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ABSTRACT

As knock is one of the main factors limiting théi@éncy of spark-ignition engines, the
introduction of alcohol blends could help to mitgg&nock concerns due to the elevated knock
resistance of these blends. A model that can amdynaredict their autoignition behavior would
be of great value to engine designers. The cuwerk aims to develop such a model for
alcohol-gasoline blends. First, a mixing rule foe fautoignition delay time of alcohol-gasoline
blends is proposed. Subsequently, this mixingisulesed together with an autoignition delay
time correlation of gasoline and an autoignitiotagi¢ime correlation of methanol in a knock
integral model that is implemented in a two-zongie® code. The predictive performance of the
resulting model is validated through comparisonreggaexperimental measurements on a CFR
engine for a range of gasoline-methanol blends.

The knock limited spark advance, the knock intgngite knock onset crank angle and the value
of the knock integral at the experimental knocketrigve been simulated and compared to the

experimental values derived from in-cylinder pressneasurements.



1. INTRODUCTION

There is a renewed interest in methanol as altemaiel for internal combustion engines. This
has led to fleet trials of both high- and low-lewsthanol blends in China, Australia and Israel.
China has declared coal-based methanol as a stratgsportation fuel to ensure its energy-
independence. M85 vehicles have been around foe s@ars, especially in coal-abundant
provinces but now methanol is also finding its vty the densely populated coastal regions of
China [1]. China’s central government has launchéémonstration of light-and heavy-duty
vehicles running on M85 (85% methanol and 15% gasphnd M100 (100% methanol) in the
Shanxi and Shaanxi provinces, as well as in thlyeoiShanghai. In Israel and Australia, fleet

trials with low-level methanol blends have alsatsi [1].

Combustion knock is one of the major factors lingtihe efficiency of spark ignition engines. It
is caused by the autoigniting pockets of unburresi[8]. The energy release associated with
knock is usually very fast. This causes high Igeaksures and pressure waves across the
combustion chamber. These waves can lead to mecthamd thermal damage to the engine.

As autoignition is a highly temperature and presslapendent process, knock is often avoided
by retarding spark timing, enriching the mixtur@yering the compression ratio or limiting the
charge pressure in boosted engines. These classesiures usually reduce engine performance
and efficiency. Alternative solutions may featureoanbination of new technologies such as
VVT (variable valve timing) or cooled EGR (exhagss recirculation) and fuels with elevated
anti-knock resistance. In this respect, light adshsuch as methanol and ethanol, are interesting
candidate fuels [3]. Alcohol fuels have a high Katmerance for a variety of reasons. First and

foremost methanol and ethanol have an elevatedicherasistance to autoignition, which is



reflected in their high octane number (ON= 109) Hjis is due to the single-stage autoignition
behavior of alcohols. Compared to two-stage autbaynfuels such as gasoline, they do not
exhibit a cool-flame reaction. This reaction tapkxce at temperatures below 900 K and
promotes the main autoignition at high temperatéseautoignition in engines takes place at
unburned mixture temperatures of 800-900K, it espghme reason for the reduced delay time of
gasoline compared to alcohols [5]. Additionally thigh latent heat of vaporization of light
alcohols lowers the temperature of the unburnedfgaber reducing the tendency to knock. In
directly injected E85 engines the knock inhibiteféect of vaporization cooling has been shown
to be comparable to the chemical effect [6]. For (BBrt fuel injected) engines, this effect is
more modest. Finally, the increased (laminar) mgmielocity of light alcohols helps to suppress
knock as more end gas is burned before it can raaichignition conditions [7, 8].

As there is a renewed interest in alcohols asrdtese fuel, an accurate predictive knock model
for alcohols fuels would be of great value to eegiesigners.

The objective of this work is to develop such a elddr (m)ethanol-gasoline blends using a
simple mixing rule for the ignition delay of alcdkgasoline blends. The model will be
calibrated on pure gasoline (stoichiometric opergtand on pure methanol (stoichiometric
operation) and with these two calibrations, theatdlgy of the model to predict knock

parameters of methanol-gasoline blends will bestigated.

