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Abstract

Pilot-ignition Otto marine engines are known for greatly reduced emissions of air pollutants (sulphur oxides, nitrogen
oxide, particulates) compared to marine diesel engines. However, lubricating oil emissions still are about one order of
magnitude higher than in land-based systems. To identify reduction potentials, a better understanding of oil emission
mechanisms has to be gained. For this purpose, mass spectrometric oil emission measurements and fluorescence lubri-
cating film thickness measurements were performed on a medium-speed marine engine. With the fluorescence measur-
ing system, the varying lubricating oil film on the cylinder wall can be visualised and analysed in sub-crank-angle
resolution. By applying the developed calibration method to the measurement data, the oil film thickness can be deter-
mined in um. It is shown that the oil film left by the piston rings on the liner as it moves down is almost halved after igni-
tion compared to during intake stroke. The authors have further been able to detect and time operating point
dependent ring rotation and investigations show a connection between ring rotation and cylinder liner temperature dis-
tribution. Aligning ring gaps allow blow-by to happen. This and other high intensity events such as engine knock, load
shedding or the transition from diesel-mode to gas-mode, heavily disturb the oil layer and cause peaking oil emissions.
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Introduction strict (mostly national) regulations and policies for
emissions from power plants and motor vehicles, emis-
X . sions from international shipping have not been regu-
ers for global economic growth since the early 20th cen- o4 until the adoption of MARPOL Annex VI in
tury. Especially in the shipping industry, diesel engines 2005. Today, global regulations regarding air pollution
are being used due to their great reliability, durability, from ship engines exist for nitrogen oxide emissions
wide range of power, very high efficiency and compar- and maximal allowed sulphur content in fuels.
ably safe. operat.ion. Light rpotor vehicles ben.efit from Additionally, IMO has adopted a number of so-called
Otto engines which have a higher power-to-weight ratio emission control areas (ECA), where stricter limits are

and generally are smaller. Due to the .prlnmple'of com- applied. Limits to particulate emissions have not yet
bustion — an ideally homogeneous air-fuel mixture is been applied.2

compressed and ignited via an external source, for
example a spark plug — Otto engines produce less harm-
ful emissions than diesel engines. Generation of nitro-
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Sulphur oxides cannot be generated because common
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One important stepping stone on the path to a clea-
ner future of shipping has been the use of liquefied nat-
ural gas (LNG) as fuel. This led to the introduction of
a new engine type into the maritime world, that is nei-
ther an Otto nor a diesel engine. In gas operation, this
engine type uses LNG as main fuel which is mixed with
the charge air, compressed as a mixture and then
ignited. These are characteristics of an Otto engine.
However, the ignition of the mixture comes from the
autoignition of a pilot fuel that is injected into the com-
pressed mixture. This is the main characteristics of a
diesel engine. Accordingly, this engine type comes with
some of the advantages and disadvantages of both
worlds. Since diesel fuel has to be present on board
anyway, these engines are usually designed to be able
to perform full range in diesel operation as well. This
requirement and the unique conditions of life at sea
have contributed to the fact, that marine engines con-
sume about one order of magnitude more lubricating
oil per kWh than stationary gas-engines. This con-
sumption is almost exclusively happening in the piston-
liner-group and the consumed lubricating oil leaves the
engine via the funnel and thus contributes to oil emis-
sions, see Adolf et al.,” Woodyard.3

Although it is unlikely that LNG will be the
dominating fuel of the future, many of the so-called
future fuels are Otto fuels that will need a pilot diesel
fuel for ignition in medium-speed marine engines. The
Department of Marine Engineering (ASM) at
Hamburg University of Technology, Germany, has
equipped their dual-fuel engine test bench with exten-
sive oil measurement systems developed and operated
by Institute for Analytical Measurement Technology
Hamburg e.V. (IAM), Germany. The presented work
has been carried out with a medium-speed engine
because these engines are increasingly used where
humans are living and working in the vicinity and thus
air quality plays a particularly important role. This
includes usage as main propulsion of ships that are fre-
quently operating near coasts and in waterways, such
as cruise liners, ferries and smaller cargo ships.
Furthermore, in large cargo ships these engines serve as
auxiliary power units to generate electricity during port
layovers.

