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The acetone—butanol—ethanol (ABE) is the intermediate product during the bio-butanol fermentation
process, and is widely considered as one of the promising alternative fuels in the diesel engine for its
advantages of oxygenated fuels, better air—fuel mixing, lower NOx and soot emissions, and lower pro-
duction cost. In this paper, different ABE ratios in the diesel fuel and injection timings were tested in the
AVL diesel engine, and obtained the combustion and emission characteristics parameters for the late
model calibration. Then, the CFD KIVA-3V code coupled with the CANTERA code was built and validated
against the experimental data. Subsequently, different injection timings and exhaust gas recirculation
Acetone—butanol—ethanol (EG.R) ratios were investigatgd on the Qie§el engine fuelled with the.AB.E/diesel blendgd .fue! to gnyeil
Injection timing their effects on the combustion and emissions behaviors. The results indicated that the injection timing
EGR and EGR strongly affected the combustion process of the diesel engine fuelled with the ABE/diesel fuel. In
Combustion addition, the oxidation and formation process of the intermediate species, soot precursors, final soot,
Emission NOx, CO and HC emissions in the diesel engine fuelled with the ABE/diesel fuel were also significantly
Diesel engine impacted by the injection timing and EGR strategies.
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1. Introduction

With increasing ecological and environmental concerns of the
traditional fossil fuels and stringent exhaust emission regulations
[1-3], the engine community and auto makers paid more attention
to the renewable energy for the future generation engines [4—6],
such as the Atkinson cycle engine [7] and homogeneous charge
compression ignition (HCCI) engine [8,9]. In addition, the next
generation of biofuels could be made from the renewable sources
and agricultural waste materials (such as cornstalks and wheat
shafts) [10], which show the exciting possibility and promising of
renewability in the sense that the biofuels could be thoroughly
regenerated by the ecosystem and completely realized a dynamic
balance between the carbon source and carbon sink by using the
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combustion products of the fuels [11,12]. Currently, the alcohol
fuels, such as methanol [13], ethanol [14,15], butanol [16], etc. are
being widely tested and used as possible replacements or additions
for the internal combustion engine (ICE) [17], which greatly alle-
viate dependence on the conventional fossil fuels as an energy
source for passenger and transportation vehicles.

Among these alcohol fuels, butanol is considered a promising
alternative fuel for partially substituting or totally replacing the
diesel fuel due to its superior physic-chemical properties, which
has higher heating value and cetane number (CN), lower auto-
ignition temperature and evaporation pressure, less hygroscopic
performance and higher miscibility than the popular methanol and
ethanol [18]. Technically, there are two main ways to produce the
butanol. The one is produced from the traditional fossil fuel (petro-
butanol) through the synthetic petrochemical reactions. While the
other one is generated from the biomass (bio-butanol) by the
fermentation of carbohydrates, such as sugarcane, bagasse, and
other non-food feedstock. Currently, the pretro-butanol is still
converted from the fossil fuel and its production cost is strongly
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depended on the price of the crude oil, which obviously indicates
that this method is not best solution for reducing the carbon
emissions and alleviating the energy crisis [19]. The bio-butanol
could be obtained through the fermentation of carbohydrates us-
ing the Clostridium strains, which produces the target butanol and
other acetone, ethanol and water at the same time [20,21]. There-
fore, in order to get the purified butanol, the mixture of the acetone,
ethanol and water in the solvent needs to be further removed by
using distillation [22]. However, the cost of obtaining the pure
butanol from the fermentation broth of acetone-butanol-ethanol
(ABE) mixture is high when using the distillation due to its
boiling point of 118 °C [11], thereby limiting the production of
commercial butanol on a large scale. Moreover, the quantity and
productivity of the butanol from the ABE fermentation broth are
exceptionally low. However, instead of separating out the butanol
from the broth, the ABE mixture could be directly used or blended
with diesel fuel in the engine as the bio-fuel [23], which would
significantly decrease the additional cost of butanol distillation and
could be distributed through the existing fuel infrastructure [24],
thereby allowing to be commercially used in the diesel engine.
Generally, the ABE is the intermediate product of biobutanol
production with a specific volumetric ratio of the 3: 6:1 during the
fermentation process [25,26]. In addition, the alternative fuel of
ABE will have a relatively higher oxygen content, which is condu-
cive to decrease the global equivalence ratio during the spray
combustion in the cylinder. The presence of the chemically boun-
ded oxygen in the ABE fuel benefits to enhance the combustion
efficiency, resulting in decreasing the soot precursor formation and
oxidation during the combustion process. Technically, soot emis-
sions formation in the cylinder of the engine are primarily consists
of the different carbon components, including the elemental car-
bon, organic carbon, and carbonate carbon [27]. Moreover, the
mechanisms of the nucleation and growth of incipient soot parti-
cles in the cylinder are initiated from the polycyclic aromatic hy-
drocarbons (PAHs), and extensively studied by the experiments and
simulations [28,29]. Most PAHs mechanisms in the literature, their
main reaction pathways for benzene formation conclude the
recombination reaction of propargyl radical (C3Hs) and other re-
actions among CyHy, C3Hy and C4H, [30]. The cyclopentadiene
(CsHs) is one of the very important intermediate species in the
oxidation of aromatic compounds [31], and would combined with
the methyl (CH3) to form benzene rings in another important
pathway. Therefore, the PAHs formation process would be formed
the naphthalene, phenanthrene, pyrene, coronene, ovalene and
anthracene, etc. through the nucleation, grow and aggregation
steps. Subsequently, the ABE blended with the diesel fuel would
definitely exert a significant influence in the soot precursor and the
final soot formation and oxidation in the diesel engine. Some re-
searchers have already studied the combustion and soot behaviors
of the diesel engine fuelled with the ABE/diesel blended fuels, and
showed some promising results in the literature through the
experimental and numerical investigation [32]. The most obvious
advantages of the combustion characteristics of ABE-diesel in the
diesel engine are contained the higher oxygen content and latent
heat of vaporization, which significantly reduces the soot precursor
formation and promotes the final soot oxidation compared to pure
diesel. In addition, the longer ignition delay period and flame lift-
off length could allow more air entrainment upstream during the
spray. At the same time, the ABE-diesel blended fuels contain
different types of species and show different volatilities, which
would trigger the micro-explosion during the spray [33], and
thereby providing better air—fuel mixing [34]. Furthermore, using
the ABE in the diesel engine as alternative fuel could achieve the
low temperature combustion (LTC) and avoid the high temperature
region in the equivalence ratio and temperature (¢-T) map [35,36],
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which is beneficial to greatly decrease the nitrogen oxide (NOXx)
emissions formation in the cylinder. Generally, the LTC strategy
used in the diesel engine could be realized through using a large
amount of exhaust gas recirculation (EGR) or adopting injection
strategy.

