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ABSTRACT

The oil film that forms between piston rings and cylindeels is an essential parameter which influences parastcahd emission
rates in an internal combustion (IC) engine. Several methods have been usedst thrakly thin oil films in the past, hever, all
these methods have required invasive aceegetcontact area via a window or a surface mounted sertber éylinder wall or liner.
This paper introduces a novel approach for the imaging of the piatpr eylinder contact, noimvasively.

A straight beam ultrasonic contact transducer wasledup the weside of the cylinder wall of a motored diesel engine. Uinas
waves were propagated through the cylinder wall and reflections from thinengontact were recorded as the piston rings passed
over the sensing area. The proportion ofiirasonic pulse that is reflected from the laj@gwn as reflection coefficient, varies with

the stiffness of the layer and the acoustic properties of the matchiegiats and lubricant. The transducer has successfully detected
the rings and the reflection coefficient has been generated using thdeckoeflection from the contact. Future evaluation of the oil
film thickness (OFT) at the ring contact has been proposed waiious ultrasonic transducers.

INTRODUCTION

Power loss in the rininer contact is one of the most critical issues in an internal combustion engiéngffeperation and
efficiency. The formation of an oil film in this contact is @ssential parameter fanalyzingoil availability and its distribution over
the contact aredroper control of the film allows; a decrease iel fand oil consumption, reduction in ring and limexar, increase in
engine power output and a reduction in harmful exhaust emission.

Several methods have been applied to enablelirieg film thickness measurements. Capacitance-4]1and laser induced
fluorescence (LIF) techniques-[§ have successfully been applied for piston ring lubrication. Mewd®oth of these methods require
the need to penetrate the cylinder wall or liner in order to accessiston ringwall contact area. Table 1 shows OFT range and
methods in selected literature.

Table 1- Measured ring film thicknesesin literature.
(Eddy C.: Eddy Current, Cap: Capacitance, F:Fired, M:Moted)* Approximate range deduced from the graphs

Ref _ OFT Engine
. | Method | Engine | range Speed
Num.
(Lm) (rpm)
[10] | Eddy C. F 1.0-19 900
[6] LIF F 0.4-4.0 | 1506-2000
[7] LIF F 1.0-45 1000
[8] LIF F 0.6-3.5 2000
[9] LIF M *5.0-18 | 3001200
[1] Cap. F 1.0-10 | 100061900
[2] Cap. F 4.0-23 2000
[4] Cap. M 0.2-8.0 | 13001400
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In this paper, we explore the process of imaging the piston rings usiagtedflultrasounénd then show how oil film thickness
measurements can be made using this reflection data. This apprealeles continually passing pulses of ultvaad through the
cylinder wall. When no ring is present, the ultrasonic pulse will be corhplefected, but when there is a ring present, some of the
ultrasound is transmitted through the interface intorthg. This method is nemvasive and does not require penetration of the
cylinder wall. However high speed ultrasound pulsing and datasitiguiis required to capture the passage of the rings.

The proportion of the incident wave amplitude tisaeflected is expressed by the reflection coefficient using,

Ar
R ='* 1
; (1)

where A is the incident wave amplitude addis the reflected wave amplitude. Figure 1 shows five cases; (a) an ideal interface
between two identical materials, (b) an ideal interface betweedissimilar materials, (c) an interface between a soldlan (d) an
interface between dissimilar materials with an intermediate layer, (e) amagtdrétween a solid and air, with a thin layer of oil on
the surface.

