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Currently, bioethanol leads the automotive fuel market as the main substitute for gasoline in spark-igni-
tion engines. However, worldwide interest has been triggered in the potential of 2,5-dimethylfuran,
known as DMF, since the discovery of improved production methods. Although the energy content of
DMF is comparable to that of gasoline, little is known about its combustion characteristics and emissions.
Therefore, this work examines the effect of DMF in a single cylinder direct-injection spark-ignition
engine. The results are compared to ethanol and gasoline using the optimized spark timings for gasoline

Kengrds: and the respective fuel. In summary, DMF produces competitive combustion and emissions qualities to
2,5-Dimethylfuran . . . . . .

DMF gasoline, which, in some cases surpass ethanol. The two biofuels have a higher burning rate and lower
Biofuel initial combustion duration than gasoline. They also produce greater combustion efficiency, which helps
Ethanol to lower hydrocarbon and carbon monoxide emissions. These initial results highlight how DMF, which
SI engines was originally only considered as an octane improver, has the potential to become a competitive renew-

able gasoline alternative.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, efforts have been made by the automotive
industry to reduce the dependence on fossil fuel supplies and
address the increasing public concern of global warming. The
outcome from sustained research and development is now com-
mercially evident. In Brazil, flex-fuel vehicles are commonplace;
vehicles can sustainably cope with any blend of ethanol and gaso-
line [1]. This response highlights the potential of biomass-derived
fuels to provide a short- to mid-term source of renewable energy,
while reducing the impact of CO,.

Recently, significant breakthroughs have improved the produc-
tion methods of 2,5-dimethylfuran (DMF) [2]. Dumesic and his
team have demonstrated advances in the biomass-to-liquid con-
version of fructose into DMF with high efficiency and yield [2,3].
This concept was further developed by Zhao and his co-workers,
who observed high yields of 5-hydroxymethylfurfural, or HMF
(the intermediate for DMF), without the need for acid catalysts
used by Dumesic and his team [4]. Not only does Zhao’s method
dramatically reduce the production costs, but it now includes
glucose as a potential feedstock for HMF. Furthermore, Mascal
has reported that cellulose itself can be converted into furanic
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products [5]. Such advances have attracted attention towards
DMF as a potential gasoline alternative [6].

DMF's physicochemical properties are competitive to ethanol.
Firstly, its energy density (31.5 MJ/1) is 40% higher than ethanol
(23 MJ/1) and much closer to gasoline (35 M]J/l) [7]. Secondly, it
has a higher boiling point (92 °C) than ethanol (78 °C), which
makes it less volatile and more practical as a liquid fuel for trans-
portation [7]. Thirdly, unlike ethanol, DMF is insoluble in water,
which makes it stable in storage and unlikely to contaminate
underground supplies or be contaminated by water in transporta-
tion pipelines [2]. Finally, DMF offers better anti-knock qualities
than gasoline and similar to ethanol, whose research octane num-
ber, or RON, is 106 [8]. This will allow the use of high compression
ratios or forced induction technology to maximize the thermal effi-
ciency and power [9]. Together with the aforementioned improved
production techniques, these physicochemical properties make
DMF a very promising gasoline alternative biofuel.

Although researchers have explored many different alcohol
based gasoline alternatives [10-12], it is ethanol that has sustained
worldwide interest. Current focus hinges on the effect of different
ethanol-gasoline blends on a spark-ignition engine [13-16].
Ethanol’s high knock tolerance can improve the thermal efficiency
and torque output [17]. However, to address the shortcomings of
its poor fuel economy caused by the low calorific value, higher
compression ratios and boosted technologies are now being used
[18].
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Definitions, acronyms, abbreviations

aTDC after top dead centre
bTDC before top dead centre
CAD crank angle degrees

CA50 Crank angle at 50% MFB

co carbon monoxide

CO, carbon dioxide

cov coefficient of variation

DISI direct-injection spark-ignition

DMF 2,5-dimethylfuran
ETH ethanol
HC hydrocarbon

IMEP indicated mean effective pressure

ISFCE gasoline equivalent indicated specific fuel consumption
KL-MBT knock-limited maximum brake torque

LCV lower calorific value

MBT maximum brake torque

MFB mass fraction burned

NOx nitrogen oxides

PM particulate matter

RON research octane number

RPM revolutions per minute

ULG unleaded gasoline

Currently, few publications can be found on DMF as a gasoline
alternative fuel. Studies by Wu et al., which include the laminar
burning velocity [19] and the combustion intermediates of DMF
[20], were the first to be reported. Recently, the first report on its
application as an engine fuel has been made by the authors of this
paper. This includes a preliminary experimental comparison of the
combustion and emissions performance of DMF, ethanol and gaso-
line using fixed spark timing regardless of engine load [21]. A sec-
ond paper by the authors, then compared the laminar burning
velocities to both ethanol and gasoline [22].

