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Alcohol fuels are potential alternative fuels for low-temperature combustion concepts in

internal combustion engine applications. In this work, 80 vol% of ethanol and 80 vol%

of n-butanol are blended with 20 vol% of n-heptane, respectively. These two alcohol fuel

blends are investigated in a combustion research unit and a single-cylinder heavy-duty

engine to compare the combustion and emission characteristics. The effects of EGR rate

and achievable operating load range when using ethanol and n-butanol are the major

goals of this investigation. The results show that the ethanol fuel blend requires much

higher temperatures to auto-ignite than do the n-butanol blend and diesel. Both alcohol

fuel blends show negligible soot emissions in the medium load range when operated

with a 40% EGR rate. However, the ethanol fuel blend produces more nucleation mode

particles and fewer accumulation mode particles compared to the n-butanol fuel blend

under the same operating condition. Furthermore, the particulate size distribution shows

that diesel generates more particles with larger particle diameters and thus more soot

mass compared to alcohol fuel blends. Still, both alcohol fuel blends can be operated

from low to high load with simultaneous reduction of NOx and soot emissions but at the

cost of increased HC and CO emissions. The Euro VI-regulated soot mass and particle

number are achieved from low to medium-high load for alcohol fuels. Diesel has the

great advantage of achieving high combustion efficiency but shows a NOx/soot tradeoff

at a high EGR rate. Generally, the ethanol fuel blend yields the lowest gross indicated

efficiency in the whole test range compared to diesel and the n-butanol fuel blend due to

the necessity of inlet heating, which decreases the thermal efficiency. The n-butanol fuel

blend achieves the highest gross indicated efficiency (above 50%) in the medium-high

load range.

Keywords: emissions, ethanol, n-butanol, efficiency, particle number

1. INTRODUCTION

The awareness of global warming and greenhouse gas (GHG) emissions gives rise to widespread
attention on CO2 reduction. The European Commission has proposed mandatory regulation of
CO2 for new heavy-duty trucks, suggesting a 15% standard reduction of CO2 for 2025 and a 30%
reduction for 2030, based on the 2019 standard (ICCT, 2018). The agreed-upon targets for light
commercial vehicles, meanwhile, aim to reduce the average CO2 emissions by 15% in 2025 and
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by 31% in 2030. Regarding passenger cars, a 15% target for 2025
and a 37.5% target for 2030 were agreed upon, both relative to the
2021 baseline (ICCT, 2019). In addition, increasing worldwide
energy demand and concern about the depletion of fossil oil are
driving the need for renewable clean energy sources. Among the
renewable energy sources, alcohol fuels are often labeled “green”
from a life cycle point of view. The CO2 released from alcohol
fuels when used in vehicles can be offset by the CO2 captured
by the crops that are used to produce alcohol fuels. As a result,
vehicles running on alcohol fuel blends produce less net CO2
than conventional fossil fuel vehicles per mile traveled (Wang
et al., 2012). Compared to fossil fuel, bio-alcohol fuels can achieve
CO2 reduction potential ranges from 35 to 80% depending on the
biomass and process technology used (Schwaderlapp et al., 2012).

Alcohols, such as methanol, ethanol, and butanol are
interesting alternative fuels for the low-temperature combustion
(LTC) concept due to their high octane number, oxygenated
fuel structure, and liquid nature. The application of methanol
in internal combustion (IC) engines is plagued by its toxic
nature and low energy density (Landälv, 2017). Currently, the
major source of methanol is natural gas or coal via gasification
followed by methanol synthesis (Sarathy et al., 2014). Hence,
biomass-derived ethanol and butanol are more suitable options
for application in the IC engine. Both ethanol and butanol
can be produced with a variety of technologies and from a
number of sources. The first-generation biofuels are derived
from food crops, such as cereals, sugar crops, and oilseeds.
They have received worldwide criticism due to causing food
shortage and competition for land usage (Salehi Jouzani and
Taherzadeh, 2015). The second-generation biofuels, however, are
mainly obtained from non-edible energy crops, cellulosic waste,
agriculture, and forest residues (Parisutham et al., 2014). Both
ethanol and butanol are reported to be potential production
pathways from this lignocellulosic biomass and woody feed-
stock (Kumari and Singh, 2018). More recently, ethanol and
butanol produced from micro-algae and microbes have started
to draw attention. These so-called third and fourth generation
biofuels benefit from high photosynthesis and a fast growth rate
compared to terrestrial plants (Dutta et al., 2014).

Both ethanol and butanol have been applied and studied in the
IC engine due to their favorable chemical and physical properties,
with minor modifications to the engine design. Because of
its high octane rating and high latent heat of evaporation,
ethanol has been applied as an additive or blend-in fuel in
the spark-ignition engine and LTC concepts. However, due to
its polarized molecular structure, it shows high water affinity,
which constrains the mix ratio with gasoline, and it hardly mixes
at all with diesel (Sarathy et al., 2014). Shen et al. (2013b)
successfully applied pure ethanol in a heavy-duty engine to
achieve partially premixed combustion (PPC), with simultaneous
Euro VI-compliant soot and NOx emissions, as well as high
thermal efficiency. Ethanol was found to operate in close to
stoichiometric (lambda = 1.05) PPC mode with 48.9% of gross
indicated efficiency (GIE) and negligible soot emissions at 10 bar
gross indicatedmean effective pressure (gIMEP). Under the same
conditions, diesel and gasoline suffer from high reductions in
thermal efficiency and rapid increases in soot emissions (Shen

et al., 2013a). Most research has shown a soot mass reduction
potential with ethanol fuel blends fuels. When adding 20%
ethanol to gasoline, a small PM mass reduction was noticed
within test variability, yet when more than 30% ethanol was
blended, a 30–46% reduction of PMmass was observed inMaricq
et al. (2012). However, the effects of alcohol fuel blends on particle
number has not been clearly addressed. In Luo et al. (2015),
ethanol-gasoline was reported to increase the particle number
(PN) at low load but decrease the PN at high load in a gasoline
direct injection (GDI) engine. Storch et al. studied the mixture
formation and sooting combustion behavior of E20 (20 vol% of
ethanol and 80 vol% of iso-octane) in an optical engine (Storch
et al., 2015). The planar laser-induced fluorescence results
showed that E20 has a higher sooting tendency compared to iso-
octane due to fuel-rich regions with incompletely evaporated fuel
droplets remaining from the injection event.

