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Detecting piston ring-cylinder liner metal-metal contact in a fired large marine diesel
engine using piezoelectric transducers

Abstract

Shear polarized ultrasonic sensors have been instrumented onto the outer liner surface of an
RTX-6 large marine diesel engine. The sensors were aligned with the first piston ring at top
dead center and shear ultrasonic reflectometry (comparing the variation in the reflected
ultrasonic waves) was used to infer metal-metal contact between the piston ring and cylinder
liner. This is possible as shear waves are not supported by fluids and will only transmit across
solid-to-solid interfaces. Therefore, a sharp change in the reflected wave is an indicator of oil
film breakdown. Two lubricant injection systems have been evaluated, pulse jet and needle lift
type injectors. The needle lift type is a prototype injector design with a reduced rate of lubricant
atomization relative to pulse jet injectors. This is manifested as a smaller reduction in the
reflected ultrasonic wave, showing less metal-metal contact had occurred. During steady-state
testing, the oil feed rate was varied; the high flow rate case was shown to reduce the amount of
piston ring-liner contact, whilst no changes in the lubricant film thickness had previously been
detected using traditional longitudinal ultrasonic sensors. This displays the increased
sensitivity of shear sensors relative to longitudinal sensors in respect to the quantity of lubricant
present. Piston ring oil film breakdown was also studied at a range of steady-state loading levels
and engine slow-down, showing the amount of contact decreased as engine load decreased,
providing a real-time indication of the lubrication regime of the piston rings. When the load
was further decreased, into total shutdown of the engine, the amount of contact increased until
the engine had stopped rotating. The study has demonstrated the capability of shear ultrasonic
sensors to detect changes in solid contact caused by; injector design, oil feed rate, engine load,
and engine shut down.

1 Introduction

Operational advancements in marine diesel engines focus on methodologies to raise engine
efficiency whilst reducing parasitic losses. This is to meet emission legislation such as those
set by the International Maritime Organization, to reduce greenhouse gas emissions by 40% by
2030 relative to 2008 emissions [1]. This is partially driven by the international shipping sector
which contributes 2.2 % of anthropogenic CO: emissions [1] and marine diesel engines
contributing a notable portion of those emissions. In internal combustion engines, 9-20% of
the energy content in the fuel is wasted due to parasitic losses [2], [3], [4], and the greatest
single contributor to this, is the piston ring pack (25% of frictional losses, [5]). The piston ring
pack experiences the full range of the Stribeck Curve through each piston stroke: at the top
dead centre (TDC) and the bottom dead centre (BDC), the instantaneous zero-velocity of the
piston at these points leads to potential boundary lubrication whilst mid-stroke the high velocity
of the piston enables a complete hydrodynamic film. Boundary lubrication of the piston ring,
1.e. metal-metal contact between the piston ring and cylinder liner, is a significant contributor
to ring pack friction and, hence wastage of the energy content in the fuel. Therefore, a large
portion of ring pack friction occurs at either TDC or BDC.

Due to the nature of piston rings, being at the centre of internal combustion engines and being
exposed to harsh operational conditions, the study of their lubrication regime and potential lack
thereof lubricant film is inherently difficult. Scuffing of the piston rings/skirt has been the focus
of several previous articles although they are limited to bespoke test rigs to simulate internal



combustion engine scuffing and study the ring/piston skirt surface post-test rig operation [6],
[7], [8], [9], [10], [11], [12], [13], [14], [15]. These works are manually intensive and involve
surface examination post testing and can provide useful insight into the progressive
deterioration of the surfaces. However, the non-live nature surface examination limits their
real-world applicability, and it provides no insight into how real operating conditions affect the
lubrication regime. Alternatively, several works have simulated piston ring scuffing [16], [17],
[18], [19] although the simulations are limit by the non-ideal validation methodologies of the
surface examination previously mentioned. Therefore, the real-world applicability of scuffing
measurements is limited and to date there are no works on piston ring-liner metal-metal contact
during fired engine operation.

