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Abstract

:

Online monitoring of the lubrication and friction conditions in internal combustion engines can provide valuable information and thereby enables optimal maintenance actions to be undertaken to ensure safe and efficient operations. Acoustic emission (AE) has attracted significant attention in condition monitoring due to its high sensitivity to light defects on sliding surfaces. However, limited understanding of the AE mechanisms in fluid-lubricated conjunctions, such as piston rings and cylinder liners, confines the development of AE-based lubrication monitoring techniques. Therefore, this study focuses on developing new AE models and effective AE signal process methods in order to achieve accurate online lubrication monitoring. Based on the existing AE model for asperity–asperity collision (AAC), a new model for fluid–asperity shearing (FAS)-induced AE is proposed that will explain AE responses from the tribological conjunction of the piston ring and cylinder. These two AE models can then jointly demonstrate AE responses from the lubrication conjunction of engine ring–liner. In particular, FAS allows the observable AE responses in the middle of engine strokes to be characterised in association with engine speeds and lubricant viscosity. However, these AE components are relatively weak and noisy compared to others, with movements such as valve taring, fuel injection and combustions. To accurately extract these weaker AE’s for lubricant monitoring, an optimised wavelet packet transform (WPT) analysis is applied to the raw AE data from a running engine. This results in four distinctive narrow band indicators to describe the AE amplitude in the middle of an engine power stroke. Experimental evaluation shows the linear increasing trend of AE indicator with engine speeds allows a full separation of two baseline engine lubricants (CD-10W30 and CD-15W40), previously unused over a wide range of speeds. Moreover, the used oil can also be diagnosed by using the nonlinear and unstable behaviours of the indicator at various speeds. This model has demonstrated the high performance of using AE signals processed with the optimised WPT spectrum in monitoring the lubrication conditions between the ring and liner in IC engines.
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1. Introduction


The lubricant plays a vital role in internal combustion engines to reduce the friction of moving parts and prevent abnormal wear. It also dissipates heat from the components and clean particle contamination on the contact surfaces [1]. Especially, it considerably impacts the performance of oil thermal management for the further reduction of friction and emissions [2]. Traditional monitoring of lubricant quality is often based on the laboratory oil samples taken at given time intervals. The sample analysis method has some deficiencies such as sample contaminations, high costs and time-delayed results, which is both inconvenient and unrealistic. An online monitoring technique is imperative to prevent the above deficiencies, a technique that allows timely analysis of the lubrication condition and optimal actions for safe and efficient operations. Many studies and sensor technologies have been developed online monitoring lubrication performance as reviewed in References [1] and [3]. The ultrasound method is an attractive non-intrusive method in condition monitoring without any invasion. Xu et al. [4] reported the simulation investigations and physical model analysis results by using an ultrasonic oil debris sensor to identify the solid debris and air bubbles. Li and Jiang [5] presented theoretical analysis of the ultrasonic sensor to recognise the wear debris in the lubricating oil. In particular, Mills et al. [6] developed an ultrasonic approach to measure the lubricant film thickness formed between the piston and cylinder wall in a fired engine. These achievements demonstrate the possibility to detect the lubrication performance by using the active ultrasound techniques.



Acoustic emission, a passive type of ultrasound, is the rapid release of strain energy generated spontaneously from the materials that undergo deformation or fracture due to external forces or temperature gradients [7]. Recently, AE signals have been demonstrated to be effective for assessing the engine conditions such as combustion processes [8], valve faults [9], fuel injection behaviours [10] and fault detection for diesel engines [11]. A number of prior works concerning AE monitoring of the friction and wear process were undertaken using dedicated testing rigs [12,13]. AE monitoring towards the slider to disk test rigs revealed that the sliding speed, acceleration and load can affect the AE root mean square (RMS) values [14], whereas there is not a significant difference in AE signals between the smooth and textured surfaces [15]. These discoveries promote the investigations of AE monitoring on the friction and wear processes between piston rings and cylinder surfaces. Shuster et al. [16] established the relationship between AE signals and different levels of the scuffing phenomenon and suggested three different easy-to-measure levels of scuffing damage between the piston ring and cylinder liner. Douglas et al. [17] investigated the tribology of the piston ring and cylinder liner surfaces by performing a series of AE experiments on engines. It proved that the RMS values of AE signals are related to asperity contacts between the ring pack and liner and found that it is possible to monitor the extreme condition of turning off the engine oil supply. To correlate the AE with the viscosity of the engine lubricating oil, Elamin et al. [18,19] reported the possibility of predicting the quality of engine oil using AE RMS values acquired from a four-cylinder engine. Although these studies show that AE is promising to monitor engine tribological behaviours, there are limited studies on monitoring the gradual degradation of lubrication in a running engine, which is vital to prevent any unnecessary wear and avoid any wastage of lubrication oil that is still usable.