2. PREDICTIVE KNOCK MODELING

Models to predict the autoignition of unburned ranetin spark-ignition engines range from
simple empirical expressions to complex formulatiéeaturing reduced or full chemical kinetics
[9]. A widely employed empirical approach is to Bpihe conservation of delay principle

proposed by Livengood and Wu [10]. According ta tbiinciple the overall ignition delay time



can be found by integrating its instantaneous vdlueng the compression and combustion

stroke. This is analytically expressed by the kniot&gral reaching unity:

Jixe =1 (1)

tive T(t)
Wheret;, andtg, are the time at intake valve closure and knoclebrespectively and(t) is
the instantaneous autoignition delay time.
The autoignition delay timeis the time during which a homogeneous mixturetrbas
maintained at temperature T and pressure p befargaignites.
The autoignition delay timeat instantaneous cylinder pressure p, unburnetuneixemperature
T and composition is typically given by an Arrhemiexpression representing the rate limiting

step of autoignition:

T= Ap"eg (2)
Where A, n and B are parameters depending on tkieireicomposition (fuelp, residual gas
ratio). The most widely used parameter set foighéion delay of spark ignition fuels was
introduced in 1978 by Douaud and Eyzat based arrdety the knock onset in a CFR engine
for a range of running conditions and PRFs (prinrafgrence fuels) with octane numbers
between 80 and 100 [11].

Another way of calculating the ignition delay istvchemical kinetic models. The drawback for
fuel blends is that the kinetic models become Vanye and complex, with long calculation
times as result, and that in many cases no mogsitsfer blends of different fuels.

The Livengood-Wu integral gives an indication ofemhautoignition will occur in a completely
homogeneous mixture. Completely homogeneous miiane unlikely in practice and
autoignition will be triggered by *hot spots’ [1Z[hermal inhomogeneities caused by hot

exhaust valves, turbulent transport during compoesand large gradients of viscous stresses in



boundary layers can cause these hot spots [14.Mibans that autoignition can occur before the
Livengood-Wu integral attains a value of unity. &sesult, for two-zone thermodynamic engine
models, such as the one used in this work, empeiqaressions have been shown to yield
performance no worse than comprehensive chemicatiks schemes [9]. The inability of these
models to reproduce local hot gas pockets andcyaliation introduces uncertainties that
outweigh those incurred by the simplified chemidaktics. To consider these effects, multi-
zone or 3D CFD approaches are necessary, empleitingr detailed chemistry or empirical

expressions.

Still, the combination of two-zone modeling and kmeck integral approach has been confirmed
as a useful tool to estimate knock occurrence atahsity, which can be directly linked to the

experimentally measured ratio of knocking to nowdking cycles [13].

2.1. Autoignition correlation for gasoline
The combustion of many hydrocarbon species (gasaticiuded) exhibits two-stage ignition
characteristics. This is especially true for mastaffinic hydrocarbons.
Autoignition correlations are often based on a $&ngingle-stage Arrhenius expression. These
correlations lack detail regarding the cool-flanmepomena.
In the literature, two models were proposed to dedl the two-stage ignition characteristic,
discussed below.

2.1.1. Themodel of Yateset al.

Yates et al. [4], [14] proposed an empirical mazt@cept with a formfitting simplification of
the overall ignition delay into four basic stephe$e comprised (a) a pre-cool-flame delay at

constant temperature, (b) an instantaneous caolefl@mperature increase (which could be



zero), (c) a further delay at constant temperatmd,(d) the terminal exothermic auto-ignition.
It was assumed that this exothermic reaction semeould be represented by a simple

Arrhenius reaction formulation representing thesgroate-limiting step, i.e.

