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Abstract

In cylinder pressure developed, noise emissions and vibrations signature of an engine structure are important
parameters that provide information about its working conditions. Due to several drawbacks of various
conventional techniques used, novel methods of condition monitoring are becoming the next hot topic of research
for major automotive companies around the world.

Diesel engines have been widely used for a variety of industrial as well as domestic applications. Despite their
advantages in terms of fuel economy (as compared to gasoline engines), these engines are often less popular due
to their worst performance in terms of noise, vibration and harness (NVH) benchmarks. Hence it is important to
develop a suitable scheme which is capable enough to detect faults by monitoring various signals acquired from
these engines before actual breakdown takes place.

In this work, data was collected from a dual cylinder diesel engine installed in the laboratory of Internal
combustion engine at 'University of Roma Tre’ by changing speed, load, amount and duration of fuel injected.
The collected data was further processed using various MATLAB based processing tools. The presented work
also discusses various numerical models based on mathematical analysis. The discussed research work has
following major objectives:

Obijective 1-To review different sources of noise in engines.

Objective 2-To study the effects of variations of different engine operational conditions on various signals acquired
from transducers mounted on the test engine.

Objective 3- To show the applicability of various signal processing methods for effecting condition monitoring of
engines.

Objective 4-To analyze combustion based noise using acquired data.

Obijective 5-To develop various numerical models of piston lateral motion and validate them using experimental
data.

Obijective 6-On the background of presented work, provide a guideline for further research.

The presented work has been organized into six chapters. Basic principles of noise, vibration and harness (NVH)
have been presented in the first two chapters. Chapter 1, analysis different sources of noise in an engine and briefly
discusses various techniques used for effective separation of these sources. Chapter 2 discusses various signal
processing methods adopted for diagnosis of different signals acquired. Chapter 3 focuses on various characteristic
features of various sources of noise in an engine. Chapter 4 deals with combustion based noise and discusses use of
in cylinder pressure, noise emissions and engine block vibration signals for its analysis. Chapter 5 is deals with noise
emissions due to lateral motion of piston assembly. The dynamic equations of lateral motion of skirt were solved
and effects of various parameters were analyzed. Chapter 6 presents a summary of various results and relates it to
previous objectives presented. Further suggestions have also been made for future research work.

The novelty of methods discussed in the presented work lies in analysis of various combustion noise related
indices which showed a good correlation with actual in cylinder pressure development. Further various mathematical
models have been used for analysis of lateral motion of skirt and effects of various skirt design parameters on it.

As the output signals from various transducers mounted on the test engine are available at an early stage, various
methods discussed in the presented work may become an attractive option for effective detection and localization of
various faults and hence, form an important aspect of preventive maintenance of engines.

Keywords: Diesel engines, in cylinder pressure, noise, vibrations and harness.
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Chapter 1 Introduction

1.1 Background

Diesel engines constitute major sources of power for various ships, buses, trains as well as road machinery. About
one fifth of the total energy consumption in U.S.A. goes towards operating such engines [1], and hence demand for
these engines is growing fast as compared to gasoline engines [2]. Sales of vehicles using diesel engines reached
peak during the decade of 1980's in U.S.A. due to major oil crises as depicted in figure no 1.1 [1].
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Figure no 1.1-Trends in sales of various diesel engines based automobiles in U.S.A. [1]

Various projections at that time had predicted that an increase of about 20% in sales would be achieved at the end
of decade [3]. However, due to variations in the fuel costs, falling prices of petrol and various problems associated
with operations of diesel engines led to fall in their overall sales [4, 5].

Gasoline engines use spark ignition system for initiation of fuel reaction as compared to diesel engines (which
are based on the compression ignition of fuel-air mixture). Diesel engines operate at higher compression ratios, thus
allowing more useful work output during course of their operation. Combustion in these type of engines can be made
to take place away from chamber walls, thus helping in reduction of overall heat release rate. In addition, there are
various throttling as well as pumping losses associated with operation of gasoline engines. These are some of the
major reasons for their lesser cyclic efficiency when compared with diesel engines. Overall fuel efficiency of a diesel
engine may pass over 40% in case of medium sized engines and 50% for larger ones (which are generally used in
marine propulsions) [6].

The above discussed factors have hence led to renewal of interest of various automotive companies towards
development of diesel engines. Data about sales of various automobiles in Europe have indicated that about a quarter
of new automobiles were powered using diesel engines [7, 8]. In France, diesel engines accounted for almost half of
total engine sales [9]. Sales of diesel engine based cars in Japan have almost tripled in past [10]. Several commercial
vehicle suppliers have now started to manufacture their own diesel engines. Table no 1.1 shows the market share of
diesel engines supplied by various automotive manufacturers in U.S.A [11].
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Automotive Make Engine Make Market Share
Hino Hino 100%
Freightliner Cummins 62.3%
Detroit Diesel 37.0%
Mercedes Benz 0.7%
International Cummins 7.2%
Navistar 92.8%
Volvo Cummins 13.6%
Volvo 86.4%
Western Star Cummins 21.2%
Detroit Diesel 78.8%
Mack Cummins 6.0%
Mack 94.0%
Peterbilt Cummins 65.2%
PACCAR 34.8%

Table no 1.1- Supply of diesel engines by various manufacturer, Year-2013 [11]

Recently several key technologies like direct injection (D.l.) systems, recirculation of exhaust gas (EGR) as well
as turbocharging are being introduced for further development of diesel engines [12]. Other methods include use of
pre-mixed (PCCI) and homogenous charge (HCCI) compression ignitions systems [13-15]. However, higher periods
of pre-mixed combustion in these methods may lead to higher noise emissions from engines. Hence various merits
of using diesel engines may be lost over their poor performance on various noise, vibration and harness (NVH)

benchmarks.

1.2 Summary of various sources of noise in combustion engines

Vehicle noise and vibrations can have bad effects on overall performance of automobiles. These aspects also form
important benchmarks for perception of customers while choosing a vehicle as parameters of comfort levels and
vehicle reliability. The collective term of noise, vibration and harness (NVH) is used to indicate the unwanted sounds
and vibrations [16]. NVH is a term commonly used for the branch of engineering related to vehicle refinement in

terms of sound and vibration performance as experienced by its occupants.

meunt lifille:

engine

exhaust system

N

intake
system
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Figure no 1.2—Powertrain system [17]
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Figure no 1.2 shows general layout of engine powertrain system showing engine block, transmission systems,
clutch, driving systems as well as intake and exhaust systems [17]. The powertrain constitutes core part of any
vehicle. The chassis includes frame, tires and isolators etc. As most individual systems, subsystems, and components
of a vehicle form either sources or transmitters, the generation of noise and vibrations depends on systems as well
as their constituent components [18].
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Figure no 1.3 —Noise and vibration sources in an engine [17]

Various sources of vibrations in an automobile may be further classified as external or internal ones as depicted
in figure no 1.3. The internal sources are due to variable pressure acting on piston head as well as inertia of various
moving parts. The external ones refer to vibrations due to unbalanced moments and variable engine torque. Further
various sources of noise in an engine may be classified as mechanical noise, combustion based noise and
aerodynamic noise etc. as shown in figure no 1.4.

Figure no 1.4 -Schematic representation of various sources of noise (1: valve train, 2: chain drive, 3-4: accessory
belt noise, 5: piston slap,6: bearing noise,7: cover noise, 8: intake noise, 9: exhaust noise, 10: combustion noise,11:
oil pan noise) [17]

Combustion based noise can be analyzed by monitoring the speed of combustion process taking place inside
combustion chambers, crank angle positions corresponding to 50% mass fraction burnt (CA50), 100% mass fraction
burnt (CA100), locations and amplitudes of maximum in cylinder pressure developed (P max) and maximum values

of its derivative [(j—g)max 1.
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Combustion based noise is generated as an impulsive pressure wave due to combustion process which impacts the
walls of liner and piston head [19]. The intensity of this noise is proportional to the square of in cylinder pressure
developed [20]. This noise may be further classified as direct or indirect type [20]. Direct one is related to the
development of in cylinder pressure, whereas the indirect part refers to portion that is transferred to structure from
the combustion chamber.

Motion based noise which is proportional to operational speed of engine arises due to relative motion of parts or
various inertial forces which results in various impacts. This type of noise includes contributions due to piston
primary and lateral motions, bearing noise, cam noise, oil pump noise, timing belt and chain noise as well as
structural noise of cover [21]. This noise may be estimated by running engine under motored condition assuming
that other components such as flow based noise are neglected.

Aerodynamic noise includes contributions due to intake noise, exhaust noise and noise due to motion of fan.
Various vibrations due to transmissions and driveline also contribute separately. There are also other noise sources
which includes squeak and rattle of engine body system. Noise levels experienced by passengers inside the vehicle
are not only dependent on various sources, but also on engine structure and acoustic transfer functions. Various
sources have typical frequency ranges as shown in table no 1.2 [22]. Ranges of these frequencies not only depend
on operational conditions, but also on various configurations of engines. Hence identification and estimation of
specific frequency range must be done by proper testing procedure [23].

Noise source Approximate frequency | Effecting factor
ranges
Combustion Noise 500-8000Hz In cylinder pressure
Piston Slap 2000-8000Hz Speed, piston design
Valve Operation 500-2000Hz Valve type, Engine speed
Fan Noise 200-2000Hz Speed, number of blades
Intake flow noise 50-5000Hz Turbulence
Exhaust flow noise 50-5000Hz Turbulence
Injection Pump Operation 2000Hz Pump features
Gear noise 4000Hz Speed, number of teeth
Accessory Belt-chain noise 3000Hz Engine speed,
misalignment, number of
teeth

Table no 1.2-Frequency ranges of various noise sources [17]
1.3 Quantification of noise emissions from engines

During the decade of 1970's, introduction of more stringent noise control regulations led to more attention being
paid towards the acoustic performance of engines. Priede analyzed a relationship between development of in cylinder
pressure and subsequent noise emissions from engines [23]. Kamal focused his work on finite element analysis
(FEA) of individual engine components for the dynamic analysis of engines [24]. Later on the basis of various noise
transfer paths, main bearing of connecting rod was found to be a major transmission path for the indirect component
of combustion based noise [25].

In modern days, various multidisciplinary approaches are being utilized for evaluation of NVH performance of
engines. Some of these methods include modal analysis (MA), finite element techniques (FEA), boundary element
method (BEM), statistical energy analysis (SEA), lumped mass approach as well as transfer path analysis (TPA).

Each of these methods have specific frequency ranges over which they are most reliable e.g. FEA is more suited
in low frequency ranges, whereas TPA is more suitable for medium frequency ranges. SEA gives more accurate
results in higher ranges. Evaluation of acoustic performance of engines can be done both objectively as well as
subjectively using these techniques [26].
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Figure no 1.5 shows plots of in cylinder pressure spectra for two different types of engines [27]. A difference of
about 20dB is seen at 1kHz frequency.
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Figure no 1.5 -In cylinder pressure spectrum [17]
Based on various mathematical relationships, Anderton developed models to quantify the combustion based

noise according to type of engine [28]. It involved calculation of mechanical impedance Z(f) between the force
applied at top of piston F(f) and resulting velocity v(f) of engine block. i.e.

Z(f) = :T(g (1.1)

The average surface velocity V(f) may be expressed in terms of in cylinder pressure (p) and cylinder bore (B) as:
v(f) = 22 p (1.2)

Further the relationship of radiated acoustic power (W) from a surface may be written as:

W(f) = pCSV(f)o = Z—Z (13)

Where o is radiation efficiency and S is radiated surface area.
Combining the above relationships, we have:

W(h=ospc[ 2202 (1.4)
The intensity of radiated noise I(f) is given by:
I(f)= opC[ 2L (15)

4
In order to minimize the dependence of engine speed, various in cylinder pressure spectra have been analyzed

[29]. Variations in these plots were observed like a straight line in frequency ranges 0.8kHz —3kHz. The slope of
pressure spectrum in this range was defined as combustion noise index (Z) [29].

Using further analysis, it was shown that in cylinder pressure spectrum p(f) may be expressed as [28]:
P*(N)~()" Antilog3N) ~ (L6)

Where N is engine RPM

From the above relationships we have:

I(5))~()* Antilog(3N) opC[ ZL)2 (L7)
Or
1)~ (o 2L (L8)
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Overall Intensity lo can be expressed by integration over a given frequency range [f1, 2] as:
lo~N%B* [ S2() (1.9)
Various empirical relationships have been developed at ISVR, University of Southampton for prediction of

noise emissions in terms of sound pressure levels (S.P.L.) for different types of engines. Some of these are as
follows [29]:

SPLN.A. Direct Injection Diesel engines = 30*log (N) +50*log(B) +106  (1.10)

SPL Turbocharged Diesel engines = 40*log(N)+50*log(B)-135 (1.11)
SPL indirect injection Diesel engines = 43*log (N )+60*log(B)-176 (1.12)
SPL petrol engines = 50*log (N) +60*log(B)-203 (1.13)

As compared to diesel engines, a gasoline engine operates at higher operational speeds has smaller bore and
reciprocating mass. Consequently, such an engine has lower in cylinder pressure and hence lower sound pressure
levels (SPL) of radiated noise as seen from figure no 1.6.
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Figure no 1.6 —Variations of sound pressure levels with engine speed [17]

The diesel engine knocking refers to noise mainly in 500Hz-6000Hz range and is dominant under low speed idle
operational conditions. Various moving parts in diesel engines are designed heavier and stronger as compared to
gasoline engines in order to meet durability requirements under high operational pressures. Hence the mechanical
impacts in case of a diesel engine are stronger when compared to gasoline engines. There are additional sources of
noise due to turbochargers and operation of fuel injection pumps in case of a diesel engine. However, there are some
sources of noise exclusively associated with operation of a gasoline engine which includes piston pin tickling noise
under low speed conditions, clatter noise under cold operational conditions and slip stick piston noise originating
from crank shaft [31-33].

1.4 Methods for quantification of noise emissions

There are several techniques that have been used to quantify various sources of noise in engines [34]. Some of
these includes selective shielding of parts, surface vibration method as well as acoustic intensity technique. Of these
methods, the selective covering by lead is the most expensive as well as time consuming one. These techniques have
been discussed further in the next portion of this work.

a) Selective lead covering method -1t is one of most reliable methods of source identification in field of engine
acoustics. This method consists of measurement of noise emissions from engine using selective covering of
engine parts with lead (which is a high transmission loss material). The increase in radiated noise is then
noted by removing lead cover from the component. This procedure is repeated one by one for all major parts.
Figure no 1.7 shows results of such a test that was performed on a 6 cylinder naturally aspirated diesel engine
[34].
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Figure no 1.7-Noise analysis using lead cover method [34]

Total sound power level (SPL) emitted from this engine was found to be around 114 dBA with valve cover,
muffler, front gear cover and oil pan contributing about 21%, 10%, 8% and 7% respectively.

b) Surface vibration method-The A weighted sound power level of engine (Lw[A]) can be expressed in
terms of acoustic impedance (pc), surface velocity (u), radiation efficiency (o) and surface area (S) by
following relationship [34]:

Lw[A]= 10*log(pc)+10*log(S)+10* log(c)+10*log (u) (1.14)

The radiation efficiency is ability of surface vibrations to get converted to air borne noise. The radiation efficiency
can be estimated by considering engine as a radiating rigid sphere. The radiation efficiency of component is also
related to its critical frequency which may be defined as the frequency at which wavelengths of vibrations from a
given structure matches with those of natural wavelengths. At frequencies lower than the critical ones, the radiation
efficiency is less than unity and vice versa.

The dominant range of critical frequency for various components of a typical diesel engine lies in range of 400Hz-
800Hz. The radiation efficiency was seen to rise at an approximate rate of 40dB/decade in these ranges. The value
of critical frequency occurs when kr = 4, where k is wave number and r is radius of an arbitrary sphere that has same
volume as that of engine under consideration

Measurement of surface vibrations can be best done by mounting accelerometers on engine block. Positioning of
accelerometers must be carefully done, as surface vibrations vary with wall thickness. Hence proper balancing
between less and strong sensitive measurement points is necessary. The surface velocity can be calculated by using
Fourier transformations (FT) to first convert acceleration data into frequency domain and then carrying out
integration.
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Figure no 1.8-Noise analysis using vibrational analysis method [37]
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Figure no 1.8 shows the results of contributions of various components as obtained by surface velocity method
[37]. It can be seen that larger contributions take place from valve cover, muffler shell, gear cover and oil pan cover.

c) Use of Spectro- filters [35]
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Figure no 1.9-Application of Wiener filter for estimation of combustion noise [35]

Noise emissions from diesel engines has several contributing sources of which combustion based noise and
motion based noise are major ones. If the in cylinder pressure signal is known, these two sources can be separated
using suitable Wiener Spectro-filters. These types of filters extract noise sources that are coherent with in cylinder
pressure signals, hence providing an estimation of combustion based noise. Wiener filter has a single input response
P(t) giving a single output response C(t) as seen from figure no 1.9. The impulse response function has been denoted
by H(t). The system is corrupted by external component M(t). This model can be represented by following
relationships [35]:

C(t)=P(t)*H(t) (1.15)
G(H)=M(1)+C(t) (1.16)
The Spectro-filter H(t) can be estimated from following equations:
W(f) = Sep(® (1.17)
Spp ()
W()=IFFT[W(f)] (1.18)

In these equations Spp(f) denotes the auto spectrum of P(t), whereas Spp(f) denotes the cross spectrum of P(t) and
M(t). Convolution of input P(t) with W(t) gives an estimate of C(t) i.e.

C(H)=P(t)*W(1) (1.19)
G()=E(t)- C(t) (1.20)

In case of a mono cylinder engine C(t) denotes the combustion noise, P(t) denotes in cylinder pressure developed,
M(t) denotes the mechanical based noise, E(t) denotes total noise emissions and H(t) denotes the relationship function
between in cylinder pressure and noise emissions as shown in figure no 1.10.

W "/

Figure no 1.10-Engine noise model (single cylinder) [35]
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Figure no 1.11-Engine noise model (dual cylinder)

In case of a dual cylinder engine, figure no 1.11 shows the noise model. This is a multiple inputs and a single
output (MISQO) system. The combustion noise C(t) can now be considered as sum of the individual components
produced by each cylinder i.e.