In this paper, the goal is to study the combustion and emissions
characteristics of the diesel engine fuelled with the ABE/diesel
blended fuels and hence used as an alternative fuel for diesel en-
gine in real applications. This paper is structured in the following
manner. First, different ABE ratios in the diesel fuel and different
injection timings were tested in the AVL diesel engine, and ob-
tained the combustion and the emissions data for the late model
calibration. Then, the CFD KIVA-3V code coupled with the CAN-
TERA code was built, validated against the experimental data, and
finally employed the calibrated model in this paper for simulating
the combustion process and the formation and oxidation processes
of the soot precursors and final soot emissions. Last, different in-
jection timings and different EGR ratios were investigated on the
diesel engine fuelled with the ABE/diesel blended fuel to unveil
their effects on the combustion and emissions behaviors. The
novelty of this work mainly lay in the following two aspects. First,
the simulation platform of the CFD KIVA-3V code coupled with the
CANTERA code was built, and used to calibrate the diesel engine
fuelled with the ABE/diesel blend fuels. Second, the reduced com-
bustion mechanism of the toluene reference fuel (TRF), ABE and
PAH was used to predict the combustion process and the formation
and oxidation processes of the soot precursors (acetylene, phen-
anthrene and pyrene, etc.) and final soot emissions.

2. Experiment setup
2.1. Test engine and rigs

The single-cylinder diesel engine was used in this study and
conducted a series of experiments. The main technical parameters
of this diesel engine are listed in Table 1. Specifically, the bore and
stroke of the test engine are 85 mm and 90 mm, respectively. The
displacement of the test engine is 510.7 cm® and its compression
ratio is 17.1. The Bosch high-pressure common rail injection system
CP3 was used in the experiment, which could provide the injection
pressure of 40—80 MPa. In addition, the fuel injection system was
controlled by the open electronic control unit (ECU). The ETAS
ES580 electronic calibration system and the ETAS INCA could
manually adjust the parameters, such as the injection timing, in-
jection profile and injection pressure. Fig. 1 illustrates the schematic
diagram of the single-cylinder diesel engine on the test bench,
which included the dynamometer, fuel injection system, exhaust

Table 1
The main technical parameters of the diesel engine.
Parameter Value
Engine type Single-cylinder, four-stroke
Bore (mm) 85
stroke (mm) 20
Displacement (L) 0.51
Geometric compression ratio 171

Rated power (kW)/Speed (rpm)
Fuel injection mode
Fuel injection system

60/4200
Direct injection
Bosch high pressure common rail

Nozzle hole (—) 5

Nozzle diameter (mm) 0.18

Nozzle angle (°) 142

Injection pressure (MPa) 60

Intake valve close (°CA ATDC) -134

Exhaust valve open (°CA ATDC) 128

Fuel type Diesel and diesel/ABE blend
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Fig. 1. Schematic of the experimental setup system.

emission analyzer, data acquisition system and combustion
analyzer. The high-frequency quartz pressure transducer (Kistler
6121) was mounted in the cylinder of the test engine and recorded
the in-cylinder pressure, which could obtain the heat release rate
according to the first law of thermodynamics [37]. The sampling
probe was installed into the exhaust pipe to collect the exhaust
gases and imported into the emission analyzer. For example, the
NOx emissions were measured by using the Horiba MEXA-720
emission analyzer, while the hydrocarbon (HC) and carbon diox-
ide (CO) emissions were measured by the Horiba MEXA-554JU
emission analyzer. The soot emissions were measured by the
standard filter paper in this study. During the test process, the DV-
85 N vacuum pump was used to sample the original exhaust gas
through 7/8 circular filter paper. In addition, the McMaster linear
filter was installed after vacuum pump to remove oil or water. The
sampling flow was monitored and controlled by a flow meter
located at the inlet of the vacuum pump, which has a maximum air
flow of 2349 L/h under the standard conditions. The air/fuel ratio
was measured by the lambda meter, which was coupled with a
wide-range oxygen sensor and sent to the open ECU as feedback
information. The exhaust port temperature was directly measure
by the K-type thermocouple sensor in the exhaust pipe, while the
intake port temperature was measured by the Pt-100 low-tem-
perature sensor. During the experiments, the outlet coolant tem-
perature of the test diesel engine was maintained at 88 + 2 °C by
the coolant conditioning system.