To gain further insight into AE mechanisms for monitoring oil degradation, Nasha Wei et al. [20] have applied discrete wavelet transform (DWT) to AE signals from the engine body to suppress noise influences and more accurately characterise the weak AE components relating to viscous friction. The authors also studied the potential impacts of alternative fuels on acoustic emission signals of the cylinder [21], which all show positive results.



This paper improves the above initial findings by using a more powerful analysis of wavelet packet transform (WPT) spectrum to characterise AE signals acquired under the base line lubricating oils and used oil, and thereby establishes a more accurate and reliable AE indicator for monitoring the tribological behaviours of the engine ring–liner. First, a new AE model is developed to gain more insight into the AE from hydrodynamic lubrication (HL) regimes. An optimal WPT analysis is then implemented to characterise the tribological AEs in HL regimes accurately. Finally, the performance of the model and the indicator from WPT analysis is evaluated by differentiating between the different lubricating oils.




2. Tribodynamic AE from the Conjunction between the Piston Ring and Cylinder Liner


Based on well-known lubrication mechanisms, it is generally accepted that the main tribological process of the surfaces between the ring and liner usually have three general lubrication regimes: boundary lubrication (BL), mixed lubrication (ML), and HL [22]. In BL and ML regimes, asperity contacts exist in which AE generation can be described in great accuracy by the model of asperity–asperity collision (AAC) suggested by Fan et al. [23]. However, in HL regimes, which is the lubrication status in the mid stroke of piston motion, there is no asperity contact and the AE observed [17,18,21] cannot be explained by the AAC effect. To understand the generation and characteristics of AE in HL regimes, which serves for AE signal analysis and evenly lubrication monitoring, this section develops a new AE model by examining the tribodynamics of the lubrication regimes between the piston ring and cylinder liner.



2.1. Asperity–Asperity Collisions


Asperity collision during sliding contacts has been discovered as the primary source of acoustic emissions from the test ball in a ball-on-cylinder test apparatus by Boness and Mcbride [24]. AE activities have been demonstrated in References [25,26] to correlate with asperity contact behaviour between the slider and disk interface. Furthermore, the study in Reference [13] shows that the sliding speed, the applied load and the surface condition of the components are the main factors influencing AE characteristics. The asperity contacts during the sliding process are defined as the indentation of an elastic half-space by a rigid frictionless sphere [23]. Further, Komvopoulos et al. [27] stated that the boundary lubrication is associated with the asperities friction and wear. Particularly, Douglas et al. [17] related AE activity to asperity contacts between the ring-pack and liner and it also elaborated the evaluation of lubrication oil fed rates under the extreme conditions of turning off the lube oil supply.



Of particular interest is the AE model developed by Fan et al. [28]. According to asperity–asperity collisions (AAC) from the sliding friction between rough surfaces, which is developed based on the dynamic deformations of asperities, the AAC model can correlate AE signals with the fast energy release rate in the course of dynamic deformations of asperities under different contact loads and sliding speeds, as shown in Figure 1. Moreover, it allows the analysis of AE frequency contents of the sliding contact to be examined. Considering the elastic deformations of asperity collisions between sliding surfaces, the characteristic time duration ta for the interaction of two asperities with an equal radius a at sliding speed vp can be expressed as:


ta=2avp



(1)




the energy release rate in the period from the compression to recovery is related to the sliding velocity, contact load and topographic characteristics of the contact surfaces. The portion of the energy rate for AE responses at an arbitrary time can be expressed according to Equation (2) [28]:


AEc(t)=U˙AE_asp(t)=kcN(t)Ln(t)vp(t)F1(h)R′1/2F1/2(h)



(2)




where kc=0.4kekm and ke denotes the portion of the elastic strain energy converted to AE pulses and km is the gain of the AE measurement system, N is defined as the total number of asperity contacts between the two rough surfaces, vp is the average sliding speed of the surfaces, Ln is the normal load on a surface, F1(h) and F1/2(h) are the probability density functions of the standardised separation h between two sliding surfaces, and R′ is the radius of the curvature in the Hertzian contact area. Based on Equation (2), AE responses from the ring and liner can be explained sufficiently around various dead centres of IC engines where the lubrication condition is mainly in BL regimes and a large number of AACs can present.




