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ABSTRACT - Methanol and ethanol are interestinglsfignition engine fuels, both from a
production and an end-use point of view. Despitgpsing experimental results, the full
potential of these fuels remain to be exploredhis respect, quasi-dimensional engine
simulation codes are especially useful as theyvatloeap and fast optimization of engines.
Since methanol and ethanol have different propedienpared to gasoline, it is important to
know how to modify simulation models currently badited for gasoline operation to operate
on gasoline-alcohol blends or pure alcohols. Thedithe current work was to do a
sensitivity analysis of a quasi-dimensional modeldpark ignition engines running on
gasoline-alcohol blends. Therefore a new corretdio the laminar burning velocity of
gasoline-alcohol blends is implemented in the gdasensional model. Several factors (such
as the laminar burning velocity, initial flame ketpresidual gas fraction, turbulence...) have
been investigated and the sensitivity of theseofacnd the used submodels on the predictive
performance was assessed for different gasolinbanet blends. The results show the
importance of the laminar burning velocity correat the initial flame kernel and the
estimation of the residual gas fraction.

TECHNICAL PAPER —

INTRODUCTION
The use of sustainable liquid alcohols in sparktign engines offers the potential of
decarbonizing transport and securing domestic grargply while increasing engine
performance and efficiency compared to fossil fuledsnks to a number of interesting
properties [1]. The most significant interestingperties of light alcohols include:
- High heat of vaporization, which causes considerabhrge cooling as the injected
fuel evaporates
- Elevated knock resistance, which allows to appihr compression ratios, optimal
spark timing and aggressive downsizing.
- High flame speeds, enabling qualitative load cdnising mixture richness or varying
amounts of exhaust gas recirculation (EGR).
Driven by the Renewable Energy Directive in the RUand The Energy Independence and
Security Act in the US [3], biofuels like ethanokdikely to be used at increasingly high
concentrations in gasoline over the next yearstadlee compatibility with modern vehicles
and the distribution and fueling infrastructurer Row, bio-ethanol has the lion's share when
it comes to non-petroleum-derived transportatiogrgyn Despite of the projected growth,
bio-ethanol is not considered to be viable in trglterm as a substitute for fossil fuels, due
to the biomass limit [4]. This biomass limit isfeifent for each country, and depends on the
amount of biomass that can be grown there, the atradienergy required by the country,
any impact of land-use change that may arise, iamtkIset by any impact on the food chain
[5], [6]. It has been estimated that this limite fhotential of biofuels to about 20% of the
energy demand in 2050 [7].



Compared to ethanol, methanol is actually moreatiesfrom a production point of view.
Methanol can be produced from a wide variety oeregible sources (e.g. gasification of
wood, agricultural by-products and municipal wasted alternative fossil fuel based feed
stocks (e.g. coal and natural gas). A number okersrhave even proposed a sustainable
closed-carbon cycle where methanol is synthesimad hydrogen, produced from renewable
electricity, and atmospheric GQhus forming a liquid hydrogen carrier and makingn
‘electrofuel’ [8].

Methanol has been successfully used in large-$lesetrials [9] and the potential of neat

light alcohol fuels (methanol and ethanol) and édayasoline blends has been demonstrated
experimentally in both dedicated and flex-fuel &lalbengines [10, 11].

Despite promising experimental results, the fuliepdial of alcohol fuels and their impact on
engine control strategies remain to be explorgoe@ally since advanced engines incorporate
a host of technologies and thus many degrees eddra for engine optimization. Today

these issues can be addressed at low cost usitegsgsnulations of the whole engine,
provided that the employed models account for ffeceof the fuel on the combustion
process.

In this respect quasi-dimensional engine simulatiotes are especially useful as they are
well suited to evaluate existing engines, perfogrparameter studies and predicting
optimum engine settings without resorting to compteultidimensional models [12]. At
Ghent University, a quasi-dimensional code (Ghamveérsity Engine Simulation Tool or
GUEST code ) for the power cycle of engines fuellgtth hydrogen or pure (m)ethanol has
been developed and validated during earlier woBk14]. The current work aims to extend
this code to (m)ethanol-gasoline blends. In thisgpalements of this work pertaining to the
power cycle simulation of engines running on metth@asoline blends are presented.

