2015-01-0768

Experimental investigation of a DISI production engne fuelled with methanol,
ethanol, butanol and iso-stoichiometric alcohol bleds

Author, co-author (Do NOT enter this information. It will be pulled fr om participant tab in

MyTechZone)

Affiliation (Do NOT enter this information. It will be pulledoim participant tab in MyTechZohe

Abstract

Stricter CQ and emissions regulations are pushing spark amiti
engines more and more towards downsizing, enahtedgh direct
injection and turbocharging. The advantages whathewith direct
injection, such as increased charge density arefleaated knock
resistance, are even more pronounced when usingddvon number
alcohols instead of gasoline. This is mainly duthtohigher heat of
vaporization and the lower air-to-fuel ratio oftgalcohols such as
methanol, ethanol and butanol. These alcoholslsoeadtractive
alternatives to gasoline because they can be peddisem renewable
resources. Because they are liquid, they can by stared in a
vehicle.

In this respect, the performance and engine-ousgaris (NOx, CO,
HC and PM) of methanol, ethanol and butanol weesered on a 4
cylinder 2.4 DI production engine and are compavi those on
neat gasoline. Additionally, measurements were donE85 and a
methanol-gasoline blend with the same air-to-faébras E85
because this ‘iso-stoichiometric’ methanol-gasobfend shows very
few differences in physical properties to E85 aad the potential to
be used as ‘drop-in’ fuel for flex-fuel vehiclesid shown that the
brake thermal efficiency when running on alcohal$us
significantly better than with gasoline while enmit fewer
emissions. In a knock limited case for gasoline,lhake thermal
efficiency on methanol was more than 5 percentaggpbetter than
on gasoline. The engine test results also confiah from an engine
control point of view, the ‘iso-stoichiometric’ nietnol-gasoline
blend can indeed be used as a ‘drop-in’ fuel fo5.E8

Introduction

Stricter CQ and emissions regulations are pushing spark dgniti
engines more and more towards downsizing resduitirggstronger
demand of the transport sector for higher octaselgee. In the
United States, the Corporate Average Fuel Econ@#y-E)
standards are projected to result in an averagestndfleetwide level
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of 163 g/mile (101 g/km) of CQn 2025, which is equivalent to 54.5
mpg [1]. For light-duty vehicles in the Europeanidin
manufacturers are obliged to ensure that theircavileet does not
emit more than an average of 130 g/km of,®®2015 and 95 g/km
by 2021 [2]. A possible solution could be to lodlkaa alternative
drivetrain such as an electric motor using batseviea hydrogen fuel
cell. These drivetrains are already widely investiig and electric
vehicles are already in use. Nevertheless, thestdumetric energy
density of batteries and hydrogen provide theséleshwith a
limited range compared to conventional vehicle$ait internal
combustion engine (ICE). Additionally, a transitimneither
hydrogen vehicles or battery electric vehicles vélult in increases
in both vehicle and infrastructure costs makinguiestionable if they
will become competitive with vehicles running oquid fuels in the
near future [3].

It is anticipated that alternative fuels will play important role in
reducing CQ emissions. In the United States, the U.S. Renavabl
Fuel Standard (RFS2) requires the use of biofdietincreased to a
total of 36 billion ethanol-equivalent gallons year by 2022. RFS2
limits corn-based ethanol to 15 billion gallons aeduires the use of
1 billion gallons of biomass-based diesel, lea@0gillion gallons

to come from other advanced biofuels [4]. Likewite European
Union has also set a target of 10% of transpotttube from
renewable sources by 2020 [5].

Alcohol fuels

Methanol, ethanol and butanol

Liquid alcohols such as methanol, ethanol and tolitahich can be
produced in a renewable way could be presentedoasiging fossil
fuel replacements [6-8]. Light alcohols can be usddternal
combustion engines. Flex-fuel operation of spariktign engines on
gasoline and different alcohols is straightforwasthg modern
control technology and can be achieved with veny dm-cost
modifications to the fuel system [9]. Because tasyliquid, they can
be easily stored in a vehicle [10]. They are al$scible with
gasoline which enables a soft start to an alteredtiel economy



[11]. As a result, they are already used as blerfdéls (e.g. E10) for
production cars in limited concentrations.

