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Abstract: Reducing the Lubricating Oil Consumption (LOC) has been a critical focus for engine
manufacturers. LOC not only depends on engine operating condition but also the history of the
operating condition variations. This work seeks to understand the oil transport in the ring pack
during the low load to high load transient through experimental investigations. An optical engine
with 2D Laser Induced Fluorescence (2D-LIF) technique, equipped with a modern low-tension Three-
Piece Oil Control Ring (TPOCR), was applied to investigate the oil transport in the ring pack. It was
found that, after the engine stayed under the blowby separation line long enough, a sudden increase
to high load can result in a huge increase of oil ejection to the liner from the top ring groove in the
expansion strokes. The mechanism behind it is that, when the load is increased, the oil accumulated
inside the top ring groove during the low load condition is pushed out by the gas flow after the peak
cylinder pressure is reached. Different combinations of load, speed, rate of change in load and time
duration at low load were tested to examine their influence on this leakage mechanism. An operation
with a gradual increase of engine load was found to be able to reduce the amount of oil leaked to the
liner by releasing more oil to the second land. These findings can help the effort to reduce the oil
emission (OE) generated from Spark Ignited (SI) engines equipped with TPOCR in the real-world
transient driving conditions as well as the emission tests.

Keywords: engine; oil consumption; piston; blow-by

1. Introduction

The Lubrication Oil Consumption (LOC) in internal combustion engines has been a
major concern for manufacturers for a long time. Harmful emission gases such as NOx,
CO [1] and particulates (PM and PN) [2] can be directly generated from LOC and affect the
environment as well as human health [3,4]. With a shift to non-carbon-based fuel such as
hydrogen, the lubrication oil can be the only contribution to emission gases. In particular,
the metal additives in oil can result in large amount of PM and PN [5]. Furthermore, as
time goes by, the LOC can increase carbon deposits in the combustion chamber and ash
accumulation in Gasoline Particulate Filter (GPF) or Diesel Particulate Filter (DPF) [6],
reducing the overall engine performance [7]. With the current trend to shift from a lab-
controlled test to real-world driving (RDE) [8], the regulations are putting forth a stricter
requirement on LOC in constant changing engine working conditions. In addition, the
application of engines in hybrid vehicles can introduce more start-stop operations. Thus, it
is critical to understand the oil transport in the ring pack during transient engine operations
especially throttled conditions, and further reduce the LOC.

This is a continued work with previous study [9]. A blowby separation line was
defined as the engine load that has zero blowby. Running the engine at a load lower than
the blowby separation line for a long enough time can result in drastic LOC. An increase of
load is needed to end this scenario, which can introduce strong downwards blowby gas to
reduce the oil accumulation inside the groove of Three-Piece Oil Control Ring (TPOCR).
However, the transition to high load can cause problems as well.
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In previous studies, Przesmitzki [10,11] used a U-flex oil control ring (OCR) design
and found that an extreme transient from closed throttle to wide open throttle (WOT) can
result in drastic increase of both LOC and downwards blowby at the same time. When
running at closed throttle, it can transport more oil into the top ring groove and prevent
the high cylinder pressure from entering the groove to push the ring against the liner. This
causes the top ring to collapse, which introduces enormous blowby and can damage the
engine. Ahling [12] performed a similar operation with a modern TPOCR design. With a
better oil control ability, the top ring collapse is less likely and needs a much longer time to
happen, typically 300 to 600 s, which is hard to reach in real-world driving situations. For a
more common scenario, Yilmaz [13] tested a ramp transient from low load to high load and
observed an increase of LOC. It indicates that the oil accumulated inside top ring groove
can be carried upwards by the reverse flow.

Similarly, this trend was also observed in studies using OE measurement to indicate
LOC [14] that the oil emission (OE) can increase during the transient. In addition, the
studies tested complex driving cycles [15,16] found that occasional spikes of OE increase
can happen when switching from low to high load and these spikes, although lasting not
long, contribute significantly to the total OE. Furthermore, Berthome [17] shows that the
measured particulate emission from engine can increase three times when idled 22 s before
acceleration when compared to 0 s idle time. It indicates the low load running time can
store oil in the ring pack and leak out when increasing the load.