C(=Ca(t)+Cat)  (1.21)

The above discussed filtering technique was applied to noise emission data from a single cylinder for testing cases
presented in table no 1.4. Specifications of test engine and various transducers mounted on it are enlisted in appendix
portion of work. Various cyclo-stationary signals computed by subtraction of average values from original signals
were used for effective source separation. The average values of signals have very higher levels of energy in
frequency ranges above 500Hz. As a result, accuracy of Wiener filter is high above this frequency range [35]. It is
evident from figure no 1.12, 1.13 that mechanical noise dominated at higher speed conditions.
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Figure no 1.12-Noise separation by Spectro -filters (L600RPM, full load)

Figure no 1.13-Noise separation by Spectro -filters (2000RPM, full load)

NN

SO' main SO' pre Q main Q pre P Rail
Load RPM (Degrees (Degrees (mmd/stroke) (mm?/stroke) | (Bar)
BTDC) BTDC)
100% 1600 6.29° 14.6° 13 1 714
100% 2000 6.29° 14.5° 13 1 710

Table no 1.3-Spectro- filter analysis cases
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1.5 Summary

Automotive industry had an annual turnover of about 1 Trillion U.S.$ with a growth rate of about 6% [32].
Attributes such as durability and serviceability requires a vehicle to be in service for certain period of time. Costs of
vibration and noise control are usually very high, e.g. the yearly costs of warranty for brake noise was about 1 Billion
U.S.$. during the year 2005 [35-41]. So it is necessary to analyze various NVH aspects of combustion engines. The
presented research work has following major motivations:
Objective 1-To review different sources of noise in engines.
Obijective 2-To study the effects of variations of different engine operational conditions on various signals acquired
from transducers mounted on test engine.
Objective 3- To show the applicability of various signal processing methods.

Obijective 4-To analyze combustion based noise using acquired data.

Objective 5-To develop various numerical models of piston lateral motion and validate them using experimental
data.

Objective 6-On the background of presented work, provide a guideline for further research.

In this work, results from various experiments conducted on a LDW442CRS type Lombardini make diesel engine
are discussed. The test engine is a common rail, dual cylinder and water cooled one. The collected data from engine
was processed using various MATLAB based signal processing tools. The discussed methodology can be helpful
for early fault detection and hence form an important aspect of condition monitoring of an engine.
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Chapter 2

Methodology for condition monitoring in engines

2.1 Introduction

Various diagnosis methodologies have ability to detect various faults earlier before any actual damage can take
place to a machine. The early detection of faults has advantages both in terms of cost as well as time. These
methodologies allow the downtime of maintenance to be rescheduled, thus preventing sudden shutdown of machines
or risks of any potential injury to its operators. In cylinder pressure, vibrations and noise emissions data provide a
rich source of information about physical conditions and operational parameters of engines [1]. The present section
provides details about various diagnosis methodologies adopted in case of diesel engines for their condition
monitoring. Some of these include:

A. Vibration monitoring -1t is most commonly used methodology, but effective location of transducer is a big
challenge as mixing of signals may occur due to different transmission paths. Vibration signals can be analyzed
by frequency spectrum, peak or RMS values. These can be used to monitor various imbalances, bearing damage
or shaft misalignments [1].

B. In cylinder pressure monitoring- Data about cylinder pressure development provides information about injector
faults, wear, valve operational problems, incorrect injection timings and hence overall combustion efficiency of
engines. However, higher temperatures conditions make various pressure sensors expensive with short life span
time [2].

C. Noise emissions - Noise levels are perceived by the humans as air pressure oscillations reaching ears which
lead to motion of the ear drums. Various sound features can be analyzed by means of sound pressure levels (SPL).
In order to obtain the levels that bear a closer relationship to loudness judgment, three different networks of
frequency weighting (A, B, and C) filters have been incorporated into various sound level meters with the A-
weighting most closely matching the hearing capacity of human ears [3].

Due to higher compression ratios, diesel engines are known to produce higher noise emissions as compared to
gasoline engines [4,5]. Higher compression ratio increases various forces acting on piston assembly at the ignition
timings which results in increase of vibrations from engine structure. Overall, this leads to increase in noise
emissions from engine. Due to large number of external effects, the acceleration and noise emissions data may
become contaminated leading to several complexities. Hence various signal processing methods can reveal
information about various events which have fixed time of occurrence depending on the crank mechanism of
engine. These methods include Short Time Fourier Transformations (STFT), Wavelet Transformation (WT),
Bilinear Time-frequency Distribution (BTFD) [6]. Winger —Ville distribution (WVD), Born —Jordan distribution
(BJD) and Choi-Williams distribution (CWD) are commonly used BTFD methods [7]. When these BTFD methods
are applied to a transient signal, large ripples are produced on the envelopes which may lead to loss of information
[8]. However, these methods have better frequency as well as time resolutions when compared to conventional
Fourier transformations. In this part of work some of the commonly used signal processing techniques have been
discussed. Various important properties of these methods have been presented, and finally their performance was
evaluated by application on the data acquired from engine.
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2.2 Signal processing tools

A. Power spectral density function

This function (¥ 2) which denotes a random process, provides the frequency composition of data in terms of its
mean square values [9]. The mean square values of a time sample in frequency range [, o+ A ®] can be obtained
by passing sample through a band pass filter with sharp cutoff frequency features and then computing the average
of squared output from filter. The average square values approach mean square values as T—x.i.e.

foTxZ(t)dt

¥2(, A®) =Lim ax—o0 -

(2.1)

B. Time frequency analysis

The Foyrier transformation of a function f(t) in frequency domain can be represented as:
f(m)zfo f()e I@tdt (2.2)

This analysis is useful as long as frequency content of signals do not vary with time. Hence time-frequency
analysis or wavelet analysis are more suitable for analysis of transient signals [10]. In the time-frequency analysis,
the signal is windowed into small intervals and then Fourier transformation is taken for each interval [11]. Length
of window can be used to change the resolution of the output signal. A shorter window has higher resolution in
time domain, but a poor resolution in frequency domain and vice versa. The short time-frequency analysis (STFT)
of signal may be represented as:

STFT (¢, f) =f, x(£) h*(t — D)e It dt (2.3)
Where x(t) is input signal & h(t-t) is window function. Wigner Ville function that has following quadratic time-
frequency distribution is represented by [9]:

STFT (r,f) =f, x (£ = 2) x" (¢ + De/otdt (2.4)
C. Wavelet Analysis

Wavelet analysis maps a signal on joint time -frequency plane and is sensitive towards the transient nature of
signals. One of the major drawbacks of various time-frequency processing methods is that they produce ripples,
hence making it difficult extract valuable information [12]. During wavelet analysis, the frequency resolution is
better at low frequencies whereas the time resolution is better at higher ones. Hence Wavelet analysis results are
more accurate as compared with other methods [13]. Using wavelet analysis, a signal is transformed onto a family
of zero mean functions which are known as wavelets. These have high time resolution and have no cross-term
interference.

The squared wavelet transform is called Scalogram. A single Scalogram can easily cover audible frequency range
with a time resolution of approximately 0.1 m-s for the high-frequency components [14]. This makes Scalogram
more suitable for such various signals like squeak and rattle noise for which wider ranges of frequency analysis are
needed. Mathematically for a function f(t), a complex wavelet transform is defined by [15] :

CWT (3, b) =[ 7 f(t) =w (=2t (2.5)
Where

Y*(t): Complex Mother Wavelet

f(t): Analyzed signal a: Scaling factor

b: Shifting factor CWT (a, b) : Wavelet coefficients
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Mother Wavelet function y(t) must satisfy following conditions:
a) This function has zero average and decays exponentially to zero. i.e.
[ pdt =0 (2.6)

b) Function and its Fourier transformation must satisfy admissibility condition i.e.

[0 <0 27)

Both dilation as well as translation parameters in CWT are subjected to variations that makes its use more
complex. Discretization of signals can help to reduce this problem to certain extent. The CWT of a signal discrete
signal X m is defined in terms of its sampling time At and sample data points m, n as:

{ (2.8)

Where t = m At, b = n At, m &n varies from 0,1,2...N-1,N

(m—-n)At
Xj

CWT= 3020 Xmdp" [

Time -frequency analysis is suitable for analysis of signals having slow frequency changes such as those
generated during engine ramp down, whereas wavelet analysis is more suited for fast frequency changes such as
those generated during rattle [16]. Higher time resolution at higher frequencies makes it possible to resolve short
consecutive events using wavelet transformation.

2.3 Experiments

Several experiments were conducted on the test engine that is commonly used in case of small commercial
vehicles. The fuel injection methodology used is a dual injection type having pre and main injection periods before
piston reaches top dead center position during compression stroke. The amount of fuel injected during pre-injection
period is denoted as Q pre, Whereas the amount injected during main injection period is represented by Q main. Instants
at which these injections start were defined by crank angle positions denoted by SOl pre & SOl main respectively. Fuel
is injected inside cylinders through a common rail system at injection pressure P il that is expressed in Bars. Tests
were conducted at motored as well as full load conditions by varying various crank angle positions at which fuel is
injected as shown in table no 2.1. The main aim of present activity was to analyze noise emissions from engine at
different locations by changing the positioning of microphone.

2.4 Results and discussions

Diesel engine acoustics emissions contains rich information about working conditions of engine [17]. In order to
analyze noise emissions at various locations, a grid was built around the test engine to change the location of
microphone. Particular attention was focused on three positions marked A, B, C as depicted in figure no 2.1. Figure
no 2.2,2.3 shows recorded noise emissions at three chosen locations under full load conditions. It can be observed
that all traces have low frequency oscillations related to firing frequency of engine. Position C is characterized by
high frequency oscillations around 360°crank angle position due to onset of combustion events. Such a trend was
not visible in signals acquired at position A and B.
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Figure no 2.2-Noise emissions at 1600 RPM,100% load Figure no 2.3-Noise emissions at 2000 RPM,100% load

Position B was next investigated to see if any information could be extracted regarding intake flow noise. Figure

no 2.4, 2.5 shows plot of intake pressures acquired at this positon. Absence of any noticeable changes in signals
acquired shows that acoustic signals were least affected by load values.
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Figure no 2.4 -Intake pressure at 1600 RPM,80% load Figure no 2.5-Intake pressure at 1600 RPM,100% load

Further coherence function was used for analysis of signals. This function which is denoted as a normalized
function that may be defined as the ratio between the square of cross power spectral densities of input and output
signals to the product of the power spectral density (PSD) of individual signals. The value of this function varies
from zero to unity.
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Figure no 2.6, 2.7 shows plot of coherence functions between intake pressure and noise radiated from engine at
location B were computed using a Hanning window of length 1/6th of engine cycle. It may be observed that a close
relationship exists between the two signals in frequency range [50Hz-400Hz] irrespective of load values. Such a
band in which intake pressure signals are closely correlated with noise emissions is dependent on engine speed. In
this frequency band, gas exchange process may be considered as a major contributor towards overall noise emissions.
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The noise emissions at location C were filtered in the above mentioned frequency range and compared with those
of unfiltered noise emissions at location B as shown in figure no 2.8, 2.9. A close correlation between two signals
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Case SOI main SOl pre Q main Q pre P Rail
RPM Load (Degree (Degree (mm3/stroke) (mm3/stroke) | (Bar)
Before TDC) | Before TDC)
B1 1600 100% 6.29° 14.6° 13 1 714
B2 1600 Motored - - - - -
B3 2000 100% 6.29° 16.5° 13.8 1 710
B4 2000 Motored - - - - -

Table no 2.1- Fuel injection parameters

Further tests were done in order to investigate signals at various marked locations as reported in table no 2.1.
Figure no 2.10, 2.11 shows the in cylinder pressure spectrum plots for given testing conditions acquired at location
C using FFT function. The contribution of combustion process towards in cylinder pressure development is clearly
visible from these graphs. In order to minimize the presence of cyclic variations, all signals were averaged on basis
of 30 cycles. These plots show the energy distribution among frequency harmonics associated with pressure
evolution. The differences in the energy levels of motored and fired conditions is clearly noted. Comparisons between
various traces show low energy distribution in mid frequency ranges during motored conditions when compared to
firing conditions. In low frequency ranges, the spectrum of cylinder pressure plots depends upon peak pressure and
integral of pressure curve. In middle ranges it depends on pressure rise rate, whereas in higher ranges peaks are
observed due to rapid pressure rise.
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Figure no 2.10- In cylinder Pressure Spectrum (1600RPM) Figure no 2.11-In cylinder Pressure Spectrum(2000RPM)

Further PSD plots of various signals were analyzed using Pwelch function. Peaks were found in PSD plots of in
cylinder pressure at frequencies which were integral multiples of fundamental firing frequency of engine. These
plots highlight that main changes due to firing of fuel inside cylinder occurs at 300Hz frequency (fig no 2.12, fig no
2.13). Hence all combustion related events must be considered above this frequency.
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Figure no 2.12- PSD plots for Cylinder Pressure Signals(1600RPM)  Figure no 2.13- PSD plots for Cylinder Pressure Signals(2000RPM)

Since the acoustic power radiated from engine also depends upon the block velocity, the velocity of in cylinder
pressure evolution also represents an important term in study of combustion source. PSD plots of this parameter for
given testing conditions were plotted as seen from figure no 2.14,2.15. It is clear that the region 2 corresponding to
medium frequency ranges of combustion noise (discussed in chapter 4) begins after 1kHz.
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Figure no 2.18-Cylinder Pressure Spectrogram at 2000RPM,100%load

Figure no 2.19-Cylinder Pressure spectrogram at 2000RPM, Motored

Further in cylinder pressure signals acquired at location C were studied using time-frequency spectrogram
analysis as seen from figures 2.16-2.19. The frequency contents of signals were calculated by means of discrete
Fourier transformation that were computed using FFT of overlapped windowed segments of signals. The color bars
in these figures denotes the amplitude of components. Dark colors denote higher energy bands, whereas the lighter
ones displays lower energy bands. From these plots, contributions of combustion events are clearly visible due to
broadening of frequency bands near 360°TDC position under full load conditions as compared to motored conditions.
High frequency components were found in frequency range 500Hz -40kHz owing to rapid increase in cylinder
pressure after pre- injection period a few degrees before TDC position.
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Figure no 2.20-Comparison of cylinder pressure [------ ], Filtered noise signals[------ 1(1600RPM)

Figure no 2.21- Comparison of cylinder pressure [------ ], Filtered noise signals[------ 1( (2000RPM)
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As position C was found to be sensitive towards combustion process, noise signals acquired at this position were
filtered in relevant frequency band defined previously by time-frequency analysis and compared with in cylinder
pressure as seen in figure no 2.20,2.21. The contributions of combustion process towards noise signals is clearly
visible. Once various frequency ranges were characterized, the radiated noise signals were investigated in order to
understand relationship between various signals. Figure no 2.22,2.23 shows the PSD plots for noise signals acquired
both at motored as well as fired conditions using microphone located at position marked as A. It can be seen that
contributions of combustion process towards noise emissions occurs at wider frequency bands when compared with
cylinder pressure PSD plots. This may be due to several non-linear paths of noise propagation through engine as
discussed in [16]. Noise PSD plots were characterized by high frequency components that may be due to several
other contributing sources.
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Figure no 2.22 -PSD plots for Noise Signals(1600RPM)  Figure no 2.23-PSD plots for Noise Signals(2000RPM)

Once signals were analyzed, time frequency wavelet analysis of noise emissions acquired at location A was done
using wavelet analysis, in order to investigate the spectral distribution of energy among various events taking place
in an engine cycle as seen in figure no 2.24,2.25 with operations under full load conditions. These plots show
periodicity of various contributing sources clearly characterized by high frequency components below 1kHz range.
These closely correlate with that of actual occurrence of events shown in Table no E. Index 1 indicates various events
for case cylinder having pressure transducer mounted on it, whereas index 2 indicates events for other non-
instrumented one.
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Figure no 2.24 -Time frequency analysis of noise signals(1600RPM)
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Figure no 2.25-Time frequency analysis of noise signals(2000RPM)

The combustion process is responsible for high frequency components in spectrogram and is well represented
below 2kHz range. Analysis of noise spectrogram plots show no significant modification due to variations in engine

load or speed conditions.

The above discussed spectral trends in cylinder pressure have highlighted distribution of energy among frequency
harmonics. An increase in speed of engine causes a translation towards higher values, but amplitude of various
components does not show significant variations with changes in engine load. Hence another method which is based
on study of variations of mean frequency trends was used for analysis of signals [18,19, 20].

The mean frequency of a signal is given by [20]:

mean Z‘]/(V=0 P(fk) ( . )

Where P(fi) is k' sample of power spectrum and w is frequency band of signal.

The covariance of a given function x(h) can be computed as follows:

Cv(h) = —— SN x+ ()x* (h + k) (2.10)

2N+1
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Where x*(h) = x(h) + j x*(h) is analytical signal of input x(h) calculated using its Hilbert transformation x*(h). x*
is complex conjugate of x*. The relationship between mean frequency and covariance function of signal can be
represented as:

_ 1 g dmag[Cy(h)]
Fmean =52 Tan™" Real[Cy(h) ] (2.11)

The analysis of mean frequency trends reveals time variations in frequency composition of signals which is based
on the analysis of the mean value of the spectrum of the samples in a window sliding on the signal. This method
analyses samples in a sliding window and evaluates the mean frequency trends using the complex covariance
function.

300 T
Motored
250 —Fullload| |
T
;200 i
%)
C
g
o 150
2
=
T 100 |
=
> 7\\v
0 !
0 90 180 270 360 450 540 630 720

crank angle

Figure no 2.26 -Mean frequency trends of cylinder pressure at 1600 RPM
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Figure no 2.27 -Mean frequency trends of cylinder pressure at 2000 RPM

Figure no 2.26, 2.27 shows variations in the mean frequency trends for in cylinder pressure signals acquired at
location A under full load. All trends show excitation of sources in terms of their frequency contents, their amplitude
and locations of crank angles at which they appear.

During the intake process, a smooth development of cylinder pressure is responsible for lower values of initial
mean frequency trends. Once compression starts, an increase in rate of pressure causes increase in mean values of
frequencies after 270° position. Then in the vicinity of TDC position, (360°CAD) a reduction in trends denotes start
of combustion process.
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During power stroke, the rapid increase in combustion chamber pressure is responsible for rise in trends until
peak values are achieved. During exhaust process smooth development of in cylinder pressure is again cause of
lower values of mean frequencies. Various trends were found to be same irrespective of load variations. Motored
case was observed to reach peak values before full load condition.

2.5 Summary

This part of work analyzed the effects of changes in various injection parameters on development of combustion
pressure and noise emissions from engines. Scope of using non-intrusive diagnosis technique has been analyzed by
changing various locations of microphone around the test engine. For this purpose, three positions were chosen
denoted by A, B and C. Position C was seen as being most sensitive towards combustion process, position B was
found to be sensitive towards intake process and finally position A was seen to have contribution of all other sources
towards noise emissions.

Various characteristic frequency ranges of contributing sources were identified. Time—Frequency analysis
showed the onset of various cyclic events associated with working of engine. Based on the identification of various
frequency bands, it is possible to device suitable filters in order to extract more information about combustion and
motion based noise which has been done in later part of this work.
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Chapter 3

Features of various sources of noise in engines

3.1 Introduction

Evaluation of NVH performance of an engine is an important aspect from point of view of overall design and
planning of automotive systems using these engines. This procedure includes repeated testing of engines using
various fuel injections strategies, as well as study of engine-to-engine variations [1, 2, 3]. Vehicle noise may be
broadly classified as structure borne noise and air borne noise. The type of noise entering air via acoustic path is
known as air borne noise, whereas sound entering the air via structural path with vibrational energy as its main
exciting source is known as structure borne noise. The structure borne noise has low frequency ranges of 500Hz-
1000Hz, whereas the air borne noise is dominant in higher ranges. The experimental and analytical investigations in
engine acoustics includes major focus on following aspects:

Overall sound pressure level measurements under various speed and load conditions.
Identification and ranking of various contributing sources.

