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A new indicator for knock detection in gas SI engines
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Abstract

Determination of knock onset for any engine tuning remains a difficult work for many engine manufacturers. This study inve
different combinations of existing knock indices in order to produce an upgraded indicator, which is easier to calibrate. Experim
conducted on a single-cylinder gas engine bounded to combined heat and power (CHP). Effects of spark advance, volumetric effi
equivalent ratio are studied under constant speed operation. The ratioIMPO/(MAPO× W ) (with IMPO defined as the Integral of Modulu
of Pressure Oscillations,MAPOas the Maximum Amplitude of Pressure Oscillations andW as the width of the computational window)
proposed as suitable indice. In any engine setting, it remains constant under no knocking conditions. When knock occurs, a mod
from dimensionless analysis allows determination of the oversteps of Knock Limited Spark Advance from a singleIMPO/(MAPO× W )
measurement with an accuracy better than 1 CA. Knock is then studied for different gas qualities by adding propane or carbon dio
fuel. The results show that there is no significant effect of the fuel composition on the proposed indicator, making the model able to
KLSAoverstep in all the situations.
 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

The economical and environmental concerns incite
gine manufacturers to set higher and higher compres
ratio. Over the past sixty years, the mean operational c
pression ratio increased from 5 : 1 to 12 : 1 for spark ig
tion engines. High compression ratio engines are particu
sensitive to knock, that-is-to-say uncontrolled auto-ignit
that, if persistent, can lead to severe damages and even
engine destruction.

This paper focuses on gas engines often used in comb
heat and power (CHP) operation or that can be used in o
fields such as automotive applications. These have to
to a variable fuel quality, in terms of anti-knock properti
since they mainly use network natural gas, whose the c
position can change with location and time. Conseque
among Spark Ignition (SI) engines, gas engines are fu
mentally more prone to knock. In order to maintain a c
stant knock margin (defined as the difference between
rent spark advance and that corresponding to knock on
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it is particularly important to be able to detect precisely,
liably and on line when knock occurs.

Knock indices are normally obtained from data genera
by either accelerometers or cylinder pressure sensors.
to its simplicity, accelerometry (vibration measureme
is largely employed in industry. Nevertheless, paras
noise related to engine operation often affect the qua
of knock detection in this method. On the other ha
cylinder pressure data provide a direct and reliable w
to analyse knock. The major disadvantage is the relati
high cost of the probes directly fixed in the cylinder he
of the engine. However, recent developments in indi
in-cylinder pressure measurements support the idea
cylinder pressure will no longer be costly to acqui
even in industrial engines [1,2]. These could be equip
with production instrumentation capable of assessing
combustion process on line. Therefore, a knock detec
method based on cylinder pressure analysis could be
applied to numerous industrial cases.

Several studies have been carried out to develop sui
indices [3,4] and to compare them [5–8]. Most kno
indices are extracted from the in-cylinder pressure sig
because of their direct connection with knock phenomen
Elsevier SAS. All rights reserved.
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Nomenclature

DKI Dimensionless Knock Indicator
IMPO Integral of Modulus of Pressure Oscillations

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . bar·CA
KLSA Knock Limited Spark Advance . . . . . . . . . . . CA
MAPO Maximum Amplitude of Pressure Oscillations

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . bar
p̃ filtered pressure . . . . . . . . . . . . . . . . . . . . . . . . . bar
NL Noise Level ofIMPO/(MAPO× W)

SA Spark Advance BTDC (Before Top Dead
Centre) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CA

ST Spark Timing . . . . . . . . . . . . . . . . . . . . . . . . . . . CA
W width of computational window . . . . . . . . . . CA

Greek symbols

φ equivalence ratio
ηv volumetric efficiency

Superscript
◦ without the “noise” of the deflagration
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One of the most frequently used indices is likely t
maximum amplitude of the pressure oscillations (MAPO).
This indicator is defined later in the paper.

The aim of this paper is to propose a general kn
indicator applied to SI engines. Experiments are perform
on a gas engine under a large range of operating condi
including study of the effect of the gas composition. T
different existing indices are combined in order to enha
the properties of the knock detection tools.