Bn
T, = pPrAppthe T (3)
where the temperature profile exhibits a distitepsip at the cool-flame initiation point.
The calculation of the overall ignition delay ne¢édld¥e undertaken in two stages by applying the

conservation-of-delay principle proposed by Liveod@and Wu, i.e.

ftl£+ft2 dt -1 (4)

to Tp, t1 Tpcr

where tis defined by the appearance of the cool flamei@rassociated temperature rise, gnd t
represents the overall ignition delay time. Theogytition delaysz,jandt, crrepresent the
characteristic exothermic reaction delay evaluatdtie initial and post-cool-flame conditions
respectively.

If the pressure and temperature are approximatéeiag constant during each stage, (and

taking t as zero), the integral simplifies to:

11 + (t2—t1) _ 1 (5)

Th,i Th,CF

Rearranging, one obtains the overall ignition déilisne, b, as:
t
t; =t + Ther(1— ;11 (6)

2.1.2. 3-Arrhenius model proposed by Weisser
This model considers three distinct reaction regini@e three reaction regimes represent the
low, medium and high temperature ignition chemisiitye low and medium temperature
reactions occur sequentially, giving rise to a stage ignition path. The high temperature
reactions lead to a parallel single-stage ignipath [15]. As a result, the overall ignition delay

for the full temperature range can be modeled Siymplified system expressed as:



1 1 1
1= + L (7)

T1+7T, T3

where the individual timescaleg 1., andts represent the low, medium and high temperature
regime respectively and can be expressed as aemiasitype correlation. This simplified
system is illustrated in Figure 1.

2.2. Autoignition correlation for alcohols
Methanol, ethanol, and many aromatic and olefincderrules do not exhibit a cool flame.
Simple single-stage Arrhenius-based models coulehygoyed [4]. For light alcohols and
methanol, in particular, a number of correlatioresevproposed over the years based on shock
tube experiments [16, 17], rapid compression mac(fRCM) tests [18] and chemical kinetics
calculations [4].
A new autoignition correlation for methanol was q@ared against existing correlations in a
previous study of the current authors [13]. In thawk, the ignition delay time of methanol-air-
residual mixtures was calculated using a chemiicedtics code developed at Eindhoven
University of Technology (CHEM1D [19]) and the matiol oxidation mechanism of Li et al.
developed at Princeton University [20]. The resgjtautoignition delay times were fit as a
function of T, p,® and residual gas contefitising a correlation form similar to that of Douaud
and Eyzat [11] (see Eq. 2) with the effectsbohndf implemented similarly to previous work [3,
21]; in the pre-exponential factor A:
A=AcoP(1+ O™ (8)
WhereA, andf3 are constants. Based on analysis of the calcutizttsd the pressure exponant
dilution exponentn and activation temperatuBewere fit as a polynomial function df, T and

f.



This newly developed autoignition delay correlatwas able to capture the high temperature
sensitivity of methanol autoignition kinetics. Thesulted in a better prediction of the knock
limited spark advance for variations in compressatio and load [13]. As a result, this

autoignition correlation for methanol will be usedhis study.

2.3. Autoignition correlation for alcohol-blends
A possible solution to calculate the ignition detdybinary or more complex alcohol-gasoline
blends would be to have mixing rules which can wheitge the ignition delay of fuel blends out
of the ignition delay of the fuel components.
To find a mixing rule, an accurate determinationhaf ignition delay of the fuel components and
the ignition delay of the fuel blends is needederhare few experimental measurements of
alcohol fuel blends [22-24] and there can be doubthe accuracy of the measurements when
measurements are compared, see Figure 2 whergnitien delays of ethanol [25] and an
ethanol/iso-octane blends [22] are plotted fordhme conditions.
In this study, we used the empirical model of Yateal. [4] to calculate the ignition delays of
blends of primary reference fuels and methanahtestigate if a simple mixing rule could be
applied to calculate the ignition delays of alcehptirocarbon blends. Over 1500 detailed
chemical kinetic simulations were used to calibtheemodel of Yates el al. [4], enabling it to
encompass a full range of PRF blends and methd@di®. The standard deviation of the overall
ignition delay prediction was about 11%.
The simplest mixing rules are based on mole, medgme or energy fraction:
Thlend = Xi=1 &- Tj 9)
In the previous expressianis either the mole fraction, mass fraction, volunagtion or energy

fraction of the fuel components. The energy fractan be calculated as follows:



o = AcH; X
17 ¥R AcH x;

