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Abstract

Noise and vibration control in mechanical systems has become ever more signif-

icant for automotive industry where the comfort of the passenger compartment

represents a challenging issue for car manufacturers. The reduction of piston

slap noise is pivotal for a good design of IC engines. In this scenario, a methodol-

ogy has been developed for the vibro-acoustic assessment of IC diesel engines by

means of design changes in piston to cylinder bore clearance. Vibration signals

have been analysed by means of advanced signal processing techniques taking

advantage of cyclostationarity theory. The procedure departs from the analysis

of the Continuous Wavelet Transform (CWT) in order to identify a represen-

tative frequency band of piston slap phenomenon. Such a frequency band has

been exploited as the input data in the further signal processing analysis that

involves the envelope analysis of the second order cyclostationary component of

the signal. The second order harmonic component has been used as the bench-

mark parameter of piston slap noise. An experimental procedure of vibrational

benchmarking is proposed and verified at different operational conditions in real

IC engines actually equipped on cars. This study clearly underlines the crucial

role of the transducer positioning when differences among real piston-to-cylinder

clearances are considered. In particular, the proposed methodology is effective

for the sensors placed on the outer cylinder wall in all the tested conditions.
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1. Introduction

Over the years, the noise and vibration control in automotive diesel engines

has become ever more significant for the automotive industry. The noise and

vibration sources of an IC engine can be divided in two categories: combustion

noise and mechanical noise. The combustion noise is due to the combustion pro-5

cess whereas the mechanical noise mainly concerns several types of mechanical

impacts, among which the piston slap [1, 2, 3] can be particularly relevant in IC

diesel engines. The piston slap phenomenon is related to the transversal motion

(also called secondary motion) of the piston, which occurs in any crankshaft

mechanism with clearances. Briefly, piston slap phenomenon involves the im-10

pacts between bore and piston and its intensity depends on several parameters.

The most influential parameters are: the piston-to-cylinder clearance, the pis-

ton pin-offset and the piston geometry. These impacts excite the engine block

and they are responsible of vibration and noise. This phenomenon cannot be

avoided but only mitigated since it occurs in every crank-slider mechanism by15

nature.

The study of piston slap started around six decades ago and this phenomenon

has been investigated from both analytical and experimental points of view. The

first attempt to estimate the vibration and noise power levels generated by piston

slap belongs to Ungar et al. [1]; they have demonstrated that the effect of piston20

slap is intimately correlated with the piston to cylinder bore clearance and with

the speed/load condition. High values of clearance implicate a strong piston

slap noise while low clearance values determine a performance reduction due to

the viscous shear friction. Therefore, engine manufacturers have to find the best

trade-off between low noise level and high efficiency. One of the most fascinating25

and challenging approach is the vibrational analysis due to complexity of the

vibration signature that can be considered a rich source of information. In

fact, the component of the vibration signal related to piston slap is masked
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by several noise sources like combustion noise, impacts of admission and escape

valves, etc. Moreover, combustion noise and piston slap noise rise in the vicinity30

of the Top Dead Center (TDC), therefore the major part of the energy content

of such a noise is superimposed both in time and frequency domain. Some

authors have studied the piston slap impacts with different approaches. In

the literature, several works [4, 5] can be found regarding the investigation of

the excitation and propagation mechanisms of the noise in an IC engine by35

means of acceleration transducers and microphones. Dolatabadi et al. [3, 6]

have studied piston slap noise from the tribological standpoint, developing an

analytical model validated with acceleration measurements. On the other hand,

Cho et al. [7] and Geng and Chen [8] focused on the development of models

for the prediction of the impact force induced by piston slap and the piston-40

slap-induced vibration, respectively. Furthermore, many efforts have been done

in order to separate the piston slap vibration from the other components with

different signal processing techniques. For this purpose, El Badaoui et al. [9]

exploited the Wiener filter whereas the Blind Source Separation method (BSS)

has been adopted by Servière et al. [10]. The BSS technique in combination45

with a learning algorithm (deflation algorithm) has been applied also by Liu et

al. [11] in order to separate the different vibration sources of IC engines. Antoni

et al. extract the combustion noise by means of a speed-varying separation filter

[12] and an optimal inverse filter [13]. Some researchers have found a practical

implementation for the fault detection in IC engines. Chen and Randall [14] have50

exploited Kurtorgrams in combination with the envelope analysis in order to

identify the piston slap fault. Chen et al. [15] have demonstrated that Artificial

Neural Newtwork trained on the data obtained from a validated multi-body

model can detect piston slap faults.