Study of various noise transfer paths and mechanisms.

Subjective as well as objective assessments.

COow>

Some of the major works related to current thesis are enlisted in table no 3.1.

Author Engine used Aim Method used
Jung, 1., Jin, J., So, H., Nam, C.[4] 4 Cylinder Development of various | Variations in
diesel engine combustion noise related | fuel
indices injection
Ingemar Andersson ,Tomas McKelvey, Martin Larsson[5] | 6 Cylinder Estimating combustion Vibrational
diesel engine phasing energy
parameters
Zhenpeng He,Weisong Xie , Guichang Zhang , Zhenyu 4 Cylinder Observe the effects of Simulation
Hong, Junhong Zhang[6] diesel engine geometrical parameters of lateral
of skirt on piston lateral motion of
motion skirt
N.Dolatabadi,B.Littlefair,M.DelaCruz,S.Theodossiades 1Cylinder Identification of Analysis of
,S.J.Rothberg, H. Rahnejat[7] gasoline engine | locations of various engine block
slapping events accelerations
Yeow-Chong Tan, Zaidi Mohd Ripin[8] 4 Cylinder Simulation of resulting Lumped
diesel engine block vibrations mass
approach

Table no 3.1- Summary of related research works

In order to carry out detailed acoustic analysis of engines, it is necessary to focus on individual contributing
sources. The present portion of work discusses characteristic features of various sources of noise in an engine.
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3.2 Combustion noise

Combustion is an important phenomenon that needs to be taken into account while designing and performance
calibration of system, and hence forms a primary source of noise which is particularly dominant in case of a direct
injection diesel engine. There are three important modes of transfer of this noise to surroundings. These include from
cylinder top, liner walls and connecting rod assembly. This noise is mainly related to rate of pressure rise inside
cylinders. Tung and Crocker have studied combustion noise in a turbocharged diesel engine [9]. Structural
attenuation also effects the noise radiated from engine which may be defined as the difference between in cylinder
pressure spectrum and radiated noise from engine surface. High structural stiffness of cylinder bore leads to higher
values of resonant frequencies. Higher values of resonant frequencies can help to the attenuate high frequency
contents in combustion noise.

Combustion noise can be reduced either by increasing the structural attenuation of engine or by reducing the in
cylinder pressure developed. Reduction in the delay period during ignition leads to lower values of in cylinder
pressures and hence resulting combustion noise. Other factors which may help to reduce the combustion noise
includes higher values of compression ratios, increase in the intake air pressure, use of higher exhaust gas
recirculation rates and increased structural attenuation of various engine parts [10].

Previously methods to quantify this noise includes use of AVL combustion noise meter [11] or wavelet based
noise meters [12]. However, decomposition of cylinder pressure has proved to be more effective than other
techniques [13]. Effects of variations in cetane number on noise combustion noise have been observed by Machado
and Thiele [14, 15]. Further CFD modeling of combustion noise was conducted by Blunsdon [16] and Luckhchoura
[17].

3.3 Piston assembly noise

There are three types of noises that are generally seen in piston assembly. These include pin tickling noise, piston
slap and piston rattling noise. Piston slapping noise has a major contribution among these. This is caused due to
lateral motion of piston assembly between skirt and liner bore. There may be several events of skirt-liner lateral
contact in an engine cycle as shown in figure no 3.1 [18], with most prominent ones occurring just after TDC firing
position.
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Figure no 3.1-Simulation of piston secondary motion [18]

The slap noise is more dominant under idle cold starting conditions as well as high load-low speeds operations.
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Proper design of skirt is a key aspect to control this noise. Major factors that influence the secondary motion of
piston include:

A) Piston side thrust force-lower values of engine speeds, lower piston assembly masses and higher values of
crank radius to connecting rod length ratio can help to reduce the side thrust force and hence resulting piston
slapping noise [19].

B) Moments about piston pin- lower inertia of skirt assembly, optimum values of piston pin and crankshaft offsets,
proper supply of the lubricant can also help to control the pin frictional forces and moments [20].

C)Allowable distance of travel before hitting liner wall- smaller gap between piston skirt-to-bore can help to
reduce the lateral motion at the expense of increased shear frictional force.

D)Oil damping force -sufficient supply of oil around skirt can help to reduce slapping noise significantly. Lower
ring tensions, longer skirt length and increased area of contact in the piston rings are some of other effective ways
to increase the oil film thickness and hence piston slap noise [21].

E) Controlling the damping and stiffness—impacts of softer piston skirt causes lesser noise emissions due to larger
deformations. Hence it is crucial to increase the gap between top part of land and bore in order to avoid the contact
which otherwise would produce sharp rattling noise.

3.4 Valve train noise
This type of high frequency noise includes following three major excitation sources:

A) Cam acceleration-At higher speeds, the opening and closure of cam excites high frequency vibrations due to
inertial forces.

B) Valve train impacts -These include impulsive impacts during opening of valve (between cam and follower),
during valve closure (between valve seat and valve) as well as bouncing noise observed at higher speeds.

C) Frictional vibrations-This noise is dominant over lower speed ranges as the asperity contact occurs between cam
and follower near the nose of cam when the velocity of lubricant almost becomes zero.

Identification of valve train noise has been done by analysis of acceleration—cam angle graph [22]. Anderton and
Zheng found that the valve train vibrations had major contributions towards total noise in higher engine speeds of
above 2000RPM-3300RPM range in case of a six-cylinder gasoline engine [23]. Savage and Matterazzo have done
experiments on a 3.3 L gasoline engine to investigate the effects of various factors like as jerks in cam, tension in
valve spring, tappet-bore gap, valve-stem gap, surface finish, clearance at rocker arm bearing, overlap timings and
damping coefficients of cylinder head [24]. Use of high precision manufacturing of cam profile, greater oil film
thickness, higher valve train stiffness and smaller tappet-to-bore clearance are very important for reduction of valve
train noise [25, 26].

3.5 Gear train noise

The rattle noise during transmissions in the drive trains has been a primary cause of concern in NVH development.
Transmission of non-uniform torque from crank train to drive train causes rattle noise in gears. Clearances are often
provided among the meshing tooth of gears to account for thermal expansions and tolerances. At lower engine
speeds, with oscillating torque when gears are lightly loaded, there is a high probability of separation of meshing
teeth which results in vibrational impacts. Other type of gear noise includes whining noise which is due to tooth
deflection. Gear train noise is dependent on the number of meshing teeth, size of gear train, magnitude of torsional
inputs and location of gear train. Detailed investigation of gear train noise was done by Spessert and Ponsa [27] as
well as Zhao and Reinhart [28].
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3.6 Crank train and engine Block vibrations

Torsional vibrations in the crank shaft and thin sections of engine block are important sources of noise and
vibrations. Detailed analysis of crankcase and engine block vibrations was done by Russell [29], Ochiai [30] and
Maetani [31]. Several commercial Softwares like ENGDYN are now available to record the response of the crank
train and engine block system taking into account lubrication effects of oil [32].

3.7 Aerodynamic noise

Low frequency intake noise is due to turbulent fluctuations in flow of air at inlet ducts which also depends on
intake valve area and engine speed. Design of intake ducts has been done previously which was based on gas
dynamics [33]. Exhaust noise occurs due to pressure variations in the exhaust duct as periodic charging and
discharging occurs. The noise due to mechanical vibrations in exhaust pipe is known as shell noise [34].
Turbocharging noise also forms an important part of aerodynamic noise.

3.8 Bearing noise

Bearings present in the crankshaft as well as connecting rod have clearances that are likely to generate noise under
action of external excitation forces as seen in figure no 3.2 [35]. One of the major sources of noise due to bearing
effect is the rumbling noise which is due to engine torsional and bending resonance induced by clearances [36].

Conrod bearing clearance

Thrust bearing
clearance

Main bearing . - _’____——— Bearing beam

clearance stiffness

Figure no 3.2-Various bearing parameters effecting engine noise [35]

Methods to control bearing noise include optimization of clearances, application of optimal crank shaft damper
and application of flexible flywheel design.

3.9 Timing belt and chain noise

Major factor effecting timing chain noise include meshing impact and polygon effect [37]. The meshing frequency
of this noise depends on engine speed and number of meshing teeth as shown in figure no 3.3[35].
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Figure no 3.3-Schematic representation of Timing chain and its noise spectra [35]
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The polygon effect causes elevation and drop of chain element and leading to transverse and torsional vibrations
of chain. The impacting speed of roller (Wa) and chain sprocket can be estimated in terms of its pitch (Px), number
of teeth (D), pressure angle (a) and number of sprocket teeth (Z) as [35]:

NPy o. ,360
2200 Sm(T +A) (3.1)

Wa=
The impact energy Ea can be estimated by linear density of chain (v):

Epz Wa'oPy (3.2)

2000

Use of rubber rings in chain sprocket can help to reduce noise as depicted in figure no 3.3(a). Combustion engines
also have transmission belts systems (figure no 3.4) which can exhibit number of modes of vibrations as seen from
figure no 3.5.
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Figure no 3.4-Timing belt Transmission system (1: Sprocket,2: Tensioner,3: Fuel pump sprocket,4: Crankshaft
sprocket,5: Idler sprocket,6: Water pump sprocket) [35]
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Figure no 3.5-Timing belt vibration sources [35]
Due to differences in the pitch of tooth belt and sprocket of timing belt, the meshing belt creates an impact
which is a periodic excitation having frequency (fs) given by:
fs (3.3)
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Typical spectrum of belt noise is seen from figure no 3.6 with dominance at lower and medium frequencies [38].
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Figure no 3.6-Timing belt noise spectra [35]
3.10 Summary

Figure no 3.7 depicts generation mechanism for various sources of noise in an engine with plots of estimated
contributions recorded at a distance of 1m from engine in an anechoic chamber featured in figure no 3.8.

Noise Sources Vibration Generation Paths of Transfer Radiation of Noise
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Figure no 3.7-Mechanism of noise generation [39]

NOISE LEVEL dB(A)

Figure no 3.8- The total noise contribution (8) can be decomposed into contributions due to combustion noise (1),
contribution due to piston slap noise (2), contribution due to fan noise (3), contribution to gear operation noise (4),
contribution due to pump operations (5), valve noise (6) and other sources (7) [26]
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As evident from the above figures the combustion based noise and piston slapping noise have major
contributing portions (about 80%), hence it is necessary to focus on these aspects of engine acoustics. These two
features have been discussed in details in further parts of this work.
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Chapter 4
Combustion based noise

4.1 Introduction
Combustion noise generated mainly depends upon the rate of in cylinder pressure developed during ignition delay

period. Overall design of combustion chamber as well as variations in various fuel injection parameters e.g. injection
pressure, amount of fuel injected and its timings also play a crucial role in contributions of combustion noise
emissions from engines [1]. Depending upon the type of engine as well as various operational parameters, overall
noise emissions from a typical diesel engine may be in range 80dBA-110dBA [2, 3]. Split injection using electronic
control unit (E.C.U.) may help to shorten the period of premixed phase of combustion and hence help to reduce the
overall noise emissions by about 5dBA-8dBA [4]. Head and Wakes have shown that during transient operational
conditions, overall noise levels are about 4-7dBA higher as compared to steady state operations [5]. Cold starting
conditions may lead to higher ignition delay period which in turn causes increase in the premixed period of
combustion [6]. Quality of fuel injected inside combustion chamber also affects the magnitude of combustion noise.
It has been observed that a reduction of Cetane number of fuel from 50 to 40 causes a rise of up to 3 dBA in
combustion based noise emissions [7]. For a naturally aspirated engine, the combustion based noise depends upon
the quantity of fuel that mixes with air charge during the course of delay period and hence the compression ratio of
engines also plays a vital role [7]. In case of gasoline engines, the delay period is longer due to lower compression
ratio which may lead to lower temperature of charge and hence more noise emissions [7].

4.2 Background of combustion process in diesel engines

Diesel engines may be further classified into following two major types:

1. Direct injection (D.l.) engines

2. Indirect injection (1.D.1.) engines

In case of D.I. engines, the fuel is directly injected inside combustion chamber and as a consequence of it, lesser
time is available for formation of fuel and air mixture. Hence a heterogeneous mixture consisting of both rich as
well as lean parts is formed inside the chamber.
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Figure no 4.1- Various phases of Diesel engine combustion [8]
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Figure no 4.1 shows various phases of combustion as observed during course of operation of a typical diesel
engine. The injection of fuel inside combustion chamber begins a few degrees before TDC position depending on
the various injection conditions of engine. As soon as the cold jet of fuel penetrates the chamber, it mixes up with
hot compressed air already present inside. The droplets thus formed vaporize, forming layers of fuel-air mixture
around the periphery of jet. As the temperature rises to about 750K, the first break down of Cetane fuel takes place.
Further propagation of various chemical reactions produces C>Hz, C3Hs, CoHa, CO2 as well as water vapors [9].
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Resulting rise in temperatures causes a complete combustion of fuel-air mixture formed. This sudden period of
combustion further leads to rise in the heat release rate as well as high pressure gradient( Z—z ). This further enhances

temperatures in the pre-mixed zone leading to conditions favourable for production of NOx. As, the premixed phase
consumes all mixture formed, oxygen available for combustion is consumed around the inner regions wherein the
temperatures in ranges of 1600-1700K are reached [8]. Now various partial burnt particles diffuse towards outer
layers and begin to burn within a thin region of reaction formed around the periphery of spray which leads to
formation of a diffusion flame.

This phase of combustion is known as diffusion controlled combustion and is depicted by region 2 and 3 in figure
no 4.1. High temperatures along with lack of oxygen provides an ideal condition for the formation of soot.
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Figure no 4.2-Conventional diesel engine spray formation [8]

The diffusion flame thus formed then uses rest of oxygen available from surrounding environment resulting in
high temperatures of order 2700K which consumes all the soot formed. At outer zone of flame there is enough
oxygen content for formation of NOy as shown in figure no 4.2.

Figure no 4.3 shows the rate of soot formation as a function of crank angle. Most of soot that is formed during
earlier stages is later consumed and hence final exhaust emissions may have only a fraction of initial soot emissions.
As seen from figure no 4.1, the diffusion controlled combustion can be divided into further three phases. During the
second phase, the burning rate is dependent on rate of mixing of fuel fragments formed and air, and hence rate of
reaction is faster. During the third phase, oxidation of remaining unburnt particles and soot takes place, however due
to decreased temperature of end gas formed during the expansion stroke as well as lesser oxygen content available,
slower reaction rates are observed.

>

soot concentration

l } >
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Figure no 4.3-Rate of soot formation [8]

Process of NOx and soot formation in combustion engines shows an opposite trend as shown in figure no 4.4. In
order to reduce the NOx formation rate, it is necessary that local temperatures must not rise beyond 2000K [8]. A
possible way to do so is to inject fuel late inside combustion chamber which further shifts the combustion phase
towards expansion phase resulting in significant reduction of chamber temperatures. However, rate of consumption
of fuel and soot formation increases due to late combustion.
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Hence modern systems utilize multiple injection strategies in order to control both NOx as well as soot
formation rate [8, 9, 10, 11].
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Figure no 4.5-Multiple injection process adopted for modern diesel engines [8]

There injection of fuel is carried out in three phases, namely pre-injection period, main-injection period & post
injection period. There is a delay period between instant at which fuel is injected inside the combustion chamber and
actual start of ignition process. Greater this delay period, more is the temperature achieved during course of
combustion and hence better conditions exist for NOx formation. In order to shorten this delay period, a small amount
of fuel is pre-injected before main injection takes place during the phase of pre-mixed combustion. It is advantageous
to vary the injected fuel mass with time in order to reduce the specific consumption of fuel. This is achieved by rate
shaping as seen in figure no 4.5. Rate shaping curve may be rectangular, step or boot type in shape. Torque and
power produced in engine mainly depends on the duration of main injection period. Post-injection of fuel is done in
order to reduce the soot emissions and in some cases may be useful for exhaust gas recirculation treatment [12]. It
has been reported that post injection may reduce the rate of soot formation by about 70% without increasing the fuel
consumption [13].

4.3 Combustion phase analysis
A) Introduction

Combustion process monitoring and analysis is an important aspect in NVH analysis of diesel engines, as a major
portion of noise is attributed due to combustion process. Previous works have shown that engine block vibrations
are also sensitive towards changes in fuel injection parameters [14]. Block accelerometer signals have been able to
locate various important features of combustion process in diesel engines [14, 15]. Data from microphones located
at a suitable distance from engine also provides an important information about performance of engines, however
there is a major risk of contamination of these signals [16-19].
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The main aim of present part of work is to investigate relationship between in cylinder pressure development and
subsequent engine block vibrations. For this purpose, the test engine was operated under speeds of 2000RPM &
3000 RPM under 80% &100% load conditions with an aim to cover complete range of various operational conditions.
The data was recorded during each test under steady state conditions as presented in Table no 4.1, 4.2.

B) Results and discussions

E— |

[ |

‘ signal conditioning
} '
accelerometer] |
o 3
'
pressure

transducer

|

angle encoder

Figure no 4.6-Arrangement of various transducers

During the first step of activity, accelerometers were mounted on the test engine at three different locations
(marked as accelerometer 1, accelerometer 2 and accelerometer 3) with an aim to select a suitable location which
can best diagnose the combustion process as shown in figure no 4.6. The aim was to select a location that was most
sensitive towards combustion process and least sensitive towards other sources of noise like valve operational noise,
flow noise, pump noise etc. [11]. More detailed analysis has been discussed in [12, 13].

Case Prail Load RPM
(Bar)
1 716 80% 2000
2 692 100% 2000
3 - Motored 3000
4 814 80% 3000
5 612 100% 3000
Table no 4.1-Testing conditions
Case SOI main SOl pre Q main Q pre
(°BTDC) | (°BTDC) | (mm®/stroke) = (mm?3/stroke)
1 6.2° 19.3° 15.4 1
2 8° 20° 16.7 1
3 - - - -
4 9° 18.4° 17.8 1
5 5.5° 22.2° 14.6 1

Table no 4.2-Fuel injection specifications
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Further, frequency analysis of signals was done with an aim to explore existence of common features between in
cylinder pressure development and resulting block vibration signals as depicted in figures 4.7-4.11. The low
frequency contents of in cylinder spectrum are related to compression curve, whereas the higher order harmonics are
due to rate of in cylinder pressure rise during combustion process. The motored spectrum of vibration serves as a
baseline for evaluation of combustion process for other signals as it constitutes contributions only due to mechanical
events.
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The cylinder pressure signals showed peak values in 100Hz-1.3kHz range which are may be attributed to
combustion process. The engine block attenuation curves have high values at low frequencies which decays to
minima and then rise again. Hence, energy levels of block vibrations have lower values. It can be seen that no
significant difference in plots occurred as far as load variations were considered.