In this paper, a more extensive investigation into the combus-
tion and emissions effects of advancing the spark timing with load
using DMF is reported. The results are compared to ethanol and
gasoline using, not only the optimized spark timings for gasoline,
but also the respective fuel. Once again, DMF is benchmarked
against gasoline and compared to the current leading biofuel, eth-
anol. It forms part of a series of experiments, led by this institution,
to explore the use of DMF as a fuel for automotive applications. The
following sections will explain the experimental setup, discuss the
results and finally summarize the conclusions.

2. Experimental setup
2.1. Engine and instrumentation

The experiments were performed on a single-cylinder, 4-stroke
spark-ignition research engine, as shown in Fig. 1. The 4-valve

Pressure Gauge
(150bar)
Fuel N

» to Injector

cylinder head includes the Jaguar spray-guided direct-injection
technology used in their V8 production engine (AJ133) [23]. It also
includes variable valve timing technology for both intake and
exhaust valves. The valve timing used in this study is shown in
Table 1.

The engine was coupled to a DC dynamometer to maintain a
constant speed of 1500 rpm (+1 rpm) regardless of the engine tor-
que output. The in-cylinder pressure was measured using a Kistler
6041A water-cooled pressure transducer which was fitted to the
side-wall of the cylinder head. The signal was then passed to a Kis-
tler 5011 charge amplifier and finally to a National Instruments
data acquisition card. Samples were taken at 0.5CAD intervals for
300 consecutive cycles, so that an average could be taken. The
crankshaft position was measured using a digital shaft encoder.
Coolant and oil temperatures were controlled at 85 °C and 95 °C

Table 1
Engine specification.

4-Stroke, 4-valve
Spray guided DISI

Engine type
Combustion system

Swept volume 565.6 cm®
Bore x Stroke 90 x 88.9 mm
Compression ratio 11.5:1
Engine speed 1500 rpm
Injector Multi-hole Nozzle
Fuel pressure and timing 150 bar, 280°bTDC
Intake valve opening 16°bTDC
Exhaust valve closing 36°aTDC
Plenum l;}ﬁ:re <+— Airln
Chamber -

Accumulator
Compressed Nitrogen Exhaust
Cylinder xhaus'
4 Plenum <
Chamber
Lambda | o
Meter
Horiba
MEXA-7100DEGR

Emissions Analyser
(HC, CO, CO2, Oz, NO,)

Scanning Mobility ‘
Particle Sizer

(SMPS) Exhaust

Crank Angle Encoder

Oil/Water
Cooler

Kistler Pressure Sensor

—

High/Low Speed
Data Acquisition

Control Tower

Fig. 1. Schematic of engine and instrumentation setup.
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(£3 °C), respectively, using a Proportional Integral Differential (PID)
controller. All temperatures were measured with K-type
thermocouples.

The engine was controlled using software developed in-house
written in the LabVIEW programming environment. High-speed,
crank-angle-resolved and low-speed, time-resolved data was also
acquired using LabVIEW. This was then analyzed using MATLAB
developed code, so that an analysis of the combustion performance
could be made.

2.2. Emissions and fuel measurement

The gaseous emissions were quantified using a Horiba MEXA-
7100DEGR gas tower. Exhaust samples were taken 0.3 m
downstream of the exhaust valve and pumped via a heated line
(maintained at 191 °C) to the analyzer.

Particulate matter (PM) emissions were measured using a 3936
Scanning Mobility Particle Sizer Spectrometer (SMPS) manufac-
tured by TSI. This comprises of a 3080 Electrostatic Classifier, a
3775 Condensation Particle Counter (CPC) and a 3081 Differential
Mobility Analyzer (DMA). PM samples were taken from the same
position as the Horiba analyzer. A heated (150 °C) rotating disc
diluter (Model 379020A, supplied by TSI) was used at a dilution
ratio of 67:1. The SMPS measured particles from 7.23 to
294.3 nm in diameter and the sample and sheath flow rates were
1 and 10 I/min, respectively.

The fuel consumption was calculated using the volumetric air
flow rate (measured by a positive displacement rotary flow meter)
and the actual lambda value (Bosch heated LSU wideband lambda
sensor and ETAS LA4 lambda meter). The LA4 lambda meter uses
fuel-specific curves to interpret the actual air-fuel ratio (AFR)
using the oxygen content in the exhaust. Before each test, the user
inputs the fuel’s hydrogen-to-carbon (H/C) and oxygen-to-carbon
(0/C) ratios, as well as the stoichiometric AFR, so that the fuel com-
position can be used to characterize the fuel curves.