This article follows from the works by Rooke et al. [20], [21], [22] on the ultrasonic sensors
that were instrumented on external cylinder liner surface of WinGD’s RTX-6 test engine. In
Rooke et al. [21] the longitudinal ultrasonic sensors were studied by applying the traditional
ultrasonic reflectometry data processing methodology to produce oil film thickness
measurements for each of the piston rings at several locations. The absolute minimum oil film
thickness measured was 6.3 um for the first piston ring at the TDC, however a range of
anomalous trends were present in the data. Further research was conducted onto the data from
the longitudinal ultrasonic transducers in Rooke et al. [22] into the anomalous trends found in
Rooke et al. [21] which were found to be due to ultrasonic reflections from outside the
measurement area being detected, leading to abnormal trends in the data. An alternative data
processing technique by indexing the Hilbert envelope was applied to the data which removed
the impact of the undesired ultrasonic reflections, leading to a greater measurement of the true
oil film thickness, which was typically 20 % greater than those from the traditional data process
technique. This research expands the previous works by applying the novel data processing
methodology to the shear ultrasonic sensors instrumented onto the RTX-6 engine to study
piston ring-liner metal-metal contact at a range of engine conditions.

2 Background

Ultrasonic reflectometry analysis is based upon the principle that as a wave propagating
through a media impacts a discontinuity, there is a partial reflection/partial transmittance of
that wave. This basis has been extensively used in various works to study piston ring oil film
thickness [20], [21], [22], [23], [24], [25], [26], [27], [28], [29] and other tribological
applications such as; journal bearings [30], [31], [32], [33], roller bearings [34], [35], [36],
slipper bearings, [37] and O-ring seals [38]. The portion of the wave that is reflected is termed
the reflection coefficient, R, and is dependent on the acoustic impedance mismatch between
the media, see Equation 1. The acoustic impedance, z, is the product of the density and speed
of sound.

Zy — Z
R = 2 1 1
Zy + 274

This equation holds for both longitudinal and shear ultrasonic waves (note that the speed of
sound differs depending on the wave mode being propagated). The notable distinction between
longitudinal and shear waves is that fluids are unable to support shear waves, therefore,
longitudinal sensors may be used for oil film thickness measurements whereas shear sensors
may not. Due to this, if a shear wave propagating through a solid media impacts a fully formed
lubricating film, a complete reflection of the ultrasonic wave occurs and no discernible change
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in the reflection coefficient is seen. Therefore, in the context of a shear ultrasonic sensor
instrumented onto an engine liner, there would be no change in the reflection detected with
crank angle (CA) if there was no metal-metal contact in the sensing region. In practice, shear
ultrasonic waves can permit a small amount of transmission dependent on the viscosity of the
fluid [39] although in those experiments, that transmission was negligible compared to that
caused by solid contact.

Shear ultrasonic sensors can be used to measure several parameters; the acoustoelastic effect
in the media, lubricant solidification, shear wave penetration, or metal-metal contact. In the
context of the piston ring pack in internal combustion engines, the combustion pressure is not
considered high enough for lubricant solidification. In the RTX-6, the peak combustion
pressure is in the order of 200 bar whilst pressures in the order of giga pascals are required for
solidification of the lubricant. Therefore, a sharp reduction in the reflection coefficient
measured is either due to a shear wave penetrating through an extremely thin piston ring oil
film or metal-metal contact between the piston/ring and liner. The two can be differentiated by
calculation of the oil film penetration depth as shear waves are only capable of penetrating
through a short distance (up to several microns). The penetration depth, o, can be calculated
using Equation 2 [40]. In which #, is the dynamic viscosity, p;, is the density of the fluid and,
£, is the central frequency of the transducer.

n
Tfp

The application of shear ultrasonic reflectometry to the piston ring-cylinder liner interaction
enables the identification of metal-metal contact between the two surfaces during fired
operation of the engine. This can be achieved without any modification to the engine itself.
Whilst previously, this could only be achieved through dismantling of the engine and
observation of the two surfaces.

3 Test engine
This article covers fired testing on WinGD’s two-stroke marine diesel RTX-6 test engine,
shown in Figure I. Several relevant parameters of the engine are given in Table 1.

Figure 1 RTX-6 test engine reproduced from [21].