2.2. Fluid–Asperity Shearing


However, the AAC model proposed in Reference [28] is not sufficient for describing the AE in the middle of the stroke where HL is dominated where there are little asperities in contact. Specifically, Mhmod Hamel et al. [29] found significant AE events in the HL lubrication conditions of a gear transmission and were regarded broadly due to the shearing of the oil films. Authors in both References [20] and [21] also observed that significant AE events are concentrated in the middle of each stroke in a diesel engine and these AE amplitudes increase with the speed and viscosity. To explain and characterise these AE responses, a new AE model should be produced to show the interactions between fluid and asperities.



According to the fluid shearing effect or viscous friction generated between fluid layers and the liner boundaries in HL regimes, pressurised entrainment flows in the converging–diverging conjunction will shear the rough surfaces of the ring and liner. Consequently, asperities on the liner surface will bend and recover when the ring moves across them, as illustrated Figure 2, and the bending deflection energy will be partially coupled to the liner in the form of AE waves. Based on this fundamental understanding of the modelling of AE excitations due to AAC, a new AE model can be established by describing the dynamic effect of fluid–asperity shearing (FAS) that takes into account the dynamic bending deflections of asperities driven by the fluid shear forces. Considering that cylinder liner surfaces with a honing finishing exhibit a non-Gaussian distribution [30] of asperity height z with a constant width w the characteristic time duration tb of the asperities from bend to recovery across the ring width b will be:


tb=bvp



(3)







It is straightforward to establish a correlation of AE signals with the piston velocity, cylinder pressure and temperature dependence η(x, y, t) of lubricant and hydrodynamic film characteristics in association with the topographic characteristics, specifically:


AEb(t)=πdrkbvp(t)Nd(t)ziw3ElIi∫0zi[h(x,y,t)2p(x,y,t)+η(x,y,t)h(x,y,t)v(x,y,t)]dy



(4)




where Ii is a random asperity’s equivalent section moment of inertia, y is along the film thickness, x is along the circumference of the ring, El is the Yong’s modulus of the cylinder liner, dr is the radius of the piston ring, kb denotes the portion of the elastic strain energy that converts to AE waves, and Nd is the total number of asperities under bending deflection. p(x,y,t), v(x,y,t) and h(x,y,t) are pressure, velocity distribution of fluid flows and the nominal film thickness, respectively, which can be obtained by solving the average Reynold equation under given boundary and operating conditions including the contact load due to ring expansion and gas pressure.




2.3. General Characteristics of AE in the Time and Frequency Domains


AE behaviours in BL and HL regimes can be explained mainly with AAC and FAS models, respectively. For the ML regime, as it presents both asperity collisions and flow shearing, its AE can be predicted using AAC and FAS models jointly. As both AE models are developed based on deformation energies, it is sufficient to linearly add these AEs together from both models to represent the total AE in the ML regime. Therefore, these two models are sufficient to describe AE behaviours for the entire process of the ring-piston lubrication under different engine operating conditions.



As aforementioned, FAS induced AE can exhibit more stationary behaviour in HL regimes when the specific value of ηvp/Ln is high. This can be the main behaviour when the piston moves around the middle of an engine stroke where the piston speed is at its highest. At all dead centres of the piston motions, the velocity is close to zero; therefore, the two AE models all result in zero AE amplitudes. It is very different from the peaks of asperity friction forces predicted in many ring–liner tribological models, limiting the use of AE to indicate the lubrication in these extreme conditions, but gives more information about engine key events of fuel injection and combustion.



As the piston moves away from the dead centres, AAC-induced AE activity is significantly high because of the “solid–solid” impacts from the contacted asperities, compared with the “solid–soft” impacts from FAS generation mechanisms. These characteristics of AE events are valuable for indicating the early and abnormal wear around the top and bottom of a liner, especially in the BL regime, allowing the performance of anti-wear additives to be evaluated.



Furthermore, by taking the collision of a single pair of asperity as a time impulse with a width ta, its Fourier spectrum in the frequency domain will spread across a very wide frequency range as the time duration is very short. Typically, the dimension of roughness for the surface of a liner-ring is approximately several micrometres and the velocity of the piston is several metres per second. This means that AE from AAC due to the “solid–solid” impacts can be as high as several megahertz according to:


fa=vp2a



(5)







Comparatively, the occurrence of FAS is in the form of “solid–soft” impacts, and the slope of bending deformation or the rising of the impulse is smaller than that of the “solid–solid” impacts and result in a lower frequency AE, which may be in the range of several kilohertz together with many low amplitudes.



