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ABSTRACT

Increasingly stringent fuel economy and emissions regulations around the world have forced the further optimization of nearly all
vehicle systems. Many technologies exist to improve fuel economy; however, only a smaller sub-set are commercially feasible due to
the cost of implementation. One system that can provide a small but significant improvement in fuel economy is the lubrication system
of an internal combustion engine. Benefits in fuel economy may be realized by the reduction of engine oil viscosity and the addition of

friction modifying additives. In both cases, advanced engine oils allow for a reduction of engine friction. Because of differences in

engine design and architecture, some engines respond more to changes in oil viscosity or friction modification than others. For

example, an engine that is designed for an SAE OW-16 oil may experience an increase in fuel economy if an SAE OW-8 is used.

However, if this same SAE OW-8 oil is evaluated in an engine designed for SAE 5W-30, friction may increase and fuel economy could
actually worsen. This hypothetical example illustrates the need for optimization of engine oils to specific hardware. In this paper, a
motor-driven engine test is developed to investigate the effects of specific engine component friction on total engine friction. This data
is then combined with the work from two previous papers to select an engine oil that optimizes fuel economy in a specific engine.
Fired engine and vehicle test results are then presented that demonstrate the fuel economy improvement from the optimized engine oil.

CITATION: Kocsis, M., Morgan, P., Michlberger, A., Delbridge, E. et al., "Optimizing Engine Oils for Fuel Economy with Advanced Test

Methods," SAE Int. J. Fuels Lubr. 10(3):2017, doi:10.4271/2017-01-2348.

INTRODUCTION

Many technologies have been developed and demonstrated that
increase a vehicle’s fuel economy. These technologies run the spectrum
from relatively minor improvements in combustion efficiency (1, 2, 3)
to more invasive designs to achieve variable compression ratios (4, 5,
6), and waste heat recovery (7, 8, 9), all the way to partial or complete
electrification (10). While these technologies result in measurable fuel
economy improvements, generally speaking, those that offer the largest
benefit are often the most costly to implement (11). One technology
that offers a small but significant benefit, and can usually be
implemented easily and inexpensively, is the use of advanced engine
oils. Additionally, since these advanced engine oils improve fuel
economy via friction reduction, all the savings are directly applied as
increased crankshaft power. This stands in contrast to other
improvements, which may improve fuel economy performance, but
may have a debit in another area.

The improvements in fuel economy that result from the use of low
friction engine oils are well known within the industry, and can be

internal combustion engine is a complex system of components, many
of which experience different conditions and respond to different
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lubricant optimizations. For example, some high-pressure contacts
found in an engine’s valvetrain may operate in or near the boundary
lubrication regime. In this lubrication regime, FMs typically offer a
reduction in friction while a reduction in lubricant viscosity does not.
Conversely, journal bearing friction is observed to be insensitive to
FMs, but can be reduced via reduction of engine oil viscosity.

The purpose of this work is to develop a test using an electric motor
driven engine that will be used to investigate the impact in friction of
specific engine components, and friction of the complete engine. This
tool is then used to evaluate engine oils that vary both in viscosity
and additive chemistry. The data from this new test is combined with
findings from previous works and an engine oil is produced that
maximizes fuel economy. This optimized oil is then evaluated in a
chassis dynamometer test and an engine dynamometer test that
confirm and quantify the fuel economy benefits.

LITERATURE REVIEW

In (22), the authors developed improvements to vehicle chassis
dynamometer testing and demonstrated a high level of precision and
statistical significance between fuel economy based on engine oil

viscosity and additive chemistry. This work mes done using a 20 li
model year, Chevrolet Malibu® wvchicle and Q&H'ﬁﬁ nts
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driving schedules. The paper concluded that over the selected driving
schedules and with this specific vehicle, the presence of a proprietary
friction modifier was just as effective at fuel economy improvement
as viscosity reduction. Interestingly, while both oils improved fuel
economy above a baseline to the same level (within statistical
repeatability), the benefits in fuel economy resulted from
improvements in different test stages. The lowest viscosity oil (SAE
0W-16), which contained no FM, was observed to improve fuel
economy most during the first stage of the FTP-75 test. This is
consistent with lubrication theory that suggests the lowest viscosity
oil will create the least friction under cold-start conditions. The
higher viscosity (SAE 5W-30) oil, which also contained an FM, was
observed to offer the best improvement in fuel economy during the
last testing stage, the HWFET. By this stage, engine oil was
approximately 105 °C. The high oil temperature, together with the
higher engine loads experienced during the HWFET stage, created an
environment where the SAE 5W-30 with FM provided greater
friction reduction than the SAE OW-16 and resulted in the highest
fuel economy. The paper concludes that test conditions are critical
when determining overall fuel economy.

In a second paper (23), the same set of oils are evaluated in the
proposed ASTM Sequence VIE test, which uses the same engine as
was used in the earlier paper (22). The results from the chassis
dynamometer test are then compared to those from the engine
dynamometer (ASTM Sequence VIE). While some differences in
results exist between methods, trends between the datasets are
common. Again in this test method, test stages that are in or near the
boundary lubrication regime favor oils that contain FM. Conversely,
oils that represent a reduction in viscosity provide the biggest benefit
in the test stages, which are macroscopically closer to the
hydrodynamic lubrication regime. In both cases, a detailed study of
exactly which oil is most or least beneficial in specific engine
components/tribocouples is impossible because only macroscopic
engine/vehicle conditions were controlled and monitored.