Table 1 RTX-6 engine parameters, edited from [22].

Engine Parameter Value Unit

Maximum power 6470 | kW
No. of cylinders 4 -

Cylinder bore 500 | mm

Piston stroke 2250 mm
Number of pulse jet 3 -

injectors
Number of needle lift 6 -
type injectors
Maximum rotational 105.5 rpm
speed

In this work two lubricant injector designs were evaluated; Pulse Jet (PJ) and Needle Lift Type
(NLT). PJ injectors are commonly used injectors in marine engines, in which the main
components of the system are shown in Figure 2. The dosage pump feeds lubricant to the
injectors and is powered by servo oil from the marine diesel engines oil circuit. The lubricant
feed rate and injection timing are controlled via a solenoid valve in the dosage pump which
provides full flexibility in injection timing over the operation range of the engine.
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Figure 2 Pulse jet injector oil system. (a) Pulse jet injector components, reproduced from
[21]; (b) Schematic of the complete system, reproduced from [22].

A disadvantage of the PJ system is that the atomisation rate of the lubricant varies between
sequential lubricant sprays. This will lead to inconsistencies in the lubricant film over time. To
overcome this, a prototype injection system was implemented, the NLT injectors, which were
combined with a common rail system. The NLT injectors reduce, and have better control of,
the rate of lubricant atomisation. Therefore, the NLT injectors have the potential to reduce
lubricant consumption relative to PJ injectors. The NLT injection system is detailed in Figure
3. These injection systems have been evaluated in previous works (Rooke et al. [21], [22]) on
the RTX-6 engine, in which a series of longitudinal ultrasonic transducers reviewed the PJ and
NLT injection systems at the nominal oil flow rate (0.8 g/kWh), and the NLT injectors were



shown to typically increase the oil film thickness by 20 %. This increase in lubricant film
thickness was achieved whilst oil loss to the exhaust manifold was reduced by 66.7 % [41].

Lubricant
Injectors

Common
Rail

Figure 3 Needle lift type injectors, reproduced from [21].

The PJ and NLT injection systems have been used to define two engine configurations when
the differing lubricant injection systems were used. Both injection systems had the same
lubricant injection regime, leading to a lubricant distribution of 80% above the ring pack, 10%
into, and 10% below.

The RTX-6 test engine was previously instrumented with a series of thermocouples down the
cylinder liner, further details of the thermocouple locations are shown in Milanese et al [41].
A thermocouple was positioned in close proximity of the first piston ring at its TDC position,
therefore, these temperature measurements were used to infer the temperature measurements
over the sensing regions.

3.1 Ultrasonic instrumentation

Seven ultrasonic sensors were installed on the RTX-6 engine; five longitudinal (green circles)
and two shear (red and yellow circles), as shown in Figure 4(a). The active element diameter
of the ultrasonic transducers (the sensing area) was 14 mm, which is less than the width of any
of the piston rings. Ultrasonic transducers provide an average measurement over the active
element area, therefore, the width being less than the piston ring width enables a greater
measure of the true reflected wave when a piston ring is aligned with the sensor.

a) b)

Liner

Piston at TDC

Shear
sensor

Shear
sensor

Longitudinal

sensor : q
B Piston ring

Figure 4 (a) Instrumented ultrasonic sensors, shear sensors are highlighted in red/yellow and
longitudinal sensors in green (b) schematic diagram of the shear sensors relative to the first
piston ring at its TDC position.

The ultrasonic sensors were bonded to the external liner surface by an industrial adhesive and
magnetically clamped to the liner to enable curing of the adhesive overnight at room
temperature. Critically, to instrument the sensors and perform the ultrasonic testing, no
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modifications (other than some minor abrasive cleaning of the surface) to the marine diesel
engine were made to conduct this testing.

This article focuses on the results for the two shear ultrasonic transducers, the data from the
five longitudinal transducers has previously been discussed in Rooke et al. [21], [22]. The two
shear ultrasonic sensors (red and yellow circles in Figure 4(a)) were aligned with the first
piston ring at its TDC position as shown schematically in Figure 4(b). The piston/piston ring
position was aligned to the ultrasonic data via a shaft encoder to measure the CA.