Although these studies used different approaches to reach disparate pur-55

poses, they present also some common aspects. Generally, piston slap is investi-

gated as a faulty condition on engines by increasing the piston to cylinder bore

clearance until at least two times greater than the normal condition in order

to strongly rise the impacts noise [14]. Furthermore, the effect of the actual

3



transducer position is often not investigated with suitable importance.60

In this paper, a methodology for the piston slap noise identification is pro-

posed; in particular, the effect of the transducer position on the vibro-acoustical

benchmarking of IC engines is investigated considering normal piston-to-cylinder

clearances. The first and second order cyclostationary parts of the vibration sig-

nals have been examined by means of the Continuous Wavelet Transform (CWT)65

in order to investigate the cyclostationary order that better describes the im-

pulsive nature of piston slap noise. The squared envelope has been carried out

on the second order cyclostationary part of the signal, exploiting the demodula-

tion band identified by means of the CWT. In order to reduce the background

noise, the averaged squared envelope has been evaluated and the second har-70

monic component is used as the benchmark parameter of piston slap noise. The

effectiveness of such a methodology is verified with experimental measurements

on an IC diesel engine actually equipped on vehicles. The IC diesel engine has

been tested in two configurations with slightly different clearances, in order to

identify the best configuration from a vibro-acoustical standpoint. Tests have75

been performed in firing conditions with cold starting and several combinations

of speed and load have been investigated. Acceleration transducers were placed

both on the outer cylinder wall and on the engine block (external surface) in

order to assess the effect of the transducer location.

The originality of this paper regards the development of a signal process-80

ing procedure for the piston slap noise estimation in healthy engines in order

to improve the vibro-acoustic behaviour of the engine itself. Special attention

has been paid on the effect of the transducer position, namely on the effect of

the dynamic response of the engine block on the vibration signal. The Mor-

let Wavelet has been used to identify a representative frequency band of the85

piston slap phenomena instead of Kurtogram [14, 15], since the kurtogram re-

sults proved to be more suitable for the detection of engine configurations with

abnormal piston to cylinder bore clearance (at least 2 times greater than nor-

mal clearances). Furthermore this approach has interesting implications for the

automotive industry.90
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The paper is organized as follows: Section 2 describes the theoretical back-

ground; Section 3 presents the proposed signal processing methodology; Section

4 outlines the experimental setup; Section 5 concerns the application of the

proposed methodology to a real case study; Section 6 draws the concluding

remarks.95

2. Theoretical background

In this section, the first subsection introduces the nature of pistons sec-

ondary motion and its relation to the source of impact excitations. The sec-

ond subsection illustrates the signal processing techniques used in the proposed

methodology.100

Piston’s secondary motion. Piston slap refers to the impacts between the piston

and the cylinder walls due to the piston’s secondary motion. In IC engines,

the piston presents two different kinds of motion: the primary motion, also

called the reciprocating motion, and the secondary motion. The primary motion

represents the axial movement of the piston. Instead, the piston’s secondary105

motion concerns the rotation and the lateral translation of the piston allowed

by the clearance between the piston and the inner cylinder wall.

Figure 1 illustrates the piston’s secondary motion where, in the case of clock-

wise crankshaft rotation, the left side of the engine block is called thrust-side

and the right side is called anti-thrust side. Due to the transversal and rotation110

movements, the piston may leave the current side impacting the opposite side.

These impacts occur when the resultant lateral force exerted by the connecting

rod changes direction, namely just beyond the Top Dead Center and the Bottom

Dead Center. Eventually, also the rotation motion of the piston leads to addi-

tional impacts in different positions since the piston may tilt due the gas force115

contribution and to the misalignment of the piston centre of gravity and the

rotation centre. The are several contributors involved on the secondary motion

as the combustion pressure, the lateral friction force related to the lubricant and

the inertia forces. The intensity of the impact force is strictly correlated with
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the piston kinetic energy that increases when the piston crosses the clearance120

[1]; thus, the prominent slap occurs in particular just beyond the Top Dead

Centre where the pressure inside the cylinder is maximum [16, 2]. In working

condition, the piston repeatedly bounces from one wall side to another and the

number of impacts depends on the engine speed and cylinder pressure with a

maximum of 16 impacts per cycle in diesel engines [2].125

So it is clear that the vibration due to the impacts caused by the piston-slap

phenomenon is generated from the inner cylinder wall. Then, the piston-slap

induced vibration spread out to the engine block surface across the connecting

rod, the cylinder walls and the cylinder head [17].