2.3. Test fuels

The DMF used in this study was supplied by Shijiazhuang Lida
Chemical Co. Ltd. in China, at 99.8% purity. This was benchmarked
against commercial 97 RON gasoline and to bioethanol, both sup-
plied by Shell Global Solutions UK. A high octane gasoline was cho-
sen, as this represents the most favorable characteristics offered by
the market, and provides a strong benchmark to the two biofuels.
The fuel characteristics are shown in Table 2.

2.4. Experimental procedure

The engine was considered warm once the coolant and lubricat-
ing temperatures had stabilized at 85 °C and 95 °C, respectively. All

Table 2
Test fuel properties.
DMF Ethanol Gasoline

Chemical formula CgHgO C,HgO Cy—Cqg
H/C ratio 1.333 3 1.795
0/C ratio 0.167 0.5 0
Gravimetric oxygen content (%) 16.67 34.78 0
Density @ 20 °C (kg/m3) 889.7° 790.9" 744.6
Research Octane Number (RON) n/a 106 96.8
Stoichiometric air-fuel ratio 10.72 8.95 14.46
LHV (M]/kg) 33.7 26.9 429
LHV (MJ/L) 30 213" 31.9
Heat of vaporization (kJ/kg) 332 840 373
Initial boiling point (°C) 92 78.4 328

" Measured at the University of Birmingham.

the tests were carried out at the stoichiometric AFR (i=1),
fixed injection timing (280°bTDC), ambient air intake conditions
(approximately 25 * 2 °C) and constant valve timing (see Table 1).
The pressure data from 300 consecutive cycles was recorded for
each test using the in-house developed LabVIEW code.

When changing fuels, the high pressure fuelling system was
purged using nitrogen until the lines were considered clean. Once
the line was re-pressurized to 150 bar using the new fuel, the en-
gine was run for several minutes. This made sure that no previous
fuel remained on the injector tip or any combustion chamber cre-
vices before any data was acquired. The ETAS LA4 lambda meter
settings were changed for each fuel using the stoichiometric AFR,
0/C and H/C ratios in Table 2.

2.5. Spark advance

The optimum ignition timing, otherwise known as the MBT tim-
ing, was determined for each fuel from spark sweeps generated be-
tween 3.5-8.5 bar IMEP in 1 bar IMEP intervals. In this study, it is
defined as the ignition timing which gives the maximum IMEP
for a fixed throttle position. At each load, the spark timing was ad-
vanced to find the knock limit or until a significant drop in perfor-
mance or stability was seen (torque decrease >5% or COV of IMEP
>3%). If audible knock occurred, the MBT timing was retarded by
2CAD. When this occurs, the optimum ignition timing is then re-
ferred to as the knock-limited MBT or, KL-MBT timing. Retarding
the timing further for emissions preservation was not used, in or-
der to eliminate subjectivity. Similarly, the spark timing was re-
tarded until a similar drop in performance was found. While
performing each spark sweep, the fuel and air flow rates were kept
constant once the required load and stoichiometric AFR was
achieved at the estimated MBT point. Firstly, the throttle position
was adjusted and then the fuel injection pulse width was adjusted
finely (+1 ps) to find stoichiometry. Three repeats were made with
each fuel to produce an average.

2.6. Engine load

Once the MBT timings were determined for each fuel, the en-
gine load was varied once more from 3.5 to 8.5 bar IMEP, in 1 bar
IMEP intervals. At each load the engine was run at the MBT/KL-
MBT timing for each fuel. When using DMF and ethanol, fixed gas-
oline MBT/KL-MBT timing was also used to assess the performance
under the same ignition conditions. For repeatability, three sets of
tests were carried out using each fuel over three consecutive days.
However, the test order was varied each day in order to minimize
the effect of engine drift.

3. Results and discussion
3.1. Spark advance

The MBT/KL-MBT timings for each fuel are shown in Fig. 2. At
low load (3.5 bar IMEP), there is no appreciable difference in the
MBT location between the three fuels; the spark sweeps generate
a relatively flat IMEP curve around 34°bTDC. However, throughout
the remaining load range, ethanol allowed the most advanced
spark timing due to its higher anti-knock quality and burning
velocity. Ethanol also generates greater charge-cooling because of
the higher latent heat of vaporization (see Table 2), which lowers
the combustion temperature and discourages end-gas pre-ignition
(see Section 3.4). At the highest load, ethanol is 11°bTDC more ad-
vanced than gasoline and 5°bTDC more than DMF. Although DMF is
limited by audible knock which inhibits the use of MBT timing
until 6.5 bar IMEP, the maximum separation between DMF and
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Fig. 2. MBT/KL-MBT spark timings at various engine loads for DMF, ethanol and
gasoline.