2.2. Test fuel samples and operating conditions

The ultra-low sulfur diesel (ULSD) and the ABE/diesel blend
fuels were used in the AVL diesel engine. It is noted that the ABE
used in this paper was mixed by the acetone, butanol, and ethanol
with the volumetric ratio of 3:6:1 to simulate the ABE fermentation
product. In addition, the pure diesel was treated as the baseline test
fuel and named the D100 in this paper. Then the ABE was mixed
with the pure diesel and stored in different containers before the

experiments. The volume ratios of the ABE and pure diesel were set
at 10:90 and 20:80, which were referred to the ABE10 and ABE20,
respectively. The physicochemical properties of the diesel, acetone,
butanol, ethanol, ABE10 and ABE20 are listed in Table 2. Table 3
presents the key boundary conditions for the diesel engine. Dur-
ing the experiments, the speed of the diesel engine was fixed at
1200 r/min, the inlet air pressure was set at 1.0 bar, and the inlet air
temperature was maintained at 330 K by the air condition system.
In addition, the fuel injection pressure was set at 60 MPa and the
fuel mass per cycle was 15 mg. Lastly, the test diesel engine was
fuelled with the D100, ABE10 and ABE20 under the injection timing
of —4°CA ATDC and —8°CA ATDC, respectively. Meanwhile, the in-
cylinder pressure, soot, NOx, CO and HC emissions were collected
simultaneously after the test diesel engine operated stably for a
while.

3. Simulation setup and validation
3.1. Simulation setup

In this study, the AVL diesel engine was used to perform the
experiments, and test different ABE ratios in diesel fuel and
different injection timings. The original injector was assembled
with five holes and distributed symmetrically. Thus, in order to save
computational cost and simulation timing, 72° sector computa-
tional domain was selected to conduct the simulation cases.
Moreover, the grid size independence was also conducted on this
simulation model. Furthermore, the simulation process was
calculated from the intake valve closing (IVC) —134°CA after top
dead center (ATDC) to the exhaust valve opening (EVO) 128°CA
ATDC, which included the compression stroke, fuel injection,
combustion process and power stroke. Fig. 2 illustrates the
computing grid at the top dead center (TDC).

The CFD KIVA-3V Release 2 code [40] was coupled with the
open-source CANTERA chemical kinetics code [41] by replacing the
KIVA default chemical subroutines to model the thermodynamic
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Table 2

The physicochemical properities of the diesel, acetone, butanol, ethanol, ABE10 and ABE20 [14,38,39].
Properties Diesel Acetone Butanol Ethanol ABE 10 ABE 20
Molecular formula Ci2—Cos C3HeO nC4HgOH C,HsOH — —
Cetane number 40 — 25 8 — —
Oxygen content (wt. %) - 27.6 21.6 34.8 2.37 4.77
Density at 15 °C (g/mL) 0.82—0.86 0.791 0.813 0.795 0.837 0.833
Auto-ignition temperature (°C) 230 560 385 434 - -
Lower heating value (M]/kg) 42.7 29.6 331 26.8 41.62 40.53
Boiling point (°C) 282-338 56.1 117.7 78.3 - -
Stoichiometric ratio (—) 143 9.54 11.21 9.02 13.93 13.57
Latent heat at 25 °C (kJ/kg) 270 518 582 904 301.3 332.8
Flammability limits (vol. %) 0.6-5.6 2.6-12.8 1.4-112 3.3-19 - -
Saturation pressure at 38 °C (kPa) 0.3 534 227 13.8 - -
Viscosity at 40 °C (mm?/s) 1.9-4.1 0.35 2.63 1.08 — —

Table 3 (TRF), ABE and PAH was developed in our previous paper [42],

Key boundary conditions for the diesel engine. which contained 98 species and 456 reactions. In addition, the
ltem Content extended Zeldovich mechanism was also embedded into this

- - reduced combustion mechanism for the prediction of the NOx

Engine speed (r/min) 1200 formation. Some reactions and related species for acetone, n-
Fuel type (—) D100, ABE10, ABE20 : : d sp "
Fuel mass per cycle (mg) 15 butanol and ethanol were also included in this reduced combustion
Injection pressure (MPa) 60 mechanism in order to enhance the ignition behavior of ABE/diesel
Injection timing (°) 142 blends at the low temperature. Moreover, this reduced combustion
Injection timing (°CA ATDC) -8, -4 mechanism predicted the laminar flame speed and the species
Intake pressure (bar) 1.0 fil . he i irred SR hich 1d b d
Intake temperature (K) 130 profiles in the jet-stirre _ reactors (J_ )., which could be use to
Intake valve close (°CA ATDC) 134 investigate the combustion and emission characteristics of the
Exhaust valve open (°CA ATDC) 128 diesel engine fuelled with ABE/diesel blend fuels.

