.

4.2 Test Procedures and Results with Journal Bearing Machine (JBM)

To remove bearing asperities and ensure repeatability of experimental results between different lubricant
samples, a running-in step should be performed, after each the substitution of a new pair of bearing shells [23].
The running-in test conditions are given by the harshest conditions during the subsequent tests, and empirically
located between the EHD and mixture lubrication regimes to avoid excessive friction and wear. In the present

experiment, they are identified as:

= Step 1: chamber inlet oil temperature T},;. = 80 °C, the journal load F = 3 kN, the journal speed w =

+750 rpm, duration = 18 mins;
= Step 2: same as Step 1 above, while performs a reverse journal speed w = -750 rpm.
The formal test conditions for each lubricant specimen are detailed as follows:

= Step 1: an 18 min time step with constant parameters of: the inlet oil temperature T;,;. = 60 °C, the
journal load F =3 kN, and the journal speed w = 3000 rpm, the results of which are shown in Figure A.I-
left in the Appendix. This step aims to stabilize the temperature of the journal bearing shells, Tjoyrnar,
which has the closest value to that of the lubricant film between the journal shaft sleeve and bearing

shells (no closed-loop control for the tracking of Tjoy,ng is placed in the JBM);

= Step 2: the inlet oil temperature Ty, = 60 °C, the journal load F = 1 kN, and the journal speed is swept
within w = [750, 1000, 1250, 1500, 2000, 2500, 3000, 3500] rpm (both forward and reverse directions
are performed for each speed value to compensate floating signal offsets in the friction torque/force

measurements);

= Step 3: the inlet oil temperature T, = 60 °C, the journal load F = 3 kN, and the journal speed w is

swept in the same range as Step 2;
=  Step 4: repeat Step 1 to Step 3 with all Ty, changed form 60 °C to 80 °C;

= Step 5: repeat Step 1 to Step 2 with all T;,,;,, changed form 60 °C to 100 °C (the journal load F = 3 kN is
not applied under high temperature conditions to avoid excessive wear in the boundary lubrication

regime).
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The repeatability of the JBM test results are demonstrated by two representative groups of friction force
measurements, as shown in Figure 10, where the first round of friction force measurements essentially agree with
these in the second round throughout the journal speed range. Figure 10 also shows that the effect of dilution as
expected is to i) reduce friction in the full film hydrodynamic regime due to reduced viscous shear and ii) increase
friction in the mixed regime due to reduced hydrodynamic lift. It should be noted that, in terms of machine
efficiency, the latter effect is especially important since the reduction in friction occurs at high speed where more
energy is dissipated. This suggests that in some cases, diesel dilution may actually be beneficial in increasing
efficiency and reducing fuel consumption, providing the effects of wear in the mixed and boundary regimes are

limited.

The final comparison results between three lubricant samples are presented in Stribeck curves, where y-axis

is the friction coefficient (the ratio of the friction force f to the steady-state load F) and x-axis is the “lubricant
viscosity (cP) x the journal speed (rpm) / the journal load (N)” (i.e., %), as shown in Figure 11. In the

hydrodynamic lubrication regime, the diluted specimen “OW-30D” presents a shift to the left as compared to “OW-
307, while “OW-30D” is closely aligned with “OW-16”, thus the diesel dilution effect in this regime is purely a
reduction in lubricant viscosity. In the mixed lubrication regime, the friction coefficient variation of the three
specimens are not well collapsed into the same curve. This is due to the fully formulated (with polymer additives)
engine lubricants are non-Newtonian fluids. On the other hand, the diluted lubricant “OW-30D" has higher friction
coefficient than that of “OW-30” and “OW-16", which essentially corresponds to the MTM test results (in
Subsection 3.4), and is due to the existence of diesel hindering the formulated surface additives from bonding and

acting on the contacted surfaces.

0W-30, 60°C 0wW-30D, 60°C
20 T 20 T T
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Figure 10: Repeatability assessment with two representative groups of JBM test results. The left plot is with the “OW-30" test

fluid at the inlet oil temperature T;,,;, = 60°C, while the right one is with the specimen “0W-30D” at T}, = 60°C.
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Figure 11: JBM test results, as presented in Stribeck Curves, with lubricant specimens of “OW-30", “OW-30D” and “0W-16".

5. Discussion and Conclusions

This paper experimentally investigates how the diesel dilution affects engine lubrication performance, with
three lubricant tested: 1) fully formulated engine oil “0W-307, 2) diluted “OW-30" with 15% diesel fuel blended
(denoted as “OW-30D”), and 3) “OW-16”, which has the same composition “OW-30" but is blended in different

proportions to have an equivalent viscosity to “OW-30D”.