ethanol is only 1CAD. However, the optimum spark timing for gas-
oline is clearly the most retarded, once again limited by knock.
When using 97 RON gasoline, a knock margin (2CAD retard)
was enforced as early as 4.5 bar IMEP. However, for DMF, this
was not enforced until 5.5 bar IMEP. Although this gives DMF a
slight advantage over 97 RON gasoline, in terms of knock suppres-
sion and therefore spark advance, the anti-knock qualities of DMF
are not as proficient as ethanol’s. Gautam and Martin have shown
that the knock suppression capability of oxygen containing fuels is
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related to the relative oxygen content [10]. This could explain why
knock occurs at lower loads, when using DMF. To overcome the
obstacles of knock and increase engine performance, future engine
tests by the authors will examine the benefits of two-stage injec-
tion strategies as adopted by other researchers [24,25].

3.2. Engine load

In this section, the performance and emissions of DMF are com-
pared to gasoline and ethanol using gasoline MBT/KL-MBT timing
and the fuel-specific MBT/KL-MBT timings at the various engine
loads. The fuel-specific MBT/KL-MBT results are indicated by solid
lines, whereas the gasoline MBT/KL-MBT timing results are shown
using broken lines (unless stated otherwise).

3.3. Fuel consumption and combustion efficiency

The effect of gasoline’s superior energy density (see Table 2) is
clearly seen in Fig. 3 where, relative to gasoline, both DMF and eth-
anol require more fuel to maintain the required power output.
Fig. 3(a) shows the gravimetric indicated specific fuel consumption
(ISFC). Here, small gains were found above 5.5 bar IMEP when opti-
mizing the ignition timings. However, gasoline offers much lower
fuel mass consumption across the entire load range. Nevertheless,
compared to ethanol, DMF consumes less fuel, largely explained by
the difference in gravimetric calorific value; DMF is 25% or 6.8 MJ/
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Fig. 3. (a) Gravimetric and (b) volumetric indicated specific fuel consumption.
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Fig. 4. (a) Indicated efficiency/gasoline equivalent ISFC and (b) combustion efficiency.
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kg higher than ethanol (see Table 2). However, the volumetric fuel
consumption is normally the benchmark for fuel economy and is
shown in Fig. 3(b). Here, the performance of both biofuels is
improved relative to gasoline. However, the fuel consumption
using DMF is much more similar to that of gasoline, due to a higher
density than ethanol and a similar volumetric calorific value to
gasoline.

Another method of interpreting the fuel conversion efficiency is
through the gasoline equivalent fuel consumption, or ISFCE, using
Eq. (1). This eliminates the effect of the calorific value on the fuel
consumption and provides an insight into the efficiency of
combustion.

ISFCx x LHV

Gasoline Equivalent Fuel Consumption : ISFCE, =
LHVyic

(1)

Similarly, the indicated engine thermal efficiency can be used to
assess the relative fuel performance. The combined results of ISFCE
and the indicated engine thermal efficiency are shown in Fig. 4(a).
Under gasoline MBT/KL-MBT timing, the three fuels peak between
7-7.5 bar IMEP. Previous modeling investigations have shown how
the temperature of DMF combustion is the highest [21], which
could help to explain why the indicated efficiency is the lowest
(see also Section 3.4). Higher combustion temperatures generate
greater heat loss through the cylinder walls reducing the conver-
sion of fuel energy into useful work. The greater heat rise is mainly
due to DMF’s lower heat of vaporization (Table 2); despite requir-
ing relatively less energy to break the intermolecular bonds, more
energy is lost through higher combustion temperatures. The result
is low indicated efficiency. This is also reflected in the ISFCE. When
using fuel-specific MBT/KL-MBT timing, however, DMF becomes
competitively efficient to gasoline over 8 bar IMEP. Furthermore,
the limitations of the higher stoichiometric AFR of gasoline (see
Table 2) suggest that higher efficiencies can be found using the bio-
fuels at even higher loads (and throttle positions) than were tested,
based on the current trend. This could theoretically increase the
efficiency of DMF beyond that of gasoline.