iR =

2

=,

Fig. 2. Computational domain for the test diesel engine.

data, such as the species compositions and internal energy in our
previous paper [42]. Specifically, the KIVA was utilized to directly
calculate the mass, momentum, and energy conservation equa-
tions, while the CANTERA was used to simulate the chemical ki-
netics, thermodynamics, and transport processes. In other words,
the CANTERA solver was adopted to process the chemistry calcu-
lation in each computational cell, which was generally assumed as
an adiabatic and constant-volume homogeneous system, while the
fluid flow and combustion processes were calculated by the KIVA
code. In addition, several physical sub-models were selected during
the three-dimensional (3-D) simulation by computational fluid
dynamics (CFD). For example, the Renormalized k-e model [43] was
employed to consider the effects of turbulence on the flow during
the simulation. The Taylor Analogy Breakup (TAB) model [44] was
used to process the spray atomization and droplet breakup, while
the O'Rourke model was utilized to model the spray droplet colli-
sion [45]. Furthermore, a multi-component evaporation model
developed by Zeng and Lee [46] was also implemented during the
simulation in order to consider the evaporation of multicomponent
droplets, particularly the diesel-ABE blend fuels in this study. The
reduced combustion mechanism of the toluene reference fuel

Table 4 lists the key boundary conditions for the diesel engine
CFD simulation cases calibration. In this study, different types of
fuels (D100, ABE10 and ABE20) and different injection timings
(—4°CA ATDC and —8°CA ATDC) were selected for validating the
simulation model according to the experimental data. The first and
second simulation cases (Case #1 and Case #2) were used the pure
diesel (D100) as the baseline case, which were mixture of the
toluene/n-heptane with a volume ratio of 20%/80% and used as the
alternative fuels. The others simulation cases (Case #3 to Case #6)
were separately used the blends of the ABE and diesel with a vol-
ume ratio of 10%/90% (ABE10) and 20%/80% (ABE20) under the in-
jection timing of —4°CA ATDC and —8°CA ATDC. During the
simulation calculation, the speed of the diesel engine was main-
tained at 1200 r/min, the inlet air pressure was fixed at 1.0 bar, and
the inlet air temperature was kept at 330 K. In addition, the fuel
injection pressure was set at 60 MPa and the fuel mass per cycle
was 15 mg. Furthermore, the IVC was set at —134°CA ATDC, and the
EVO was set at 128°CA ATDC.

3.2. Model validation

Fig. 3 illustrates the comparison of experimental and simulated
in-cylinder pressure and heat release rate (HRR) of the diesel en-
gine fuelled with the D100, ABE10 and ABE20 under the injection
timing of —4°CA ATDC and —8°CA ATDC, respectively. As can be
seen from Fig. 3, the in-cylinder pressure and heat release rate of
the diesel engine were matched with the experimental data very
well by using the sector computational domain. Furthermore, the
main combustion characteristics, including the ignition delay
period, peak combustion pressure and peak heat release rate were
also showed a good agreement with the experimental data. In other
words, the KIVA-3V coupled with the CANTERA used in this paper
could effectively and accurately predict the spray and combustion
processes of the diesel engine fuelled with the pure diesel and ABE/
diesel blend fuels.

Fig. 4 depicts the comparison of experimental and simulated
soot, NOx, CO and HC emissions of the diesel engine fuelled with
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Table 4
Key boundary conditions for the diesel engine CFD simulation case calibration.
Item Case #1 Case #2 Case #3 Case #4 Case #5 Case #6
Engine speed (r/min) 1200 1200 1200 1200 1200 1200
Fuel type (—) D100 D100 ABE10 ABE10 ABE20 ABE20
Fuel mass per cycle (mg) 15 15 15 15 15 15
Injection pressure (MPa) 60 60 60 60 60 60
Injection angle (°) 142 142 142 142 142 142
Injection timing (°CA aTDC) —4 -8 -4 -8 -4 -8
Intake pressure (bar) 1.0 1.0 1.0 1.0 1.0 1.0
Intake temperature (K) 330 330 330 330 330 330
Intake valve close (°CA ATDC) -134 -134 -134 -134 -134 -134
Exhaust valve open (°CA ATDC) 128 128 128 128 128 128
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Fig. 3. Comparison of experimental and simulated in-cylinder pressure and heat release rate under different conditions.

the D100, ABE10 and ABE20 under the injection timing of —4°CA
ATDC and —8°CA ATDC, respectively. It is noted that the soot mass
of the diesel engine fuelled with the ABE/diesel blends were
normalized based on the pure diesel. As one can see from Fig. 4, the

trends of the soot emissions of the diesel engine fuelled with the
D100, ABE10 and ABE 20 were basically consistent with the
experimental data under the injection timing of —4°CA ATDC
and —8°CA ATDC. Namely, the soot mass decreased with increasing
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Fig. 4. Comparison of experimental and simulated soot, NOx, CO and HC emissions under different boundary conditions.

the ABE ratio in the diesel under the same operating condition. In
addition, the simulated NOx emissions of the diesel engine fuelled
with the D100, ABE10 and ABE 20 were slightly lower than that the
experimental data, but their trends were in good agreement with
the test results. Furthermore, the trends of the CO and HC emissions
were also basically consistent with the experimental data.