This paper highlights oil film and exhaust gas mea-
surements and how the results pave the way to reduced
oil emissions.

Oil emissions

The reduction of oil emissions has been of scientific
interest in the automotive sector for decades. In
Germany the research association FVV eV has contrib-
uted a lot to the current state of knowledge, by funding
and accompanying many research projects including
FVV-nos. 1124, 1197° and 1302° from the Piston Ring
Oil transport cluster as well as FVV-nos. 1084’ and
1225% from the Fuel in Oil cluster. Oil emissions have

been linked to the lube oil film thickness, for example,
the amount of oil present, and lube oil consumption.
Different oil transport mechanisms have been identified
and categorised into their effect on oil emissions.
Reverse-blow-by has been found to be a major mechan-
ism of oil transport towards the combustion chamber
and as such of oil emissions. Generally speaking, the
results show the necessity to co-develop piston rings
and cylinder liners in a way that the rings are able to
seal the combustion chamber under all relevant opera-
tion conditions with low lube oil consumption. This
was described by the above as well as Hadler et al. °
There is a wide number of measures that can be com-
bined to achieve these goals: From the cylinder liner’s
perspective the honing was developed further a lot.
Modern honing techniques from plateau honing to
spiral glide honing to contour honing have found their
way into the market.' Newer publications, such as by
Hellwig,'' Bshm'? and Hrdina et al. '* describe benefits
of varying honing properties over the length of the
cylinder liner (e.g. stratum honing).

Most of the research is concerning spark-ignited otto
engines from the automotive sector.

Recently, more and more research is being published
for heavy-duty on- and off-road diesel engines. Since
particulate emissions in diesel engines are dominated
by unburnt fuel emissions (e.g. soot), research is more
focussed on fuel-oil interaction and lube oil consump-
tion rather than oil emissions, as seen in Zhang et al,"
Pasligh et al.'” Due to the mechanisms being related,
findings also show the above-mentioned necessity to
co-develop piston rings and cylinder liners.

There is little published research on medium-speed
four-stroke dual-fuel engines, regarding the above
topics, as deployment of this engine type is a relatively
new development in a secluded market with particu-
larly long service lives and few engine component
manufacturers.

Engine test bench

The single-cylinder engine test bench was originally put
into operation in 1998 representing a typical medium-
speed marine engine with the capability to burn the
wide range of diesel fuels that is being used in shipping.?
It is based on a common base frame with a directly
coupled water vortex brake and an intermediate bear-
ing. Basis for its design by AVL List is the MAN 32/40
series — named after its characteristic values of a bore of
32cm and a stroke of 40cm — and most of its parts are
MAN components of this series. Being a research
engine, it has been equipped with abundant measure-
ment technology and comes with some extraordinary
features, such as independently controlled charge air
pressure and exhaust back pressure, thus simulating the
capability of different turbochargers, and full electronic
control over various parameters regarding the engine as
well as its simulated environment.
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Over the years the test bench has received many
upgrades, such as a modern PLC control, a common-
rail system and updated measurement systems. Within
the latest major retrofit an additional natural gas fuel
system was added. It is now a so-called dual-fuel engine
with the possibility for full range diesel operation as
well as full range pilot-ignited gas operation. The main
fuel in gas operation is either liquefied natural gas
(LNG) which is stored in an insulated type-C pressure
tank at approximately —160°C or any other compliant
fuel compressed to up to 300 bar, stored in gas cylin-
ders. To ensure valid test results for maritime applica-
tions, the whole system is in compliance with national
landside as well as international maritime regulations,
for example, IGF code (IGF Code - International
Code of Safety for Ships Using Gases or Other Low-
Flashpoint Fuels - Part A — 2.2.28 (https://www.imoru
les.com/GUID-8F1C7A20-E399-4D7F-BB38-0A09DF
149FF7.html)). As of the date this paper is submitted,
an upgrade to the capability to burn liquid future fuels
(e.g. methanol) is in the planning phase.