Renewable ethanol can be made from biomass sutirasr
sugarcane. This is often referred to as bio-ethd&wlnow, bio-
ethanol has the upper hand when it comes to nooipetn-derived
transportation energy. Despite of the projectedviipbio-ethanol is
not considered to be viable in the long term astestitute for fossil
fuels, due to the biomass limit [9]. This biomasstlis different for
each country, and depends on the amount of biothassan be
grown, the amount of energy required by the courtny impact of
land-use change that may arise, and limits senlgyirapact on the
food chain [12], [13]. It has been estimated thé timits the
potential of biofuels to about 20% of the energgneed in 2050 [3].

Synthetic fuels, sometimes described as ‘electisfi®& 14-19], are
not constrained by a biomass limit and could becoroee and more
important in the future. These energy carrierssgrghesized from
CGO, and water using renewable energy. In other wads,is
captured and combined with renewable hydrogenrio foliquid
hydrogen carrier. This results in a closed,@€¢cle. Methanol is the
most energetically efficient liquid electrofuel tlmn be synthesized
using this approach [3]. Next to this approach,iraebl can also be
produced from a variety of fossil fuels such ad eoa natural gas
and from renewable sources (e.g. gasification ajdyagricultural
by-products and municipal waste).

A disadvantage of methanol and ethanol is thaetrezgy density is
significantly lower compared to gasoline (see Td)lavhich
negatively impacts the volumetric fuel economy ala result, also
the vehicle range. Ethanol and methanol are aldedhilic which
could give problems when being transported vialpips [20].
Butanol, on the other hand, is much less solubleater, does not
tend to phase separate in the presence of wategasutine and
benefits from an energy density which is closeh®energy density
of gasoline. The energy density of butanol is dii§6 less than that
of gasoline. As in the case of methanol and ethdnhnol can be
produced from renewable sources. However, sinaawable butanol
is mainly made from biomass, it also has a biortiass

Butanol has a four-carbon structure so differenitnisrs exist based
on the location of the hydroxyl group (OH groupheldifferent
structures of butanol isomers have a direct impadhe physical
properties. The different isomers are called n-hoit4l-butanol),
sec-butanol, tert-butanol and isobutanol and tleenital structure is
shown in Figure 1. Sec-butanol is not considerpdtantial
alternative engine fuel due to its low motor octanenber of 32.
Tert-butanol is not considered to be used as amaltive fuel at
higher volumetric concentrations, due to its higliting point. 1-
butanol and isobutanol have physical propertiesatito gasoline
and could therefore be considered a potentialradtere fuel. In this
study, only isobutanol was used because of theehigttane number
which is close to the octane number of methanolethdnol. From
here on, isobutanol will be simply called butanol.
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Figure 1 — Chemical structure of butanol isomers

Ternary blends of methanol, ethanol and gasoline

Turner et al. [12, 21] presented the concept afasr blends of
gasoline, ethanol and methanol in which the stoicigitric air-to-fuel
ratio is controlled to be the same as that of cotiweal E85 alcohol-
based fuel. In fact, starting from any binary gasstethanol mixture,
a ternary blend of gasoline, ethanol and methamoloe devised in
which the fraction of each component is choseriglnlythe same
stoichiometric air to fuel ratio. In Figure 2, tbencept of these
ternary blends is shown for equivalent ‘E85’ bler@s the right side
of Figure 2, the composition of normal E85 can &ens(85 v/v%
ethanol and 15 v/v% gasoline). On the left sidEigf 1, the binary
mixture of gasoline and methanol is shown in wtathhe ethanol is
replaced with gasoline and methanol. This resalesM56 blend (56
v/v% methanol and 44 v/v% gasoline). In betweesé¢hevo blends,
any iso-stoichiometric ternary blend can be deteeaiiby drawing a
vertical line in Fig. 1 and reading the blend ratim the left axis of
the figure (for example the yellow dotted line iig FL).
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Figure 2: iso-stoichiometric GEM blends equivaltentonventional E85 [21].

Turner et al. [21] found that all the possible &oichiometric ternary
blends starting from a binary blend of gasoline atidnol have,
beside the same AFR, essentially identical voluimetmergy content,
constant octane numbers and constant latent higigtopens the
possibility to use these ternary blends as drdptts for flex-fuel
vehicles without the danger of upsetting the onrthatiagnostics of



the engine management system. If the methanoliss#d
renewable and energy-secure nature then, for d fiskime of
ethanol in the fuel pool dependent on the biomiasis, lan increased
level of renewability and energy security is acle@vThis overall
situation is made possible by the fact that theeenaore E85/flex-
fuel vehicles in existence than can currently beised by the E85
fuel supply chain. Turner et al. [21] tested thepdin ability of the
iso-stoichiometric GEM blends in two flex-fuel vetés. During
vehicle testing, the hypothesis that iso-stoichinim&EM blends
can function as drop-in alternatives to binary etitagasoline blends
has been confirmed. This hypothesis has also lestedt by
Sileghem et al. [22] on a flex fuel PFI productspark ignition
engine with positive results. It should be noteat this drop-in
ability did not yet include necessary tests forgidarm durability,
materials compatibility and metal corrosion (bathaeol and
methanol being known to be more aggressive to smwheners and
light metals than gasoline).