A typical ultrasonic reflection in the time-domain is shown in Figure 5. Note that four
ultrasonic reflections are shown and the amplitude decreases for sequential reflections as the
signal attenuates. Furthermore, the ultrasonic reflection shown in Figure 5 was from recorded
with the piston significantly far away from the sensing area and when the liner was dry.

First reflection Second reflection Third reflection Fourth reflection

Amplitude
-y

Time (us)

Figure 5 A typical time-domain (A-scan) reflection showing four reflections from the internal
surface of an engine liner.

The ultrasonic signals were produced, received, and managed using an ultrasonic pulser
receiver (UPR). The UPR contained a card to generate short voltage pulses which were sent to
the ultrasonic sensors which, via the principle of piezoelectricity, converted the pulses to
mechanical displacements and instigated a pressure wave in the cylinder liner. The wave
propagated through the liner and was reflected from the internal surface/piston ring. The
measurements were pulse-echo, i.e. the ultrasonic waves were pulsed and received by the same
transducer. The sensor converted the wave back into a voltage that was digitised in the UPR.
A bespoke LabVIEW interface was used to record and optimise the ultrasonic signals. The
ultrasonic testing equipment is summarised in Figure 6 and the duration of each data capture
was 5 seconds, this ensured multiple engine revolutions were in each capture, therefore,
enabling averaging of the ultrasonic data.
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Figure 6 Schematic diagram of ultrasonic instrumentation.

3.2 Test conditions

Fired engine testing was performed at three steady-state loading levels: 100%, 50% and 25%
each loading level was related to a different engine speed (105.5, 83.6 and 66.2 rpm
respectively) and the engine loading cycle is shown in Figure 7(a). The engine was not stopped
between the different loading levels, therefore providing a period of un-steady operation when
the engine loading was transitioning loading level. A full shut-down only occurred after 25%
steady-state loading. Within each steady-state loading period, the set value of the oil feed rate
was varied from its nominal position to vary the oil feed rate (nominal flow of 0.8 g/kWh) to a
low flow (0.6 g/kWh) and high flow (1.2 g/kWh) over a 20-minute interval as shown in Figure
7(b). The oil feed rate is proportional to the engine load, therefore, was the load decreased the
quantity of oil injected proportionally decreases, as is standard for the engine.
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Figure 7 (a) Engine loading variation (b) Oil feed rate variation for each lubricant injection
system, reproduced from [21].

3.3 Signal processing



The ultrasonic data was captured as a series of stacked time-domain reflections (i.e. an array
of the first reflections shown in Figure 5), see Figure 8(a)-(b). To convert these measurements
into reflection coefficient, the ultrasonic reflection of interest was isolated, and the Hilbert
envelope was overlayed. Furthermore, the peak of the Hilbert envelope was normalised relative
to a reference envelope to provide the reflection coefficient. A reference envelope was defined
for each data capture from the mean reflection when the piston ring was significantly far from
the measurement zone, see the red box in Figure 8(a). Whereas the variation in the time-domain
response from a typical aligned piston ring is shown in the blue box of Figure 8(a). In most
ultrasonic reflectometry oil film thickness measurements, the reflection coefficient is defined
from a frequency index of the ultrasonic reflection in the frequency domain. However, in a
previous work by Rooke et al. [29], the Hilbert envelope-based methodology was shown to be
significantly less impacted by ultrasonic reflections from outside the measurement region,
leading to a greater representation of the true reflection coefficient. The Hilbert envelope
methodology is expected to be superior to a frequency-domain frequency index in this
application due to the relatively long propagation distance through the RTX-6 cylinder liner
enabling a greater spread of the ultrasonic waves.
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Figure 8 (a) Raw ultrasonic data. (b) Zoomed version of Figure 8(a). (c) Isolated time-
domain reflection with the signal’s Hilbert envelope overlayed.
4 Reflection coefficient variation

The reflection coefficient variation for a shear sensor aligned with the top piston ring at the
TDC for 100% loading steady-state engine operation (nominal oil feed rate) for the two
lubricant injection systems is shown in Figure 9. The region where the piston ring was aligned
over the shear sensor is highlighted in the blue region.
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Figure 9 Reflection coefficient variation from a shear sensor at steady-state 100% loading for
two injector systems (the blue region indicated where the piston ring was aligned over the
Sensor).