The main characteristics of the current engine layout
are listed in Table 1, operational parameters for gas
operation are listed in Table 2.

This dual-fuel engine type is one important step that
is being implemented by the industry for the transition
from traditional diesel operation to a fully sustainable
future. It has the benefit of fuel choice depending on
the circumstances, regarding regulations, availability
and costs. When in gas operation, emission of particu-
lates and nitrogen oxides is greatly reduced due to its
Otto engine characteristics. This engine type can easily
comply to IMO TIER III without exhaust gas after-
treatment. Since natural gas does not contain sulphur,
any existing regulation regarding sulphur in shipping is
also met. However, this engine type also comes with
some drawbacks. The compromises that have to be
made in order for it to be operated in two very different
operational modes make it impossible for it to reach
the full potential of either a diesel engine or a fully opti-
mised gas engine with regard to efficiency, emissions
and power range. Also, many shipowners hesitate to
use liquefied natural gas due to safety concerns, invest-
ment costs and operational challenges. On top of that,
although fossil natural gas contains less carbon than
Diesel fuels and its use in shipping is beneficial regard-
ing EEDI, EEXI and CII ratings (The EEDI (Energy
Efficiency Design Index), EEXI (Energy Efficiency
Existing Ship Index) and CII (Carbon Intensity
Indicator) are mandatory energy efficiency standards
set by IMO within their greenhouse gas strategy 16), it
does not on its own save enough on carbon dioxide
emissions to be suitable for the reduction goals from
the Paris agreement of 2015 that have been adopted by
International Maritime Organization'® within its green-
house gas strategy. That being said, these engines are
still very important to pave the way to the desired
future. Synthetic methane, a fully renewable fuel when
derived from green electricity, can be used in these

Table |. Main engine parameters.

Parameter Value

Engine type Medium-speed four-stroke dual-fuel,
single cylinder

Gas mode Port fuel injection,
Pilot fuel ignition

Primary fuel LNG/CNG

Pilot / secondary fuel Diesel, via common rail at 1600 bar

Bore 320mm

Stroke 400 mm

Stroke-to-bore ratio 1.25

Compression ratio 12

Piston ring layout 2X compression ring

I X oil scraper ring

Dry sump lubrication

Oil supply via ducts in liner
Variable (compressor unit)

Variable (adjustable valves)

Lubrication system
Cylinder lubrication
Charging

Exhaust back pressure

Table 2. Nominal operational parameters of the engine in gas
operation.

Nominal parameters (gas operation) Unit Value
Engine speed rpm 750
Mean piston speed m/s 10
Power kW 372
Break mean effective pressure bar 18.5
Torque kNm 4.7
Charge air pressure bara 4.2

engines.” Also, a lot of what can be learned from oper-
ating this engine type as a research engine, can be
transferred to engines, that use liquid future fuels, as
long as combustion is initiated by pilot ignition of (pos-
sibly synthetic) diesel fuel.’

Approach

To investigate the lubricating oil mechanisms in the tri-
bology system consisting of piston, piston rings and
cylinder liner with its effects on emissions, a combina-
tion of optical oil film thickness and oil emission
measurements was used on the medium-speed marine
engine (Figure 1). Although the measurement applica-
tion of the engine is very extensive overall, this paper
focuses on the application of the fluorescence measure-
ment technique for oil film thickness measurement and
the correlation of the observed phenomena with oil
emission, quantified by mass spectrometry.

Fluorescence measurement system

The previously developed measurement system, based
on the principle of fluorescence, has been adjusted to
enable measurements on the cylinder liner of a marine
engine, see Hochfellner et al.'” This system (Figure 2)
consists of LEDs as light source, photodetectors for
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Figure 2. Fluorescence measuring system with diagram.

recording of fluorescence radiation and step-index mul-
timode optical fibres for data transmission. LEDs were
used as the excitation source for the fluorescence, which
significantly reduces the technical measurement effort.
If a fluorescent substance is present at the measuring
point directly in front of the optical fibre end (e.g. the
oil film on the liner), it is excited and the resulting
emitted radiation, together with the possibly reflected
LED radiation, is directed to the detectors. The optical
filters mounted directly in front of the detectors allow
only the wavelengths of the fluorescent light to pass
through. Due to the proportional relationship of the
detector signal to the radiation intensity and thus also
to the quantity of the substance at the measuring point,
film thickness of the substance in front of the measur-
ing point can be determined by evaluating the data
using the calibration signals. Liquids that have no or
very low intrinsic fluorescence can be mixed with a
fluorescent agent.

