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Abstract

Determination of knock onset for any engine tuning remains a difficult work for many engine manufacturers. This study investigates
different combinations of existing knock indices in order to produce an upgraded indicator, which is easier to calibrate. Experiments are
conducted on a single-cylinder gas engine bounded to combined heat and power (CHP). Effects of spark advance, volumetric efficiency anc
equivalent ratio are studied under constant speed operation. ThéM&@/(MAPO x W) (with IMPO defined as the Integral of Modulus
of Pressure Oscillation8/APO as the Maximum Amplitude of Pressure Oscillations &ds the width of the computational window) is
proposed as suitable indice. In any engine setting, it remains constant under no knocking conditions. When knock occurs, a model deducec
from dimensionless analysis allows determination of the oversteps of Knock Limited Spark Advance from #MRQEMAPO x W)
measurement with an accuracy better than 1 CA. Knock is then studied for different gas qualities by adding propane or carbon dioxide to the
fuel. The results show that there is no significant effect of the fuel composition on the proposed indicator, making the model able to calculate
KLSAoverstep in all the situations.

0 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction it is particularly important to be able to detect precisely, re-
liably and on line when knock occurs.

The economical and environmental concerns incite en-  Knock indices are normally obtained from data generated
gine manufacturers to set higher and higher compressionby either accelerometers or cylinder pressure sensors. Due
ratio. Over the past sixty years, the mean operational com-to its simplicity, accelerometry (vibration measurement)
pression ratio increased from 5:1 to 12:1 for spark igni- is largely employed in industry. Nevertheless, parasitic
tion engines. High compression ratio engines are particularly noise related to engine operation often affect the quality
sensitive to knock, that-is-to-say uncontrolled auto-ignition of knock detection in this method. On the other hand,
that, if persistent, can lead to severe damages and even to theylinder pressure data provide a direct and reliable way
engine destruction. to analyse knock. The major disadvantage is the relatively

This paper focuses on gas engines often used in combinechigh cost of the probes directly fixed in the cylinder head
heat and power (CHP) operation or that can be used in otherof the engine. However, recent developments in indirect
fields such as automotive applications. These have to facein-cylinder pressure measurements support the idea that
to a variable fuel quality, in terms of anti-knock properties, Cy|inder pressure will no |onger be Cosﬂy to acquire,
since they mainly use network natural gas, whose the com-even in industrial engines [1,2]. These could be equipped
position can change with location and time. Consequently, with production instrumentation capable of assessing the
among Spark Ignition (SI) engines, gas engines are funda-compuystion process on line. Therefore, a knock detection

mentally more prone to knock. In order to maintain a con- method based on cylinder pressure analysis could be soon
stant knock margin (defined as the difference between cur- applied to numerous industrial cases.

rent spark advance and that corresponding to knock onset), - geyeral studies have been carried out to develop suitable

indices [3,4] and to compare them [5-8]. Most knock
* Corresponding author. indices are extracted from the in-cylinder pressure signal
E-mail addressjerome.bellettre@emn.fr (J. Bellettre). because of their direct connection with knock phenomenon.
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Nomenclature

DKI Dimensionless Knock Indicator ST Spark Timing.........coovvviiinn.. CA
IMPO Integral of Modulus of Pressure Oscillations w width of computationalwindow .......... CA
.................................... baA
. Greek symbol
KLSA Knock Limited Spark Advance............ CA Y ) S )
MAPO Maximum Amplitude of Pressure Oscillations ¢ equwalence ratio
....................................... bar volumetric efficiency
D filtered pressure.................cooit. bar superscript

NL Noise Level o MPO/(MAPO x W)

SA Spark Advance BTDC (Before Top Dead ° without the “noise” of the deflagration
Centre) ..o CA
One of the most frequently used indices is likely the Hﬁéﬁ?ﬁ;‘\
maximum amplitude of the pressure oscillatiohdAPO). Intake temperature

The aim of this paper is to propose a general Knock = . emperature
indicator applied to Sl engines. Experiments are performed
on a gas engine under a large range of operating conditionsspnrk diring
including study of the effect of the gas composition. Two
different existing indices are combined in order to enhance
the properties of the knock detection tools.

