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Abstract

Internal combustion engine research predominantly focuses on routes to lower emissions to meet various emission leg-
islation. Lower emissions can be achieved with increased fuel efficiency and less lubricant throw off/lubricant combustion
in the piston ring zone. These are all dependent on the oil film that forms between the liner and piston components.
This article details the use of ultrasonic sensors to study the lubricant film thickness between the engine liner and piston
rings/skirt in a fired diesel two-cylinder YTR engine. The testing regime covered a series of engine speeds and loading
levels and found the minimum oil film thickness to vary from | to 3.5 wm. Spectrograms (time-varying ultrasonic ampli-
tude spectra) have shown a residual oil film on the liner, first present after the skirt moves above the sensor that peaks
at 440 wm, which then dissipates until the next oil control ring passage. Start-up and shut-down captures have visualised
the build-up and reduction of the film thickness, in which during start-up typically a 2-s interval between the first ring
passage and a consistent film thickness was seen. Whilst the shut-down tests showed a lesser variation, anticipated to
be due to the oil pump already operating and is, therefore, less subjective to a reduction in engine speed providing a
threshold of oil remains on the liner. Measurements like this help to describe how lubrication occurs in the piston ring
zone and hence can optimise component design and an oil injection schedule.
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some 20%-40% of mechanical power loss.”® It is this
tribo-system that also has the most substantial influ-
ence on effective gas sealing. It is regarded as the most
complicated tribological component of an internal
combustion engine as in every stroke of the piston, the
ring and liner may experience boundary, mixed and full
fluid film lubrication conditions’ and is subjected to
large, rapid variations of load, speed, temperature and
lubricant availability.'® Maintaining a separating oil
film, thick enough to avoid bore polishing or scuffing,
but not so thick that oil is lost into combustion, is of
prime importance. A significant amount of work has
been undertaken to improve the tribological perfor-
mance of the piston-ring and liner dynamic interfacial
conditions.'"™ ' A comprehensive review of piston ring
dynamics, lubrication and tribological performance is
presented.'>'® Work in this area generally falls into
three categories: lubrication state improvement, surface
modification and design parameter optimisation.’

There is a recent general trend to improve the lubri-
cation state by reducing automotive engine oil viscosity
to minimise both viscous friction and pumping losses
leading to a reduction in fuel consumption. However,
as these thin lubricants are used there is a risk of film
breakdown and solid-solid contact at the lubricated
interfaces in the engine. This can lead to reduced engine
life and, in some cases, catastrophic wear. Fully formu-
lated engine oils contain a range of additives to improve
performance in this thin film regime, but also to main-
tain viscosity at high temperatures. As engine lubricants
age they degrade over time, particularly the long-chain
Viscosity Index Improvers (VIIs) may break down
affecting the lubricant viscosity.

The design of the ring-pack has been shown to sig-
nificantly impact the tribological performance such as
ring profile, width, ring twist and torsional stiffness,
materials and coatings and ring spacing.'”!'® Studies
have demonstrated the importance of compression ring
design and surface profile®'? and also the influence of
oil control ring configuration, particularly in combina-
tion with the liner out of roundness.”*'

Significant work has been undertaken to model and
simulate the piston-liner film thickness with varying
levels of complexity, see Mishra®? for a comprehensive
summary. To assess the resultant performance of new
designs, lubricants and to validate models, experimen-
tal measurements are required.

Much can be learned about the performance of the
piston-liner tribo-system from simplified bench tests>>>*
but final validation is usually achieved by extensive
engine testing and inspection of bore surfaces post-test.
This expensive process would be greatly enhanced with
an experimental method to measure oil film thickness in
the engine with minimal invasion.

Several different methods have been employed to mea-
sure the oil film between piston-ring and liner. Laser
induced fluorescence involves directing a laser through a
transparent window onto the oil film which energises spe-
cific bonds in fluorescing material raising electrons to a

higher energy state. Upon returning to their original state,
photons of a different frequency are emitted and can be
correlated to oil film thickness.*> 2® Electrical capacitance
probes and inductance probes can be mounted flush on
the internal surface of the liner and have also shown
much success in measuring the minimum oil film thick-
ness.”> ** These methods require invasive machining of
the cylinder bore such that the probe is in contact with
the oil film, or that there is a transparent window to facili-
tate the optical measurement. A comprehensive review of
instrumented engine tests using the various methods is
given in Garcia-Atance Fatjo et al.*® which describes the
different experimental techniques and draws comparisons
with the theoretical studies.

Ultrasonic approaches have recently been explored
to measure piston ring oil films.>>*' These techniques
are based on pulsing an ultrasonic wave through the
liner wall and its reflection from the oil film. The ampli-
tude and time of arrival of the reflected pulse is used to
determine various aspects of the lubrication process
including the oil film thickness. A clear advantage is
that the approach is non-invasive and requires no pene-
tration of the sensor into the bore.

In this work, an ultrasonic oil film measurement
approach was used to explore the formation of oil films
at various points along the axial length of the liner.
The film thickness of each piston ring is compared and
the variation between the different strokes in the engine
cycle at various speeds and loadings are explored.
Novel work was performed to quantify the residual
lubricant film thickness over an ultrasonic sensor. In
addition, novelty is found from the use of the ultraso-
nic sensors to evaluate the film formation during start-
up and shut-down of the engine which is particularly
relevant with hybrid and stop-start engine technologies.