Although the previous works described the phenomena that an increase from low
load to high load can transport more oil into the combustion chamber, the mechanisms
and oil paths remain unclear. In this work, an optical engine equipped with a modern
TPOCR design was used to study the oil transport in the ring pack during low load to high
load transient. The top ring has a barrel shape, and the second ring has a Napier hook
chamfer, representing a ring pack commonly used in modern spark ignition (SI) engines.
It was observed that even without ring collapse, a spike of oil leakage can happen at the
first several expansion strokes after changing to high load. In the following it will first
introduce the experimental setup used to conduct the engine test. The phenomena of oil
leakage to combustion chamber will be described with the optical image results. Then,
different running parameters such as load, speed, time duration and load changing rate
were tested aiming at analyzing the mechanism. Lastly, different engine operations were
used to eliminate or at least reduce the spike.

2. Experimental Setup
2.1. Engine and Optical Setup

The engine setup and ring pack is the same as the experiments in previous study [9],
with a barrel shape top ring profile, Napier hook chamfer second ring and low tension
TPOCR. The engine configuration is shown in Table 1 and ring pack configuration is shown
in Figure 1a. On the liner, there is a sapphire optical window located in the thrust side. The
width is 12 mm converting to 16 degrees of the whole circumferential bore, and the length
is 98.5 mm ranging from the Bottom Dead Center (BDC) of all three rings to the Top Dead
Center (TDC) of the TPOCR. The oil was mixed with a specific dye which can be induced to
fluorescence by a laser. An SA-X2 high speed camera was used to capture the optical view
as the piston moves up and down in the cylinder. The camera frame and laser pulse were
synchronized. Figure 1b is showing the optical window and camera configuration and
Figure 2 shows the example range of view when the piston is located at TDC and BDC. A
detailed description of this optical theory and setup can be found in [18,19] and the engine
control system is described in [20].
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Table 1. Engine Specifications.

Type Spark Ignition 4 Valves
Bore 86.6 mm
Stroke 88.0 mm
Displacement 0.511L
Max specific power 37.3 kW/L@5400 rpm
Max specific torque 80 Nm/L@4200 rpm
Lubricant SAE 0W20

-

(@) (b)

Figure 1. Ring pack and test bench configuration: (a) demonstration of ring pack in the piston;
(b) engine and optical configuration

Figure 2. Range of optical view.

2.2. Test Procedure

The engine was operated at 1200 rpm, 2000 rpm and 3000 rpm motored condition. The
coolant and oil temperature were controlled at 50 °C £ 1° C and 80 °C £ 1 °C, respectively.
Motored condition can maintain a relatively constant temperature on the piston and liner
across different speed and throttle conditions. As such, comparison of oil film thickness
between different operating conditions can be qualitatively made with the images of
fluorescence intensity without calibration. Between each set of tests, a fired condition at
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700 mbar (highest load for firing) for 5 min was performed to provide both high blowby
and high cylinder temperature to clean the oil in the ring pack.

In order to examine the oil transport characteristics when engine switching from low
load to high load, a steady low load condition was performed before the start of recording.
The change of load and trigger of camera was synchronized in the field-programmable
gate array (FPGA) system. The camera was able to be triggered at a specific time before the
change of load happened to compare the oil behavior before and after the transient.

In this work, the absolute intake pressure and duration of low load condition as well
as the ramping rate of the engine load were changed to help understand the oil-transport
mechanisms and identify ways to reduce the upward flow after ramp transient (Figure 3).
The reaction time of control system is within 0.05 s, making it possible to finish the change of
load within one engine cycle at all three engine speeds. Each test condition was performed
for three times to maintain the repeatability.

engine transient cycle

1200
e 1000 ¢
3 —different load
£ 8007 ——different load
g different load
2 800+ ——time duration
g ——time duration
L 400+ —ramp transient |
S ——ramp transient
£
200 |
0 ‘ , .
0 50 100 150 200

time(s)
Figure 3. Engine transient cycles in the experiments.

3. Results: Spike of LOC When Changing from Low Load to High Load

Previous study in [9] found that when the engine running under the blowby separation
line for a long time, oil can gradually climb up and result in massive LOC. In order to
end this situation, increasing the load is required. When changing from low load to high
load, intuitively the increased downwards blowby gas can push the oil in the ring pack
into the crankcase. However, a huge increase of oil leakage from ring pack to the liner
was observed. Figure 4a shows a transient from 120 mbar to wide open throttle (WOT) at
2000 rpm. Before the transient happened, the engine was stayed at 120 mbar for 90 s,
providing the most extreme and worst condition regarding LOC. The top ring collapse
described in [11] was never observed in all the tested conditions.

