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Abstract: The negative impact of transport on climate has led to incentives to increase the amount
of renewable fuels used in internal combustion engines (ICEs). Oxygenated, liquid biofuels are
promising alternatives, as they exhibit similar combustion behaviour to gasoline. In this article,
the effect of the different biofuels on engine efficiency, combustion propagation and emissions of
a gasoline-optimised direct injected spark ignited (DISI) engine were evaluated through engine
experiments. The experiments were performed without any engine hardware modifications. The
investigated fuels are gasoline, four alcohols (methanol, ethanol, n-butanol and iso-butanol) and
one ether (MTBE). All fuels were tested at two speed sweeps at low and mid load conditions, and a
spark timing sweep at low load conditions. The oxygenated biofuels exhibit increased efficiencies,
even at non-knock-limited conditions. At lower loads, the oxygenated fuels decrease CO, HC and
NOx emissions. However, at mid load conditions, decreased volatility of the alcohols leads to
increased emissions due to fuel impingement effects. Methanol exhibited the highest efficiencies and
significantly increased burn rates compared to the other fuels. Gasoline exhibited the lowest level
of PN and PM emissions. N-butanol and iso-butanol show significantly increased levels of particle
emissions compared to the other fuels.

Keywords: biofuels; renewable fuels; oxygenated fuels; DISI engine; efficiency; emissions; particle
emissions; engine performance

1. Introduction

The impact of transportation on climate change has caused both global and national
incentives to increase the amount of renewable fuels used in internal combustion engines
(ICEs) [1–7]. Liquid biofuels show advantages compared to gaseous alternatives as they
exhibit higher energy density and are compatible with current infrastructure [7–9]. For
utilisation in direct-injected spark-ignited (DISI) engines, oxygenated biofuels (such as
alcohols and ethers) are promising as they exhibit similar combustion behaviour to gasoline.
Therefore, these fuels require less adaptation for utilisation in existing spark-ignited (SI)
engines [7,9,10]. Moreover, the oxygenated biofuels can be blended with gasoline, both
at low and high ratios, facilitating the transition from fossil fuels to renewable fuels as
production increases [11].

In a previously conducted literature review, it was established that the use of light
alcohols, such as ethanol and methanol, in SI engines is well-established and has been in-
vestigated for a long time [12]. Light alcohols offers advantages compared to more complex
molecules as they can be derived from a variety of process pathways and feedstocks [13,14].
Longer alcohols, such as n-butanol and iso-butanol, have gained interest as a fuel alter-
native in recent years [12]. Butanols offer similar benefits like the lighter alcohols, but
provide higher energy density [15]. Other oxygenated biofuel alternatives are ethers, for
example methyl tert-butyl ether (MTBE). MTBE has been used in gasoline as an octane
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enhancer [16,17] and is produced from methanol and iso-butylene [13]. It is an interesting
fuel since its octane ratings are high without a big difference in energy density compared to
gasoline. However, MTBE has been restricted in many countries due to its high resistance
to biodegradation which affects groundwater aquifers [18]. The above mentioned fuels
have been thoroughly investigated for port fuel injected (PFI) SI engines. However, their
effect on combustion and emissions in DISI engines is less known. DISI engines have
enabled increased engine efficiencies, but they also introduce challenges associated with
homogeneous fuel and air mixture preparation, which could lead to increased emission
rates of particles [19].

There are several benefits to the utilisation of biofuels in DISI engines, aside from
decreased impact on the climate. The main benefit is the increased knock resistance
of oxygenated biofuels in comparison with commercial gasoline [3,20,21]. Knock is a
major constraint that limits compression ratio (CR), and therefore the efficiency of DISI
engines. Biofuels will permit further downsizing and increase in engine efficiency. Most
of the oxygenated biofuels exhibit higher octane numbers (RON and MON) compared
to gasoline [3,10]. Researchers also report that light alcohols exhibit increased heat of
vaporisation (HOV) [9,22–25] and laminar flame speed (SL) [3,26,27], properties known to
benefit knock resistance in engines. Furthermore, gasoline exhibits a negative temperature
coefficient (NTC) region, while light alcohols do not [24,28]. The occurrence of an NTC-
region facilitates auto-ignition, hence gasoline is more prone to knock compared to alcohols,
especially at boosted operation.

Several researchers conclude that biofuels can lead to increased engine
efficiency [5,9,11,23,29], increased combustion stability [2,6,30,31], and lower exhaust tem-
peratures [23,32,33] in SI engines. Moreover, due to the increased knock resistance, higher
boost pressures can be used to increase peak load of the engine if the engine is optimised
for biofuel combustion. Brewster achieved a 13% higher load with ethanol compared
to gasoline [34]. Nakata et al. achieved an 11% higher load with ethanol compared to
gasoline when the valve timing was optimised [35]. Moreover, several researchers report
brake thermal efficiency for ethanol and methanol of 36 to 40% compared to 27 to 36% for
gasoline [15,34]. Methanol and ethanol have also shown potential as fuels for heavy-duty
(HD) SI application, where similar load and efficiency as HD diesel combustion could
be reached with lean combustion of methanol and ethanol [36]. Sileghem et al. showed
increased efficiency in comparison to gasoline in a DISI engine fuelled with iso-butanol [15].
The efficiency (brake thermal efficiency) was at the same level as ethanol except for at
the highest investigated load (150 Nm). Szwaja and Naber showed that pure n-butanol
increased burn rates and indicated efficiency in a single-cylinder CFR engine compared to
gasoline [37]. Topgül showed that low level blends of MTBE in gasoline (10% to 30 %) in-
creased brake thermal efficiency, where the highest efficiency was seen for 10% MTBE [38].

It has also been shown that biofuels may lead to decreased emissions from SI engines,
such as carbon monoxide (CO) and hydrocarbons (HC) [5,32,39,40]. Masum et al. showed
that CO and HC emissions decreased noticeably even at low levels of ethanol and methanol
(20%) in the fuel, while a slight decrease was seen for 20% iso-butanol [32]. Sileghem et al.
showed that iso-butanol decreased CO, HC and nitrogen oxides (NOx) emissions compared
to gasoline in a DISI engine [15]. However, emissions for iso-butanol were higher than for
methanol and ethanol. Sandhu et al. showed decreased levels of CO and HC emissions for
n-butanol compared to gasoline both at lean and exhaust gas recirculation (EGR) diluted
combustion [41]. Schifter et al. concluded that HC and NOx emissions decreased as the
volume of MTBE in the fuel increased [33].