Compared to ethanol, butanol shows superior fuel properties
in terms of energy content, lubricity, and corrosivity to metallic
construction material (tank, cylinder wall) (Dürre, 2007). Most
importantly, butanol is easier to mix with petroleum fuels at
a high blend ratio due to its hydrophobicity, and it can be
handled by the existing infrastructure (Sarathy et al., 2014).
Hence, researchers have shown great interest in butanol both
as a component in petroleum fuel and as a self-contained
alternative fuel (Atmanli et al., 2015). The combustion and
emission characteristics of butanol-diesel fuel blends have been
investigated from low to high blend ratio (Valentino et al.,
2012; Cheng et al., 2016; Wang et al., 2019). A moderate
butanol/diesel mix ratio (50–60%) was concluded to be most
optimal for high GIE and low emissions (Leermakers et al.,
2013). The addition of butanol to diesel contributes to a
more premixed mixture by enlarging the ignition delay and
increasing the premixed combustion in the case of both early
and late injection timing (Cheng et al., 2014). Soot emissions
generally decrease with an increase in the butanol blending
ratio. Butanol can influence the cylinder temperature in two
counteractive ways: the high latent heat of vaporization decreases
the cylinder temperature, while more premixed combustion leads
to rapid heat release and a higher combustion temperature.
Consequently, the effect of the butanol blending ratio on NOx

is ambiguous and depends on the specific engine and operating
conditions (Rajesh Kumar and Saravanan, 2016). However, when
a high blend ratio of butanol fuel blend is directly injected
into the cylinder, it has adverse consequences, such as a high
pressure rise rate (PRR), combustion noise, and limited operating
range, particularly when applied in LTC mode (Han et al.,
2019). Multiple injection strategies are proposed to stage out
the heat release so that maximum pressure rise rate (PRRmax)
can be controlled, and both the upper and lower load ranges
are extended when a high blend ratio of butanol fuel blends are
used (Han et al., 2017, 2018).

These aforementioned studies have shown the merits of
applying alcohol fuel blends in IC engines, especially in LTC
concepts. However, the particle size concentration distribution
in the LTC concept with different alcohol fuels has not been
clearly illustrated. Moreover, alcohol fuels would become less
attractive if they could only be operated in a very limited
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FIGURE 1 | Experimental setup.

operating range compared to petroleum fuels. The operating
load range of high-blend-ratio alcohol fuel blends running in
LTC has not been fully investigated in the current literature.
The main goal of this work is to compare the combustion and
emission characteristics of ethanol and n-butanol fuel blends
both in a constant volume combustion chamber (CVCC) setup
and a diesel engine setup. The particulate size distribution
and operating load of alcohol fuels will be evaluated in
this paper. Since ethanol cannot homogeneously mix with
commercial diesel without an emulsifier or a co-solvent, to make
a fair comparison, n-heptane is chosen to replace diesel due
to its similar ignition propensity. Particularly, LTC generally
necessitates a long ignition delay to promote the mixing between
fuel and air and achieve premixed-dominant combustion. Hence,
in this work, high alcohol fuel blend ratios are adopted,
specifically aiming at a low reactivity: 80 vol% of ethanol and
80 vol% of n-butanol are blended with 20 vol% n-heptane,
named EH80 and BH80, respectively. Diesel is tested as the
baseline fuel under default calibration except for the exhaust
gas recirculation (EGR) rate, which is enhanced to control NOx

emissions. Both BH80 and EH80 are tested with similar operating
conditions. A high PRR is a consequence and is actually the

limiting factor in these approaches and so is an integral part of
the study.

2. APPARATUS AND METHODOLOGY

2.1. Experimental Setup
The combustion research unit (CRU) instrument from FuelTech
Solutions is used as an auxiliary setup to both qualitatively
and quantitatively study fuel properties. Based on a well-
established CVCC technology, the CRU can be set to a specified
ambient condition to investigate different fuel characteristics as
a function of the process parameters (pressure, temperature,
injection pressure, etc.). The ambient conditions are close to the
condition in an IC engine, although the maximum temperature
is limited to 580◦C. Due to the elimination of the engine
dynamics (e.g. piston movement), the effects of varying fuel
properties and compositions are much easier to isolate and study.
The combustion chamber is filled with synthetic air and pure
nitrogen. The oxygen concentration can be regulated by the blend
ratio of these two gases. Furthermore, it is equipped with an
industry-standard common rail injection system. With a flexible
modular design, the CRU is built of components and sub-systems
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(injection system and optical accessibility) that can be adapted to
specific research requirements. More detailed information about
the instrument can be found in Solutions (2017).