(10)
cH° is the heat of combustion of the mixture compasienis the mole fraction of the fuel
components.

In Figure 3, the mixing rule based on volume fractivas used to predict the ignition delay of a
blend of methanol and a PRF fuel. As can be séenrule overpredicts the ignition delay for
lower temperatures because of the very differeltegafor the ignition delay of methanol and

the PRF fuel due to the cool flame behavior ofRRF- fuel.

This could be solved by using logarithmic valueshef ignition delay as follows:

Thlend = Ji=1 %-108 (T;) (11)
or
Thlend = [ [z Ti% (12)

In Figure 4, this mixing rule is used with the maled energy fractions of the different fuels.
Similar to the mixing rules for laminar burning weity of methanol-gasoline blends, the energy

fraction mixing rule has the best agreement [26, 27

As a result, this study will test the validity ¢t mixing rule based on the energy fraction with
the logarithmic values of the ignition delay. Hoe ignition delay of pure methanol, the
correlation of Vancoillie et al. [13] will be useahd for the ignition delay of gasoline, the model

of Yates et al. [4] will be used.

3. EXPERIMENTAL WORK

3.1.Engine



To analyze the combustion model’s predictive cdjiags for knock, a series of measurements
were done on a port fuel injected single cylindERGngine, described in [28]. The main
characteristics of this engine are summarized el a.

The measurements of knock comprise various lambtiees and methanol-gasoline ratios.
Measurements were done for MO, M50 and M75 at landgguial to 1, 1.2 and 0.8 and for pure
methanol at lambda equal to 1 and 1.2. The comresatio was fixed at 9, ignition timing
sweeps were performed from non-knocking operatiot00% knock with the throttle opening
fixed at 27.5° resulting in an IMEP range from %2 bar and volumetric efficiencies between
83% and 85%. In order to allow an accurate compariall measurements were performed on
the same day and all parameters were fixed exoeplié injection duration, ignition timing and

the fuel composition.

3.2.Knock detection
To validate the proposed knock prediction modag drucial to have a knock detection method
that can accurately separate knocking from non-kingccycles and detects the onset of knock
oscillations and their intensity for knocking cysle
There are plenty of well established methods teadtnock from the cylinder pressure trace.
Some are based on the raw pressure trace, employrignum values of the first, second or
third derivatives of this signal, or the heat rekeaate derived from it, as measures of knock
intensity. Other methods use the (band/high pélssieid pressure trace or heat release rate to
calculate knock intensities based on the maximurplitude or signal energy of the pressure or
heat release rate oscillations [29].
A number of algorithms were tested in a previousg{13] and the knock detection method of

Worret et al. [30] was selected because it coyaetptures knock onset, regardless of variations
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in ®, compression ratio, throttle position and ignittoning and could also discern light
knocking cycles.

The cycle-resolved knock detection algorithm of Yébet al. [30] is based on the band-pass
filtered heat release rate (3-17 kHz pass bankisnwork) and builds on popular MAPO
(Maximum Amplitude of Pressure Oscillations) andP8E(Signal Energy of Pressure
Oscillations) methods.

Knock intensities, calculated based on the integratgnal energy of the filtered heat release
rate, are determined before and after a potentiatk onset to differentiate between knocking
oscillations and non-knocking signal noise (seaifdd®). Starting from the location of the
maximum amplitude of the heat release rate osaiiaf knock onset is detected as the first
crank angle position where a certain thresholdevédiexceeded in the filtered heat release rate
(see Figure 5). The algorithm was implemented asrd®ed in [30] and no further adjustment to
threshold values or other constants proved negezaughout the measurement range.