Several researchers report the possibility of oxygenated fuels to decrease both particle
mass (PM) emissions and particle number (PN) emissions in DISI engines [42–44]. The
high levels of embedded oxygen in oxygenated biofuels, compared to gasoline, leads
to a dilution effect at the flame front. The dilution effect decreases soot formation and
increases oxidation rates [45–47]. However, oxygenated fuels also exhibit properties that
could lead to increased levels of particle emissions, such as decreased volatility, increased
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HOV and increased viscosity [48]. Thus, early injection could cause increased rates of
fuel impingement and pool fires and increase particle emissions compared to gasoline
instead [49,50].

Previously conducted research shows great potential for biofuels in future optimised
engines. However, the impact of introducing biofuels into already existing gasoline opti-
mised engines needs to be established to facilitate the transition from fossil to renewable
fuels. Moreover, the effect of different renewable fuels on engine performance and emis-
sions in different operating points (not only during knock-limited conditions) should be
further evaluated to establish their potential as future fuels. Many biofuel alternatives have
been tested only as blends with gasoline and not as pure components, and only compared
to methanol and/or ethanol. As MTBE has been used mainly as an octane enhancer in
gasoline, research evaluating MTBE has focused mainly on blended fuel. Research on
MTBE has also decreased, hence few studies on MTBE in DISI engines exist. Furthermore,
few studies focus on comparing closely related biofuels, such as iso-butanol and n-butanol,
as pure components in production SI engines.

In this article, the engine performance of five pure, liquid, oxygenated biofuels have
been evaluated and compared to gasoline through engine experiments. The investigated
biofuels are four alcohols (methanol, ethanol, n-butanol and iso-butanol) and one ether
(MTBE). The effect of these fuels on engine efficiency, combustion propagation and emis-
sions in a gasoline-optimised DISI engine was investigated under a wide range of engine
operating conditions.

2. Materials and Methods
2.1. Experimental Setup

The experiments were conducted on a Volvo Cars T6 DISI engine. The specifications of
the test engine can be seen in Table 1. The experiments were performed without any engine
hardware modifications. A schematic of the experimental setup can be seen in Figure 1.
To measure fuel consumption, an AVL fuel balance (733S) was used for gasoline, ethanol,
and n-butanol, and an OHAUS Ranger 7000 scale was used for methanol, iso-butanol,
and MTBE.

Figure 1. Schematic of the experimental setup. The dashed boxes are measured using the LabVIEW-
system and the variables in red text are measured using signals from the engine control unit.
p denotes the measured pressure and T denotes the measured temperature.
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Table 1. Specifications of the test engine used, a Volvo Cars T6 DISI engine.

Displacement volume 1969 cc

Stroke 93.2 mm

Bore 82 mm

Connecting rod 143.8 mm

Compression ratio 10.3

Number of cylinders 4 (inline)

Peak power 225 kW 5700 RPM

Test Fuels

The investigated fuels are gasoline (without any oxygenated additives or compounds)
and five single-component oxygenated fuels: ethanol, methanol, n-butanol (nButanol),
iso-butanol (iButanol) and methyl tert-butyl ether (MTBE). The properties for these fuels
can be seen in Table 2.

These fuels were analysed at a commercial laboratory to determine their octane
number, lower heating value (LHV) and dry vapour pressure equivalent (DVPE). Research
octane number (RON) and motor octane number (MON) for MTBE were estimated using
octane numbers from reference [51] since the measured water content was only 0.03%. The
gasoline and MTBE were provided by Preem AB, the ethanol by Lantmännen Agroetanol
AB, the methanol from Swed Handling AB, and the n-butanol and iso-butanol were
provided by Brenntag.

Table 2. Properties of the tested oxygenated biofuels. (* indicates estimated values from [51]).

Fuel RON MON DVPE (kPa) LHV (MJ/kg) Oxygen Content (w-%)

Gasoline 93.7 84.9 52.5 42.8 0
Ethanol 107.2 89.5 16.5 26.8 34.7
Methanol 108 88.7 30.9 19.8 49.9
n-butanol 98 84.7 <9.0 (2.3) 32.6 21.6
iso-butanol 104.6 89.6 <9.0 (1.8) 32.3 21.6
MTBE 116 * 101 * 53.6 34.7 18.2

2.2. Methodology

These fuels were tested through two speed sweeps, one at approximately 7.5 bar
indicated mean effective pressure (IMEP), and one at approximately 13 bar IMEP. Further-
more, a spark timing sweep was performed at 2500 revolutions per minute (RPM) and
approximately 7.5 bar IMEP, see Figure 2. The spark was swept in steps of 2° crank angles
(CA) between 14 and 22 crank angle degrees (CAD) before top dead centre (bTDC). An
initial stabilisation period of 45 min was applied every time the engine was started and
when the fuel had been changed. For each operating point, the engine was stabilised for
15 min. The oil and coolant temperatures were kept at 90–115 °C. Excess air ratio (λ) was
kept at 1 ± 0.1. The data was sampled at steady-state, which was identified as the point
when the exhaust gas temperature was steady within a range of ±10 °C. The injection
duration and injection pressure were adjusted to reach the desired IMEP for each operating
point and fuel. For the speed sweeps, the spark timing (ST) was swept until maximum
brake torque (MBT) or the knock-limited spark advance (KLSA) was reached. KLSA was
defined as the point where the engine control unit (ECU) retarded the spark timing more
than 1° CA (using a knock sensor).
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Figure 2. Engine load in net IMEP (bar) and engine speed (RPM) for the test points.

2.3. Data Acquisition and Analysis

In-cylinder pressure was measured using piezoelectric pressure sensors from Kistler.
For each test point, measurements of in-cylinder pressure and inlet gas pressure were
retrieved for 150 engine cycles. Measurements of temperatures, pressures, λ, and emissions
were retrieved at 2 Hz for 5 min. The signals from the ECU were collected for 1 min. All
specific sensors used and their uncertainties can be seen in Table 3.

Measurement of exhaust emissions was performed before the three-way catalyst
(TWC) using Horiba MEXA-7100 for CO, HC, and NOx, respectively. CO was measured
at dry condition, while HC and NOx were measured at wet conditions. λ was measured
using a Bosch wideband oxygen sensor (LSU 4.9).