In summary, in the mid-stroke of piston motion, AE is mainly from FAS effects, which exhibits nearly continuous profiles along the time direction and less distributed frequency bands along with smaller amplitudes. Based on this basic understanding, it can be deduced that the lubrication condition becomes unacceptable if large spike AE responses are observed because they are mostly caused by AAC due to more direct contacts and greater particle contamination. In addition, these models can be also included in the future into a thermodynamic model-based engine failure simulation system [31] to study AE responses to a wide range of combustion faults.





3. Experimental Methodologies and AE Measurements


This experimental study was conducted on a vertical single cylinder compression ignition direct injection (CIDI) engine (Anhui Quanchai Engine Co., Ltd., China) to assess the performance of using AE measurements for lubrication conditions monitoring. The single-cylinder engine has less AE events compared with a multiple cylinder engine without interference from other cylinders, which allows the tribological weak AE to be analysed accurately. The key specification of the test engine is given in Table 1. The engine is coupled with an eddy current dynamometer and a controller (Chengbang, China, Model: DW 160). Engine speed and load are controlled by varying excitation current to the eddy current dynamometer. Figure 3 illustrates the basic construction of the engine, engine test system and location of the AE sensor.



An SR800 wideband AE sensor from Soundwel Technology Co., Ltd [32] is mounted on the external surface of the cylinder body to measure AE responses. Considering the properties of basic AE wave propagations, the sensor is closer to the cylinder head where the main transmission path causes less wave attenuation due to the tight fitting between the upper edge of the cylinder liner and the engine body. In addition, the sensor position is more accessible for most engines, which means that it is convenient for achieving online monitoring. The nominated band of the sensor is up to 1 MHz. However, based on its calibration chart in Figure 4, it was found that the frequency response in the band from 20 kHz and 400 kHz was significantly higher. A number of trial tests also showed that AE signals of interest were more significant below 250 kHz. Therefore, the frequency band in this study was focused around 20 kHz to 400 kHz.



Three types of engine lubricating oils were tested when the engine was operating under different loads and speeds detailed in Table 2. The first two tested oils (10W30 and 15W40) were new and taken as the baseline. They were used for verification of the models and signal analysis tools, along with an evaluation of AE sensitivity in differentiating the viscosities between these two oils. The third oil was a used oil that was collected from an automotive diesel engine after the vehicle had operated for about 10,000 km after its previous maintenance and was used for further verification of monitoring sensitivity and reliability.



AE signals for each type of lubricating oil were collected whilst under steady operating conditions of the engine as detailed in Table 2. The length of each recording was approximately 11 s, sampled continuously at a rate of 800 kHz, which covered over 100 engine working cycles of sufficient averages, thus obtaining reliable results. In addition, a top dead centre (TDC) reference signal was also recorded along with the AE signals such that the angular domain analysis can be implemented to associate AE signals with key engine events.




4. Tribological Monitoring Features from AE Signals


As shown in previous studies, the measured AE signal is inevitably influenced by various noises such as random instrument noise and other engine AE sources. These noises have to be suppressed in order to extract AE contents that correlate more with the engine tribological behaviours. Moreover, considering the high nonstationarity and large size of AE signals sampled at a high rate, the WPT analysis is employed in this work as it is more effective and efficient in dealing with these types of signals, especially when compared against widely used short time Fourier transform (STFT) and continuous wavelet transform (CWT). The WPT analysis has been explored extensively for signal feature extractions, such as EEG (electroencephalogram) signals [34] and AE signals [35]. Specifically, this technique is also widely used in condition monitoring and fault diagnosis in rotary mechanical systems such as generators [36], gears [37], bearings [38] and diesel engines [39,40]. Remarkably, Reference [41] developed a wavelet packet decomposition within the framework of multi-resolution analysis theory to investigate the failure of tribological systems using AE.



4.1. AE Signals


Figure 5 presents a typical AE signal in the angular domain for a complete engine cycle, which is obtained by calculating an angular displacement using the TDC signal and then interpolating AE signals at constant angular intervals with a cubic spline. According to engine operation process, the signal in the angular domain allows the major AE events to be attributed sequentially to the excitations due to exhaust valve closing (EVC), inlet valve closing (IVC), and fuel injection, combustion shocks, exhaust valve open (EVO) and inlet valve opening (IVO). Each of them exhibits strong AE bursts and reflects the short impulses of the sources, whose characteristics can be used as the basis for diagnosing the behaviour of valve operations [9], fuel injection [10] and combustion qualities [11].



