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Abstract: One of the biggest requirements of today’s engine development process for passenger
cars is the need to reduce fuel consumption. A very effective and economic approach is the use of
low-viscosity lubricants. In this work, sub-assembly resolved friction reduction potentials and
risks are presented for three different engine concepts. By using a developed combined approach,
the friction losses of the base engines are separated to the sub-assemblies piston group, crankshaft
journal bearings, and valve train over the full operation range of the engines. Unique analyzing of
boundary conditions makes it possible for the first time to compare friction reduction potentials and
possible risks, not only between diesel and gasoline engines for passenger car applications, but also
with particular focus on the power density of the three engines. Firstly, the engines have been
specifically chosen regarding their specific power output. Secondly, one identical SAE 5W30 lubricant
suitable for all engines is used to neglect influences from different lubricant properties. Thirdly,
identical test programs have been conducted at the same thermal boundary conditions at engine
media supply temperatures of 70 °C and 90 °C. For the crankshaft journal bearings, high reduction
potentials are identified, while risks arising occur at the valve train and the piston group systems.

Keywords: engine friction; friction reduction; friction reduction potential analysis; mixed lubrication;
hydrodynamic lubrication; ICE; friction loss distribution; sub-assembly friction; valve train; journal
bearings; main bearings; big end bearings; piston group.

1. Introduction

A reliable lubrication system is of key importance for internal combustion engines. For emission
legislation, the focus relies on the mechanical friction losses of the engine, as these directly contribute to
fuel consumption. Consequently, OEMs continually work to reduce these to a minimum [1]. However,
there are different regimes of friction that are usually represented by the Stribeck curve: purely
hydrodynamic lubrication, boundary friction, and the mixed lubrication regime, where both of these
forms of friction coexist. These different schemes are shown for a statically loaded journal bearing in
Figure 1.

Lubricated contacts which are present in internal combustion engines might be assumed to
operate in purely hydrodynamic lubrication. With this form of lubrication, a sufficiently thick oil
film separates the two gliding surfaces from each other and the friction in this oil film generates the
observed losses. Purely hydrodynamic lubrication is advantageous in principle as there is no actual
contact between the surfaces and consequently no wear can occur. The reality is more complex as the
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transient nature of operation for internal combustion engines prevents pure hydrodynamic lubrication
(for example, during starting).
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Figure 1. Stribeck curve for a statically loaded journal bearing (from [2]). As can be seen, decreasing
shaft speed mixed lubrication starts early at about 1000 rpm and steadily increases. The total friction
reaches its minimum at about 500 rpm, where significant mixed lubrication is present, and accounts for
about one-third of the total friction.

Furthermore, the Stribeck curve shows that the minimum of the friction losses is located in the
mixed lubrication regime where some surface contact is present. Consequently, the continued efforts
to reduce the friction losses in internal combustion engines have led to the regular appearance of
mixed lubrication. Excessive wear is typically countered with either oil additive chemistry or surface
coatings, and is often combined with a very smooth surface topography.

In the previous two parts of this series, a novel method to investigate friction in internal
combustion engines was presented (see part 1 [3]), and applied to three engines from different engine
architectures (see part 2 [4]). The friction losses were investigated by combining experimental testing
with accurate simulation techniques.

However, by merely determining the quantity of present mechanical friction losses [5], no insight
can be gained about the dominant form of friction or how close the engine is to the minimum friction
point. Furthermore, potential harmful boundary friction and increased risk of failure for lubricated
contacts cannot be located without investigating the engine’s sub-systems. Potential risks that arise
from reduced oil viscosity, and consequently by enhanced metal to metal contact are, for example,
increased wear, component degradation, surface damage, or bearing seizures. Therefore, the third part
of this series aims to extend the basis provided by the previous works, by analyzing the lubrication
regime of these three investigated engines.

In contrast to published works that investigate the lubrication regime only in a global context [6,7],
or for specific parts of an engine [8,9], like, for example, the main and big end bearings [10], the piston
assembly [11-15], valve train [16-18] or even of rotary crank shaft seals [19], the present work analyzes all
individual sub-assemblies (main and big end bearings, piston assembly, and combined valve-train/timing
drive) of the same specific engines for the entire range of operating conditions, including engine load.