With existing commercial E85 fuels, the ethanolteonhis decreased
to levels close to 70% in order to maintain colttstbility. As
methanol is not as hard to start on as ethan@aeanround fixed
blend ratio is therefore a possibility. This metret GEM blends
could effectively extend gasoline displacementmyivinter months.
Other benefits of the GEM-blends are the poteetanomic
advantage. Turner et al. [21] showed that with whale prices of
$3.11, $2.30 and $1.11 per US gallon for gasobtteanol and
methanol respectively, the price of the blendslmamade
significantly lower than gasoline on an energy $aAireduction in
motoring costs, by a reduction in relative priceh#f fuel versus
gasoline, could be achieved at these wholesalegtising ternary
blends containing more than 25% by volume of mathan

In this study, only E85 and the equivalent methagasoline blend
M56 are tested. The variation between the diffebéenids is not
expected to be substantial according to the restiltsirner et al.
[21] on a flex fuel vehicle and Sileghem et al.][@8 a PFI engine.
In this study a direct injected engine is used ad result, special
attention will go to the injection parameters.

Alcohal vs. gasoline

Alcohols exhibit several favorable properties disa for spark-
ignition engines with the potential to increaseiragerformance
and efficiency compared to gasoline. These progedie becoming
more pronounced as the carbon count in the alabmkases (with
the exception of the octane numbers, see Tabla bjher words,
these interesting properties are more marked wéthamnol (being
the lightest alcohol) and thus the potential far@ase in power and
efficiency is highest for this fuel while this is & lesser extent the
case for ethanol and butanol.

In Table 1, the properties of gasoline (EEE Ceidifion fuel),
methanol, ethanol and butanol relevant to theiriniseternal
combustion engines are summarized. Only the lanfinaring
velocity of butanol could not be located in thediture for the same
conditions as for methanol, ethanol and gasolie 22].

Table 1 -Properties of typical gasoline, methaetiianol and butanol relevant
to internal combustion engines.

Property Gasoline Methanol | Ethanol | Butanol
EEE
Chemical formula Various CH3;OH C,;HsOH | C4H,OH
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Oxygen Contentby | O 49.93 34.73 21.58
mass (%)

Density at NTP 0.742 0.79 0.79 0.802
(kgfl)

Lower heating value | 42.74 20.09 26.95 33.08
(MJ/kg)

Volumetric Energy 3171 15.90 21.29 26.53
Content (MJ/l)

Stoichiometric AFR 14.6 6.5 9.0 11.2
(kg/kg)

Energy per unit 2.93 3.09 2.99 2.95
mass of air (MJ/kg)

Research Octane 97.1 109 109 113
Number (RON)

Motor Octane 88.7 88.6 98 94
Number (MON)

Sensitivity (RON- 8.4 20.40 11 19
MON)

Boiling point at 1 25-215 65 79 108
bar (°C)

Heat of vaporization | ~350 1100 838 566
(kJ/kg)

Reid vapour 9.00 4.60 2.30 0.49
pressure (psi)

Mole ratio of 0.933 1.061 1.065 1.067
products to

reactants®

Laminar burning 33.0 40.0 38.5 -
velocity at NTP, A =

1 (cm/s)

Specific CO, 74.15 68.44 70.99 71.79

emissions (g/MJ)

#Includes atmospheric nitrogen. NTP: normal
temperature

(293K) and pressure (101325 Pa)

Due to a high heat of vaporization in combinatiathwthe low
stoichiometric air to fuel ratio, the intake chargeooled more for
alcohol fuels as the injected fuel evaporates. €fiict can be
exploited even more with direct injection and pd®s an increased
charge density. The resulting lower in-cylinder pematures will also
have a positive effect on NOx-emissions, heat bsase knock
resistance. Additionally to the elevated knockssice due to the
cooling effect, there is also a chemical effecte§éhtwo effects result
in high octane numbers for the alcohol fuels cogrgd in this study.
This opens opportunities for increased power afidieficy by
applying higher compression ratios, optimal spariritg and
aggressive downsizing. In combination with aggressiownsizing
significant efficiency gains can be achieved withine need for
using a rich mixture at high load. Finally, dudhe higher burning
velocity of alcohols (especially methanol and etifpim comparison
to gasoline [23, 24], the combustion is more isoich@pproaching
the ideal cycle more closely. An advantage of ithgseased burning
velocity is the potential of broadening the EGR kiog range.



