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ABSTRACT

The health monitoring has been studied to ensure integrity of design of engine structure by detection, quantifica-
tion, and prediction of damages. Early detection of faults may allow the downtime of maintenance to be resched-
uled, thus preventing sudden shutdown of machines. In cylinder pressure developed, vibrations and noise
emissions data provide a rich source of information about condition of engines. Monitoring of vibrations and
noise emissions are novel non-intrusive methodologies for which positioning of various transducers are important
issue. The presented work shows applicability of these diagnosis methodologies adopted in case of diesel engines.
The effects of changing various fuel injection parameters was analyzed. Scope of using non-intrusive technique
has been analyzed by changing locations of microphone. Novelty of this worklies in exploring signal processing
methods for various locations around the engine test set up. Various frequency ranges of contributing noise and
vibration sources were identified. Time-Frequency analysis showed the onset of various cyclic. Based on the identi-
fication of various frequency bands, it is possible to device suitable filters in order to extract more information.
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1 Introduction
Various sources of noise and vibrations in an automotive systems are shown in Fig. 1 [1-18].

Combustion based noise can be analyzed by monitoring the speed of combustion. It is generated as an
impulsive pressure wave [19]. Motion based noise which is proportional to operational speed of engine,
includes noise due to piston motion, bearing noise, cam noise, oil pump noise, timing belt and chain
noise as well as structural noise of cover [20,21]. Aerodynamic flow noise includes contributions due to
intake noise, exhaust noise and noise due to motion of fan. Wind and road tire noise lie in the medium
frequency ranges [22]. Tab. 1 presents comparisons of features of various sources of noise in engines.
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Figure 1: Sources of automotive noise (1: valve train motion, 2: chain drive motion, 3—4: accessory noise,
5: piston slapnoise, 6: bearing noise, 7: cover noise, 8: intake noise, 9: exhuast noise, 10: combustion noise,
11: oil pan noise)

Table 1: Characteristic features of various sources

Noise source Approximate frequency range Effecting factor

Combustion Noise 500-8000 Hz In cylinder pressure

Piston Slap 2000-8000 Hz Speed, piston design

Valve Operation 500-2000 Hz Valve type, Engine speed
Fan Noise 2002000 Hz Speed, number of Blades
Intake Flow Noise 50-5000 Hz Turbulence

Exhaust Flow Noise 50-5000 Hz Turbulence

Injection Pump Operation 2000 Hz Pump features

Gear Noise 4000 Hz Speed, Number of teeth
Accessory Belt-Chain Noise 3000 Hz Engine speed, misalignment,

number of teeth

Among the advanced techniques, monitoring of noise and vibration emissions from engines, are
important benchmarks for various choice of customers [11-21]. Various diagnosis methodologies adopted
in case of diesel engines for their condition monitoring includes:

A. Monitoring of structural vibrations-optimumlocation of accelerometer transducer is a major hurdle as
there may be contamination of signals. Frequency spectrum, peak or RMS values are effective to monitor
various faults like imbalances, bearing damage or shaft misalignments [1].

B. Noise monitoring- injector operational faults, wear, incorrect injection timings, valve operation faults
may be diagnosed by monitoring noise emissions from engine.

C. Cylinder pressure development monitoring-location of abnormal combustion and hence overall
combustion efficiency of engines can be monitoring by profile of pressure developed inside combustion
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chamber. However, higher operational temperatures conditions make various pressure sensors expensive
with short life span time [2].

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 was about 1 Billion U.S. $. during the year 2005 [23-40]. So it is necessary to focus on NVH
aspects of combustion engines.

2 Background

Various signal processing methods that may be used for effective condition monitoring of engines
includes:

A. Power spectral density function (PSD)—This function (¥ %) provides the frequency composition of
data in terms of its mean square values [4]. The mean square values of a time sample in frequency range
[0, ®+ ©] can be obtained by passing sample through a band pass filter with sharp cut off frequency
features and then computing the average of squared output from filter.

B. Time frequency analysis—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 [5]. In the time frequency analysis, the signal is windowed into small intervals and then Fourier
transformation is taken for each interval [6—-29]. 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.

3 Literature Review

Dev Prakash Satsang investigated the efficacy of different diesel/n-butanol blends in a direct injection
diesel genset engine [30]. Syed et al. recorded vibration signatures from an engine operated with ZnO
particles suspended in Jatropha Methyl Ester (JME) biodiesel [31]. An artificial Neural Network (ANN)
modelling was used to predict Root Mean Square (RMS) of velocity. Liu et al. [32]. developed random
analysis procedure to predict the structural response of railway vehicle. Wang et al. [33] proposed a
numerical method for NVH design sensitivity. Sofiyev et al. [34] analysed vibration of truncated conical
shells made of functionally graded material. Jayaswal et al. [35] provided a review of ANN, fuzzy logic
and wavelet transform in fault diagnosis in rolling bearings. Li et al. [36] achieved source separation
using acoustic signals. Yildirim et al. [37] analysed noise and vibration of cars by feedforward and radial
basis neural networks. Amezcua et al. [38] demonstrated accelerometer can provide sufficient combustion
information. Morello et al. [39] analyzed crankshaft vibration to locate slapping motion of the skirt and
combustion noise. In Jia et al. [40] concluded that the accelerometer signals were significantly influenced
from a mechanical noise sources due to the start of injection. Research into the estimation of diesel
engine combustion metrics via remote combustion sensing has become an increasingly active area of
combustion research [41]. For reduction of engine-out emissions and improvement of fuel economy,
closed-loop control of the combustion process has been explored and documented by many researchers
[42]. A novel bi-directional non-negative matrix factorization (GBiNMF) algorithm was proposed to find
a parts-based representation of the TFRs corresponding to different fault models [43,44]. An estimation
method of the combustion chamber pressure, in an internal combustion engine was created based on the
comparison of the vibration and pressure signals [45—-59].