(d)
Figure 1. Reflections from ideal interface configuriains

For case (a) the incident wave is completely transmitted to éiehing material and R=0, if the matching materials are different
which is depicted in case (b), then the proportion thatlisatefl from the interface is given by;

4H-72
2 +2,

R= @)

where,z, is the acoustic impedance of the interface materials andlthergpts denote the position of the materials eiglide of the
interface. It is difficult measure the incidentrsad, but if the matching material is air, casefedst of the incident wee is reflected
due to a high acoustic mismatch between the méeHance, in practice, the incident signal can be recorded tsgreflection.
However, if the incident wave strikes a layer rather thamtanface, case (d), then the wave is reflected back fromdahednd back
face of the layer. If the layer i®ry thin then the two reflections are close togefhibis situation can be modeled by using a quasi
static spring model. Tattersall]] demonstrated that the reflection coefficient for a thin l&yelefined by,

(zy + ) +iw! K(z12,)

®)

where,w, isthe angular frequency of the ultrasonic wa2e ) and,K, is the stiffness of the interfacial lay&or the same reason as
described in case (c), the incident signal for the layer caadoeded using the reflection in case (e).
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TEST APPARATUS
THE MOTORED ENGINE

A Perkins Engine 1100 Series was modified to be driven by an external eleotdc ithe engine’s valve train and head were
removed. The lubricant and water systems were modified to lubricate angistatble cylinder block. There are a number of access
points on the engine to mount the transducer on the outside surface of tdercylalls. The block, made from cast irondha
cylinders with a displacement of 4.4litres, a bore of 105mm and a strd¥wfm. A shaft encoder was conrmeetto the crankshaft

in order to gain a feedback of both engine speed and timing pulse for triggeringsueiter. The oil used in the measueatmwas
15W-40 multi grade oil.

Figure 2. Motored Engine used in the tests

ULTRASOUND INSTRUMENTATION

The ultrasonic equipment consisted of an ultrasonic puseiver (UPR), a 5 MHz straight beam ultrasonic contact transducer, an
oscilloscope and a dedicated PC. A schematic view of the teghagnti and their connections is shown in Figure 3. A LeCii842
oscilloscope was used in this study, which allowed signal voltages to be viewed alliglitiobe digitized before downloading the
data into the PC for signal processing. The scope samples at a bandsidthMHz and the sampling rate is 500 Msample®/sd.

It has 250 kB internal memory capacity.

Computer
i 370 stacked
‘ OSCIllOSCOpe reflections data
UPR v Function Generator

@Timing pulse

Shaft
Encoder

Figure 3. Schematic diagram of the test equipmenislaheir connections
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The 5MHz contact transducer, shown in Figure 4, was coupled to theideedf the cylinder wall using a magnetic clamp. Liquid
couping was applied on the interface between the transducer and outside sfittaeecylinder wall to prevent air going intoeth
interface. This liquid coupling allows transmitting of ultrasound from itiiestducer to the medium due to higher acoustaetnce

and lower attenuation compared with air.
Piston Crown 3
S R

e
r'

e

1

Figure 4. A top view of the engine showing the transadu location

TEST PROCEDURE

The contact transducer was coupled to the-side of the cylinder wall of the motored diesel engine. Tihsonic reflectin
measurements start with a timing pulse from the shaft en¢seeiFigure 3). The timing of this pulse can be adjusted acgdadthe
desired piston position inside the cylinder (e.g. TDC), whictaisely called the triggering point. When the piston is on the triggeri
point, the shaft encoder sends the timing pulse to the function generator, whidctagaatefined number of square waweg.(370
square waves). These square waves are used as an external triggededsathe UPR, which prodes and sends an equivalent
number of short duration high voltage signals to the transducer. A piezentlemide the transducer is excited by thedtage
signals and generates ultrasound waves which propagate through therayliideThe transducepperates in a pulsecho mode,
therefore, it captures the reflections from the cylinder as the pistgs pass over the transducer area. These refleigedis are
amplified and sent through the oscilloscope. The pulseterest (b in Figure 5) is smited for each of the reflected signals. These
selected segments (they constitute a pulse sequence) are digitised eshdbstibre oscilloscope and then the data is doaddd to
the computer.