Signal processing techniques for piston-slap-induced vibration. Let us consider130

the acceleration signal measured in an IC engine. Such a vibration signal, is

mainly constituted by two superimposed components: the combustion and the

mechanical contribution. Therefore, a generic vibration signal measured on a

IC engine can be defined as follows:

x(t) = xt(t) + xm(t) + n(t) (1)

where xt(t) is the response of the system under thermal excitation, xm(t) is135

the response of the system under mechanical excitation and n(t) is background

noise.

The piston slap could be modelled as a transient force applied at some points

on the inner cylinder wall. Considering an accelerometer placed on the engine

block as an example, then the measured acceleration depends on the excitation140

forces as well as on the dynamic response of the structure. Thus, the engine

block works as a transfer function between the input excitation forces (e.g. the

piston slap) and the response measured acceleration. Being st(t) and sm(t) the

thermal and the mechanical excitation forces, respectively, the responses and

forces are linked by means of the transfer function represented by the engine145

block dynamics. So, considering a single point response in the engine block,
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response x(t) can be written as:

x(t) =
∑

i
ht,i(t) ∗ st,i(t) +

∑
i
hm,i(t) ∗ sm,i(t) + n(t) (2)

where ∗ is the convolution operator, n(t) is the background noise, st,i(t) and

ht,i(t) are the ith thermal force and the related Impulse Response Function

(IRF), respectively, sm,i(t) is the ith mechanical force of the engine (e.g. the150

piston slap force) and hm,i(t) is the i
th IRF related to the mechanical input and

output. The mechanical forces can be further divided into piston slap forces

and other mechanical forces:∑
i
hm,i(t) ∗ sm,i(t) =

∑
i
hps,i(t) ∗ sps,i(t) +

∑
i
hom,i(t) ∗ som,i(t) (3)

where sps,i(t) and hps,i(t) are the ith piston slap force and the related IRF,

respectively, som,i is the ith other mechanical force and hom,i(t) is the relative155

ith IRF. As shown in Figure 2, the acceleration transducers can measure x(t)

but the goal of the researches related to piston slap is the evaluation of a global

index strictly related to sps,i(t). It has to be noted that the other mechanical

sources refer to all the excitations involved in the engine cycle. For example,

these excitations regard the impacts on the engine bearings and the valve seat.160

Also the contribution of the auxiliaries should be considered into the other

mechanical sources: e.g. the impacts of the fuel injection nozzle, the oil pump

functioning, etc.

It seems reasonable to suppose that combustion forces st,i(t) and the other

mechanical forces som,i(t) are not affected by a slight change of piston to cylin-165

der bore clearance since such a design change affects mainly the piston slap

excitation [1]. Let us consider now XI(t) and XII(t), as the overall vibration

response in a specific point for two distinct engine configurations characterized

by two different piston to cylinder bore clearances. It can be deduced that the

difference between XI(t) and XII(t) is exclusively due to the piston slap. Unfor-170

tunately, piston slap is such an hidden phenomenon that it could be masked by

other sources, like combustion noise for example. This is especially true when

the goal is the vibro-acoustical behaviour improvement and the piston slap is
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not extreme. For this reason, the evaluation of the piston slap contribution in

the acceleration response becomes complicated since the dynamic response of175

the system (i.e. the engine block) could modify further the piston slap noise.

An empirical way to minimize the effect of the dynamic response of the engine

block is to place the acceleration transducer as close as possible to the excitation.

With this approach, the IRF of the engine block can not alter the response in a

significant manner. Under this assumption, the vibration measurement on the180

outer cylinder wall is more appropriate than the other positions for the study

of piston slap. This will be demonstrated hereafter in the paper by means of

experimental measurements and signal processing techniques.