Particle emissions were measured downstream of the TWC. Soot mass (PM) was
measured using an AVL Micro Soot Sensor (MSS) with an internal dilution rate of 1:5.
The particle number (PN) was measured using a condensation particle counter from TSI
(CPC3010) with a cut-off size of 23 nm. Only non-volatile particle number emissions were
measured. The CPC was connected to the exhaust using a two-stage ejector dilution system
from Dekati (DI-1000) [52]. The diluter stages were placed in series, where the first diluter
stage was heated by incoming dilution air (to approximately 345 °C), while the second
diluter stage operated at ambient temperature. The dilution ratio for each diluter was
1:8.45, resulting in a total dilution ratio of 1:71.4. Particle measurements were collected at
1 Hz for 5 min.

The sensor signals were collected using hardware from National Instruments (NI)
and a LabVIEW programme developed by the author. All results are presented as mean
values. For regulated emissions and particle emissions, the error bars represent standard
deviation (±σ).

Table 3. Range and uncertainty of the sensors used.

Measurement Sensor Range Uncertainty
(≤± % FS)

In-cylinder pressure Kistler 6045A32420 0–250 bar 0.4
Inlet pressure Kistler 4007D 0–5 bar 0.25
CO 0–7000 ppm
HC Horiba MEXA 7100 0–5000 ppm 2
NOx 0–5000 ppm
Lambda Bosch O2-sensor LSU 4.9 0.65–∞ 0.7 (λ = 1)
Soot mass AVL MSS 0.001–50 mg/m3 0.12
Particle number TSI CPC3010 ≥23 nm 10
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2.3.1. Calculation of Engine Efficiency and Engine Performance Parameters

The net indicated mean effective pressure (IMEP) is used to indicate the engine load,
see Equation (1). The coefficient of variance (COV) and the indicated thermal efficiency
(ITE) were both derived using IMEP (Equations (2) and (3)) [53,54].

(net)IMEP =
1

Vd

∫
p · dV (1)

COV =
σIMEP
IMEP

(2)

ITE =
0.5 · N · IMEP · Vd
ṁ f uel · QLHV, f uel

(3)

where V is the calculated in-cylinder volume (m3), p is the ensemble averaged in-cylinder
pressure pegged against the intake pressure (Pa), Vd is the displacement volume (m3), N is
the engine speed (rev/s), ṁ f uel is the injected fuel mass (kg/s) and QLHV, f uel is the lower
heating value of the fuel (J/kg).

Net indicated power (P) was calculated using Equation (4) [54,55]:

P = 0.5 · N · IMEP · Vd (4)

Combustion efficiency (ηcomb) is the ratio between the supplied fuel energy and the
released energy. ηcomb was calculated using the measured concentrations of HC and CO in
the exhaust gas. The hydrocarbon emissions reported by the flame ionisation detector (FID)
in the exhaust gas analyser (Horiba MEXA-7100) were corrected for the oxygenated fuels
to account for the weaker response. The correction factors used can be seen in Table 4 [56].
Combustion efficiency was calculated according to Equation (5) [54,55].

ηcomb = 1 −
∑ Mi

Mp
(1 − xH2O) · QLHV,i

1
1+AFR · QLHV, f uel

(5)

where Mi is the molar mass of HC and CO (g/mol), Mp is the molar mass of the products
(g/mol), xi is the molar fraction of HC and CO, xH2O is the molar fraction of water, QLHV,i
is the lower heating value of HC and CO, and AFR is the air–fuel ratio.

Table 4. FID correction factors for HC-emission measurements [56].

Fuel FID Correction Factor

Gasoline 1
Ethanol 0.7
Methanol 0.4
n-butanol 0.84
iso-butanol 0.84
MTBE 0.92

2.3.2. Heat Release Analysis and Estimation of Combustion Phasing and Duration

The rate of heat release (ROHR) was calculated using Equation (6). The ratio of specific
heats (γ) was calculated using the 7-coefficient NASA polynomials for each fuel [57]. The
in-cylinder mass was estimated using the mass flow of fuel and lambda, and the in-cylinder
temperature was calculated using the ideal gas law.

ROHR was used to calculate the mass fraction burned (MFB) and find: the flame
development angle (CA010), defined as the crank angle between spark and 10% MFB; the
combustion duration (CA1090), defined as the crank angle between 10% MFB and 90%
MFB; and combustion phasing (CA50), which is the crank angle degree at which 50% of the
fuel mass has been burned [53]. In-cylinder pressure, CA010, CA1090, CA50 and ROHR
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are presented as the assembled average of the measured 150 cycles and based on measured
values of cylinder 1 only.

ROHR =
γ

γ − 1
p

dV
dθ

+
1

γ − 1
V

dp
dθ

− dQHT
dθ

(6)

where γ is the ratio of specific heats, θ is the rotation angle (CAD) and QHT is the heat
transfer to the cylinder walls.

Heat transfer (QHT) was estimated using the Woschni model. The heat transfer
coefficient was estimated using see Equations (7) and (8) [58]. The average cylinder gas
velocity, W (m/s) is given by Equation (9) [59].

dQHT
dθ

=
h(T − Tw)A

360N
(7)

h = 3.26 · B−0.2 · (p · 10−3)0.8 · T−0.55 · W0.8 (8)

where T is the estimated in-cylinder temperature (K), Tw is the wall temperature estimated
from the in-cylinder and coolant temperature (K), A is the surface area of the cylinder at
the given θ (m2), and B is the engine bore (m).

W = C1 · 2.28 · Sp + C2 · 3.24 · 10−3 · Vd
VIVC

· p − pmot

pIVC
· TIVC (9)

where C1 and C2 are constants which have been calibrated to 1, Sp is the piston speed,
VIVC is the cylinder volume at inlet valve closing, pmot is the motoring pressure for the
engine at the given θ, pIVC is the in-cylinder pressure at inlet valve closing, and TIVC is the
estimated in-cylinder temperature at inlet valve closing.

2.3.3. Energy Balance Calculation

Energy balance was calculated using Equation (10), where P was calculated using
Equation (4), exhaust losses (Qexh) were calculated using Equation (12), and combustion
losses (Qcomb) were calculated using Equation (11) [55]. The specific heat capacity of
the exhaust (cp,exh and cp,0) was estimated using 7-coefficient NASA polynomials for the
exhaust composition, assuming a fully burned stoichiometric fuel/air mixture [57]. Heat
losses were assumed to be equal to the difference between the chemical energy of the fuel
(Qtot) and other energy factors (P, Qexh and Qcomb). The mass flow of air was estimated
using the measured fuel consumption and the mean lambda value. The energy balance is
based on measured values of cylinder 1 only.