Experimental setup

The engine used for the experimental assessmeadtaliol fuels is a
Hyundai 2.4L GDI engine (Theta Il), a naturally mated, 4-
cylinder, gasoline direction injection (GDI) platfo used in a range
of Hyundai vehicles in the United States. The neigine
specifications are summarized in Table 2.

Table 2 - Specifications of the test engine

Hyundai GDI engine

Model Theta Il
Cylinders 4
Displacement 2.36 L
Compression ratio 11.3

Bore 88 mm
Stroke 97 mm

Rated power (gasoline) 147 KW at 6300 rpm
Maximum torgue (gasoline) | 250 Nm at 4250 rpm

The test engine is heavily instrumented includimgrege of
temperature and pressure probes, fuel and airfleasurement, in-
cylinder pressure transducers as well as exhaussems probes.
The engine is equipped with an Engine Control (lBEU) that
allows for adjustment of operational parameterhasspark timing
and injection parameters. For this study, a stagklEalibration for
unleaded gasoline operation with the factory engimeck detection
algorithm activated was used. All tests were ruttstock, early
injection resulting in homogeneous charge usinipsed loop
feedback to tightly control air/fuel ratio to stbiometric conditions.

Regulated emissions of carbon monoxide (CO), hyattmns (HC)
and oxides of nitrogen (NOx) of pre-catalyst enaassamples
(engine-out emissions) were measured using a HMEBAA7100.
The raw emissions bench uses separate analyzeéeseionine the
level of NOx, HC, CO, CQ and Q in the exhaust stream. Using a
heated sample line, exhaust is fed to an overhthages a heated
flame ionization detector (FID Model FIA-725A) aacheated
chemiluminescent detector (CLD Model CLA-720MA) fé€ and
NOx emissions measurements, respectively. CO isuned using
cold analyzers (NDIR). The soot mass concentrati@xhaust gas
(PM emissions) is measured by using an AVL 483 Migoot
Sensor.

Dynamometer data was collected for 120 secondsyiler
pressure data for 200 engine cycles after measmtemere allowed
to stabilize. The dynamometer data was collecteddwnsecutive
times at each operating point. High-speed individyknder
pressure data was taken with an AVL IndiModul syste

The graphs in the next sections include error theatreflect the

standard deviation of the results. In generalithcalculated based on

the standard deviation of the measured input vale&rmined over
the measurement interval. For emission measureratdgional
uncertainty based on the repeatability (+ 1.0%heffull scale range)
and linearity (£ 1.0% of the full scale range a2.8% of
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measurement value, whichever is smaller) of thessiom bench was
added to the error based on the standard deviatithre input values.

Results and discussion

Measurements were done for pure methanol, ethaatznol,
gasoline and two blends of alcohol and gasolin&: 8% v/v
ethanol and 15% v/v gasoline) and M56 (56% v/v metth and 44%
v/v gasoline). The results presented in the nestiaewere acquired
during steady state operating conditions at varemgine speeds and
loads. The basic engine map, which prescribestiojeproperties
and ignition timing for gasoline, was adjustedtfoe other fuels
through fuel trims and ignition advancement in orthekeep lambda
equal to 1 and have MBT (Minimum spark advancebfest torque)
timing if possible. For knock-limited operating abitions, BLD
(border line detonation) spark timing was usedicBtometric
operation was chosen in order to maximize the cmnwe rate of the
commonly used TWC.

Pure fuels

Performance

First, the efficiencies on pure methanol, ethahotanol and gasoline
operation are compared at different fixed torqugrsgs (50, 75 and
150 Nm corresponding to 2.66, 4 and 8 bar bmep¥amna range of
engine speeds (1500-2000-2500-3000 rpm).

Figure 3 shows the brake thermal efficiency fordifterent fuels at
different loads and a range of engine speeds. 8ttt at high load
and high rpm, it was not possible to measure os mathanol
because the stock ECU did not allow enough adjustofethe fuel
trim to maintain operation at lambda equal to 1aAssult, only 1
operation point on pure methanol was measured@GNhB because it
was not possible to measure at the same operatimdjtions at
speeds higher than 1500 rpm.