The approach used to investigate the lubrication conditions for the three engines and their
sub-systems is as follows: by varying the media temperature of the engine under test, the lubrication
conditions in all contacts are simultaneously affected. A viscosity reduction is achieved by increasing
the temperature, thus simulating the use of a low-viscosity engine oil. Consequently, the friction
losses of the three engines are determined for different media temperatures: 70 °C and 90 °C.
Conventional motor oils show a strong dependency of dynamic viscosity on temperature [20]; therefore,
a temperature increase of 20 °C corresponds roughly to reducing the oil viscosity in half. The following
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Figure 2 shows the behavior of the lubricant viscosity for the SAE (Society of Automotive Engineers)
5W30 lubricant used in this work when increasing the lubricant temperature. When increasing the
temperature from 70 °C to 90 °C, the dynamic viscosity decreases from 20.18 mPas to 11.83 mPas,
respectively, which represents a viscosity reduction of 41%. For comparison, the use of engine oils with
a difference of two SAE classes (for example, SAE 30 and SAE 16) is given here.

Dynamic Viscosity vs. Temperature
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Figure 2. Dynamic viscosity decrease when increasing the lubricant temperature for the 5SW30 lubricant
used in this study.

The friction loss due to hydrodynamic shear stress in a lubricating film is directly proportional to
lubricant viscosity [2]. Therefore, assuming pure—or at least strongly dominating—hydrodynamic
lubrication, reducing viscosity also reduces the friction losses correspondingly. This is the same
argument that led to the widespread use of continuously lower viscosity lubricants in engines to
achieve lower fuel consumption. However, if the determined friction losses for the increased media
temperature do not change or even increase, this indicates the presence of significant amounts of
mixed lubrication (see also Figure 1). This work therefore investigates the friction increase (risk) and
friction decrease (reduction potential) using the previously presented combined experimental and
numerical approach.

The novelty of this work is that the lubrication analysis is performed not only for the three
full base engines, but also to their subsystems. However, the evaluation is not carried out by strip
tests to determine the friction losses of the individual components, but by applying the combined
methodology developed to the overall system. In addition, the investigations on the individual
piston assembly, main and big end bearings, and combined valve train/timing drive systems of the
engines are performed on passenger car engines of the same size with the same or twice the specific
power. This enables the friction potential and risk assessment analysis in relation to conventional and
down-sized concepts.

2. Test Program and Test Procedure

The applied analysis used a specifically coordinated procedure [3], combining predictive journal
bearing simulations and accurate measurements. The investigations are carried out on three different
engines for passenger car applications, two gasoline engines, and one diesel engine. The engines have
been specifically chosen according to their power density. This allows the analysis of the friction losses
not only between diesel and gasoline engine architectures, but also with a focus on the specific power
output. Table 1 lists the main technical data of the engines investigated in this work.
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Table 1. Technical data of the engines under test.

Parameter Diesel Engine Gasoline Engine 1 Gasoline Engine 2
Volume displacement 1995 cm3 1781 cm® 1991 cm?
Compression ratio 16.5:1 9.5:1 8.6:1
Bore 84 mm 81 mm 83 mm
Stroke 90 mm 86.4 mm 92 mm
Nominal torque 380 Nm 235 Nm 422 Nm
Nominal Power 135 kW 130 kW 265 kW
Specific power 68 kW/L 73 kW/L 133 kW/L
Maximum Speed 4600 rpm 6600 rpm 6700 rpm
Cylinder distance 91 mm 88 mm 90 mm
Conrod length 138 mm 144 mm 138.7 mm
Main bearing diameter 55 mm 54 mm 55 mm
Main bearing width 25 mm 22 mm 19 mm
Main bearing clearance (cold) 20 um 20 um 20 um
Big-End bearing diameter 50 mm 47.8 mm 48 mm
Big-End bearing width 24 mm 25 mm 19.4 mm
Valve-train DOHC DOHC DOHC
Timing drive chain belt chain
Valve-train type roller-type cam follower flat-base tappet roller-type cam follower
Valves 4 per cylinder 5 per cylinder 4 per cylinder
Connecting rod ratio 0.326 0.3 0.332

The diesel engine and gasoline engine 1 represent conventional engine concepts with almost the
same specific power output. Gasoline engine 2 is designed as a high-power downsized engine concept,
and has the doubled power density in comparison to the conventional concepts. The following Figure 3
shows the overview of the used procedure to conduct the potential analysis on the sub-assembly level
of the base engines.

The determination of the total friction losses is done experimentally using the IMEP (indicated
mean effective pressure)-method. For the sake of completeness, the main equations when using the
IMEP-method are presented here (for example, see textbook [21]),

FMEP = IMEP — BMEP D

where the FMEP is calculated by a subtraction of the IMEP and BMEP (brake mean effective pressure)

according to Equation (1).
For the calculation of the BMEP (Equation (2)), the measured brake torque at the crankshaft (T) is
related to the corresponding mean effective pressure (BMEP)
W 4nT

BMEP = — = —— 2

7 @)

where W refers to the work per cycle and Vp to the volume displacement of the investigated
four-stroke engine.