SIMULATION PROGRAM

Framework and assumption3he focus in this paper is an analysis of thegrocycle model
for engine operation on methanol-gasoline blends.

The in-house GUEST code was coupled to a commegagtlynamics simulation tool (GT-
Power [16]) during the current work, to enable dation of the entire engine cycle.

The current two-zone quasi-dimensional power cyobelel was derived using several
standard assumptions, as mentioned in [12, 13]ef@tions for the rate of change of the
cylinder pressurglp/df, burned and unburned temperaturdd, /d8 anddT, /d#8, are
derived from conservation of energy. Additionallypumber of models and assumptions are
necessary to close these equations:
- Heat exchange is calculated separately for thedsfiliner, cylinder head and piston
based on an extension of the Woschni model disduagd 7]
- The CFR (Cooperative Fuel Research) engine usedhfiolation of the simulation
(see later) has a simple disc-shaped combustianlzfiaand ran at a fixed speed of
600 rpm. Therefore turbulence quantities are catedlusing a very simple turbulence
model based on measurements done in a similarefiti). The integral length scale
A is kept constant at 1/5 of the minimum cleararsigtit, and the rms turbulent
velocity u' linearly decreases according to:
U = U'ppe[1—0.5(8 — 360)/45] (1)
Whereu'; is the rms turbulent velocity at top dead centi2Q), taken to be 0.75
times the mean piston spe&ds the crank angle (360 at TDC of compression).



- The mass burning rate is derived from a turbulentlmustion model. The one used in
this work is based on the entrainment frameworlenalthe rate of entrainment of
unburned gas into the flame front is given by
dm, (2)
g Pufits
Wherem, is the entrained masi; is the mean flame front surface, ang is the
turbulent entrainment velocity (see later). The sr&trained into the flame front is
then supposed to burn with a rate proportionahéomass of entrained unburned gas,
with a time constant, :

drm

d_gb = (m, —my)/T, ®)
T, = Ar/y, (4)
u, is the laminar burning velocity ard is the Taylor length scale, given by:

‘;I'r = C:i-'{l.f*u"f&_er (5)
Re, =u A/u, (6)

Whered(; is a calibration constant} is the integral turbulent length scale apds the
kinematic viscosity of the unburned gases. Equat{@pand (3) are used as a
mathematical representation of the effects of iefitlame thickness [13].

- Gas properties are taken from the standard GT-Plivaries [16]

- For simplicity, blowby rates and the influence oéwice volumes have been neglected.

If one is primarily interested in the indicated wamnd efficiency, in other words simulation
of the complete engine cycle, the ignition of tiggnder charge is usually not modeled in
detail. In fact generally, the ignition is not méetkat all; but rather the start of combustion is
initialized by assuming the instantaneous formatiban ignition kernel at or shortly after the
ignition timing. The ignition kernel is often adoeid a certain mass or volume [12].
In this study, 2r= 1 mm was used as a starting point of the igmikiernel size. In a later
stage, this initial flame kernel will be optimized.
Turbulent burning velocity modelA turbulent entrainment velocity,, is needed for closure
of Equation (2).
In the study, the combustion model of Wahiduzzaetaal. [19] is used. This is the standard
combustion model in the simulation program GT-powére commercial software GT-power
will also be used to calculate the internal exhgastrecirculation. The turbulent entrainment
velocity is formed from the sum of the turbulendahe laminar burning velocities. The
entrained mass rate of unburned gas becomes:

dm, (7)

g Pudp(utuy)
U is the turbulent burning velocity, assumed to tprtional to the rms turbulent velocity
and y is the stretched laminar burning velocity:

dm, (8)

g PuAp(Cou tuy)

In the previous equation @ a calibration constant.
A flame propagating after spark ignition is firstipwrinkled by the smallest scales of
turbulence. For the simulations done in this warRame development multiplying factor for
the turbulent burning velocity was usedbacomes:

9)

u, = Cou'(1—

14 C, R} e
Where Ris the flame radius andc@ calculated from the following expression:
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In the previous equation r is the ratio of turbuketength scale to flame thickness and H is a
stretch factor. More information can be found inNdaizzaman et al. [19].