4 Material and Methods

Experiments were conducted on a KPKN2520 type kirloskar diesel rig having specifications as
presented in Tab. 2. Various testing conditions are enlisted in Tab. 2. Testing case with fuel injected at
3600 RPM engine speed and 700 Bar injection pressure was taken as references. 1 mm*/stroke of fuel
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was injected during pre -injection period as well as main injection period at crank angle positions 6° and 10°
before top dead center positions of for this case.

Table 2: Engine specification

Type Single cylinder DI 4
stroke diesel engine

Cooling Air cooled

Rated power 3 kW@1500 RPM

Bore X Stroke 80 mm % 110 mm

Compression ratio 17.5:1

An AVL GU13P type piezoelectric transducer was used to acquire the instantaneous in-cylinder pressure
data having various features enlisted in Tab. 3.

Table 3: Pressure transducer specifications

Range 0-200 Bar
Sensitivity 15.8 pC/Bar
Resonant frequency 130 kHz

Various block vibrations were recorded by Endveco7240C make Mono axial accelerometers having
features shown in Tab. 4.

Table 4: Accelerometer transducer specifications

Range 0-1000 g
Sensitivity 15.8 pC/Bar
Resonant frequency 90 kHz

A 4939 type Bruel and Kjaerfree-field %4" make microphone having a preamplifier (type 2670) was used
to acquire various noise emission signals. Main features of this transducer are shown in Tab. 5.

Table 5: Microphone transducer specifications

Range 28-164 dB
Sensitivity 4 mV/Pa
Resonant frequency 4-100 kHz

5 Results and Discussions

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
Fig. 2. Figs. 3 and 4 show recorded noise emissions at three chosen locations under full 100% load conditions
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and speed of 1600 RPM and 2000 RPM. 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.

Amplitude-(mV)

0 90 180 270 360 450 540 630 720
crank angle

Figure 3: Noise emissions at 1600 RPM, 100% load

Amplitude-(mV)

0 90 180 270 360 450 540 630 720
crank angle

Figure 4: Noise emissions at 2000 RPM, 100% load

Position B was next investigated to see if any information could be extracted regarding intake flow
noise. Figs. 5 and 6 show plot of intake pressures acquired at this position at various testing conditions.
Absence of any noticeable changes in signals acquired shows that acoustic signals were least affected by
load values.
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Figure 5: Intake pressure at 1600 RPM, 80% load
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Figure 6: 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.
Figs. 7 and 8 show 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 [50 Hz—400 Hz] 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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Figure 7: Coherence between cylinder pressure and intake pressure signals (100% load, 1600 RPM)

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 Figs. 9 and 10. A close correlation between
two signals shows the selected frequency band was properly chosen.
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Figure 9: Comparison between signals (1600 RPM—100% load)
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Figure 10: Comparison between signals (2000 RPM—100% load)
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Figure 8: Coherence between cylinder pressure and intake pressure signals (100% load, 2000 RPM)
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Further tests were done in order to investigate signals at various marked locations. 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 300 Hz frequency (Figs. 11 and 12). Hence
all combustion related events must be considered above this frequency.
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Figure 11: PSD plots for cylinder pressure signals (100% load, 1600 RPM)
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Figure 12: PSD plots for cylinder pressure signals (100% load, 2000 RPM)

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 Figs. 13 and 14. It is clear that the
region 2 corresponding to medium frequency ranges of combustion noise begins after 1 kHz.
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Figure 13: PSD plots for cylinder pressure derivative signals (100% load, 1600 RPM)
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Figure 14: PSD plots for cylinder pressure derivative signals (100% load, 2000 RPM)

Further in cylinder pressure signals acquired at location C were studied using time-frequency
spectrogram analysis as seen from Figs. 15—-18. 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. High frequency
components were found in frequency range 500 Hz—40 kHz owing to rapid increase in cylinder pressure
after pre- injection period a few degrees before TDC position. Figs. 19 and 20 show 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 [7—17]. Noise PSD plots were
characterized by high frequency components that may be due to several other contributing sources.
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Figure 15: Cylinder pressure spectrogram at 1600 RPM, 100% load
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Figure 16: Cylinder pressure spectrogram at 1600 RPM, motored
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Figure 17: Cylinder pressure spectrogram at 2000 RPM, 100% load
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Figure 18: Cylinder pressure spectrogram at 2000 RPM, motored
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Figure 19: PSD plots for noise signals (100% load, 1600 RPM)
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Figure 20: PSD plots for noise signals (100% load, 2000 RPM)

6 Conclusions

This work analysed the effects of change in various injection parameters on development of combustion
pressure development and noise emissions from engines. Scope of using non-intrusive diagnosis technique
has been analysed by using changing various locations of microphone around the engine. This work analysed
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 analysed 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. In particular, the noise emissions from engines
were found to be dependent on quantity of fuel injected inside cylinder. Various characteristic frequency
ranges of contributing sources have been identified. Time—Frequency analysis has shown onset of various
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 motionbased
noise which is done in later part of this work.
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