The indicated efficiency, however, does not explain the com-
pleteness of combustion. This requires an analysis of the incom-
plete combustion products (e.g. unburned hydrocarbons (HC) and
carbon monoxide (CO) emissions), which represent the combus-
tion inefficiency. During the combustion process, not all the chem-
ical energy is released. The fraction that is burned, compared to
that which is supplied, is expressed by the combustion efficiency
[26]. This is calculated using Equation 2 [27]:

Do Xi QLHVi

[mfuel/(mair + mfuel)}QLvaue,

Combustion Efficiency: n, =1 - (2)

where x; and Q. py; represent the mass fractions and lower heating
values (LHV) of HC, CO, nitric oxide (NO) and hydrogen (H;), respec-
tively. For this work, Q yvuc has been treated equal to Qpvsuer. In
reality, the HC emissions contain different components or species,
which have different enthalpies of formation or LHV. In future work,
the authors intend to quantify these species in order to better
understand the combustion efficiency of each fuel.

According to Heywood, the typical range of combustion effi-
ciency, for spark-ignition engines operating under lean conditions,
is between 95-98% [26]. The results for this investigation are
shown in Fig. 4(b). Between the three fuels, ethanol consistently of-
fers the highest combustion efficiency, closely followed by DMF
and then gasoline. This is largely due to the relative oxygen con-
tent. Although, paradoxically, the oxygen hinders the fuel con-
sumption performance because it offers no additional energy, it
does help to improve the completeness of combustion. Using gas-
oline MBT/KL-MBT timing, the peak combustion efficiency coin-

cides with the peak indicated efficiency (Fig. 4(a)), which
similarly decays after 7-7.5 bar IMEP. The cross-over using DMF
and ethanol around 8 bar IMEP is caused by the over-retarded
combustion for knock avoidance using gasoline MBT/KL-MBT tim-
ing, which reduces the available combustion time.

3.4. In-cylinder pressure and temperature

The maximum in-cylinder pressure or Py.x is shown for the
three fuels in Fig. 5(a). For gasoline MBT/KL-MBT timing, there
are clear differences between the fuels at all loads. At low loads,
ethanol produces the highest combustion pressure; at 3.5 bar
IMEP, the P, using ethanol is 1 bar higher than for both DMF
and gasoline. However, at high load, the P,.x using DMF exceeds
ethanol and gasoline by a similar amount. This effect is similar to
that seen with the initial combustion duration shown in Fig. 7. At
low loads, the ethanol-air mixture reacts quicker than with DMF.
However, at high loads, this trend is reversed and the lower initial
combustion duration for DMF results in a higher P,.x. This might
also be due to higher fuel burning temperatures compared to eth-
anol and gasoline. When using fuel-specific ignition timing, the
Prax for ethanol exceeds DMF due to the more advanced ignition
timing.

The theoretical maximum in-cylinder gas temperatures or Tpax
are shown in Fig. 5(b). This is calculated using a detailed engine
gas-dynamics and thermodynamics model, which was used in a
previous publication [21]. Here, the experimental and simulated
IMEPs and Pp,.x agree to within 99.67%. The higher latent heat of
vaporization of ethanol (see Table 2) encourages a greater
charge-cooling effect than with gasoline and DMF, which reduces
the Thax and P,y for the same ignition timing. More thermal en-
ergy is absorbed to evaporate the liquid ethanol in the combustion
chamber, whereas less energy is required for gasoline and DMF to
change phase, producing more net heat. Previous tests by the
authors highlighted the similarity in Ty.x between gasoline and
DMEF [21]. However, when using fuel-specific MBT/KL-MBT timing,
the Tphax When using DMF is much higher than with gasoline, due to
the slightly lower latent heat of vaporization of DMF. At 8.5 bar
IMEP, the T,.x when using DMF is 120 °C greater than with gaso-
line, significantly impacting the NO, emissions (see Fig. 10(a)).
The increase in T,ax, When using optimized ignition timing, is also
seen with ethanol. For example, at approximately 8.5 bar IMEP, the
Tmax When using ethanol is only 17 °C lower than with gasoline.
This is a significant increase compared to the difference of
286 °C, when using gasoline MBT/KL-MBT timing, which again sig-
nificantly effects the NO, emissions (see Section 3.7).