Several models exist for the turbulent entrainnvehdcity [13] and for the turbulent flame
development. Although this could have an influeoodhe outcome of the study, the
comparison of different turbulent entrainment vélpomodels and turbulent flame
development models falls outside the scope ofgtudy.

Laminar burning velocity correlatiodfOne of the key parameters to model the combusfion o
fuels in spark ignition engines is the laminar ignvelocity of the fuel. This is a physico-
chemical property of a fuel-air-residuals mixtureldhus a fundamental building block of
any predictive engine model. A convenient way tplement laminar burning velocity data in
a quasi-dimensional engine cycle code is by usiogreelation which gives the laminar
burning velocity in terms of pressure, temperaturd composition of the unburned mixture.
There are a lot of publications where a quasi-dsm@ral engine cycle model is used but few
can be adapted easily to add an additional fuelpoorant or do simulations over the whole
blending range. Bougrine et al. [20] used alsortheasi-dimensional model for blends of
gasoline and ethanol with ethanol volume fracti@mging from 0% to 30%. They used the
corrected correlation proposed by Gilder [21] ftweol-isooctane blends. To do a
parametric study of the blend ratio with higheroalal fractions, a simple mixing rule for the
laminar burning velocity of alcohol fuels would im¢eresting especially if other components
such as methanol are added in the fuel as progms&drner et al. [5]. In the quasi-
dimensional model of Ma et al. [22] and Perinild28], a simple mixing rule proposed by
Benedetto et al. [24] was used for the laminar imgrwelocity of hydrogen-methane mixtures
for a part of the mixing range.

If the effect of fuel blend composition or the effef additional components has to be
determined, simple mixing rules are needed thajpcadict the laminar burning velocity of
the blends out of the correlations of the puredwath a good accuracy and without being
computationally too demanding.

Sileghem et al. [25, 26] investigated if mixingasilcould be used to determine the laminar
burning velocity of fuel blends from the burningaaty of the fuel components. Sileghem et
al. found that for (m)ethanol-hydrocarbon blendasiging rule based on the energy fraction
of each component was accurate enough. The latoimamg velocity of the alcohol-
hydrocarbon blends can be determined as follows:

Uy plend (P) = Xisg o0y, (9)

In this expression; is the energy fraction of fuel component i. Thergy fraction can be
calculated as follows:

E'.::H;.:q (12)

i fr n =
Ejziﬂch.x]

(11)

cHi° is the heat of combustion andixthe mole fraction of the fuel component i. hist

study this mixing rule will be used in the quagikénsional simulations.

Two other mixing rules gave also results in googkament with the experimental
determinations of the laminar burning velocitiesrfaxtures. More information can be found
in [25-27].



In this study, we wanted to have a correlationg@soline and a correlation for methanol from
the same source to be able to compare the influgineenperature, pressure and diluent
factors of the two correlations. Therefore two remsrelations were built.
Both the laminar burning velocity of methanol ahd gasoline used for the engine
measurements have been determined using the teahdthod on a flat flame adiabatic
burner [26, 27].
The form of the developed correlation is given by:

_ T\ (p )ﬁ' (13)

Uy = Uy (Tn) (F‘n (1—v¥f)

Wherew,, anda are third order polynomials ¢ fitted to the measurements done on the flat
flame adiabatic burneg is a first order function c$ taken from the recent study performed
by Galmiche et al. [28] in which the pressure dej@ercy of iso-octane was investigated and
y is a constant equal to 2.1 based on the measutewieMetghalchi and Keck [29] and
found in many laminar burning velocity correlations

Turbulent burning velocity models need (stretcHad)inar burning velocity data of the
air/fuel/residuals mixture at the instantaneousguee and temperature. This implies the need
for either a library of stretched flamelets or ad®ldfor the effect of stretch. Calculating the
local flame speed from stretch-free data and acktmaodel requires stretch-free data,
naturally. As of today, there are insufficient datastretch-free burning velocities at engine
conditions, for any fuel. Stretch and instabilittesmper the experimental determination of
stretch-free data at higher (engine-like) press8@p This was one of the reasons to perform
a sensitivity analysis. In this way, it can be istwgated how precise experimental
determination of stretch-free data has to be. Keicdt model has been implemented in the
code as of yet, partly because of a lack of redialaita regarding the effect of stretch on
methanol-gasoline flames at engine-like conditikaig.