A main limitation of the fluorescence measuring
principle as described above is the dependence of the
fluorescence on the temperature. Consequently, when
applying this principle to the engine, on the one hand
the temperature of the oil must be known, which is

Liner

Figure 3. Fluorescence measurement point design. Top:
Through holes in cylinder wall. Bottom: Ferrule inside cylinder
wall with optical fibre (cutaway view).

measured via thermocouples near the measuring points,
and on the other hand the temperature must also be
considered during calibration.

The calibration of the data measured according to
this principle is involved with additional difficulties. In
addition to the required temperature-calibration-para-
meter, other influencing variables must be taken into
account, such as the measurement position-, wear-, oil
quality-, sensor line- and channel-calibration para-
meters. Calibration devices for the relation of the detec-
tor signal and radiation intensity are part of the
measuring system.

This measurement system was successfully applied to
the MAN 32/40 dual-fuel engine (ASM). The applica-
tion included mainly two parts:

e fitting the new cylinder liner with measuring posi-
tions/sensors

e providing the lubricating oil with fluorescent
properties

Measuring positions. The measurements are conducted
via optical fibres, that puncture the cylinder wall at dif-
ferent angles and positions. To ensure the specifications
of the application, which are

¢ minimal liner/engine geometry adaptation,
e structural strength of the cylinder liner,
e fibres interchangeability/repairability,

the optical fibres are glued into so-called ferrules which
in turn are glued into the @ 2 mm drill holes of cylinder
liner. These ferrules are constructed as shown in Figure 3
and made of a material with similar mechanical and
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N

Figure 4. The new cylinder liner with positions of the optical
fibres. The top five, the sixth and the bottom two layers
correspond to the top-dead-centre (TDC), high-piston-velocity
and bottom-dead-centre (BDC) section, respectively. North (N)
is pointed towards the output shaft.

thermal properties as the cylinder liner itself. The mea-
suring surface of the ferrules as well as the optical fibres
glued into them is concave polished. Optical fibres are
installed perpendicular to the cylinder surface or at an
approximately 75° angle to avoid the collision with the
sealing ring.

The structural integrity of the cylinder liner with its
adaptions was calculated in FEM analysis. Calculated
deformations due to temperatures, clamping forces and
gas forces are similar to the untreated liner.

To reduce the total number of measurement posi-
tions they are placed only on the exhaust gas side and
air supply side, where the piston lateral forces are most
abundant. Following the spacial definition shown in
Figure 4, these are the east (E) and the west (W) posi-
tions, respectively. In this figure north (N) is pointed
towards the output shaft. As for the vertical positions,
three main sections have been determined. Top-dead-
centre (TDC) and bottom-dead-centre (BDC) positions
as well as a high piston-velocity section in between the
former two. The total number of optical fibres installed
into the cylinder liner is 16.

Fluorescence of lubricating oil. The lubricating oil of the
engine has low intrinsic fluorescence. For successful
measurements a fluorescent agent has been added to
the lubricating oil. This substance has to meet the
required fluorescent properties while not changing the

Figure 5. Lubrication oil after mixing with the fluorescent
agent.

properties of the oil or be harmful to the engine test
bench in any way. The agent shall stay in solution at all
times and not agglomerate, deposit or build foam dur-
ing engine operation and long periods of downtime
without heating. For this reason, flocculating tests and
mass spectrometric examination of mixed lubrication
oil were carried out successfully. Lumilux CD 345 man-
ufactured by Honeywell International Inc. was used as
the fluorescent agent within this project. It has proved
its worth in other research projects due to its good
fluorescence properties, see Uhlig et al.,’ Stein et al.'®
This powdery substance is mixed with the engine oil in
a constant ratio (between 0.10 and 0.12% m.m) to
obtain a fluorescent solution (Figure 5). Reduced
mixing ratio of 0.05% was chosen for first engine
measurements to investigate the segregation or filter
clogging and was further increased to 0.10%. During
the course of the project, the fluorescent agent mostly
stayed in solution, only after multiple weeks of down-
time sedimentation could be found at the bottom of the
oil tanks. After running the oil cycle at temperature for
a few hours the mixture got back to its former fully dis-
solved state. Filtres did not clog.

