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Abstract. The paper describes an experimental methodologiselvto study engine block
displacement of internal combustion engine in #dial direction due to combustion force. This
force produced in the cylinder varies with the champrofile since flow parameters are
influenced by the combustion chamber profile. Costion effectiveness fluctuates depending
upon flow parameters. To correlate between combstnd injection and to detect faults in the
injection system it is necessary to supervise trelwstion in the individual cylinders. This can
be accomplished by evaluating the crankshaft spe#ue flywheel. Speed is directly related to
combustion by means of indicated pressure and ¢oiiferent combustion chamber profiles
were taken for the analysis along with speed aad ks the design variables. The displacement
and time-domain frequency for all the profiles wecempared. The results provide
displacement induced by the combustion pressureertainty in combustion processes and
nonlinear vibration of the engine block. This neppaach in engine parameter design gives
insight on the vibrational processes in the casdiftédrent chamber profiles as well as sources
of noise in the diesel engine.

Keywords: combustion pressure, piston profiles, displacenpdak amplitude.

Nomenclature Figure notations
A, B Lame’s constants DC Double concave
A’ Vibration constant HS Hemispherical
A Cross sectional area of cylindet? /4) EL Elliptical

ED Ellipsoid

D Bore diameter

, N11100 rpm
E Young’s modulus
. . N21200 rpm
F. Forces due to reciprocating masses
- N31300 rpm
F, Forces due to valve actuations
F.. Forces due to kinematic chain N41400 rpm
ke N51500 rpm

IP Indicated power

P Indicated mean effective pressure
R; Inner radius of engine block
R, Outer radius of engine block
Radius in betweeR; andR,
Amplitude

Strain

Poison ratio

Natural frequency

Excited frequency
Displacement

Damping ratio

o, Axial stress

o:. Circumferential stress

o, Radial stress
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1. Introduction

The main objective of this work is to investigate tin-cylinder pressure contribution to
engine block vibration and the impact of pistonfiiean the vibration. The measurement of in-
cylinder pressure has been object of the study fiteenbeginning of the internal combustion
engine. Tremendous amount of useful information lwarextracted from the cylinder pressure
signal for engine combustion control. However, ptais cylinder pressure sensors are
undesirably expensive and their health needs tmbeitored for fault diagnostic purpose as
well [1]. So two neural network-based independewlinder pressures related variable
estimators were developed and verified at steadte.sfThe development of combustion in
diesel engines is strictly dependent on combusti@mber and injection parameters. Vibration
signal analysis and mitigation of vibration ampliéuare important research tasks since 18th
century and rely upon different methods and devitéss type of work was carried out for all
the machinery and equipment. The impact of inlghaeist, and fuel injection parameter has
been presented. Short term Fourier transform isl t@ddentify different sources of internal
combustion engine block vibration from single poaticeleration measurements taken with a
commercial knock sensor [2]. Even slight modifioatior change in the engine parameter will
induce vibration, and abnormality such as knockiognbustion instability, thermo-acoustic
vibration and squat performance. There is a pdggituf using engine block vibration as a
mean diagnostic tool for the combustion modificasianduced by the injection parameters, and
accelerometer positioned at the engine block has lmalyzed [3]. Piston slap is a cause of
complex transient vibration response related tairtigact excitation inside the engine, and the
piston-slap impact with the slap-induced vibrativas correlated with the engine dynamic
behavior simulation and working condition monitarif4]. Some origin of mechanically
induced noise caused by various forces which acthen moving parts of the engine to
accelerate them across their running clearancesttargl cause mechanical impacts. One of
these sources is piston slap and dominates in ¢pgbd medium engines [5]. Analytical
treatment was conducted to investigate piston motio a diesel engine and a computer
program was written to predict optimum designsHiyh mechanical efficiency and low noise
and vibration excitation due to offset settingghaf crankshaft, piston-pin, and piston centre of
gravity [6].