Qtot = P + Qcomb + Qexh + QHT (10)

Qcomb =

(
∑

Mi
Mp

(1 − xH2O) · QLHV,i

)
· (ṁair + ṁ f uel) (11)

Qexh = (ṁair + ṁ f uel) · (cp,exhTExh − cp,0T0) (12)

where P, Qexh and Qcomb, and QHT are given in W, ṁair is the mass of air (kg/s), TExh is
the mean measured exhaust temperature (K), cp,exh is the specific heat of the exhaust at
TExh (J/kg· K), cp,0 is the specific heat of the exhaust at T0 (J/kg· K) and T0 is the reference
temperature (300 K).

2.3.4. Estimation of Laminar Flame Speed

The laminar flame speed (SL) of the test fuels was numerically estimated using
CHEMKIN. Laminar flame speed was evaluated for stoichiometric air fuel mixture. Results
are presented for a constant engine load and phasing. For this condition, the in-cylinder
temperature and pressure were assumed to be constant in the vicinity of the spark plug
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(regardless of fuel), at 700 K and 10 bar, respectively. The mechanism from Sarathy et al. [60]
was used for methanol, ethanol, n-butanol, and iso-butanol. A gasoline surrogate mixture
of iso-octane/toluene/1-hexene (50%/35%/15%, respectively) was used with the detailed
chemical kinetic mechanism from Mehl et al. [61]. No values of laminar flame speed for
MTBE could be found in the literature, thus, values for MTBE have not been estimated.

3. Results and Analysis
3.1. Speed Sweeps at Low and Mid Load Conditions
3.1.1. Engine Efficiency and Engine Performance

The indicated mean effective pressure (IMEP in Figure 3a,b), indicated thermal effi-
ciency (ITE in Figure 3c,d), the coefficient of variance (COV in Figure 3e,f), and the exhaust
temperature (TExh in Figure 3g,h) for the tested fuels can be seen in Figure 3. Gasoline
exhibits the lowest IMEP compared to the other fuels (Figure 3a,b). Engine conditions were
slightly different when running MTBE tests compared to the other fuels, as MTBE was
tested at a marginally higher IMEP than the others.

Efficiency is higher for the oxygenated fuels compared to gasoline at most tested
operating conditions, even at low load when the engine is not limited by knock. Methanol
displayed the highest ITE, followed by ethanol. Compared to gasoline, methanol and
ethanol improved ITE by 2–4 and 1–3 percentage points, respectively, while n-butanol,
iso-butanol and MTBE showed improvements of 1–2 percentage points at some of the
tested operating points (the measurement uncertainty was estimated to 0.8 percentage
points). The reason for the increased efficiency can be attributed to several properties of the
oxygenated biofuels. Since the engine is not knock-limited at low load, the main efficiency
gain is not expected to be attributed to the increased knock resistance of the oxygenated
fuels compared to gasoline. However, as the alcohols show higher SL compared to gasoline,
this is one of the probable reasons for the increased efficiency, as suggested by Sileghem et
al. and Cairns et al. [9,29]. Moreover, an increased cooling effect of the alcohols could lead
to lower in-cylinder temperature and thus, decreased heat loss [9].

All of the tested fuels show low levels of combustion instability, see COV in Figure 3e,f.
At 1500 RPM and mid load conditions, gasoline exhibits increased COV due to spark retard
caused by knock. The lowest COV is seen for methanol and ethanol, while MTBE exhibits
the highest COV. As expected, the results indicate that the fuels exhibiting longer flame
development time show higher COV, except for gasoline, which exhibits a lower COV than
n-butanol. The burn duration also corresponds well to the COV of the different fuels, as
supported by the findings of Daniel et al. [62].

The exhaust temperature is displayed in Figure 3g,h. The exhaust temperature in-
creases as engine speed increases. The lowest exhaust temperature is seen from methanol,
followed by ethanol, n-butanol, iso-butanol, gasoline and MTBE. This can be connected
to the HOV of the fuels, which follows the same trend, with methanol exhibiting the
highest heat of vaporisation. Gasoline and n-butanol exhibit higher TExh when they are
knock-limited due to retarded combustion phasing.

3.1.2. Combustion Phasing and Duration

Combustion progression for all fuels is represented by the combustion phasing (CA50
in Figure 4a,b), the flame development angle (CA010 in Figure 4c), and the combustion
duration (CA1090 in Figure 4e). The results for low load conditions are shown in the left
column, while the results at mid load conditions are presented in the right column.

For low load conditions, the CA50 advances slightly and is closer to TDC when engine
speed increases. The increased in-cylinder turbulence at higher speeds may increase the
burn rate and cause the advance in CA50. At mid load conditions, CA50 is close to constant
at all engine speeds for all fuels except n-butanol and gasoline. At 1500 RPM, gasoline and
n-butanol show increased CA50 compared to the other fuels as they were knock-limited at
this operating point and MBT could not be achieved. Hence, the applied spark timing was
retarded compared to the other fuels. Gasoline was more knock-limited than n-butanol.
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The other fuels were not knock-limited and MBT could be attained at all engine speeds.
Methanol exhibited the lowest CA50 of all the fuels. However, the difference is slightly
more pronounced at low load than at mid load conditions.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3. (a,b) Indicated mean effective pressure (IMEP), (c,d) indicated thermal efficiency (ITE),
(e,f) coefficient of variance (COV), and (g,h) exhaust gas temperature (TExh) for all tested fuels. Low
load conditions to the left and mid load conditions to the right.

At both load conditions, CA010 and CA1090 increases as engine speed increases (see
Figure 4c,e). However, when engine speed is higher the time per CA is lower. Hence, the
longer CA010 and CA1090 could be due to constant combustion duration in time, and not
CA, for the fuels.



Energies 2021, 14, 3908 10 of 24

(a) (b)

(c) (d)

(e) (f)
Figure 4. (a,b) Combustion phasing (CA50), (c,d) flame development angle (CA010) and (e,f) com-
bustion duration (CA1090) for all tested fuels. Low load conditions to the left and mid load conditions
to the right.