The experimental engine setup is shown in Figure 1. It is
modified from an in-stock six-cylinder heavy-duty DAF XE355c
engine. Only the first cylinder is the test cylinder and runs with
the specific fuel. Cylinders 2 and 3 are disabled. The remaining
cylinders propel the engine with diesel to maintain the desired
speed with the help of a Schenk W450 hydraulic dynamometer.
The test cylinder is isolated from the propelling cylinders except
for the crankshaft and camshafts. The inlet pressure is supplied
by an external air compressor. Exhaust gas is first cooled and
then mixed with fresh air in the surge tank to ensure sufficient
mixing. The other two surge tanks are put in place to reduce the
pressure oscillation to obtain steady flow. The inlet temperature
is controlled by an electrical heater to set the desired inlet
condition. A Resato HPU200-625-2 double-acting air-driven
pump provides the desired fuel pressure. An accumulator is
placed near the fuel injector to simulate the volume of a typical
common rail and dampen the pressure fluctuations originating
from the fuel pump. Direct injection of the test cylinder is via an
injector provided by Delphi. All steady flows of air and fuel are
measured with Micro Motion mass flow meters.

Gaseous exhaust emissions are analyzed by a Horiba Mexa
7100 DEGR emission system. The exhaust smoke level in terms
of filter smoke number (FSN) is measured by an AVL 415s
smoke meter. Particle size concentration and distribution are
measured by an engine exhaust particle sizer (TSI EEPS 3090).
In this work, the exhaust was sampled at 1 Hz for a period
of 1 minute. During the tests, primary dilution was set to
a factor of 50 and a temperature of 150◦C. The secondary
dilution factor and temperature were set at 6.7 and 300◦C,
respectively. As a result, the total dilution ratio is 335. Inlet
pressure and temperature, exhaust pressure and temperature,
water and oil temperature are measured by common engine
sensors. Data from these sensors, as well as air and fuel flows
and emission levels, are recorded at 20 Hz for a period of 40s
with an in-house data acquisition system (TueDACs). An AVL
GU21C uncooled pressure transducer is flush-mounted in the
cylinder and measures in-cylinder pressure at 0.1◦CA intervals.
In-cylinder pressure, together with crank angle, fuel pressure, and
injector current, is recorded and processed by a SMETEC Combi
data-acquisition system. Other important test setup parameters
are listed in Table 1.

2.2. Experimental Method
In this paper, the tested ethanol (purity >99.9%), n-butanol
(purity >99.5%), and n-heptane (purity >99.75%) are supplied
by JBC Solutions. The diesel is EN590. To prevent the injector
being damaged due to the low lubricity of alcohol fuels, 0.1
vol% of R655 from Infineum is added to BH80 (80 vol% n-
butanol and 20 vol% n-heptane) and EH80 (80 vol% n-butanol
and 20 vol% n-heptane). Considering the low concentration of
additive, the effects of R655 on the combustion and emission
characteristics of alcohol fuel blends are assumed to be negligible.
No phase separation is noticed after splash blending and standing
for 48 hours for both BH80 and EH80. The major properties

TABLE 1 | Engine specification.

Base engine DAF XE355c

Stroke (mm) 158

Bore (mm) 130

Connecting rod (mm) 266.7

Compression ratio 15.85:1

Number of valves 4

Exhaust valve close (◦CA) −346

Intake valve close (◦CA) −153

Exhaust valve open (◦CA) 128

Intake valve open (◦CA) 344

Valve overlap (◦CA) 30

Injector Delphi F2P

Actuating type Solenoid

Nozzle holes 7

Nozzle diameter (mm) 0.195

Included spray angle (◦C) 139

TABLE 2 | Properties of fuels.

Fuel CN RON LHV (MJ/kg) AFs Boiling point (K)

Ethanol – 109 26.8 8.97 351.3

n-Butanol – 98 33.08 11.13 390.4

n-Heptane 56.3 0 44.5 15.2 371.57

BH80 78.4 35.3 11.85 –

EH80 – 87.2 30.3 10.07 –

EN590 51 – 42.9 14.7 422–644

of the tested fuels are given in Table 2. The LHV and research
octane number (RON) of alcohol fuel blends are based on a
linear calculation.

In the first part of this work, the effects of chamber
temperature and chamber pressure on the ignition quality of
alcohol fuels and diesel are compared on the CRU. During the
operation, the injection pressure and injection duration are set as
1,500 bar and 1.5 ms, respectively, for all fuels. Fuel is directly
injected into the pressurized and heated combustion chamber,
where it meets the hot air and ignites. The pressure trace of
the combustion chamber after ignition is automatically recorded
and saved by the software control system. Chamber temperature
is swept from 450 to 575◦C in steps of 25◦C for BH80 and
diesel, while EH80 is only tested at 575 and 580◦C. The chamber
pressure is swept from 35 to 60 bar in steps of 5 bar for all
three fuels.

In the second part of this work, alcohol fuel blends are
tested on the heavy-duty engine setup to investigate the load
range of alcohol fuels. A double-injection strategy is applied on
alcohol fuel blends based on our previous work (Han et al.,
2018, 2019), with the first direct injection pulse (DI-1) fixed
at −30◦CA aTDC. The second injection (DI-2) is close to the
top dead center (TDC) and adjusted for proper combustion
phasing. The injection duration ratio DI-1/DI-2 is constant
at 0.6 ± 0.02. Diesel is also tested to provide a reference. A
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FIGURE 2 | Inlet pressure and fuel pressure vs gIMEP (A), Inlet temperature vs gIMEP (B), and EGR rate vs gIMEP (C).