Oil emission measurement system

Mass spectrometric oil emission measurement is widely
used in research and development in the field of passen-
ger car engines. Due to the high temporal resolution of
this method, not only steady-state but also transient
engine operation can be investigated, see Hadler et al.,’
Mabhle,'® Frommer et al.*°

The oil emission is quantified using the high-pass fil-
ter method described by Gohl,>! which does not require
the use of a tracer substance in the oil. The unburned
hydrocarbons in the exhaust gas of internal combustion
engines originate from both the fuel and the lubricating
oil. However, molecular masses of hydrocarbons in the
fuel are lower. According to this standard method for
quantifying the total oil emission of internal combus-
tion engines a high-pass filter can be defined to sum-
mary quantify the oil-borne hydrocarbons. As diesel
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Figure 6. Positioning of sampling probes in the exhaust pipe.
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Figure 8. Oil film thickness measurement. Top: Data between
433 and 443°ca when passed by piston rings. Operation point:
525RPM, .72 kNm, 1626 cycles, Measurement point: W6 (high
velocity).

fuel is used for pilot ignition, a filter limit of m/z 270
was applied here. Calibration is performed using an oil
vapour gas sample with a defined concentration.

The oil emission measurement system used is the
LUB360 from the company Lubrisense. It is based on
a QTOF (quadrupole-time-of-flight) mass spectrometer
and is equipped with a heated direct inlet system to pre-
vent condensation of exhaust gas sample components.

In addition, an aerosol spectrometer (Welas 2070H
by Palas), based on the principle of light scattering,
was applied to the engine to quantify the aerosol parti-
cle emission, which includes thrown off oil droplets. A
sampling system that conditions an exhaust gas sample
to the specifications of this sensor was developed in a
previous research project for passenger car engines, see
Gohl et al.** This system was modified to allow the
aerosol spectrometer to be used in the entire engine
map of this medium-speed marine engine.

Figure 6 shows the set-up of the measuring probes
for both systems in the exhaust pipe. The probes for
mass spectrometry (MS) and aerosol spectrometry (AS)
are applied in the same plane as close as possible to the
exhaust valve for uniform sampling.

Measurement results

To generate the measurement results, engine maps and
individual operating points with respect to the engine’s
operating limits were carried out. The engine map of
the test bench is shown in Figure 7. Power delivery is
limited at the top by its maximum defined load for the
current engine settings (red line). A characteristic curve
with a correlation of Power to Speed P~n? is displayed
as well (dashed grey curve). This curve corresponds to
a typical operational curve of a ship with a fixed pitch
propeller. All marked operating points are located on a
dotted line of equal torque. However, not all of these
have been investigated during the course of this project
due to cost savings.

During engine runs in 2020 and 2021 the above
described measurement systems have been successfully
deployed and performed nominally. In this section,
selected observed phenomena are discussed.

Cylinder liner oil measurements

The oil film thickness measurements described in this
section are presented partly as calibrated and partly as
uncalibrated data. Due to the difficulties of calibration,
the oil film thickness cannot be presented as data over
time or crank angle, but can be divided into sections
and calculated over several working cycles. Moreover,
there is a clear difference between the arithmetic and
stochastic average of the signals (stochastic averages =
mode of probability mass function).