Fuel flow
.. . : . Fuel composition
This indicator is defined later in the paper. ‘ @
In-cylinder pressure
] =

3

\— Exhaust gas

temperature

2. Experimental setup

2.1. Test bench

Brake torque

Experiments are conducted on a naturally aspirated single- Fig. 1. Test rig and main sensor locations.
cylinder Sl gas operated engine of Lister—Petter make. Its
main technical features are presented in Table 1. The en-
gine is connected to an electrical generator, which main-
tained the speed at 1500 rain~1 (to generate 50 Hz elec-
trical power). Engine and main measurements are presented Air inlet
in Fig. 1.

The engine is based on a DI Diesel engine, with bowl | I
chamber and flat-faced cylinder head. It is adapted to Sl Throttle \%

operation by reducing its compression ratio and by fixing
a spark plug in the injector hole. The carburation system and

the gas discharge unit are shown in Fig. 2.
The data acquisition system of the pressure within the
cylinder and in the inlet manifold is composed of: l Venturi
Ball valve carburetor
— Sensor AVL QH32D, gain 25.28 plarl—range 0— :>_E:m_ H
200 bar; A1 7

Gas inlet
Table 1
Engine technical features | |
Maximal power 6 kW
Maximal Torque 38.2 Nn -
Bore 95.3 mm R
Stroke 88.9 mm Shiem
Displacement 633 cfh k |::>
Compression ratio 12:1
Cooling system Forced air circulation

Fig. 2. Carburation system and gas discharge unit.
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— Piezo amplifier AVL 3066A0, gain 400 pZ ! with no the TDC. This raises the pressure and the temperature of

pressure reference; end gas and leads to auto-ignition. Thus, the range of
— Piezo resistive pressure sensor fixed inside the inletexperiments covers no knock to high knocking conditions.
manifold—range 0-2.5 bar. The engine is stabilised before measurements.

The acquisition frequency is 90 kHz (i.e., a resolution of ) )
0.1 CA degree). 2.3. Signal pressure analysis

Natural gas used is analysed by a gas chromatograph.
The mean composition of the natural gas is given in Table 2
with its maximum fluctuations. Exhaust gases are analysed
by a COSMA Cristal 500 analyser. The measurement of
the @ and CQ concentration allows the calculation of
the equivalence ratig (with an inaccuracy lower than 4%
compared to the ratio of inlet flows).

Cylinder pressure signals are analysed by an on line
system to compute knock indices. The indices used in the
study are based on the high frequency analysis of cylinder
pressure data. The firstindicator is called integral of modulus
of pressure oscillationsI§IPO). It is a way to represent
the energy contained in the high frequency oscillations of
the cylinder pressure signal, which occurs due to knock.
The second one is called maximum amplitude of pressure
oscillations MAPO). It is related to the peak of the pressure
oscillations, which occurs due to knock. Thus, both these
parameters use pressure oscillations resulting from knock as
the input. Many authors use them to define the intensity of
the knock generated in the cylinder.

After being processed in a band-pass filter (4—20 kHz),

2.2. Experimental method

The engine is run at a constant speed (1500mav 1)
and at different levels of fuel air ratio and volumetric ef-
ficiency. The spark advance is varied from spark advances
slightly below MBT (maximum brake torque) setting (i.e.,
5-15 degree BTDC—Before Top Dead Centre), to values
corresponding to heavy knock (15-45 degree BTDC de-

pending on tuning). During each experiment, the throttle po- 1€ Pressure signal is rectified and processed to /@O
sition is kept constant. and IMPO, as illustrated in Fig. 3IMPO and MAPO

On the one hand, only low values of equivalence ratio &€ obtained for each cycle. They are calculated on a 60-
match with normal CHP operation. On the other hand, degree Crank Angle window starting with the spark timing.
automotive engines mainly run with~ 1. Itis then decided !N this study, the average value ¢MPO and MAPO
to analyse four different levels af (0.70, 0.80, 0.90 and  are obtained from 400 consecutive cycles (except where
1.00) between these two kinds of operatigris maintained ~ Otherwise stated).
constant during each experiment by controlling the exhaust IMPO andMAPOcan be expressed as:
gas composition.