Moreover, Figure 5 also shows quasi-continuous weak AE activities in the middle of each engine stroke. Their amplitudes change in accordance with the profile of the piston velocity, showing the strong correlation with the tribological behaviour between the ring and liner. Reference [17] has demonstrated that these weak AE activities result from a combined effect of asperity contact, lubricant flow and/or blow-by, and demonstrated that the average RMS can be an indicator for extreme operating cases of turning-off lube-oil supplies. To utilise these AE components for more accurate condition monitoring of the lubrication process, the References [19,20] employed a discrete wavelet transform (DWT) to further highlight the AE contents relating to the tribological process and succeeded in creating small differences between oils with different lubricant viscosities.



However, in addition to the known influences, including valve landing, fuel injection and combustion, the weak AE can also be affected by a series of other lesser known excitations in a running engine, which can be oil supply turbulences and throttle valve impacts, bearing clearance impacts, cam and bearing tribological AE, debris collisions of combustion residual or soot, etc. These influences can cause more difficulties to successfully separate the weak AE content from the undesirable signals. Measured AE signals can also be influenced by AE transmission paths and noise in AE measure systems. Particularly, the dynamic responses of the wide-band AE sensors usually have larger tolerances in their measurement bandwidth, which can magnify the responses in the bands with clear resonance effects whilst also suppressing responses in the bands with lower resonance amplification. This means that more effective approaches are required to characterise AE signals more extensively such that the weak AE contents that correlate more to the tribological process can be extracted accurately to reliably indicate the behaviour of the lubrication conditions between the ring and the liner.




4.2. Wavelet Packet Transform Spectrum


Wavelet packet transform (WPT), developed by Coifman, Meyer and Wickerhauser in 1992, can decompose all the approximate and detailed information to a desired level [42], as illustrated by the full wavelet packet tree down to level 3 in Figure 6, which results in a narrow and equal-width sub-band filtering of AE signals as opposed to the coarser octave band filtering found in the DWT. Consequently, this offers a wealth of information for characterising a complex non-stationary signal. In particular, at the Jth level of WPT, the frequency axis can be expressed as (nFs2J,(n+1)Fs2J),n = 0,1,2,3, … 2J-1, where Fs is the sampling frequency. This finer sub-band-based representation makes WPT analysis significantly superior over DWT in that WPT allows more detailed characterisation of the content in the AE signals and hence provides more detailed features for differentiating small changes in the tribological behaviour. Along with the advantages of many types of wavelets available for selection, it is possible to represent the signal to a much better degree of sparsity and allows key and stable features to be enhanced from random noise components.



A more efficient analysis based on WPT is the WPT spectrum, which presents the absolute values of the coefficients from the frequency and time ordered terminal nodes of the input binary wavelet packet tree [43]. As a result, the WPT spectrum shows more flexible time–frequency resolutions, which can be more effective and efficient for characterising AE signals with complex contents of larger data sizes compared with conventional DWT, which provides too coarse a frequency resolution. CWT has to be implemented with high computational complexity and classic Fourier basis representations, such as STFT, which is considerably less efficient to represent the AE signals with high non-stationarity.



Figure 7 presents representative WPT spectra for a baseline lubrication oil (15W40) with the engine running at different speeds under a constant torque of 40 Nm. Based on a widely accepted principle that the asymmetric and gradual attenuation profile of the Daubechies (db) wavelet can effectively highlight the weak AE contents with similar asymmetric characteristics that are illustrated in the magnified graph in Figure 5, Daubechies (db) wavelets are used for calculating the WPT spectrum. Especially, the Daubechies wavelets have been widely demonstrated to be effective in processing vibration and AE signals for data compression, denoising, classification and feature fusions [44]. Furthermore, there are many different orders of smaller wavelets available in the Daubechies wavelet family for different applications. By minimising the overlap effects in the time domain and frequency domain simultaneously, this study has found that a db35 (or 35 vanishing moments) wavelet is found to be optimal to decompose the AE signals at the level j = 8 for highlighting the weak AE content.



As shown in Figure 7, these WPT analysis parameters result in adequate WPT spectra at different engine speeds. They allow the spectrum peaks to be observed in several discrete frequency bands around 40 kHz, 80 kHz, 145 kHz, 180 kHz and 250 kHz. Spectral peaks in these frequencies appear in the middle of the power and exhaust strokes and become more significant with engine speeds, which is in good agreement with the tribological behaviours predicted using the FAS model, and is regarded as the AE content for indicating lubrication conditions.