single injection strategy is used for diesel, wherein the injection
timing and the injection duration are adjusted to achieve the
desired load and combustion phasing. Diesel operation is set
according to the original calibration except for the EGR rate,
which is adjusted to control the NOx emissions. Both alcohol
fuel blends and diesel are tested under the same operating
conditions with similar combustion phasing from 4 to 18 bar
gIMEP in steps of 2 bar. The inlet pressure and injection
pressure are the same for both alcohol fuel blends and diesel,
as is shown in Figure 2A, similar to the original calibration
settings of the engine. Since ethanol and n-butanol have much
lower reactivity than diesel, compression ignition would be
difficult, and misfire tends to happen due to the excessive long
ignition delay, especially at low load. Inlet heating is generally
applied with alcohol fuel blends to enhance the reactivity of the
combustible mixture, and stable combustion can be guaranteed.
As is shown in Figure 2B, EH80 requires a much higher inlet
temperature than BH80 for stable combustion, 120◦C is needed
at 4 and 6 bar gIMEP. BH80 only requires 60 and 50◦C at
4 and 6 bar gIMEP, respectively, and the remaining operating
loads are maintained at 40◦C, which is the same as diesel. For
the same reason, the EGR rate of EH80 cases is restricted to
40% in case of misfire. Considering the lower lubricity of BH80
and EH80, fuel pressure is constrained at 1,950 bar to prevent
injector damage. The EGR rate is adjusted to achieve a similar
global lambda and simultaneously low NOx/soot emissions at a
specific load, and thus it may vary for different fuels (Figure 2C).
Additionally, the effects of the EGR rate on EH80 and BH80 are
tested in a medium load range (8, 10, and 12 bar gIMEP) to
compare the combustion and emission characteristics of ethanol
and n-butanol.

2.3. Data Analysis
For CRU tests, each measurement is repeated 10 times and
averaged. The ignition delay of CRU is defined as the time
interval after injection until a 0.2 bar pressure rise is first reached.
For engine tests, each measurement is repeated at least twice.
The results are the averaged value of these repetitions. An
engine up consists of 70 cycles of in-cylinder pressure traces

averaged and filtered using a Savitzky-Golay filter (Order: 1,
Frame length: 19). The pressure rise rate is the derivative of
the filtered in-cylinder pressure trace per 0.1◦CA. gIMEP is
calculated from in-cylinder pressure according to Equation (1),
where P is the cylinder pressure trace, V is the displacement,
and Vd indicates the total stroke volume of the cylinder.
The rate of heat release (ROHR) is calculated based on
Equation (2) without considering the heat transfer, where θ

refers to the crank angle and the specific heat capacity ratio
(γ ) is based on Equation (3) (Brunt et al., 1998). T is the
global temperature calculated from the cylinder pressure based
on the ideal gas law. The accumulated heat release can be
calculated as the integral of ROHR. Combustion phasing is
defined as the crank angle at which 50% heat is released
(CA50). Combustion efficiency and gross indicated efficiency are
calculated based on Equations (4) and (5). Global lambda is
calculated based on the Brettschneider Equation (6) (Torok et al.,
2018).

gIMEP =
Wgross

Vd
=

∫ 180
−180 PdV

Vd
(1)

ROHR =
γ

γ − 1
P

∂V

∂θ
+

1

γ − 1
V

∂P

∂θ
(2)

γ = 1.35− 6× 10−5T + 1× 10−8T2 (3)

ηCombustion

= (1−
ISHC × LHVfuel + ISCO × LHVCO + ISH2 × LHVH2

ISFC × LHVfuel
)

×100% (4)

where ISX , ISFC, and LHV are the indicated specific emissions,
indicated specific fuel consumption, and lower heating
value, respectively.

ηGIE =

∫ 180
−180 PdV

mfuel × LHVfuel
× 100%, (5)

wheremfuel is the fuel mass per cycle.
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λ =

[CO2]+ [CO2 ]+ [O2]+
[NO]
2 + (H/C

4 ×
3.5

3.5+ [CO]
[CO2]

−
O/C
2 )× ([CO2]+ [CO])

(1+ H/C
4 −

O/C
2 )× ([CO2]+ [CO]+ (Cn × [HC]))

. (6)

Here, [X] is the exhaust gas volume concentration of compound
X, H/C and O/C are the atom ratios of the fuel, and Cn is the
number of carbon atoms in the hydrocarbon molecule.

3. RESULTS AND DISCUSSION

3.1. Ignition Characteristics
Figure 3 shows the ignition quality of the three fuels. The
ignition delay period consists of both the physical delay,
wherein liquid fuel breaks up into small droplets, atomizes,
vaporizes, and entrains ambient air, and the chemical delay
contributed by pre-combustion reactions. It can be seen that
alcohol fuel blends show a distinctly different ignition propensity
from diesel, with a much longer ignition delay observed.
At 60 bar chamber pressure, no combustion is observed for
EH80 at the maximum available chamber temperature, as is
shown in Figure 4A. The ignition delay of EH80 is 21.3
ms, even at a chamber temperature of 580◦C. For BH80,
the ignition delay decreases rapidly with increased chamber
temperature. This can be validated by the chamber pressure rise
trace (Figure 4B): there is barely any pressure rise when the
temperature is below 500◦C. Proper ignition occurs until the
chamber temperature reaches 525◦C. The results also indicate
that EH80 will require a higher inlet temperature than BH80
in the metal engine experiment. Notably, diesel presents very
good ignition quality in the whole test range (Figure 4C),
and ignition delay decreases as chamber temperature increases
(Figure 3A).