Ultrasonic measurement concept

The basis of ultrasonic lubricant property measure-
ments is grounded on a piezoelectric transducer being
bonded to a medium, in this case, the external surface
of the cylinder liner. The transducer is excited with an
electric pulse which generates a high-frequency acoustic
pressure wave due to the principle of piezoelectricity.
The sound wave propagates through the host medium
and is reflected from the internal surface of the liner.
When there is no piston ring aligned with the sensor the
ultrasonic pulse is fully reflected (from the solid-air
interface, black line in Figure 1) whereas when a piston
ring is aligned, part of the pressure wave is transmitted
through the lubricant film and part is reflected (solid-
solid interface, blue line in Figure 1). This transmittance
results in a reduction in the amplitude of the reflected
wave. The amount of the wave amplitude reflected
depends on, amongst other things, the thickness of the
oil film. The proportion that is reflected relative to the
incident amplitude is termed the reflection coefficient,
R, and is purely dependent on the acoustic impedances
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Figure I. A schematic describing the ultrasonic measurement of film thickness from an engine liner mounted transducer.

of the two media. The definition of R is shown in equa-
tion (1). At a solid-air boundary, the signal is almost
completely reflected (R = 1) and so this can be used as
the reference signal (A4,crerence(f))-

Arc{ﬂected(f) I —I1

R= - (1
Aincident/refference (f) 3+ z;

There are several ways to calculate the Iubricant film thick-
ness from the reflected wave. The reduction in amplitude
can be used in a so-called Quasi-Static Spring Model.***
It is also possible to use the change in phase of the
wave, time of flight based methods,*” and a recent
approach that uses an exact analytical solution to the
three-layer reflection problem.*® For thick films a time-
domain separation method® can be used when there are
two reflections clearly separated in the time domain.
Alternatively in thick films the resonant frequencies of
the oil film can be studied.* The film thickness from fre-
quency resonances is found by applying equation (2)
which has previously been applied in applications such as
journal bearings®® in which ¢ is the speed of sound, f;, is
the dip frequency and m is the resonance mode.
cm

", )
For very thin films like those seen between a piston ring
and the liner, the Quasi-Static Spring Model** is the most
appropriate as it is highly sensitive over the film thickness
range 0-20 wm. This approach is based upon modelling
the solid-oil-solid system as two mediums that are con-
nected via a series of springs that remain within their
elastic region. The stiffness of these springs dictates the
reflected portion of the ultrasonic wave, this model
improves the definition of the reflection coefficient shown
in equation (1) to equation (3). Omega (w) is the angular
frequency, K, is the interfacial stiffness and the complex
terms are shown via the complex number i.

iwz)z
R = zp—z1 + —Klz (3)
Zy + Z1 + iwz\z)

The stiffness of the lubricant film between the piston
ring and liner is dependent upon the fluids bulk modu-
lus, B, and the lubricant layer thickness, /2, shown by:

B
K= — 4
j 4)
The bulk modulus can be rewritten in terms of the
speed of sound and density, to provide an alternative
definition of the stiffness:

2

pc
K= — 5
- (5)
The combination of equations (3) and (5) produces an
equation for the lubricant film thickness which is
dependent on the reflection coefficient and material

properties of the system™**:

2 2 + 2 _ 2
p= P IRzt 2) — (22— 21) (6)
Wz 1 —|R?|

This equation is the basis for the determination of oil
film thickness from the reflection coefficient. It holds
true for thin oil films (where the wavelength of the
sound wave is large compared to the thickness) sepa-
rated by parallel flat surfaces.

Implementation on a test engine

The engine considered in this work is a diesel YTR
engine, specifically a YTRC2110D, the two-cylinder
engine is typically used in heavy-duty vehicles such as
tractors. The test rig setup is shown in Figure 2 with the
main specifications of this engine are shown in Table 1.

Liner instrumentation

The YTRC2110D engine uses a wet liner, therefore, to
enable ultrasonic instrumentation the liner was
removed from the engine and a small flat was machined
on the external surface of the liner. This flat was to
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Figure 2. The YTRC2110D test engine and dyno.

locate the transducers and to enable the liner external
diameter to remain the same post instrumentation. A
total of 11 high temperature 5 MHz longitudinal trans-
ducer elements were adhesively bonded to the liner
each with a width of 1.3mm. While during the engine
testing the optimal six transducers were selected based
on the geometric position and signal quality. Figure
3(a) shows the position of the transducers used for test-
ing, numbered 1-6, with the piston at its top dead cen-
tre (TDC) position. Figure 3(b) is a photograph of the
instrumented component (sensor assembly is shown
under a protective layer of Kapton film which was
removed prior to installation in the engine).

Coaxial wires were soldered to each sensor and the
wiring was gathered into a bundle. Each sensor was pro-
tected with an epoxy potting compound to seal against
any coolant that could potentially damage or short the
transducers. The liner was inserted into the engine block
and the wiring loom was fed out through a pre-existing
coolant channel that was not in use. Figure 4 shows
photographs of the liner during the installation process.
The liner was installed to the engine with the sensors on

Table |I. Specification of the engine.

Value Units
Cylinder liner diameter 0.11 m
Operating speed range 1000-1500  r/min
The number of cylinders 2 -
Cylinder liner surface roughness 3 pwm
The number of rings per piston 3 -
Piston ring surface roughness 0.8 pm
Compression ratio 17:1 -
Power 2124 kW
Liner outer wall temperature (estimated) 90 °C
Water pressure 0.3-0.5 MPa
Estimated film thickness range 0-11 wm
Estimated fluid film temperature 100-200 °C

the neutral axis Figure 4(a), final placement of the sen-
sors (Figure 4(b)) positioned the sensors on the thrust
side of the engine. The complete installation process
required minimal modification to the engine, the only
modification to the engine was the flat machined onto
the external surface of the liner (see Figure 3).

Ultrasonic equipment

A schematic of the ultrasonic instrumentation and sig-
nal processing equipment is shown in Figure 5. An
ultrasonic pulser receiver (UPR) was used to control
the ultrasonic signals. Inside the UPR a card generates
short voltage pulses that are sent to the ultrasonic trans-
ducers. The sensors converted this voltage to a mechan-
ical displacement due to the piezoelectric effect and
therefore propagate an ultrasonic wave through the
cylinder liner. The ultrasonic wave is reflected from
either the liner internal surface or the piston ring and is
detected by the same sensor. The sensor converts the
signal back into a voltage, which was then digitised in
the UPR and shown in real-time as a time-domain

Liner — Thrust side Piston

Sl mm

81 mm

116 mm

|

(a) (b)

— 100 mm

A\

—
-

e
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r

JEs
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Figure 3. (a) Schematic of the transducer layout and (b) a photograph of the instrumented component.
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b

Sensor wiring |

Figure 4. Photographs of the instrumented liner being installed
into the engine. (a) cylinder liner inserted with sensors on the
neutral side. (b) final liner positioning with the sensors on the
thrust side.

reflection of the ultrasonic wave. Two ultrasonic pulse
rates were used during the testing regime, a lower pulse
rate when data were captured on all sensors at once
(10kHz) and a higher pulse rate when data were cap-
tured on a single sensor (80 kHz).