3.5. Volumetric efficiency and pumping loss

The comparison of the pumping losses between DMF and etha-
nol highlight the influence of the different physicochemical prop-
erties and their effect on fuel economy. By weight, ethanol
contains more oxygen molecules, which results in a lower stoichi-
ometric AFR (Table 2). This reduces the throttle angle demand and
as a result increases the net pumping losses and fuel consumption.
On initial inspection, this behavior explains the trend of the volu-
metric efficiency compared to DMF and gasoline (Fig. 6). Although
at lower loads (<6 bar IMEP), there is little difference between the
oxygen content fuels, at higher loads (> 6 bar IMEP), the separation
is more evident, which demonstrates the effect of ethanol’s lower
stoichiometric AFR. For gasoline, whose stoichiometric AFR is
much higher (Table 2), the volumetric efficiency is superior be-
cause more air is required to compensate for no oxygen in the fuel.
However, with closer inspection of the pumping losses below 6 bar
IMEP, ethanol overcomes the higher throttling requirement. This is
largely due to the higher charge-cooling effect of ethanol. At
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8.5 bar IMEP, the pumping loss, when fuelled with DMF at gasoline
MBT/KL-MBT timing is 157 kPa, whereas for ethanol this is
178 kPa, an advantage to DMF of 21 kPa. However, at 3.5 bar IMEP,
this advantage shifts to ethanol by 10 kPa, highlighting the impact
of its higher heat of vaporization. This effect on volumetric effi-
ciency in a direct-injection spark-ignition engine is well docu-
mented [26,28-30] and helps to counteract the pumping losses
due to throttling. However, at loads above 6 bar IMEP, the
charge-cooling advantage is superseded by the relative throttling
losses incurred.

3.6. Combustion phasing

Fig. 7 shows the variation in initial combustion duration be-
tween the three fuels, defined as the crank angle degrees (CAD) be-
tween the spark timing and the 5% mass fraction burned (MFB).
The MFB is calculated from the heat release analysis using the stan-
dard method as described by Stone [30]. The fuel-specific MBT/KL-
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Fig. 7. Initial combustion durations (gasoline MBT/KL-MBT).

MBT data has been removed so that a comparison can be made un-
der the same spark timings. This variation in initial combustion
duration can help to explain the maximum in-cylinder pressures;
lower durations result in higher combustion pressures as the pres-
sure rise occurs earlier in the combustion stroke. The faster burn-
ing rate of ethanol compared to gasoline has been reported by
several researchers [10,31-33]. At 3.5 bar IMEP, the initial combus-
tion duration using ethanol was 0.9CAD lower than DMF, which
can be explained by the higher laminar flame speed [22]. However,
at 8.5 bar IMEP, the initial combustion duration using DMF is now
0.3CAD lower than ethanol. This is due to higher in-cylinder tem-
peratures when using DMF (Fig. 5(b)), which increases the burning
speed [22].

This faster burning rate of the biofuels compared to gasoline is
shown by the combustion duration in Fig. 8, defined as the as 10-
90% MFB period in CAD. At fixed gasoline MBT/KL-MBT timing,
DMEF burns the fastest (apart from 3.5 bar IMEP). At 8.5 bar IMEP,
DMEF burns 1CAD faster than ethanol and 1.3CAD faster than gaso-
line. Using fuel-specific MBT/KL-MBT timings, the combustion
durations reduce further. At 8.5 bar IMEP, the combustion duration
of the biofuels is 4CAD less than gasoline. Once again, apart from
the extreme high and low loads (3.5 bar and 8.5 bar IMEP), the
combustion duration is marginally lower (at least 0.35CAD) when
using DMF, than for ethanol.

Fig. 9 shows the combustion durations either side of the 50%
MFB point, or CA50, using gasoline MBT/KL-MBT timing at
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8.5 bar IMEP. For all three fuels, the duration before CA50 (10-50%
MEB), is slightly higher than afterwards (50-90% MFB). For DMF,
the combustion is consistently quicker than ethanol; the 10-50%
MFB duration is 0.12CAD lower than ethanol and the 50-90%
MFB duration is 0.83CAD lower. The reduction in duration after
the CA50 location using DMF is also 3% and 7% higher than for gas-
oline and ethanol, respectively, highlighting the high burning
speed when using DMF.

These results highlight the advantage of the burning speed of
DMF combustion compared to that when using ethanol, despite
DMF combustion having a lower measured laminar flame speed
[22]. Overall, however, under these test conditions, both oxygen
content fuels burn more quickly in the 10-90% MFB range than
gasoline.

3.7. Standard emissions

The engine-out emissions are compared between the three fuels
at the various loads and spark timings. Firstly, the traditional leg-
islated emissions are evaluated, including the HC, CO and nitrous
oxide (NO,) emissions, followed by an analysis of the carbon diox-
ide (CO,) emissions.