Further, coherence functions Cpa (f) between accelerometer data and in cylinder pressure development were
plotted in order to investigate relationship as shown in figure no 4.12-4.16. This function is defined as ratio of cross
PSD between in-cylinder pressure block vibration signals (Pp, a) to product of auto PSD of in cylinder pressure
developed (Pp, p) and auto PSD of block vibration signals (Pa, o). The coherence functions were obtained by
considering the accelerometer in vertical position (as depicted by accelerometer at position no 2) and horizontal
positions (as depicted by accelerometer at position no 1, 3). This function was computed on basis of 30 cycles
averaging with an aim to get accurate ranges in which the random data was attenuated using a Hamming window of
length 1/6™ of an engine cycle. The plots show that the accelerometer signals acquired in horizontal positions were
less coherent towards in cylinder pressure development as compared with those acquired at vertical position. This
may be due to corruption of horizontal signals by other sources of noise like piston slap.
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From the plots it is clear that engine fundamental firing frequency and its integral multiples show a high values
of coherence close to unity. This implies that harmonics of this frequency propagate through engine block and were
recorded by accelerometers in both orientations. Regardless of locations of accelerometers and other operational
conditions, higher values of coherence function were observed in a common frequency range of 0.5kHz-3.8kHz.
This indicates that a strong relationship between the spectral components of in cylinder pressure and resulting block
vibrations in this range. Table no 4.3 shows various values of coherence function in the above mentioned frequency
range.

Case Accelerometer | Minima Maxima
position

1 1 0.05 0.65
2 0.001 0.98
3 0.001 0.64

2 1 0.07 0.9
2 0.19 0.99
3 0.01 0.98

3 1 0.045 0.76
2 0.050 0.99
3 0.003 0.78

4 1 0.025 0.7
2 0.04 0.89
3 0.03 0.7

5 1 0.05 0.45
2 0.065 0.89
3 0.05 0.63

Table no 4.3-Coherence values

However, higher values of Coherence function do not mean that selected frequency band is dominated by
combustion process. Hence, analysis was carried out by filtering the vertical accelerometer signals in frequency
range dominated by combustion process so as to isolate various harmonic components useful for identification of
various combustion parameters. Figures no 4.17-4.21 shows plots related to combustion pressure for various testing
conditions in case of a single cylinder of engine and filtered vertical accelerometer signals. Higher pressure rise rate
due to initial mixing of fuel and air contributes towards engine block vibrations. The accelerometer signals were
found to be sensitive towards initial rapid rise of pressure gradient irrespective of fuel injection parameters.
Contributions of motion based towards the vibration signature was less visible due to development of combustion
process.
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Aimed at further analysis the normalized values of filtered accelerometer signals were superimposed with
corresponding non filtered in-cylinder pressure curves as depicted in figure no 4.22-4.26 in order to detect the crank

angles in which premixed and diffusion phases of combustion were predominant. Normalization was done by
division with corresponding maximum values.
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It has been previously demonstrated that accelerometer data was able to locate the start of the combustion process
[17]. Moreover, the vibration traces allow to detect the crank angles in which the diffusive phase dominates over the
pre-mixed one. In the above figures circles have been used to indicate in vibration data the crank angles where onset
of various phases of combustion takes place. The first one which is marked by vibration curve crossing zero value
with a simultaneous sudden rise of in cylinder pressure denoting the start of pre-mixed phase of combustion [11].
The diffusive phase of combustion begins with the end of the negative oscillations in the vibration data corresponding
to vibration values crossing the next zero markings [16]. Further circled arrows were used to indicate in filtered
accelerometer data the crank angle positions corresponding to minimum value following the maximum one [17].
Regarding motored case when no fuel injection takes place ,only crank angle corresponding to minimum value of
filtered acceleration signal has been marked. The results showed minimum sensitivity towards variations in fuel
injection timings and amount of fuel injected. The crank angles corresponding to the minima of filtered vibration
data (as denoted by circled arrows) and maxima of in cylinder pressure data were thus calculated. A coefficient of
proportionality which is defined by the ratio of these values is seen in table no 4.4.

Case Proportionality
coefficient
1 0.985
2 0.99
3 0.99
4 0.99
5 0.98

Table no 4.4-Values of coefficient of proportionality

354

ke e
Z 352 2 3 — caseS
H R=0.9554 -
;%_ 351 - e
E 150l case 4
S iﬁ/ 4
5 349 /,/
- case2 -
2348 *
§ //’/case 3
247 -
3 346
) case 1 . .
T 342 344 346 348 350 352 354
crank angle-[Minima filtered acceleration]
Figures 4.27-Correlation between normalized values, ====- -Interpolation line

44



Chapter 4 Combustion based noise

Further nearly a straight line of interpolation between the above mentioned for crank angle positions shown in
figure no 4.27 represents an almost linear correlation and is also indicative of higher values of coefficients of
proportionality. This is due to frequency analysis of signals, which retains the components in the accelerometer
signal mainly dominated by the combustion process [16]. More information can be extracted if further analysis of in
cylinder pressure derivatives is done. Hence values of pressure derivatives were compared with that of filtered
vertical block vibration signals as seen from figures 4.28-4.32. Similarity between these signals can be explained by
assuming that vibrations that move through engine block are due to impulsive forces caused due to pressure gradient.
So it can be concluded that these signals are sensitive towards variations in pressure gradient.
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It can be observed that there is a time delay between two curves crossing zero mark due to propagation time of
vibration signals through the engine block. This delay can be compensated by retarding the injection period. Once
in cylinder pressure data was analyzed, further analysis of rate of heat release rate (ROHR) was done which is given
by [16]:

dQ 1 dpP y dv
=5 (ROHR) =V —— =2+ P

y—1d6 y—1d6 (4-1)

Where V denotes the in cylinder volume, P represents the cylinder pressure and vy is specific heat ratio.

The cumulative heat release rate (CHRR) is given by integration of equation no 4.2. Normalized values of filtered
accelerometer in vertical position were superimposed with CHRR curves to observe any possible relationship for
full load conditions. It can be seen from figure no 4.33-4.34 that the marked circles correspond to initial and main
combustion period of engine cycle. The marked arrow which denotes the minimum value of filtered acceleration
signals (which is related to peak in cylinder pressure) does not correspond to peak CHHR in crank angle domain.
This point in accelerometer curve is of interest in the combustion process monitoring, as it is related to crank angle
position at which about half of injected fuel is burnt (MFB50) [17].
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Once a relevant frequency range was established, further time- frequency spectrogram analysis was performed in
order to relate instantaneous frequencies with energies of in cylinder pressure and hence prove that the above
mentioned frequency band was most sensitive towards combustion process development. Figure no 4.35-4.39 shows
the time-frequency plots of in cylinder pressure signals in 3D surface (frequency, time, signal amplitude) as viewed
from an angle which allows 2D display with third dimension in form of colored plots.
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Figure no
These plots show frequency components belonging to the above mentioned range are characterized by higher

amplitudes as combustion takes place. Further wavelet analysis of accelerometer signals mounted in vertical

orientation was done as seen in figure no 4.40
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Figure no 4.44- Time-frequency plots -Accelerometer 2(Case 5)
These plots show that energy of block vibration signals is concentrated in 500Hz-4kHz range. Hence it can be
concluded that energy of vibrations signals is located at higher frequency ranges as compared with in cylinder
pressure signals. This is due to fact that these signals are propagated through engine block that acts as a kind of high

pass filter.
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4.4 Combustion based engine noise

This type of noise in engines originates from combustion taking place inside cylinders [18-21]. As fuel is injected
inside the combustion chamber (where high pressure air is already present), part of ignitable gas starts to burn causing
a rapid rise in pressure as well as temperatures inside the chamber. The pressure wave thus generated, strikes the
walls of combustion chamber causing resonance of whole structure. Oscillations arising due to resonance have
frequency (fg) that can be estimated from engine bore diameter (D) & wave propagation speed (C.) as:

Ce
fq = (4.2)
These vibrations are next radiated in air through engine structure and are perceived as noise emissions. The

intensity of combustion noise (1) is dependent on the values of maximum pressure value (P max) and maximum value
of pressure rise rate as [20]:

1[G max * Pl (4.3)

Further the analysis of spectrum plot of in cylinder pressure was done in figure no 4.45.
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Figure no 4.45-Regions of combustion noise

The above plot is marked by following three distinct regions [20]:

a) Region 1 of low frequency ranges-in this region, the shape of curve depends upon peak cylinder pressure
developed. Higher the maximum value of cylinder pressure, higher is the magnitude of peak in low frequency
range.

b) Region 2 of medium frequency range-in this range the spectrum levels shows a logarithmic decrement with
slopes depending on the rate of cylinder pressure rise. Larger values of pressure gradient causes steeper slopes.

c) Region 3 of higher frequency range —in this range rapid evolution of in cylinder pressure occurs due to onset of
combustion process which results in high frequency vibrations of cylinder structure having amplitude dependent on
second cylinder pressure derivative.

Figure no 4.46 shows the in cylinder pressure spectrum plot obtained by operating the test engine at 3600 RPM
under full load condition with injection pressure maintained at 700 Bars. As observed from this figure region 3 of
pressure spectrum begins around frequency of 2800Hz. In order to find the relevant frequency ranges corresponding
to other regions, tests were further carried out by changing various injection parameters taking test case C as a base
as reported in table no 4.6.
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Case Parameter changed
A Main injection timing

retarded by 1° CAD

B Injection

pressure increased by

10 Bar

C,G Base Case

D Pre Injection Quantity
of fuel increased by
1mm?/stroke

E Main injection timing
retarded by 2° CAD

F Injection pressure was
reduced to 650 Bar

H Speed reduced to 2000 RPM
I Main injection timing
retarded by 3° CAD

J Main injection timing
advanced by 3° CAD

Table no 4.6-Change in fuel injection parameters

Plots of in cylinder pressure and its spectrum were next analyzed from figure no 4.47-455. From these plots, it is
clear that differences in the maximum value of in cylinder pressure levels were 5 Bars when the test cases denoted
by A and B were compared and none for cases denoted by C and D.
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Figure no 4.50-Comparison of in cylinder pressure Spectrum (Case A, Case B)

Based on these plots it was observed that pressure spectrum for these testing conditions showed a similar trend in
a common low frequency range of 10Hz-215Hz. Hence, this range denotes region 1 of pressure spectrum. By
retarding the main injection timing by 2° CAD, the test case was denoted by condition E. Condition F denotes
condition when injection pressure was reduced to 650 Bars. It is clear from figure no 4.51, 4.52 that engine noise for
condition E is higher than condition F in spite of almost same peak pressure rise rates.
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Next engine noise levels and in cylinder pressure levels were analyzed for two other test cases marked by G and
H. During these cases the injection pressure was kept same at 700 Bars, but speeds of engine were 3600 RPM and
2000 RPM respectively.
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Figure no 4.53-Comparison of in cylinder pressure rise rate (Case G, Case H) Figure no 4.54-Comparison of engine pressure spectrum(Case G, Case H)

It is clear from figure no 4.53,4.54 that even though peak pressure rise rates are almost equal, the noise emitted
during case H was lower as compared to case G. Hence it can be concluded that pressure rise rates have poor
correlation with engine noise levels. So other suitable index is needed as an alternative. Figure no 4.55 shows plots
of cylinder pressure levels for two conditions denoted by Case | and Case J in which main injection timing was
retarded by 3° CAD and advanced by 3 °CAD respectively. It can be seen that a good correlation was observed in
pressure spectrum for these two cases in frequency range of 215Hz-2800Hz of A-Weighted filter SPL.
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Figure no 4.55-Comparison of engine pressure spectrum (Case I, Case J)
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Hence a new index defining combustion noise was developed which was based on the above mentioned
frequency range. This index is defined as sum of in cylinder pressure spectrum in 215Hz-2800Hz frequency range
I.e.
CI=10*log [10®519) +_, +10(280010)] (4.4)

For this purpose, 5 different tests were done by operating engine at 3600 RPM under full load conditions as seen in
table no 4.7.

Parameter Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
SOlpre 16° 16° 20° 16° 19°
SOlmain 8° 8° 8° 6° 9°

Qpre 1 2 1 1 1

QMain 13 13 13 13 13
Pinjection 700 700 700 700 700

Table no 4.7-Comparison of various testing cases

Mode 1 was taken as a reference test case and various injection parameters were changed with respect to this case.
During 2" one, amount of fuel injected during pre-injection period was increased by 1mm?3/stroke. During 3" mode,
the pre-injection timing was advanced by 4° CAD with respect to reference case. During 4" mode, the main injection
timing was retarded by 2°CAD with respect to Case 1. During 5" one both pre as well as main injection timings were
advanced with respect to mode 1 by 3° CAD and 1° CAD respectively. In order to devise a control system that
utilizes noise emissions from engines as an effective method to monitor combustion process, the acquired signals
were analyzed to formulate certain indices which could be correlated with quality of combustion and hence
combustion noise. These indices have been defined as follows:

A) Combustion Index (CI)- As defined in previous section.

B) MBF50 and MBF100-Crank angle locations at which 50% and 100% of fuel is burnt as calculated from
normalized values of heat release rates shown in figure no 4.56.

C) Peak pressure rise rate (MPRR)-It is defined as maximum value of in cylinder pressure observed during an
engine cycle.

D) Least value of filtered accelerometer signals (LMA)-This denotes the crank angle locations corresponding to
minimum value of filtered vertical accelerometer signals in previously defined frequency bands.
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Figure no 4.56-MBF50 and MBF100 Figure no 4.57-Combustion Noise Indices
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From the view point of radiated noise following indices are most relevant:
1. Start of combustion noise (SCN)-It is defined as value of crank angle at which filtered noise emissions (in
frequency range dominated by combustion) from engine is higher than 0.5Pa for next 10° CAD.
2. End of combustion noise (ECN)-It is defined as value of crank angle at which filtered noise emissions (in
frequency range dominated by combustion) from engine is lower than 0.5Pa for next 10 °CAD.
3. Noise Index (NI)-1t is defined as sum of noise spectrum in 0.5 kHz-3.8kHz frequency range (in which
energy of combustion is concentrated).
Figure no 4.57 shows crank angles corresponding to various noise indices as defined above for the base testing
case. Similar trends were observed for other cases. Further relationships between theses indices were investigated.
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Figure no 4.58-Correlation between Cl and NI
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Figure no 4.59-Correlation between NI and MPRR
Figure no 4.58 shows relationship between NI and CI for the given testing conditions. Variations in the injection
process was responsible for variations in CI which shows an almost linear correlation with NI. As seen from the
above plots, the trends between two indices were coincident i.e. when NI increased, the CI also increased and vice
versa. The relationship between two indices may be expressed in terms of proportionality coefficients as:
NI=ClI *Ac  (4.5)

Table no 4.8 shows values of coefficients Ac for various testing modes.
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PARAMETER Ac
Case 1 0.3813
Case 2 0.3862
Case 3 0.3855
Case 4 0.3925
Case 5 0.3998

Table no 4.8-Comparison of various proportionality coefficients

This trend was further analyzed using coefficient of correlation (R) which denotes an absolute correlation as its
value reaches unity. From figure no 4.59-4.63, the lines of interpolation and values of R can be interpreted. The value
of R between NI and CI were found to be 0.97. Further the value of R between maximum pressure rise rate (MPRR)
and NI was found to be 0.7 as seen from figure no 4.60. This is lesser as compared to previous one. Thus CI can be
perceived as a better parameter to diagnose combustion noise as compared to MPRR. This result can be justified by
small range of crank angles in which MPRR develops when compared with wide range in which NI was computed.
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Figure no 4.60-Correlation between MBF50 and NI

In figure no 4.61 the relationship between SOI e and SCN can be observed. Subsequently relationship between
MBF100 and ECN is highlighted in figure no 4.62. The high correlation between data indicates that these indices
are worth to analyze the combustion process. However, at higher speeds contributions due to mechanical sources
dominates contributions due to combustion process.

209
Mode 3

19

13 - - L - L 1 I "
13 14 15 16 17 18 19 20

SCN-BTDC
Figure no 4.61-Relationship between SOI y and SCN
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Figure no 4.63-Relationship between LMA and MBF50

Table no 4.9 summarizes relationship between various indices, where circles denotes the established link.
Parameter NI SCN ECN LMA

SOl pre [ )

MBF 100 @)

MBE 50 @

MPRR
Cl

Table no 4.9-Comparison of various indices
4.5 Factors effecting combustion noise [20]

The rate of pressure rise (which mainly depends on the ignition delay period) and quantities of combustion gas
formed during this period are key parameters to analyze combustion based noise. A shorter delay period means lesser
amount of combustible gas formed and hence lesser combustion noise. Hence delay period must be reduced as much
as possible for effective reduction of combustion noise. Structure and layout of engine also plays a significant role.
Anderton and Priede observed that an abrupt combustion led to high frequency contents of cylinder pressure
spectrum [21, 22]. It was suggested that frequency contents up to 300 Hz were related to maximum cylinder pressure
developed [23]. Between 300Hz-2000Hz they were related to first derivative of in cylinder pressure, whereas above
2000Hz they were related to second derivative of cylinder pressure.

Increase in the compression ratio and chamber temperature may shorten ignition delay period. However, an
increase in compression ratio can cause a rise in noise due to slapping motion of skirt. Various parameters of fuel
injection system like instance of fuel injection, injection pressure, number of nozzles and fuel supply rate also effects
the combustion noise. Increasing the pressure of injection or engine speed leads to an increase in the amount of fuel
accumulated during the delay period resulting in rise of combustion noise. There are many approaches to control
combustion noise. One of these includes reducing cylinder pressure spectrum typically in middle and high frequency
ranges. Others include increasing the stiffness of parts, use of turbo charging process and use of split injection
methods.
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4.6 Effects of heat release rate

Previous works have shown a relationship between peak of combustion noise and overall heat release rate [24].
Russell has developed a technique based on block attenuation curve which is still most reliable one for study of
combustion noise [25]. It was observed that higher slopes of rate of heat release curves led to higher combustion
noise irrespective of fuel injection timings [26]. There is a tradeoff between combustion efficiency and the noise
generated due to combustion [27]. Efficient combustion leads to higher heat release rate near top dead center position
which further gives rise to high frequency components in noise spectrum. Late release of heat release leads to lower
pressures and subsequent lower frequencies in spectrum.
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Figure no 4.64-Effects of heat release rate on combustion noise [27]

It has been observed that up to a 10dB reduction in sound pressure levels were possible by reducing the slopes of
ROHR without change in fuel consumption as shown in figure no 4.64. However, there is a fall in efficiency of cycle
and smoke emissions increase if ROHR is not terminated 50° after TDC position (ATDC) [28].