Although, the simulated emissions of the diesel engine fuelled with
the D100, ABE10 and ABE20 were not perfectly matched with the
experimental data under the injection timing of —4°CA ATDC
and —8°CA ATDC, but the platform of the KIVA coupled with the
CANTERA still could be used to qualitatively analyze the perfor-
mance of the engine fuelled with the ABE/diesel blend fuels by
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using this reduced combustion mechanism. Obviously, the exhaust
emissions of the test engine were decreased with increasing the
ABE ratio in the diesel. In addition, as listed in Table 2, the lower
heating value of the ABE20 is almost closed to the pure diesel,
which means that the output power of the diesel engine fuelled
with ABE20 will maintain the same. Consequently, in the next
section, the ABE20 was used in the diesel engine to investigate the
effects of different injection timings and different EGR ratios (Case
#7 to Case #13) on the combustion and emissions characteristics
according to Table 5.

4. Results and discussion

4.1. The effects of the injection timing on combustion and emission
characteristics of the diesel engine

This section was mainly investigated the effects of different fuel
injection timings by sweeping from —8°CA ATDC to —2°CA ATDC on
the combustion and emissions characteristics of the diesel engine
fuelled with the ABE20. As stated earlier, the ABE20 was the
mixture of the diesel and ABE with a specific volume ratio of 20%/
80%. In addition, the ABE is the intermediate product of the bio-
butanol production during the fermentation process, and its com-
ponents are the acetone, butanol, and ethanol with the specific
volume ratio of 3: 6: 1. Fig. 5 illustrates the in-cylinder pressure,
HRR and in-cylinder mean temperature of the diesel engine fuelled
with the ABE20 under different injection timings. It can be seen
from Fig. 5 (a) that the peak combustion pressure and peak heat
release rate of the test diesel engine fuelled with the ABE20
increased with the advance of the fuel injection timing. In addition,
the heat release rate was advanced with the earlier injection
timing. As can be seen from Fig. 5 (b), the in-cylinder mean tem-
perature was slightly increased with advancing the injection
timing. These trends were mainly attributed to the following
interactive reasons. With using the earlier injection timing, the
ABE20 was directly injected into the cylinder of the diesel engine
before the TDC. During this period, the in-cylinder temperature and
pressure were relatively lower, which was definitely increased the
ignition delay period. During the ignition delay period, more fuel
would be atomized and evaporated with the help of the turbulence
flow in the cylinder, which meant that more premixed mixture was
formed and distributed along the spray process. Once some
appropriate premixed mixture reached the auto-ignition temper-
ature during the piston sequentially moved to the TDC, it would
burn quickly in multi-place in the cylinder, which could promote
the rest of the fuel vaporization and accelerate diffusion combus-
tion. Thus, the heat release of the diesel engine was advanced with
using the earlier injection timing. Furthermore, the ratio of the
premixed combustion was increased with using the earlier injec-
tion timing, which was beneficial to increase the combustion rate,
and thereby accelerating the rest of diffusion combustion process.
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Moreover, more fuel was burned and released heat near the TDC,
which was conducive to enhancing the heat-to-work conversion
efficiency and built up the peak combustion pressure and temper-
ature in the cylinder. Therefore, the peak combustion pressure and
in-cylinder mean temperature were increased with the advance of
the injection timing.

Fig. 6 displays the soot, NOx, CO and HC emissions of the diesel
engine fuelled with the ABE20 under various injection timings. It
can be seen from Fig. 6, the soot mass, CO and HC emissions of the
diesel engine fuelled with the ABE20 were decreased with
advancing the injection timing, while the NOx emissions were
increased with advancing the injection timing. This is largely due to
the fact that more available mixing period of the fuel and fresh air
obtained with using the earlier injection timing [36], which, of
course, benefited to form more premixed mixture and distributed
in the cylinder. Therefore, the amount of the hydrocarbon fuels
pyrolysis was declined with using the earlier injection timing,
which was also beneficial to decrease the soot precursor formation.
In addition, more mixture burned through the premixed combus-
tion mode was conducive to decreasing the incomplete combus-
tion, and thereby resulting in relatively lower CO and HC emissions.
However, as mentioned earlier, the in-cylinder mean average
temperature was increased with advancing the injection timing
due to the premixed combustion. Unfortunately, the NOx emissions
were favored the combustion temperature, oxygen concentration
and reaction time. Consequently, the NOx emissions of the diesel
engine fuelled with the ABE20 were increased with using the
earlier injection timing.