Lubricant details

The engine was lubricated with a standard 15W/40 formu-
lated engine oil. According to equation (6), the speed of
sound in the oil and the density are required for the deter-
mination of oil film thickness from an ultrasonic reflection.
The acoustic velocity of this oil has previously been mea-
sured experimentally using the time of flight of an ultraso-
nic pulse through a sample of oil in a vessel of known path
length. This experiment was conducted at a range of tem-
peratures in a thermostatically controlled oven. The speed
varied approximately linearly with temperature; a curve fit
was applied to the data as given in Table 2. The lubricant
density was also provided by the supplier (see Table 2).
Only the lubricant density and speed of sound are consid-
ered here as other factors such as lubricant viscosity are
not required for oil film thickness calculation based upon
the Spring Model as shown in equation (6).

Table 2. Lubricant properties used in oil film thickness
calculation (speed of sound variation with temperature and
density).

Oil Density Speed of Reference
(kg/m?) sound (m/s)
I5W/40 890 —3.238T(° C) + 1519 Mills®!

Test matrix

Table 3 shows the range of tests conducted during the
testing programme with data captured at each speed
and load combination. For each engine configuration,
the engine was left to reach steady-state operation and
then a high-speed data capture was performed lasting
2s. The crank angle (CA) was also captured using a
shaft encoder mounted on the crankshaft. In addition
to steady-state testing, data was recorded for each start-
up and shut-down of the engine, these recordings typi-
cally lasting for 10s. At the engine speeds shown in
Table 3, an ultrasonic pulse rate of 10 kHz equated to
one data capture per 0.6 CA at 1000 rpm and one cap-
ture per 0.9 CA at 1500 rpm. Whilst the single sensor
captures reduced the data capture interval by a factor
of 8.

Signal processing

A typical reflection pulse is termed an A-scan and an
example is shown in Figure 6. The sound pulse initiated
from the ultrasonic transducer propagates back and
forth inside the liner until the energy has dissipated
therefore several reflections are seen. The four reflec-
tions are annotated in Figure 6. For the data record-
ings the first reflection was studied, therefore only the
time window relating to this pulse was recorded (see
Figure 7(a)).

! Inside UPR

Wave generation ==

LabView programme

Engine block Liner

Sensor 1

Sensor 2

1 Sensor 3

Oscilloscope -

— 5

Sensor 4

Sensor 5

Sensor 6

<<

Encoder Output

Figure 5. Schematic diagram of sensor layout, DAQ and signal processing equipment.
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Table 3. Matrix of tests performed.

Test type Test conditions Units
Speed variation 1000, 1100, 1300, 1500 rpm
Load variation 0, 343, 765, 1630 Nm

Start-up tests
Shut-down tests

Test performed at each speed and load combination
Test performed at each speed and load combination

Sensor
n\
\ Piston
210" 4
<alff| 1 First
%l 1 L @ . reflection
EI T r L
=1 (1 e
E: : Piston
I ring
I Fourth
% ‘ . . s ! . . : reflection
ol 1 2l 3 4 5 6 7 8 lo
Initial First Time (us) Fourth
pulse reflection reflection

Figure 6. Typical A-scan of the reflected signal. Four reflections from the internal surface of an engine liner are shown. Note in the
sketch the four reflections occur at the same location, yet the reflections are displayed down the liner for visualisation purposes.
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Figure 7. (a) Reference and ring aligned ultrasonic reflection, (b) reference and ring aligned FFT, (c) reflection coefficient with
respect to frequency and (d) oil film thickness with respect to frequency.

The typical data processing steps applied to the first
reflection to obtain the oil film thickness are shown in
Figure 7. In this example, there is a reflection from
when a piston ring was aligned with the sensor and a
reflection where the piston is close to the bottom dead
centre (BDC) and so remote from the sensor location
which is used as a reference reflection.*®*!

The time-domain response is shown in Figure 7(a)
for a reference reflection and a reflection from an
aligned piston ring. The fast Fourier transform (FFT)
of these reflections is shown in Figure 7(b). It can be
seen in both plots that the alignment of the piston ring
reduces the amplitude of the reflection in the time and
frequency domains, this is due to a portion of the wave
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Figure 8. Reflection coefficient plotted as the ring pack passes
over Sensor | during a compression stroke for an unloaded test
case at 1500 rpm.

energy being transferred to the piston ring. The reflec-
tion coefficient (the amplitude of the measurement sig-
nal divided by the reference signal according to
equation (1)) is calculated over the full frequency range
as shown in Figure 7(c). The usable range of reflection
coefficient is approximately 50% decibels (dB) of the
FFT bandwidth (4-7 MHz in this case). The lubricant
film thickness is then calculated (Figure 7(d)) from the
reflection coefficient using equation (6). The lubricant
film thickness is frequency independent so, within the
bandwidth of the transducer, this should appear as a
flat line. Figure 7(d) shows that this is indeed the case
and so indicates the validity of the spring model equa-
tion (6).

In previous works that have applied this data pro-
cessing route*'*>> there have been significant peaks at
the shoulders of the ring passage (see the reduced
impact of this in Figure 8 termed the ‘fringe effect’),
these are anomalous (reflection coefficients greater than
one are unexpected). This feature is caused by the finite
size of the sensor; the beam emitted from the sensor is
of similar size to the ring so that some parts of the
beam will strike the ring at different times. When these
reflect back there is some interference between the dif-
ferent parts of the signal and regions of constructive
and destructive interference occur (this has been previ-
ously discussed extensively’>>?). To reduce the impact
of the time-delayed reflections from differing sections
of the ring outside the alignment of the sensor, a novel
data processing method was used to define the reflec-
tion coefficient (the peak of the Hilbert envelope rela-
tive to the peak of the reference envelope, see Figure
7(a)).