Excitation vibration of the engine due to pistoapslfriction, speed, injection parameter, and
load condition are analyzed in various methodokagi@ne is impact excitations inside the
engine are reasonably analyzed, based on an a@lytiodel of the non-stationary engine
vibration. At this juncture time-varying transferoperties was developed and discussed in
details on its time domain and time-frequency domzharacteristics [7]. Even Least mean
squares algorithm with a deflation method is useddparate and identify several vibration
sources [8]. In the same way a diagnostic methggolfor internal combustion engines
combustion was proposed by means of non-invasiv@saorements on the cylinder head, such
as acoustic and vibration related to the interndicated mean effective pressure [9]. Internal
variables are studied using recurrence plots, renge quantification analysis and continuous
wavelet transform [10]. Similarly, a practical apption of nonlinear autoregressive moving
average polynomial models with exogenous inputhrtiegie was proposed to model pressure
dynamics inside the cylinder of a direct injectiommpression ignition engine [11]. Macian
proposed different alternative detection principkes the detection of slight unevenness
between cylinders in the injection process for bdoharged diesel engine, and for that the
selected parameter are the instantaneous exhausifoldapressure, the instantaneous
turbocharger speed and the mean temperature axtieust cylinder ports [12]. In-cylinder
pressure derivatives are also used to detect thdbwstion conditions. Sudden changes in the
chamber pressure have amplified by the pressuneatise, and related to thermodynamic
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phenomena within the cylinder [13]. From the anialyd acoustic signals and vibration signals,
an investigation of the noise source identificationa diesel engine was presented, and the
noise sources of engine front were identified [IBhe decision of number of cycles to be
measured is performed on the basis of the cyctautte standard deviation of the signal, and
the spectrum analysis allows the definition of efftfrequency for the filter design. In general,
lower number of cycles is needed in diesel engthes to its lower cycle-to-cycle dispersion
[15]. Furthermore, the fluctuations of effectiveegsure for different fuels are studied [16].
Detailed multi-body numerical nonlinear dynamic rabdf a single cylinder internal
combustion engine has been formulated and compselemoise, vibration, and harshness
investigation of the engine was performed [17]. Migational characteristics of an internal
combustion engine crankshaft have vital role fdincier health diagnostics.

A crank-angle domain numerical model of the craakisidynamics for a six cylinder
industrial diesel engine is adopted to establighatiects of continuous low-power production
in individual cylinders of a multi-cylinder engirf@8]. Minimization of the transmission of
engine vibration in the case of a mounted fourndgdr engine is performed by choosing the
individual balancing of masses and associated plasges as the design variables [19].
Element model of different internal combustion em®gis also a possible one to analyze the
characteristics vibration of individual componerits.the above survey authors are taken so
many parameters to moderate the engine vibratioml @ formulate new method for
characterizing the engine vibration phenomena. @naround 3 kHz and 4 kHz can be linked
to common rail injection signature to acceleromeignature; it was discussed for the signal
transfer [20]. In order to select the frequency dwidth of interest, we combine the time
frequency analysis with the coherence function yaisl The value of the coherence function
between the knock signal and the cylinder presgives frequencies, where the information of
combustion can be extracted from the vibrationgrf@d]. From the survey it is concluded that
none of them used integral part of engine to miéigabrations. The combustion chamber
profile is intact for moderating vibration or theetmo-acoustic characterization. So the author
considered different piston profile and the coroespng vibration phenomena for
investigation.