In Figure 3 A and B, every operating point couldastieved with
MBT timing as there was no knock at these lowed$odhe
efficiency of the different fuels behaves in a $amivay as a function
of engine speed. In Figure 3 C, the curve is diffefor gasoline
because at 1500, 2000 and 2500 the ignition tirfoingasoline could
not be advanced until MBT timing was achieved bubBpark
timing had to be used to avoid knock. Starting wlith non-knock-
limited operating points, it is clear that methaha$ the superior
efficiency. Jung et al. [25]compared E85 to gasolinan alternating
back-to-back manner and quantified the effects whésulted in the
higher brake thermal efficiency of E85. Approximgtealf of the
improvement could be attributed to the way theihgatalue is
measured in a combustion bomb. The remaining éiffee was
mostly due to lower heat transfer losses. Diffeesrio pumping
work and emissions accounted for only a small ioact

When measuring het heating value in a combustionbhthe Heat of
Vaporization of the fuel detracts from the heagaske while this is
not the case for the heat released during combusstia SI engine
because the fuel is already evaporated before cstinbuThis effect
on the efficiency can be accounted for by recatmdahe efficiency
using the sum of the heating value and the Heslapbrization
instead of only the heating value that is measiredcombustion
bomb. In Figure 4, the ‘corrected’ brake thermétency for a

fixed torque of 75 Nm is shown. As seen on the Fégthe
efficiencies of the different fuels are lower aadser to each other.



This is because of the higher Heat of Vaporizatibthe alcohol
fuels compared to gasoline. More than half of thprovement for
methanol can be attributed to this effect. For mthand butanol,
almost the entire increase in efficiency can bebatted to this effect
at 1500 rpm. Doing measurements in an alternatg{o-back
manner as was done by Jung et al. [25] can heimdmve the
accuracy of the measurements while further optitiuneaof the direct
injection of the alcohol fuels is probably neededuly use the
charge cooling potential in flex-fuel engines.

Besides the greater charge cooling potential, alicliels can have
lower in-cylinder heat transfer losses due to tiveerr adiabatic flame
temperature. The adiabatic flame temperature isergaa function
of the heat released per mole and the molar spdw#fit of the
combustion products. With same method used by duab [25] to
take the effect of the Heat of Vaporization onltleat release into
account, it was found that the heat released p& of@ombustion
products is for methanol, ethanol and butanolugelothan for
gasoline. This is shown in Table 3. In Table 3,fthetion of
triatomic molecules in the combustion productdsse ahown.
Because of the higher proportion of triatomic males compared to
gasoline, the specific heat at high temperaturegpected to be
slightly higher. However, the effect of heat tramdbsses could not
be studied accurately enough because more endiaevda needed
to quantify the heat transfer losses in an engypeeanodel. E.g.
internal EGR and effects of fuel impingement onrietal surfaces
of the cylinder and their effect on heat transfauld not be simulated
with enough accuracy.

Table 3 — Heat release per mole of combustion mtsdand percentage of
triatomic molecules in combustion products for gaso methanol, ethanol
and butanol

Gasoline | Methanol | Ethanol Butanol
EEE

Heat released 0,0800 0,0782 0,0783 0,0787
per mole of
combustion
products
[MJ/mole]
Decrease 0% 2,23% 2,19% 1,72%
compared to
gasoline [%]

Percentage of 25,8% 34,6% 30,6% 28,4%
triatomic
molecules

in combustion
products [%]

Increase 0% 34% 19% 10%
compared to
gasoline [%]

Methanol and ethanol also have the potential chtbeaing the EGR
working range due to the higher burning velocitystforter burn
duration due to higher burning velocities can &lave a positive
impact on the efficiency [26] because of the meoehoric
combustion. However, increase in combustion ragaltgin higher
pressure rise, higher cylinder temperature, andéddrigher heat
transfer loss [27]. As a result, it is expected tha effect higher
burning velocity on the thermal efficiency is almaosgligible.

As most of the properties of ethanol and butaree (Bable 1) are in
between those of methanol and gasoline, it wasategehat the
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efficiency of ethanol and butanol would be in betwéhe efficiency
of methanol and gasoline as can be seen in Figuferanost
operating points, it seems that there is a slightyer efficiency
(based on the LHV) in the case of ethanol comptrédmitanol.