The relevant quantities resulting from the knoc&lgsis are the ratio of knocking cycles to the
total number of logged cycles, the average valudsstandard deviation of knock intensity and
crank angle of knock onset for the knocking cycles.

As an example Figure 6 shows these values plogedfanction of spark advance for
stoichiometric fuel-air mixtures of pure gasoliM50 and pure methanol. It can be seen that as
the methanol ratio in the fuel rises from zero ®@% (while the lambda value and throttle
position remain constant) the knock ratio excebdsl0% threshold at more advanced spark
timing. Knock intensities also rise as a functidrspark advance and knock onset occurs earlier
in the cycle for higher methanol fraction becausthe more advanced spark timing.

For reference, the standard deviations of knoanisity and knock onset position have been

added to the plots. As can be seen, the knocksityeis particularly cycle dependent. Increasing
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the number of logged cycles might help to reduestiéindard deviation. The uncertainty in
knock onset time is in the range of 1.5-2.5 °canfiost the cases, which is about the order of
magnitude of variations due to knock onset posjtpyassure transducer position and the speed

of sound [31].

4. SIMULATION RESULTS

4.1.Model setup
The knock integral framework employing the autaiigm delay time correlations of Yates et al.
and Vancoillie et al. was implemented in a comnarengine simulation code (GT-Power [32])
in order to assess its predictive performance.
To simulate the conditions as measured on the Cigithe, an engine model was built focusing
on the cylinder:

- The measured intake and exhaust runner tempeatdrpressure traces were used as
boundary conditions. This reduces the uncertaintinecylinder mixture conditions
compared to calculating this information from a ggsamics model of the complete
intake and exhaust geometry.

- The intake mixture was completely evaporated mettgasoline-air with the measured
lambda value.

- The residual gas content followed from the simolati

- The heat transfer was calculated using the modélagchni and the unburned mixture
was treated as a single zone.

- The temperatures of burned and unburned mixture sedculated based on conservation

of mass and energy, as explained in [33].
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- In order to obtain the same in-cylinder pressurmeasured on the engine, the applied
burn rates were those resulting from a heat reledseanalysis of the measured pressure
trace that best corresponded to the average cylprdssure trace (average of 100

cycles).

The Woschni calibration constant for compressiah expansion were chosen for best
correspondence between measured and simulatedeynessure traces during compression
and expansion. The Woschni coefficient during costibn was chosen by ensuring the energy
balance between the injected fuel energy and retelasat. As a result, the effects of evaporating
fuel, the effects of blowby, crevice mass and inptate combustion will be lumped into this
parameter. All Woschni coefficients were kept tame for all simulated cases.

The knock prediction model was calibrated by multiy the knock ignition delay correlation
with a factor in order to get autoignition onseaetky at the measured crank angle for a certain
reference condition. In this study, this was damestoichiometric operation at knock limited
spark advance for both gasoline and methanol. &hleration factor for the ignition delay
correlation of gasoline (Yates et al.) was 0.71d e calibration factor for the ignition delay
correlation of methanol (Vancoillie et al.) was 281

The multipliers for the new correlation and thatvaites et al. are markedly low, indicating that
the calculated ignition delay is too high. This lcbibe expected since these correlations do not
have the effect of hot spots lumped into the cati@h’s constants which is the case for the
correlation of Douaud & Eyzat which was calibrabgdengine experiments [13]. Another way
of calibrating these correlations would be to avitidly increase the unburned mixture

temperature to represent hot spots in the unbumeire [34].
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4.2.Knock limited spark advance
A crucial performance indicator of the knock préitic models is their ability to distinguish
between knocking and non-knocking conditions armdliot the knock limited spark advance
(KLSA). In this work, the experimental KLSA is takéo be the least advanced spark timing at
which the knock ratio is more than 10%. The simada{LSA is the least advanced spark timing
at which the knock integral exceeds 1 before tlteadrtombustion. As the spark timing was

experimentally varied in steps of 1 or 2 °ca, theastainty on the KLSA is at least 1 or 2 °ca.