The volumetric efficiency, is fixed at three constant v STHW

values: 73, 77 and 82%. It is controlled by measuring 1 .
continuously both air and fuel mass flow. IMPO = N Z |pldo ()
An increase in the spark advance tends to make the bost
combustion start earlier and shifts the peak pressure towards LN
MAPO= N max |p| (2)
Table 2 1 STSTHW
Mean natural gas composition
Volumetric content Max. absolute fluctuation whereN represents the number of computed cyc&Bthe
CHa 90.4% T17% spark timing in crank angle degregsthe filtered pressure
CoHg 6.7% +1.6% andW the width of the computational window (here 60 CA).
C3Hg 1.8% +0.8% In the present work, theMPO andMAPOonline compu-
CiHy 0.7% +0.5% tation is done by the “Indiwin” software developed by AVL
No 0.3% +0.3% .
Society.
Integrator L IMPO
—> Band Filter Ly —> Rectifier —>»

4 kHz - 20 kHz

Maximum —>» MAPO

Fig. 3. Sketch of knock indices determination.
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3. Use of existing knock indices limited spark advancekLSA as the highest spark advance
reachable without knock.
3.1. Experimental results

3.2. Difficulties in KLSA determination

Experimental data are acquired under variable spark
advances and constant equivalence ratigs0d volumetric

Two methods to determinéLSAare mainly reported in

efficiencies f,). MAPO and IMPO are measured with literature:
uncertainties summarised in Table 3. The error on spark
advance adjustment is estimatedt#&t2 CA. (1) The first method is based on the sudden increase of

Knock is generated by increasing progressively the spark
advance starting from MBT setting to consistent knock.
Effects of the three different levels of volumetric efficiency
and four equivalence ratios oMAPO and IMPO are
indicated in Figs. 4 and 5. Finally, we define the knock (2)

MAPO or IMPO. It is established by Najt [9] who
usesMAPO versus spark advance for different fuels to
determineKLSA It requires many measurements both
in normal and in knocking conditions.

The second method determines whiktiPO or MAPO

exceed a certain threshold level. Most authors [5,10-12]
use this latter method, because it is easy to employ once

Table 3
Experimental uncertainties the threshold is fixed and can be computed on line. This
Without knock With knock second method is used in the_ present work, because it is
IMPO 1% 4% the only one that can be applied in industry.
MAPO +3% +7% . o .
From Figs. 4 and 5, it is obvious th#LSA tends to
MAPO (bar) lower spark advance when both fuel air ratio and volumetric
0.67
MAPO (bar)
1.67
= 4=0.7
+ ¢=0.8
0.4 1 21 A 4=0.9
: o 4=1.0
/] /
I
0.8
0.2 ;,// /
%?;—M;—ﬁ:*—ﬁ;;&zﬁ‘é ]
0.4 / ‘."/
0 : ‘ : ‘ : : \ , 1 g™
0 5 10 15 20 25 30 35 40 45 50 0 i i i . X
Spark Advance (CA BTDC) 0 10 20 30 40 50
(a) Spark Advance (CABTDC)
IMPO (bar.CA) @)
41 IMPO (bar.CA)
9-
= =73% -
n=TT% ¢ A
o 7,=82% 7 s $=0.9
31 o $=1.0
61
5
27 4
3-
2 -
0 5 10 15 20 25 30 35 40 45 50 0 10 20 30 40 50

Spark Advance (CA BTDC)
(b)

Fig. 4. (a) Effect of volumetric efficiency odAPO (¢ = 0.7); (b) Effect of
volumetric efficiency oMPO (¢ = 0.7).