SIGNAL PROCESSING

Once the data is passed to the computer, the reference signal is createdaling the initial reflections in the pulse sequence
because the triggering system allows a reflected signal to be recorded at aftireghe rings reach the transducer laratHence,
initial reflections in the puks sequence are from the reference interface (case (e) in E)gamd the remainder from the layer (Ang
oil-wall, case(d) in Figurd). A fast Fourier transform (FFT) is performed on both the referencalsigu each reflected signal,
giving the amplitdle variation in the frequency domain. The next step is to calculate the oeflegtfficient, which is obtained by
dividing the FFT of reflected signal by the FFT of referesigaal.

In the experimental stage, the average of the FFT's for the firatsBgin the pulse sequence were used to generate the reference
signal. TDC, BDC and the middle section of the cylinder (MID)ensparately used to specify when the system should ber&iyg

A square wave with 370 cycles was produced by the functioergtr for each shaft encoder timing pulse. The numberctdcwas
determined by the storage limitation of the oscilloscope. To obtain an optimum noidaea points, the scope was set tquie

370 segments of which each contained 500 sample maintpled at 500 MS/s (2 ns/pt). The frequency of the triggering seyaaes

was selected according to the piston speed to ensure thatitheiagtpack was captured.

RESULTS

Figure 5 shows a sample time domain plot of the reflected signal from lthdecywall. The peak (a) is a combination of sensor
initiation and reflection from the westide of the cylinder, while the peak (b) is the reflectiamfrthe inner cylinder wall and is
changing as the piston rings pass over the transducer location.
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Figure 5. Time domain signal showing the reflections frdtre cylinder wall

Figure 6 shows samples of a reference signal and a reflégted captured when an oil film was formed between the pistgnand
wall. As mentioned above, the reference signal was recorded from the refeterfeee. If the FFT is applied to these samples, the
frequency domain pulses, in Figure 7, are obtained. It is seen thamhpitude of the pulse is decreasing when oil forrmegiston
ring.
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Figure 6. Time domain signalshowing the variation of the marked peak (b) the as a pistimg lis passing over the sensing area
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Figure 7. Frequency domain signals showing the variation of timarked peak (b) as an oil film formed between piston ringlan
cylinder wall

Amplitude (Vrms)

The reflection coefficient was produced by dividing the FFT amplitude of fleetex signals by the FFT amplitude of théerence
signal. Figure 8 shows the reflection coefficient when the engine speedd@aprB. The data was captured when the pistas
travelling from TDC to BDC. The three troughs associated wihthinee rings can be seen clearly in the figure. The fosgtr
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corresponds to the passage of oil ring and the second and the third trquglssmnethe passage of second ring and the top ring
respectively.
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Figure 8. Plot of reflection coefficient for an engine speeti840 rpm.

When the piston ring is far from the transducer’s inspection areaflietion coefficient approaches unity because allutrasonic
waves are reflected back from the interface. As the piston rings pasghhiee area, the reflection coefficient becomes less than
unity. However, in the figure, there are small spikes and noise which edbkt be electrical interference or the thin layeribbo

the irside cylinder wall which is inhomogeneous and causes some redinctiflection

Figure 8 shows the data in terms of pulse number. Pulses are triggered by then fgaogrator; total time for pulsing che
calculated from time interval between thegad (i.e. an inverse of pulse frequency) multiplied by the number of pillssst gives
the time sequence. To find out an angular displacement of crankshaft dhisipglsing time, the motor frequency is thenitiplied

by the time sequence. The pistdisplacement can be obtained after basic trigonometric calcslatiovhich required parameters are
only piston rod length, angular displacement and diameter df stwatt.