2. Experimental setup

2.1. Test bench

Experiments are conducted on a naturally aspirated si
cylinder SI gas operated engine of Lister–Petter make
main technical features are presented in Table 1. The
gine is connected to an electrical generator, which m
tained the speed at 1500 rev·min−1 (to generate 50 Hz elec
trical power). Engine and main measurements are prese
in Fig. 1.

The engine is based on a DI Diesel engine, with b
chamber and flat-faced cylinder head. It is adapted to
operation by reducing its compression ratio and by fix
a spark plug in the injector hole. The carburation system
the gas discharge unit are shown in Fig. 2.

The data acquisition system of the pressure within
cylinder and in the inlet manifold is composed of:

– Sensor AVL QH32D, gain 25.28 pC·bar−1—range 0–
200 bar;

Table 1
Engine technical features

Maximal power 6 kW
Maximal Torque 38.2 N·m
Bore 95.3 mm
Stroke 88.9 mm
Displacement 633 cm3

Compression ratio 12.4 : 1
Cooling system Forced air circulation
-

d

Fig. 1. Test rig and main sensor locations.

Fig. 2. Carburation system and gas discharge unit.
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– Piezo amplifier AVL 3066A0, gain 400 pC·V−1 with no
pressure reference;

– Piezo resistive pressure sensor fixed inside the
manifold—range 0–2.5 bar.

The acquisition frequency is 90 kHz (i.e., a resolution
0.1 CA degree).

Natural gas used is analysed by a gas chromatogr
The mean composition of the natural gas is given in Tab
with its maximum fluctuations. Exhaust gases are analy
by a COSMA Cristal 500 analyser. The measuremen
the O2 and CO2 concentration allows the calculation
the equivalence ratioφ (with an inaccuracy lower than 4%
compared to the ratio of inlet flows).

2.2. Experimental method

The engine is run at a constant speed (1500 rev·min−1)

and at different levels of fuel air ratio and volumetric e
ficiency. The spark advance is varied from spark advan
slightly below MBT (maximum brake torque) setting (i.e
5–15 degree BTDC—Before Top Dead Centre), to val
corresponding to heavy knock (15–45 degree BTDC
pending on tuning). During each experiment, the throttle
sition is kept constant.

On the one hand, only low values of equivalence ra
match with normal CHP operation. On the other ha
automotive engines mainly run withφ ≈ 1. It is then decided
to analyse four different levels ofφ (0.70, 0.80, 0.90 and
1.00) between these two kinds of operation.φ is maintained
constant during each experiment by controlling the exh
gas composition.

The volumetric efficiencyηv is fixed at three constan
values: 73, 77 and 82%. It is controlled by measur
continuously both air and fuel mass flow.

An increase in the spark advance tends to make
combustion start earlier and shifts the peak pressure tow

Table 2
Mean natural gas composition

Volumetric content Max. absolute fluctuation

CH4 90.4% ±1.7%
C2H6 6.7% ±1.6%
C3H8 1.8% ±0.8%
CxHy 0.7% ±0.5%
N2 0.3% ±0.3%
.

s

the TDC. This raises the pressure and the temperatu
end gas and leads to auto-ignition. Thus, the range
experiments covers no knock to high knocking conditio
The engine is stabilised before measurements.

2.3. Signal pressure analysis

Cylinder pressure signals are analysed by an on
system to compute knock indices. The indices used in
study are based on the high frequency analysis of cylin
pressure data. The first indicator is called integral of mod
of pressure oscillations (IMPO). It is a way to represen
the energy contained in the high frequency oscillations
the cylinder pressure signal, which occurs due to kno
The second one is called maximum amplitude of pres
oscillations (MAPO). It is related to the peak of the pressu
oscillations, which occurs due to knock. Thus, both th
parameters use pressure oscillations resulting from knoc
the input. Many authors use them to define the intensit
the knock generated in the cylinder.

After being processed in a band-pass filter (4–20 kH
the pressure signal is rectified and processed to giveMAPO
and IMPO, as illustrated in Fig. 3.IMPO and MAPO
are obtained for each cycle. They are calculated on a
degree Crank Angle window starting with the spark timin
In this study, the average value ofIMPO and MAPO
are obtained from 400 consecutive cycles (except wh
otherwise stated).