The most significant change happened at the first expansion stroke after switching to
WOT. A very wide and thick layer of oil was left on the liner as the piston moved down.
From the Figure 4a, it can be seen that these oils come both from inside the top ring groove
through the top ring gap. Clear oil streaks from the groove can be left on the liner as the
top ring moves down. Then, at the continued exhaust stroke, the oil on the liner can be
up-scraped by the top ring (Figure 4b), accumulated on the upper flank and can re-enter
the second land through the top ring gap. The same procedure can repeat in the next cycles
till the oil accumulated in the top ring groove and second land being mostly cleaned. In
this test, the oil film observed on liner lasted for around 40 cycles. This indicates the time
needed for LOC to stabilize to a normal low level after the transient.
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Figure 4. Oil transport in engine transient operations: (a) the expansion strokes before the transient,
1st, 2nd, 5th, 10th cycles after the transient; (b) oil on the liner up-scraped by the top ring.

As a result, the LOC in the transient from 120 mbar to WOT test can firstly introduce a
spike increase, starting from the first expansion stroke after the transient happened, then
gradually drop to a low level when the cyclic oil leakage cleans most of the oil in the ring
pack. The oil source of this spike leakage is the oil accumulated inside the top ring groove
and the second land.

4. Discussion
4.1. Mechanism of Spike Oil Leakage

During the low load running condition, the oil leaked from OCR can be pumped up
through the top two rings. Thus, oil can be accumulated in both second land and top
ring groove. When changing to high load, the raised pressure is the key to induce oil
release which can generate LOC after being left in combustion chamber. There are three
major mechanisms that result from this change. In addition to experimental data, a 2d ring
dynamics and gas flow model developed by Tian [21] was applied to calculate the pressure
at each piston land and inside the ring grooves.

4.1.1. Bridging Oil in the Second Land to the Liner

As the engine load suddenly rises from low to high load, in the late compression stroke,
there will be an increased cylinder pressure as well as the pressure difference between
crown land and the second land, as shown in Figure 5. So, a very strong gas flow blowing
downwards through the top ring gap can be generated. When filled with oil mist, this
strong gas flow can induce oil bridging towards the liner in the second land.
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Figure 5. Pressure distribution in WOT and 140 mbar.

It can be seen that the gas flow can firstly penetrate the second land and hit the second
ring, where a clear path without oil can be generated. The vertical gas velocity cannot
dissipate immediately at the stagnation point, so the gas flow continued horizontally and
spread to both sides of the gap, resulting in a vortex before the piston reached top dead
center (TDC). This vortex can carry the oil mist flow towards the liner [22] and result in
high pressure induced bridging (Figure 6). Since the top ring has a barrel shape with low
scraping ability, some of the oil bridged to liner can pass through the interface between the
top ring and liner.

Figure 6. Oil distribution pattern generated by the vortex induced by high speed jet flow from the
top ring gap; red spiral is added to illustrate the vortex

4.1.2. Oil Pushed to Liner through the Gap

Figure 7a is showing the section view of top ring. With the top ring gap pinned in the
window area, it is easier to observe oil transport character around the top ring gap. At the
expansion stroke after the peak cylinder pressure, which is zero at TDC in this case, since
the pressure inside top ring groove is higher than both second land and cylinder pressure,
the top ring gap can serve as a path to release the pressure in both upwards and downwards
directions. Under this circumstance, this release of high pressure can be accompanied by
large amount of oil from inside top ring groove. With the piston moved down in the
expansion stroke, it can be observed in Figure 7b that oil shoots in both directions. This is
the major oil source for the top ring gap, left a long and wide oil path on the liner.
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¢

(a) (b)

Figure 7. Oil behavior around the top ring: (a) cross section of the top ring with a twist chamfer;
(b) oil pushed out of top ring gap into the second land and combustion chamber.