4.7 Effects of cyclic variations

Combustion process in diesel engines varies from cycle to cycle which may lead to variations in noise emissions
as shown in figure no 4.65 [29]. These variations may be attributed due to different fuel injection rates, compression
ratios as well as difference in fuel spray process, mixture formation and flame propagation.
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Figure no 4.65-Cyclic variations in combustion noise [29]
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4.8 Resonance phenomenon

Resonance taking place inside combustion chamber also effects the noise emissions. Grover observed high peaks
in the noise spectrum which may be attributed to this phenomenon [30, 31]. Hickling found peaks of higher amplitude
by filtering data in range 20Hz-1500Hz which showed increased with engine load [32]. The amplitude of oscillations
due to resonance depends on the geometry of bowl as well as temperature of gas formed [33]. Resonance
phenomenon can be considered as an unsteady process as it changes continuously during course of combustion
process [34]. The frequency of resonance (f ) may be defined in terms of cylinder bore (B), axial length (L) and
speed of sound (C) as:

fo= J (52 + (Lmy2 (4.6)

Where m, m, k determines the circumfencial, axial and radial modes as shown in figure no 4.66.

First Second First
Circumferential Circumferential Radial
Mode (1.0) Mode (2.0) Mode (0.1)

NG

—

Figure no 4.66-Various modes of combustion chamber cavity [27]
4.9 In cylinder pressure decomposition method

A methodology to decompose the total in cylinder pressure signals was first proposed by Payri [35]. In this
methodology the cylinder pressure was decomposed into three parts namely: combustion pressure, resonance
pressure and motored pressure. The combustion part was dependent on injection process and hence resulting ROHR.
Using suitable cutoff frequencies, resonance part of pressure can be isolated from excessive part (which is sum of
combustion and resonance part). Figure no 4.67 shows results of this methodology as applied to in cylinder pressure
at 3000 RPM under full load condition.
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Figure no 4.67-Decomposition of cylinder pressure signal
As evident from these figures, motored part dominated at low frequency ranges. Excessive portion is clearly
visible with fluctuating peaks at higher ranges. The contribution due to combustion process can be obtained by
subtracting resonance portion from excessive portion. These contributions dominate in mid frequency ranges [35].
The decomposed signals thus obtained can be further used to calculate various indices defined in terms of ideal

engine speed (N igeal) as:
N

In=log[~——] (4.7)
ideafip dp
N Gpitot + (G main
= dt’P dt 4.8
' Nideal] [ (%)motored ] ( )
. 2
I= 10*log(10°f ( Eesiduel )t (4.9)
motored

Where is maximum pressure gradient during pilot injection period, (Z_I:)main is maximum pressure gradient during

... . . . dapP . . . . .
main injection, P resiqual 1S residual pressure and (E)motored IS maximum pressure gradient in motored pressure signal.
These indices can be further used to express overall noise (ON) emitted from engine given by:

ON= Co+C1l1+C2l2+Chln (4.10)
Where constants Co,C1,C2 and C,, depend upon size of engine.
4.10 Mathematical Model of Generation of Combustion Noise [36]

In this part of work, a transient model for generation process of combustion noise has been discussed. For this
purpose, a Morlet wavelet was used which was defined in terms of its central frequency fc and bandwidth f; as:

—t2

y(t) = J%fbeimfcf efv  (4.11)
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Figure no 4.68 shows real and imaginary parts of this wavelet having f, = 1.5and fc =1
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Figure no 4.68-Complex Morlet Wavelet
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Figure no 4.69-Noise generation model

This model can be analyzed by following three processes: generation of vibrational energy inside chamber due to
combustion process, transmission and decay of this energy and finally its radiation around the engine surface. The
combustion process inside engines generates combustion impact power (W¢) shown in figure no 4.69. This is related
to in cylinder pressure developed (p), impedance of medium (pc) and cylinder surface area (A) as:

We = = 4 (4.12)

The available energy at engine surface can be expressed in terms of transmission rate coefficient n(f) as:
t

E(f) = n() [, W,dt (4.13)

Differentiating both sides of this equation we have:

= (E(N) = n(OW, (4.14)

Taking into account the decay rate C(f) this equation gets modified as:

= (E(f)) = n(DW -C(DE() (4.15)

Where the decay constant C(f) may be defined as:

c(f) = - w (4.16)

L (W) = b(ONOW, -C(H Wn(h)  (4.17)
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Figure no 4.70-4.74 shows the plots of combustion impact power plotted for tests enlisted in table no 4.1 using
reference power value of 102 Watts. It is clear from these results, that impact continued for longer crank angle
durations at higher speeds.
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Figure no 4.70-Combustion impact power(Casel)
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Figure no 4.71-Combustion impact power(Case2)
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Figure no 4.72-Combustion impact power(Case3)
Figure no 4.73-Combustion impact power(Case4)
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Figure no 4.74-Combustion impact power(Case5)
Further relationships between various noise emission rates were investigated in figure no 4.75-4.78 taking

reference value of 1s%. The values of transmission and decay rates was lesser at higher frequency ranges, so at these
ranges the conversion efficiency of the impact energy into radiated noise was lower.
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4.11 Methods to evaluate combustion noise
Austin & Priede have shown that combustion based noise was most dominant in frequency range of 800Hz- 4kHz

[37]. Acoustic measurements of noise outside the engine may be used for combustion noise analysis only when the
engine is operated in such a way that contribution of combustion events towards the noise emissions becomes
predominant. This can be achieved either by either advancing injection timing or by changing Cetane number of type
of fuel. Russell used alkyl blended fuel to maximize in cylinder pressure so that combustion noise becomes dominant

[25].

The magnitude of combustion noise generated also depends on the structural response and damping effects of
engine under consideration. The difference between in cylinder pressure developed and radiated noise emissions is
characterized by a decaying effect which represents the structural attenuation of engine which is seen in figure no
4.79.
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Attenuation (dB)

Frequency (kHz)
Figure no 4.79- Attenuation curve of engine

Various operational parameters of engine e.g. load, speed & fuel injection parameters have no significant effects
on structural attenuation property of engine. This curve can be divided into three distinct regions:
a) Below 2000Hz-Low frequency range having high attenuation factor.

b) Mid frequency ranges of 2000Hz-5000Hz having decaying effect.
c) Above 5000Hz range having high attenuation factor.

Structural attenuation of engine structure also plays a vital role in determination of combustion based noise.
Values of structure response functions was found to fall by about 10dBA in 500Hz -5kHz frequency range [33].
More recently AVL has developed a noise meter which is based on analysis of engine indicator diagram [38]. Figure
no 4.80 shows structural response functions of a group of 9 engines as recorded by an AVL noise meter [33]. The
response of direct injection high speed diesel engines falls by 12dB over 5kHz frequency range [33].
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Figure no 4.80-AVL structural response function and structural attenuation [33] Figure no 4.81- Transfer function obtained by explosive charge [39]

Further Shu was able to predicted this transfer function by setting an explosive charge inside cylinder which was
locked at fixed crank angle position as seen from figure no 4.81 [39]. Different functions for various designs of
combustion chambers and different amounts of explosion charges have also been compared in his work.
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All the methods discussed above use expensive and time consuming methodologies to analyze the transfer
function of combustion noise, consequently an alternative method of analysis has been analyzed which involves
use of Cepstrum analysis.

Cepstrum analysis is an important method of signal processing which has wide applications in source separation
[40]. Psychoacoustic analysis of noise emissions from a S.1. engine has been carried out using Cepstrum analysis
[41]. This methodology has also proved effective for cylinder pressure reconstruction [42], fault detection in gears
[43] and condition monitoring of engines [44]. Mathematically Cepstrum can be defined as inverse spectrum of
logarithmic power spectrum [40]. i.e.

Ca(q) = [IFFT[log[Gx(F)1 (4.18)

Where q is frequency in milliseconds & Gxdenotes the Fourier transformation of function.

Since auto power spectrum density function is even, both its inverse Fourier transformations & Fourier
transformations are equal. i.e.

Cx(q) = |FFT [log [Gx(D]]| =IFFT[log [Gx()]] (4.19)

As a noise source X(t) reaches a measuring point as an output signal y(t) after passing through a system
represented by h(t), the information may be expressed by following equation:

y(t) = x(t).ht) = [x(t)h(t —1)dt (4.20)
Taking Fourier transformation, we have:
Gy(f) = Gx(f) *Gn(f) (4.21)
Further, taking logarithm and Fourier transformations on both sides this equation gets modified as:
l0g(Gy(f)) = 10g(Gx(f) ) + log(Gn(f)) (4.22)
FFT[log(Gy(f))] = F[FTlog(Gx(f) ) ]+ FFT[ log(Gn(f))] (4.23)
Or
IFFT[log(Gy(f)]=IFFT[log(Gx(f))]+IFFT[log(Gn(f))] (4.24)
Cy(g) = Cx(a)+ Cn(q) (4.25)

Figure no 4.82-4.84 shows the plots of structural response function as obtained by Cepstrum analysis for various
test cases listed in table no 2.1 using windows positioned around TDC. For motored condition noise emissions was
taken as output signal and in cylinder pressure as input. In case of firing conditions, the rate of heat release was taken
as input parameter.
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Figure no 4.82- Structural Attenuation Function (Motored) Figure no 4.83- Structural Attenuation Function (1600RPM-100%load)
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Figure no 4.84- Structural Attenuation Function (2000RPM-100%]load)

It is clear from plots that transfer function for various cases showed same trends in spite of load and speed
variations. The values of attenuation were higher in lower frequency ranges gradually decreasing reaching minimum
value at 2kHz and then rose again. At low frequency ranges, various parts of engine have high rigidity and hence
radiation efficiency was very low. Significant differences were seen in higher frequency ranges. These variations
may be attributed to differences in the designs of cylinder heads, engine block and cover which also play a vital role.
Engines may use same materials for different parts, hence engines of different make may show same variations in
structural response function. Based on these results all curves show a minimum contributions in frequency range of
1kHz-2kHz range and hence combustion process may be seen to dominate noise emissions in this range.

Further the combustion noise is transmitted to the exterior through the engine block and the head cover. Assuming
this transmission is linear and invariant, the overall noise emissions (ON) from engine can be written as sum of direct
combustion noise (CN) and motion based noise (MN). i.e.

ON = CN(H1) +MN (4.26)
Where Hys is structural attenuation factor of combustion noise.

Assuming that mechanical noise levels (motored conditions) do not change significantly, various noise levels
for the given testing conditions were evaluated using transfer functions previously described as seen in figure no
4.85,4.86. Increase of engine speed caused a slight increase in mechanical noise levels.
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4.12 Summary

This part of work investigated use of various experimental data for diagnosis of combustion based noise. Block
vibrations were used to identify various phases of combustion process in diesel engine cycle. Coherence analysis
was able to identify suitable frequency ranges in which combustion based noise was dominant. Various regions of
cylinder pressure spectrum and noise indices were developed by changing fuel injection parameters.
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High levels of correlations were observed between these indices and actual pressure developed, showing the
applicability of vibration signature of engine as a possible input feedback parameter in case of a closed loop
control system shown in figure no 4.87 [45]. Thus an effective control mechanism over combustion noise can be
achieved by devising optimum MBF50/MBF100 timings [46].

Figure no 4.87 —Use of vibration signals as a feedback [45]

Further a transient model of combustion noise generation was also analyzed. Cepstrum analysis was used to obtain
the transfer function of combustion noise. As evident from various results, this function remained same in spite of
variations in testing conditions. This function is also dependent on the resonance frequencies of combustion chamber,
hence temperature variations inside chamber also need to be taken into account for future analysis.

4.13 References
[1] Rakopoulos, Constantine D., Giakoumis, Evangelos G.,2009, "Diesel engine transient operation- Principles of
Operation and Simulation Analysis",Springer,London, ISBN -978-1-84882-374-7.
[2] Rakopoulos, Constantine D., Giakoumis, Evangelos G.,2011, "Experimental study of combustion noise
radiation during transient turbocharged diesel engine operation”, Vol 36,n0.8,pp.4983-4995.
[3] Anderton, D., Baker, J., 1973,"Influence of operating cycle on noise of diesel engine"”, SAE Technical Paper
730241,
[4] Carlucci, P., Ficarrela, A., Laforgia, D.,2001, " Study of the influence of the injection parameters on
combustion noise in a common-rail diesel engine using ANOVA and neural networks", SAE Technical Paper
2001-01-2011.
[5] Head , Wake ,J.D.,1980, "Noise of diesel engines under transient conditions”, SAE Technical Paper 800404.
[6] Torregrosa, A.G., Broatch , A.,Novella,R., Monico, L., 2011,"Suitability analysis of advanced diesel
combustion concepts for emissions and noise control”, Energy,Vol 36,no 2,pp.825-838.
[7] Russell., Haworth, R.,1985, "Combustion noise from high speed direct injection diesel engines”, SAE
Technical Paper 850973.
[8]Baumgarten,C.,2006,"Mixture formation in internal combustion engines”, Springer Verlag, Heidelberg, ISBN
13798-3-540-30835-5.
[9]Flynn,P.,Durrett,R.,Hunter,G.,Loye,A.,Akinyem,0.,Dec,J.,andWestbrook,C.,1999,"Diesel
Combustion :An integrated view combining laser diagnosis chemical kinetics and empirical validation"”, SAE
Technical Paper 1999-01-05009.
[10]Hammer,J.,Durnholz,M.,Dohle,U.,2004,"Entwicklungstrends bei Einspritzsystemen fur PKW-Diesel
motoren”,Dieselmotorentechnik,pp.36-52.
[11]Ricaud,J.,Lavoisier,F.,2002, "Optimizing the multiple injection settings on an HSDI diesel engine ,THIESEL
conference on Thermo and fluid dynamic processes in diesel engines ".
[12]Drake,M.,Ratcliffe,J.,Blint,R.,Carter,C.,Laurendeau,N.,1990, "Measurements and modelling of flame front
NOx formation and super Equilibrium radical concentrations in laminar high pressure premixed flames",23 rd
symposium on combustion, The combustion institute,pp.387-395.
[13]Duret,P.,Gatellier,B.,Miche,M.,Montreiro,L.,Zima,P.,Marotaux,D.,Blundell,D.,Gase,M.,Zhao,H.,Perozzi,M., A
raneo,L.,2003, "Innovative diesel HCCI combustion process for passenger cars: European Space light project,
EAEC congress ,paper no C108.
[14] Arnone,L.,Manelli, S.,Chiatti,G.,and Chiavola,O.,2009," In cylinder pressure analysis through accelerometer
signal processing for diesel engine combustion optimization”, SAE Technical Paper 2009-01-2079.
[15]Arnone,L.,Manelli, S.,Chiatti,G.,and Chiavola,0.,2009," Engine block vibration measures for time detection
of diesel combustion phases, SAE Technical Paper 2009-24-0035.

66



Chapter 4 Combustion based noise

[16]Chiavola,O.,Chiatti,G., Arnone,L.,Manelli, S.,2010, "Combustion characterization in diesel
engines via block vibration analysis”, SAE Technical Paper 2010-01-0168.
[17]Arone,L.,Boni,M.,Manelli,S.,Chiavola,O.,Conforto,S.,Recco,E.,2010, "Diesel engine combustion
monitoring through engine block vibration signal analysis”, SAE Technical Paper 2009-01-0765.

[18]Chiavola,O.,Chiatti, G., Recco,E.,2012, "Accelerometer measurements to optimize injection

strategy", SAE Technical Paper 2012-01-1341.

[19] Chiatti, G., Recco,E., Chiavola,0.,2011, "Vibration processing to optimize pressure development

in CR diesel engine ", SAE Technical Paper 2011-01-1560.

[20]Gang, Sheng.,2012,"Vehicle noise, vibration, and sound quality”, SAE International , ISBN 978-0-7680-7513-
7

[21]Anderton, D., 2003,"Noise source identification techniques”, ISVR course notes.
[22]Schaberg,P.,Priede,T.,Dutkiewicz,R.,1990, "Effects of a rapid pressure rise on engine vibration and noise",
SAE Technical Paper 900013.

[23]Priede, T.,Grover,E., Anderton,D.,1968, "Combustion induced noise in diesel engines"”, Proceedings of diesel
engines users association congress, London.

[24]Russell,M.,1972, "Reduction of noise emissions form diesel engine surface", SAE Technical Paper 720135.
[25]Russell,M.,Haworth,R.,1985, "Combustion noise from high speed direct injection diesel engines ", SAE
Technical Paper 850973.

[26]Russell,M.,Cavanagh,E.,1979, "Establishing a target for control of diesel combustion noise", SAE Technical
Paper 790271.

[27]Monelletta,L.,2010, " Contribution to the study of combustion noise of automotive diesel engines”,Phd Thesis,
University polytechnic Velencia

[28]Lyn,W.,1960, "Calculation of the effect of rate of heat release on the shape of cylinder pressure and cycle
efficiency”, Proceedings of IMECH conference on automobiles ,Vol 14,no.1,pp.34-46.

[29]Torregrosa,A.,Broatch, A., Maratin,J.,Monelletta,L.,2007, "Combustion level assessment in direct injection
diesel engines by means of in cylinder pressure components”, Measurements science and technology ,Vol.
18,n0.7,pp.2131-2142.

[30]Priede, T.,Grover,E.,1966, "Noise from industrial diesel engines”, Proceedings of symposium on noise from
power plant equipment, Southampton.

[31] Priede, T., Grover, E., and Lalor, N.,1969, "Relation between noise and basic structural vibration of diesel
engines," SAE Technical Paper 690450.

[32] Hickling,R., Feldmaier, D.,and Sung,S.,1979, "Knock induced cavity resonances in open chamber diesel
engines”, JASA, Vol 65,n0.6,pp.1474-1479.

[33]Anderton, D.,1979,"Relation between combustion system and noise ", SAE Technical Paper790270.
[34]Anderton, D.,1990,"Basic origins of automotive noise ", ISVR course notes.

[35] Payri,F.,Broatch,A., Tormos,B.,and Marant,V.,2005, "New methodology for in cylinder pressure analysis on
DI diesel engines-application to combustion noise", Measurement Science and technology, Vol 16,n0.2,pp.540-
547.

[36]Nguyen,T.,Kai,Y.,Miami,M.,2012, "Study on combustion noise from a running diesel engine based on
transient combustion noise generation model ", International Journal of automotive engineering, Vol 3,n0.4,pp.131-
140.

[37] Austen, A. and Priede, T.,1965, "Noise of automotive diesel engines: Its causes and reduction,” SAE
Technical Paper 650165.

[38]AVL450 combustion noise meter, AVL manual, August 2000.

[39] Ge-qun, S., Hai-giao, W., and Rui, H.,2005, "The transfer function of combustion noise in D.I. diesel engine ",
SAE Technical Paper 2005-01-2486.

[40] Liang, X., Yang, K., Shu, G., Dong, L.,2012, " The identification of noise source in diesel engine based on the
Cepstrum analysis of sound and vibration signals”, SAE Technical Paper 2012-01-0802.

67



Chapter 4 Combustion based noise

[41]Andrés, Camacho., Gema,Pinero., Maria de diego, Miguel, Ferrer., 2004,"On the use of complex Cepstrum in
psychoacoustic evaluations of engine noise”,11" ICSV, Saint Petersburg, Russia

[42]Ghamry, Steel, Reuben, Fog,2005, "In direct measurement of in cylinder pressure using acoustic emissions”,
Mechanical Systems and signal processing ,Vol 19,n0.4,pp.751-765.