Equation (3) describes the calculation of the IMEP by integrating the measured cylinder pressure

(pcyl) over a working cycle divided by the volume displacement of the engine:

IMEP = $pdv (©)]
Vb

For all three engines investigated in this work, the same analysis procedure (see Figure 3) is used
after disassembling the full engine to the base engine level. By combination and subtraction of the
individual friction losses received at the respective engine media supply temperatures (70 °C and
90 °C), the resulting friction loss reduction and increase are calculated.
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Figure 3. Analysis procedure to investigate the friction reduction potential and risk at the sub-assembly
level of the base engines.

The risk assessment in this work is conducted by analyzing the increase in friction when
temperature is increased. An increased temperature lowers the viscosity, and it is expected that
friction in the mixed and boundary lubrication regime increases due to more severe metal to metal
contact. More severe metal to metal contact is potentially harmful to components in the lubricated
contacts, and, therefore, it is considered to be a risk when friction increases.

3. Sub-Assembly Resolved Friction Reduction Potentials and Risks

In the following section, the sub-assembly resolved friction reduction potentials and risks are
presented for the diesel engine, gasoline engine 1, and gasoline engine 2, when increasing the lubricant
and water supply temperature from 70 °C to 90 °C. For each of the three engines, the results are plotted
in one figure including all four sub-assembly systems investigated.

Diesel engine: The results of the potential analysis for the diesel engine when increasing the
engine media supply temperature from 70 °C to 90 °C are presented in Figure 4. It is interesting to
note that the crankshaft journal bearings (main and big end bearings) revealed a significant decrease
of the friction losses when increasing the lubricant supply temperature between 16% and 30%, which
indicates an operation mainly in the hydrodynamic lubrication regime. For the piston group, the same
trend is found for a wide range of engine operation. Especially at low load operation and engine
speeds between n = 1500 rpm and n = 2500 rpm, the FMEP decreases by 16%. For engine speeds lower
than n = 2000 rpm and high engine loads, the FMEP values partially increase up to 7% indicating
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mixed lubrication. On the other hand, the valve train friction losses share (including crankshaft seals
and timing drive) increase with increasing engine media supply temperature in the range of 9% to
11%. It was found in part 1 of this publication series [3] that the disadvantages at the combined valve
train/timing drive system arise largely from the timing drive part.
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Figure 4. Diesel engine: Sub-assembly resolved friction reduction potential /risk when increasing the
engine media supply temperature from 70 °C to 90 °C (positive values represent friction benefits);
top left: piston group, top right: valve train, bottom left: main bearings, bottom right: big end
bearings.

Gasoline engine 1: The results of the friction reduction potential analysis for the gasoline engine 1
when increasing the engine media supply temperature from 70 °C to 90 °C are presented in Figure 5.

For the crankshaft main bearings and big end bearings, it was found that a temperature increase
of the engine media (cooling water and lubricant) results in marginal friction reduction in the range of
18% to 32%. The results for the crankshaft journal bearings indicate an operation in the hydrodynamic
lubrication regime. For the piston group assembly, advantages of up to 19% are investigated at very
low loads and engine speeds below n = 1500 rpm. Beyond low speeds and low loads, the friction
loss potential analysis at the piston group shows both disadvantages up to —5% indicating mixed
lubrication regimes, as well as reduction potentials up to 10%. It is further interesting to note that,
for the valve train system which is designed as flat-tappet based valve actuation system, the friction
losses are strongly affected by the lubricant supply temperature. Similar results for the flat-tappet
based based systems are found in [22]. The friction losses increase between 9% at high engine speeds
and 18% at low engine speeds. Especially at low engine speeds, the friction losses increase to a greater
extent, where subsequently reduced rotational speeds are present at the interaction between flat tappet
and cam.
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Figure 5. Gasoline engine 1: Sub-assembly resolved friction reduction potential/risk analysis when
increasing the engine media supply temperature from 70 °C to 90 °C (positive values represent friction
benefits); top left: piston group, top right: valve train, bottom left: main bearings, bottom right: big
end bearings.

Gasoline engine 2: For gasoline engine 2, the friction potential investigation has been carried out
for identical thermal boundary conditions compared to the other engines. The engine media supply
temperature has been varied from 70 °C to 90 °C and the following Figure 6 shows the results of the
friction potential analysis.