4.1.3. Opened Upper Flank of Ring Groove Interface

In addition, apart from the top ring gap region, oil release directly from the top ring
groove was also observed (Figure 8). This is because the clearance of the top ring and
groove is not open during the low load condition. The upward inertia force is able to
overcome the low cylinder pressure and keep the top ring contact the upper flank. When
the load is not high enough, the top ring can lift to the upper flank of the ring—groove
interface. The increased load can apply high cylinder pressure at the early expansion which
can push the top ring downwards to sit on the bottom. Figure 9 shows the ring lift character
at 2000 rpm. As the load increases to 300 mbar, the top ring can sit on the bottom at around
TDC and open the interface between ring groove and the upper flank.

(b)

Figure 8. Oil leakage from top ring groove at early expansion: (a) Wide open throttle with oil streaks

from the ring-groove interface. The red box shows additional oil from the groove; (b) closed throttle
no oil from the groove.

top ring lift character

ring lift at 140mbar
ring lift at WOT

~
o

[=2]
o
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w
o
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Figure 9. Top ring lift character.
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120mbar  1stcycle
for 90s after WOT| for 90s after WOT| for 90s after WOT| ¢, 90s after WOT

Even though the high cylinder pressure can apply a force to push the oil down, when
the top ring groove is almost full of oil, the piston motion from anti-thrust side to thrust
side can squeeze the oil inside the groove out. With the upper flank of the ring—groove
interface open, it allows the oil stored in the top ring groove to be leaked even far away
from the gap.

4.2. Dependency of Speed and Load
4.2.1. The Character Change across the Blowby Separation Line

Similar to the massive oil upwards transport at low load, the blowby separation line is
also the regulating factor of the drastic change of o0il behavior when changing from low
to high load (Figure 10). The intake pressure of 150 mbar is the blowby separation line at
2000 rpm. Running under this load can result in massive oil upwards transport to even
generate oil droplets through the top ring gap. The experiment maintained same 90 s
time duration of low load before switching to WOT. With the increase of intake pressure,
both the spike of oil release at the first expansion cycle and oil droplets during low load
suddenly disappeared when reaching the 150 mbar blowby separation line. For the three
tests with the spike oil release, the amount of oil released has no significant different in the
visual observation.

130mbar  1%cycle | 140mbar ! %Y | 150mbar 1 cycle

Figure 10. Oil leakage at 2000 rpm different load.

The oil accumulated in the top ring groove and second land is actually the oil source
for the spike leakage. Given 90 s, enough time, it has already reached equilibrium and
provide similar oil source available to leak out. When running above the blowby separation
line, suppressed oil upwards transport cannot feed enough oil into the top ring groove
region. So, even though the pressure and ring lift mechanisms stated above when changing
to high load still exists, the lack of oil source eliminated the spike increase of LOC.

4.2.2. The Effect of Engine Speed

Knowing the blowby separation line’s importance, the experimental study focused
on the engine speed’s effect was carried out at 140 mbar under this separation line for all
the tested engine speeds. Time duration of low load was 90 s for all the tests. This time
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duration can guarantee the oil upwards transport already reached equilibrium in all the
piston lands and grooves.

The overall trend with the change of speed is very clear that, the increase of engine
speed can reduce both the oil upwards transport at low load and the spike of oil release
after changing to WOT. Even though a lower engine speed can introduce fewer engine
cycles to transport oil in the same time, after reaching equilibrium, a lower engine speed
can result in more oil accumulated on each piston land [23]. As shown in Figure 11, after
changing to the same load for 90 s, more oil droplets through the top ring gap as well as
more oil in the second land can be observed at lower engine speeds. This provides more
oil source to be released and explained an increased oil amount observed on liner when
changing to WOT.

1200rpm 2000rpm 3000rpm

140mbar 1t cycle 140mbar  1stcycle 140mbar 15t cycle
for 90s after WOT for 90s after WOT | for 90s after WOT

Figure 11. Oil leakage at 140 mbar different engine speed.

Furthermore, the increased oil source results in longer time to be cleaned when running
at high load. Shown in Figure 12, at the 10th and 20th expansion cycle after WOT, the
1200 rpm’s test can still have much oil left on the liner, indicating still some oil accumulated
around the top ring groove needs to be cleaned. At 3000 rpm, when the engine running
10 cycles after WOT, it can be seen there is already little oil attached on liner and almost no
oil left at the 20th cycle.