Spark Advance (CABTDC)
(b)

Fig. 5. (a) Effect of equivalence ratio MAPO (1, = 73%); (b) Effect of
equivalence ratio ofMPO (n, = 73%).
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Normalized Knock Indicator
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0 : : ; : : Fig. 7. DKI representation for a knocking cycle & 1.0, n, = 74% and
0 10 20 30 40 50 SA=11CA).

Spark Advance (CA BTDC)
efficiency,n,, and width of computational windowy, could
Fig. 6. Comparison between standard knock indices versus spark advancehave an effect odfMPO or MAPO, dimensionless analysis
=0.7 andy, = 73%). - .
(¢ =0.7 andny ) leads to the following expression:

efficiency are increased. Diana et al. [7] compak&8PO F(DKI, ¢, 1., (SAW)) =0 3)
andIMPO with variable compression ratio and fuel quality. whereDKI is a Dimensionless Knock Indicator built from

No sgn(;fl%antt_dlf[erenﬁ? C_?Eld t;re otbs;atr;]/ed: bOtkh |(rj1d|ces existing knock indicesIMPO and MAPO). These indices
provided identical results. 1nhe eftect of thé spark advance .., o compined to other engine parameter in order to

IS shgwn Ln Fig. S d_lt_eﬁ_uced ffr_om ng. 4 art\d ;5 St.)ame trt(.andsgive an upgraded indicator. Among the different possible
can be observed. 1his confirms Biana €t al. observa IonS'combinations,thefollowing ratio is retained:

Consequently, botHMPO and MAPO can be used to
determine the start of knock. _ IMPO @)
The choice of an indicator is still a matter of disagreement ~ MAPOx W
for numerous authors since no ideal indicator has been yet
established [5]. Hence, even if similar trends can be noticed4-1. Meaning of the DKI
on Figs. 4 and 5, the application of method (2) does not give
a unique threshold level beyond which it can be assumed that A cycle by cycle analysis can be very useful to the
knock occurs. The threshold level closely depends on enginecomprehension of th®KI meaning. An example of high
features. Thomas et al. [11] useMAPOthreshold level at ~ frequency pressure signal obtained in case of knocking
90 kPa whereas Goto and Itoh [12] define their no knock combustion is given in Fig. 7 (where the position A0
level at 7 kPa. Moreover, it also depends on the frequency of corresponds to Top Dead CenteDKl is the ratio between
the band_pass filter emp|0yed_ Puzinauskas [5] determinestwo values that can be interpreted as two surfaces. Firstly,
two different levels oMAPO (15 kPa or 23 kPa) depending IMPO is the surface under the pressure signal and secondly
of the band pass filter used (4-9 kHz or 4-12 kHz). Figs. 3 the quantityMAPO x W is the surface of the computational
and 4 indicate that the threshold level depends on the enginévindow as illustrated in Fig. 7. Consequently, tBeI
operating conditions. Thus, the determination of a threshold represents the “weight” dMPO within the computational
level is a long work and leads Millo and Ferraro [6] to Wwindow.
conclude that the knock threshold should be notonly adapted  When the knock intensity is increased, pressure oscilla-
to engine but also to operating conditions and its selection tions become larger. The maximum of pressure oscillations
should be based on a solid statistical analysis. For theseis then higher compared to the signal solely due to the nor-
reasons, such indicators M8PO or MAPOused separately ~ mal deflagration before the auto-ignition that remains rela-
can only provide a rough determination of knock threshold tively constant (Fig. 8). This part of the signal can be seen as
level and is always submitted to difficult calibration. “noise” and its importance in the computational window will
decrease when pressure oscillations will increase. It is then
coherent to conclude th&KI is an “image” of the knock
4. Dimensionlessindicator for knock detection intensity.
DKIl, defined by Eq. (4), is calculated taking into account
Dimensionless analysis could be helpful to develop a gen- the “noise” before the auto-ignition. In order to quantify
eral knock indicator independent of engine setting. Assum- its importance in the signal, we can remove it from the
ing that spark advanc&A equivalence ratiap, volumetric calculation by definingMPO® as the integral of the signal
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Fig. 8. DKI representation as a function of the knogk=€ 1.0, n, = 74%