Over the CA range displayed, the shear sensor in Figure 9 sees a progressive reduction in the
reflection coefficient reaching 0.97 on either side of the piston ring alignment region. This is
theorised to be due to this sensor being polarised circumferentially and experiencing an
acoustoelastic effect as the temperature and pressure inside the combustion chamber varies. A
combination of this sensor, and a sensor polarised radially and axially may enable multi-
dimensional stress measurements, similar to those seen in the cold rolling of steel [42].

Whilst over the piston ring alignment region (-8.5° to 8.5° CA) a sharp reduction in reflection
coefficient is seen for both lubricant injection systems, reducing to 0.87 for the PJ injectors at
-0.25° CA. Due to shear waves inability to propagate through a fully formed, greater than
several micron, lubricant film, this sharp reduction is either the shear wave penetrating through
an extremely thin film or piston ring-liner metal-metal contact.

The magnitude of the reduction in reflection coefficient is different for the two lubricant
injection systems, the NLT injectors, with the reduced rate of lubricant atomisation, led to a
smaller reduction (0.9, versus 0.87 for the PJ injectors). Indicative that the NLT injectors either
led to a reduction in piston ring metal-metal contact or a thicker lubricant film enabling less of
the shear wave to penetrate through. This finding agrees with the results from the longitudinal
sensors instrumented on the RTX-6 engine discussed in Rooke et al. [21], [22], that the
reduction in lubricant atomisation provided thicker lubricant films. It was shown that the
minimum oil film thickness when using the NLT injectors over the first piston ring was 7.4 pm
whilst it was 6.3 um for the PJ injectors, a near 20 % increase for the prototype injector design.
A closer inspection of each engine cycle that produced the summary figure in Figure 9 is shown
in Figure 10 for the PJ injectors and NLT injectors in subplots (a) and (b) respectively.
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Figure 10 Reflection coefficient variation over a complete data capture (a) PJ injectors, (b)
NLT injectors.

The varying rates of lubricant atomisation are directly visible in the raw reflection coefficient
data. For the PJ injectors, (Figure 10(a)) which has the higher rate of lubricant atomisation,
there is a sharp drop in reflection coefficient for each engine cycle with the minimum value
varying between 0.84-0.87. Whilst for the NLT injectors, (Figure 10(b)), the lower rate of
lubricant atomisation, the minimum value varies between 0.89-0.91 with two revolutions
showing no sizeable drop equivalent the other engine cycles, see the red circles in Figure 10(b).
These figures indicate that the shear wave penetration/piston ring metal-metal contact is
occurring in each revolution of the engine for the PJ injectors. Whilst for the NLT injectors,
when thicker oil films were measured [21], [22], the extent of shear wave penetration/metal-
metal contact was definitively reduced with some revolutions having major reductions. Further
indicating the beneficial lubrication regime of the top piston ring at the TDC when using the
NLT injectors.

To discern whether the drop in reflection was either metal-metal contact or shear wave
penetration, the oil film penetration depth can be quantified using Equation 2. To calculate this,
the viscosity of the oil was required, therefore, engine oil was scavenged from the RTX-6
engine during 100% steady-state operation during testing on the PJ injectors. The scavenged
oil enables a more representative measure of the engine oils viscosity due to its exposure to
contaminants such as combustion and wear products. A Brookfield viscometer was used to
determine the viscosity of the engine lubricant at specified temperatures, 7, to define the
degraded oils Vogel Equation, Equation 3, an equation that represents the viscosity variation
with temperature. The coefficients of the Vogel Equation for the RTX-6 scavenged engine
lubricant are shown in Table 2.

=AX (B> 3
n= exp T—cC

Table 2 Vogel Equation coefficients.