ENGINE TEST

Engine- To analyze the combustion model’'s predictiveatelties, a series of measurements
were done on a port fuel injected single cylindERG&ngine, described in [32]. The main
characteristics of this engine are summarized el 4.

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

The measurements comprise variable fuel/air eqeia raticy and methanol-gasoline ratio.
Measurements were done for MO, M20, M40, M60, MB0 B 100 at lambda equal to 1, 1.2
and 0.8. Ignition timing was fixed at 12° BTDC ahe throttle was turned open with 10°. In
order to allow an accurate comparison, all measentsnwere performed on the same day and
all parameters were fixed except for the injectionation and the fuel composition.

Model setup As the main focus of the current work was toleate the combustion model,

the employed engine model is limited to the clgsad of the engine cycle (IVC to EVO).

The initial conditions for mass fractions of aiddiel, the mean temperature and pressure are
taken from the measurements. The residual gases (fre previous engine cycle) are
calculated using a Three Pressure Analysis in thg@@wer software. To perform a three
pressure analysis in GT-POWER, three differentqanesmeasurements are required from the



cylinder of interest. Two of these measurementgparepressures (intake and exhaust) and
the third is cylinder pressure. The main purposthisftype of simulation is to analyze the
measurements in order to obtain a single combubition rate for each operating condition.
This burn rate can be used to compare it with tiediptive burn rate that will come out of the
predictive model. This analysis is also very goodan estimation of the internal EGR.

Calibration of the predictive modelThe calibration sets the coefficients for thathteansfer
model, the flame development modél Y and the turbulent burning velocity modé&l (C;).
Since it is interesting to know how to modify siratibn models currently calibrated for
gasoline operation to operate on gasoline-alcolenids or pure alcohols, it was decided to
calibrate the code only for one operation poingasoline (stoichiometric operation) and see
how the model can predict the combustion of gasafirethanol blends starting with the
calibration on pure gasoline. The calibration cantst are left constant for all the operation
points.

The heat transfer multipliers were calibrated fbs@nulations during the Three Pressure
Analysis, based on correspondence between the neelasid predicted cylinder pressure, the
exhaust and inlet temperatures and the volumefigency. The combustion model was
calibrated by minimizing the sum of squared diffexes between the measured and predicted
normalized burn rate. The measured burn rate wagedefrom the measured cylinder
pressure during the Three Pressure Analysis bygdoieverse heat release analysis using the
same cylinder model as used in the forward powelecsimulation [16]. The flame
development constait, is usually calibrated first in order to get a @zable correspondence
for the ignition delay. As mentioned in [13], inagng{, increases the mass entrainment rate,
while increasing coefficier; decreases the mass burning rate. Finally, the toastants of
the predictive combustion models were simultangoogtimized using the Direct Optimizer
embedded in GT-Power [16].

RESULTS

Comparison of laminar burning velocity correlatiaigpure gasoline- First, a comparison of
4 different laminar burning velocity correlationsgasoline was made: the newly developed
correlation based on the measurements of the gasadied in this study on a flat flame
burner, the standard laminar burning velocity datren for gasoline in the simulation
program GT-power [16], the correlation of GlldeB][and the correlation of Metghalchi &
Keck [29]. Figures 1-3 highlight the main differesdetween the different gasoline or iso-
octane (which is often used as gasoline surro¢gt@har burning velocity correlations in
terms of equivalence ratio.

As can be seen in Figure 1 the correlation of Gitdasiderably overestimatas due to
uncertainties in the experimental method employethb author.

In Figure 2, the power exponent®f the temperature dependency are compared. As
explained in [27], the power exponenhas a minimum around the equivalence ratio of peak
burning velocity which is covered by the newly deped correlation but not by one of the
other correlations. The correlation of Metghalamil &eck predicts a linear decreasev@fs
function of the equivalence ratio whereas the datian of Gulder does not include the effect
of the equivalence ratio on the power exponent.