Figure 7 also shows that AE induced by combustion and valve opening and closing impacts spread continuously over much wider frequency bands with very high amplitudes, which fully reflects the feature of short duration impact behaviour as predicted by the AAC model. Particularly, the impacts from the combustion show much stronger AE responses and spread across wider bands, which are useful for separating it from the others when performing combustion diagnosis.



In addition, in the low frequency range from 0 to 40 kHz, there are many discrete AE spikes. Although they increase with engine speeds, they do not show a higher amplitude in the middle of strokes, as shown in Figure 7. Therefore, they may come from other remote AE sources, such as cam-followers and bearing junctions, rather than the ring–liner conjunction of interest. Obviously, it is not very accurate to include these spikes for the quantitative indication of the tribological conditions between the ring and liner. The detailed results obtained by WPT spectrum cannot be achieved using the coarse analysis of DWT, which is one of the reasons that DWT could not produce a very consistent result in differentiating the lubricating conditions over a wide range of engine operations [20,21].





5. Diagnosis of Lubrication Conditions


To verify the optimised wavelet for diagnosing lubrication conditions, WPT spectra are calculated for all different tested oil cases and operating conditions using db35 wavelet. The average wavelet amplitudes are calculated as the condition indicators fall into four characteristic bands: 30 kHz–50 kHz, 70 kHz–80 kHz, 140 kHz–160 kHz and 174 kHz–186 kHz. It is identified in Figure 6 of Section 4.2 that AE amplitudes were more significant and hence allowed the tribological behaviours to be quantified with greater accuracy as the noise to signal ratio (SNR) was higher when compared with the band around 250 kHz. AE indicators in other strokes were also calculated within the angular periods in which the tribological AE contents were understood to be more significant and less affected by major AE events of valve impacts and other potential AE, including cam frictions. These indicators can be used as references for an evaluation of the optimised indicator obtained in the power stroke.



5.1. AE Differences between Two Baseline Oils


Figure 8 and Figure 9 show the differences of AE indicators between two tested baseline oils: 15W40 and 10W30 in two frequency bands: 70 kHz–90 kHz and 140 kHz–160 kHz, respectively, in which the indicator showed better performance in differentiating different oils that were predicted based on the AE models established in Section 2. It can be seen in these two bands that AE responses increased monotonically with engine speeds, showing a agreeable connection with model predictions and engine viscous friction characteristics. Particularly, the AE indicator in the power stroke showed a better linear connection. These results showed a higher degree of agreement with the prediction from the FAS model for the conjunction between the ring and liner.



AE responses in the power stroke for 15W40 oil with higher viscosity exhibited greater amplitudes than 10W30 with lower viscosity. This indicates further that AE responses behaved very close to the model prediction, demonstrating that the externally measured AE signals were sufficiently sensitive to small changes in the properties of lubricants. In particular, both bands gave consistent results so they can, therefore, be used as a reliable source to detect and diagnose the deterioration of lubricating oils.



However, AE responses in other strokes presented more fluctuating increases with speed and provided smaller differences between the two oils. The main reason for the lack of diagnostic capabilities in these strokes is that the wavelets used were not optimal for these strokes. The AE indicators based on WPT were more erroneous because different degrees of overlap effects could happen under different operating conditions. Another possible influence is that AE responses in these strokes could be more greatly influenced by the tribological dynamics of other lubrication conjunctions, which include the valve landing impacts and AACs from the conjunctions of the cam-follower and the valve-rocker. Nevertheless, these results show a potential for using AE to diagnose the condition of valve trains, which can be a challenging research subject for further expanding AE diagnostic capabilities.



Figure 10 and Figure 11 present AE amplitude comparisons between the two tested baseline oils in the other two frequency bands: 30 kHz–50 kHz and 174 kHz–186 kHz. It can be seen that there was a marginal increase in the higher viscosity oil in the power stroke, although they all exhibited an increasing trend across all engine operating conditions, showing less sensitivity to oil changes. This was because the low frequency AE could be more greatly influenced by other sources far away from the sensor, such as the cam-follower and bearing conjunctions, because at these lower frequencies, AE contents were less attenuated with wave propagation distances. Similarly, because of more attenuation in the very high frequency band of 174 kHz–186 kHz, the small changes in AE from the liner–ring junction could not be reflected clearly in this band.