Coefficient Value
A 5.04 x 101
B 1395.3
C -423.0
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Applying the Vogel Coefficients of Table 2 to Equation 3 in combination with temperature
measurements from the internal surface of the cylinder liner in close proximity of the first
piston ring at the TDC, the lubricant viscosity at 100% loading steady-state operation was
found to be 0.15 cP. Using this dynamic viscosity in Equation 2, the shear wave penetration
depth was calculated to be 0.25 um. Whereas, the oil film thickness measurements in the RTX-
6 from Rooke et al. [21], [22], had an absolute minimum oil film thickness of 6.3 pm from
either injection system (PJ or NLT injectors) or data processing methodology (Frequency index
or Hilbert Envelope) for the top piston ring during 100% loading steady-state operation.
Therefore, the shear wave penetration depth is a factor of 30 less than the minimum recorded
film thickness, showing that a shear wave would have been unable to penetrate through to a
piston ring aligned parallel to the cylinder liner if a fully formed lubricant film had been
achieved (Figure 11(a)).

Due to the averaging effect of ultrasonic transducers over the measurement region, in theory,
if the piston ring was found to have significantly rotated it would enable the possibility of an
average minimum oil film thickness of 6.3 pm whilst the true minimum oil film thickness is
less than 0.25 pm (Figure 11 (b)). This would enable the minimum oil film thickness
measurements seen in Rooke et al. [21], [22] whilst a shear wave could penetrate through a
very thin oil film (>0.25 um). For identification of whether both factors may be true a worst-
case scenario is considered, a rectangular piston ring that is free to rotate (note that the piston
rings in the RTX-6 are barrel shaped and piston ring wear is typically in the centre of the ring,
not the edges, therefore, a rotation such as considered here would be atypical).

Consider the case of the PJ injectors, a minimum reflection coefficient of 0.84 was measured,
yet this lubricant injection system had an absolute minimum oil film thickness of 6.3 um. Under
the assumption that 16 % of the piston ring was closer than 0.25 pm from the liner (to enable
a reflection coefficient of 0.84), and assuming a rectangular geometry of ring, it would require
a true minimum oil film thickness of -2.3 um (Figure 11(c)). Indicating that 16 % of the
ultrasonic wave could not have penetrated through to the piston ring, without metal-metal
contact also occurring. Therefore, the sharp reductions in reflection coefficient in Figure 9 and
Figure 10 are at least due to a partial metal-metal contact between the piston ring and cylinder
liner, i.e., the lubricant film breaking down at the TDC and boundary lubrication occurring.

11



Sensor
Sensor

Sensor

Figure 11 Piston ring minimum oil film thickness scenarios (a) parallel piston ring, (b) angled
piston ring with a true minimum of 0.25 um (c) angled piston ring with 16 % of the piston
ring face under the shear wave penetration depth (0.25 um).

4.1 Oil feed rate variation

Within each steady-state loading period the oil feed rate was varied from the nominal rate to a
high and low flow rate in five-minute intervals as previously shown in Figure 7(b). The
reflection coefficient using the NLT injectors for an engine revolution at the centre of each feed
rate interval is presented in Figure 12.
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Figure 12 Reflection coefficient variation with oil feed rate for the three flow rates
considered.

The initial study of Figure 12 shows likewise trends in the reflection coefficient for the three
oil feed rates, and similar to those seen for the two injection systems in Figure 9. Closer
inspection on the TDC region, the blue region of Figure 12, displays that the higher flow rate
of lubricant led to the general trend of a greater reflection coefficient (0.92) than those of
nominal (0.90) or low flow rate (0.88). Consequently, indicating that as expected, when more
oil was injected onto the cylinder liner, less metal-metal contact between the piston ring and
liner was detected. Therefore, the shear ultrasonic sensors could identify variations in oil feed
rates which were conducted in 5-minute intervals.

The minimum oil film thickness from the longitudinal sensor aligned with the first piston ring
at the TDC was reviewed in Rooke et al. [21] in which no identifiable change in oil film
thickness with oil feed rate was seen. However, as the shear sensors showed a minor reduction
in metal-metal contact over the same period, it indicates that shear sensors appear to provide a
more sensitive measure of the quantity of lubricant present than longitudinal sensors. This is
likely due to shear waves being unable to propagate through fluids. It is worth noting that the
oil feed rate variation was only in 5-minutes intervals, a longer variation period would likely
have produced a more discernible change in metal-metal contact as the liner was progressively
starved of lubricant.