The ultrasonic reflection measurements were taken from three locatiocis wine close to TDC, BDC and MID of the motored
engine as the piston was moving down for the three engine speeds 600, 720, 84Bigpra.9 shows the minimum reflection
coefficients of the piston ring/all contact at these locations. The reflection coeffits were varying between 0.88 and 0.97. The
smallestR values were measured at close to BDC.
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Figure 9. Graphg(a,b and c)of minimum reflection coefficients for the rings witvarious engine speeds

DISCUSSION
SAMPLING RATE AND DATA CAPTURE

Segment nmnbers, which constitute the pulse sequence, have an effect on the accurbheynmdalsurement because they are
successive the pulse of interest signals in which some of the signals arorefl&om the ring. If more segments for tiiggs are
used, mog accurate data can be obtained. However, each of the signals in the pulse sedligitizedsat a selected sampling rate
and utilizes the internal memory capacity. For exampla,signal with duration of 2 s is digitized at 25 MS/s, itafreed by50
data points while this signal is represented by 500 data points for 280digBizing. The internal memory capacity of teope is
250 kB. This capacity is used to store the data in real time for transndtihg dedicated PC. In the experimeB{&) segmented
signals were digitized at 500 MS/s. An increase in data storage gapiattie system would allow more data points per $gyaad
more segmented signals to be captured.

TEMPERATURE AND SENSOR'S THERMAL SENSIVITY

Certain ultrasonisensors can be used to capture reflections in high temperature applicatioes.JByeg et al. investigated the
skirt-liner film in both motored and fired engine configuration using a paéeactric element]2]. The increase in temperature can
have an effect on the response of the ultrasonic transducer. Howevaniaionpdating of the reference measurement (i.e. cycle by
cycle), was performed by averaging the first five pulses in the pulsersagjuat which time no piston rings were preseahdd the
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reference and measurement signals have been taken at thersperatiere, meaning that every pulse sequence has its onenefe
pulse. This provides automatic response calibration for the transducer

SPATIAL RESOLUTION

The transducer used in the tds#s successfully detected all the rings but its piezo eledi@meter is bigger than the ring width and
Figure 10 schematically shows the effect of thiise ultrasound pulse is emitted over a larger area than the piston ringt.céhis
means that somef the pulse is reflected from the oil film and sofmom the walair boundary (albeit with a thin oil layer present
the surface). The reflected signal is thus a combination of cases (d) and {g)ran E Therefore the reflection coeffioteis a
combination of equations 2 and 3.

Transducer

. Ring
- L
|||

1

s

Figure 10. Reflections from both ring and wadlir boundary captured by the piezo element

To use a transducer with a diameter of at least equal to the ring width cersnwalld be useful. On the other hand, mooevgrful
ultrasonic beam can be focused down to a point, considerably smaller than the ringAridinmersion type transducer has a
capability of such a focusing function. Additionally, &mluce the ring edge effect on measurements, a transducer witteadggtre

of frequency could be chosen, such as 25 MHz or 50 MHz. The usendfdéigiency transducer also provides better signalutiso
over small area; however optimum choice should be made considering the inoredtenuation rate of ultrasoumndth high
frequency.

TOWARDS OIL FILM MEASUREMENT

If the incident ultrasound can be confined to fall entirelytemring surface then equation 3 can be applied. This réfetesflection
coefficient to the stiffness of the interfacial laylér This isthe key to measuring oil film thickness becauss stiffness is related to
the film thickness by the relationship;

B
K=+ (4)

where B, is the bulk modulus and,,is the thickness of the layer. Thus a thin lagefery stiff and would allow most of the sound
wave to be transmitted. Equation (4) can be resvrith terms of the acoustic properties of the layaterial by substitutig, c>=B/p,
wherec is the speed of sound in the layer arid its density. This gives,

K= (5)

This stiffness can be used in the gestatic spring model for identical materials either sid¢hefinterface4 = z) and so equation
(3) becomes:

2 2
e ®
1-[R
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This relatioship gives the layer thickness in terms of reflection coefficient and acpuspierties of the oil and materials eithetesi
of the interface [10].