et SA=11 CA).

starting with the auto-ignition timingdKl° is then defined

as following:
IMPQO°
pKle = MPO" (4b)
MAPO x W

DKI - DKI°
0.07 -
0.06 - o
0.05 4 X
s
0.04 ¥
X X
0.03 - ><f§<
0.02 X«
X §< %
0.01 - b Y e
0 T T T T T T 1
0 02 04 06 08 1 12 14
MAPO (bar)

Fig. 9. Difference betweebKI andDKI® as a function of knock intensity
(¢ = 1.0, ny = 74% andSA= 11 CA).

DKI

0.25 4
02
0.15

0.1 wy =73%

- =77 %

‘o =82%
0.05 -

0 T T T T 1
20 25 30 35 40 45

Spark Advance (CA BTDC)

Fig. 10.DKI as a function of spark advancg £ 0.7).

intensity increases. Furthermore, a comprehensive analyse
of experimental data show that there is no relevant effect of
the engine settings on the global shape of the oscillations.
Consequently, the decrease of tBbKI is only due to

the reduction of noise proportion in the computational
windows. DKI will then decrease with the knock intensity
whatever the engine geometrical characteristics and settings
are.

4.2. Parametric study of the engine settings
The DKI studied in the following are calculated with the

mean values ofMPO andMAPQO. The data obtained for the
three studied volumetric efficiencies are plotted in Fig. 10.

The results plotted in Fig. 9 show the difference between It must be underlined that a constant value is obtained

DKI andDKI® as a function of the knock intensity (here
MAPOQO). These results confirm that tHeKI measures the

for spark advance preceding knock. This means that for
low spark advances (without knock), the recorded signal is

proportion of noise in the high frequency signal because only composed of the “noise” from the deflagration and the
DKI — DKI° decreases and tends to zero when knock DKI remains relatively constant. Further, its value decreases
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+ $=0813,=73% g1
4 =09 =73% Knocking
c¢=10n=73% conditions
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Fig. 11. Threshold level fobKI .
A(DKI) I ASA
No-knocking 0.01 4
-onditions
S 0.005 ¢ Threshold level

. - + 0
A )
s B 7 & 5 4 3 2 4 g Z 12
T sreerccecrcocmseeneemessaesed 89.005-1-~-Frmmnmnas A
H -
A 0.01 °
W $=07 7 =73% *
-¢=07 3 =TT% -0.015 A
e =07 n=82% o
+ $=08p=73% a
=09 p=73% -0.02
°¢=107=73% Knocking
-0.025 1 conditions
-0.03 -

SA - KLSA (CA)

Fig. 12. Threshold level foA (DKI)/ASA.

linearly with spark advance when knock occurs because SA— KLSA
increasing the spark advance makes the knock intensity -

higher.

Fig. 11 presents the different results obtained when no value of the DKI
knock occurs and for a few degrees after knock onset. In

this figure,DKI is plotted as a function of the quantiBA—
KLSA quantity that we call th&LSAoverstep. A threshold

529

. $=077,=73%
- $=077,=T1%
« $=07 1,=82%
v $=081p=73%
L $=097,=73%
o $=107,=73%
— Eq. (5)

P
0

109 8 7 6 5 4 -3 -2 -1 01 2 3 4 5 6 7 8 9 10
SA - KLSA (CA)

Fig. 13. Experimental and modelling results fakKI .