[43]Robert B Randall ,2013, "A history of Cepstrum analysis and its applications to mechanical problems”, 7th
Surveillance International Conference ,October 29-30, Institute of Technology of Chartres, France.
[44]Chamay,M., Oh,S., and Kim,Young., 2013,"Development of a diagnostic system using LPC/Cepstrum analysis
in machine vibration", Journal of Mechanical Science and Technology Vol 27,n0.9,pp.2629-2636.

[45]Scafati, Lavorgna,Mancaruso, E.,2011, "Use of vibration signal for diagnosis and control of a four cylinder diesel
engine"”, SAE Technical Paper 2011-24-0169.

[46]Kanda, Y. and Mori, T., 2015."Diesel combustion noise reduction by controlling piston vibration,” SAE
Technical Paper 2015-01-1667.

68



Chapter 5
Piston slapping noise

5.1 Introduction

In combustion engines, a small gap between piston skirt and walls of liner allows a movement of skirt along
lateral direction as well as its rotation about piston pin axis in addition to its usual reciprocating motion [1]. This
motion is known as piston slapping motion and the magnitude of piston-liner gap puts a limit on its amplitude [2-7].
Flores has presented a computational methodology based on slider crank mechanism dynamics to analyze this motion
[8]. The existence of clearance in this mechanism makes system highly dynamic and nonlinear in nature. The motion
of skirt tends to be chaotic with increase in gap.

Coefficient of restitution also plays a vital role in the piston dynamics. As this coefficient decreases and reaches
unity values, the motion of skirt transforms from bouncing chaotic to periodic one [9]. This has been confirmed from
the study of Farahanchi and Shaw [10]. Geng and Chen have studied a dual degree of freedom system showing a
close correlation between slapping motion and resulting vibrations of engine block [11]. The slapping motion of
piston also gets suppressed due to hydrodynamic action of oil which acts as a damper between skirt and liner.

Several simulations have been done previously in order to simulate various two dimensional models of this lateral
motion [12]. Various parameters considered included offset of center of gravity [13], skirt profile [14], effects of
variable inertial forces [15], effects of frictional forces [16] and effects of lubricating oil [17]. The skirt comes in
contact with liner if its lateral displacement is greater as compared to skirt-liner gap. There can be several methods
by which skirt may come into contact liner as seen from figure no 5.1.

EEEBQE

(11} (III) (IV) (V)

Figure no 5.1-Modes of contact during piston slap [18]

Corners 1 or 4 or both of these can come into contact with liner as skirt rotates in counter clockwise direction.
Similarly corners 3 or 2 or both can touch liner as rotation occurs in clockwise direction.

Various conditions for impacts to occur are enlisted as [19]:

Corner 1 in Contact, 2¢ < X, <X,0>0 )

Corner 2 in Contact < X, <X,0<0

Corner 3 in Contact, 0 < X, < % 6<0

Corner 4 in Contact, 0 < X, < % 6>0

Corner 1,4 in contact << Xp <X, 0 = Oy

Corner 2,3 in contact, 0 < X, < % 0 =—0nge—

Subsequently various modes of piston secondary motion may be classified as in figure no 5.2.
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Figure no 5.2-Modes of slapping motion [19]
These modes are defined as follows:

a) Rattling motion-During this motion, skirt rotates in counter clock wise direction before reaching the ignition
TDC position and turns its direction rotating in clock wise direction after TDC position. This results in top part
of skirt striking anti thrust side of liner as shown in the above figure. Amplitude of this motion was seen to
increases with increase in engine speed and load [20]. During this motion the inertial force component (Fs;i) of
side thrust force acts towards thrust side of liner, whereas in cylinder gas component of side thrust force (Fsp)
acts towards anti thrust side of liner as seen in figure no 5.23.
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Figure no 5.3-Force analysis during various modes of lateral motion

b) Croaking motion-During this motion the top part of skirt strikes thrust side of skirt. The inertial force component
(Fsi) of side thrust force acts on the anti- thrust side, whereas in cylinder gas component of side thrust force (Fsp)acts
towards the thrust side of liner. This mode of motion has been found to be least effected by engine speed or load
conditions [19].

c) Clatter motion -Bottom part of skirt strikes thrust side of liner which is typically observed at low speeds [19].

Major factors that affect piston slap include [20]:
a) Cylinder bore temperature
b) Lubrication oil film thickness
c) Oil viscosity
d) Engine speed
e) Skirt profile
f) Skirt roughness
g) Skirt waviness
i) Skirt size
J) Wrist pin offset
k) Piston-liner gap
Motion of crankshaft picks up the lubrication oil from sump. This oil is then transported along cylinder bore due
to motion of piston skirt, piston rings and gravity. Oil is consumed either inside the combustion chamber or it returns
back to sump, or is blown away by residual gases.
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According to Stribeck curve (shown in figure no 5.4), various lubrication zones can be classified into following
three major types: boundary zone, hydrodynamic zone and mixed zone [21]. In the boundary lubrication zone,
asperities in mating parts come into contact with each other, whereas in hydrodynamic zone there is no direct contact
and hence the film of lubricant separates mating surfaces. The function of piston rings of skirt assembly is to seal
pressure inside the combustion chamber and prevent leakages of oil from crankcase into combustion chamber. Type
of lubrication zone changes with variations in operating conditions of engine. As piston reaches towards dead center
positions, its speed approaches zero and hence boundary lubrication zone dominates. At mid strokes, where piston
speed is at its maximum values, the hydrodynamic zone dominates.
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Figure no 5.4-Stribeck lubrication curve [20]
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Figure no 5.5-Piston secondary motion [21]

Increasing demand for noise, vibration and harness (NVH) comfort levels have led to detailed study of dynamic
motion of skirt as skirt-liner contact plays an important role in various frictional losses occurring in engines [21].
Piston may impact either on thrust side (TS) or anti-thrust side(ATS) of liner as seen in figure no 5.5. These
contacting motions cause vibrations in liner which are further transmitted from various surfaces of engine. In general,
three major approaches have been identified to locate the crank angle instances of skirt-liner contact during this
motion [22]. First one includes study of piston secondary motion without taking into consideration lubrication effects
of oil and rotatory motion of skirt. This approach is known as static method. In second method, piston side force is
analyzed by taking into account lubrication pressure distribution as represented by Reynolds equations [22].
Variations in oil film thickness is the third parameter to analyze the lateral motion of skirt. Skirt -liner contact may
occur if this thickness is minimum which may occur either towards thrust or anti thrust side [23]. As the slope of
film thickness changes, the squeezing action is initiated indicating a possible instance of piston slap. Other methods
to study slapping motion includes energy transfer method and angular duration method [23].
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Instances at which the maximum energy is transferred to liner wall can indicate a possible location of skirt-liner
contact [22]. The angular duration method includes study of crank angle duration starting from initiation of squeezing
action of oil film and terminating at occurrence of minimum oil thickness [22]. Up to 6-10 instances of actual skirt-
liner contacts have been practically observed [24]. In order to validate various possible instances of slap, block
vibration data from accelerometers mounted at various locations on engine block has been analyzed [22,25].
However, this data may include contributions due to other sources of noise such as combustion based noise [25].
Pruvost has used spectro filters to separate the above mentioned sources [26]. Liu and Randall used blind source
separation (BSS) algorithm to achieve effective source separation [27]. Chen analyzed the concept of pseudo angular
acceleration to study phase and frequency variations of slapping noise of skirt [28].

5.3 Reynolds equation for lubrication oil pressure distribution

The tribology of lubricating oil plays an important role in mechanical losses occurring in assembly of piston.
About 3-5% of the total energy losses take place in the piston skirt assembly [29]. Figure no 5.3 shows a typical
breakdown of various losses for case of a diesel engine, wherein it is clear from the figure that share of piston
assembly accounts for about 30% -40% [30-34].

Mechanical
Losses

Figure no 5.6 —Break up of total dissipation of fuel energy [29]

In 1886, Osborne Reynolds studied hydrodynamic pressure generated between two sliding surfaces. For an
incompressible fluid with constant density he proposed an equation given by [32]:

1 8(Wo—Wy)h

+(V2_V1)+E 5z

P (h3 5p) 49 (h_36P) _ 18U;-UR (5.2)

sx\12n6x) ' sz\12n6z) 2 ox

In this relationship, the left hand side terms are called pressure terms, whereas the right hand side terms are
known as source terms. The terms of ‘;—Z & ‘;—Z depict stretching action, whereas %,2—: represent the wedging
action. The velocity difference term (V1-V2) is known as squeezing action as shown in figure no 5.7 [32].
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Figure no 5.7-Interpretation of terms in Reynolds equation [33]

Assuming that the lubrication oil used is a Newtonian fluid, flow is incompressible, value of viscosity is
constant and neglecting various effects e.g. inertial forces, slip, angle of inclination, pressure gradient and
stretching action, the Reynolds equation may be simplified as:

) 3 tSp 3 Sp 5(U -U )h Sh
E(h é‘x) 6z (h ) - 61’ 26x =+ 12”5 (53)

In order to estimate the oil pressure distribution, this equation needs to be solved. One way to do this, is by

considering pressure variations in one direction as shown in figure no 5.8. The piston may be assumed to be as a

kind of short bearing and circumfencial pressure gradient can be neglected as compared to axial one. Using these
assumptions, the equation discussed above gets modified as:

[ (h* )1 = 6n & (5.4)
Using boundary conditions of P (8, z= + %) =0, the closed form of pressure distribution P can be expressed as :
—317w (x X2 L_2 &singd (55)

4 (1+f cos6 )3
Where c is skirt-liner gap and ¢ is skirt-liner eccentricity.

The density of lubricant is dependent on the generated oil pressure (P) and density at mean liner temperature

(po) as expressed from following equation [35]:
_ 0.6X107°xP
p=po[lt———=l (5.6)

Grade of lubricant oil used also effects its viscosity. Table no F presents values of viscosity coefficients for
different grades of SAE oils. The oil used in present study was of SAE30W grade for which viscosity may be
expressed as [33]:

b
n=0.1531* 9.8%10*xa *e®@ (5.7)
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Figure no 5.8- Variation of pressure along one direction [32]

Since pressure terms have magnitude of order MPa and the oil film thickness are in microns, there may be some
inconsistencies while solving the Reynolds equation. These may be sorted out by considering the Non-
dimensionalization in which space coordinates may be written as:

—_

ol
1]
X

Nl ~<|
1
NN <

(5.8)

Substituting these non-dimensional values, the new equation gets modified as:

8§ (,.36p X* § (,36D\ _ CoI
w(P5) + 2 (%) =5% 69

In order to solve this equation, finite element analysis (FEA) method has been used for which the mating surfaces
were analyzed into number of nodes as shown in figure no 5.9 [32]. A mesh was made so that nodes on the lubrication
zone of skirt correlates with those used in finite element analysis (FEA) to analyze the pressure distribution of

lubricating oil.

N

Figure no 5.9-Nodal representation of surface [32]
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Various gradient terms of Reynolds relationship can be solved using Taylors approximation which yields
following results [33]:

| SR TR iV B N B B
53 6_p__ i,j+0.5 Pij+1 i,j—0.5 pl—l.j e i,j+o.53+hi,j—0.53)1’ i (5 10)
5% Ax2 '
_ Wijros’ Pijert Mijoos D, i oo 3, 3y,=
i3 sp_ " " =1j = (W jyos + R j—05 )P (5.11)
85z Az2 '
s MWivnj -nj_y;
T I iy (5.12)
5 2Ax

Substituting these relationships and rearranging them we have:
Pij=Aij Pij+1+ Bij Pijat+ C1j Pirsj+ Dijpivj + Eij (5.13)

Most of values of nodal pressure (Pi;) are unknown so an iterative loop must be used with suitable convergence limits (£) to
get values of pressure. i.e.

(0 2?:1 pi,j_)iteration k= (Cimq Z;n=1 Pi,j_)iteration k-1
erotion i <€ (5.14)
(Zi=1 Zj:l Di,j )iteration k

A MATLAB code was used to analyze the lubrication behavior of oil between piston skirt and liner considering its
motion of skirt analogous to that of journal inside a bearing [32].

Plots of oil pressure distribution on the piston skirt plane were next analyzed for each 90° crank angle rotation
of skirt in case of a single cylinder of engine for a compete cycle as shown in figure no 5.10-5.13. Rotation
operating speed of engine was taken as 2000 RPM with skirt-liner gap of 0.05mm and SAEW30 type oil.
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At 180° crank angle position at the end of intake stroke, peak pressures were observed towards the midpoint of
skirt. At 360° crank angle position, as the end of compression stroke approaches, the slopes of pressure curves starts
shifting slightly towards right hand side. At 540° crank angle, the peak values of oil pressures were seen to shift
towards the bottom part of skirt. During the exhaust stroke peak of slopes again shifted slightly towards right side.
The energy transferred to liner due to impacts (W,,;) can be calculated using average of local force (F71; ) between
two time steps as [32]:

Wi3=F3(haiy - h1g) (5.15)
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20

- )

Impact energy-J

Impact energy-J

D

60

0 T —— : 60

" . 0
Skirt width-mm d Skirt length-mm

Figure no 5.14—-Impact Energy (720°crank angle)

Figure no 5.14 shows variations of impact energy transferred to liner walls at 2000 RPM speed at 720° crank
angle position. It is clear that energy is transferred both on thrust as well as anti -thrust sides at the same time. When
value of W, ;is positive, lubricant is squeezed and oil film absorbs the impact energy. Otherwise this energy is utilized
in skirt deformation.

The acoustic power available at surface of engine (Pa) is written in terms of radiation efficiency (o), density of air
(pa), wave speed (ca), area of noise radiating surface (Ar) and surface velocity (vr) as [32]:
Pa = G*pa*Ca*Vr 2 Ar (516)

Impact power (Py) can be expressed in terms of impedance (Z) and impact velocity Vy by the following
relationship:

Py =Z V2 (5.17)
Hence overall transmission efficiency (nt) can be written in terms of these responses and expressed as:
— E — oV?rpaCaAr (5 18)

M=% Z V2

Using law of conservation of energy, it may be assumed that impacting energy is transmitted without any loss to
outer surface of skirt and may be expressed in terms of thickness of structure (h), area (A), velocity (V) and density

gp). i.e.[32] 1
2PoluALV,® = 2 prhrArVe®  (5.19)

Where subscript v denotes liner structure and R denotes engine block.
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Hence the transmission efficiency at each node (i, j) at both thrust and anti -thrust side may be expressed by [32]:

..\ _ 0pppahyCady(i,j)
ﬂt('d) - Z;j prIR (520)
<\ _ Fy(i))
Where Z(i,j) = Gn

The SPL at each node can be estimated taking reference pressure level P rf (2*10° Pa) and expressed in terms of

distance of microphone from engine block (R) as [32]:
-

SPL i j=L+10log (4nR2) (5.21)
Where L j = 10log (i“—i’;)

For far field conditions, the value of S~ is taken as 2 as acoustic field is assumed as semi spherical one. The total
sound pressure level (SPL) may be expressed as sum of levels both at thrust as well as anti-thrust side. For
comparisons, SPL levels under both steady state (no lubrication effects) and transient conditions (with effects of
lubrication oil) were compared with actual measurements for test case no B3 listed in table no 2.1 as seen in figure
no 5.15.
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Figure no 5.15-Variations in SPL
The experimental data has contributions due to all other sources, whereas the theoretical one focuses just on skirt-
liner interactions. Hence during suction and compression strokes the theoretical data is seen to achieve higher values
as compared to experimental data as the gas pressure is reduced and the contributions due to other sources are more
dominant.

5.4  Occurrence of Piston Slap Events

Figure no 5.16 shows various forces and moments acting on skirt assembly. Various forces acting on skirt includes
frictional force between liner and skirt (F f), gas force (F ) and oil reaction force (F ). Piston skirt having moment
of inertia depicted J tilts by an angle B and has some pin offset distance (d ) and center of gravity offset (d coc).
Connecting rod exerts a lateral force depicted by Ft on liner which is given by following equation [22]:

Fi=mpX " -Fra=FLsing=[Fem,Y s+ Fdtand (5.22)

Hydrodynamic reaction forces are given by solution of Reynolds equation [34-37].
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Figure no 5.16 -Piston skirt assembly forces and moments
Applying moment balance equation, we have [38]:
(J+M [d coc 2-(a-b)?]) p+M X p""(a-b)- My 'd cos=-T ¢ +Tc +FnYn  (5.23)

Changes in the direction of lateral forces is an important way to diagnose the instances of piston slap motion. This
occurs when Tan ¢ = 0 at TDC (¢=0) and BDC (O =k=, k=0,1,2...) positions. Exact values of ¢ can be determined
using following relation which has been expressed in terms of connecting rod length (1), crank radius (r), crank case
offset (C) as [37]:

@ = Sin * (K225 (5.24)

When gas force is greater than inertial force, slap occurs at thrust side of liner and vice versa.
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Figure no 5.17 -Piston force distribution [37]

Figure no 5.17 shows the graphical representation of balance between various forces acting on piston skirt. The
coincidence points between dimensionless form of gas forces (yg) and total inertial forces (ysy + ypy) indicates
possible locations of slapping motion [37]. Higher numeric subscripts in W denotes higher operational speeds of
engine. For lower values of engine speeds (Wc1), the graphs of gas forces and inertial forces do not meet at any point.
For case of Was, up to five intersections points were observed.
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Figure no 5.18-Piston side thrust force (2000 RPM)

The concept of lateral force (also known as side thrust force) as represented by equation no 5.22, has been
analyzed next for prediction of slapping events. Whenever values of this force changes its direction crossing the zero
markings, an instant of slapping event is expected to occur as depicted by circles in figure no 5.18. Negative values
of this force depicts contact along the thrust side (T.S.), whereas positive values indicate contact with anti -thrust
side (A.T.S). Gas forces acting on skirt are dominant during the compression stroke up to 360° crank angle position.
Hence during this interval, side thrust forces calculated using both steady state and transient approaches shows some
match, whereas during later parts of engine cycle there is a greater mismatch as inertial forces dominate. There were
at least 9 potential events of slapping motion identified in Table no 5.1 using the above mentioned approaches.