The observed dependence of ignition propensity on chamber
pressure shown in Figure 3B can be understood as follows.
In a CVCC, high chamber pressure also means higher air
mass and ambient density. Thus, the molar concentration of
oxygen increases, which shortens the chemical ignition delays.
It also leads to a higher entrainment rate such that fuel
and oxygen are better mixed, which shortens the physical
ignition delay. However, the reaction rate is more influenced
by the temperature than by the oxygen molar concentration
due to exponential dependence. At 60 bar, the ignition delay
of BH80 decreases from 9.83 to 3.29 ms when the chamber
temperature is enhanced from 500 to 575◦C, whereas the
ignition delay of BH80 only decreases from 5.3 to 4.1 ms
as the chamber pressure increases from 35 to 60 bar at
550◦C. A similar trend can be found for diesel. Therefore,
chamber temperature is a more crucial factor in the chamber
ambient conditions, especially for low reactivity fuels. In a
reciprocating engine, cylinder temperature and cylinder pressure
are closely coupled. Inlet pressure boosting can effectively
decrease ignition delay since both cylinder pressure and
temperature increase after compression. Inlet heating, however,
increases the charge temperature but possibly leads to a lower
cylinder pressure as a result of decreased charged density (Han
et al., 2019).

3.2. Effects of EGR on Alcohol Fuel Blends
The effects of EGR on different alcohol fuel blends will be
discussed in this section. For all cases, the DI-1 timing is
fixed at −30◦CA, which causes fuel injected in DI-1 to be
well-mixed with air and contributes to premixed-combustion,
whereas, DI-2 behaves like a CDC due to the overlap between
the injection and combustion events. As is shown in Figure 5,
the ROHR profile of DI-2 consists of a premixed peak, a
mixing-controlled combustion, and a burn-out. It can be seen
that the cylinder pressure peak decreases and the combustion
phasing is retarded at a high EGR rate. However, BH80 and
EH80 present distinctly different combustion behaviors. At 8-
bar gIMEP, BH80 always shows earlier ignition than EH80. As
the EGR rate increases, the ROHR profiles of BH80 gradually
switch from dual-peak to mono-peak due to the extended
mixing time at a high EGR rate, while EH80 remains mono-
peaked for all EGR cases. Moreover, BH80 auto-ignites before
the second direct injection (DI-2) regardless of the EGR rate
at 10 bar and 12 bar. Under these conditions, the reactivity of
the combustible mixture increases due to the increased cylinder
temperature and oxygen concentration. Specifically, a multi-
stage heat release pattern is shown for BH80, which consists
of a premixed dominated combustion from DI-1 and a mainly
mixing-controlled combustion from DI-2. The two stages of heat
release are separated at low EGR rate cases for 10 bar gIMEP
and all cases for 12 bar gIMEP. EH80 always presents a mono-
peaked ROHR (premixed dominant combustion) at 8 and 10 bar.
Additionally, as the ignition delay is elongated at a high EGR
rate, more premixed combustion and higher maximum ROHR
are observed. At 12 bar gIMEP, EH80 starts to ignite before DI-2
at 25% EGR, and a multi-stage heat release can be noticed, which
is similar to BH80. However, the ROHRprofile switches tomono-
peaked again at 40% EGR. All of these observations of differences
between these two alcohol fuel blends are perfectly in line with
the difference in octane number of ethanol and n-butanol.

Generally, an increased EGR rate leads to reduced global
oxygen availability and temperature, which effectively constrains
the formation rate of NOx emissions, as is shown in Figure 6A. A
good correlation between NOx emissions and global temperature
can be observed. It is also interesting to find that EH80 generally
yields more NOx emissions than BH80 because of increased
bulk temperature. Firstly, EH80 is operated with a higher inlet
temperature for all cases, which also leads to a higher bulk
temperature as a result of decreased air density and dilution level.
Secondly, EH80 presents more premixed combustion phasing,
which consequently results in faster heat release and thus higher
local temperature than BH80 (Figure 5). With a 40% EGR rate,
both BH80 and EH80 can achieve engine-out NOx emissions
close to Euro VI-regulated standards. Soot emissions are detected
by the AVL 415s smoke meter, which uses the filter paper
method to measure the filter smoke number (FSN). The averaged
results of three samples of 1L are converted into soot mass by
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FIGURE 3 | Ignition delay as a function of chamber temperature (A) and chamber pressure (B). (A) Chamber pressure: 60 bar. (B) Chamber temperature: 550◦C.

FIGURE 4 | Pressure rise rate at different chamber temperatures. (A) EH80. (B) BH80. (C) Diesel.

the correlation proposed by Northrop et al. (2011). Given the
fact that soot oxidation deteriorates at high EGR rates due to
decreased oxygen, avoiding the formation of soot is essential to
mitigate the NOx/soot tradeoff when EGR is applied. Alcohol
fuel blends benefit from the oxygen atom in the molecule and
a longer ignition delay. This avoids the formation of fuel-rich
hot areas where soot is produced. As is shown in Figure 6B,
soot formation is considerably reduced for EH80, since hardly
any soot is measured regardless of load and EGR. This holds
to a lesser extent for BH80, but it also remains below the Euro
VI-regulated soot mass.

It should be noted that these measurements do not indicate
particle-free combustion. LTC concepts like homogeneous
charge compression ignition (HCCI), PPC, and reactivity
controlled compression ignition (RCCI), which apply high EGR
rates and high boosting levels, tend to have a longer ignition delay
than conventional diesel combustion (CDC) to achieve mostly
premixed combustion to reduce soot formation (Musculus et al.,