In the data captures, reflected pulses were recorded
continuously for 2s, therefore the four-stroke engine
experienced multiple compression and exhaust cycles
(0°=720° CA) in each capture. Figure 8 shows the reflec-
tion coefficient over Sensor 1 during a compression
stroke (270°-360° CA) in which the data is averaged
from the multiple cycles covered in a data capture. The
regions where all three piston rings and the piston skirt
are aligned with this sensor have been highlighted.

Figure 9. Oil film thickness, plotted as the ring pack passes
over Sensor | during a compression stroke for an unloaded test
case at 1500 rpm.

When the piston is remote from the sensor, the
reflection coefficient is unity (R = 1) as gaseous med-
iums are unable to propagate ultrasonic waves.
Whereas when a piston ring passes the sensor there is a
dip in reflection coefficient (R = 0.8, for the First
Ring) as a portion of the sound wave propagates
through the oil film into the piston ring and therefore
less of the wave is reflected.

The compression stroke is an upward stroke of the
piston, therefore the first ring to pass the sensor is the
compression ring (First Ring) followed by the scraper
ring (Second Ring). Next, the oil control ring (Third
Ring) as this ring has two rails each rail passage is
detected. Lastly, the skirt of the piston moves over the
sensor over an extended CA range leading to a pro-
longed reduction in reflection coefficient. This dip in R
reduces throughout the stroke suggesting tilting of the
piston as it moves up the liner, with a lower value of
reflection coefficient indicating a thinner lubricant film
so the lower portion of the skirt is in closer proximity
to the liner.

The reflection coefficient data is converted into oil film
thickness (OFT) using equation (6). The materials of the
ring and liner are steel and cast iron respectively, whilst
the piston is made from aluminium. The speed of sound
and density are defined from the equations in Table 2.
The resulting oil film thickness variation over the com-
pression stroke of Sensor 1 is shown in Figure 9.

The oil film thickness of the three rings and piston
skirt can clearly be seen. In this example, the oil film is
thinnest for the first compression ring (~2 wm) and gets
progressively thicker for the scraper ring, oil control
ring (~2.5um) and is thickest for the skirt (4-9 um).
The compression ring is expected to have the thinnest
film in this stroke as this ring can be considered as a
buffer between the higher pressure of the combustion
chamber and the lower pressure of the crankcase. The
ring is expected to be located at the bottom of the ring
groove at this point in the stroke, therefore, enabling
gases in the combustion chamber behind the ring lead-
ing to the ring to conform more to the liner, producing
a thinner lubricant film. The thickest film, over the
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Figure 10. Oil film thickness determined from reflection
coefficient measurements from Sensor | (top) to 6 (bottom) over
two full revolutions of the crank covering intake, power, compression
and exhaust cycles from an unloaded test case at 1500 rpm.

piston skirt, shows a progressive thinning of the film as
the piston moves up the liner, this suggests tilting of the
piston with the lower edge of the skirt being in closer
proximity to the liner. This trend is clear from 330° to
350° CA until a sudden increase in the OFT as the pis-
ton is nearing its TDC position, as the tilting of the pis-
ton may be reversed here.

In the regions where the rings/skirt is remote from
the sensor (R=1), or in any anomalous or noisy
regions (R > 1) the oil film thickness is under-defined
(see equation (6)). In these regions the model is not
applied as the Quasi-Static Spring model is only appli-
cable for a solid-oil-solid system.

The anticipated piston ring alignment region for
each ring is considerably greater than the OFT mea-
surements indicate. This may be due to the averaging
effect of the ultrasonic transducers, as the extremities
of these alignment regions cover the instant that a ring
starts to move over the sensor. In these cases (minor
alignment, major misalignment), the averaging effect of
ultrasonic sensors will have led to significant over pre-
dictions of the OFT to the extent that the calculated
film is not within the range shown in Figure 9. The sen-
sors in this work were 1.3 mm wide, with the rings typi-
cally 3.5mm thick, therefore the work will have an
improved spatial resolution relative to previous auto-
motive ultrasonic based piston ring work reducing the
impact of the averaging effect when the ring and sensor
are largely aligned. Although this effect still evidently
has an impact on the OFT measurements on the edges
of the alignment regions.

Measurements of reflection coefficient were recorded
from all sensors for full engine cycles (four strokes over
0°-720° CA) for each of the tests in the Table 3. Results
were processed in the same way to provide oil film
thickness.

Results

Steady-state operation

The average OFT from multiple engine cycles during
steady-state operation over each sensor is shown in
Figure 10 for each stroke of the engine. The regions
corresponding with the intake, compression, power and
exhaust parts of the cycle are indicated on the plot.

In each plot, four sequences of oil film readings can
be seen as the ring pack passes over the sensor location
for each of the strokes. Sensor 1 is located closest to
TDC so the time between the ring passage during com-
pression and power is shortest. Whilst for Sensor 6 the
time between compression and power is longest. Reading
the plots from left to right, as the engine rotates also indi-
cates whether the piston is in an up- or down-stroke as in
an up-stroke the first ring to move over the sensing
region is the first compression ring, whilst in a down-
stroke, it is the oil control ring/piston skirt.

Observation of all sensors indicates the extent to
which the cylinder pressure is affecting the first com-
pression ring. For Sensor 1, the sensor closest to TDC,
the first compression ring typically produces a thinner
OFT than the oil control ring. Whilst for Sensor 6, the
sensor closest to BDC, each piston ring produces a
near-identical lubricant film thickness when the pres-
sure in each stroke is negligible.

Interestingly, the piston skirt is only measured over a
sensor in the compression stroke and for Sensors 1 and
2 and thus the skirt OFT is outside of the measurement
range for the other sensors/strokes. This suggests a
number of findings; piston secondary motion is not dis-
cernible close to BDC, as the sensors are on the thrust
side any tilting in the early stages of the power stroke is
towards the anti-thrust side and during the other up-
stroke (exhaust stroke) there is no tilting like that dur-
ing the compression stroke.

Effect of speed on oil film thickness

The minimum oil film thickness (MOFT) has been
extracted by isolating the minimum values each ring
experienced in each stroke for every engine revolution
recorded over the 2s time interval. These values have
been used to define the average MOFT and a standard
deviation. The MOFT for the compression ring over
each sensor is plotted at each engine speed in the four
strokes in Figure 11.