Piston slap is a strongly non-stationary phenomenon and the traditional

stationary approach could not be good enough to capture such a phenomenon.185

Cyclostationarity approach could be an effective way to improve the quality of

the signal and separate phenomena of different nature. Some works demon-

strate the effectiveness on the use of cyclostationarity for the fault detection in

IC engines [18, 19]. Unfortunately, a limited number of researches can be found

on the investigation of piston slap noise by means of cyclostationary theory190

[14, 15, 20]. The vibration signals from IC engines well fit the cyclostationarity

hypothesis, in particular in the angle domain. For example, the impulse train

caused by piston slap follows a kinematic relationship, hence it exhibits period-

icity in the angular domain rather than in the time domain. For these reasons,

such vibration signals are not simply cyclostationary but angle-cyclostationary.195

Actually, every vibration signal of a mechanical system embodies several orders

of cyclostationarity but in many cases the evaluation of the first and the second

cyclostationary order is enough to characterise the signal. The stochastic model

in the angle domain for an IC engine using a cyclostationary decomposition [18]

is the following:200

x(θ) = xCS1(θ) + xCS2(θ) + n(θ) (4)

where θ is the crank-shaft rotation, x(θ) is the vibration signal, xCS1(θ) is

the first order cyclostationary component (CS1), xCS2(θ) is the second order
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cyclostationary component (CS2) and n(θ) is the stationary background noise

uncorrelated to xCS2(θ). In other words, xCS1 is the deterministic part of

the signal that exhibits the periodic part of x(θ). Instead, xCS2 contains the205

random fluctuation of x(θ). Deterministic and random part can be evaluated

only after a proper cyclostationary decomposition. In the angle domain, CS1

can be extracted by means of the well known Synchronous Averaging (SA)

[21]. The SA must be evaluated from the angle domain signal hence, departing

from a time domain signal, an angular resampling is needed [22]. During the210

angular resampling, attention must be paid on the proper selection of the correct

resampling frequency in order to avoid aliasing. Specifically, let us suppose the

angular resampling of an acceleration signal measured with sampling frequency

fs in an IC engine operating at rotational frequency fr. The periodic cycle is

Θ = 4π in the case of a four-stroke engine and it corresponds to a complete215

engine cycle. Engine cycle Θ is sampled into M points and aliasing is avoided

only if M > fs/(2fr). The SA can be evaluated as:

xSA(θ) =
1

N

N−1∑
n=0

x(θ + nΘ) (5)

where rotation angle θ is defined as 0 ≥ θ > Θ, N is the the number of en-

gine cycles and x(θ) is the angle domain signal measured. The CS1 part is

represented by xSA(θ) whereas CS2 component, namely residue, is evaluated220

subtracting the xSA(θ) from the angle domain raw signal.

Concerning the piston slap noise, Chen et al. [15] exploited the CS2 part

of the vibration signal in order to identify the oversized piston to cylinder bore

clearances; in fact, from a physical point of view, the second order cyclostation-

ary part is associated with phenomena that depend on unpredictable events. In225

the literature, [8, 15] a kinematic model for the prediction of the piston slap

following a precise kinematic has been proposed, based on the hypothesis that

the impacts occur when the direction of the piston lateral force changes. By

the way, this approach can only help to understand the basic mechanism of the

occurrence of piston slap since many piston slap phenomenon contributors are230

neglected. In fact, in actual IC engines, the number and the positions of the real
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impacts are different from the theoretical ones. Thus, the impulsive nature of

piston slap phenomenon should fit with the CS2 definition and this signal pro-

cessing tool can be used in order to clean the vibration signal from undesired

components. Nevertheless, on the study of the piston impacts in healthy engines235

a deeper investigation on the cyclostationary orders of such a phenomenon may

be required because the majority of the mechanical vibration signals embody

both CS1 and CS2 parts. An effective way to represent a non-stationary signal

is the time-frequency analysis by means of the Continuous Wavelet Transform

(CWT) that is defined as follows for the angle domain signals:240

CWT (s, τ) =

+∞∫
−∞

x(θ)ψ∗
s

(
θ − τ

s

)
dθ (6)

where s is the scale factor, τ is the translation parameter and ψs is the mother

wavelet. The CWT well fit with this task: it overcomes the resolution limit

of the Short Time Fourier Transform; it is not affected by the cross-terms of

the Wigner-Ville transform [5]; moreover, in this research the Morlet wavelet

has been used since it is more accurate on the cranck-angle axes that other245

mother wavelet as Impulse wavelet. For a wider dissertation the authors suggest

[24, 25]. Hence, the analysis of the vibration signals by means of CWT is an

effective approach in order to clarify what is the predominant cyclostationary

order related to the piston slap noise.