4.2 Loading comparison

Through the fired engine testing, three steady-state loading steps were studied, the reflection
coefficient over the steady-state period for the nominal oil feed rate is shown in Figure 13 for
the NLT injectors.
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Figure 13 Reflection coefficient variation with engine loading for the NLT injectors.

The impact of the variation in engine loading on piston ring/liner metal-metal contact is shown
in Figure 13, with a reduction in engine loading reducing the contact between the piston ring
and cylinder liner. From 100% to 25% loading there was a 71% reduction in the magnitude of
the reflection coefficient drop, indicating a significant reduction in metal-metal contact. A
reduction in metal-metal contact at lower loading levels is expected, as at lower loading there
is a reduction in combustion pressure and, therefore, less piston ring radial load and conformity
between the ring and liner. This further agrees with previous work on the RTX-6 test engine,
that as the load was lowered on the engine the minimum oil film thickness increased. For
example, the minimum oil film thickness for the NLT injectors increased from 7.4 um at 100
% loading, to 8.1 um at 50 % loading and 10.4 um at 25 % loading [21]. Critically though,
based on previous analysis, one may assume that there would not be metal-metal contact if oil
films with a minimum of 10 um were detected although this is evidently not the case.

4.3 Engine slow-down

The continuous operation of the engine between the loading levels provided intervals of
varying engine loading/speed. In the case of the engine moving from 50% to 25% loading, a
44-minute period, ultrasonic reflections were captured for 5 seconds every minute. The
minimum reflection coefficient from each engine cycle for the NLT injectors and the
corresponding engine rotational speed is shown in Figure 14. Note that this test used the
nominal oil feed rate of 0.8 g/kWh.
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Figure 14 Minimum reflection coefficient as engine loading decreased from 50% to 25% for
the NLT injectors.

The engine slow-down minimum reflection coefficient (Figure 14) shows agreeing results to
Figure 13, that a reduction in engine load lessens the metal-metal contact occurring. The
minimum reflection coefficient varies from 0.93 when at 50 % loading (83 rpm) to 0.97 at 25
% loading (66 rpm), a halving of the relative contact between the two surfaces. This displays
the ability of the shear sensors to provide a real-time representation of the lubrication regime
of the piston ring pack.

It is worth noting that as internal combustion engines are highly complex systems, the reduction
in engine load on the RTX-6 results in a range of parameters being affected, such as combustion
pressure, quantity of lubricant injected, engine rotational speed amongst many others. The
methodology used here cannot separate the impact from individual factors on the metal-metal
contact, but it provides a summary of the overall system impact.

4.4 Engine shut-down

At the end of testing each lubricant injector system, the RTX-6 engine experienced a full shut-
down from 25% loading. The reflection coefficient over these engine cycles is shown in Figure
15 for the final 20 seconds of engine operation of the NLT injectors. Note that this test used
the nominal oil feed rate of 0.8 g/kWh.
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Figure 15 Reflection coefficient as the engine was shut-down from 25% loading.

Shut-down testing should be considered separately to those from changing engine loading as
the engine is experiencing a different operational phase. Primarily, when the engine moves
between loading levels (e.g. 100% to 50%), the load on the piston rings and factors such as the
oil feed rate proportionally reduce but remain within the standard operating range. Whilst the
shut-down tests cover the region where the lubricant injection system is at its minimum oil feed
rate during operation, therefore, a reduction of lubricant present on the liner is not unexpected.
Previously, in the engine slow-down results (Figure 14), as the load decreased the piston ring
metal-metal contact decreased, whereas for a further load reduction (into full shut-down), the
lubricant injection system further reduced the lubricant injected which led to the amount of
piston ring metal-metal contact increasing as there was insufficient oil to lubricate the piston
rings. This is shown via the progressive reduction in the minimum reflection coefficient for
each engine revolution (0.978 to 0.968 over the 20 second shut down). The reduction in engine
speed is also visualised by the increased timespan between the metal-metal contact (dips in the
reflection coefficient).