The correlation of Gulder does not include theafté the equivalence ratio on the power
exponeng of the pressure dependency either as shown ind-Bjurhe other correlations
include an increase @fas function of the equivalence ratio.
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For each correlation, the calibration factors @f simulation program were optimized by
minimizing the burn rate RMS error between the measent at stoichiometry and the
simulation. In the bar graphs in Figure 4-7, therebetween the simulations at stoichiometry,
lean and rich operation are shown for 6 parametieesignition delay (0-2% mass fraction
burned), duration of 10-90% mass fraction burneBi0@ mass fraction burned, the
maximum pressure, 0-crank angle of maximum pressutlehe maximum temperature. As
can be seen on the bar graphs, none of the forelabons outperformes the others
dramatically. Best agreements are for the newlyelbped correlation and the standard
correlation used in GT-power. As can be seen omitaphs, the error on the ignition delay
and 10-90% mass fraction burned has a significdhtance on the maximum pressure and
the O-crank angle of maximum pressure. E.g. theerttagse two burn rate parameters are
underpredicted, the more the maximum pressuredagoedicted. We can conclude that in
this framework the newly developed correlation perfs equally or better than the older
correlations. In the next sections this correlatolh be used together with the newly
developed correlation for methanol.
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Figure 4 — Simulation error with the gasoline lamirar burning velocity correlation of Sileghem.
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Figure 5 - Simulation error with the gasoline lamirar burning velocity correlation of Gt-power.
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Figure 6 - Simulation error with the gasoline lamirar burning velocity correlation of Gulder.
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Figure 7 - Simulation error with the gasoline lamirar burning velocity correlation of Metghalchi and
Keck.

Sensitivity of the simulation program on gasoliria this section, some parameters of the
simulation program will be changed to investigdie $ensitivity of the simulation framework
on these parameters. The following parametersbgilthanged: the initial spark size (two
times initial kernel radius), the internal EGR tian, the rms turbulent velocity u’ and the
integral turbulent length scale The different parameters have been varied imgerghat
represents a reasonable estimation of the uncgr@nits value (see Table 2). The sensitivity
of the six parameters used in the previous sectgoespressed as follows:
v(x,) — y(x, + Ax) (14)
y(xp)
Xy — (xq + Ax)
o

Sensitivity =

Parameter Base value A
initial kernel radius 0,5 mm + 0,5 mm
EGR% 7-9% + 3%




u' ~2mls +1m/sr4

A ~0,0038 m +0,001
Table 2 — Parameter values for power cycle sensitty analysis

A negative value means an opposite change of oufipluirespect to the varied input
parameter. Large numbers mean a strong influenttesoparameter.

As can be seen on the bar graphs in Figures &éXdrnel size has a big influence on the
ignition delay and less on the other parameteris iSmormal because the spark size
determines the initial flame kernel. Later in thiady the size of the initial flame kernel (or
spark size) will be used to control the ignitiodageto be the same as the measured ignition
delay in order to study the rest of the combustimtess without the influence of the initial
flame development.

The second parameter that has been varied istédraah EGR. It has been increased with 3%.
This has a significant effect on all the paramepeesented here. As a result, the EGR
fraction has to be estimated as precisely as gdesdibat is why a three pressure analysis in
GT-power has been used in this study to calculaenternal EGR in the cylinder for each
measurement as accurate as possible.

Turbulence quantities are calculated using a vienple turbulence model based on
measurements done in a similar engine [18]. Tregnad length scal€ is kept constant at 1/5
of the minimum clearance height, and the rms tahielocityu' linearly decreases.
Confirmation of this turbulence model was not pbkesduring this study. There could be a
significant difference between the simple model dn&dreality. A change in these parameters
has a significant effect as can be seen in Fighrantl Figure 11. Notwithstanding this
uncertainty, this turbulence model can be usedhi®rest of this sensitivity study because
throttle position, rpm and ignition timing remakmetsame for all measurements. The effect of
turbulence can be expected to be more or lessathe for all the measurements. If for
example the engine speed was changed for certaisuriag points, more attention should
have gone to investigate the change in turbulea@fanction of the operating point.
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Figure 8 — Sensitivity for a change of the initiakernel radius.
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Figure 11 - Sensitivity for a change of the integidength scale