2. Time-frequency analysis

The most commonly used device for vibration measerdg is the piezoelectric
accelerometer, which gives an electric signal pripaoal to the vibration acceleration. This
signal can readily be amplified and analyzed. Thgiree was treated as elastic system with
effective damping system. The engine was suppdijedn elastic system of stiffneksand
effective viscous damping coefficient The amplitudeu is given as:

u= A'(v/a))zl\/((l— 0 10)' Y+ 2 lo¥) (1)

The engine in-cylinder pressure correlation with thisplacement of the engine block in the
radial direction was taken from the following thetical Lame’s [22] equations using the in-
cylinder pressure/indicated mean effective presBuUi23], inner radiudy,, outer radiusR, and
at any radius:

A=PR /(R - K) )
B=PR°R’/(R- K) ®)
o, =(BIr*)+A 4
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o =(B/ 1) A ()
o, =PR?/(R?*- R?) (6)
P=(0.3P /LAN) @)
e=@/E)o,~u(c.~0,))=(r/r) (8)

Theoretical displacemertr was calculated by usingr = er, but the experimental value
measured was given in eq. (9) as a function optrameters:

or = f(er,F, ,F.F,) )

The displacement in radial direction was calculdtedall four categories of pistons, and the
results were discussed in the following sections.

3. Engine test programme and experimental data acdgition

A single cylinder compression ignition engine wased to generate the test data. This
direct-injection 4-stroke diesel engine was fitteith fixed valve timing and speed control. The
engine was coupled with a mechanical dynamometeocK sensor is used to measure engine
block vibrations. The engine specifications argetisin Table 1.

Table 1. Specification of the engine

Engine Parameters Value
No. of Cylinder () One
BoreD (mm) 85
StrokeL (mm) 110
Maximum SpeedN (rpm) 1500
Connecting rod length (mm) 235
Compression ratio 18:1
Intake pressure (bar) 1
Intake temperature (K) 300
Inner radius of engine blodk, (mm) 44
Outer radius of engine blodk (mm) 112

3. 1 Selection of data sampling

Two different sampling methods were available, ngmerank-angle-based sampling and
time-based sampling. Crank-based sampling is giyéhe most suitable for sampling engine
test data. Most combustion events occur at difteegrgular positions of the crankshaft and
therefore can easily be located with crank-basetpbiag. However, control over the sampling
frequency is not possible, this is determined kg ¢hgine-crank speed and by the pulse per
revolution of the encoder. Crank-based data sampkntherefore not readily suitable for
identifying fixed-step discrete-time mathematicabduals. Temporal sampling by contrast,
involves fixed-time-step sampling controlled as alsby an internal clock, such that the
sampling rate is independent of the crank speethisnhmethod the combustion events cannot
be readily referenced to crank position; therethie number of data samples varies from one
cycle to another cycle owing to slight fluctuaticimsengine speed. The major advantage of
temporal sampling is that the data is readily &litdor identifying discrete-time mathematical
models. For vibration analysis involving combust@rents, high sampling-rates are needed for
capturing acceleration data. This is because #esvsuch as valve-impact and injector-pulse
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forcing are high-frequency events. For these regsoonstant time-sampling was used instead
of crank-based-sampling.

3. 2 Collection of vibration data and performance prameter

The experimental programme was divided into faategories. For the entire category the
engine was loaded using dynamometer. The loadrgjdrom 0-15 kg in steps of 5 kg, and for
each load the speed of the engine has varied frdf tpm to 1500 rpm in steps of 100 rpm.
Firstly, the double convex profile piston is fitted the engine and runs in normal mode.
Secondly, the hemisphere profile piston is fittdte load and speed is varied and then the
engine is run in typical way. Similarly, in the rthicategory engine was running with elliptical
profile piston, and finally the ellipsoid piston svéitted with the engine, and running for the
normal test conditions. For the above set of categousing Sendig 911-Vibrometer
acceleration was picked up through accelerometeation pickup and stored in data collector
as shown Fig. 1. The accelerations were pickedrapna cylinder block, and then MCME
software was used for analyzing the collected @tataarious correlations. For entire categories
the performance parameters were recorded, and dhatiens (2) to (8) were used for the
calculation of displacement.