The first point to note is that there is not a great
deal of difference between the minimum film thick-
nesses in either location or with engine speed. For the
First Ring at all locations, the minimum oil film
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Figure 12. Measured MOFT for the Ring | (compression ring) in different engine strokes from an unloaded test case: (a) Sensor 4

and (b) Sensor 6.

thickness does not vary greatly and varies between 1
and 3 wm with the maximum standard deviation being
+0.8 wm. In all cases, this is thick enough to maintain
full film lubrication.

There is a general trend for thicker oil films to
form at higher engine speeds (1000 rpm:~1pum vs
1500 rpm:~2 pm); hydrodynamic action causes
greater fluid entrainment and film formation; this is
true for all six sensor locations. Although this is
counteracted by greater heat generation at higher
speeds, therefore the lubricant viscosity reduces,
reducing the film thickness. The standard deviation is
generally greatest for 1500 rpm engine speed, this may
be occurring due to the engine having not achieved
steady-state operation at this speed, or as 1500 rpm is

the maximum speed of the engine this may have
therefore caused excessive vibration.

The oil film appears to be very slightly thicker
down the engine liner, seen clearest in the intake
stroke. Sensor 1 typically gave MOFT values of 1 um
whilst for Sensor 6 it was 2 wm. The cylinder pressure
will have been a significant contributing factor to
this, with the compression ring exposed to greater
pressures whilst it is aligned with a transducer further
up the liner.

Speed effect for each stroke

A closer inspection of the MOFT for the compression
ring over Sensors 4 and 6 is shown in Figure 12 to
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(b) compression, (c) power and (d) exhaust.

provide a comparison of the MOFT in each stroke at
each engine speed.

Figure 12 shows the peculiar trend that Sensor 4
consistently led to a marginally thicker lubricant film
during the compression and exhaust strokes whilst for
Sensor 6, a marginally thicker OFT is generally present
in the intake and power strokes. The compression ring
experiences complex motion through each engine stroke
and as the sixth sensor is significantly closer to the
BDC than Sensor 4, this may have caused the opposing
trends as the piston ring motion and thus OFT may
have varied by the last sensor. In general, at mid-stroke
an upward stroke is expected to produce a thicker film,
as during an up-stroke the first ring is the first to pass
the sensing region therefore they may be a bow wave of
oil, or an excessive quantity of lubricant left on the
liner. Alternatively, on a downward stroke, the com-
pression ring is the final ring over this sensing area post
the oil control ring that will have directed excess oil into
the crankcase. These factors indicate the trend like
those seen for Sensor 4, therefore the cause of these
trends for Sensor 6 requires further study.

This stroke-wise view of the MOFT provides a
clearer observation that a greater engine speed leads to
a marginally thicker MOFT in each engine stroke and
1500 rpm consistently shows a greater cyclic variation
in lubricant film thickness.

Effect of load on oil film thickness

The engine testing covered a range of engine loading
levels at four engine speeds, the MOFT for the com-
pression ring in each stroke at each loading level is
shown in Figure 13 for Sensor 6.

The engine loading comparison in Figure 13 shows
in each engine stroke zero loading led to a thicker lubri-
cant film (1.75-3 wm), in some cases such as the exhaust
stroke at 1500 rpm the MOFT was double the thickness
at no loading compared to a loaded value. Whilst the
trend of MOFT as loading continues to increase is less
clear for the loaded test cases than the unloaded, with
the general trend of full load (1630 Nm) typically hav-
ing a greater MOFT than that from low load (343 Nm)
although the increase is a fraction of a micron.

A contrast of the MOFT in each stroke at the four
engine loading levels is shown in Figure 14 for two
engine speeds, 1100 rpm and 1500 rpm.

It is clear again that the zero loading test cases pro-
duced a greater MOFT than at any loading level with
the film thickness halving from an increase from 0 Nm
to 343Nm loading at 1500rpm. Although further
increasing of the engine loading has a marginal effect
on the MOFT with a slight increase with greater load-
ing. The unloaded MOFT in each stroke of Sensor 6,
Figure 12 showed the down-stroke to have a marginally
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thicker film, this trend is not maintained with increased
engine loading. For testing at 1100 rpm no discernible
trend is definable between the loading levels, versus at
1500 rpm during the intake stroke a thicker film was
produced with only minor differences between the
other strokes.

Steady-state residual oil film thickness

The resonant dip calculation as shown in equation (2)
can be applied to measure lubricant film thickness that
is outside of the applicable range for the Spring Model.
When the thickness of the lubricant matches the reso-
nant frequency of the transducer, the lubricant layer
resonates, which is visualised as an amplitude dip in the
frequency domain. A spectrogram for the four strokes
is shown in Figure 15 for a 343 Nm loading test case at
1100 rpm. The spectrogram has been limited to
0.9 < R < 1.1 for visualisation purposes, the black
dashed boxes highlight the ring pack in each stroke.
Whilst the red and yellow boxes emphasise the resonant

bands when the skirt is above the sensor versus being
aligned with the sensor, which are indicative of a resi-
dual oil film.

The spectrogram in Figure 15 shows a complex pat-
tern over the 720° CA range, however, the ring pack is
visible in each piston stroke via a series of drops in the
reflection coefficient. There are also frequency varying
resonant dips around the TDC of the piston (360°,
720° CA) whilst there is no equivalent at the BDC
(180°, 540° CA). Furthermore, the resonant bands dif-
fer at each TDC, the combustion TDC shows a varying
frequency band whilst the intake/exhaust TDC shows
consistent bands over a shorter CA range. A closer
inspection of the spectrogram from a ring pack and the
pattern covering the combustion TDC from Figure 15
are highlighted in Figure 16.

The frequency independence of the reflection coeffi-
cient over the sensor bandwidth is visible in Figure
16(a) by a consistent reduction over the frequency
range. In addition, the minor fringe effects seen in
Figure 8 is also present, indicated via the red band on
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either side of the ring. The first, second and upper rail
of the control ring are visible while the lower rail is
only present to a lesser extend (light blue) showing a
smaller drop in reflection coefficient.