2013). The particle size from LTC generally appears to be
smaller than those from CDC, and are particles likely small
enough to pass through the filter paper (Prikhodko et al.,
2010). Also, small particles only contain 0.1–10% of the total
PM mass, so these LTC concepts also yield low soot mass
results compared to diesel combustion operated with a high
EGR rate. Figure 6C shows the particle size distributions of
BH80 and EH80 at a 40% EGR rate, which are the worst cases
for soot. Both BH80 and EH80 present a bimodal particulate
size distribution, which mainly consists of particles in the low
end of accumulation mode (20 nm < particle diameter < 100
nm) and a small concentration of nucleation mode particles
(particle diameter < 20 nm). Interestingly, EH80 produces
fewer accumulation mode particles but more nucleation mode
particles under the same operating conditions than does BH80.
There are several potential reasons for this. Firstly, as is found
that EH80 shows a longer mixing time between fuel and
air, which suppresses thermal pyrolysis and dehydrogenation
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FIGURE 5 | Cylinder pressure and ROHR profiles of EH80 and BH80 at various loads and EGR rates. (A) BH80 gIMEP = 8 bar. (B) EH80 gIMEP = 8 bar. (C) BH80

gIMEP = 10 bar. (D) EH80 gIMEP = 10 bar. (E) BH80 gIMEP = 12 bar. (F) EH80 gIMEP = 12 bar.

reactions. Consequently, the formation of soot-precursor PAHs
is constrained. Secondly, EH80 benefits from a higher O/C
ratio so that the local equivalence ratio is lower, and the

oxidation rate is enhanced (Esarte et al., 2012). Thus, it
decreases the reaction rate of particle surface growth by the
large hydrocarbons for the accumulation mode particles (Zhang
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FIGURE 6 | ISNOx vs. Global Tmax (A), ISPM vs. EGR rate (B), and particle size distribution at a 40% EGR rate (C).

et al., 2014). Simultaneously, since there are fewer accumulation
mode particles to absorb the volatile hydrocarbons, these volatile
organics are more likely to experience the gas-to-particle process
and condense into nucleation mode particles. The results for
particle concentration and size distribution confirm the soot
mass results. EH80 hardly shows any soot blackening in the filter
paper due to the low particle number concentration and small
particle size, whereas BH80 shows a much higher concentration
of accumulation mode particles at high EGR cases, and hence
more soot was measured. The current emission regulations
mainly focus on particle mass and total particle number, but there
is no particle size and distribution regulation. Caution should be
taken when alcohol-blended fuels are applied in a real engine
situation since ultrafine particles are dangerous for the human
respiratory system (Brown et al., 2002; Labecki et al., 2013). The
results presented here are consistent with the results reported
in Luo et al. (2015), where the authors showed that the addition of
ethanol in gasoline in GDI engines can increase the small particle
number and volatile organic compound mass fraction because
ethanol inhibits the formation of soot precursors.

3.3. Operating Load Range
In this section, the operating load range of alcohol fuel blends
will be discussed. It can be seen from Figure 7A that the three
tested fuels present similar CA50. CA50 is retarded at high
load to prevent excessive peak cylinder pressure and PRRmax.
Additionally, the global lambda decreases as the load increases
due to increased fueling and limited boosting level in a practical
engine. As is shown in Figure 7B, both alcohol fuel blends and
diesel are set to show identical global lambda by adjusting EGR
and boosting the level from 4 to 14 bar gIMEP. In 16 and 18 bar
cases, only BH80 shows higher lambda due to the lower EGR rate
that needed to be applied.

PRRmax and the coefficient of variance of gIMEP (COVgIMEP)
are shown in Figure 8. PRRmax is one of the challenges
that constrain the operating load range of LTC concepts. It
directly reflects the combustion intensity. High PRRmax could
result in detrimental consequences like deterioration of engine
performance and severe engine noise. As shown in Figure 8A,
diesel can be operated stably regardless of the operating load. The

PRRmax of diesel is much lower than that of alcohol fuel blends,
especially at high load cases. Moreover, alcohol fuel blends tend
to display a higher PRRmax as the load increases. Notably,
BH80 shows lower PRRmax than EH80 up to 14 bar gIMEP,
after which PRRmax increases rapidly at 16 and 18 bar. This is
mainly caused by the premixed combustion from the DI-1. As
mentioned earlier, BH80 presents a two-stage heat release mode.
The premixed combustion fromDI-1 becomes quite pronounced
at 16 and 18 bar gIMEP. Hence, the timing of PRRmax is well
before TDC in these high-load cases, as is shown in Figure 8B.
The location of PRRmax for EH80 and diesel is closer to TDC.
This can also be observed in the heat release pattern in Figure 9.
The phasing of the first stage premixed combustion for BH80 is
much earlier than TDC, which causes high pressure rise rates
and increased compression work. Additionally, typical mixing-
controlled combustion from DI-2 is observed, quite similar to
diesel. Even though the three fuels are operated at similar CA50,
this early first stage premixed combustion leads to higher peak
pressure than for EH80 and diesel. In fact, both the peak pressure
and PRRmax limit the high load operation of BH80. Throughout
the tested load range, COVgIMEP is quite low, and hardly any
fuel-related differences can be found in Figure 8C. All three
tested fuels show good combustion stability. The general trend
shows that COVgIMEP increases at low load, which is because
the combustion process in the lean mixture at these low loads
becomes more sensitive to small changes (Maurya and Agarwal,
2011).

Figure 10 shows the regulated emissions of the tested fuels.
Though diesel manages to decrease the NOx emissions to
quite close to the Euro VI standard at a high EGR rate, the
reduction of NOx comes at the price of high soot emissions.
The alcohol fuel blends, however, show great advantages in
relieving the NOx/soot tradeoff. Both BH80 and EH80 have
NOx emissions that are comparable with diesel but much
lower soot emissions. Specifically, BH80 achieves a soot mass
below the Euro VI standard from 4 to 16 bar gIMEP, 0.03
g/kWh soot emissions are achieved at 18 bar gIMEP. For
EH80, negligible soot emissions can be seen from 4 to 14
bar gIMEP, whereas 0.03 and 0.1 g/kWh of soot are achieved
at 16 and 18 bar. The higher soot emissions of EH80 at
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FIGURE 7 | CA50 (A) and global lambda (B) as a function gIMEP.