An example measurement is shown in Figure 8. The
red data shows the oil film thickness of over 1600 work-
ing cycles. In this example the passing of the first and
second piston rings can be seen. The film thickness
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Figure 9. Oil film thickness measurement. Right: Averaged
data in micrometres before and after iTDC. Operation point:
525RPM, 1.72kNm, 1626 cycles, Measurement point: W6 (high
velocity).
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Figure 10. Oil film thickness measurement. Passing of the
piston ring pack in the BDC. Operation point: 750 RPM,
1.72 kNm, 3065 cycles, Measurement point: W8 (BDC).

must not be directly concluded from the height of the
values at the piston-rings-times compared with the pis-
ton-skirt-times, since the calibration factors are quite
different.

Using this measurement as an example, the follow-
ing characteristic features can be seen. The film thick-
nesses during the passage of the piston geometries
(piston rings, piston ring pack shoulders, piston skirt
shoulders) are subject to higher fluctuations or scatter-
ing and therefore the consideration of different mean
values is meaningful. Furthermore, an oil collar can be
detected that is pushed directly in front of the piston
rings. Here it is recognisable before 434°ca (degree
crank angle) and 438°ca with higher fluctuations in the
signal. In addition, the surface shape of the passing
parts can be well recognised in the measurement data
(crowning of ring 2 is higher).

When evaluating this data, it is divided into sections
of the constant conditions in front of the measuring
point. In the example of the measurement in Figure 8,
the measuring point is located in the high piston-
velocity section and is passed by the piston with its
three piston rings followed by a time period without
the piston in front of it.

The time periods of the measurement data that are
the simplest to evaluate in terms of oil film thickness,
are the sections when the piston is not in front of the
measuring point and the combustion flames are already
gone. In Figure 9 two sections of the above mentioned
1600 cycles are grouped and shown over the motor run-
time. In the section between 120°ca and 240°ca the pis-
ton is below the measuring point before iTDC (ignition
top-dead-centre) and in the section between 480°ca and
600°ca the piston is below the measuring point after
iTDC. Taking into account the calibration parameters
(oil factor, temperature factor, light guide factor), film
thicknesses in micrometres can be calculated from this.
These data are shown in the figure on the right, where
the film thickness before iTDC is, as expected, higher
than after iTDC due to higher gas pressure during
combustion. The averaged oil thickness data shown
here before and after combustion is subject to periodic
fluctuation.

An important aspect of the measurement results is
the wear of the measuring points in the upper area
(TDC section). These measuring positions are exposed
to significantly higher temperatures and pressures.
Furthermore, they are influenced by the combustion
flame.

To illustrate the behaviour of the lubrication oil on
the liner, it is useful to extend the representation of the
data to the time axis. For a better understanding of the
data, a measurement at the measuring position in the
BDC section on the intake side (W) is described below.
Essentially, the type of displayed data in Figure 10 is
the same as in Figure 8, except that individual work
cycles are displayed over time, so that a map of the oil
behaviour is apparent. In this diagram a section of data
is shown between 480°ca and 600°ca while the piston
passes BDC. Furthermore, the sections are marked
while the piston rings pass the measuring position.
Note that the speed of the piston decreases as it
approaches BDC (540°ca), which is reflected in the
width of the individual ring sections. As previously
explained, the oil signal on the crankshaft axis (CA®)
cannot be directly compared with each other because
individual sections require their own calibration fac-
tors. Nevertheless, individual areas such as the rings/
ring-lands can be compared with each other respec-
tively as well as the progressions of the signals over
time (time axis). Numerous aspects of oil behaviour
can be identified in this way. Figure 11 is an enlarged
representation of the measurements from Figure 10
where the individual rings can be better identified as
the piston moves upward (after 540°ca). The oil collar
can be seen under the first compression ring as it moves
down and stops at the measuring position and then
moves up again (530°ca & 550°ca). Such oil collar is
also visible on the second ring below and above the
ring as it moves upward (565°ca). However, the oil col-
lar can only be seen below the second ring as it moves
downwards before BDC (515°ca).
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Figure I 1. Oil film thickness measurement. Detailed view after
the BDC. Operation point: 750 RPM, 1.72 kNm, 3065 cycles,
Measurement point: W8 (BDC).