In Figure 7, the experimental and simulated vafae&LSA are plotted as a function of the
blend ratio. It can be seen that for stoichiometdan and rich mixtures, the experimental KLSA
is more advanced than the simulated KLSA. The kmotelgral exceeds 1 before the end of
combustion at less advanced spark timing thanxperanental KLSA. This can also be seen in
Figure 9 where the difference between the measanmddimulated KLSA is plotted as a function
of the blend ratio. To detect knock, the oscillatigesulting from the autoignition of the
unburned air-fuel mixture have to be detectablemg&stioned by Richard et al. [35], the
influence of the cylinder volume at the instanknbck occurrence could be important. The
oscillations are less intense the further knoclkuczérom top dead center. Secondly, the amount
of unburned mixture at the time of autoignition htipave an influence on the knock intensity
[13]. As a result, it could happen that the comdisi for autoignition are met but there is no
detection of knock because the knock onset isaofrém the top dead center or the unburned
mixture mass at knock onset is too small. Therge@recond condition was used in this study to
identify knock: there is no knock if the knock ohisetoo far from the top dead center unless the

amount of unburned mixture is large and there ikmaxk if the amount of unburned mixture at
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knock onset is too small unless it is very closthtotop dead center. The following condition
was used.
There is knock if :

- The knock integral exceeds 1 before the end of cstitn

25 Mfgracu

ko 0.1 > 1

- Additional condition:|

Where mcyis the simulated unburned mass fraction @ggdis the simulated crank angle at
knock onset. In this study, the unburned massifnaetas used and not the total amount of
unburned mixture because the differences in volamefficiencies are very small. For load
variations with significantly different volumetrefficiencies, the total amount of unburned
mixture instead of the unburned mixture fractiomgimibe important. With the measurement
done for this study, the influence of engine spamdd not be investigated, as well as the
influence of the compression ratio. Both propendshave an influence and should probably
be included in the additional condition for knocitektion.

In Figure 8 and Figure 9, the results can be setmtiae additional condition. The simulated
KLSA is now closer to the experimental KLSA, espdlgifor the stoichiometric and lean

mixtures.

4.3.Knock integral at the experimental Knock Onset
Another indication of the model’s performance is H#alue of the knock integral at the
experimental knock onset. In Figure 10, the valuknock integral can be seen at the
experimental knock onset for gasoline, M50 and poe¢ghanol. Only the measurements for
which the knock ratio is more than 10% are showeoah be seen that with more advanced spark

timing the knock integral at knock onset incredsesnost cases. This increase is stronger for
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pure methanol than for pure gasoline. This is pobbdue to the fact that the ignition timing is
very different for the measurements on methanolpared to gasoline while the Woschni
coefficients of the heat transfer model were kbptdame for all simulated cases. The increase of
the value of the knock integral with more advanspark timing is also probably due to an
underestimated heat transfer by the Woschni maaiahgl knock [36]. Heat flux measurements
could help to investigate this problem.
Heat flux measurements will be part of future reslean order to investigate both the
evaporative cooling effect and the wall heat transfhe same measurement techniques can be
used as in [28].

4.4.Knock intensity
The problem of knock is that it induces damage. fAigber the knock intensity, the higher the
probability of knock induced damage. As a resulk, knock intensity is an important parameter
for the design and calibration of the engine. Agilde equation for knock intensity was

proposed by Bougrine et al. [3].