The current work details the development of a non-fired, motor-
driven engine test rig that is used to evaluate the exact same set of
five test oils. Further, this new test tool uses the same make and
model engine as was used in the previous two papers (22, 23). Using
this new test, the impact from specific hardware components/
tribocouples can be quantified. This data is then used to select an
optimized engine oil for fuel economy. This new oil is then evaluated
in both chassis dynamometer and engine dynamometer tests to
demonstrate the maximum fuel economy performance.

TEST OILS

Test oils were carefully designed to represent relevant formulations and
decouple the two variables being studied, oil viscosity and additive
chemistry. Indeed, each oil uses the same Group III oil base stocks,
viscosity modifier (VM) type, and base additive package. To achieve
desired viscometrics, different viscosity base stocks and VM treat rates
were used. To minimize variability, all base stock cuts came from the
same oil slate. Additionally, while the VM treat rate was altered for
each viscosity grade, the VM type was fixed. Similarly, the exact same
additive package was used for each oil, with the exception of the
friction modification (FM) chemistry used to evaluate FM as a variable.
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This careful approach to test oil formulation was done to minimize any
potential confounding. The additive package used for all oils was based
on an ILSAC GF-5 licensed product. More information about the test
oils can be seen in Table 1.

Table 1. Test oils

ASTM D4683
F{;T Description GSrAdE HTHS ™M
! ade Viscosity (cP)
1 ILSAC GF-5 5W-30 3.1 Standard
Baseline
2 High Viscosity 10W-40 3.7 None
3 Mid Viscosity 5W-30 3.1 None
4 Low Viscosity 0W-16 23 None
Mid Viscosity + .
5 High FM 5W-30 3.1 High

The two variables studied are oil viscosity and additive chemistry,
specifically the FM. In this manner, differences in fuel economy can
be isolated as a function of viscosity or friction modification, or
considered together. A graphic representing each test oil can be seen

in Figure 1.
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Figure 1. Test Oil Graphic

MOTORING FRICTION TEST METHOD

The oils were evaluated on a motoring friction test stand developed to
isolate the individual component contributions to total engine friction.
The test engine was the same 2012 Chevrolet Malibu® engine used
in parts [ and II of this study (22 and 23). As the difference in friction
between test oils was expected to be small, great care was taken to
maintain consistent test conditions between oils. The boundary
conditions of the engine were carefully controlled with the addition
of heating and cooling elements in the oil and coolant circuits. Both
fluid loops were controlled to 90 °C £1°C in order to balance the cold
and hot portions of the HWFET. In addition, the ambient air
temperature was maintained at a consistent temperature via dedicated
test cell HVAC system. The inlet air to the engine was controlled to
SAE standard conditions.
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The friction of the engine was measured at the various speeds seen in
Table 2. Test points were taken ramping up through the speed range
and then again with decreasing engine speed. In order to calculate
actual engine friction, the in-cylinder work was subtracted from the
motoring torque as shown in Figure 2. Motoring torque was measured
using an inline torque transducer with a calibrated full range of 100
Nm. In-cylinder work was measured using Kistler 6125 piezoelectric
pressure transducers with a sensitivity of ~-36 pC/bar. Transducers
were calibrated to a full range of 50 bar. Data points were averaged
over a 120 second period at a frequency of 10 Hz for the slow speed
data. The in-cylinder work was averaged over 500 continuous engine
cycles. For each configuration, the resolution of the FMEP
measurement was +/- 1 kPa.

Table 2. Tested engine speeds.
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Figure 3. Determining component level friction
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Figure 4. Component friction determination across engine speed
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Figure 2. Friction measurement method

To determine component friction, the engine friction was measured
with the specific component removed or deactivated and then
subtracted from the engine friction with the component active, Figure
3 and Figure 4. This process was repeated for each component of
interest. Differences in component friction were significant at +/- 2
kPa. The full teardown process is shown in Figure 5. For
configurations 1-3, the complete engine is used, but with different
manifold conditions to observe the impact on ring friction. The
complete engine configuration is a useful data point, but is not
included in any component friction calculations. This engine
experienced significant vibration issues in configuration 6 due to the
pistons being removed and therefore the rest of the test sequence was
not completed. The piston friction data is supplemented by Ring-On-
Bore Tribometer testing
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Figure 5. Friction teardown method (*Not to scale)

Typical friction modifiers are designed to reduce tribocouple friction
that occurs primarily in the boundary lubrication regime. This is the
lubrication regime that exists between the top piston ring and cylinder
bore at and near Top Dead Center (TDC), and is illustrated in Figure
6. In order to simulate the higher in-cylinder pressure near TDC, the
intake manifold is pressurized to 150 kPa. The exhaust system is also
pressurized to the same level using a back pressure valve to minimize
the air flow rate during the valve overlap period. The resulting
in-cylinder pressure is similar to a fired engipg at medium loads,
Figure 7, although the phasing is ¢!oser to TQQQ lhlslllﬁnts

location of peak pressure of a filcd cagive. %@Mr@qmg Hub
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