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
¢ 0.7-1.0
N 1500 revmin—1
Ny 73%—82%
SA— KLSA 0 CA-7CA

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

IMPO b
af X _NL
w ¢ <MAPOx w )

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

For the four studied equivalence ratios, the curve of

()

value equal to 0.197 has been set as the limit defining theEq. (5) has been added in Fig. 13. For et obtained,

KLSA Itis the lowest value reached by I inthe case giscrepancies between measured spark advance and those
of a normal combustion. Another possibility for the use of cajculated by Eq. (5) are shown in Fig. 14. A satisfactory
DKI COI’lSiStS in Studying |tS Spal’k adVance deriVatiVe. ThlS agreement iS Obtained: thﬁ_Sonerstep can be deduced
derivative can also be used to distinguish knocking from from an IMPO/MAPO measurement with a discrepancy
non-knocking conditions. Analysis of experimental data, in Jower than+0.5 CA in 75% of the cases. A discrepancy
the same spark advance range, leads to a threshold value dbwer than+1 CA is observed in the other 25% of the

the derivative equal te-5 x 10~3 CA~1 (Fig. 12). Rigorous
identical values foKLSAare found by both methods.
Results acquired in knocking and non-knocking condi-
tions are plotted in Fig. 13. An important effect of equiva-
lence ratio orDKI can be seen whereas the volumetric ef-

cases. These results increase the utility of the proposed
indicator since it allows determining, for any engine setting,
not only if knock is present but also tHeLSA overstep.
The accuracy of the method (1 CA in the worst case) is
acceptable compared to other sources of uncertainty in an
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(SA - KLSA)moder (CA) DKI

0.25 -
8 +§J.5 CA
74 ' ° r % ot

6

m Standard Natural gas (¢= 0.7, 7 = 73%)
® [CiHgl =4 % (4= 0.7, = 73%)

_ _ o A [CaHe] = 5% (4= 0.7, 1 = 73%)
« $=07m=73% x [CaHe] = 6 % (4= 0.7, 15 = 73%)

- Z= (())77 ,,77‘/:-;;(;//0 o [CsHsl =8 % (4= 0.7, 1 = 73%)
° = (. v = o | |- Threshold level

+¢=081n=73% —Eq.(5) 0.05
» =09 7,=73% -
c ¢=107=73%

5 -05CA

o

1 omt »

0 1 2 3 4 5 6 7 8 109 8 7 65 4-3-2-10123456 78910
(SA - KLSA)exp (CA) SA - KLSA (CA)

Fig. 15. DKI as a function ofKLSA overstep with different propane

Fig. 14. Discrepancies betwe&h SAoverstep measured and predicted b
d P P P 4 volumetric fractions (4 to 8%).

Eq. (5).

) . . ) for our work. According to the synthesis work of Klimistra
engine operation. MoreoveKLSA is usually determined g 4 [17], good trends are obtained by this correlation even
with a 1 degree resolution such in [13,14]. if it may over predict the methane number. So, the Sorge