Thus, the worst case would be concluded as running at the closed throttle condition
at a lower engine speed for long time, and then suddenly change to high load high speed
at the same time. When running under the blowby separation line at a lower speed, the
increased oil accumulation is providing more sources for the leakage when changing to
high load. If increasing the speed at the same time, the reduced oil accumulation can
expand the amount of oil available to leak out. With the mechanism leaking oil unchanged
with the change of speed, this operation can suffer from the worst LOC.
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1200rpm 2000rpm 3000rpm

10 cycles 20 cycles 10cycles  20cycles | 10cycles 20 cycles
after WOT  after WOT | after WOT  after WOT | after WOT  after WOT

Figure 12. Oil leakage at 10th and 20th cycles after WOT.

4.3. Time Duration at Low Load

In the test stated above, the time duration of low load period was all set as 90 s, making
sure the oil upwards transport reaching equilibrium. However, in real world operation, the
length of time operating under low load varies. This section shows the result of running the
engine at low load for different time duration, ranging from 30 s to 90 s, and then switched
to WOT.

As shown in Figure 13, with the increased time running at 1200 rpm 140 mbar con-
dition, more oil can be transported into top ring groove. After decreasing the load for
30 s, even though the leakage from OCR can hit the second ring, the pumping effect has
not experienced enough time to fill the upper regions, with no oil droplets can be observed
through top ring gap. Furthermore, the second land is relatively clean of oil. At this
moment, without oil source, the transient to WOT cannot result in the spike oil leakage.

1200rpm 1200rpm 1200rpm 1200rpm 1200rpm

140mba 1stcycle | 140mba 1t cycle 140mba 1stcycle |140mba 1stcycle | 140mba  1st cycle
r for after r for after r for after r for after r for after
30s WOT 45s WOT 60s WOT 75s WOT 90s WOT

Figure 13. Oil transient behavior for different time length at 1200 rpm.
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r for
30s

2000rpm

140mba 1stcycle

after
WOT

As a result, running at negative blowby for longer time can transport more oil to the
top ring groove and second land [9]. This oil served as the source to be leaked and resulted
in a higher spike of oil leakage when changing to WOT. Figure 14 at a different engine
speed 2000rpm shows the similar trend.

2000rpm 2000rpm 2000rpm 2000rpm

. —

140mba 1stcycle | 140mba 1stcycle | 140mba 15t cycle

140mba 1stcycle

r for after r for after r for after r for after
45s WOT 60s WOT 75s WOT 90s WOT

Figure 14. Oil transient behavior for different time length at 2000 rpm.

4.4. The Elimination of Spike Oil Leakage
4.4.1. Operation: Gradually Increase the Engine Load

Instead of suddenly increasing the engine load from under the blowby separation line
to the highest available within one engine cycle, a gradual increase of engine load was
studied as well. This operation was found effective to reduce the spike of oil leakage.

Figure 15a,b show the result of two operations to increase engine load with the same
boundary conditions, running at 140 mbar for 90 s. At the first cycle after 90 s, the load was
increased to an absolute intake pressure of 350 mbar instead of WOT. In this expansion
stroke, only a small amount of oil was observed left on the liner. Moreover, no vortex below
the top ring gap was observed in the late compression stroke. In the continued time, this oil
leakage only continued for three engine cycles and disappeared in the 5th expansion stroke.
After that, the engine load was further increased to WOT at a rate of 100 mbar per cycle.
This is a safe operation as no oil left on liner was observed. In addition, after the engine
was running at 350 mbar for five cycles, even directly increasing the load to WOT within
one cycle can neither result in oil left on liner, as observed in the experiment as well.

In this engine operation, the oil leakage was reduced to a much smaller amount
and lasted for only 3 cycles (Figure 15a), compared to more than 20 cycles when changing
to WOT within one cycle (Figure 15b). This is mainly achieved by recycling oil back into
lower regions instead of shooting oil to the liner, which is a bad path and leaked into
combustion chamber.
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Ramp transient 2000rpm Step transient 2000rpm

350mbar 350mbar 350mbar 350mbar 800mbar WOT wot wot wot wot wot wot
1steycle 2ndcycle 3dcycle 5" cycle 10" cycle 20" cycle] 1stcycle 2" cycle 3dcycle 5 cycle 10" cycle 20t cycle

(a) (b)

Figure 15. Oil leakage pattern between ramp and step transient: (a) The oil leakage from 1st cycle to
20th cycle during ramp transient; (b) The oil leakage from 1st cycle to 20th cycle during step transient.