The flame development angle and the combustion duration differ between fuels.
Methanol shows faster combustion propagation compared to the other fuels. The difference
is more pronounced at lower load and for CA1090. Methanol exhibits a higher laminar
flame speed than gasoline and iso-butanol. However, the reported laminar flame speed (at
atmospheric temperature and pressure) for methanol (at λ = 1) are at the level of those
for ethanol and n-butanol [63–65]. Hence, the increased flame propagation of methanol
seems to be attributed to other factors, such as in-cylinder conditions, increased injection
pressures, and increased injection duration, as methanol exhibits the lowest LHV of all fuels.
Another contributing factor could be that more oxygen is readily available in methanol,
as the oxygen/carbon (O/C) ratio is high, which have been shown to increase flame
propagation [62].

The combustion rates of the other fuels are consistent with the reported laminar flame
speed. The burn rates for ethanol and n-butanol are at similar levels. At low load, CA010 at
3500 RPM for n-butanol is marginally shorter than for ethanol, while at 1500 RPM, CA010
is slightly shorter for ethanol. This can be attributed to small changes in the in-cylinder
conditions, such as λ, temperature, and pressure. The burn rates for gasoline, iso-butanol
and MTBE are similar, but CA50 for MTBE at low load occurs later. This could be attributed
to decreased laminar flame speeds of MTBE, or a difference in in-cylinder conditions at the
start of combustion.



Energies 2021, 14, 3908 11 of 24

3.1.3. Engine Emissions

The regulated engine-out emissions were measured before the TWC. The CO, HC
and NOx emissions for both low and mid load conditions can be seen in Figure 5. In
Figure 5a,b, the measurement limit is displayed as a dashed line. The values above the
threshold have increased uncertainty compared to the data given in Table 3. The error bars
are the standard deviation of the measured values (±σ).

3.1.4. Carbon Monoxide Emissions

At low load conditions, CO emissions are lower for the fuels with higher oxygen
content, see Figure 5a,b. At stoichiometric conditions CO is a product of incomplete com-
bustion and needs time and a sufficient temperature to be fully oxidised. The oxygenated
fuels increase the oxygen ratio in the fuel rich regions of the engine where CO otherwise
would form [66,67]. However, at mid load conditions, the trend in CO emissions between
fuels is different than at low load conditions. The highest CO emissions are seen for MTBE
and gasoline, potentially due to more dissociation of carbon dioxide (CO2) at higher loads.
Even though MTBE is oxygenated, the increased CO could be due to the higher load in this
case. At mid load and 1500 RPM, both n-butanol and iso-butanol show higher levels of CO
emissions than gasoline. Furthermore, the emissions of ethanol are close to that of gasoline.
The increased levels of CO emissions of these fuels could be explained by the lower volatil-
ity of n-butanol, iso-butanol, and ethanol. Low volatility in DISI engines might lead to
poor evaporation, pool fires, and locally rich zones, and thus increased CO production. At
higher speeds, this effect is not as pronounced as increased in-cylinder temperatures, and
in-cylinder turbulence enhances evaporation and fuel/air mixture preparation. Moreover,
at higher engine speeds, the injection pressure for the fuels increase as well. In these
conditions, the oxygen content of the fuel is the dominant factor affecting CO emissions.

3.1.5. Unburned Hydrocarbon Emissions

The effect of the fuels on the HC emissions is presented in Figure 5c,d. N-butanol and
iso-butanol exhibits HC emissions similar to or higher than those of gasoline. At 13 bar
IMEP and 1500 RPM, the HC emissions for n-butanol and iso-butanol are significantly
higher than for any of the other fuels. At this operating point, ethanol and methanol also
show slightly higher HC emissions than gasoline. As for the CO emissions, this could be
related to the decreased volatility of these fuels compared to gasoline (see Section 3.1.4).
Even if the overall λ is stoichiometric, fuel impingement creates locally rich zones with
incomplete combustion and the formation of HC emissions. However, at higher engine
speeds, the difference in HC emissions between the fuels decrease. Higher engine speeds
increase in-cylinder turbulence, which might facilitate mixing. Furthermore, at increased
engine speeds the temperatures are higher, increasing oxidation rates, and the piston
temperature is higher, which increases the evaporation of the fuel pools as well. Evapo-
ration rates and in-cylinder turbulence seem to have a bigger impact for fuels with lower
volatility, such as the alcohols, rather than the time available for evaporation and mixing.
Furthermore, the oxygenated fuels form hydrocarbon structures that are more reactive
than the ones formed from gasoline, which leads to increased oxidation reactivity [45–47].

3.1.6. Nitrogen Oxide Emissions

The NOx emissions for low load and mid load conditions can be seen in Figure 5e,f.
NOx emissions can be either thermal NOx, prompt NOx, or fuel NOx, where the largest
contributor to the NOx emissions formed in ICEs is thermal NOx [68]. Since decreased
in-cylinder temperatures reduce the formation of thermal NOx, the fuels with the highest
charge cooling capacity exhibited the lowest NOx emissions, as seen in Figure 5e. However,
at mid load conditions and 1500 RPM, n-butanol and iso-butanol exhibit the highest
level of NOx emissions, and ethanol and methanol exhibit increased levels compared to
MTBE, despite having higher HOV. The decreased levels of NOx emissions for gasoline are
attributed to increased in-cylinder temperatures due to the retarded combustion phasing
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caused by knock. A possible explanation for the increased levels of NOx emissions for
the alcohols could be the effect of high levels of fuel impingement on the piston at this
operating point. As more fuel hits the surfaces inside the cylinder, more fuel is evaporated
from the surfaces themselves. Hence, the fuel with high HOV cools the surfaces and
not the gas volume in the cylinder. Less cooling of the gas leads to increased in-cylinder
temperatures and more NOx. Moreover, the oxygenated fuels could also increase the peak
pressure, which leads to higher peak temperatures during combustion, which would also
increase the production of thermal NOx.

(a) (b)

(c) (d)

(e) (f)

Figure 5. (a,b) Carbon monoxide (CO) emissions, (c,d) unburned hydrocarbon (HC) emissions and
(e,f) nitrogen oxide (NOx) emissions for all tested fuels. Low load conditions to the left and mid load
conditions to the right.