Fig. 7 depicts the simulated soot, O, OH, C;H;, phenanthrene
(A3) and pyrene (A4) of the diesel engine fuelled with the ABE20
under various injection timings. Generally, the soot and interme-
diate species formation of the test engine were advanced with
using the earlier injection timing. Specifically, as shown in Fig. 7 (a),
the production rate of the soot and its peak value were slightly
increased with the advance of fuel injection timing. However, more
premixed mixture was formed in the cylinder and increased the
premixed combustion period with using the earlier injection
timing, which was beneficial to gradually accelerate the oxidation
rate of soot. In addition, with the advancing the injection timing,
the combustion would definitely take place earlier in the cylinder,
which, of course, consumed the oxygen (0O,) earlier during the
combustion process (as displayed in Fig. 7 (b)). Generally, the OH
radical was distributed and located along the high combustion
temperature of the spray flame. Therefore, as illustrated in Fig. 7 (c),
the OH was formed on a large scale with earlier injection timing
once the combustion took place in the cylinder after the ignition
delay period. Furthermore, according to the phenomenological soot
oxidation model improved by the Fenimore and Jones model [47],
the OH radical was promoted and accelerated the soot oxidation
through the reaction of C(s) + OH=CO + 1/2H. As is known to all,
during the soot formation and oxidation processes, there are other

Table 5

Key boundary conditions for the simulation cases on the diesel engine fuelled with ABE20.
Item Case #7 Case #8 Case #9 Case #10 Case #11 Case #12 Case #13
Engine speed (r/min) 1200 1200 1200 1200 1200 1200 1200
Fuel type (—) ABE20 ABE20 ABE20 ABE20 ABE20 ABE20 ABE20
Fuel mass per cycle (mg) 15 15 15 15 15 15 15
Injection pressure (MPa) 60 60 60 60 60 60 60
Injection angle (°) 142 142 142 142 142 142 142
Injection timing (°CA aTDC) -8 -6 -4 -2 -4 —4 -4
EGR ratio (%) 0 0 0 0 15 25 35
Intake pressure (bar) 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Intake temperature (K) 330 330 330 330 330 330 330
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Fig. 6. The soot, NOx, CO and HC of the diesel engine fuelled with ABE20 under various injection timings.

precursors and intermediate species formation, such as the acety-
lene (C2Hy), polycyclic aromatic hydrocarbons, Az and A4 and so on.
Then, after a series of complex physical and chemical reaction
processes, these precursors and intermediate species led to form
the final soot through cyclization, nucleation, coalescence, surface
growth and agglomeration. As demonstrated in Fig. 7 (d), (e) and
(f), the formation and oxidation of the C;H;, A; andA4 were also
advanced with using the earlier injection timing. These trends
could be explained by following interactive reasons. First, the C;Hy,
A3 andA4 were formed once the combustion occurred, and thereby
advancing the formation of the precursors. In addition, with using
the earlier injection timing, more premixed mixture formed in the
cylinder, which was beneficial to increase the ratio of the premixed
combustion, and thereby reducing the C;Hj, A3 andA4 formation
and accelerating their oxidation.

Fig. 8 shows the simulated temperature, equivalent ratio, OH,
NOx and soot distribution in the cylinder of the diesel engine
fuelled with the ABE20 under various injection timings. It is noted
that these cross-sectional planes were cut at the timing of the peak
soot mass formation during the simulation. Apparently, the peak
soot mass formation advanced with using the earlier injection
timing. As illustrated in Fig. 8 (a), the high combustion temperature
regions of the diesel engine fuelled with the ABE20 were located

near the piston bowl due to the fuel spray penetration, initial
premixed mixture formation, and the late combustion occurred. In
addition, with advancing the injection timing, the mixing period of
the fuel and fresh air and ignition delay period were prolonged due
to the relatively lower temperature and pressure before the piston
moved to the TDC. Thus, more premixed mixture formed with using
the earlier injection timing, which lead to the equivalent ratio
relatively evenly distributed near the piston bowl (as shown in
Fig. 8 (b)). In addition, the OH radical was also mainly distributed
near the piston bowl and strongly depended on the temperature
distribution as demonstrated in Fig. 8 (c). On the one hand, the ratio
of the premixed combustion was increased with using the earlier
injection timing. On the other hand, the combustion temperature
and combustion rate in the premixed combustion mode are higher
than that of diffusion combustion mode. Consequently, the OH
radical was formed along the high combustion temperature of the
spray flame. Moreover, the in-cylinder temperature was increasing
with increasing the ratio of the premixed combustion, which
resulted in a high level of the NOx formation (as depicted in Fig. 8
(d)) with using the earlier injection timing. As stated earlier, more
premixed mixture was formed with using the earlier injection
timing, and the ratio of the premixed combustion was increased.
Thus, the soot was gradually deceased with the advance of the
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Fig. 7. The simulated soot, O,, CoH,, OH, A3 and A4 of the diesel engine fuelled with ABE20 under various injection timings.

injection timing as illustrated in Fig. (e).