4.4.2. Path to the Liner and Piston Land

Discussed in Section 4.1, the direct oil shooting from inside top ring groove to the liner
is a major path for the oil leakage. It can be prevented through a gradual increase of load.
Figure 16 shows the different oil behavior at early expansion stroke. With a high pressure
inside top ring groove, the force applied on oil can push it into hitting the liner and even
spread in the nearby region. When the pressure reduced, the force is only able to push the
oil back into second land without travelling far enough to reach the liner. In addition, the
oil pushed back into second land is not able to bridge to the liner either without vortex gas
flow at a relatively low load. This is a good path to recycle the oil back into lower regions.
Figure 17 is using a cartoon to demonstrate this phenomenon.

Figure 16. Oil and gas interaction from the top ring gap during early expansion stroke for different
loads: (a) WOT; (b) 350 mbar.
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= 350mbar condition

: High pressure
inside top ring
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(@) (b)

Figure 17. Demonstration of high pressure inside top ring groove push oil to the liner: (a) section
view at the gap area. The red color is showing WOT condition. The green color is showing a
350 mbar low-load condition; (b) top view. The blue arrow represents high pressure inside groove.

The high pressure can generate strong vortex below top ring gap. When this region is
filled with oil mist, bridging oil to the liner can happen. Figure 18 shows the comparation
of a magnification view at TDC at late compression. When the pressure only reached
350 mbar, even though the pressure through top ring gap is higher than the second ring,
the gas flow is not strong enough to generate a vortex, as it stopped when reaching the
second ring without horizontal movement. Thus, even though there is large amount of oil
pushed from the top ring groove into the second land, the elimination of vortex can prevent
a strong bridging to the liner. At the same time, as a load above the blowby separation
line, this positive blowby can recycle oil back into lower regions, providing a much safer
condition for further increasing the load.

(b)

Figure 18. Oil gas interaction in the second land of 350 mbar and WOT condition: (a) 350 mbar

condition no vortex generated; (b) WOT condition strong vortex bridge oil to the liner.

Lastly, as the load is not high enough to push the top ring sitting down to the lower
flank, the interface between the ring and groove at the upper flank will not open either.
Even though the secondary motion can still move the piston towards thrust side, the oil
squeezed out from the groove was not observed. Thus, all the three paths for oil to leak out
can be reduced.
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5. Conclusions

After the engine running under the blowby separation line for a long enough time,
typically around 30 s, a sudden switch to high load can result in a spike oil leakage on the
liner in the first several expansion strokes. The source is the oil accumulated inside top
ring groove during the low load condition. When increasing the load, it can be triggered
to leak out through three major paths: directly pushed out to the liner through the gap,
high pressure induced bridging in second land and oil squeezed out due to the secondary
motion. It can result in a spike increase of LOC and then gradual drop back to a relatively
low level, when the oil inside top ring groove becomes clean of oil.

When increasing the load slowly, it can reduce the amount of oil leakage effectively by
pushing the oil back into the second land instead of touching the liner. This is a better path
to recycle the oil back into crankcase which can reduce the spike of LOC consequently.

A practical implication of this work is on the calibration of the engines. To reduce
transient LOC, always maintaining a positive blowby is the key to avoid excessive oil
leakage into the ring pack. If a zero blowby condition is unavoidable, one solution to
prevent elevated LOC is to reduce the time running under the blowby separation line.
Finally, a gradual increase of load can help reduce the spike of OE increase when compared
with a sudden change.
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Nomenclature

LOC Lubricating Oil Consumption
2D-LIF 2D Laser Induced Fluorescence
OCR Oil Control Ring

TPOCR  Three-Piece Oil Control Ring

OE Oil Emission

SI Spark Ignited

PM Particulate Mass

PN Particulate Number

GPF Gasoline Particulate Filter
DPF Diesel Particulate Filter

RDE Real Driving Emission

WOT Wide Open Throttle

BDC Bottom Dead Center

TDC Top Dead Center

FPGA Field-Programmable Gate Array
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