5 Discussion

A combination of the slow-down and shut-down tests in terms of piston ring metal-metal can
be summarised as: A reduction in engine loading reduces the amount of metal-metal between
the first piston ring at the TDC and cylinder liner until the lubricant injection system is at its
minimum operating levels. Once operating at its minimum level, this change in phase results
in the piston ring metal-metal contact increasing as less lubricant is present to form a full oil
film and increases until the engine has stopped rotating.

In previous research (Rooke et al. [21], [22]) longitudinal ultrasonic sensors have quantified
the oil film thickness between the piston ring and cylinder liner in a fired RTX-6, a large diesel
marine engine. This article has expanded how the piston ring oil films are studied by using
shear ultrasonic sensors aligned with the first piston ring at its TDC position, which has shown
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metal-metal contact to occur at a range of engine conditions. However, in previous research on
this dataset (Rooke et al. [21], [22]) as well as previous ultrasonic based research into piston
ring oil film thickness measurements ([23], [24], [25], [26], [27], [28], [29]) it has been
assumed that the spring model [43] is applicable for calculation of oil film thickness. This
model assumes that there are two parallel surfaces that are separated by a fully formed oil film
which has been demonstrated to not be true in the case of the RTX-6. Instead, a mixed-mode
lubrication regime should be considered to determine the true oil film thickness, such as that
previously suggested by Dwyer-Joyce et al [44] and further explored in Cao-Romero-Gallegos
et al. [45] although further research is required to realise this mixed-mode modification.

6 Conclusions

A WinGD test engine, an RTX-6, has been instrumented with a series of ultrasonic sensors.
This article covered the shears sensors aligned with the first piston ring it’s the top dead centre
position. Shear sensors instigate transverse waves in a media and are therefore unable to
propagate through bulk fluids, hence a change in the reflection observed by a shear sensor is
indicative of three potential factors: lubricant solidification, a shear wave penetrating through
a very thin oil film (up to several microns) or metal-metal contact. The pressures in internal
combustion engines are not considered high enough to cause lubricant solidification and the
shear wave penetration depth was found to be a factor of 30 less than the minimum lubricant
film thickness measured in the engine. Thus, indicating the change in the reflection coefficient
observed by the shear sensors to at least be partially due to metal-metal contact of the piston
ring-cylinder liner.

Two lubricant injection systems were tested, pulse jet and needle lift type injectors. The
prototype needle lift injectors, with a reduced rate of lubricant atomisation, were found to
reduce the amount of piston ring metal-metal contact relative to the pulse jet injectors. The
lubricant feed rate was varied during steady-state operation and the high flow rate case was
found to provide a minor reduction in the amount of metal-metal contact compared to the
nominal and low flow rate cases, this was found whilst no observable change in the minimum
oil film thickness had been detected using longitudinal ultrasonic sensors. Metal-metal contact
between the ring and liner has also been studied at three loading levels and slow-down testing,
showing that as the engine load decreased, the metal-metal contact also proportionally
decreased. Shut-down testing has provided differing findings from the slow-down tests as the
engine was at its minimum operating conditions, this led to the amount of piston ring liner
contact increasing until the engine stopped rotating.

This work has indicated how shear ultrasonic sensors can be used to identify when contact
occurs between a piston ring and cylinder liner as well as the influence of both injector design
and engine operating conditions. This has potential both as a device to support engine design,
and as a sensor for implementation in a control algorithm to optimise engine lubrication to
avoid metal-metal contact and to minimise emissions.

Acronyms
Acronyms
BDC Bottom Dead Centre
CA Crank Angle
NLT Needle Lift Type
PJ] Pulse Jet
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TDC Top Dead Centre

UPR Ultrasonic Pulser Receiver
Nomenclature
Symbol Description Unit

f | Frequency MHz

R Reflection coefficient -

z Acoustic impedance Pa.s.m™

) Penetration depth um

U] | Dynamic viscosity Pa.s

P Density of the fluid kg.m
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