3.1.7. Particle Emissions

As of 2014 (Euro 6b), particle mass and particle number for SI engines are regulated,
and legislation is getting more stringent. Figure 6a shows the soot mass (PM) and Figure 6a
shows the particle number (PN) with a cut-off size of 23 nm. In general, the lowest PM
and PN are seen for gasoline and not for the oxygenated fuels. The oxygenated fuels
were expected to decrease particle emissions, since their chemical structure decreases the
formation of soot precursors and increases post-oxidation due to the higher embedded
oxygen content [45,69]. However, the formation of particles in ICEs also depends on
physical properties, mainly the volatility of the fuel [42,70,71]. Decreased volatility can
cause impingement on pistons, cylinder walls and liners leading to pool fires where
particles are formed. Hence, poor atomisation and mixing of oxygenated fuels may cause
higher particle emissions than for gasoline. This correlates with the results of the HC and
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CO emissions presented in Figure 5. An increase in both particle number and particle
mass suggests that the particles formed are not only in the smaller particle size regime, but
there is also accumulation mode particles. At 1500 RPM and mid load conditions, it seems
that n-butanol forms a high number of not only nucleation mode particles, but also larger
particles affecting the PM emissions. However, a more detailed analysis of the particle
size distribution is needed to establish this. Moreover, similar to HC and CO emissions,
the PM and PN emissions of n-butanol and iso-butanol drops as engine speed increases.
At 3500 RPM, all the fuels exhibit similar PM emissions levels, and more comparable PN
emission levels. Another factor increasing the level of particle emissions for the alcohols
would be fuel impingement on the cylinder walls, which can increase the amount of oil
particles in the cylinder. This could contribute to the increase in PM, but should have a
minor effect on PN as oil generally forms larger particles.

N-butanol exhibited higher levels of PN emissions compared to iso-butanol, even
though iso-butanol has a lower DVPE. This could be attributed to the difference in chem-
ical structure between the two fuels. The straight chain chemical structure of n-butanol
facilitates the production of soot precursors more than iso-butanol. When engine speed
increases, the PN emissions for n-butanol and iso-butanol decreases (like the HC emissions).

(a) (b)

(c) (d)

Figure 6. (a,b) Soot mass (PM) and (c,d) PN (23 nm cut-off) for all tested fuels at low load conditions.

3.2. Combustion Propagation at Low Load Conditions

To further evaluate the combustion propagation for the different fuels, a spark-timing
sweep between 14 CA bTDC and 22 CA bTDC was performed at low load conditions and
2500 RPM. Figures 7–9 are presented for one CA50 for all fuels, at approximately 6 CA
after top dead centre (aTDC). The result presented in Figure 10 is evaluated against CA50
for each of the applied spark timings. Results presented in Figure 11 are presented for one
CA50 for all fuels, at approximately 6 CA after top dead centre (aTDC). The load and CA50
for each fuel can be seen in Table 5.
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Table 5. CA50 for all tested fuels used for presentation of the results in Figures 7–9 and 11.

Fuel CA50 [CA aTDC] IMEP [bar]

Gasoline 5.6 7.5
Ethanol 6.3 7.8
Methanol 5.5 8.3
n-butanol 6.3 7.6
iso-butanol 5.8 7.7
MTBE 6.9 7.6

3.2.1. Efficiency and Engine Performance Parameters at Constant CA50

Figure 7 shows ITE, COV, combustion efficiency, and injection pressure for all fuels
at CA50 ≈ 6. The ITE for methanol and ethanol is slightly higher than for the other fuels
at this operating condition (see Figure 7a). Methanol ITE reaches approximately 41%,
while the other fuels exhibit ITE below 40%. All fuels exhibit low levels of COV (below
1.3%), see Figure 7b. Methanol, n-butanol and MTBE exhibit the highest COV of all fuels.
However the difference between the fuels is less than 1 percentage point, and all fuels
exhibit acceptable levels of COV.

The mean combustion efficiency for the tested fuels can be seen in Figure 7c. The alco-
hols exhibit higher combustion efficiency compared to both MTBE and gasoline. Methanol
exhibits the highest combustion efficiency, followed by ethanol. For the light alcohols, the
combustion efficiency increases almost 1 percentage point compared to gasoline.

The mean injection pressure for the tested CA50 is displayed in Figure 7d. Methanol
has the lowest LHV of all the fuels, hence more methanol needs to be injected to reach
the same load compared to other fuels. This leads to an increased injection pressure of
methanol. The increased injection pressure of methanol would enhance fuel atomisation
and might induce more turbulence into the cylinder, which could explain the increased
burn rate and efficiency of methanol, especially compared to ethanol.

(a) (b)

(c) (d)

Figure 7. (a) Indicated thermal efficiency (ITE), (b) coefficient of variance (COV), (c) combustion
efficiency (ηcomb) and (d) injection pressure (pinj) for all tested fuels at CA50 ≈ 6.
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3.2.2. Heat Release Analysis and Energy Balance at Constant CA50

To analyse combustion performance, the in-cylinder pressure trace and the estimated
rate of heat release (ROHR) are presented in Figure 8 for one CA50 (CA50 ≈ 6). Methanol,
which showed the highest ITE and combustion efficiency, also shows the highest pressure
rise rate and peak pressure (see Figure 8a). Ethanol, n-butanol, iso-butanol and gasoline
show similar pressure rise rates, whereas the peak pressure and pressure rise rate for MTBE
are slightly lower than for the other fuels. The ROHR shows a similar trend, see Figure 8b.
However, even if the pressure trace for ethanol, n-butanol, iso-butanol and gasoline were
very similar; there is a slight increase in peak ROHR for the alcohols compared to gasoline.
Both ethanol and n-butanol increase the ROHR compared to gasoline, while iso-butanol
shows just a slight improvement. Methanol shows a significant increase compared to the
other fuels.

(a)

(b)

Figure 8. (a) In-cylinder pressure trace and (b) rate of heat release (ROHR) for all tested fuels at
CA50 ≈ 6.

The increased ROHR for ethanol and n-butanol compared to gasoline, even if the
pressure rise rate is similar, can be explained by decreased heat losses for ethanol and
n-butanol as HOV is higher for both fuels. Moreover, Szybist et al. discusses the effect on
efficiency of the ratio between the moles of product compared to the moles of reactants at
stoichiometric combustion, called the molar expansion ratio (MER) [20]. They explain that
for fuels with an increased MER, a higher pressure rise rate compared to other fuels can be
distinguished, which enables fuel to produce more indicated work compared to fuels with
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lower a MER. This would increase ROHR and the efficiency of fuels with a higher MER,
such as ethanol and methanol [72].