Another aspect of the oil behaviour can be observed
in Figure 11, which is due to the ring gap of the first
ring. This ring gap is visible a few seconds after the start
of the measurement in the first ring section. In addition,
the influences of the ring gap on the area between the
first and second rings and on the oil on the second ring
are visible.

For a better understanding of the ring gaps and the
rotation of the rings, the data can be displayed during
the passing of the piston, on both sides of the liner
(East & West) for a longer period of time. This data is
shown in Figure 12, as a top-view representation at
measuring positions in BDC section. Here, the areas
during the occurrence of the first ring gap at the
measuring point are marked. From these data can be

concluded that the first ring has a continuous rotation
at this operating point, since the ring gap can be seen
alternately on the east and west sides of the liner. A
detailed examination of the data reveals no significant
rotation of the second piston ring and the oil scraper
ring. The behaviour of the oil as well as the piston rings
changes depending on the motor speed/load
combinations.

The influence of the piston ring rotation on the liner
temperature and the oil emission in the exhaust gas
obtained from these data are described in the following
section. Further phenomena can be observed when
examining other operating points. Among them are for
example, the rotation of the oil scraper ring or deple-
tion of the lubricating layer during the transition of the
engine operation type.

Oil emission caused by ring rotation

The fluorescence measurement technique has shown its
usefulness in researching of lubricating oil behaviour in
the tribology system as well as ring rotation observa-
tion. An essential step in this research is the analysis of
the oil emission mechanisms under the inclusion of all
available engine and measurement data. In the follow-
ing, the observed correlation of the ring rotation and
the oil emission in the exhaust gas is described.

In certain operating conditions, especially during
low load, significant variations of oil emission in the
exhaust gas could be detected. Considering the simulta-
neously acquired measurement data, especially the
cylinder liner temperatures as well as the oil layer on
the liner, a clear correlation was identified.

Figure 13 shows all essential data for this observation.
The data at the top of the graph shows the fluctuating

1. ring groove
2. ring groove
3. ring groove (oil ring)

positions west and east

1st ring gap alternately visible at the measuring

West meas.
position
East meas.
position

580

540 B0
crank angle [deg]

500 520

500 520 540

crank angle [deg]

Figure 12. Oil film thickness measurement. Detecting the first ring gap.

Measurement points: W8 & E8 (BDC).

Operation point: 750 RPM, 1.72kNm, 3065 cycles,



270

Proc IMechE Part M: | Engineering for the Maritime Environment 238(2)

N1 liner temperature
— E1 liner temperature
—— 81 liner temperature
—— W1 liner temperature

#¥ 1string gap at position West
¥ 1string gap at position East
—— Oil emission (m/z > 270)

N1 ‘
| 1 b | —E |
VT Bl e s1

\" ll“, I “‘- i "‘J‘J.")‘M" I "t\‘l“‘ i L‘rll‘ w1 50
L T At -—miz> 270

\ J T I

ol
M

40

M, 130

125 T
, 20

Liner temperature [°C]
Oil emission (m/z > 270) [ppm]

D T A ..,

725 730 735 ‘ 740 745 750 755 760
time[min]

Figure 13. Combined measurement results during first ring
gap rotation. Operation point: 750 RPM, 1.72 kNm.

oil emission in the exhaust gas. The four coloured pro-
files show the temperature data in the upper area of the
liner (red, green, pink, blue). And finally dots in the bot-
tom part of the graph show the occurrence of the first
ring gap at the measuring points on the east (blue) and
west (red) sides of the liner. It can be easily observed that
the periods of the respective fluctuations coincide. On
the one hand the oil emission is directly influenced by
the overlap of the ring gaps of the first and second ring
which leads to blow-by (an increased gas flow through
the piston ring group). On the other hand it might also
be influenced by a possible deformation of the liner
caused by liner temperature fluctuations as a conse-
quence of the blow-by. In a further engine run, a cyclic
fluctuation of the aerosol particle concentration in the
exhaust gas synchronous with the oil emission fluctua-
tions was also observed. Oil droplets, which can be either
thrown off by inertia forces in TDC or increased blow-
by, are not only detected by the mass spectrometer but
also by the aerosol particle measurement system.