The resonant bands highlighted in Figure 16(b)
shows that as the piston skirt was aligned with the sen-
sor (up to 324° CA in Figure 16(b)) no bands are pres-
ent and therefore no residual oil film was measurable
by the resonant dip technique. Whilst at 324° CA,
when the skirt moved above the sensor, exposing that
portion of the liner to the oil spray in the crankcase fre-
quency varying resonant bands are immediately shown,
indicative of a residual oil film of varying thickness.
The thickness of the residual oil film has been calcu-
lated using equation (2) and these film thicknesses are
shown in Table 4 for a series of CA steps. This shows
immediately following the skirt moving above the sen-
sor a residual film of 440 pm was seen, which dissipated
to 350 pm by the TDC of the piston. The residual film
then remained present as the skirt moved back over the
sensor on the downward stroke of the piston until the
oil control ring moved over the sensor, directing excess
oil from the liner down into the crankcase.

Table 4. Residual OFT variation with CA from a loaded test
case at 343 Nm, 1100 rpm.

Crank angle (°aTDC) Residual OFT (um)

325 440
335 360
345 350
355 360
365 350

Film thickness during start-up and shut-down

The engine was shut off between each set of steady-
state testing, this enabled start-up and shut-down ultra-
sonic testing for each speed and load combination. The
MOFT was extracted for the compression ring as
covered in the previous sections. Figure 17 shows
the MOFT during engine start-up (a) and shut-down
(b) for the four different engine strokes with the addi-
tion of the engine rotational speed. Note, in the start-up
tests the data recording began at time zero and there-
fore there may be a time delay before the first time a
piston ring was recorded.
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Figure 19. MOFT for the first compression ring at constant loading for a range of engine speeds during the intake stroke:

(2) start-up and (b) shut-down.

The start-up test case in Figure 17 reveals that it
took 2s between the first detected ring passage and a
consistent MOFT being achieved whilst a consistent
engine speed was not achieved for a further 1.5s. A
steady build-up of the lubricant film thickness is shown
over this period with the four strokes diverging, leading
to the intake stroke having the thickest film whilst the
thinnest is consistently seen in the power stroke which
is similar to the steady-state MOFT for these condi-
tions in Figure 13. The absolute MOFT recorded in
either the start-up or shut-down was 0.6 um. The liner
used in the YTR engine had a manufactured internal
surface roughness of 3 wm, it is therefore unlikely that
a fully formed oil film was achieved in this stage.

The shut-down of the engine over this sensor pro-
duced a less consistent change in the MOFT in the four
strokes. Even though each stroke, excluding the exhaust
stroke, showed a reduction in the MOFT as the engine
shut down. The variation in the MOFT is more pro-
nounced in the start-up of the engine than shut-down,
this may be due to only minor levels of oil remaining on
the liner before engine start-up then once the oil pump is
engaged a build-up of the MOFT is seen. Whilst for
shut-down the oil pump is already engaged with a greater

level of oil retained on the liner surface, therefore the
MOFT is less sensitive to engine speed providing a cer-
tain threshold is maintained as the engine slows.

The MOFT for the compression ring during start-up
and shut-down in the power stroke is shown in Figure
18 and the intake stroke in Figure 19 for a range of
engine speeds over Sensor 6.

The steady-state testing indicated that a greater
MOFT was achieved at higher engine speeds in
each engine stroke, which is consistent with the engine
start-up in Figure 18, and somewhat consistent in the
shut-down tests in Figures 18 and 19 excluding the
shut-down from 1500rpm. However, the opposing
trend is observed in the start-up test for the intake
stroke in Figure 19. Although these increases were all
minor and the greatest variation was around 0.75 pm.

The variation in the MOFT is significantly clearer
during the intake stroke than the power stroke for both
start-up and shut-down with the absolute MOFT in the
intake stroke being 0.5 pm ranging up to 2 um versus
0.75 pm—1.5 pm in the power stroke. This leads to more
defined trends being shown for the intake stroke with a
clear build-up and reduction in the lubricant film thick-
ness as the operation of the engine changes. This may
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be because the combustion pressure causes more ring
conformity in the power stroke leading to a thinner film
which the compression ring is exposed to for the whole
operation of the engine whilst the ring has relatively
more freedom in the intake stroke to vary with engine
operation.

Conclusions

Ultrasonic reflectometry has been applied to a fired
four-stroke diesel engine, this has been achieved by
machining a small flat on the external surface of the
liner to locate piezoelectric transducers. The sensors
have quantified the lubricant film thickness at a range
of steady-state engine speeds and loading levels as well
as during start-up and shut-down testing. The results
show relatively minor variations in steady-state MOFT
values in the different testing conditions with the gen-
eral trend of an increased engine speed leading to a
greater MOFT and cyclic variation in the MOFT. The
intake stroke was found to commonly produce the
thickest film for both loaded and unloaded testing.
Comparison of the MOFT at different loading levels
has shown the MOFT to significantly reduce as the
engine was first exposed to some loading although
there were only minor changes in the MOFT upon fur-
ther increase of the loading level. Spectrograms have
been used to show the frequency independence of the
piston ring measurement as well as the presence of
resonant frequency bands indicative of a residual oil
film on the liner. These frequency bands were first seen
immediately following the piston skirt moving above
the sensor and showed a residual oil film thickness of
440 pm which dissipated to 350 wm when the oil con-
trol ring next passed.

The ultrasonic testing has been capable of studying
the MOFT whilst the engine turns on and shuts down
showing the build-up and reduction of the lubricant
film as the engine approaches/leaves steady-state opera-
tion. The results largely show similar trends to the
steady-state operation with a greater engine speed typi-
cally producing a greater MOFT and the greatest
MOFT was found in the intake stroke. A greater varia-
tion in the film thickness is observed for the start-up of
the engine than shut-down, this is thought to be due to
minor levels of oil being retained on the liner before
starting the engine, leading to a build-up of the film
thickness once the oil pump is engaged.