_ __ _Mfrach _ _eﬂ
KI=K, (1 Tl ¢)) (CR—1) |12 rpm (13)

Where K is a calibration constant,,Ks the maximum crank angle at which knock is still
audible (set to 40 °ca ATDC),sm pis the burned mass fraction af\@ is the crank angle of

knock onset. In Figure 11, the part of the knodknsity equation that changes for the

measurements performed during this stL(dy,— nﬁf—("f;)) 1— HKL" , and the knock intensity
) 2

that was derived from the knock detection algorithfriVorret et al. [30] are plotted as a
function of the spark timing. A calibration condtaras used to rescale this part of the equation

in order to have the same knock intensity as gasalt KLSA as was derived from the knock
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detection algorithm. The same calibration consteaad then also used for the gasoline-methanol
blends as well as for pure methanol.

It can be seen that the equation proposed by Boaigtial. underpredicts the knock intensity
when it is compared to the knock intensity from kkheck detection algorithm of Worret el al.
[30].

This equation does not take into account the pressud temperature at knock onset. This could
be important because the temperature and the peasglichange going from gasoline to
methanol and both the temperature and pressureamaviéiuence on the gas properties and as a
result on the knock oscillations. This could bestaknto account by entering the crank angle of

knock onset at KLSA into the equation as this rtfiehe necessary conditions for autoignition

of the fuel which are influenced by temperature pressure. Instead of using — ?—O,this
2

could be done as follows:

(1 Merach ) . (9K0,KLSA+2—9knock _ 1) (14)

max(1,0) 0k0—Oknock

Wherefko kLsa IS the crank angle of knock onset at KL$Rg is the crank angle of knock onset
for the current spark timing artd,ock is the crank angle of knock onset which wouldhee t

worst for the intensity of the knock if knock ongeds to occur at that crank angle (set to -10 °ca
ATDC). The number ‘2’ is entered into the equatiommake sure that the knock intensity is not
equal to zero at KLSA and this can be interpretetha knock intensity being zero when the
spark advance is retarded with 2° ca at KLSA.

The results are plotted on the same figures (FigQjeas for the Knock Intensity calculated with
the equation of Bougrine et al. The values of teelg developed knock intensity equation

(marked with Sileghem) were also rescaled in ordérave the same knock intensity as gasoline
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at KLSA as was derived from the knock detectioroatgm. As can be seen on the Figure 10,
there is a better agreement with the experimergatis. This should however be further

investigated for load and engine speed sweeps.

4.5.Knock onset crank angle
A last test of the knock prediction models is tladaility to reproduce the correct crank angle of
knock onsetfx,). Although this quantity is not of direct use twgéne designers, it has an effect
on the knock intensity. Figures 12, 13 and 14 stimexperimental and simulated crank angle
of knock onset for a spark timing sweep. In Figl@ethe results are shown for stoichiometric
operation, in Figure 13 for lean operation andiguFe 14 for rich operation. Almost all the
knock onsets are predicted within the error margirtte experimental knock onset. A
consistent trend for all cases is that the simdl&teock onset advances faster with spark
advance than the experimental knock onset. Thiklamain be due to an underestimated heat
transfer by the Woschni model during knock and fleatmeasurements could help to

investigate this issue.

Figure 15 shows a comparison made between simulesedts for stoichiometric, lean and rich
operation on M50 where the energy fraction mixiaig together with the logarithmic value of
the ignition delays is used as well as a mixing hased on the volumetric fractions and real
values of the ignition delay. This mixing rule geadly underpredicts knock more than the
energy fraction mixing rule with logarithmic valuegich could be expected looking at the
ignition delay calculated with the volume fractiomxing rules in Figure 3. As a result, for the

lean mixtures, the simulated KLSA was 2 degreelseedinan the experimental KLSA. The
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simulated results for knock onset are still reabtmbut the differences are larger and outside of

the error bars, closer to less advanced sparkdiifuioser to KLSA).