4.2. The effects of the EGR ratio on combustion and emission
characteristics of the diesel engine

This section was mainly investigated the effect of the EGR ratio
on the combustion and emissions characteristics of the diesel en-
gine fuelled with ABE20. Fig. 9 displays the simulated in-cylinder
pressure, HRR and in-cylinder mean temperature of the diesel en-
gine fuelled with the ABE20 under different EGR ratios (0%, 15%,
25% and 35%). It is worthwhile to note that the EGR was presented
by the carbon dioxide (CO;) in the engine simulation. As can be
seen from Fig. 9, the peak combustion pressure, peak heat release
rate, and in-cylinder temperature were decreased with increasing
the EGR ratio, and the combustion phasing was also retarded. These
trends were mainly attributed to the following reasons. First, with
increasing the EGR ratio, the volume ratio of the CO, was increased

in the cylinder, which would dilute the mixture and reduce the
chemical reaction rate. In addition, the chemical effect of the CO,
would also suppress and even alter the chemical equilibrium of the
CO + OH=COy+H and CO + 0,=C0,+0, while the CO + OH=
CO,+H was the main reaction route for the CO [48], and would
release a large amount of heat during the reaction process.
Furthermore, the combustion rate and combustion efficiency were
also affected with introducing the EGR. Therefore, the peak heat
release rate and in-cylinder mean temperature were decreased
with increasing the EGR ratio, which in turn effected the peak
combustion pressure. Moreover, the CO5 is the triatomic molecule,
and has a relative high specific heat capacity, which means that the
increase of the in-cylinder mean temperature was limited with
increasing the EGR ratio.

Fig. 10 illustrates the soot, NOx, CO and HC emissions of the
diesel engine fuelled with the ABE20 under different EGR ratios. It
can be seen from Fig. 10 (a), the soot mass was increased with
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increasing the EGR ratio, while the NOx emissions were declined
with increasing the EGR ratio. This is because that the in-cylinder
mean temperature was decreased with using the EGR as shown
in Fig. 9 (b). As stated earlier, the formation of the NOx emissions in
the cylinder was strongly depended on the combustion tempera-
ture. With decreasing the temperature in the cylinder, the activa-
tion energy of the reactions related to the NOx formation was

10

increased, and thus the NOx emissions were decreased in the cyl-
inder. However, the soot oxidation was limited with increasing the
EGR due to its dilution and chemical effects. As one can see from
Fig. 10 (b), the CO and HC emissions were increased with the EGR
ratio. With increasing EGR ratio, the chemical effect of the CO, was
intensified, and thereby affecting the reactions of the CO + OH=
CO,+H and CO + 0,=C0,+0. Thus, the CO emission was increased
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Fig. 10. The soot, NOx, CO and HC of the diesel engine fuelled with ABE20 under different EGR ratios.

with the EGR ratio. Additionally, the combustion efficiency of the
diesel engine was decreased because the combustion flame was
easily quenched near the wall of the cylinder with using the EGR,
which became the main source of the HC emissions [49]. Further-
more, although using the ABE20 in the diesel engine increased the
oxygen concentration, the HC oxidation rate was significantly
affected with the decrease of the in-cylinder temperature.

Fig. 11 demonstrates the simulated soot, O,, OH, C;H>, A3 and A4
of the diesel engine fuelled with the ABE20 under different EGR
ratios. Overall, the soot and intermediate species formation of the
test engine were retarded with increasing the EGR ratio, and the
final production of each intermediate species increased with
increasing the EGR ratio. Specifically, the generation rate of the soot
decreased, while the final peak soot mass slightly increased with
the increase of the EGR ratio as illustrated in Fig. 11 (a). These trends
were mainly attributed to the following reasons. First, with intro-
ducing the EGR in the cylinder, the ignition delay period of the
diesel engine fuelled with the ABE20 were retarded and the heat
release rate was also decreased as illustrated in Fig. 9. That meant
the auto-ignition timing of the mixture was delayed with importing
the EGR [50]. Therefore, the intermediate species, soot precursors
and final soot formation of the diesel engine fuelled with the ABE20
were delayed with increasing the EGR ratio. Second, with
increasing reaction time, more intermediate species, soot pre-
cursors and final soot were formed and accumulated. However, the
consumption rates of the intermediate species, soot precursors and
final soot were greatly decreased with increasing the EGR ratio due
to the reduction of the combustion temperature. Third, the acti-
vation energy of the consumption reactions related to the inter-
mediate species, soot precursors and final soot were increased due
to the lower combustion temperature. Moreover, the oxidation
rates of the soot precursors and final soot were limited with
increasing the EGR due to its dilution and chemical effects.
Accordingly, with increasing the EGR ratio, the generation rate of
the OH radical and its peak mass decreased significantly due the
reduction of the in-cylinder temperature as displayed in Fig. 11(c).
Therefore, the effect of the OH radical on the soot oxidation was
weakened, resulting in increasing the soot emissions. In addition, as
illustrated in Fig. 11 (b), the concentration of the O, was diluted due
to the introduction of EGR in the cylinder, which also led to the soot
formation and greatly affected the soot oxidation. Furthermore, the
formation of the soot precursors of the C;H», A3 and A4 increased
with the increase of the EGR ratio, and their oxidation process also

1

limited by the EGR. The results were mainly attributed to the
following reasons. On the one hand, the combustion temperature
was decreased with increasing the EGR ratio, which limited the OH
radical generation, and thereby affecting the oxidation of the C;H,,
A3 and Ags. In addition, the EGR also diluted the mixture in the
cylinder, and greatly reduced the reactions concentration, which
decreased the effect of the air entrainment produced by the fuel
spray, and caused the rich mixture along the fuel spray, resulting in
increasing the soot and intermediate species formation. These
pollutants could also evolve over time [51].