For the crankshaft journal bearings, a friction reduction in the range of 16% to 29% results from the
conducted potential analysis. This indicates an operation of the journal bearings in the hydrodynamic
lubrication regime. For the piston group, varying results are obtained, while, at engine speeds above
n = 2500 rpm, friction reduction potentials of up to 23% are investigated, the behavior at low engine
speeds is different. Especially at engine speeds below n = 2000 rpm and high load conditions, marginal
disadvantages of up to —29% arise indicating significant mixed lubrication regimes in the piston
group sub-assembly. The results for the piston group clearly show the high requirements for high
power downsized engine architectures. Particularly at low loads and low engine speeds, the limit
between operation in hydrodynamic and mixed lubrication regime is reached, and limits possible
friction reduction when the viscosity of the lubricant is reduced. For the valve train friction losses
(incl. timing drive and crankshaft seals friction losses), it is interesting to note that, for engine speeds
below n = 2000 rpm, the friction losses increase up to 9% when increasing the engine media supply
temperature. Additionally, for high engine speeds above n = 4000 rpm, the friction losses significantly
increase up to 22%. For engine speeds in the range between n = 2000 rpm and n = 4000 rpm, the friction
reduction potential is to a minor extent. The reduction potential/risk is small ranging between
an advantage of 3% and a disadvantage of —1%.
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Figure 6. Gasoline engine 2: Sub-assembly resolved friction reduction potential/risk analysis when
increasing the engine media supply temperature from 70 °C to 90 °C (positive values represent friction
benefits); top left: piston group, top right: valve train, bottom left: main bearings, bottom right: big
end bearings.

4. Base Engine Friction Losses and Resulting Global Potentials and Risks

The total friction losses (T Tota1) Of the three engine concepts have been investigated according
to the analysis procedure presented in Figure 3. Since the base engine friction results are obtained at
engine media supply temperatures of 70 °C and 90 °C, the friction reduction potential analysis can
be performed not only at the sub-assembly level of the engines, but also at the global base engine
level. This is done by subtraction of the FMEP results at the individual temperature level, and enables
comparison of the global potential and risks at the base engine level. Subsequently, possible advantages
using the presented combined approach are explained in detail. The resulting FMEP-maps at the base
engine level of the investigated engine architectures are presented in Figure 7 (see also [4]).
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Figure 7. Resulting FMEP-maps for different engine media supply temperatures: (left) diesel engine;
(middle) gasoline engine 1; (right) gasoline engine 2.

By increasing the lubricant supply temperature, a significant decrease of the lubricant viscosity is
obtained (see Figure 2), and friction reduction potentials, as well as possible risks due to beginning
mixed lubrication regimes are studied. The following Figure 8 shows the calculated friction
reduction/risk potential when increasing the engine media supply temperature of the base engines
from 70 °C to 90 °C.

Diesel engine - Friction reduction potential Gasoline engine 1 - Friction reduction potential Gasoline engine 2 - Friction reduction potential
Increasing engine media supply temperature from 70 °C to 90 °C Increasing engine media supply temperature from 70 “C to 90 °C Increasing engine media supply temperature from 70 “C to 90 °C
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Figure 8. Base engine friction reduction potentials/risks when increasing the oil supply temperature
(negative values represent disadvantages): left Diesel engine; middle Gasoline engine 1; right Gasoline
engine 2.

Diesel engine:

The increase in engine media supply temperature shows friction reduction potentials over the
entire engine speed and load range, and advantages up to 13% are investigated. The most significant
advantages result at engine speeds higher than n = 1500 rpm. At lower engine speeds between
n = 1000 rpm and 1500 rpm, the friction reduction potential is in the range of 6% (at high load operation)
to 11% (at low load operation).
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Gasoline engine 1:

When the engine media supply temperature is increased from 70 °C to 90 °C for gasoline engine 1,
areas of friction reduction potential near 0% and below signal arising risks (see Figure 8 middle).
At low engine speeds and high loads, disadvantages (risks) of up to —2% arise, indicating mixed
lubrication regimes. Furthermore, the overall friction reduction potential ranges between —2% and 9%.
This shows that the overall friction reduction potential for this engine is smaller in comparison to the
other engines. It is interesting to note that friction reduction potentials above 6% are investigated for
engine speeds higher than n = 2000 rpm and low load conditions.