The formation of NO, increases very strongly with combustion
temperature [30]. Fig. 10(a) shows the production of indicated
specific NOy (isNOy) for all the test conditions. It is clear that
the isNO, production generally increases with load. When using
gasoline MBT/KL-MBT timing, ethanol produces much lower is-
NO, emissions compared to gasoline. This is because ethanol

burns at a relatively higher rate (Fig. 8) and lower temperature
(Fig. 5(b)). Although DMF appears to have a marginally quicker
burning rate than ethanol, the isNO, emissions are more similar
to gasoline because the combustion temperatures are much high-
er (Fig. 5(b)). For fuel-specific ignition timing, the production of
isNO, emissions increases. For ethanol, this increase with load is
much larger than for DMF and above 7.5 bar IMEP, the emissions
are now comparable to gasoline. Optimized ignition timing for
ethanol is 11CAD more advanced than the gasoline MBT/KL-
MBT timing, which rapidly increases the in-cylinder pressures
(Fig. 5(a)). The peak combustion pressures for DMF are similar
to ethanol but the temperatures are somewhat higher due to
the lower charge-cooling effect. The relative isNO, emissions
can also be attributed to the H/C ratio. Ethanol, which produces
the lowest isNO, emissions, has the highest H/C ratio, whereas
DMF produces the highest isNO, emissions and has the lowest
H/C ratio (see Table 2). Therefore, the isNO, emissions have an in-
verse relationship to the H/C ratio, a trend first reported in the
publication by Harrington and Shishu [34].

As shown in Fig. 10(b), the indicated specific total hydrocarbon
emissions (iSTHC) for DMF are competitive to gasoline. However,
more significantly, the isTHC emissions are much lower for
ethanol. Ethanol’s much higher oxygen content compared to DMF
(Table 2), together with its higher combustion efficiency
(Fig. 4(b)), aids the oxidation of unburned hydrocarbons, as oxygen
is more readily available. As the load increases from 3.5-8.5 bar
IMEP, the isTHC emissions decrease by approximately 30% for all
fuels. This is due to increased combustion temperatures
(Fig. 5(b)) and thus combustion efficiencies (Fig. 4(b)) because of
greater oxidation of the hydrogen and carbon molecules. However,
the reduced sensitivity of the FID analyzer to oxygen content fuels
suggests that the total hydrocarbon emissions for ethanol and DMF
are higher [35,36]. This necessitates a detailed hydrocarbon emis-
sions investigation for accurate quantification.

The indicated specific carbon monoxide emissions (isCO) com-
parison between is made in Fig. 10(c). Similarly to the isTHC emis-
sions (Fig. 10(b)), the isCO emissions generally decrease as load
increases. The trend is similar to the ISFCE (Fig. 4(a)), where the
lowest isCO emissions arise at the highest efficiency. Between
the two oxygen content fuels, ethanol consistently produces the
lowest isCO emissions. This is due to a higher combustion effi-
ciency and oxygen content. Under gasoline MBT/KL-MBT timing,
the difference increases with load. At 3.5 bar IMEP, ethanol is 1 g/
kWh lower, whereas at 8.5 bar IMEP, this difference increases to
3 g/kWh. Under fuel-specific ignition timing, the largest difference
is seen at medium loads. For gasoline, the relationship with load is
less predictable. The peak at 4.5 bar IMEP could be explained
by the relatively lower combustion efficiency at this point
(Fig. 4(b)). At this load, the mixture may be inhomogeneous, result-
ing in localized pockets of fuel-rich mixture and more incomplete
combustion. However, the remaining isCO emissions fluctuate
within a similar range as the two biofuels, which all decrease to
a minimum between 7-7.5 bar IMEP.

Although carbon dioxide (CO,) is a non-toxic gas, which is not
classified as a pollutant engine emission, it is one of the substances
responsible for global temperature rises through the greenhouse
effect. Therefore, a consideration of the indicated specific CO,
(isCO,) production is made between the three fuels (Fig. 10(d)).
The isCO, emissions decrease with increasing load and advancing
ignition timing towards the MBT/KL-MBT timing. The isCO, emis-
sions are an indication of the completeness of combustion. There-
fore, as the load is increased, the combustion is more complete,
which is shown by the increase in combustion efficiency in
Fig. 4(b). When using gasoline MBT/KL-MBT timing, DMF and eth-
anol combustion produces a peak in efficiency between 6-7 bar
IMEP and a minimum in isCO,. Although both biofuels produce
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Fig. 10. Indicated specific emissions (a) NOx, (b) THC, (c) CO and (d) CO,.

higher engine-out isCO, emissions than gasoline, they both have
the added benefit of consuming the CO, in the atmosphere during
their raw production. Therefore, it is fairer to compare the relative
lifecycle CO, emissions. This, however, is outside the scope of this
work.