IMPO andMAPOcan be expressed as:

IMPO= 1

N

N∑
1

ST+W∫
ST

|p̃|dθ (1)

MAPO= 1

N

N∑
1

max
ST,ST+W

|p̃| (2)

whereN represents the number of computed cycles,ST the
spark timing in crank angle degrees,p̃ the filtered pressur
andW the width of the computational window (here 60 CA

In the present work, theIMPO andMAPOonline compu-
tation is done by the “Indiwin” software developed by AV
Society.
Fig. 3. Sketch of knock indices determination.
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3. Use of existing knock indices

3.1. Experimental results

Experimental data are acquired under variable sp
advances and constant equivalence ratios (φ) and volumetric
efficiencies (ηv). MAPO and IMPO are measured with
uncertainties summarised in Table 3. The error on sp
advance adjustment is estimated at±0.2 CA.

Knock is generated by increasing progressively the sp
advance starting from MBT setting to consistent kno
Effects of the three different levels of volumetric efficien
and four equivalence ratios onMAPO and IMPO are
indicated in Figs. 4 and 5. Finally, we define the kno

Table 3
Experimental uncertainties

Without knock With knock

IMPO ±1% ±4%
MAPO ±3% ±7%

(a)

(b)

Fig. 4. (a) Effect of volumetric efficiency onMAPO(φ = 0.7); (b) Effect of
volumetric efficiency onIMPO (φ = 0.7).
limited spark advance (KLSA) as the highest spark advan
reachable without knock.

3.2. Difficulties in KLSA determination

Two methods to determineKLSAare mainly reported in
literature:

(1) The first method is based on the sudden increas
MAPO or IMPO. It is established by Najt [9] who
usesMAPO versus spark advance for different fuels
determineKLSA. It requires many measurements bo
in normal and in knocking conditions.

(2) The second method determines whenIMPO or MAPO
exceed a certain threshold level. Most authors [5,10–
use this latter method, because it is easy to employ o
the threshold is fixed and can be computed on line. T
second method is used in the present work, because
the only one that can be applied in industry.

From Figs. 4 and 5, it is obvious thatKLSA tends to
lower spark advance when both fuel air ratio and volume

(a)

(b)

Fig. 5. (a) Effect of equivalence ratio onMAPO(ηv = 73%); (b) Effect of
equivalence ratio onIMPO (ηv = 73%).
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Fig. 6. Comparison between standard knock indices versus spark ad
(φ = 0.7 andηv = 73%).

efficiency are increased. Diana et al. [7] comparedMAPO
andIMPO with variable compression ratio and fuel quali
No significant difference could be observed: both indi
provided identical results. The effect of the spark adva
is shown in Fig. 6 deduced from Figs. 4 and 5. Same tre
can be observed. This confirms Diana et al. observati
Consequently, bothIMPO and MAPO can be used to
determine the start of knock.

The choice of an indicator is still a matter of disagreem
for numerous authors since no ideal indicator has been
established [5]. Hence, even if similar trends can be not
on Figs. 4 and 5, the application of method (2) does not
a unique threshold level beyond which it can be assumed
knock occurs. The threshold level closely depends on en
features. Thomas et al. [11] use aMAPO threshold level a
90 kPa whereas Goto and Itoh [12] define their no kn
level at 7 kPa. Moreover, it also depends on the frequenc
the band-pass filter employed. Puzinauskas [5] determ
two different levels ofMAPO(15 kPa or 23 kPa) dependin
of the band pass filter used (4–9 kHz or 4–12 kHz). Fig
and 4 indicate that the threshold level depends on the en
operating conditions. Thus, the determination of a thresh
level is a long work and leads Millo and Ferraro [6]
conclude that the knock threshold should be not only ada
to engine but also to operating conditions and its selec
should be based on a solid statistical analysis. For th
reasons, such indicators asIMPO or MAPOused separatel
can only provide a rough determination of knock thresh
level and is always submitted to difficult calibration.