1 79 NN

Fig. 1. Engine experimental setup with Sendig
4. Results and discussion

Experimental values for all four pistons shownFig. 2 were taken, and analyzed for the
pressure contribution, Time-domain analysis andctiabined contribution of moving masses.
The results of displacement and Time-domain caioglaare explained in the sub sections.

4. 1. Results for double concave profile piston alifferent speeds

The contribution of in-cylinder pressure inducedspthcement and experimental
displacement is shown in Figs. 3-5 and the experialealues are following the same trend of
the theoretical values. The inlet valve, exhaustevand fuel injection are common for all the
four type of piston fitted engines. Deviation ofpeximental values from the theoretical values
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is due to the unbalanced reciprocating forces @ ehgine K,), thrust force exerted by all
connecting kinematic chains in the engifig)( and valves impact=). At low speed the fuel
consumption was high, and part of the power prodweas exerting forces on side walls of the
cylinder. The damping takes too much time thancthiabustion cycle time of the diesel engine,
because of the cycle-to-cycle variation in the costion dominates in the particular piston
engine. At low load the cycle-to-cycle phenomenaseaperiodic behavior in combustion
timing; together with cylinder deviations this suhd responsible for decreasing the operating
regime. The combustion from the other cylinder aaeurces are identified from Fig. 6(a), the
peak amplitude marks the combustion at the top destre. The other cylinder noise is in
between the valley and peak amplitude over the &kalyine mapping for the double concave
combustion chamber piston engine.

m[ \54; A p 14 :

106

8

106

106

S

Hemispherical

Ellipsoid

Elliptical

85

Double concave

Fig. 2. Different piston profiles

4. 2. Results for hemispherical profile piston at ifferent speeds

Hemispherical profile piston engine is normallyedsn most of the internal combustion
engines and theoretical displacement at 1200 af@ 63 was slightly diverging (Figs. 3-4).
The combustion phenomenon in the chamber is adverggoduce a constructive pressure
increase in the cylinder. But it is used to incestise unbalanced excess forces on the kinematic
chain. Consequently, it produces the vibration tirash the amplitude is increased. An off-line
time-frequency analysis of the cylinder pressure toe resulting knock signal determines the
frequency range where the information about thelagtion can be extracted (Fig. 6(c)). One
can observe in the first angular-frequency reprsséime pressure signal within the same
combustion cycle where the combustion process ecdwow-frequency component may be
related to the auto ignition and appears few camile degrees before the top dead centre. Fig.
5 indicates that the combustion chamber pressutecad displacement amplitude increases
rapidly to the experimental value. These effecesdare to the combustion pressure generated in
the cylinder.

4. 3. Results for Elliptical profile piston at different speeds

Elliptical profile piston engine exhibits differenibration behavior that is provided in Figs.
3-5. Theoretical value of displacement at N4 andsii&ed are nearly drawn-out at the same
point, the vibration amplitude due to combustionciylinder pressure are stabilized in this
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speed. Time-domain value in Fig. 6(b) gives theldisement amplitude as cyclic variation
with time. The energy released by the combustiothasnstantaneous energy is the estimated
source of vibration. This corresponds to the scliatam of Fourier coefficients. The theoretical
displacement variation for speed and load was ghrse to each other. It indicates the energy
release and combustion of the engine is uniformfalidws quasi-adiabatic heat release. This
pressure becomes the source of vibration and noise.

2.2

—6—DCNIT
=&=DCNIE
—A—HSNIT
=A=HSNIE
=¥=ELNIT
«+%¥--ELN1E
—+—EDNIT
=<+=EDNIE
===DCN2T
=8=DCN2E
—©—HSN2T
=O=HSN2E
——ELN2T
= - ELN2E
——EDN2E
==<=EDN2E

Displacement (pm)

20

Load (kg)

Fig. 3. Displacement of various pistons at N1 and N2 speed
4. 4. Results for Ellipsoid profile piston at diffeent speeds