As previously said, the number and the magnitude of the impacts due to the250

piston slap have a random nature. In order to identify the degree of severity

of the piston slap noise, the evaluation of the characteristics of each single

impacts (amplitude, phase, etc.) could be inconsistent. Instead, it has been

demonstrated that the analysis of the pattern of the series of impacts due to

the piston slap phenomenon is an effective approach [15]. The extraction of255

the pattern of an impulse train can be carried out by means of the envelope

analysis. The envelope analysis is a signal processing technique widely used in

the vibration diagnostics of mechanical systems, as in the case of bearing faults

identification [26]. Before the envelope processing, an appropriate band-pass
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filter has to be carried out in order to obtain a proper extraction of this pattern260

in order to highlight the bandwidth where the components due to the piston

slap are prominent. The results of the CWT analysis can be used for the design

of such a band-pass filter.

3. Proposed methodology

In this section the proposed method is described and a schematic is given in265

Figure 3. In order to capture the genuine impulsive pattern of the piston slap,

the envelope analysis of CS2 part of the signal is carried out after a proper band-

pass filter on a certain frequency band. Hence, the first step of the proposed

procedure is the cyclostationary decomposition of the time domain vibration

signal by means of the angular resampling.270

The second step of the procedure is the identification of a proper frequency

band where impulsive components are maxima by means of the CWT and by

filtering of the residual signal in such a frequency band. This approach is in-

spired by Chen and Randall studies [14], but in this paper a CWT is used in

place of the Fast Kurtogram Algorithm. The Kurtogram has been designed275

by Antoni [23] and is an effective tool for the detection of non-stationarities in

a vibration signal, as in the case of the study of piston slap in faulty engines

with abnormal piston to cylinder bore clearance. In order to identify a com-

mon frequency band for the envelope processing, it has been demonstrated [14]

that the Fast Kurtogram has been effective on signals related to engines with280

piston slap fault induced. However, piston slap noise in healthy IC engines is

modest and the CWT could be a more effective tool for the characterisation

of such a phenomenon. Otherwise, the kurtosis value of a signal composed by

a series of impulses is lower than a signal with a single impulse. Therefore, in

some cases the examination of the Kurtogram does not give enough information285

about the nature of the impulsiveness related to a high level of kurtosis in a

certain bandwidth. Instead, the examination of CWT leads to identify more

easily the frequency band where the number of components linked to repeated
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impulse events is maximum.

The third step of the procedure regards the evaluation of the averaged290

squared envelope of the filtered residual signal. Firstly, the filtered signal has

to be demodulated with the envelope technique and then the squared envelope

is carried out. The squared envelope of the signal is considered because it has

been demonstrated that, for noisy signals, it is more effective than the simple

envelope [26, 27]. The envelope of a non-deterministic signal becomes a de-295

terministic quantity, therefore the average over cyclic period Θ can be carried

out. The averaged squared envelope should capture the impulse pattern of the

piston slap because the average operator strongly reduces the non-periodic com-

ponents with respect to shaft rotation. On the other hand, a reduction of the

signal amplitude is expected.300

The final step of this procedure is the Fourier analysis of the averaged

squared envelope. With reference to a four cylinder engine, it is reasonable

to think that the second harmonic component is connected to the periodicity of

the impulses of piston slap.

4. Experimental setup and test conditions305

The experimental measurements have been carried out on a four-stroke over-

charged diesel engine with four in-line cylinders (firing order 1-3-4-2). The an-

gular position of the crankshaft has been measured by a tachometer sensor with

180 pulse/revolution. The acceleration signals have been recorded with a sam-

pling frequency of 20480 Hz by means of miniature piezoelectric accelerometers310

(PCB 356B21). The accelerometers have been placed on cylinder 2, 3 and 4,

as shown in Figure 4. The results presented in the paper concern only cylin-

der 2 since this cylinder is faraway from the main engine accessories (such as

oil pump and turbine) and thus less subjected to the noise induced by such

accessories. For the sake of simplicity, the accelerometers have been named as315

specified in Table 1. Transducers have been placed on the thrust side and on

the anti-thrust side (see Figure 5) since the propagation path that involves the
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engine block mainly concerns the piston slap [5] whereas the cylinder head is a

preferential propagation path for combustion shocks. Only the transversal ac-

celeration is taken into account since it represents the most significant direction320

for the study of piston the slap phenomenon [5, 9]. Accelerometers A and B

Accelerometer name Location Side

A Engine block Thrust side

B Engine block Anti-thrust side

C Outer cylinder wall Thrust side

Table 1: Accelerometers used for the vibration analysis on cylinder 2

have been mounted on the engine block on the thrust side and on the anti-thrust

side, respectively. Accelerometer C has been positioned on the outer liner wall

taking advantage of the sand casting core holes on the engine block. Moreover,

transducer A is placed as close as possible to transducer C but on the external325

surface of the engine block. Lastly, the combustion pressure of cylinder 1 has

been recorded and used as reference for the combustion identification.