The increase in brake thermal efficiency of theéhalcohol fuels
becomes significant at the operating points wheseline is knock-
limited. All alcohol fuels could be run at 150 Nnitout being
knock-limited. For methanol, there was an improvetog 2.7
percentage points on average compared to gasolirtee non-
knock-limited operating points at 50 and 75 Nmfouthe knock-
limited case at 150 Nm and 1500 rpm this differencecased to 5.6
percentage points with the brake thermal efficieofcgnethanol
reaching almost 40%. This means that with the tafrdbwnsizing
and also downspeeding of spark ignition enginegetis a big
efficiency improvement possible with these alcdinels.
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Figure 3 - Brake thermal efficiency as a functidérngine speed for different
fixed brake torques of 50 Nm (A), 75 Nm (B) and 26 (C).
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Efficiency is closely related to the G@missions. As can be seen in
Table 1, the specific Caemissions are the lowest for methanol,
followed by ethanol, butanol and gasoline. Evethéf efficiency of
the four different fuels was the same, methanbkmtl and butanol
would emit lower C@emissions than gasoline. Together with the
increased efficiency, it is clear that a large,@ission reduction is
possible as is shown in Figure 5. Figure 5 shows) emissions

of the different fuels for the different fixed tares as a function of
engine speed. As expected, the biggest drop ined@ssions is at
150 Nm and 1500 rpm in the case of methanol. Tiseaedecrease of
20.7 % compared to gasoline. These emissions dyengine out
CO, emissions. If you take into account that methagtblanol and
butanol can be produced from renewable resouricesy¢ll to wheel
CO, emissions would decrease even more compared dlirgas
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Figure 5 — C@Qemissions as a function of engine speed for diffefixed
brake torques of 50 Nm (A), 75 Nm (B) and 150 N (C

Based on the properties of methanol, ethanol atehioli(high heat
of vaporization and low air to fuel ratio) and gimbe fact that the
efficiency for these alcohol fuels is higher thha efficiency of
gasoline, one could expect that the exhaust teraperavould be the
lowest for methanol, followed by ethanol and butaand the highest
for gasoline. In Figure 6, the exhaust temperdiréhe four fuels is
shown for a torque load of 75 Nm as a functiorheféngine speed.
As expected, the exhaust temperature of gasolitheikighest with a
20-30 K increase compared to the alcohol fuels. &taust
temperatures of methanol, ethanol and butanobarée other hand,
very similar. The temperature can change due teraéfactors. For
example, the exhaust temperature depends on therdumiofuel, air
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and dilution (internal EGR) in the cylinder. Becaws the different
properties of the fuels, the throttle position was the same at the
same load for every fuel and the interaction offthet spray with the
air could have an effect on the gas dynamics cimgrifie amount of
dilution. Another possible reason is that the smfathe direct fuel
injection is not yet optimized to take full advageeof the possible
charge cooling of these fuels. As a result, ainadbt big fraction of
the vaporization heat could be taken from the dgimwalls and
piston. Using the cylinder pressure traces of ifferént
measurements in simulation models can help to meintvhich
effects are decisive.
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Figure 6 — Exhaust temperature as a function oinengpeed for a fixed brake
torque of 75 Nm.

Pollutant emissions

In this section, the trends of NOx, CO, UHC and &Missions are
shown and discussed for the pure fuels: methati@nel, butanol
and gasoline. Emissions of unburned fuel were nmredausing flame
ionization detectors. It has been reported thatgidie flame
ionization detector technique might lead to an weskimation of the
total unburned hydrocarbons of alcohol fuels. Tégson for this is
that oxygenated species are commonly found inxhaest gases of
alcohol engines but the reaction time for oxygethégdrocarbons is
impracticably long for flame ionization detectorslgthus realistic
values are not possible. However, the UHC carobeected using a
response factor. The corrected UHC emissions acalated using
the uncorrected UHC measurement from the FID measemt and a
response factor unique to each fuel.

Response factors for ethanol and the butanol wadcelated from the
study done by Wallner [28]. Wallner developed aelation for
response factors based on emissions measuremettianol-
gasoline and butanol-gasoline blends performed avétandard raw
emissions bench with FID as well as with an emissioench with
Fourier transform infrared spectroscopy (FTIR).sItorrelation is
solely based on volumetric alcohol content and@artount of the
alcohol fuel used for blending. This correlationsvedso tested for
data of methanol-gasoline blends measured by Yetrgii [29]

which included operating conditions for blend levef 10 vol%, 20
vol% and 85 vol% at various speeds and loads bsatisfying
agreement was found. As a result, for the respfacters of
methanol, data from the study of Yanju et al. [28F used instead of
the correlation developed by Wallner et al.[28]FIgure 7, the



response factors derived from the data are shogether with a
fitted trend line which made it possible to estientite response
factor at 100% methanol. The equation of the tieedlas also used
to calculate the response factor for the M56 GEBM fa correct the
UHC emissions of M56 in the next section. The gatavided by
Yanju et al. [29] was the only data available terture. When
interpreting the corrected UHC emissions resulis,important to
keep in mind that the methanol response factors Wased on a very
limited set of data which has not been evaluatedthgr
measurements.
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Figure 7 — Response factor for UHC emissions ohaml