The energy balance of one CA50 for all the tested fuels is presented in Figure 9. The
indicated work is higher and the combustion losses are lower for all of the oxygenated fuels,
compared to gasoline. As oxygen content and HOV of the fuel increases, the energy ratio
of indicated work increases. Methanol exhibits the highest level of indicated work, which
is consistent with the increased ITE of methanol compared to the other fuels. Methanol
also exhibits the lowest combustion losses due to incomplete combustion.

Exhaust losses are lower for gasoline than for the oxygenated fuels. Since the oxy-
genated fuels have lower LHV, there is a higher flow rate in the exhaust as more fuel and
air is needed to reach the desired operating point. Increased HOV of the oxygenated fuels
decreases the exhaust temperature, but this effect is lower than the increased flow rates.

The heat loss is lower for all of the oxygenated fuels compared to gasoline. Methanol,
which exhibits the highest HOV, exhibits the lowest heat loss. This is consistent with the
ROHR seen in Figure 8b. As methanol has significantly lower heat losses than the other
fuels, it increases ITE and ROHR.

Figure 9. Energy balance for all tested fuels at CA50 ≈ 6. The percentage for each segment is written
in the middle of the coloured segment, incomplete combustion is written above this segment of
the bar.

3.2.3. Combustion Phasing and Duration for Different CA50

A more detailed analysis of the burn rates at different stages of the combustion
process is shown in Figure 10. It is interesting to note that the flame rate is not heavily
affected by the change in CA50 for any of the fuels. Methanol shows a significantly shorter
CA010 compared to the other fuels, of approximately 2 CA compared to ethanol and 3 CA
compared to gasoline (see Figure 10a). Ethanol and n-butanol exhibit the same CA010,
while iso-butanol and gasoline exhibit similar CA010. MTBE is the fuel with the longest
flame development angle. N-butanol, methanol, and ethanol exhibits increased laminar
flame speeds compared to the other fuels [63–65], which correlates well with the shorter
CA010 for these fuels compared to iso-butanol, MTBE, and gasoline.

The difference between the fuels for the initial burn rate (CA1050 in Figure 10b) is not
as pronounced as for CA010. For all fuels, except methanol, the CA1050 is comparable.
The difference between methanol and the other fuels is only approximately 1 CA. The
difference between the fuels is even less pronounced at the late stage of combustion (see
Figure 10c). The late burn rate (CA5090) is slightly slower than CA1050.

The combustion duration (CA1090) is shown in Figure 10d. Except for methanol, the
fuels with a higher laminar flame speed show slightly lower values of CA1090. However,
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it seems that even though the increased laminar flame speed of methanol, ethanol and
n-butanol shows a decrease in the initial part of the combustion (CA010), it does not affect
the later stages of combustion significantly. At the later stages the increased injection rates
and pressures, due to the decreased energy density of the oxygenated fuels, will have more
of an impact on the combustion duration.

The effect of laminar flame speed and the injection pressure on the flame development
angle and the initial burn rate can be seen in Figure 11. No values of laminar flame speed
for MTBE could be found in the literature, thus values for MTBE are not presented in
these graphs.

The coefficient of determination (R2) is 0.79 for the linear correlation between SL
and CA010, but only 0.55 for CA1050, see Figure 11a. The initial flame development is
dependent on the laminar flame speed of the fuel, whereas the initial burn rate is not. The
results presented in Figure 11b show that while CA010 depends on both laminar flame
speed and the injection pressure (pinj), CA1050 shows a correlation only with the injection
pressure. These results support the results in Figure 10, where the shorter burn duration for
methanol can be correlated to both increased laminar flame speed and increased injection
pressures. Hence, it can be concluded that once the flame has been established (after CA10),
the in-cylinder turbulence and injection parameters will have more of an impact on the
flame propagation than the laminar flame speed.

(a) (b)

(c) (d)

Figure 10. (a) Flame development angle (CA010), (b) initial burn rate (CA1050), (c) late burn rate
(CA5090), and (d) combustion duration (CA1090) for all tested fuels at different CA50.
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(a) (b)

Figure 11. (a) Laminar flame speed and (b) injection pressure compared to CA10 and CA1050 for
gasoline, ethanol, methanol, n-butanol and iso-butanol for CA50 ≈ 6 CA aTDC. CA1090 is displayed
in black and CA1050 in red.

4. Discussion

The oxygenated biofuels increased both ITE and combustion efficiency compared to
gasoline, even though no optimisation has been applied to the engine control, nor the
engine hardware. The efficiency increased also if the engine was running at lower loads,
where gasoline was not knock-limited. The highest efficiencies were seen for methanol.
Furthermore, methanol exhibited a shorter burn duration and increased ROHR compared to
the other fuels. Increased efficiencies for methanol was also reported by Sileghem et al. [9].
They did a study of methanol and methanol–water blends in a production SI engine and
compared it to gasoline for a high number of operating conditions and compared the
performance to gasoline. However, those tests were performed in a port fuel injected
engine. Cairns et al. reported increased efficiencies for butanol and ethanol blends in a
DISI engine where fuel injection was optimised for the blends [29]. Moreover, the same
fuels (gasoline, methanol and ethanol) as used in this study showed great potential as
fuel alternatives also in HD SI application [36]. The results in that study were run at a
higher compression ratio (13) and thus, more optimised for ethanol and methanol than
for gasoline. A future study could investigate if efficiency could be increased even further
with increased compression ratios in the light-duty DISI engine used in this study. For
MTBE, only results on lower level blends have been reported [38], but it also showed an
increased engine efficiency compared to gasoline. Hence, the results in this study add
combined information of the performance of different biofuels performed on the same
DISI engine at different operating conditions, and in a production engine optimised for
gasoline utilisation.

N-butanol was the only oxygenated fuel that was knock-limited. However, a more
advanced combustion phasing than that of gasoline could be applied. The RON of n-
butanol was slightly higher than for gasoline, but it also has other properties that benefit
knock resistance. Increased charge cooling due to higher HOV was shown to mitigate
pre-ignition and auto-ignition by Pischinger et al. [24]. Moreover, the shorter combustion
duration that was seen for n-butanol, compared to gasoline, also decreases the probability
of knock.