In order to analyse the effect of slight changes of piston to cylinder bore

clearance, two different configurations have been considered, namely Configu-

ration I and Configuration II. The clearance of Configuration II is increased of330

about 10% with respect to Configuration I. All tests have been done at constant

speed in three different speed/load combinations (i.e. 760 rpm and 0 Nm; 800

rpm and 50 Nm; 1200 rpm and 50 Nm). For the automotive manufacturers,

these test conditions are particularly interesting because piston slap noise is

predominant at cold start and low speed [28]. For this reason, the experimental335

tests have been performed with engine in cold conditions.

Furthermore, it has to be noted that some drawbacks restrict the use of

accelerometers placed on the outer cylinder wall. Specifically, the positioning

of C was extremely complicated and allowed only by the sand casting core

hole on the thrust side of the engine; furthermore, the transducer is exposed340

to the hot engine coolant that can severely damage the sensor. In order to
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avoid failures and changes on the sensor performance due to the harsh envi-

ronment, accelerometer C has been coated with silicone for high-temperature

applications. Additionally, the employed accelerometers (PCB 356B21) have an

optimal operating temperature range of -54 to +121◦C. Hence, considering that345

the maximum temperature of the coolant should be lesser than about 100◦C

and the tests have been carried out with cold starting, the harsh environment

had not any negative effect on the measurement quality.

5. Results and discussion

Figure 6 presents the RMS values of the time domain raw signal for the two350

configurations being tested. Regarding sensors A and B, the percentage differ-

ence between Configurations I and II are below 10% in every test conditions.

Thus, the RMS values related to accelerometers A and B could not be consid-

ered reliable parameters to identify the optimal configuration, due to the small

percentage difference. On the other hand, the RMS value relative to sensor C355

presents meaningful differences between Configurations I and II in all the test

conditions (close to 20-30%). Moreover, it has to be noted that the percentage

difference becomes smaller at higher speed; this behaviour is expected because

the piston slap phenomenon is more conspicuous at low speed [28] since other

vibration sources are relatively less apparent. Considering these results, the360

RMS value of the accelerometer placed on the outer cylinder wall is an effec-

tive tool to detect the optimal configuration since it is more sensitive to design

modifications. This simple analysis clearly underlines the crucial role of the

transducer positioning when slight changes of the system are considered. Thus,

Configuration I is identified as the best in all the conditions.365

For the sake of brevity, only a few CWT plots are discussed since the ma-

jor part of the diagrams came to the same conclusion. A pivotal step of this

analysis is to obtain a CWT diagram with a proper scale that highlights the

signal components connected with the physical phenomena of our interest. In

this case, piston slap is not a low frequency phenomenon and in IC engines370
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the amplitude of engine order at low frequency overwhelms the higher orders.

Thus, the CWT is carried out after an high-pass filtering in order to cut off the

frequency range of the engine orders. Figures 7 and 8 depict the CWT of the

Synchronous Averaged vibration signals. The CWT shows that in the first or-

der cyclostationary part (SA), a predominant impulsive component at 40, 220,375

400 and 580 degrees is present. At the same crank-angles, at about 1.5 kHz a

localized component with high amplitude occurs. In order to compare the CWT

and Kurtogram, Kurtogram technique has been applied with several accelera-

tion signals. Figure 9 shows two cases of the Fast Kurtogram of CS2 vibration

signal component related to Configuration I and II; it has to be noted that the380

Kurtogram technique does not detect any common frequency band of maximum

kurtosis. Thus, in this circumstance, the CWT results are more effective than

the Kurtogram ones.