Furthermore, the direction of rotation of the first
ring as well as the position of the ring gap of the second
ring can be approximated from this observation.
According to the trend of the four temperature-sensors
data the direction of rotation of the first piston ring is
counterclockwise. And consequently, the position of
the second ring gap has to be in the south region.
Investigations of further operating points regarding the
operating parameters and extensive measurement
results are promising.

Summary and conclusion

In order to achieve the goal of reducing marine engine
emissions resulting from the entry of lubricating oil into
the combustion chamber, it is necessary to understand
the correlations between the oil transport phenomena
in the tribological system consisting of piston, piston
rings and cylinder liner and the resulting oil emissions.

Based on this knowledge, specific emission reduction
measures can be developed. In this context, findings
from the automotive sector are not directly transfer-
able, since not only the geometric conditions but also
the requirements for operational safety and the general
operating conditions differ significantly. The successful
application of the extensive measurement technology
described here for analysing the oil film in the combus-
tion chamber and the oil emission in the exhaust gas of
this marine medium-speed dual-fuel engine provides the
possibility to specifically look for emission reduction
measures for this engine type.

The fluorescence measurement technique already
made it possible to visualise interesting phenomena
within the tribology system, which at the same time
demonstrate the measurement capability of the system
with respect to the oil film. The temporal resolution of
the system allows sub-crank angle resolved investiga-
tion of the oil transported by the piston rings. A peri-
odic oscillation of the mean oil film thickness on the
liner over multiple working cycles was observed. By
applying the developed calibration method to the mea-
surement data, the oil film thickness can be determined
in wm. The analysis shows that the oil film left by the
piston rings on the liner as it moves down is almost
halved after ignition (high gas pressure) than during
intake stroke (low gas pressure).

Furthermore, simultaneous investigations with the
fluorescence and oil emission measurement techniques
identified the cause of an oil emission phenomenon that
leads to significantly increased oil emissions during sta-
tionary operation. If the ring gaps of the compression
rings overlap during ring rotation, this results in an
increased gas flow through the piston ring group (blow-
by), which leads to increased oil emission values. In the
measurements described here, continuous ring rotation
of approximately 1/5RPM was observed, resulting in
cyclically fluctuating oil emission with 25% deviation.
High blow-by values must therefore be prevented for
low-emission operation.

The knowledge gained about the fundamental rela-
tionships between oil transport mechanisms in the tri-
bology system and oil emissions, is used to identify
emission-reducing measures. The measurement systems
also offer the possibility of verifying these measures and
evaluating their efficiency. Continuous measurement of
the film thickness on the liner ensures that the friction-
reducing effect of the lubricating film is sufficiently
maintained by the measures taken because operational
safety is a top priority in marine applications.

Further research

Following the promising results of the combination of
the measurement systems it is planned to use them with
varying cylinder liner and piston/piston ring layouts in
a follow-up project that is currently being worked out
by the research team and industry partners. Since blow-
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by effects have been identified to disturb the oil film
thoroughly and lead to increased oil emission, it is
planned to redesign piston rings and liner surface in
such a way that blow-by is minimised and lube oil emis-
sion is reduced. Piston ring variations in differently
honed liners are to be investigated. The measurement
systems allow to precisely observe the influences of
individual components.

As mentioned in the introduction, an upgrade to the
engine that would enable it to process liquid future fuels
(e.g. methanol) is in the planning phase. The combina-
tion of measurement systems as presented in this paper
is also part of the plans for further research projects
with liquid future fuels.

With regard to optimising the measurement systems,
the positioning and the application of the cylinder liner
oil measurements will be extended by additional mea-
surement points in a horizontal plane. This will increase
the radial resolution of the ring gap tracking. Honing
of the cylinder liner with preinstalled optical fibres
rather than installing optical fibres after honing may
further improve signal strength.

In the development of further emission reduction
measures, simulation software by AVL is used. The
measurement data obtained by engine runs serve as
validation variables for the current engine setup.
Subsequently, component variations carried out in the
simulation and their resulting influence on oil film
thickness and oil emissions will provide the basis for
further measures that are then to be experimentally
validated on the research engine.
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