4. Dimensionless indicator for knock detection

Dimensionless analysis could be helpful to develop a g
eral knock indicator independent of engine setting. Ass
ing that spark advance,SA, equivalence ratio,φ, volumetric
t

Fig. 7. DKI representation for a knocking cycle (φ = 1.0, ηv = 74% and
SA= 11 CA).

efficiency,ηv , and width of computational window,W , could
have an effect onIMPO or MAPO, dimensionless analys
leads to the following expression:

F
(
DKI , φ, ηv, (SA/W)

) = 0 (3)

whereDKI is a Dimensionless Knock Indicator built fro
existing knock indices (IMPO and MAPO). These indices
can be combined to other engine parameter in orde
give an upgraded indicator. Among the different poss
combinations, the following ratio is retained:

DKI = IMPO

MAPO× W
(4)

4.1. Meaning of the DKI

A cycle by cycle analysis can be very useful to t
comprehension of theDKI meaning. An example of hig
frequency pressure signal obtained in case of knoc
combustion is given in Fig. 7 (where the position CA= 0
corresponds to Top Dead Center).DKI is the ratio between
two values that can be interpreted as two surfaces. Fir
IMPO is the surface under the pressure signal and seco
the quantityMAPO× W is the surface of the computation
window as illustrated in Fig. 7. Consequently, theDKI
represents the “weight” ofIMPO within the computationa
window.

When the knock intensity is increased, pressure osc
tions become larger. The maximum of pressure oscillat
is then higher compared to the signal solely due to the
mal deflagration before the auto-ignition that remains r
tively constant (Fig. 8). This part of the signal can be see
“noise” and its importance in the computational window w
decrease when pressure oscillations will increase. It is
coherent to conclude thatDKI is an “image” of the knock
intensity.

DKI , defined by Eq. (4), is calculated taking into acco
the “noise” before the auto-ignition. In order to quant
its importance in the signal, we can remove it from
calculation by definingIMPO◦ as the integral of the signa
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Fig. 8. DKI representation as a function of the knock (φ = 1.0, ηv = 74%
et SA= 11 CA).

starting with the auto-ignition timing.DKI◦ is then defined
as following:

DKI◦ = IMPO◦

MAPO× W
(4b)

The results plotted in Fig. 9 show the difference betw
DKI and DKI ◦ as a function of the knock intensity (he
MAPO). These results confirm that theDKI measures the
proportion of noise in the high frequency signal beca
DKI − DKI◦ decreases and tends to zero when kn
Fig. 9. Difference betweenDKI andDKI◦ as a function of knock intensity
(φ = 1.0, ηv = 74% andSA= 11 CA).

Fig. 10.DKI as a function of spark advance (φ = 0.7).

intensity increases. Furthermore, a comprehensive an
of experimental data show that there is no relevant effec
the engine settings on the global shape of the oscillati
Consequently, the decrease of theDKI is only due to
the reduction of noise proportion in the computatio
windows.DKI will then decrease with the knock intensi
whatever the engine geometrical characteristics and set
are.

4.2. Parametric study of the engine settings

TheDKI studied in the following are calculated with th
mean values ofIMPO andMAPO. The data obtained for th
three studied volumetric efficiencies are plotted in Fig.
It must be underlined that a constant value is obtai
for spark advance preceding knock. This means that
low spark advances (without knock), the recorded signa
only composed of the “noise” from the deflagration and
DKI remains relatively constant. Further, its value decrea



G. Brecq et al. / International Journal of Thermal Sciences 42 (2003) 523–532 529

use
sity

no
t. In

the

of
his
om
, in
lue o

di-
a-
ef-

ac-

e
ed

of

those
ory
d

cy
cy
e

osed
ng,

) is
n an
Fig. 11. Threshold level forDKI .

Fig. 12. Threshold level for�(DKI )/�SA.

linearly with spark advance when knock occurs beca
increasing the spark advance makes the knock inten
higher.

Fig. 11 presents the different results obtained when
knock occurs and for a few degrees after knock onse
this figure,DKI is plotted as a function of the quantitySA−
KLSA, quantity that we call theKLSAoverstep. A threshold
value equal to 0.197 has been set as the limit defining
KLSA. It is the lowest value reached by theDKI in the case
of a normal combustion. Another possibility for the use
DKI consists in studying its spark advance derivative. T
derivative can also be used to distinguish knocking fr
non-knocking conditions. Analysis of experimental data
the same spark advance range, leads to a threshold va
the derivative equal to−5× 10−3 CA−1 (Fig. 12). Rigorous
identical values forKLSAare found by both methods.

Results acquired in knocking and non-knocking con
tions are plotted in Fig. 13. An important effect of equiv
lence ratio onDKI can be seen whereas the volumetric
f

Fig. 13. Experimental and modelling results forDKI .