Fig. 12 presents the simulated temperature, equivalent ratio, OH,
NOx and soot distribution in the cylinder of the diesel engine
fuelled with the ABE20 under different EGR ratios. As stated earlier,
the cross-sectional planes were cut at the timing of the peak soot
mass formation during the simulation. As can be seen from Fig. 12
(a), with increasing the EGR ratio, the combustion temperature was
decreased, and became unevenly distribution in the cylinder. In
addition, the combustion took place at the end of the fuel spray due
to the earlier formed premixed mixture and the appropriate the
equivalence ratio (as displayed in Fig. 12 (b)). Obviously, with the
spray combustion development, the OH radical was generated
around the flame. Without introducing EGR, the concentration of
the OH radical was apparently higher than that of using EGR ratio as
illustrated in Fig. 12 (c). Furthermore, with increasing the EGR ratio,
the concentration of the OH radial decreased due to the reduction
of the combustion temperature. Fortunately, the NOX emissions
were obviously decreased with increasing the EGR due to the
decrease of the peak combustion temperature (as depicted in
Fig. 12 (d)). In addition, most of the NOx emissions were formed
inside the high temperature zone, particularly in the piston bowl
due to the fuel spray penetration, impingement and interaction
with the wall. Although, the soot emissions were high in the earlier
stage during the combustion process without EGR, the final soot
emissions, however, were increased with increasing the EGR ratio,
and mainly located in the piston bowl as demonstrated in Fig. 12 (e).
It is largely due to the relatively high concentration of the OH
radical and free of the dilution effect of the EGR, which greatly
promoted the soot oxidation without introducing EGR. On the
contrary, with using the EGR, the concentration of the OH radical
decreased and limited the soot oxidation through the reaction of
C(s) + OH=CO + 1/2H,. In addition, the reaction rate of
C(s) + OH=CO + 1/2H; was decreased due to the dilution and
chemical effects of the EGR.
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Fig. 11. The simulated soot, O,, CoH,, OH, A3 and A4 of the diesel engine fuelled with ABE20 under different EGR ratios.

5. Conclusions

In this paper, the D100, ABE10 and ABE20 were tested on the
diesel engine under different injection timing for obtaining the in-
cylinder pressure and emissions data. Then the sector computa-
tional domain of the diesel engine was built through the CFD KIVA-
3V code coupled with the open-source CANTERA chemical kinetics
code by replacing the KIVA default chemical subroutines, and
validated against with the experimental data. Last, the effects of the
injection timing and EGR rate on combustion and emission char-
acteristics of the diesel engine fuelled with ABE20 were investi-
gated on the calibrated simulation model. The main conclusions
were presented as follows:

(1) The peak combustion pressure and peak heat release rate of
the test diesel engine fuelled with the ABE20 were increased
and their locations were advanced with the advance of the

12

fuel injection timing. The heat release rate was advanced
with the earlier injection timing. In addition, the soot, CO and
HC emissions of the diesel engine fuelled with the ABE20
were decreased with advancing the injection timing, while
the NOx emissions were increased with advancing the in-
jection timing. Furthermore, the intermediate species and
soot precursors of the diesel engine fuelled with the ABE20
were advanced with using the earlier injection timing.

(2) The peak combustion pressure, peak heat release rate, and

in-cylinder temperature were decreased, and the combus-
tion phasing was retarded with increasing the EGR ratio. In
addition, the soot, CO and HC emissions were increased with
increasing the EGR ratio, while the NOx emissions were
declined with increasing the EGR ratio. The intermediate
species and soot precursors of the diesel engine fuelled with
the ABE20 were retarded with increasing the EGR ratio,
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Fig. 12. The impacts of the EGR on the simulated temperature, equivalent ratio, OH, NOx and soot distribution of the diesel engine fuelled with ABE20.

while the final production of each intermediate species
increased with increasing the EGR ratio.
(3) The high combustion temperature regions of the diesel en-
gine fuelled with the ABE20 were located near the piston
bowl due to the fuel spray penetration, initial premixed
mixture formation, and the late combustion occurred.
Most of the NOx emissions were formed inside the high
temperature zone, particularly in the piston bowl due to the
fuel spray penetration, impingement and interaction with
the wall. Although, the soot emissions were high in the
earlier stage during the combustion process without EGR, the

final soot emissions,

however,

were

increased with

increasing the EGR ratio, and mainly located in the piston

bowl.
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Abbreviation
ICE internal combustion engine
CN cetane number
ABE acetone—butanol—ethanol
PAHs polycyclic aromatic hydrocarbons
LTC low temperature combustion
HCCI Homogeneous charge compression ignition
NOx nitrogen oxide
ECU electronic control unit
HC hydrocarbon
Cco carbon monoxide
EGR exhaust gas recirculation
JSR jet-stirred reactors
ULSD ultra-low sulfur diesel
TDC top dead center
BDC bottom dead center
\Ye intake valve closing
ATDC after top dead center
TDC top dead center
EVO exhaust valve opening
CFD computational fluid dynamics
HRR heat release rate
COy carbon dioxide
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