As no hardware changes were made to the engine, the same injectors were used for
all fuels. Hence, the ECU had to alter injection pressures and injection duration to reach
the desired load points. This resulted in a significant increase in injection pressure for
methanol compared to the other fuels. The increased injection pressure may increase spray
atomization and might improve the in-cylinder turbulence of a spray-guided engine, such
as this one. This could affect not only burn rates but also CO, HC and particle formation.

The COV for all fuels were similar to the baseline gasoline and well within the
recommended limits for an SI engine. There was no clear trend in COV depending on the
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properties of the fuels. Daniel et al. [62] noted that combustion instability is reduced due
to the increased burn rate of the oxygenated fuels. For low load conditions, ethanol and
methanol showed decreased COV compared to the other fuels. However, since the fuel
injection in this production engine was calibrated for gasoline, the end of injection varied
more when the engine was run with the oxygenated fuels compared to gasoline. This
could have had an impact on the COV. Thus, it is possible that with proper fuel injection
calibration, the oxygenated fuels would show even lower levels of COV compared to
gasoline, corresponding to the shorter CA010. As a result, these fuels could have a higher
tolerance for lean or EGR diluted combustion.

The exhaust temperature was lower for the alcohols and showed a good correlation
with the increased HOV of the fuels, as supported by previous research [23,32,33]. The
charge cooling of the alcohols is beneficial as it lowers in-cylinder temperature and thus
heat losses, as could be seen in the performed energy balance. Moreover, if the exhaust gas
temperature is lower, it decreases the need for fuel enrichment to protect hardware located
in the exhaust stream (turbine and TWC). With this condition, it is possible that the fuels
with increased HOV will exhibit an even higher difference in ITE compared to gasoline.
Previous studies support the decrease of CO and HC emissions in DISI engines, as the
oxygen content of the fuel increases [5,32,39,40]. Sileghem et al. also showed decreased
levels of NOx emissions compared to gasoline [15]. In this study, it was shown that the
level of emissions depends on the operating conditions, the injection strategy, and the fuel
properties. The volatility of the fuel seems to have a higher impact on the engine emissions
than the oxygen content, as in this engine, it increases fuel impingement. The effect of
injection timing on CO, HC, and NOx emissions could be investigated in a future study.

The low volatility of some of the oxygenated fuels showed a major impact on the
particle emissions. Increased levels of PN and PM could be handled by after-treatment
systems, such as gasoline particle filters (GPF), or by optimising the fuel injection of
the engine. However, researchers have reported increased levels of smaller particles for
oxygenated fuels (down to 10 nm) [73], which are harder to trap using a GPF. A more
detailed analysis of the particle emissions, including sub-23 nm particles, would give a
deeper understanding of the particle emissions from the oxygenated fuels.

5. Conclusions

The implementation of oxygenated biofuels in the current vehicle fleet was investi-
gated by performing tests on a gasoline optimised DISI engine. Five oxygenated biofuels
(methanol, ethanol, n-butanol, iso-butanol and MTBE) were tested and compared to gaso-
line. The fuels were tested at various engine operating conditions: low load and mid load
conditions at three different engine speeds and a spark timing sweep was performed at
2500 RPM and 7.5 bar IMEP. The effect of the oxygenated biofuels on engine efficiency,
combustion propagation and emissions has been evaluated.

Based on the presented results, the following conclusions were drawn:

• The oxygenated biofuels exhibit increased efficiency at both knock-limited and non-
knock-limited engine conditions without any engine or control optimisation.

• Due to increased charge cooling of the alcohols, there is a decrease in heat loss and
exhaust temperature compared to gasoline.

• Methanol exhibits significantly increased burn rates compared to the other fuels. This
is probably attributed to increased laminar flame speed and higher injection pressures.

• The laminar flame speed seems to have more of an impact during initial flame de-
velopment (CA010). At the later stages of combustion, in-cylinder turbulence and
injection pressure affect flame propagation more.

• The oxygenated fuels, especially methanol and ethanol, decrease emissions of CO,
HC and NOx compared to gasoline.

• Gasoline emits the lowest levels of PM and PN emissions.
• N-butanol and iso-butanol show increased levels of particle emissions compared to the

other fuels. The low volatility of these fuels leads to high levels of fuel impingement
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and pool fires. At high load, this also increases HC- and CO emissions. The effect is
more pronounced at low speed conditions.
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Abbreviations
The following abbreviations are used in this manuscript:

γ Ratio of specific heats
ηcomb Combustion efficiency
σ Standard deviation
λ Excess air ratio
A Area
AFR Air-fuel ratio
aTDC After top dead centre
B Engine bore
bTDC Before top dead centre
CA Crank angle
CA010 Flame development angle
CA1050 Initial burn rate
CA1090 Combustion duration
CA50 Combustion phasing
CA5090 Late burn rate
CAD Crank angle degree
CO Carbon monoxide
COV Coefficient of variance
cp Specific heat capacity
CPC Condensation particle counter
CR Compression ratio
DISI Direct-injected spark-ignited
DVPE Dry vapour pressure equivalent
ECU Engine control unit
EGR Exhaust gas recirculation
FID Flame ionisation detector
FS Full scale (uncertainty)
GPF Gasoline particulate filter
HC Hydrocarbon
HD Heavy duty
HOV Heat of vaporisation
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ICE Internal combustion engine
IMEP Indicated mean effective pressure
ITE Indicated thermal efficiency
KLSA knock-limited spark advance
LHV Lower heating value
ṁair Air mass flow
MER Molar expansion ratio
MBT Maximum brake torque
MFB Mass fraction burned
ṁ f uel Fuel mass flow
MON Motor octane number
MSS Micro soot sensor
MTBE Methy tert-butyl ether
N Engine speed
NASA National Aeronautics and Space Administration
NI National Instruments
NOx Nitrogen oxide
NTC Negative temperature coefficient
O/C Oxygen to carbon ratio
p In-cylinder pressure
PFI Port fuel injection
pinj Injection pressure
PM Particle (soot) mass
pmot Motoring pressure
PN Particle number
P Net indicated power
Qcomb Combustion energy loss
Qexh Exhaust gas loss
QLHV Lower heating value
R2 Coefficient of determination
RPM Revolution per minute
ROHR Rate of heat release
RON Research octane number
SI Spark-ignited
SL Laminar flame speed
SOC Start of combustion
SP Piston speed
ST Spark timing
T In-cylinder temperature
TExh Exhaust gas temperature
Tw Wall temperature
TWC Three-way catalyst
V In-cylinder volume
Vd Displacement volume
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