Table 4
Coefficients of Eq. (5)

NL 0.203
K −0.60
a −2.24
b 1

Table 5
Validity range of the modelling

Validity range

φ 0.7–1.0
N 1500 rev·min−1

ηv 73%–82%
SA− KLSA 0 CA–7 CA

ficiency has no significant effect. The modelling of the
quired data leads to the following correlation:

SA− KLSA

W
= Kφa

(
IMPO

MAPO× W
− NL

)b

(5)

The values of the “noise” levelNL (which is the mean
value of the DKI obtained without knock) and of th
coefficientsK, a, b are given in Table 4. Eq. (5) was obtain
with engine parameter ranges summarised in Table 5.

For the four studied equivalence ratios, the curve
Eq. (5) has been added in Fig. 13. For eachDKI obtained,
discrepancies between measured spark advance and
calculated by Eq. (5) are shown in Fig. 14. A satisfact
agreement is obtained: theKLSA overstep can be deduce
from an IMPO/MAPO measurement with a discrepan
lower than±0.5 CA in 75% of the cases. A discrepan
lower than±1 CA is observed in the other 25% of th
cases. These results increase the utility of the prop
indicator since it allows determining, for any engine setti
not only if knock is present but also theKLSA overstep.
The accuracy of the method (1 CA in the worst case
acceptable compared to other sources of uncertainty i
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Fig. 14. Discrepancies betweenKLSAoverstep measured and predicted
Eq. (5).

engine operation. MoreoverKLSA is usually determined
with a 1 degree resolution such in [13,14].

As a result, a measurement ofIMPO/MAPO equal to
the noise level will imply an engine operation safe fro
knock. On the contrary, a value lower than the noise le
will correspond to a knocking operation. In that case, Eq.
can be used to estimate theKLSA. Once the knock limit
is known, the spark advance can be decreased dow
KLSA− 2 CA for instance, in order to ensure free kno
operation.

5. Effect of gas quality

Gas engines are subjected to variations of the na
gas quality implying changes in the non-knocking proper
of the fuel. Engines, running with a constant set-up
normally operating, can suddenly be submitted to kn
because of a decrease in the methane number of the
(due for example to an increase of heavy hydrocar
concentration). The proposed model, Eq. (5), could
employed if it accounts for these variations. Further stud
are then performed in order to quantify the effects
variations in the concentration of the components affec
significantly the methane number of the fuel. The meth
number is a way to characterise the non-knocking prope
of a gas [15]. It is in principle determined experimenta
but it can be also calculated by a correlation from the
composition. The Sorge et al. [16] correlation is well sui
l

Fig. 15. DKI as a function ofKLSA overstep with different propan
volumetric fractions (4 to 8%).

for our work. According to the synthesis work of Klimist
et al. [17], good trends are obtained by this correlation e
if it may over predict the methane number. So, the So
et al. [16] correlation was chosen to calculate the meth
numbers of the studied fuels.

The volumetric composition of the existing natural ga
varies from 1 to 16% for ethane, from 0.1 to 2.5%
propane and 0 to 1% for butane [17]. This leads to a varia
of the methane number for these fuels comprised betwee
and 99. In order to simulate such variations, propane is ad
from cylinders to the natural gas supplied by network. T
concentration of propane in the fuel is increased until rea
ing the methane number of the poorest natural gases. M
flow regulators maintain a constant concentration during
experiments. Equivalence ratio and volumetric efficiency
respectively set to 0.7 and 73% in the following tests. T
methane number decreases when C3H8 concentration is in-
creased and reaches a low enough value (68) with a pro
volumetric concentration of 8% (Table 6). Results conce
ing effect of propane adjunction are plotted in Fig. 15. T
value of KLSA changes with the concentration of propa
(Table 6). However, it is very interesting to note that
value ofDKI is not significantly changed with the gas qu
ity. It is also important to underline that the threshold leve
DKI is not modified forKLSAdetection. In knocking condi
tions, Eq. (5) can predict the measuredKLSAoverstep what-
ever the propane concentration is. Small discrepancies
observed between predictions and measurements (less
0.5 CA in 85% of the cases and less than 1 CA in the res
the cases).
Table 6
Methane number andKLSAfor the different propane concentrations

Propane volumetric fraction (%) Methane number KLSA(CA BTDC)

≈ 2 (standard natural gas) 81 36
4 76 34
5 74 34
6 72 33
8 68 33
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Fig. 16.DKI as a function ofKLSAoverstep with different carbon dioxid
volumetric fractions (2 to 4%).