Reference$12-16] show where this method has been used to quantity oil film thickness. There aat @gyaches to achieving
this for the piston ring case. Firstly, it would be ideal to use a transdowater than the piston ring width. Secondlycusing
transducer could be us¢tb] to direct the beam onto the rings. However this requires a liquid coupling mediongh which to
focus the wave. Thirdly, high frequency piezoelectric filmsld be used. This involves the deposition of a thin layerezioglectric
aluminumnitride film onto the surface. This is then achieved over small region. This approaalsee successfully to measure the
oil film in a rolling element bearinfl6].

Once the reflection coefficiemtasobtainedthe lubricant film thickness couloe calculated bgmploying the spring model equation

(6). The speed of sound in and density of this oil are 1400 m/s ankig8@Drespectively and the acoustic impedance of the piston
ring is 34.44MRayls. Figure 11 shows the oil film thicknesses for piigton ringwall contact with an engine speed of 840 rpm.

ST
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Figure 11. Plot of measured oil film thickness for an engine speed of 840 rpm.
If the minimum reflection coefficients given in Figure ®arsed, minimum oil film thickness is obtained. Howevethet fage
Figure 12, showing “approximate” minimum oil film thickness, is just gias an indication due to the spatial resolutiorblem

mentioned above.

= Top Ring Second Ring = Oil Ring
BDC MID TDC
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Figure 12. “Approximate” minimum oil film thickness in the rings for engine speeds6D0,720 and 840pm.

The range of OFT values, varying from 5 to 10 um, approximately matched tboséh literature, especially for motored iereg
studies (see Table 1). Dhar [4] measured piston ring film thickness in motored esijig a capacitance probe arel ibsults were
ranging from 0.2 to 8 um. Another study using LIF method was cawieby Baba [9]. The results showed that oil film tiieks for
piston ring was varying from 5 to 18 pm.

As shown in Figure 12, the measurements at close BDC hadtdest group of oil film thickness for the rings, ranging from 5.5 pm
to 7.5 pm. The OFT values were increased for MID location where the yetcjgiston was greatest. This is expected from
hydrodynamic theory, the higher entrainment speed the higher the filkmés& however the speed effect on OFT values is not
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strong. At close to TDC where entrainment speed was lower than of the Miiidihodhere were some anomalies occurring & th
second ring OFT values such that OFT was greatest at 600 rpm. e€nttifiddtion of these anomalies is difficult with thistteig
because only piston speed can be controlled. The oil film pressure supplyrthe pressure produced by the inherent rautjaf
force. The circumferential conformability could be differénom BDC to TDC, this could also have an effect on piston rih§lim
thickness values. There is no cooling system on the test rig and therefore the higherlspé to higher oil temperatuihis
reduced viscosity and the load carrying capacity Idilo and so the film thickness is decreased &bize the pressure load.

Density of the oil assumed to be constant for the OFT edilonl however temperature at near measurement area was indreased
15 °C to 40 °C during the tests period. A change of the oil density due to this temepereiement was about 1.82 % so given the
linear dependence on density, an equivalent error would be present in the Q€3 (valghly a difference of 0.12 um). Alao
standard deviation of measured R values @W&939. If the measured reflection coefficient range (from 0.88%@) (has been
considered, the estimated error in the OFT values would be between 1.998&afR and 7.5% for 0.97 oR according to the
equation (6).

CONCLUSION

Several measurementgere taken from near TDC, BDC and at mid stroke of a motored engine. The trarfsasigerccessfully
detected the ring pack and the reflection coefficient has been generadifefent engine speeds. Qil film thickness \edwcan be
obtained from springnodel using the reflection coefficient data if the incident ultrasound can beedndi fall entirely on the ring
surface. The obtained minimum OFT values for the rings were rough due $péti@ resolution problem. Several ideas far th
applicationof the ultrasound technique to piston ring have been given to solve theticespiroblem. The use of higher capacity
internal memory and a more powerful ultrasonic signal would increasestersgensitivity. This study has shown that-morasive
oil film thickness measurements between the piston ring and lifeasible using the ultrasonic approach.
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