5. CONCLUSIONS

In order to better understand and predict the kii@dlavior of alcohol blends, a mixing rule for
the autoignition delay time of alcohol-gasolinertle was proposed. This energy-based mixing
rule was used together with an autoignition dellangtcorrelation of gasoline and an autoignition
delay time correlation of methanol in a knock imtdgnodel that was implemented in a two-
zone engine code.

To validate the proposed model, knock occurrence experimentally investigated on a CFR
engine for four methanol-gasoline blends (gasolt®&0, M75 and M100).

Experimental metrics of knock included knock linditgpark advance (KLSA), fraction of
knocking cycles, knock onset timing and knock istgnbased on signal energy of heat release
rate oscillations.

The proposed correlation and knock integral apgrgescformed satisfactorily despite the gross
simplification associated with two-zone modeling (rot spots, no cyclic variation). The
experimental KLSA was more advanced than the siadIKLSA. The knock integral exceeded
1 before the end of combustion at less advancett sipeing than the experimental KLSA.
Therefore, a second condition was used in thisysimitentify knock based on unburned mass
fraction and the crank angle at knock onset whahegbetter agreement. Secondly, the
agreement between the simulated knock intensitytlemexperimental knock intensity was
better if the crank angle of knock onset at KLSAswaken into account as this reflects the

necessary conditions for autoignition of the fubiat are influenced by temperature and
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pressure. Finally, the model was able to predioatl all the knock onsets within the error
margins of the experimental knock onset.

Further model improvement should focus on bettptwrang the effects of evaporation cooling
and wall heat transfer with heat flux measuremértiss will be the subject of future work,

together with validation of the current model dfetient operating conditions.
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Bore 82.55 mm

Stroke 114.2 mm

Swept Volume| 611.7 cm3

Geometry Disc-shaped

Speed 600 rpm

IVO/IVC 17 °CA ATDC / 26 °CA ABDC
EVO/EVC 32 °CA BBDC / 6°CA ATDC

Table 1: Characteristics of the single cylinder CFRengine
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Figure 1 — lllustration of the 3-Arrhenius model proposed by Weisser
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Figure 2 - Ignition delay times of stoichiometric ghanol-air mixtures and ethanol/iso-
octane mixtures at 30 bar [22, 25]
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Figure 3 — Ignition delays of methanol, PRF80 and ethanol/PRF blends calculated with
the model of Yates et al. [4, 14] and ignition dela calculated with the volume fraction

mixing rule
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Figure 4 -Ignition delays of methanol, PRF80 and nteanol/PRF blends calculated with the
model of Yates et al. [4, 14] and ignition delaysatculated with the mole and energy

fraction mixing rule (logarithmic values)
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Figure 6 — Measured knock ratios, knock intensitieand knock onsets for stoichiometric

operation on gasoline, M50 and methanol
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Figure 7 - Measured and simulated knock limited sp& advance (KLSA) as a function of

the blend ratio. Simulation based only on the knoclntegral.
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Figure 11 — Measured and simulated knock intensitjor stoichiometric mixtures.
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Figure 12 - Knock Onset stoichiometric mixtures
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Figure 13 - Knock Onset lean mixtures
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Figure 14 - Knock Onset rich mixtures

40



Knock Onset [°ca BTDC] Knock Onset [°ca BTDC]

Knock Onset [°ca BTDC]

-12

-16

-2

-10

-14

-18

-10

-18

? L
10 12 14 16 18
Ignition timing [°ca BTDC]
1
T
L
|
14 16 18 20 22 24
Ignition timing [°ca BTDC]
B
i i
L
L1
I
10 12 14 16 18 20

Ignition timing [°ca BTDC]

@ M50 experimental
stoichiometric
B M50 simulation

M50 simulation (volume
fraction)

@ M50 experimental lean

B M50 simulation

M50 simulation (volume
fraction)

@ M50 experimental rich

B M50 simulation

M50 simulation (volume
fraction)

41



Figure 15 — Knock Onset: Comparison between the ergy fraction mixing rule with

logarithmic value and volume fraction mixing rule with real values.
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