In general, the AE responses extracted in the power stroke through the optimized WPT allowed the small changes in oil viscosity to be consistently and reliably differentiated in two middle-frequency bands. This achievement can be satisfactory for monitoring the tribological behaviour of the ring–liner conjunction, and hence the lubrication conditions for entire engine lubrication.




5.2. Diagnostics of Used Oil


To further verify the diagnostic performance of using the AE responses extracted by the optimised WPT spectrum, a comparison of the AE indicators in the power strokes is made between the two baseline oils and the used oil. Figure 12 presents the comparison results for all interested frequency bands. In general, the AE responses from the used oil showed a more nonlinear increase in behaviour with engine speeds along with local jumps. This indicates that the lubrication condition was not very stable due to the combined effects of the oxidation at the high temperature and contamination by soot, water, wear particles and fuel [45]. This nonlinearity and instability can be an effective indicator of the degradation of lubricating oils.



In particular, the higher value of AE in the frequency bands of 30 kHz–50 kHz and 140 kHz–160 kHz at high speeds from 1400 rpm up was caused by the AAC effect of wear particles along with the increased viscosity owing to the formation of high molecular weight products, polymerization [3] and soot content [46]. Among these reasons, it is most probable that the wear particles were the most influential as they made the AE responses more nonstationary, as shown in Figure 13, where there are more local spectral peaks in the middle of the power stroke due to the occasional AAC effects between surface asperities and the particles as the entrainment oil flows may bring particles in and out of the ring–liner conjunction from time to time [47].



Moreover, AE in the other two bands, 70 kHz–90 kHz and 174 kHz–186 kHz, exhibited slightly lower amplitudes than that of lubricant 15W40, which is inconsistent with the FAS model in that the used oil with higher viscosity, shown in Table 2, should produce the higher AE. This inconsistency was also caused by the instability of lubrication because FAS effects can be weakened by local water evaporations and air bubbles [48] when their sizes match with the wavelengths in these two bands. This also shows that the measurement of oil viscosity [3] is not very reliable to determine the lubrication conditions or running engines.



These diversities of changes in AE amplitudes in different bands can also be effective indicators of the degradation of lubricating oils, as the deviations from linear trends can provide additional reliable information for differentiating between baseline oils and used oils.





6. Conclusions


AE responses from the tribological conjunction of the ring–liner have been modelled according to dynamic elastic deflections of its micro asperities. It shows that around all engine dead centres, the boundary and mixed lubrication conditions contained more asperities, undertaking dynamic compression. However, because of a very low sliding velocity, these AAC-induced AE responses were not very significant when the lubrication condition or oil was normal. The high velocity of piston motions led to hydrodynamic lubrication conditions in the middle of each stroke; hence, the high AE activities were mainly sourced from bending deflections of the asperities driven by fluid shearing forces. This fluid–asperity shearing (FAS)-induced AE was more proportionally related to the relative velocity and oil viscosity, but less so to the engine load. In addition, in the time domain, AE responses exhibited a quasi-continuous behaviour as the dynamic deflections on millions of asperities were stimulated by the velocity of the piston, which was more continual in the middle of a stroke. In the frequency domain, FAS-induced AE could spread to several kilohertz whereas the AAC-induced AE could have extremely wide bands.



Similar to the time-varying behaviour of other engine AE sources, AE signals measured on the engine body were highly noisy along with large data sizes. As such, wavelet packet analysis was an effective tool for extracting the AE in the middle of the power stroke that is relating more to the ring-liner conjunction. The optimal wavelet spectrum with a wavelet basis db35 at level 7 was obtained using the proposed scheme of minimising the time and frequency overlaps in the WPT spectrum, which provided more details and hence a wealth of information regarding the tribological behaviour in multiple frequency bands.



The AE indicator extracted from narrower frequency bands could be used to diagnose lubrication conditions under different lubricants as well as the used oil. The AE indicators in the two middle frequency bands of 70 kHz–90 kHz and 140 kHz–160 kHz showed a higher amplitude and good increasing trend with speed for the high viscosity lubricant, allowing a consistent monitoring result to be achieved for differentiating the two baseline lubricants. To diagnose the used lubricant, the nonlinear and unstable behaviours of the AE indicators with speeds needed to be referred.
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List of Nomenclature




	a
	Equal radius of asperity



	b
	The ring width



	dr
	Diameter of the piston ring



	El
	Young’s modulus of the cylinder liner



	fa
	The frequency of a single pair of asperity collision



	Fs
	The sampling frequency



	F1(h)