A group of tribometer tests are performed to show the discrepancy between three samples, in terms of
tribological and rheological characteristics: 1) The test results with the Stabinger Viscometer, on one hand, show
the 15% diesel dilution results in a significant reduction of viscosity to “0W-30", from 44.81 ¢St to 27.84 cSt at
40°C and also validate the “OW-16" as being correctly blended to viscosity similar to that of the diluted sample
“OW-30D”. 2) The test results with Ultra Shear Viscometer (USV) show how the shear thinning behaviour of
engine lubricant is influenced by the diesel dilution — specifically the viscosities of “OW-30” and “0W-16”
collapse to a single value at high shear rates (> 5x10 s%), where the polymer additives only slightly contribute
to the viscosity; whereas diesel contamination affects viscosity behaviour throughout the whole shear rate range,
since in the high shear rate regime the sample “OW-30D” has the lowest viscosity value, which is determined by
both the base oil and the diesel. 3) The test results with the Ultra-Thin Film Interferometry (UTFI) show the
variation of oil film thickness in the elastohydrodynamic (EHD) regime, where “OW-30D” presents the thinnest
oil film and in agreement with the above shear thinning analysis. Furthermore, analysis of the film thickness data
show that diesel dilution also effects the pressure-viscosity coefficient of the lubricant 4) The test results with the
Mini Traction Machine (MTM) show “OW-30D” has highest friction coefficients in the mixed lubrication regime,

while “OW-30" and “OW-16" have similar responses. This is suggested to result from a combination of viscosity
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reduction causing an increase in asperity contact and also a slight inhibition of friction reducing boundary film

formation due to the small, weakly polar diesel molecule 5) High Frequency Reciprocating Rig (HFRR) performs

harsh rubbing conditions and the results show only slight difference between three lubricant samples, in terms of

the wear scar and the friction coefficient, which indicate the diesel dilution does not affect the anti-wear additives.

To emulate lubrication environment as in a real engine journal bearing and to obtain, a connecting-rod from

a diesel engine is modified to fit a journal bearing machine (JBM) and tested with the three lubricant samples.

The results of which are presented and compared in the form of Stribeck curves. Overall, the key conclusions that

can be drawn are listed as follows.

In the hydrodynamic lubrication regime, the Stribeck curve of the diluted “OW-30D” is closely
aligned with that of “OW-16", while individual values shifted to the left as compared to “OW-30".
Therefore, under these conditions, diesel dilution effect is solely a reduction in the lubricant viscosity

and this may be compensated for by using viscosity modifier additives.

At high shear rates, shear thinning means that viscosity modifier additives effects lose their functions.
Under these conditions, viscosity is determined by the base oil and any diesel dilution. Therefore,
“OW-30" and “OW-16" show similar high shear rate behaviour with thicker lubricants films than the

diesel diluted sample, as shown by the UTFI test results.

In the mixed lubrication regime, MTM results indicate that “OW-30" and “OW-16" have similar
response in terms of the variation of friction coefficient, while “OW-30D” shows highest friction.
This suggests that the existence of diesel hinders polymer additives bonding and acting on the

contacted surfaces.

In the boundary lubrication regime, the diesel dilution does not affect the surface additives, as three
lubricants present almost identical fiction coefficients and wear volumes under harsh rubbing

conditions, while much less than the base oil does.
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Appendix

Table I  Measurement results of kinematic viscosity (cSt) with Stabinger Viscometer

40°C 60 °C 80°C 100 °C

0W-30 54.82 27.45 15.92 10.42
OW-30D  34.04 18.10 10.93 7.16
0W-16 34.34 17.57 10.24 6.64
Base oil* 18.01 9.78 6.04 4.10

Diesel 3.08 2.16 1.62 1.28

* The same base oil of 0W-30 and OW-16: Shell Risella X 420.

Table Il Carreau—Yasuda constants as fitted with ultra shear viscometer (USV) measurement results

40°C 100 °C

A a n A a n

Ow-30 77.03 207 0.76 12,60 1.07 0.3
Ow-30D 2410 130 0.80 2756 114 0.76

Ow-16 047 050 0.60 27.47 0.92 0.82

Table 111 Comparison of EHD central film thickness at the entrainment speed of 1000 mm/s (A") and pressure viscosity
coefficients (a)

40 °C 100 °C

A’ (nm) o (GPal) A’ (nm) «(GPa?)

Reference oil 93 12.54 33 9.37
0wW-30 164 16.26 46 9.92
0W-30D 121 11.88 35 6.95
0W-16 161 15.82 43 9.42
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Figure A.l: An 18 mins time step for the stabilization of the journal bearing temperature Tj,y,,nq;, With the reference value of
the inlet oil temperature T},,;, being 60T (left) and 80<C (right) respectively. The variables depicted include the actual values

of the journal bearing temperature Tjo,,nq:, the inlet oil temperature Ty, and the JBM heater temperature Theqeer -
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