Slap no Steady state Transient state
method method

1 70° 60°

2 170° 240°

3 240° 340°

4 320° 390°

5 340° 470°

6 400° 550°

7 470° 720°

8 560° -

9 720° -

Table no 5.1-Summary of locations of slap events (Lateral Force method)
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Figure no 5.19-0il film thickness behavior at 2000 RPM
The concept of oil film thickness (as represented by equation no 5.4) was examined next in figure no 5.16 by
assuming that skirt-liner gap is fully flooded with lubricant flow. Perera has previously studied oil film thickness
using multi-physics model considering piston as a rigid body [36].
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The thickness of oil film was evaluated over the entire length of skirt with its minimum value labelled as a possible
instance of skirt-liner contact. During the intake stroke the film thickness falls and then again rises during
compression stroke reaching its maximum value. This indicates lesser magnitude of lateral motion of skirt. During
the expansion stroke film thickness again drops to minimum value indicating development of full hydrodynamic
lubrication. During the exhaust stroke the film thickness falls again reaching minimum value at 650 °crank angle
position. Based on the minimum values of oil film thickness, four possible events of skirt-liner contact were
identified occurring both at thrust as well as anti-thrust side. These locations were found to be [220°,300°,420°,630°]
for anti-thrust side and [230°,420°,540°,620°] for the thrust side. The positions of minimum oil film thickness may
not always coincide with those of maximum pressure developed.
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Figure no 5.20-Transferred energy behavior at 2000 RPM

Locations of instances of slapping motion on basis of maximum energy transfer method were seen as
[120°,240°,370°,500°,720°] for anti -thrust side and [130°,200°,480°,630°,710°] in case of thrust side as marked in

figure no 5.21.

7
2.53110 , :

—Thrust Side
—Anti Thrust Side

15

/]

[

720

Squeeze Velocity[m/s]

~
L~

\

~\CNA
o B\

0 120 240 360 480 600
Crank Angle

=]

Figure no 5.21 -Squeeze velocity of lubricant at 2000 RPM
In the Reynolds equation, the term 86—}; denotes the rate of change of oil film thickness which may be negative

(squeezing action) or positive(separation). Hence a change in sign of this term indicates a possible event of piston
slap. Locations of instances of slapping motion on the basis of analysis of squeezing velocity were found to be
[220°,270°,420°,630°] for anti -thrust side and [230°,420°,540°,620°] for thrust side as seen in figure no 5.21.
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The above mentioned location of events were validated next by recording actual engine block vibrations both
towards thrust as well as anti- thrust side by operating the test engine at 2000RPM under full load condition.
Vibration signals were filtered in frequency range [450Hz-3000Hz] which was found to be dominated by piston-
slapping events based on the previous works [20, 21, 22]. Wavelet analysis of signals can be seen in figure no 5.22,
5.23. Events having higher energy are seen having wider frequency ranges.

107 e
g "

frequency[Hz]
frequency[Hz]

Figure no 5.22-Time frequency analysis of Filtered acceleration Figure no 5.23-Time frequency analysis of Filtered acceleration signals
(Thrust Side) (Anti Thrust Side)

There were some traces of energy levels visible which may be contributed to other cyclic events occurring during
course of operation cycle of engine. Inlet valve opens (IVO) at 10° crank angle before TDC position, whereas its
closure (IVC) occurs 42°after BDC during compression stroke. Opening of exhaust valve (EVO) takes place at 58°
before BDC position and closure occurs 10° after TDC (EVC). Contributions of these cyclic events towards
vibration signature was observed for case of both cylinders.
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Total steady  Transient Energy squeeze Minimum 0]
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Table no 5.2- Comparison of accuracy of various methods

The actual locations of events were compared with theoretical methods discussed above. Transient approach was
found to be more precise than steady state method to predict instances of various events as shown in table no 5.2.
Slight deviations in prediction of exact location of events may be attributed to negligence of various parameters like
inertia of connecting rod, bearings and crank shafts.

5.5 Piston Motion analysis using software

A multi body dynamics model of piston skirt using COMSOL Multi physics-7 was used for analysis of its lateral
motion. Tetrahedral elements were used to mesh the quarter part of skirt. Material used for simulation was Al alloy
having density 2700kg/m3, Young’s modulus 72GPa and poison ratio of 0.31. Figure no 5.24-5.28 shows various
profiles of skirt analyzed for various testing cases enlisted in table no 4.2.
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Case 1

Case 2

v R

'

Figure no 5.24 -FEA model of piston skirt(Casel)
Figure no 5.25-FEA model of piston skirt(Case2)

Cose 3
Case 4

e mm—

9

Figure no 5.26-FEA model of piston skirt(Case3)

Figure no 5.27-FEA model of piston skirt(Case4)

Figure no 5.28 -FEA model of piston skirt(Caseb)

Results were obtained for the lateral surface velocity of skirt as seen in figure no 5.29, 5.30. This velocity was
seen to decrease with increase of engine speed as hydrodynamic action of oil becoming more dominant.
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Figure no 5.29-Lateral velocity of piston skirt (2000 RPM-100% load) Figure no 5.30-Lateral velocity of piston skirt(3000RPM-100%]load)

5.6 Force Analysis
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Figure no 5.31 -Piston skirt force and moments [39]

Parameter Value
S 68 mm
Ip 34 mm
| 121mm
L 62.65 mm
u 0.03Pa-s
® 2000RPM,3000RPM
Mpiston 1799
Mpin 8449
M| 100g
my 3639
be 31.3250mm
ap 36.9mm
I piston 6.6*10‘8kg-m2
Cp 0 mm
Cg 0 mm
C 0.05mm

Table no 5.3-Engine parameters
Various forces and moments acting on skirt are shown in figure no 5.31. As the gas force (Fq) acts on top part of
skirt, the hydro dynamic oil film force (Fn) creates a moment My about piston pin axis. Tiling angle of connecting
rod is denoted by ¢.
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The axial displacement of piston along liner (Z) can be expressed as [39]:

Z = -rp cos0 -(12-Bs?) + J (L+1p)2 = C,° (5.25)

Where Bs=rp sinf + Cp
This equation was differentiated to get values of axial velocity of skirt as plotted in figure no 5.32.
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Figure no 5.32 -Axial velocity of skirt

The inertial force acting along X axis (Fic)may be expressed as [39]:
r,W 0 2 T, W2 (1T, C0 2_
(rpw B cosB) pW* (1pcosO”—cos® BS)] (526)

+
/12—352 /12—352

Fic = '(mpist0n+ Mpin + msl)[rpW cosO +

Force-N

—2000RPM
—3000RPM

-20%s T30 360 5

al

720

crank angle

Figure no 5.33-Variations in Inertial force along X axis

Gas force acting on piston top (Fg) may be expressed in terms of in cylinder pressure (Pg) and piston diameter(D)
as:

D2
Fg = Pg*T[ T (527)
Inertial forces along Y axis (Fic) may be expressed as [39]:
de’, b de?,  de?,

F _IC:( Mpistont Mpin + msl)[? - T ? - ?)] (528)

As piston slides along the liner, frictional force between liner and skirt cause a shear force (t) in oil film which
can be expressed as [40]:

= (5.29)
Where U is axial skirt velocity, h is oil film thickness and p is dynamic viscosity of oil.

The friction force between skirt and liner (Ff) and resulting moment about the wrist-pin (Ms) can be calculated
based on the shear stress as [39] :

Fi=R [[ t(x,0)dx do (5.30)
M¢=R [[ t(x,0)(Rcos 6 — C,)dx d@ (5.31)

84



Unit 5 Piston slapping noise

The oil film force (Fn) and its moment about wrist pin (Mn) due to the nonlinear pressure distribution p(x, 6),
can be written as [39]:

Fn=R [[[p(x,0) Jcos 8dx d6 (5.32)
M =R [[[p(x,0)](ap — x) cos 6 dx d6 (5.33)
The rotatory moment about wrist pin (Mc) can be calculated as:

Mic = —oiston (% _ 4, (5.34)

Further various force and moment balance equations for the system may be expressed as:

Fy+Fic + Fr+ FL cose=0 (5.35)
Fn + F “ict FLsing =0 (5.36)
Mn+ Mic + F "ic (ap -bc)+F¢Cp -FicCq +Ms =0 (5.37)

Magnitude of piston secondary motion is defined by skirt displacements normal to axis of liner. These are
represented as top eccentricity (et) and bottom eccentricity (en) as represented in figure no 5.5. In matrix form the
numerical model may be expressed in the form:

myis (1= )+ (1 =) s () + i ()

o (1) 0+ (255) ()0 )~ ()

L

el Fp—(Fic+ B+ F)Tan
e, My, + My + F;Cp — FicCy + F "jc(ap — be)

(5.38)

These equations of piston lateral motion were solved by using various skirt design parameters enlisted in table
no 5.3. Input parameter used was in cylinder pressure data acquired for a single cylinder of engine at 2000 RPM

speed under full load condition.
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Figure no 5.34-Variations of piston dynamic parameters
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Figure no 5.35 -Block vibrations

Figure no 5.34 shows variations of different parameters that quantify lateral motion of skirt. Largest variations in
skirt eccentricities are seen around TDC position (360° crank angle) which indicates possible instance of impact.
However, there may be certain uncertainties, hence surface vibration signals acquired both at sides of liner were
analyzed as seen from figure no 5.35. The amplitudes of these vibrations were found to be inconsistent mostly during
power stroke as combustion pressures reached their peak values. Two events during exhaust stroke (540°-720°) in
top skirt velocity curve (marked as 3 and 1) as well as in bottom velocity curve (2 and 4) were identified at which
lateral velocities of skirt are almost zero, but corresponding block vibrations shows high amplitudes. Hence it can be
concluded that prediction of slapping events using skirt velocity profile has a higher degree of uncertainty.

5.7 Effects of various skirt design parameters on lateral motion of skirt
a) Effects of piston pin offset distance

- 1
Figure no 5.36-Variations of piston pin offset distance [39]

The location of piston pin may be designed in order to offset either towards the thrust side or anti thrust side of
liner with a typical amplitude of 0-2mm as shown in figure no 5.36. Suitable values of piston pin offset not only
effects the dynamic motion of skirt but also load equilibrium. There is a tradeoff between these two offset positions
as in order to reduce lateral motion, the piston pin should offset towards thrust side, whereas to reduce the wear it
must be offset towards the anti- thrust side [38]. In present analysis, the piston pin offset distances (Cp) inclines
towards anti thrust side when values of Cp are positive and towards thrust side as for negative values. Figure no
5.37-5.39 shows comparisons of various dynamic features of piston lateral motion using three different offset values
of -1mm,0mm, +1mm respectively. As the skirt moves towards BDC after mid stroke (90°-180°crank angle duration),
various dynamic parameters remain almost unchanged and hence lubrication of skirt can be assumed to be stable.
After the onset of expansion stroke, at around 387°crank angle position these parameters have shown noticeable
changes which may induce noise and vibrations due to lateral motion of skirt.
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The results show that maximum values of lateral tilting velocities of top part of skirt were
0.055m/s,0.06m/s,0.07m/s when offset distances were -1mm,0mm and 1mm respectively, and these were observed
at 350°, 340° and 330° crank angle positions. The values of top eccentricities were found to increase as offset moves
towards the anti-thrust side. The values of moment about piston pin due to gas force (M) decreases as the offset is
made towards thrust side, hence lateral displacements are lesser with Cp = -1. This along with increased value of
side thrust force F=(Fq+Fic) Tanf} prevents further tilting of skirt.
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Figure no 5.37-Variations of eccentricities with piston pin offset distance
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Figure no 5.38-Variations of tilting velocities with piston pin offset distance
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Figure no 5.39-Variations of tilting parameters with piston pin offset distance
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b) Effect of skirt-liner gap

The gap between piston skirt and liner walls is a crucial factor to control thickness of lubrication oil film formed.
Suitable values of this gap not only increases the load bearing capacity of skirt but also helps to control secondary
motion of skirt. It has been suggested that optimum value of this gap must be kept in range of 0.01mm-0.09mm [39].
However, it is difficult to predict exact values of this gap due to thermal deformations of skirt as well as
manufacturing tolerances. The energy of impacts due to piston secondary motion (E;) consists of contributions due
to both rotational as well lateral components. i.e.

E= -MV2 + ~Jp" (5.39)

As a major portion of slap occurs near TDC, so major focus is on these crank angle positions. In order to simulate
the dynamic features of secondary motion three values of clearances were chosen as seen in figure no 5.40-5.42. The
results show that skirt changes its direction near 360° crank angle positions. The maximum values of displacements
of top part of skirt are 8um,7pum and 6um for clearance values of 0.08mm,0.07mm and 0.05mm respectively and
these occurred at 372°crank angle position. Greater values of clearances provide larger space for lateral movement
of skirt. However, lateral velocity of piston also contributes towards slapping noise. Increase in the skirt-liner gap
also increases this velocity. The maximum values of e’ for the three clearances were observed to be
0.08m/s,0.075ms/s and 0.07m/s for skirt-liner gaps of 0.08mm,0.07mm and 0.05mm respectively, whereas ey’ values
were -0.1m/s, -0.09m/s and-0.08 m/s.

When clearances are small, higher shear forces will be generated leading to greater surface asperity contacts which
in turn causes higher frictional losses. At smaller gaps the sliding motion of skirt along liner is for longer duration
with few rebounds. With an increase in values of the lateral motion of skirt shifts from periodic to chaotic one. So
larger oil film reaction forces are needed to prevent contact of skirt with liner. From the plots of velocity of skirt, it
is clear top edge is moving away from the thrust side of liner and tilting towards anti-thrust side before TDC. Bottom
edge is tilting towards thrust side. After TDC position reverse trends were observed.

Apart from rotational velocity of skirt must also be taken into account. The rotational moment about piston pin
falls with a decrease in clearance values which prevents further rotation of skirt about piston pin. Hence the rotational
velocity falls with a decrease in skirt-liner gap.
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Figure no 5.40-Variations of eccentricities with skirt-liner gap
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Figure no 5.41-Variations of tilting velocities with skirt-liner gap
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Figure no 5.42-Variations of tilting parameters with skirt-liner gap

c)Effects of variations in length of skirt

Length of piston skirt is designed according to according to compact pressure ratio and guidance length of skirt.
An increase in skirt length causes a rise in its mass, hence an optimum value must be chosen. Effects of length of
skirt were investigated on the its lateral motion by taking three values of 62mm, 62.65mm and 63mm respectively
as seen in figure no 5.43-5.45. Load compacting area rises with an increase in the length of skirt, which in turn leads
to fall in oil pressure P:%' This causes a fall in oil film force (F n) and moment associated with it (M ). Hence
various dynamic parameters of skirt show a decreasing trends with an increase of skirt length.
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Figure no 5.43-Variations of eccentricities with skirt length
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Figure no 5.44-Variations of tilting velocities with skirt length
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Figure no 5.45-Variations of tilting parameters with skirt length

d) Effects of operational speed of engine

An increased speed of engine causes changes in in cylinder pressure development due to increased mass of fuel
injected inside combustion chamber. This leads to increased thermal deformations as higher temperatures are
reached. Figures no 5.46 shows the variations of eccentricities with engine speed. As speed increases, lubrication
changes to hydrodynamic type and hence higher oil pressures developed reduce the lateral motion of skirt. As
combustion pressure is maximum during compression stroke, the values of frictional forces and associated power
losses are their peak during this stroke as seen from figure no 5.47, 5.48.
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Figure no 5.46-Effect of engine speed on eccentricities
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Figure no 5.49 and 5.50 shows the effects of lighter piston skirt mass (2/3 rd of original mass) and heavier wrist
pin mass (double original mass) on piston secondary motion. A slight increase was observed in the eccentricities
with a decrease in skirt and pin masses.
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Figure no 5.49-Effect of skirt weight on eccentricities
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e) Effects of engine load

As the load increases, the amount of charge to be brought into cylinder must increase in order to maintain a
constant speed range. Hence peak in cylinder reached inside cylinder increases. As it is evident from figure no
5.29,5.30, the lateral velocity of skirt showed no significant increase with changing load values. Hence it may be
interpreted that this factor has least influence on lateral motion of skirt.

In addition to above discussed factors, the inertia of connecting rod has also pronounced effects on piston
lubrication and it needs to be taken into account for further analysis especially at higher engine speeds [40].

5.8 Numerical model of slapping motion

A numerical model of lateral motion of piston skirt has been analyzed in this part of work considered lumped
system approach having three degree of freedom as depicted in figure no 5.51[41]. The skirt has a dual degree of
freedom (X p, 0) having dynamic mass (m ) and moment of inertia (Ip) 7.8540 X10~° kg-m?. The engine block was
considered having a single degree of freedom (X ) with dynamic mass (m p).
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Figure no 5.51-Numerical model of piston secondary motion [41]

Motion of system can be represented mathematically in matrix form of equation no 5.40.

m, 0 O1[x,”] [C —C O][x,T [Ke —Kp O]iX,1 [F
0 my, Offx,[+[-C Co+C Of[x,|+[Ks Ko+K, Of[x,[=|0] (540
0 0 ILj[g" 0 0 Colle 0 0 Kellel [m,

Where M z=M p L xX” p +ZF st +F g(X p'X ob) 'ZF f(X b'X p) +T p T p:u RFL (541)
5.9 Driving forces

The lateral side thrust force imparted by connecting rod on walls on liner plays a major role in lateral motion of
skirt. This force exerted can be vertically decomposed along X and Y directions. As the tilting angle of connecting
rod changes, there will be a lateral component of force which pushes the skirt on liner walls. This lateral side thrust
force takes into consideration both inertial as well as gas forces and is expressed in terms of crank radius-connecting
rod length ratio (K) by following equation [35]:

Fx = [Fg - mpro?(cos(8)+Kcos(20)])A (5.42)

Sin26
J12=(rsin)?2

Various frictional forces between skirt and liner (Fr) as well as those between skirt rings and liner (Fs) act
vertically along Y axis. The center of mass of piston assembly is at horizontal offset distance of Lx and at vertical
offset distance of Ly from connecting rod position as seen in figure no 5.16.
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5.10 Determination of mobility

Mechanical mobility (M) can be defined as the ratio of resulting velocity of structure to input force causing
excitation. This parameter was used to analyze the dynamic mass, stiffness and damping coefficients for the skirt-
liner system. In frequency domain, the mechanical mobility M(Jo) can be expressed as [41]:

\%
M(Jo) = % (5.43)

—]m[((K—Mmz)HCm)]

M(J(D) = Mw?2(K+]Cw)

(5.44)

Where F(Jw) is exciting force spectrum and V(Jw) is velocity response spectrum function. The analysis of
mechanical mobility was carried out to compute various lumped mass parameters of skirt-liner system. For this
purpose, the response of cylinder block was captured using accelerometer mounted normal to the axis of piston
motion, whereas the response of piston skirt was analyzed using COMSOL-7 software.

Frequency domain plots of mobility have shown that frequency range below first resonant frequency (ma= %) §
dominated by dynamic mass of system. Hence the point mobility equation can be written as:

M(Jo) = (5.45)

-]
mwgy
Above this resonant frequency, response of system is spring dominated and hence the point mobility may be
expressed as [38] :

M(Jo) = =2 (5.46)

Figures no 5.52 shows the plots of lateral side thrust forces for testing cases enlisted in table no 4.1. As seen
from these plots, lateral side thrust force changes its direction six times in a complete engine cycle (as marked by
circles) indicating possible instances of piston-liner contact.
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Figure no 5.52—Piston side thrust force

Further from values of lateral velocities of skirt (as obtained from COMSOL -7) in equation no 5.43,
mechanical mobility of skirt was computed as depicted in figure no 5.53.
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Variations in values of mobility shows same trends hence confirming that mobility is least effected by change in
the engine operational conditions. First resonant frequency for skirt was found to be in 40Hz-70Hz range. Block
velocities of engine were simulated next using numerical integration of accelerometer data as shown in figure no
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Figure no 5.54-Block Velocity

These were used to plot graphs of engine block mobility as seen in figure no 5.55. Gas forces acting on skirt play
a major role in mechanical mobility of system, hence despite of almost same values of first resonant frequency, the
values of block mobility were found to be lower as compared with piston mobility.
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Figure no 5.55- Block Mobility
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Using the concept of first resonant frequency as discussed in the previous section, various dynamic parameters of
lumped mass system were computed for given test conditions. The results can be seen in table no 5.4.