Sensitivity of the simulation program on gasolinethanol blends- In this section, the
predictive capabilities of the simulation prograntl ve evaluated for methanol-gasoline
blends using the mixing rule based on energy fwadi26]. The simulation program is again
calibrated for stoichiometric operation on gasalifieis is done to investigate how accurate
simulations of an engine running on gasoline catrdesformed to an engine running on
methanol (-alcohol) blends. The influence of thigahflame kernel (spark size) and the
internal EGR are again shown. In addition, theafté changing the temperature power
exponent, the pressure power expon@rand the value of the EGR facldr — ¥f) in the
laminar burning velocity correlation of methanat amvestigated. The values for gasoline
operation remain the same and the influence ofgihgrthe parameters of the laminar
burning velocity correlation of methanol should e clearer going from gasoline to pure
methanol.

Parameter Base value A

initial kernel radius 0,5 mm + 0,5 mm
EGR% 7-9% + 3%

o see correlation MeOH  + 0,07

B see correlation MeOH  + 0,05
(1M see correlation MeOH - 0,03

Table 3

In Figure 12, the measured ignition delay comimgrfithe burn rate analysis of the three
pressure analysis in GT-power is shown togethdr thi¢ predicted ignition delay of the
simulation program. On the same Figure, the resiltise simulations are shown in which the
parameters are changed as in Table 3. The paranmatee been varied in a range that
represents a reasonable worst case estimatioe oiitertainty on its value based on other
existing correlations for the laminar burning vetgc

For each operation point, three measurements vare. ¢rirst the engine was set to a fixed
value and the first measurement was done whehalieasured values such as exhaust
temperature, oil temperature, air flow, etc. did cltange anymore. Then, with an interval of
a few minutes, a second and third measurement araes d he values shown on the Figures
are the mean values of the three measurementhamaror bars for the experimental values
are calculated by taking two times the standardadiew of the parameter.



As can be seen on Figure 12, the ignition delast@thiometric operation is overestimated
by the predictive model when the model is calitddig minimizing the burn rate RMS error
of gasoline at stoichiometric operation. Secontiig,experimental ignition delay calculated
with a three pressure analysis decreases mordhbaedicted ignition delay going from
gasoline to methanol. As seen on the Figure, cingritpe initial flame kernel and internal
EGR fraction have a significant influence on theitign delay. When changing the
temperature, pressure or EGR dependency of theama&tlaminar burning velocity
correlation, the biggest change is seen for purthamel, which is expected. If all the
parameters regarding the laminar burning velocyerchanged at once, this could have a
significant effect. E.g. with the change of thegstiere dependency as was done in this study,
the correct trend in the ignition delay could berosluced.

As a result, one of the reasons why the experinheanaion delay decreases with methanol
addition cannot be predicted by the predictive nhodald be that the temperature, pressure
or EGR dependency of the laminar burning veloattyelations are not well captured for
higher pressure and temperatures in internal cotitlousngines. Further research should help
to decrease the uncertainty of these inputs. Ame#ason could be that the flame kernel
growth model should be adapted for alcohol fuetdaét, there is still uncertainty about the
initial flame kernel. The initial flame kernel i€fined by the spark size which has a 0.5 mm
radius in this simulation framework. As methanas edower minimal ignition energy, one
could assume that for the same ignition energytirthe initial flame kernel for methanol
could be larger.
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Figure 12 — ignition delay of the stoichiometric mitures

In Figure 13, the 10-90% mass fraction burned asvshfor stoichiometric operation. As can
be seen on the Figure, the predictive model ovdigiethe burn rate by ~1.5° ca for
methanol while the prediction for gasoline is vgopd. The trend is again not captured
enough. There is again a significant change whemntiernal EGR fraction is changed. The
effect of changing the initial flame kernel is musrhaller compared to the effect it had on the
ignition delay. Due to the change in initial flalkernel, the ignition delay changes as in
Figure 12 and this causes the small change inQH#% mass fraction burned because of
slightly other temperatures and pressure at thanamd.