The effect of carbon dioxide concentration in the fue
a subject of much interest too. CO2 adjunction increases th
anti-knock properties of the fuel as, for example, metha
adjunction in the case of gasoline engine [18].KLSAis then
increased with the CO2 concentration. Moreover, carbo
dioxide is present with the fuel when biogas, produ
from fermentation of organic wastes, or by-products
gasification are burned [19]. The development of s
environmentally efficient processes is important nowad
These aspects make the study of effect of CO2 addition
essential. Experiments are conducted for CO2 volumetric
concentration of 2 and 4% in the gas. Results are plotte
Fig. 16. The values ofKLSAand methane number are show
in Table 7 (the change of theKLSAvalue for the standar
gas test compared to the value indicated in Table 6 value
be explained by the effect of ambient temperature varia
as explained in details in [20]). As for the study wi
propane, no significant effect is observed for the indica
(Fig. 16). However, the threshold level observed for
KLSAdetermination by theDKI is slightly lower than in the
previous cases (0.192 against 0.197) but threshold leve
the derivative of theDKI is unchanged (−5× 10−3 CA−1).
Finally, Eq. (5) can predict aKLSAoverstep with the sam
accuracy as in the previous cases (less than 0.5 CA in
of the cases and lower than 1 CA in all other cases).

6. Generalization of the DKI

Because of its meaning, theDKI will always decrease
with the knock intensity. One further test is then perform
Fig. 17.DKI as a function of theKLSAoverstep with and without force
air circulation intensity (φ = 0.7, ηv = 74%).

in order to check this property. The thermodynamic con
tions of the combustion are changed by stopping the c
ing system of our engine (previously cooled by forced
circulation). TheKLSAmeasured is then very significant
decreased (by 21 CA degrees). TheDKI measured are com
pared to those previously recorded in Fig. 17 for the cas
a lean burn conditions. The results confirm the existence
unique threshold level allowing to distinguish normal co
bustion from knock. Then, as expected, theDKI value de-
creases with the increase of knock intensity. The slope o
straight line that models this decrease depends on the e
characteristics. However, obtaining a new correlation, s
lar to Eq. (5) but adapted to another engine, is possible
this new correlation, only the coefficientK, a, b andNL will
be adjusted (they may depend on the shape and the ge
try of the cylinder). This adjustment will requires only a fe
tests (around eight per studied equivalence ratios: three
a normal operation and five in knocking conditions).

7. Conclusion

A knock indicator based on high frequency press
analysis was computed and analysed for a single-cylinde
gas engine. Effects of spark advance, volumetric efficie
and equivalence ratio were studied. Adjunction of two d
ferent gases (propane and carbon dioxide) into the stan
natural gas was performed. Analysis of the results led
new dimensionless indicator:IMPO/(MAPO× W). Its use
Table 7
Methane number andKLSAfor the different carbon dioxide concentrations

Carbon dioxide (%) Methane number KLSA(CA BTDC)

≈ 0 (standard natural gas) 80 37
2 81 39
4 83 42
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enables to detect the start of knock and then to determ
theKLSA. A relation, based on a dimensional analysis, w
developed. It allows calculating theKLSAoverstep with an
uncertainty lower than 1 CA.

The DKI represents a valuable tool that we recomm
for knock detection. Its main advantages are:

– it leads to a physically meaningful indicator that cou
be extended to other engines analyses,

– it gives a constant threshold level independent of
engine tunings,

– it is then easier to calibrate thanMAPOor IMPO alone,
– in knocking conditions, a correlation enables to estim

the value of theKLSAoverstep and to adequately adju
the spark advance in order to avoid knock,

– even if its computation is a slightly more complex th
the one of MAPO, the increasing power of curre
computers already allows its online calculation.

Further work has now to be performed in order to exte
the application field of the proposed Dimensionless Kn
Indicator. The influence of engine characteristics (such
bore, compression ratio, engine speed) could be investig
in parallel with several computational parameters (such
the width of the computational window or the pass-band
pressure filtering).
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