Acknowledgements

The authors would like to acknowledge the help and support
of the College of Power and Energy Engineering at Harbin
Engineering University and Peak to Peak Ltd for access to
equipment, test facilities and researcher time.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: The authors would like to acknowledge the financial
support of the following contributors: Engineering and
Physical Sciences Research Council for part funding this
research through Rob Dwyer-Joyce’s fellowship on Tribo-
Acoustic  Sensors (EP/N016483/1); Centre for Doctoral
Training in Integrated Tribology (EP/L01629X/1).

ORCID iDs

Jack Rooke (°) https://orcid.org/0000-0003-0720-7891

Robert S Dwyer-Joyce https://orcid.org/0000-0001-8481-
2708

References

1. Environmental Protection Agency. Cleaner trucks initia-
tive, https://www.epa.gov/regulations-emissions-vehicles-
and-engines/cleaner-trucks-initiative (2021, accessed 2
June 2021).

2. European Union. Implementing and Amending Regula-
tion (EC) No 595/2009 of the European Parliament and
of the Council with respect to emissions from heavy duty
vehicles (Euro VI) and amending annexes I and III to
Directive 2007/46/EC of the European Parliament and of
the Council. Off J Eur Union 2011; 1-168.

3. Ipsos Mori. Consumer attitudes to low and zero-emission
cars - Poll, https://www.transportenvironment.org/discov
er/consumer-attitudes-low-and-zero-emission-cars-poll/
(2018, accessed 2 June 2021).

4. Taylor RI. Heavy duty diesel engine fuel economy: lubri-
cant sensitivities. SAE paper 2000-01-2056, 2000. DOI:
10.4271/2000-01-2056.

5. Richardson DE. Review of power cylinder friction for
diesel engines. J Eng Gas Turbine Power 2000; 122:
506-519.

6. Andersson BS. Paper XVIII (iii) company perspectives in
vehicle tribology — Volvo. Veh Tribol 1991; 18: 503-506.

7. Zhang Z, Liu J and Xie Y. Design approach for optimi-
zation of a piston ring profile considering mixed lubrica-
tion. Friction 2016; 4: 335-346.

8. Menacer B and Bouchetara M. The compression ring
profile influence on hydrodynamic performance of the
lubricant in diesel engine. Adv Mech Eng 2020; 12: 1-13.
DOI: 10.1177/1687814020930845.

9. Dowson D. Piston assemblies: background and lubrica-
tion analysis. Tribol Ser C 1993; 26: 213-240.

10. Priest M and Taylor CM. Automobile engine tribology —
approaching the surface. Wear 2000; 241: 193-203.

11. Ting LL. A review of present information on piston ring
tribology. SAE paper 852355, 1985. DOI: 10.4271/
852355.

12. Furuhama S. A dynamic theory of piston-ring lubrication:
2nd report, experiment. Bull JSME 1960; 3: 291-297.

13. Tian T. Modeling the performance of the piston ring-pack.
Cambridge, MA: Massachusetts Institute of Technology,
1997.

14. Akalin O and Newaz GM. Piston ring-cylinder bore fric-
tion modeling in mixed lubrication regime: part [—analy-
tical results. J Tribol 2001; 123: 211-218.

15. Delprete C and Razavykia A. Piston dynamics, lubrica-
tion and tribological performance evaluation: a review.
Int J Engine Res 2020; 21(5): 725-741.


https://orcid.org/0000-0003-0720-7891
https://orcid.org/0000-0001-8481-2708
https://orcid.org/0000-0001-8481-2708
https://www.epa.gov/regulations-emissions-vehicles-and-engines/cleaner-trucks-initiative
https://www.epa.gov/regulations-emissions-vehicles-and-engines/cleaner-trucks-initiative

Rooke et al.

15

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Delprete C and Razavykia A. Piston ring—liner lubrica-
tion and tribological performance evaluation: a review.
2018;232: 193-209.

Kapsiz M, Durat M and Ficici F. Friction and wear stud-
ies between cylinder liner and piston ring pair using Tagu-
chi design method. Adv Eng Softw 2011; 42: 595-603.
Tian T. Dynamic behaviours of piston rings and their
practical impact. Part 1: ring flutter and ring collapse and
their effects on gas flow and oil transport. Proc IMechE,
Part J: J Engineering Tribology 2002; 216: 209-228.

. Turnbull R, Dolatabadi N, Rahmani R and Rahnejat H.

An assessment of gas power leakage and frictional losses
from the top compression ring of internal combustion
engines. Tribol Int 2020; 142: 105991.

Soderfjall M, Almqvist A and Larsson R. Component
test for simulation of piston ring — cylinder liner friction
at realistic speeds. Tribol Int 2016; 104: 57-63.

Soderfjédll M (ed.). Friction in piston ring — cylinder liner
contacts. Lulea University of Technology, http://www.
diva-portal.org/smash/get/diva2:1076831/FULLTEXTOI.
pdf (2017, accessed 27 May 2021).

Mishra PC. A review of piston compression ring tribol-
ogy. Tribol Ind 2014; 36: 269-280.

Avan EY, Mills R and Dwyer-Joyce R. Frictional char-
acteristics of ultrasonically measured lubricant films in a
simulated piston ring liner contact. SAE paper 2011-01-
1400, 2011. DOI: 10.4271/2011-01-1400.

Ma Y, Li S, Jin Y, Wang Y and Tung SC. Impacts of
friction-modified fully formulated engine oils on tribolo-
gical performance of nitrided piston rings sliding against
cast iron cylinder bores. Tribol Trans 2004; 47: 421-429.
Notay RS, Priest M and Fox MF. The influence of lubri-
cant degradation on measured piston ring film thickness
in a fired gasoline reciprocating engine. Tribol Int 2019;
129: 112-123.

Seki T, Nakayama K, Yamada T, et al. A study on varia-
tion in oil film thickness of a piston ring package: varia-
tion of oil film thickness in piston sliding direction. JSAE
Rev 2000; 21: 315-320.