In Figure 8, the NOx emissions are shown for the thfferent fuels
at a fixed load of 75 Nm and a range of enginedgp€eEhe highest
NOx emissions are clearly on gasoline and the [bWN&x emissions
are on methanol. The NOx emissions of ethanol antanol are in
between gasoline and methanol. The lower combuttimperature
of the alcohol fuels is responsible for the low&>Nemissions since
most NOx is produced by the thermal mechanism wisictery
dependent on temperature. The lower NOx emissiblosvar engine
speeds might be caused by elevated levels of BtBi@R given the
vacuum in the intake due to throttling at lower ieegpeeds.

It is remarkable that the maximum difference in N&missions
between the three alcohol fuels is around 3.8 g/lnththat the
difference between butanol and gasoline is 6.1%/&/kbn average. In
other words, the NOx emissions of the three alc@inels do not
differ a lot while there is a big increase for tfesoline NOx
emissions. This could be linked to the very simidahaust
temperatures of the alcohol fuels as discusseitead the NOx
mechanism is very dependent on temperature.

: 4
14 1

12 / e Vlethanol
10 T
/ e=fii== Ethanol

Iso-Butanol

NOXx [g/kwh]

o N B~ O
!

=g Gasoline

1000 1500 2000 2500 3000 3500

rpm

Figure 8 — NOx emissions as a function of engireedgor a fixed brake
torque of 75 Nm.
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The engine-out CO and UHC emissions for the diffefeels are
compared in Figure 9 and Figure 10 respectivelaflrad of 75 Nm.
In Figure 10 A, the uncorrected UHC emissionsstw@vn and in
Figure 10 B, the UHC emissions are corrected vagiponse factors
calculated as discussed earlier. The CO and UHGséonis of
alcohol fuels could be lower than gasoline duétodxygenated
nature of alcohols which might cause a more coragiembustion
[30]. In Figure 9, it seems that gasoline has ighést CO emissions
while there is no clear trend for methanol, ethama butanol.

When looking at the uncorrected UHC emissions efdifferent
fuels in Figure 10 A, there seems to be a cleadtrMethanol has
the lowest UHC emissions, followed by ethanol, botand
gasoline. This trend could be explained by thedasing oxygen
content of the alcohol fuels. For the correctedssions in Figure 10
B, this trend is still present for gasoline, ethaarad butanol but the
trend is less pronounced. However, for methanskéms that the
correction made by the response factor could beegtienated as the
trend of ethanol, butanol and gasoline as a funaifeengine speed
behaves in a more or less similar way while fortraabl the
decrease with increasing engine speed is mucheste®p mentioned
earlier, the response factors for methanol areutztied with a very
limited data set of emission measurements. Moridatibn of the
difference between the actual unburned fuel ancehi&sions and
the UHC emissions measured with the FID techniquberefore
needed.

35
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Figure 9 — CO emissions as a function of enginedper a fixed brake
torque of 75 Nm.
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Figure 10 — Uncorrected UHC (A) and corrected Uhidssions (B) as a
function of engine speed for a fixed brake torgli@soNm.

Finally, in Figure 11 the PM emissions are showa &sction of
engine speed for a fixed torque of 75 Nm. Becafiseeooxygenated
nature of alcohols, it is expected that the PM sioiss will be lower.
Additionally, it is often assumed that a methanddiee is free from
particle emissions because there is no carbon-gdybod in the
molecule of methanol. However, during the comburstamot
precursors such as benzene, pyrene, etc. withrcardroon bonds
can be formed. In Figure 11, gasoline clearly hashighest soot
emissions while the trend is not completely cleautfie three alcohol
fuels. At lower rpm, butanol has the highest PMsmioins while at
higher rpm, it has the lowest emissions. This triembt seen at the
other load points, but for all the load pointssitlear that gasoline
has higher soot emissions than the alcohol fuels.
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Figure 11 — PM emissions as a function of engireedgor a fixed brake
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E85 vs. M56

In this section, we will zoom in on the differeroetween two iso-
stoichiometric GEM blends: E85 and M56. M56 is ig@
stoichiometric blend with the maximum fraction oétimanol starting
from E85. Every other GEM blend that would be dt@mmetric to
E85 would have properties between these two blekgla.result, it is
expected that the results of every other GEM bkading from E85
would be between the results of the binary bleedtet in this study.