3.8. PM emissions

The PM size distributions for the three fuels at 3.5 bar IMEP
using gasoline MBT timing (34°bTDC), are shown in Fig. 11(a). Typ-
ically, the PM size distribution consists of two modes: the accumu-
lation and nucleation modes. The former consists of solid
carbonaceous species usually greater than 50 nm in diameter,
whereas the latter consists of liquid particles usually less than
50 nm in diameter [37]. The separation between the nucleation
and accumulation modes is shown clearly by the peak in the size
distributions around 50 nm in Fig. 11(a). At this low load, the size
distribution shows marginally more accumulation mode particles
than nucleation ones. For gasoline, 62.1% of the total particles are
accumulation mode particles, whereas for DMF and ethanol, this
rises to 64.4% and 67.1%, respectively. The difference between
DMF and ethanol is 21,805 particles/cm>. This might be caused
by DMF’s lower viscosity and surface tension, which leads to smal-
ler injected fuel particles [38]. Also, the in-cylinder temperature
when using ethanol (Fig. 5(b)) is much lower than for DMF. This
is caused by the greater charge-cooling effect when using ethanol,
which counteracts the benefit that the higher oxygen content
(Table 2) would have in helping to lower the PM emissions.

The PM size distributions are also compared at 8.5 bar IMEP
using gasoline KL-MBT timing (10°bTDC). This is shown in
Fig. 11(b). Evidently, the effect of load has a significant impact on
the PM emissions. The separation between the nucleation and
accumulation modes is shown clearly by the inflection in the size
distributions around 50 nm in Fig. 11(b). Here, the nucleation
mode particles dominate the particle size distribution for each fuel,
with peaks between 25-30 nm. For ethanol and DMF, the accumu-
lation mode now only represents 2.1% and 1.7%, of the total particle
concentrations, respectively. However, for gasoline, the proportion
of accumulation mode particles is much higher (18.3%). In absolute
terms, gasoline combustion also produces more accumulation
mode particles than when fuelled with the biofuels; both biofuels
produce less than 4000 particles/cm? whereas gasoline produces
almost 21,000 particles/cm?. This is likely to be caused by the high-
er droplet velocity of gasoline and relatively high mean droplet
diameter, found in previous studies [38]. This could increase the
impingement on the piston surface, which would explain why
the relatively lower combustion efficiency is seen in Fig. 4(b). At
this load, the biofuels also burn at higher pressures and tempera-
tures (Fig. 5), which helps to promote pyrolysis and further reduce
the solid carbonaceous emissions. The opposite is true, however,
for gasoline when considering the nucleation mode concentration
at 8.5 bar IMEP. Now, gasoline combustion produces a similar
amount of particles to that of ethanol, and DMF is the worst offen-
der; almost 122,000 particles/cm?, or 30% more particles are pro-
duced when using DMF. This relative increase in nucleation
mode particles for DMF was seen in previous experiments by the
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authors [21] and is likely to be caused by the incomplete combus-
tion of the ring structure of DMF, which are known to be soot pre-
cursors [39,40]. Further investigations into the PM emissions using
DMEF and the impact of the volatile components are underway.

4. Conclusions

This study compares the performance and emissions of a novel
biofuel, known as DMF (2,5-dimethylfuran), with commercial gas-
oline and bioethanol. All tests were performed on a single cylinder
spark-ignition direct-injection engine at various engine loads from
3.5-8.5 bar IMEP in 1 bar intervals. The engine was tested using
each fuel at the optimized gasoline ignition timing and at the
fuel-specific optimized timings. Based on these experiments, the
following conclusions can be drawn:

1. Unlike gasoline and DMF, ethanol combustion was not limited
by knock, which allowed the MBT timing to be used. Despite
this, DMF was more resistant to knock than gasoline.

2. When using gasoline MBT/KL-MBT timings, DMF combustion
was faster than with ethanol. DMF and ethanol have lower ini-
tial and total combustion durations than gasoline especially
with advanced ignition timing, highlighting the rapid combus-
tion of these oxygen content fuels.

3. The volumetric fuel consumption rate of DMF is similar to that
of gasoline; a consumer using DMF as a substitute for gasoline,
could benefit from a similar driving range.

4. DMF combustion efficiency is higher than for gasoline, but the
indicated efficiency is lower: more thermal energy is lost when
using DMF, due to higher combustion temperatures.

5. With the exception of NO,, the engine-out emissions of DMF are
similar, if not lower, than with gasoline.

6. When using gasoline MBT/KL-MBT timing, the PM emissions for
DMF are comparable to gasoline at low load (3.5 bar IMEP). At
high load (8.5 bar IMEP), DMF produces higher nucleation mode
particles than gasoline but lower accumulation mode particles.

Overall, these experiments highlight the competition DMF cre-
ates with ethanol in replacing gasoline as a spark-ignition fuel. Fu-
ture engine investigations are planned to supplement these
findings and further examine the case for DMF. This includes the
use of different fuel blends, various modeling and optical engine
studies, as well as a full investigation into the unregulated and
toxic emissions.
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