FIGURE 8 | PRRmax (A), Timing of PRPmax (B), and COVgIMEP (C) as a function of gIMEP.

FIGURE 9 | Cylinder-pressure and ROHR at 16 and 18 bar gIMEP.

high load cases compared to BH80 is mainly because of
the higher EGR rate that could be applied to constrain the
NOx emissions. This also explains why EH80 displays lower
NOx emissions than BH80 at 16 and 18 bar. The increased
soot emissions at high load are expected and are due to the

limitations of injection pressure and intake boosting pressure.
The global lambda decreases at high load, as shown in
Figure 7. Therefore, the soot emissions are mostly influenced
by ambient oxygen availability since overlap between injection
and combustion always exists due to an elongated injection
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FIGURE 10 | ISNOx (A), Soot (B), ISHC (C), and ISCO (D) as a function of gIMEP.

duration at these high load conditions. The irregularity in
the soot behavior of diesel cases illustrates that dedicated
calibration is necessary when diesel is operated at high EGR rates.
Figures 11A,B show particle size distribution concentration at
16 and 18 bar gIMEP. All tested fuels present a unimodal
distribution of accumulation mode particles. Both particle
number concentration and particle diameter increase as the load
increase. Compared with diesel, alcohol fuel blends not only
yield lower particle number concentrations but also a smaller
particle diameter, which is consistent with the soot mass results.
This can be mainly attributed to the better mixing between
alcohol fuel and air and lower local equivalence ratio due to the
oxygenated fuel molecule. In addition, diesel contains aromatic
hydrocarbons, which are generally accepted to show the highest
soot formation tendency, while EH80 and BH80 mainly consist
of alcohol, which is deemed to show the lowest soot formation
tendency (Ladommatos et al., 1996). As a consequence, alcohol
fuel blends also achieve Euro VI (8×1011 1/kWh)-compliant
total particle numbers in the whole operating load range, as
shown in Figure 11C. Considering that diesel generates a much
higher total particle number than alcohol fuel blends, this
value for diesel is not shown in the figure for the sake of
data clarity.

Generally, LTC concepts feature a long ignition delay so
that the fuel and air are better premixed than in CDC. The
avoidance of hot fuel-rich areas can mitigate the NOx/soot
tradeoff to some extent. However, the usage of low reactivity
fuel generally brings high HC and CO emissions. As is shown
in Figures 10C,D, both alcohol fuel blends produce more HC
and CO emissions than does diesel. It is interesting to note that
BH80 yields less HC emissions but more CO emissions compared
to EH80, although both HC and CO are products of incomplete
combustion. HC emissions are mainly unburned fuel remaining
in the crevice volume where flame cannot penetrate because
of poor targeting of the injection (Heywood, 1988). However,
over-leaning of the mixture due to a long ignition delay is also
one of the most common sources of unburned HC emissions
from LTC concepts (Opat et al., 2007; Han et al., 2012). EH80
shows longer ignition delay and mixing time compared to BH80,
and consequently, the local equivalence ratio is expected to be
lower than that of BH80, leading to more HC emissions. As
for BH80, it presents more mixing-controlled combustion and,
therein, a higher local equivalence ratio area, which promotes
the formation rate of CO. Both HC and CO emissions generally
decrease at high load due to the increased cylinder temperature.
The sudden increase of CO emissions from EH80 at 16 bar
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FIGURE 11 | Particle size concentration distribution (A) gIMEP = 16 bar, (B) gIMEP = 18 bar, and total particle number (C).

and 18 bar can be attributed to the decreased inlet heating
temperature, which deteriorates the combustion completeness.
Furthermore, since the EGR rate for EH80 is higher than that
of BH80 in these two load cases, the lower global lambda also
enhances the production of CO emissions. Diesel is injected
late, and this avoids the poor targeting. It presents mixing-
controlled combustion because of a short ignition delay, and
most CO formed in the diffusion flame can be oxidized to CO2
during the adequately long late combustion stage. It can be
seen from Figure 10C that diesel shows negligible HC emissions
throughout the testing load and Euro VI compliant CO emissions
under most operating loads. The results actually demonstrate
that the NOx/soot tradeoff for diesel is replaced by the NOx-
HC/CO tradeoff for the alcohol fuel blends. However, compared
to NOx and soot emissions, HC and CO emissions are much
easier and less costly to mitigate by applying a diesel oxidation
catalyst (DOC).

Obviously, the high HC/CO emissions are equivalent to
low combustion completeness. This reflects directly in the
combustion efficiency, as shown in Figure 12A. Both BH80 and
EH80 have a low combustion efficiency at low load, when the
long ignition delay and lower cylinder temperature degrade the
combustion completeness. The fact that EH80 outperforms BH80
is due to inlet heating. This helps to stabilize the combustion
and reduce the HC and CO emissions. For the same reason, heat
transfer loss for EH80 is expected to be larger than that for BH80
and diesel. Combustion efficiency increases at higher loads for
both EH80 and BH80. The combustion efficiency of BH80 is close
to that of diesel at 16 and 18 bar gIMEP, as it approaches mixing-
controlled combustion at these load cases. But even with this
lower combustion efficiency, the GIE appears to be promising
(Figure 12B). BH80 shows higher GIE than diesel from 4 bar to
14 bar. Specifically, more than 50% GIE is achieved from 8 to
14 bar gIMEP. It then decreases due to the enhanced negative
compression work caused by the early ignition of DI-1 before
TDC. This can be optimized by reducing the injection duration
ratio of DI-1/DI-2 so that more work can be extracted in the
expansion stroke. For EH80, inlet heating is applied in the whole

load range to keep stable combustion, which also decreases the
thermal efficiency.