As the flame is more and more developed and bedhagerbulence flow model does not
change going from gasoline to methanol, the diffeesein burn rate between the fuels is
mostly due to the difference in laminar burningoeodly. The effect of changing the
parameters of the methanol laminar burning veloooryelation can be seen on Figure 13.
The correct trend could again be reproduced bygihgrthe parameters of the methanol
correlation e.g. the pressure dependency in tlsis.@additionally, one should note that there
exist turbulent burning velocity models that takerenfuel properties into account than the
turbulent burning velocity model used in this stu@lgis could also have an important
influence when simulating the burn rate of fuelnals.

In Figure 14, the 0-50% mass fraction burned issshd he influence of the ignition delay on
the 0-50% mass fraction burned can be seen irFihige and the same conclusions can be
drawn as for the ignition delay. The trend is adsest captured in the case where the pressure
dependency of the methanol laminar burning velomityelation is tested. This can also be
seen in the maximum pressure data, shown in Fitfire
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Figure 13 - 10-90% mass fraction burned of the stchiometric mixtures.
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Figure 14 - 0-50% mass fraction burned of the stoldometric mixtures.
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Figure 15 — maximum pressure of the stoichiometrimixtures

For the lean mixtures (see Figures 16-18), motess the same conclusions can be drawn as
for the stoichiometric mixtures. The model doespredict a decrease in ignition delay going
from pure gasoline to pure methanol. As a redudt ignition delay is overpredicted for
methanol blends with a high methanol content. br mixtures (see Figure 19), the ignition
delay is overpredicted for all the fuels used is #tudy but the decreasing trend is better
captured. This could be explained by the fact thatdeveloped laminar burning velocity
correlations rely on measured data of methanolgasdline at atmospheric pressure. For rich
mixtures, the difference in the measured laminanimg velocity on the flat flame adiabatic
burner between methanol and gasoline is signifigdatger than for lean or stoichiometric
mixtures [26]. Further research should investiglagelaminar burning velocity at higher
pressures and temperatures. The better predictithe agnition delay for rich mixtures

results in a better prediction for the maximum pues, see Figure 20.
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Figure 16 - ignition delay of the lean mixtures
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Figure 18 -—— maximum pressure of the lean mixtures
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Figure 19 - ignition delay of the rich mixtures
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Figure 20 — maximum pressure of the rich mixtures

Optimization of ignition delay of gasoline-methatdéénds- One of the main conclusions of
the previous section is that the trend of the ignitlelay is not well predicted by the
simulation model. In this section, an investigatidrthe simulation model is performed
together with an optimization of the ignition delay changing the initial flame kernel (=
spark size). In the first case, the model has lbakbrated by changing the calibration factors
together with the spark size to minimize the buate RMS error of the measurements on
gasoline at stoichiometric operation. Then thebcation factors were kept constant while
changing the spark size for each individual measard to minimize the burn rate RMS error.
In Figure 21, the results of this optimization an®wn for the spark size values. For the
stoichiometric and lean mixtures, it is clear ttet spark size or initial flame kernel had to be
bigger because the ignition delay was not well joted by the model influencing the rest of
the burn rate. For the rich mixtures, the trenthefignition delay was already well captured
and as a result, the spark size stays more octesgant for the fuel range.
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For the second case, the calibration factors amdlark size are first optimized by
minimizing the burn rate RMS error of the measuneimen gasoline at stoichiometric
operation and then for each measurement the sjz&rksschanged to have the same ignition
delay as in the measurements.

In Figure 22, the spark size optimization is shaaveimulate the experimental ignition delay.
As expected from the previous sections, theresie@per increase for stoichiometric and lean
mixtures going from gasoline to methanol. The spankng for rich mixtures stays again
relatively constant. It is notable that the sparkirig for lean mixtures follows the same trend
as the stoichimetric mixtures but that all valueslawer. This could be explained by the fact
that lean mixtures are harder to ignite than storoletric mixtures. This result requests for a
more fuel independent flame development modelrmapee fuel independent initial flame
model.
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Figure 22 - Spark size diameter for ignition delayoptimization.