According with the measured combustion pressure, these components are

due to combustion (highlighted with red arrows in Figures 7 and 8). As ex-385

pected, the first order cyclostationary part of the vibration signal properly

catches the combustion-induced vibration but does not capture the burst of

impulses of piston slap. Figures 10 and 11 represent the CWT of the second

order cyclostationary part (residual signal) of the vibration signal for a complete

engine cycle. Figures 10 and 11 highlight a broadly wide frequency band (about390

3 kHz to 5 kHz) where several impulsive components are present, characterized

by a wide frequency range in a very slight crank-angle range. This trend is con-

firmed in almost all the analysed signals. It has to be noted that the impulsive

components at higher frequency are not taken into account since Chiollaz and

Favre [5] suggest that the frequency range of interest for the piston-slap noise in-395

vestigation should be below 6000 Hz. Furthermore, CWT results compared with

the crank-angle corresponding to the firing time leads to pivotal observations

regarding the physical nature of CS1 and CS2 parts of the vibration signal. The

first order cyclostationary part of the signal mainly carries the signal compo-

nents related to the combustion noise, whereas the second order cyclostationary400

part highlights the impulsive components associated to the piston impacts.
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The frequency range from 3 kHz to 5 kHz picked with the CWT analysis

represents only the first attempt frequency band. In fact, the band-pass filter-

ing is a key point of the exposed methodology since the selection of the filter

bandwidth could significantly affects the result quality. Therefore, the results405

obtained with different frequency bands around 3 − 5 kHz are discussed here-

after. Figures 12, 13 and 14 illustrate the comparison of the amplitude of the

second order component of the averaged squared envelope of the residual signal

filtered in different bandwidths above all the test conditions.

For a better understanding of the values involved in Figures 12, 13 and 14,410

Figure 15 depicts the averaged squared envelope in the angle domain (upper

part) and the relative spectrum (lower part). The component related with the

second harmonics corresponding to the second order considered for the investi-

gation of the piston slap noise has been highlighted with a green circle in Figure

15.415

Therefore, the investigation on the sensibility of the selected bandwidth for

the frequency filtering is needed in order to verify the robustness and the reli-

ability of the proposed method. Figures 12, 13 and 14 show some differences

from a quantitative point of view. Observing the percentage differences between

Configurations I and II, the 3−5 kHz bandwidth (Figure 13) globally gives good420

and effective results in terms of percentage difference between the tested set-up.

In fact, firstly the values of the second harmonics of the squared envelope be-

came globally smaller decreasing the considered bandwidth. This behaviour is

expected since as the band-pass filter bandwidth is reduced, the more vibration

component is cut off. Secondly, the relative value of Transducer B at 1200 rpm425

in the 2.8-5.2 kHz frequency range, is not coherent with the results of transducer

A and C. Therefore, this sensibility analysis globally leads to the same inference

done with the discussion of the RMS values: Configuration I is the best setup.

Now, let us consider in detail the results in Figure 13. A tangible improve-

ment at 760 rpm and 800 rpm can be achieved due to the increase of the per-430

centage differences with respect to the RMS results (Figure 6). Sensor B on

the anti-thrust side clearly highlights the optimal configuration (Configuration
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I) while sensor A placed on the thrust side has a slighter enhancement. Since

the friction between the piston and the cylinder results greater on the thrust

side than on the anti-thrust side, this behaviour could be reasonable because on435

the thrust-side the vibration due to the friction could mask the component re-

lated to piston slap, in particular considering real piston-to-cylinder clearances.

At 1200 rpm, the vibration signal related to transducers A and B takes no

advantage from this signal processing and this was foreseeable since, at increas-

ing speed, the other mechanical noise sources may mask the piston slap noise.440

Transducer C remains the best choice because is the sensor that capture at the

best the differences between Configurations I and II. Regarding the transducer

placed on the outer cylinder wall, Figure 13 shows that this signal processing

procedure is effective in all the tested conditions. In the other hand, the ef-

fectiveness of the proposed procedure for the sensors glued on the engine block445

drastically decreases at 1200 rpm. It has to be noted that the envelope method

highlights the components related to transducer C weaker than the components

related to transducer A. The energy content of the acceleration signal mea-

sured by the outer transducers could be intensified by other non-deterministic

vibration sources. De facto, the values related to accelerometer C are reason-450