In order to address the efficiency difference in detail, an energy
balance analysis was performed, as shown in Figure 13. It can be
clearly seen that heat transfer loss is the leading reason for the low
GIE for EH80. The application of inlet heating is beneficial for
reducing combustion loss and maintaining a stable combustion
process. However, it also decreases the amount of fresh air
charge in the cylinder at a fixed inlet pressure and increases
the charge temperature, both of which contribute to a higher
combustion temperature and thus higher heat transfer to the wall.
Furthermore, the reduced specific heat capacity ratio at high inlet
temperature also leads to a decreased thermal efficiency (Lam
et al., 2018). In contrast, BH80 benefits from lower heat transfer
loss owing to the staged heat release pattern, which lowers the
combustion temperature.

4. SUMMARY/CONCLUSIONS

In this work, the combustion and emission characteristics of
different alcohol fuel blends are investigated in both CRU and
heavy-duty engine setups. Specifically, the effects of EGR rate
on high-blend-ratio alcohol fuel blends and the operating load
range of alcohol fuel blends are compared with the case of diesel.
Based on the experimental results, the following conclusions can
be drawn:

1. Alcohol fuel blends show much longer ignition delay than
does diesel in both setups. Ambient temperature is much
more influential than ambient pressure on the ignition
propensity of alcohol fuel blends. BH80 mostly presents two-
stage heat release, while EH80 presents premixed dominant
combustion. Moreover, EH80 generates more particles in
nucleation mode and fewer particles in accumulation mode
under the same operating condition.

2. Both EH80 and BH80 can be operated from 4 to 18 bar
gIMEP. However, EH80 requires a high inlet temperature
(120◦C at 4 and 6 bar gIMEP) to maintain stable combustion
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FIGURE 12 | Combustion efficiency (A) and gross indicated efficiency (B) as a function of gIMEP.
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FIGURE 13 | Energy balance analysis. (A) gIMEP = 10 bar. (B) gIMEP = 12 bar.

in the whole operating range due to its high octane rating,
while BH80 only needs moderate inlet temperature at low-
load cases (60◦C at 4 bar gIMEP and 50◦C 6 bar gIMEP).

3. With the help of EGR, all tested fuels show lowNOx emissions
from 6 to 18 bar. Diesel shows significantly higher soot mass
and larger particle concentration in accumulation mode than
the alcohol fuel blends. For alcohol fuel blends, negligible
soot mass emissions are observed, and the NOx/soot tradeoff
is mitigated at the cost of increased HC and CO emissions.
Specifically, BH80 and EH80 achieve particle mass and
particle number below Euro VI regulations from 4 to
14 bar gIMEP.

4. Alcohol fuel blends suffer from combustion incompleteness
and thus low combustion efficiency. For EH80, inlet heating
also leads to more heat transfer loss, which decreases the GIE
in the whole operating range, while BH80 presents a higher
GIE than diesel from low to medium-high load. Over 50%
GIE is achieved from 8 to 14 bar gIMEP. At high load, GIE
decreases mainly because of the increased compression work
due to the early ignition of DI-1.

To sum up, bio-alcohols are potential alternative fuels applicable
in the LTC concepts. Compared to diesel operation, alcohol fuel
blends can mitigate the engine-out NOx/soot tradeoff at the cost
of high HC and CO emissions at low load. High load cases
are mainly limited by high PRRmax and peak cylinder pressure
due to early premixed-combustion. Particularly, BH80 presents
the highest GIE from 4 to 14 bar gIMEP without the need for
a high inlet temperature. These promising results illustrate the
good performance of bio-alcohol, a fuel that can be derived
from an abundant resource (seaweed), in HD diesel engine in a
wide operating load range. Future work will focus on the cold
flow properties of alcohol fuel blends, the spray and combustion
interaction (spray penetration, liquid length, lift-off length, etc.)
of alcohol fuel blends in a more advanced setup (an Eindhoven
high-pressure cell) with excellent optical accessibility. For the
metal engine work, the DI-1/DI-2 ratio will be reduced for high
load cases to decrease the PRRmax and further enhance the
thermal efficiency (less negative compression work). Moreover,
the conversion efficiency of DOCwhen operated with alcohol fuel
blends will be evaluated.
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NOMENCLATURE

aTDC After top dead center
BH80 80 vol% n-butanol and 20 vol% n-heptane
BDC Bottom dead center
CA Crank angle
CA50 Crank angle at which 50% of heat is released
CDC Conventional diesel combustion
CN Cetane number
CO Carbon monoxide
CO2 Carbon dioxide
COV Coefficient of variance
COVgIMEP Coefficient of variance based on gIMEP
CR Compression ratio
CRU Combustion research unit
CVCC Constant volume combustion chamber
DI Direct injection
DOC Diesel oxidation catytist
DI Direct injection
DI-1 First direct injection
DI-2 Second direct injection
EGR Exhaust gas recirculation
EH80 80vol% ethanol and 20vol% n-heptane
EOI End of injection
EVC Exhaust valve close
EVO Exhaust valve open
FSN Filter smoke number
GHG Greenhouse gas
GIE Gross indicated efficiency
gIMEP Gross indicated mean effective pressure
HC Hydrocarbons
HCCI Homogeneous charge compression ignition
IC Internal combustion
IVC Intake valve close
IVO Intake valve open
LHV Lower heating value
LTC Low temperature combustion
NOx Nitrogen oxides
PM Particulate matter
PN Particle number
PPC Partially premixed combustion
PRR Pressure rise rate
PRRmax Maximum pressure rise rate
ROHR Rate of heat release
RON Research octane number
RPM Revolutions per minute
SOI Start of injection
TDC Top dead center
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