When the ignition delay is not an issue anymoris, @asier to evaluate the predictive
capabilities regarding the other parameters. lnfe@@3, Figure 24 and Figure 25, the 10-
90% mass fraction burned, the maximum pressureten@-50% mass fraction burned for the
stoichiometric mixtures are shown for the simulasiovith optimized ignition delay. For the
10-90% mass fraction burned, the trend is verylamio the simulations without the ignition
delay optimization. There is a small change in16€0% mass fraction burned because of
slightly other temperatures and pressure. The aggpewith the experimental maximum
pressure and the 0-50% mass fraction burned is tettér due to the optimized ignition
delay. This results in smaller burn rate RMS efootthe methanol-gasoline blends. This can
be seen in Figure 26. It is clear that the agreéimsenuch better for the fuel with high
methanol content. Only for pure gasoline the eisdarger because originally the model was
calibrated to have a minimum error.
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Figure 24 — maximum pressure of the stoichiometrimixtures with ignition delay optimization



27

B - —
N
3
26
OS x =—4—cexperimental
< 25 \
e
5 \ =li—predicted
=2 c¥-——*
S 24 N
2 \\ predicted with ignition
delay optimization
23 SNo
\\
22

MO M20 M40 M60 ME0 M100

Figure 25 — 0-50% mass fraction burned of the stoftometric mixtures with ignition delay optimization

0,015 {T’)
/k =l—predicted

0,01 TT = gl
T predicted with ignition
delay optimization

y

0,005 —T

MO M20 M40 M60 MEO M100

0,02

RMS error

— —
—
¥

—

Figure 26 — burn rate RMS error of the stoichiometic mixtures with ignition delay optimization

Finally, simulations have been done with a methéamainar burning velocity correlation
from another source. The laminar burning velocayrelation of Gilder was used here:

Up = Uy [E}E (i)g (1—vf)

Ty
with
Uy, = 0.492¢0.25exp (—5.11(¢ — 1.075)%)
a =175

B=—02¢ifp>1
0.2
f=——ifp =1

V@
In this equation Jis 300K and pis 1bar. The same value of 2.1 has been takehddE GR

factory as in the newly developed equations.



As can be seen in the Figure 27, 28 and 29, tm&ikar burning velocity has a big influence
on the results of pure methanol. Especially ackiometric operation, the laminar burning
velocity prediction of this correlation is differaresulting in an overestimation of the burn
rate and peak pressure.
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Figure 27 — 10-90% mass fraction burned of the stohiometric mixtures with methanol laminar burning
velocity correlation of Gilder
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CONCLUSIONS

The focus of the current paper was the developeatvalidation of a quasi-dimensional
model for the combustion of methanol-gasoline béeimdspark-ignition engines. The
predictive performance of newly developed laminaming velocity correlations for gasoline
and methanol together with a mixing rule was agskss

First, a comparison of 4 different laminar burnirejocity correlations of gasoline was made
and the newly developed correlation performed dyguaalbetter than the older correlations.
Secondly, the sensitivity of certain parameters sfasvn. It resulted that the EGR fraction
has to be estimated as precisely as possible.iFkdty a three pressure analysis in GT-
power has been used in this study to calculatéenteenal EGR fraction in the cylinder for
each measurement. Thirdly, the sensitivity wasstigated for fuel blends going from pure
gasoline to pure methanol. The results show th@itapce of the laminar burning velocity
correlation, the initial flame kernel and the esttiran of the residual gas fraction. The trend
of the experimental ignition delay was not reprasthin the simulations. After optimizing the
spark size to have the same ignition delay asamtbasurements, the trends in burn rate and
peak pressures were much better reproduced. Asuli,nee can conclude that there is a need
for a fuel independent flame kernel growth modebyably together with a submodel that can
predict the trends in the initial flame kernel samea function of the spark plug energy, the air
to fuel ratio at the spark plug and the fuel. Corgredictive combustion simulations could
benefit from an initial flame kernel size multipli@r a spark size multiplier) as a function of
the spark plug energy, the air to fuel ratio arelftrel.
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