As a result, a measurement INPO/MAPO equal 10 o 51 [16] correlation was chosen to calculate the methane
the noise level will imply an engine operation safe from |, mpers of the studied fuels.
knock. On the contrary, a value lower than the noise level g yolumetric composition of the existing natural gases
will correspondtoal;nockmg operation. In that case, _Eq_. () varies from 1 to 16% for ethane, from 0.1 to 2.5% for
can be used to estimate & SA Once the knock limit  ropane and 0 to 1% for butane [17]. This leads to a variation
is known, the spark advance can be decreased down g the methane number for these fuels comprised between 70
KLSA— 2 CA for instance, in order to ensure free knock anq 99, In order to simulate such variations, propane is added
operation. from cylinders to the natural gas supplied by network. The
concentration of propane in the fuel is increased until reach-
ing the methane number of the poorest natural gases. Mass
5. Effect of gasquality flow regulators maintain a constant concentration during the
experiments. Equivalence ratio and volumetric efficiency are
Gas engines are subjected to variations of the naturalrespectively set to 0.7 and 73% in the following tests. The
gas quality implying changes in the non-knocking properties methane number decreases whefgconcentration is in-
of the fuel. Engines, running with a constant set-up and creased and reaches a low enough value (68) with a propane
normally operating, can suddenly be submitted to knock volumetric concentration of 8% (Table 6). Results concern-
because of a decrease in the methane number of the fueing effect of propane adjunction are plotted in Fig. 15. The
(due for example to an increase of heavy hydrocarbon value of KLSA changes with the concentration of propane
concentration). The proposed model, Eqg. (5), could be (Table 6). However, it is very interesting to note that the
employed if it accounts for these variations. Further studies value ofDKI is not significantly changed with the gas qual-
are then performed in order to quantify the effects of ity. Itis also importantto underline that the threshold level of
variations in the concentration of the components affecting DKI is not modified foKLSAdetection. In knocking condi-
significantly the methane number of the fuel. The methane tions, Eg. (5) can predict the measuidSAoverstep what-
number is a way to characterise the non-knocking propertiesever the propane concentration is. Small discrepancies are
of a gas [15]. It is in principle determined experimentally observed between predictions and measurements (less than
but it can be also calculated by a correlation from the gas 0.5 CA in 85% of the cases and less than 1 CA in the rest of
composition. The Sorge et al. [16] correlation is well suited the cases).

Table 6
Methane number andLSAfor 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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DKI DKI
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Threshold level 0.25 1 ° R © 1/
0.20 1 —o—%
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Fig. 16.DKI as a function oKLSAoverstep with different carbon dioxide SA - KLSA (CA)

volumetric fractions (2 to 4%).
Fig. 17.DKI as a function of th&KLSA overstep with and without forced

The effect of carbon dioxide concentration in the fuel is 2" circulation intensity ¢ = 0.7, 5, =74%).
a subject of much interest too. G@Qdjunction increases the
anti-knock properties of the fuel as, for example, methanol in order to check this property. The thermodynamic condi-
adjunction in the case of gasoline engine [KalSAis then tions of the combustion are changed by stopping the cool-
increased with the C®concentration. Moreover, carbon ing system of our engine (previously cooled by forced air
dioxide is present with the fuel when biogas, produced circulation). TheKLSAmeasured is then very significantly
from fermentation of organic wastes, or by-products of decreased (by 21 CA degrees). bl measured are com-
gasification are burned [19]. The development of such pared to those previously recorded in Fig. 17 for the case of
environmentally efficient processes is important nowadays. a lean burn conditions. The results confirm the existence of a
These aspects make the study of effect of,Cqaldition unigue threshold level allowing to distinguish normal com-
essential. Experiments are conducted for,G@lumetric bustion from knock. Then, as expected, DKl value de-
concentration of 2 and 4% in the gas. Results are plotted in creases with the increase of knock intensity. The slope of the
Fig. 16. The values d{LSAand methane number are shown straight line that models this decrease depends on the engine
in Table 7 (the change of th€LSAvalue for the standard  characteristics. However, obtaining a new correlation, simi-
gas test compared to the value indicated in Table 6 value canlar to Eq. (5) but adapted to another engine, is possible. In
be explained by the effect of ambient temperature variation this new correlation, only the coefficiekt, a, b andNL will
as explained in details in [20]). As for the study with be adjusted (they may depend on the shape and the geome-
propane, no significant effect is observed for the indicator try of the cylinder). This adjustment will requires only a few
(Fig. 16). However, the threshold level observed for the tests (around eight per studied equivalence ratios: three with
KLSAdetermination by th®KI is slightly lower than inthe  a normal operation and five in knocking conditions).
previous cases (0.192 against 0.197) but threshold level for
the derivative of thdKI is unchanged+5 x 10~3 CA~1).
Finally, Eq. (5) can predict &LSAoverstep with the same 7. Conclusion
accuracy as in the previous cases (less than 0.5 CA in 70%
of the cases and lower than 1 CA in all other cases). A knock indicator based on high frequency pressure
analysis was computed and analysed for a single-cylinder Sl
gas engine. Effects of spark advance, volumetric efficiency
6. Generalization of the DKI and equivalence ratio were studied. Adjunction of two dif-
ferent gases (propane and carbon dioxide) into the standard
Because of its meaning, tHeKl will always decrease  natural gas was performed. Analysis of the results led to a
with the knock intensity. One further test is then performed new dimensionless indicatdtMPO/(MAPO x W). Its use