Takiguchi M, Nakayama K, Furuhama S, et al. Variation
of piston ring oil film thickness in an internal combustion
engine — comparison between thrust and anti-thrust sides.
SAE technical paper 980563, 1998. DOI: 10.4271/980563.
Baba Y, Suzuki H, Sakai Y, et al. PIV/LIF measurements
of oil film behavior on the piston in I.C. engine. SAE
technical paper 2007-24-0001, 2007. DOI: 10.4271/2007-
24-0001.

Takiguchi M, Sasaki R and Takahashi I. Oil film thick-
ness measurement and analysis of a three ring pack in an
operating diesel engine. SAE technical paper 2000-01-
1787, 2000.

Dhar A, Agarwal AK and Saxen V. Measurement of
lubricating oil film thickness between piston ring-liner
interface in an engine simulator. SAE technical paper
2008-28-0071, 2008, pp.494-499.

Dhar A, Agarwal AK and Saxena V. Measurement of
dynamic lubricating oil film thickness between piston ring
and liner in a motored engine. Sens Actuators A Phys
2009; 149: 7-15.

Garcia-Atance Fatjo G, Smith EH and Sherrington I.
Mapping lubricating film thickness, film extent and ring

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

twist for the compression-ring in a firing internal com-
bustion engine. Tribol Int 2014; 70: 112-118.
Garcia-Atance Fatjo G, Smith EH and Sherrington I. Pis-
ton-ring film thickness: theory and experiment compared.
Proc IMechE, Part J: J Engineering Tribology 2018; 232:
550-567.

Sochting SJ and Sherrington 1. The effect of load and
viscosity on the minimum operating oil film thickness of
piston-rings in internal combustion engines. Proc IMechE,
Part J: J Engineering Tribology 2009; 223: 383-391.

Mills R, Avan EY and Dwyer-Joyce RS. Measuring
lubricant films at the piston-cylinder contact: an overview
of current technologies with focus on ultrasound. SAE
technical paper 2013-01-0294, 2013. DOI: 10.4271/2013-
01-0294.

Mills R, Vail J and Dwyer-Joyce R. Ultrasound for the
non-invasive measurement of internal combustion engine
piston ring oil films. Proc IMechE, Part J: J Engineering
Tribology 2015; 229: 207-215.

Mills R and Dwyer-Joyce R. Ultrasound for the non-
invasive measurement of IC engine piston skirt lubricant
films. Proc IMechE, Part J: J Engineering Tribology
2014; 228: 1330-1340.

Stark M and Mittler R. Optimization of tribodynamic
effects to improve the reduction potential of particulate
matter concentrations in the exhaust gas of large two
stroke marine diesel engines. SAE Int J Fuel Lubricants
2014; 7: 965-978.

Dwyer-Joyce RS, Green DA, Harper P, et al. The mea-
surement of liner — piston skirt oil film thickness by an
ultrasonic means. SAE technical paper 2006-01-0648,
2006. DOI: 10.4271/2006-01-0648.

Takeuchi A. Investigation on lubrication condition of
piston pin in real engine block with ultrasonic technique.
Lubrication Sci 2011; 23: 331-346.

Rooke J, Li X, Brunskill H, Stark M and Dwyer-Joyce
R. Comparison of ring-liner oil film thickness resulting
from different injector designs in a diesel marine engine
using an ultrasound measurement method. SAE Int J
Engines 2021; 14: 885-908. DOI: 10.4271/03-14-06-0053.
Schoenberg M. Elastic wave behavior across linear slip
interfaces. J Acoust Soc Am 1980; 68: 1516-1521.
Dwyer-Joyce RS, Drinkwater BW and Donohoe CJ. The
measurement of lubricant—film thickness using ultra-
sound. Proc R Soc Lond Ser A: Math Phys Eng Sci 2003;
459: 957-976.

Takeuchi A. Observation of lubrication conditions using an
ultrasonic technique. Lubrication Sci 2009; 21: 397-413.
Reddyhoff T, Kasolang S, Dwyer-Joyce RS and Drink-
water BW. The phase shift of an ultrasonic pulse at an oil
layer and determination of film thickness. Proc IMechE,
Part J: J Engineering Tribology 2005; 219: 387—400.

Dou P, Wu T and Luo Z. Wide range measurement of
lubricant film thickness based on ultrasonic reflection
coefficient phase spectrum. J Tribol 2019; 141: 1-15.
DOI: 10.1115/1.4041511.

Kaeseler RL and Johansen P. Adaptive ultrasound reflec-
tometry for lubrication film thickness measurements.
Meas Sci Technol 2020; 31: 025108.

Yu M, Shen L, Mutasa T, Dou P, Wu T and Reddyhoff
T. Exact analytical solution to ultrasonic interfacial


http://www.diva-portal.org/smash/get/diva2:1076831/FULLTEXT01.pdf
http://www.diva-portal.org/smash/get/diva2:1076831/FULLTEXT01.pdf
http://www.diva-portal.org/smash/get/diva2:1076831/FULLTEXT01.pdf

International | of Engine Research 00(0)

49.

50.

reflection enabling optimal oil film thickness measure-
ment. Tribol Int 2020; 151: 1-10. DOI: 10.1016/
j-triboint.2020.106522.

Zhang K, Meng Q, Geng T and Wang N. Ultrasonic
measurement of lubricant film thickness in sliding
bearings with overlapped echoes. Tribol Int 2015; 88:
89-94.

Beamish S, Li X, Brunskill H, Hunter A and Dwyer-
Joyce R. Circumferential film thickness measurement in
journal bearings via the ultrasonic technique. Tribol Int
2020; 148: 1-11. DOI: 10.1016/j.triboint.2020.106295.

51.

52.

53.

Mills R. Ultrasonic measurement of lubricant films gener-
ated at the piston-cylinder interface of internal combustion
engines. Sheffield: University of Sheffield, 2012.

Howard T. Development of a novel bearing concept for
improved wind turbine gearbox reliability. Sheffield: Uni-
versity of Sheffield, 2016.

Hunter A. Ultrasonic measurements of the strip thickness,
lubricant film thickness, roll deflection and roll stress in the
roll bite in the cold rolling of steel. Sheffield: University of
Sheffield, http://etheses.whiterose.ac.uk/22009/ (2018,
accessed 3 November 2020).


http://etheses.whiterose.ac.uk/22009/