Case Block Parameter Piston Parameter

1 f.=44Hz f,=44Hz
[My (Jo)] = 1.4%102° [m/s]/N [Mp(Jw)] = 0.005 [m/s]/N
Cy=5.9*10°(kg/s) Mp=0.72(kg ™)
Ky=1.9%10%? (kg/s?) Kp=5.5*10* (kg/s?)
Mp=2.5*10" (Kg) Cp=141(kg)

2 f.=44Hz f,=44Hz
[My(Jw)] = 1*10°%° [m/s]/N [Mp(Jw)] = 0.004[m/s]/N
Cy=7.7%10%(kg/s) Mp=0.9(kg ™)
Ky=2.7*%10%? (kg/s?) Kp=6.3*10%(kg/s?)
Mp=3.5*10" (kg) Cp=176(kg)

3 f,=65Hz f,=66Hz
[My(Jw)] = 10" [m/s]/N [Mp(Jw)] = 0.0050[m/s]/N
Cp =7.7*10°%(kg/ s) Mp=0.4(kg ™)
Ky,=4*10"? (kg/s?) Kp=8.2*10%(kg/s?)
Mp=2.5*10" (kg) Cp=141(kg)

4 f,=44Hz f,=44Hz
[My(Jo)] = 10° [m/s]/N [Mp(Jw)] =0.0032 [m/s]/N
Cp =7.7*10°%(kg/ s) Mp=1.1(kg™)
Ky,=2.7*10*? (kg/s?) Kp=8.5*10* (kg/s?)
Mp=3.6*107(kg) Cp=220(kg)

5 f,=65Hz f,=67Hz
[My(Jo)] = 102° [m/s]/N [Mp(Jw)] =0.0035 [m/s]/N
Cp =7*10%(kg/ s) Mp=0.7(kg™)
Ky,=4*10"?(kg/s?) Kp=1.3*10°(kg/s?)
Mp=2.4*10"(kg) Cp=220(kg)

Table no 5.4-Dynamic Parameters of system
5.11 Results and discussions

Figure no 5.56-5.60 shows comparisons of the simulated and measured vibratory response of engine block (as
captured at accelerometer-2 location). Both trends showed a good agreement. In these figures, the impact of the
piston on the liner walls resulted in a sudden increase of the amplitude of vibrations which increases with engine
speed. These vibrations gradually decay and were induced again upon next instance of impact after some crank angle
duration. At lower engine speeds, the vibration response of the cylinder block induced by the slapping contact of the
skirt has a longer duration till decay. As the measured data has contributions due to various other sources, the
amplitudes of resulting vibrations of engine block measured experimentally were higher than those of simulated
ones.
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The effects of variations in engine load and on piston lateral motion of skirt were next investigated from figure
no 5.61,5.62. Due to gap between skirt and liner, a non-linear saw toothed pattern was observed in the lateral motion
with amplitudes in range[0-8um]. With an increase of engine speed, the side thrust force also increases. This results
in fall of duration of sliding motion of skirt as it bounces off more frequently for longer durations.
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Figure no 5.61— Piston lateral motion (80% load)
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Figure no 5.62— Piston lateral motion (100%load)

5.12 Summary

Piston slapping motion is a major cause of noise and vibrations in engines. In first part of this chapter, various
methods to locate the crank angles at which skirt may laterally strike walls of liner were discussed and further
validated using filtered engine block vibrations. The dynamic equations of piston secondary motion were solved and
effects of various skirt design were analyzed.

Further in order to understand this motion, a lumped system approach was also discussed. The values of first
resonant frequencies of both skirt and liner were found to be near 40Hz-70Hz range. Lateral impacts of skirt with
liner caused peaks in block vibrations. Effects of load and speed were also investigated on lateral motion of piston
skirt. The sliding motion of skirt along liner was less dominant during suction and power strokes as the bouncing
tendency dominated the dynamic motion of skirt. Skirt was found to slide a few crank angle duration before reaching
TDC position. The duration of this sliding motion was observed to decrease with increase in engine speed which is
in agreement with previous available literature.
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Chapter 6
Conclusions and future work

6.1 Objectives and Achievements

The main aim of the presented work was to analyze various signals acquired from a diesel engine test rig in order
to monitor its working. For this purpose, both theoretical as well as experimental results have been presented. Main
achievements of previously discussed goals are as follows:

Obijective 1-To review different sources of noise in engines.
Achievements 1-Chapter 1 provides an overview of these sources and discusses various techniques used for
effective source separation. Chapter 3 focuses on various characteristic features of these sources.

Obijective 2-To study the effects of variations of different engine operational conditions on various signals acquired
from transducers mounted on test engine.

Achievements 2-Different tests were carried by varying engine load, speed, amount and duration of fuel injected.
Location of various transducers were changed in order to investigate the effects of change in positioning as
presented in Chapter 2.

Obijective 3- To show the applicability of various signal processing methods for effective monitoring of engines.

Achievements 3-Chapter 2 shows application of these methods e.g. time-frequency analysis, power spectrum
density, wavelet analysis and mean frequency analysis on various acquired signals. A suitable frequency range was
identified in which combustion based noise was dominant.

Obijective 4-To analyze combustion based noise using acquired data.

Achievements 4-Chapter 4 discusses use of pressure, noise and vibration signals for analysis of combustion based
noise. Various combustion noise related indices were defined and analyzed. A transient model of this noise based
on generation mechanism was presented.

Objective 5-To develop various numerical models of piston lateral motion and validate them using experimental
data.

Achievements 5-Chapter 5 presents these models of lateral motion of skirt and analyses effects of various physical
design parameters on it. Resulting engine block vibrations were simulated using various dynamic parameters
obtained from mobility measurements and compared with actual experimental data.

Objective 6-On the background of presented work, provide a guideline for further research.
Achievements 6-Some of future research works that need to be undertaken are discussed in this Chapter of thesis.

6.2 Resume of state of art

Noise, vibration and harness analysis of diesel engines has been an active topic of research during past few
decades. The presented work has tried to deal with some of the important aspects of this issue. There are many key
areas in which further work can be done [1]. Some of these include:
1.Quantification of various noise emissions.

A) Subjective approach -Some possible indices used for this purpose may include:

e Ranking-Various subjects may be asked to rank sound emissions from the test engine according to
annoyance on a scale of 1 t010. However, number of samples must be kept low to avoid complexity [2,
3,4].

e Comparison in pairs-In this method various subjects may be asked to evaluate relative judgments on the
basis of pairs, however this method can be exhaustive as number of pairs can be large [5, 6].

B) Objective approach -Various psychoacoustic indices that can be used for evaluation include:

e Loudness-It is a parameter used for evaluation of noise intensity and has unit of phon or sone. Loudness
level of 1 phon is SPL of a pure tone plane wave of 1kHz frequency as perceived by human ears in frontal
direction [7].
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e Sharpness-A 60dB sound wave of 1kHz frequency has sharpness of 1 acum. Sharpness of a soundwave can
be lowered by either adding low frequency components or by decreasing high frequency components [8].

e Roughness-This parameter takes into account modulation of waves. Its standard unit is asper.1 asper is
roughness of a tone of 1kHz frequency at 60dB which is modulated by 70Hz frequency with degree of
modulation equal to unity [9].

e Impulsiveness- It represents the amplitude and frequency of occurrence of peaks in SPL. Its unit is Kurt and
IS most significant during ideal running of engines [8].

2. Motion of gudgeon pin inside pin hole

Piston pin is held inside hole either by a full floating system or a semi floating one. For case of full floating
system, both pin and connecting rod may be made of same material, whereas in case of semi floating system, piston
may be made of aluminum alloy and pin of steel. Hence a semi floating system is subjected to more noise due to
differences in thermal expansion coefficients of different materials used. It has been observed that pin rotates counter
clockwise inside its hole before striking the wall of piston vertically in crank angle duration 20°- 30°BTDC [10].

3. Use of gap sensor device to study piston secondary motion using different skirt profiles.

Frictional power losses for various skirt profiles can be evaluated using suitable motion gap sensors. Skirt profile
having recess at top and bottom part has shown minimum frictional forces as it has better lubrication load bearing
surface [11,12].

4. Use of AVL EXITE for modelling of piston motion.

This approach takes into account thermal distortions of liner using GUID (piston-liner guidance) and EPIL (elastic
piston liner contact) approaches [13]. Lateral surface velocities can be analyzed both in time and frequency domains.
At higher speeds, in conjunction with higher inertial forces, piston secondary motion was found to decrease. Hence
both above mentioned approaches have shown almost same results [14].

5. Investigation into effects of bubble formations, mist and cavitation of lubrication oil during secondary motion of
piston.

Formation of bubbles takes place in lubrication oil film as local pressure drops below ambient pressure
particularly in convergent-divergent interfaces like contacts between rings and liner [15]. It has been proved that
under these conditions, Reynolds equation may yield different pressure profiles [16].

6. Use of post injections or exhaust gas recirculation (EGR) and turbocharging.

a) Effects of post injection-soot emissions can be controlled by use of post injection methodology. However, noise
emissions were found to remains unaffected [17].

b) Effects of EGR-EGR has been found to reduce combustion noise above 300Hz range, however excessive use of
EGR may lower the thermal efficiency [18].

c)Effects of turbocharging -Noise emission during transient conditions from a turbocharged diesel engine have
been found to be up to 3 dBA higher as compared to steady state conditions. This has been attributed to
turbocharger lag [19].

7.Use of Blind Source Separation (BSS) and Independent Component Analysis (ICA)methods for effective noise
source separation.

A BSS algorithm based on least mean square method has been applied to separate piston slapping noise from
other noise emissions [20]. ICA has also been used to effectively analyze fuel injection pulses which would otherwise
get suppressed by various high energy events [21].
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6.3 Overall Conclusions

The presented work establishes benefits of using various intrusive as well as non-intrusive methods to analyze
pressure, noise and vibrations signals from a dual cylinder diesel engine. Amongst various NVH sources in engines,
the contributions due to combustion based noise and piston lateral motion are of prime importance. Hence a major
portion of this work discusses these two aspects.

In Chapter 2, Time—frequency analysis has shown locations onset of various events associated with operation
of test engine. High frequency components were found in frequency range 500Hz -2kHz a few degrees before TDC
position, due to rapid increase in cylinder pressure after pre-injection period. PSD plots have shown that major
changes due to firing of fuel occurred at around frequency of 300Hz. Hence analysis of combustion related events
must be done above this frequency. In higher ranges, a sudden increase in amplitude of spectrum was seen which
may be attributed to phenomenon of resonance.

Further a gird was built around the test engine to see the effects of change in locations of various transducers on
acquired signals. Three such positions were marked as A, B and C. Position C was seen as being most sensitive
towards combustion process, whereas position B was seen as sensitive towards intake flow process. Coherence
analysis of signals showed that noise emissions in frequency range of 50Hz-400Hz were sensitive towards gas
exchange process. Engine block vibrations acquired at vertical orientations were found to be more coherent towards
combustion pressure development in frequency range of 0.5kHz-3.8kHz. Crank angles corresponding to minimum
values (that followed the maximum values) of band filtered vertical accelerometer signals in this range were
compared with crank angles at which maximum in cylinder pressure development occurred. High coefficients of
proportionality were observed between the two defined positions.

It was seen that the vibration traces allowed to detect the crank angles corresponding to different phases of
combustion process observed in diesel engine. End of negative values in vibration curves along with a sudden rise
of in-cylinder pressure marks start of pre-mixed phase. The diffusive phase of combustion begins with vibration
curves crossing the next zero markings.

Further, various regions of pressure spectrum were defined and analyzed by changing various fuel injection
parameters for a test case of 3600 RPM speed under full load condition. Region 1 corresponding to lower frequencies
was found to be in 10Hz-215Hz range. Medium range showing a logarithmic decrement was found to be in 215Hz-
2800Hz, whereas region 3 of higher range was above 2800Hz. VVarious combustion noise related indices were defined
and developed which showed a close correlation with in cylinder pressure development as compared to maximum
pressure rise rate (MPRR). A transient model of combustion noise generation was also presented and Cepstrum
analysis was used effectively for source separation.

Various mathematical models of lateral motion of piston skirt were analyzed in Chapter 5. Methods to locate
possible instances of skirt-liner lateral contact were discussed and validated by using filtered block vibration signals.
The dynamic equations of piston secondary motion were solved and effects of various design parameters on lateral
motion of piston were analyzed.

Further a lumped mass system approach of lateral motion was also discussed in which various dynamic parameters
of system were calculated using concept of mechanical mobility. The values of first resonant frequencies of skirt-
liner system were found to be in 40Hz-70Hz range and it remained unaffected by variations in various engine
operational conditions. Simulation of lateral motion of skirt and resulting block vibrations was also performed. The
duration of sliding motion of skirt along liner was seen to fall with an increase in increase engine speed as bouncing
nature dominated piston lateral motion.

102



Chapter 6 Conclusions and future work

6.4 Innovation Introduced

e Locations of different transducers was changed in order to investigate the effects of positioning on various
acquired signals. For this purpose, a grid was built that encircled the engine, thus allowing the
repetitiveness of various measurements.

e Engine block vibration data was used for analysis of various phases of combustion observed in course of a
diesel engine cycle.

e The frequency ranges mainly related to combustion process were extracted using coherence function.

e Various regions of cylinder pressure spectrum were analyzed by changing various fuel injection conditions.

e New indices were developed which define relationships between injection process and resulting in
pressure, noise and vibration signals.

e A Transient model of combustion noise generation was defined and various rates related to it were
analyzed.

e Cepstrum analysis was used to obtain transfer function of combustion based noise and hence achieve
effective source separation.

e Various methods to locate the instances of lateral contacts of skirt and liner walls were defined and validated
by actual engine block vibration measurements.

e A Tribological model was used for solving the equations of lateral motion of skit and effects of various
design parameters like its length, skirt-liner gap and offset distance on various parameters of lateral
motion were analyzed.
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APPENDIX

A) Anechoic chamber

B) Test Engine

C) Pressure measurements
D) Accelerometer

E) Microphone

A. Chamber description

The test engine was located in a semi-anechoic Chamber having no echoes. In order to acquire various signals
under far field conditions according to SAE-J1074 and to contain engine setup, the test chamber was made with
adequate dimensions. To isolate any possible vibrations from external environment, the walls of chamber were made
up of dense cement. The bottom of chamber was also made of wedges and floor was formed of iron meshes. Efficient
ventilations systems were provided to avoid any acoustic interference.

B. Test Engine

Figure no I- Test rig

Various tests were done on a water cooled LDW442CRS type Lombardini make engine having a common rail
injection system as seen in figure no I. The engine has specifications which have been presented in Table no A. This
engine has K type thermocouple for various temperature measurements.

Number of cylinders 2

Displaced Volume 440 cm?®

Bore 60.6mm

Stroke Length 68mm
Compression Ratio 20:1

Maximum Rated Power | 8.5kW@4400RPM
Maximum Rated Torque | 25N-m@2000RPM

Table no A-Engine Specifications

An electronic control unit (ECU) connected to computer was used to manage various injection parameters. This
system can do maximum of 2 injections per cycle. The engine was coupled with a SIEMENS 1PH7 MAKE
synchronous motor (nominal torque 360 N-m and maximum rated power 70 kW), thus allowing control over speed
and load values. Locations of TDC positions were recorded by an AVL 364C type optical encoder. All signals were
acquired at the same time by NI boards of 6110 type (for analog type) & 6533 type (for optical encoder signals)
under LabVIEW 10 environment.
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The sampling rate was varied in order to guarantee a fixed crank angle resolution. All signals were filtered using
B&K Nexus device. A HBM T12 digital transducer was used for torque measurements as shown in figure no II.
Locations of instances of various cyclic events of engine have been enlisted in table no B. Engine also has a provision
to record nonvolatile particle numbers as well as soot emissions present in exhaust gas respectively by means of
AVL particle counter and micro soot sensor.

Figure no 1l- HBM T12 digital torque transducer

Inlet VValve opening (IVO) 10° before TDC
Inlet Valve closure (ICV) 42° After BDC
Exhaust valve opening | 58° Before BDC
(EVO)
Exhaust valve closure (EVC) | 10° after TDC
Table no B-Valve Operation Specifications

C. Pressure measurements
An AVL GU13P type piezoelectric transducer shown in figure no I11(a) was used to acquire the instantaneous
in-cylinder pressure data. Main features of this transducer is presented in table no C.

Figure no Il1(a)- AVL GU13P pressure transducer

#Q)

S

Exhaust
pressure transducer

Figure no I11(b)- Inlet and exhaust pressure transducer
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Range 0-200Bar
Sensitivity 15.8pC/Bar
Resonance 130kHz
frequency

Table no C- AVL GU13P Specifications

Intake pressures were measured by means of piezo resistive Kistler 4007BS5F transducers. The exhaust pressures
were measured by water cooled piezoelectric AVL QC43D. These transducers have been shown in figure no I11(b).
Injection pressures were measured by means of Kistler 4067A2009 transducers. An AVL 733S gravimetric fuel
meter was used to monitor the fuel consumption rate.

D. Accelerometer

Various engine block vibrations were recorded by Endveco7240C make Mono axial accelerometers which were
mounted by means of threaded pins in vertical as well as horizontal orientations on the engine block as seen in
figure no 1VV. Main features of this accelerometer have been presented in table no D.

Figure no IV Accelerometer transducer location

Range 0-1000g

Sensitivity [3pC/g
Resonance |90kHz
frequency
Table no D-Accelerometer Specifications

E. Microphone

A 4939 type Bruel and Kjaer free-field 4" make microphone having a preamplifier (type 2670) was used to
acquire various noise emission signals. Figure no V shows the highlighted position of this transducer with its major
specifications listed in table no E.

Figure no V- Microphone location
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Frequency Range 4-100KHz
Sensitivity AmV/Pa
Dynamic range  |[28-164dB

Table no E-Microphone Specification

SAE classification a*108 b C
10W and 10W10 0.0850 820.723 93.625
10W/20 0.1031 773.810 93.153
10W/30 0.2020 737.690 89.9
10W/40 0.1165 1033.340 120.800
10W/50 0.0952 1304.170 15.220
20W and 20W/20 0.1350 737.810 77.7
20W/30 0.4141 811.962 93.458
20W/40 0.1671 793.329 93.931
20W/50 0.0948 1146.250 124.7
30w 0.1531 720.015 71.123

Table no F-Values of viscosity coefficients for various grades of oil
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