Gasoline engine 2:

Increasing the engine media supply temperature from 70 °C to 90 °C at gasoline engine 2 results
in areas of friction reduction potential near 0% and below (see Figure 8 right). It is interesting to
note that, for engine operation at low loads, significant reduction potential results. For engine speeds
above n = 1500 rpm and peak cylinder pressures below pcyl = 50 bar, reduction potentials between
10% and 17% are investigated. When the engine load is increased especially at engine speeds below
n = 3000 rpm, the reduction potential decreases and enters levels between —1% and 6%. The results
indicate mixed lubrication at engine speeds below n = 2000 rpm and peak cylinder pressures above
pcyl =70 bar.

5. Discussion

The results of the friction potential analysis and risk assessment at the base engine level
represents a good example of the advantages when using the combined approach for friction analysis
presented in the publicatiosn series [3,4]. At the base engine level, for example of gasoline engine 2,
the arising risks are rather small between 0% and —2% at low engine speeds and high loads.
However, when analyzing the friction reduction at the sub-assembly level (see Figure 6), arising
risks are identified at the piston group system and valve train system. Therefore, the presented analysis
procedure enables to place specific focus on measures for developing future engine generations at the
relevant sub-assembly systems.

The main and big end bearings at all three engines show large reduction potentials between 16%
and 30% and indicate an operation mainly in the hydrodynamic lubrication regime. For the piston
group system of the diesel engine and gasoline engine 1, friction reduction potentials up to 16% are
found. It is interesting to note that the reduction potential at the piston group system are identified
at different areas of engine operation, while, for gasoline engine 1, reduction potentials are found at
low speed and low load operation, reduction potentials for the diesel engine are found at medium
speed and low load operation. Both engines reveal beginning mixed lubrication to a minor extent
when increasing the engine media supply temperature from 70 °C to 90 °C for low engine speeds and
high load operation. Here, the friction levels increase up to 7%.

The most significant results are obtained for the piston group of gasoline engine 2, which is
designed as a high-power downsizing concept. For low load operation friction, reduction potentials
up to 23% are obtained, and the results at low engine speed and high load operation are significantly
different. It is found that arising risks are present at engine speeds below n = 2000 rpm and peak
cylinder pressures above pcyl = 50 bar. At these operation points, disadvantages of up to 29%
are identified.

The analysis of the valve train system for the diesel and gasoline engine 1 reveal that friction losses
increase between 9% and 11% for the diesel engine, and between 9% and 18% for gasoline engine 1
when the engine media supply temperature is increased from 70 °C and 90 °C. For the valve train
system of gasoline engine 2, a slight friction reduction potential of up to 3% is investigated at engine
speeds between n = 2000 rpm and n = 4000 rpm. However, at engine speeds below n = 2000 rpm and
above n = 4000 rpm, the friction losses increase when the supply temperature is increased from 70 °C
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to 90 °C, while, at the low engine speeds, the increase is up to 9%, and the increase at high engine
speeds is significant with 22%.

6. Conclusions

The sub-assembly resolved friction reduction potentials and risks when reducing the lubricant
viscosity are investigated for three different engine concepts for passenger car applications. By using
a developed combined approach, the friction losses of one diesel engine, a gasoline engine with the
same specific power, and a gasoline engine with doubled power density are analyzed. The base engine
friction losses are separated into the sub-assemblies piston group, crankshaft journal bearings, and
valve train over the full operation range of the engines.

One suitable 5W30 lubricant is chosen for all three engines to exclude influences from different
lubricants. By supplying the engine media (lubricant and cooling water) by external supply units,
identical thermal boundary conditions are realized for the investigations. The viscosity reduction is
achieved by increasing the supply temperature from 70 °C to 90 °C.

The results of the conducted friction reduction potential analysis show significant differences at
the sub-assembly systems. The main bearings and big-end bearings show a high potential to reduce
friction by increasing the lubricant temperature. A contrary behavior shows the valve train where
a temperature increase results in an increase in friction losses. Dependent on the valve train design,
the friction increase is more or less significant. The piston assembly shows varying friction reduction
potential over the investigated speed and load range. Generally, the friction losses are reduced at high
speed and at low loads. At high load and low speed conditions, the friction benefit vanishes or turns
into a friction increase in particular for the investigated gasoline engine 2.

Furthermore, it is shown that a potential harmful increase of friction loss of a single sub-system
cannot be identified when the entire base engine is evaluated. For instance, friction reduction in
the bearings may cancel the increase of friction in the valve train or the piston assembly. Therefore,
a friction analysis of the engine’s sub-systems is essential.
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