F1/2(h)
	The probability density function of the standardized separation



	h(x, y, t)
	The film thickness distribution



	H
	Height between two sliding surfaces



	Ii
	The random asperity’s equivalent section moment of inertia



	J
	The decomposition level of WPT



	kb
	The portion of the elastic strain energy that converts to AE waves



	kc
	Conversion rate of elastic strain energy to AE energy



	ke
	Energy conversion rate that the elastic strain energy converts to AE pulses



	km
	Energy conversion rate gained from the AE measurement system



	Ln
	Normal load on a surface



	N
	Total number of asperity contacts between the two rough surfaces



	Nd
	The total number of asperities under bending deflection



	p(x, y, t)
	The pressure distribution of fluid flows



	R′
	Radius of the curvature in the Hertzian contact area



	ta
	Characteristic time duration for the interaction of two asperities



	tb
	Characteristic time duration of the asperities from bend to recovery across the ring with a width of b



	vp
	Average sliding velocity between two rough surfaces



	v(x, y, t)
	The velocity distribution of fluid flows



	w
	A constant width of the asperities



	x
	Direction along the circumference of the ring



	y
	Direction along the film thickness



	z
	Asperity height z







List of Abbreviations




	AAC
	Asperity–Asperity Collision



	AE
	Acoustic Emission



	BDC
	Bottom Dead Centre



	BL
	Boundary Lubrication



	CWT
	Continuous Wavelet Transform



	DWT
	Discrete Wavelet Transform



	db
	Daubechies



	EVO
	Exhaust Valve Opening



	EVC
	Exhaust Valve Closing



	FAS
	Fluid–Asperity Shearing



	HL
	Hydrodynamic Lubrication



	IC
	Internal Combustion



	IVO
	Inlet Valve Opening



	IVC
	Inlet Valve Closing



	ML
	Mixed Lubrication



	STFT
	Short-Time Fourier Transform



	TDC
	Top Dead Centre



	WPT
	Wavelet Packet Transform



	WP
	Wavelet Packets
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Figure 1. The schematic of asperity–asperity collisions between the piston ring and cylinder liner surfaces. 
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Figure 2. The schematic of asperity–fluid interaction between the piston ring and cylinder liner surfaces. 
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Figure 3. Schematic diagram of the diesel engine test system. 
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Figure 4. The frequency characteristic curve of the acoustic emission sensor SR800. 
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Figure 5. AE raw signals in a working cycle. 
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Figure 6. Full wavelet packet tree down to level 3. 
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Figure 7. WPT spectra for 15W40 oil using db35 wavelet decomposed at level j = 7. 
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Figure 8. AE indicators from 70 kHz to 90 kHz for four strokes under different operating conditions. 
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Figure 9. AE indicators from 140 kHz to 160 kHz for four strokes under different operating conditions. 






Figure 9. AE indicators from 140 kHz to 160 kHz for four strokes under different operating conditions.



[image: Energies 12 00640 g009]







[image: Energies 12 00640 g010 550]





Figure 10. AE indicators from 30 kHz to 50 kHz for four strokes under different operating conditions. 
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Figure 11. AE indicators from 174 kHz to 186 kHz for four strokes under different operating conditions. 
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Figure 12. AE indicators in power stroke for different oils and operating conditions. 






Figure 12. AE indicators in power stroke for different oils and operating conditions.



[image: Energies 12 00640 g012]







[image: Energies 12 00640 g013 550]





Figure 13. AE WPT spectra in power stroke for the used oil at different speeds and high load. 
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Table 1. Specification of the test engine [33].
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	Technical Parameters
	Technical Data





	Engine Type
	Naturally aspirated four-stroke diesel

Anhui Quanchai Engine Co., Ltd., PR. China



	Number of cylinders
	One



	Combustion system
	Direct injection, vertical type



	Bore/stroke
	125/120 mm



	Displacement volume
	1.473 L



	Compression ratio
	18:1



	Rated power
	20.6 kW @ 2200 rpm



	Maximum torque
	67 Nm @ 1920 rpm
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Table 2. Engine operating conditions and lubricants tested.






Table 2. Engine operating conditions and lubricants tested.





	
Lube-oil

	
Engine Speed (rpm)

	
Load (Nm)

	
Viscosity

(Pa·s) at 40 °C

	
Viscosity

(Pa·s) at 100 °C






	
CD-10W30

	
1000, 1200, 1400, 1600, 1800, 2000

	
10, 40

	
0.0765

	
0.0099




	
CD-15W40

	
0.1128

	
0.0147




	
CH4-Used

	
0.2354

	
0.0339












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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