First, measurements were done for E85 at fixedd@dd0, 75 and
150 Nm for a range of engine speeds. All parameégarding
injection (start of injection and injection pressjand ignition were
kept the same for the measurements on M56. Onlysreall
adjustments of the throttle valve were allowedadwenthe same
torque output with M56 as with E85. The ECU datd high-speed
cylinder pressure data was used to investigateeiietcould be a
significant difference between the combustion b&radf these two
blends with very similar properties.

In Figure 12, the brake thermal efficiency for EB® M56 is shown
at different loads and a range of engine speedsonly significant
difference can be seen for a fixed torque of 150 Mnfrigure 12 C,
it is clear that at an engine speed of 2500 thar &ars do not
overlap. For 50 and 75 Nm, the brake thermal efficies are very
close with overlapping error bars for each opegagiaint.

The difference in injection duration between E88 Mb56 is shown
in Figure 13. It can be seen that for 50 Nm and\i#g the difference
exceeds 1% for only one operating point. For 15Q N
differences are larger but still less than 3%.
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Figure 13 — Difference in injection duration of MB6émpared to E85 as a
function of engine speed for different fixed bragegues of 50 Nm, 75 Nm
and 150 Nm.

As the difference at 150 Nm is the biggest, thelmastion
characteristics calculated from the in-cylindersgree data of the
AVL IndiModul system were investigated for this tbdn Figure 14
and Figure 15, the crank angle at 5% mass frabtined and the
duration of 10-90% mass fraction burned are sh@we. main
combustion (10-90% mass fraction burned) is sinfidaboth fuels
with a slightly slower combustion for M56. The 1098 mass
fraction burned duration increases with +/- 0.8dze biggest
difference can be seen for the crank angle at 5%s rfnaction burned
at 2500 rpm, which could explain the differencéiake thermal
efficiency for this operating point. As the fuel-aiixture is never
100% homogeneous in a DI engine, the start of dingbcistion
process could be influenced by small inhomogersedie to
different spray behavior which could lead to diéfetr interaction with
the incoming air in the combustion chamber.
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Figure 14 — CAO5 as a function of engine speedfixed brake torque of 75
Nm.
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Finally, in Figure 16, Figure 17 and Figure 18, éngine-out NOX,
CO and UHC emissions of E85 and M56 for a fixedterof 75 Nm
are shown as a function of engine speed. Thersligtely better
engine out emissions for E85 although the errcs baerlap for most
points and the differences are small compared t6 fdbthe whole
engine speed range. The emissions of both E85 &davk close to
the emissions of pure ethanol. E85 (85 v/v % ethaselose to pure

ethanol which explains this behavior.
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Figure 16 - NOx emissions as a function of engpees for a fixed brake

torque of 75 Nm.
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Figure 18 - Uncorrected UHC (A) and corrected Uhidssions (B) as a
function of engine speed for a fixed brake torgii@soNm

Conclusion

The performance and engine-out emissions (NOx,lDand PM)
of methanol, ethanol and butanol were examined cyinder 2.4
DI production engine and are compared with thoseeat gasoline.
It is shown that the brake thermal efficiency whenning on alcohol



fuels is significantly better than with gasolineileremitting fewer
emissions. It was clear that methanol was supbdtr in the case of
efficiency and emissions. In a knock limited casedasoline, the
brake thermal efficiency on methanol of almost 4086 more than 5
percentage points better than on gasoline whiakitezsin a decrease
in CO, emissions of 20.7 % compared to gasoline.

Additionally, measurements were done for E85 aedgb-
stoichiometric methanol-gasoline blend M56 to irigede the
hypothesis that iso-stoichiometric blends can teel@s drop-in fuels
for spark-ignited flex-fuel engines. Special atiemtwas given to the
injection duration and the combustion analysis dasethe in-
cylinder pressure measurements. The engine testsesnfirmed
that, from an engine control point of view, theptistoichiometric’
methanol-gasoline blend can indeed be used a®p-idtfuel for
E85. Efficiency and emissions were very similarifoth fuels.
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