ably less sensitive to other vibration sources than the accelerometers placed in

the outer surface of the engine block. Hence, signal energy magnification of

the outer accelerometers indirectly increases the second harmonic amplitude of

the averaged squared envelope of the residual (CS2) signal with respect to the

component related to transducer C.455

In order to verify the effectiveness of the proposed methodology, the results

of the the proposed methodology in the 3−5 kHz bandwidth are compared with

the RMS value of the raw vibration signals. Figure 16 illustrates the comparison

of the percentage difference between Configurations I ans II regarding the pro-

posed methodology results (second harmonic amplitude of the squared envelope460

of the residual signal) and the RMS values. Referring to Figure 16, a positive

value means that the signal processing procedure improve the differences be-

tween Configurations I and II, while a negative value denotes the opposite. At

17



1200 rpm, the averaged squared envelope technique does not provide a tangible

benefit. Regarding sensor C, as previously seen, the RMS evaluated on the raw465

signal is enough to identify the best configuration but the squared envelope sig-

nificantly amplifies the differences at 760 rpm and at 800 rpm. With regard to

sensor A in Figure 16, the averaged squared envelope increases the differences

between Configurations I and II but still remain slight and therefore unreliable.

Instead, the results with transducer B are satisfying. In fact referring to Figure470

16, at 760 rpm the absolute difference increases by 12.22 and at 800 rpm by

17.63.

6. Conclusions

The paper presents a methodology for the estimation of piston slap noise

in order to assess design improvements of IC diesel engines, which represents475

an interesting challenge for the automotive industry. Acceleration transducers

located in different positions have been used in order to study the dynamic effect

of the engine block on the vibration measure. Firing tests with cold starting

at different combinations of speed and load have been carried out and a new

signal processing procedure has been applied to the acceleration signals. The480

main results are reported hereafter.

• A preliminary analysis has been carried out on the time domain raw sig-

nals. Considering the RMS value, transducers placed on the engine block

are not adequate to measure the differences between two configurations of

piston to cylinder bore clearance values (Configuration I and II) because485

of the dynamic response of the structure. On the other hand, transducer

C placed on the outer cylinder wall has given a reliable outcome revealing

the best configuration (Configuration I). This simple approach has shown

that a proper position of the accelerometer leads to good results with

an elementary signal analysis. Furthermore it has been highlighted that,490

for the study of piston slap, the dynamic behaviour of the engine block
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combined with the other noise sources strongly influence the signal of an

accelerometer placed on the engine block.

• In order to study the vibration signal from the transducer on the engine

block, cyclostationary characteristics have been investigated by means of495

the Continuous Wavelet Transform (CWT) of the Synchronous Averaged

signal and the residual signal. On the one hand, it has been shown as

the first order cyclostationary part of the signal mainly carries the signal

components related to the combustion noise, whereas the second order

cyclostationary part highlights the impulsive components associated to500

piston impacts. On the other hand, CWT has highlighted a common

frequency band where the amplitudes of impulse train due to piston slap

are maxima (3−5kHz in the present case). This frequency band has been

exploited in the envelope analysis with a band-pass filter.

• Taking advantage of the cyclostationary approach, the amplitude of sec-505

ond harmonics of the envelope analysis has been selected as indicator for

the comparison of the two engine configurations. This approach has been

effective in all the tested conditions for the transducer placed on the outer

cylinder wall. Regarding the sensors located on the engine block, the

proposed method has been effective only at 760 rpm and 800 rpm, es-510

pecially for the accelerometer on the thrust-side. It is worth noting that

this approach is strongly influenced by the selection of the band-pass filter

frequencies evaluated by means of CWT.

In order to evaluate the optimum clearance design between two similar configu-

rations, the authors suggest two different approaches. The first one consists on515

the use of a transducer on the outer cylinder wall since the proposed method

has been effective in all the tested conditions. The main drawback addresses

the increased time required for the measurement setup. Otherwise, the second

approach involves the use of sensors placed on the engine block: in this case

the authors suggest to perform tests at low speed (with or without torque) and520

mounting the sensor on the thrust-side.
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Figure 1: Schematic of piston’s secondary motion

Figure 2: Relationship between noise sources and measured response
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Figure 7: CWT of synchronous averaged signal (760 rpm/0 Nm - Configuration I - Sensor A)
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Figure 8: CWT of synchronous averaged signal (1200 rpm/50 Nm - Configuration I - Sensor

B)
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the engine block at the anti-thrust side (a) and at the thrust side (b)
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Figure 10: CWT of the residual signal (760 rpm/0 Nm - Configuration I - Sensor A)
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Figure 11: CWT of the residual signal (1200 rpm/50 Nm - Configuration I - Sensor A)
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