In-cylinder pressure contribution to the displaeeinfor ellipsoid profile piston engine is
shown in Figs. 3-5. At low speed the amplitude isimal and it is increased with speed and
load. Energy release and combustion phenomenaoastantly increasing for the load as well
as speed. The ellipsoid profile piston engine ethie habitual changes for the entire range of
operating conditions. Noise production in the ogéindue to instable combustion is lower. The
amplitude was smaller as depicted in Fig. 6(d) bseeof stable combustion, the unbalance
forces acting on the reciprocating elements, kirterr@hain and rotary elements are reduced.
Minimization of the maximum value of the frequenftjction of the primary system is very
important. Oscillation of the ellipsoid piston engi has very stable motion over long
combustion cycle, but the rest of piston enginasjliation decay for long period and growth
for long period shows uncertainty of combustionleyd@he time-domain analysis the peak is
better as four major peaks are occurred, that isvalgnt of four combustion cycle. So the
cycle-to-cycle variation was not affecting this éypf engine like other engines.

5. Conclusions

The in-cylinder pressure induced displacement and tlomain wave form has been used to
identify the uncertainty of combustion from singleint measurements average engaged with a
vibration pickup instruments. Time-domain wave fonas suitably accompanied with the in-
cylinder pressure induced displacement for detgctiibbrations of reciprocating and rotary
elements. The difference between the theoretical experimental values is due to the
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reciprocating and rotary masses. Elliptical proéial ellipsoidal profile are the two geometric
differences from its major axis and depth of thefifg, these two piston profiles are common
under rankine half body, which is combination atalar and elliptical geometry favorable to
combustion chamber. The vibration amplitude waselofer the streamlined piston profile, in

ellipsoidal piston it has lower vibration and bettembustion stability in comparison to other
piston profiles. Thus, vibrations induced by diffiet piston profiles were used for analysis to
acquire better combustion chamber, which is conmpéteboth vibration and combustion. Time

domain wave form of rapidly-decaying and growingpenses for vibration amplitude is an
easy method to identify the instability in combastiand vibration knock. A new-fangled

approach is proposed to identify the cycle-to-cy@dation of in-cylinder pressure for different

chambers and is correlated to combustion stabilibration and other sources of noise.

=6=DCN3T
=©=DCN3E
—&—HSN3T
=A=HSN3E
=¥=ELN3T
=¥=ELN3E
—e—EDN3T
=0 EDN3E

Displacement (1m)

Laod (kg)

Fig. 4. Displacement of various pistons at N3 speed

=6=—DCNAT
++O++DCN4E
=—A—HSN4T
=A=HSN4E
=¥=ELNAT
=¥=ELN4E
—+=EDN4T
=+ EDN4E
=8—=DCNST
=B8=DCNSE
=&—HSN5T
=O=HSNSE
=——ELNST
= =ELNSE
———EDNST
===EDNSE

Displacement (pm)

Load (kg)

Fig. 5. Displacement of various pistons at N4 and N5 speed

257

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING MARCH 2012.VOLUME 14, IssSUEL. ISSN1392-8716



745.ANALYSIS OF BLOCK VIBRATIONS INDUCED BY COMBUSTION GAMBER PRESSURE IN A DIESEL ENGINE
S.PERIYASAMY, T. ALWARSAMY

1.79 161
‘E‘i il g n‘mﬁ( Nﬂlﬂuﬂ ,
,5: =] j | f M § Wﬂrh [l Vl( ﬂ
ﬂ W L T
1 | | E h i .
2 R ik
-1.79 _ . e
0 Ui e o i 1 0 Time-domain Waveform 390
(a) (b)
1.77 /1 1.48 '
g Wy Mk
{5 T A | ' .
£y 1
:E 7 I .E 1
T -1.48
0 Time-domain Waveform 390 0 Time-domain YYaveform 390
(c) (d)
Fig. 6. Time-domain wave form of engine with various pigto
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