Table 7
Methane number andLSAfor 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 determine [6] F. Millo, C.V. Ferraro, Knock in S| engines: A comparison between
the KLSA A relation, based on a dimensional analysis, was different techniques for detection and control, SAE Paper, No 982477

developed. It allows calculating th€_SA overstep with an (1998). o . ) i
uncertainty lower than 1 CA [7] S. Diana, V. Gilio, B. lorio, G. Police, Evaluation of the effect of EGR

on engine knock, SAE Paper, No 982479 (1998).
The DKI represents a valuable tool that we recommend [8] G. Zhou, G.A. Karim, An analytical examination of various criteria

for knock detection. Its main advantages are: for defining autoignition within heated methane—air homogeneous
mixtures, Trans. ASME J. Energy Res. Technol. 116 (1994) 175-180.
— it leads to a physically meaningful indicator that could [°] PM Najt, Evaluating threshold knock with a semi-empirical model—
be extended to other engines analyses, Initial results, SAE Paper, No 872149 (1987).

o . [10] M. Abu-Qudais, Exhaust gas temperature for knock detection and
— It gives a constant threshold level mdependent of the control in spark ignition engine, Energy Convers. Mgmt. 37 (1996)

engine tunings, 1383-1392.
— itis then easier to calibrate th&APOor IMPO alone, [11] J.R. Thomas, D.P. Clarke, J.M. Collins, T. Sakonii, K. Ikeda, F. Shaj,
—in knocking conditions, a correlation enables to estimate K. Furushima, A test to evaluate the influences of natural gas
the value of theKLSonerstep and to adequately adjust composition and knock intensity, Trans. ASME J. ICE 22 (1994).

[12] S. Goto, Y. Itoh, Development of lean burn high-output spark-ignited

the spark advance in order to avoid knock, . ) ; : i o
gas engines (experimental study in lean gas engines), Nippon Kikai

— even ifits computation '§ a Sllghtly more complex than Gakkai Ronbunshu, Trans. Japan Soc. Mech. Engrg. Part B 63 (1997)
the one of MAPQ, the increasing power of current 1055-1061 (in Japanese).
computers already allows its online calculation. [13] S. Ho, D. Amlee, R. Johns, A comprehensive knock model for

application in gas engines, SAE Paper, No 961938 (1996).
Further work has now to be performed in order to extend [14] S. Russ, A review of the effect of engine operating conditions on
the application field of the proposed Dimensionless Knock borderline knock, SAE Paper, No 960497 (1996). '
Indicator. The influence of engine characteristics (such as!15] M. Leiker, K. Christoph, M. Rankl, W. Carteliieri, U. Pfeifer, Evalu-

. . . . . ation of antiknocking property of gaseous fuels by means of methane
bore, compression ratio, engine speed) could be investigated number and its practical application to gas engines, ASME Paper,

in parallel with several computational parameters (such as N 72-DGP-4 (1972).

the width of the computational window or the pass-band of [16] G.w. Sorge, R.J. Kakuezki, J.E. Peffer, Method of determining knock

pressure filtering). resistance rating for non-commercial grade natural gas, US Patent
(2000) Number 6061.
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