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A B S T R A C T

Bio-derived alcohol fuels and oxygenated aromatic hydrocarbons are interesting alternative fuels applicable in
low temperature combustion concepts due to their low reactivity. In this paper, three oxygenated fuels are mixed
with n-heptane respectively as binary fuel blends to investigate combustion and emission characteristics of the
oxygenated fuels with different molecular structures. The n-butanol/n-heptane blend has an identical stoi-
chiometric air/fuel ratio as benzaldehyde/n-heptane blend while anisole is used to assess the importance of the
aromatic structure. Standard diesel is also used as a baseline fuel. Experiments are performed on a single-
cylinder heavy-duty diesel engine at medium and high loads. It is found that the n-butanol/n-heptane blend
presents a higher premixed burn fraction and a higher pressure rise rate at both loads. Increasing injection
pressure leads to lower soot emissions and higher NOx emissions are found regardless of fuel type. The n-
butanol/n-heptane blend achieves 0.027 g/kWh and 0.2 g/kWh for engine-out soot and NOx emissions with high
exhaust gas recirculation rate at high load. For the benzaldehyde/n-heptane blend and diesel, the classical NOx/
soot tradeoff is observed under the same operating conditions. The particle size distribution mainly shows
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accumulation mode particles increase at a high exhaust gas recirculation rate, irrespective of the fuel structure.
Only the n-butanol/n-heptane blend emits more nucleation mode particles and much less accumulation mode
particles compared to the benzaldehyde/n-heptane and anisole/n-heptane blends. Clearly, the fuel structure
influences the soot formation and is therefore not fully determined by the stoichiometric air/fuel ratio of the
base fuel.

1. Introduction

The Heavy-duty engine industry is confronted with challenges from
stringent emission legislation and limited fossil energy resources. These
challenges have always driven the development of diesel engines. The
low temperature combustion (LTC) concept is one of the technologies
that can achieve ultra-high efficiency and ultra-low emissions si-
multaneously with much lower demands on the after-treatment system.
Generally, LTC is realized either by taking in more air mass (leaner
combustion) or using exhaust gas recirculation (EGR), or a combination
of them [1]. Unlike the conventional diesel combustion, which aims to
have a short ignition delay and the main combustion occurs during
injection, LTC strategies try to achieve mostly premixed combustion.
Pioneering research has shown that low combustion temperature and a
good mixing between fuel and air are necessary to overcome the tra-
deoff between NOx and soot in diesel engine [2,3].

Partially premixed combustion (PPC) is one of LTC concepts that
applies a single fuel and early injection in the compression stroke. Some
studies reported that PPC features separation between injection and
combustion events to achieve better mixing between fuel and air [4-6].
However, this separation can give rise to a fast heat release and a high
maximum pressure rise rate (PRRmax), which causes severe engine
noise and engine hardware damage [7,8]. This can be addressed by
lowering the compression ratio (CR) and applying a high EGR rate but
will lead to lower efficiency. In [9], when operated at 25% load, in-
creasing the EGR rate from 50% to 60% causes at least 30% increase of
brake specific fuel consumption (BSFC) while lowering CR from 18.5 to
14 leads to 33.3% rise of BSFC under the same operating condition.
Even more, a complete separation between injection and combustion is
not mandatory when low reactivity fuels are used in a compression
ignition engine and a moderate stratification of the mixture is necessary
[10]. Also, neither commercial gasoline nor diesel is capable of sa-
tisfying the full load range of PPC, specific fuels are needed to realize
this combustion concept. More researchers focused on the properties of
fuels, both in physical and chemical aspects [11]. It has been ascer-
tained that low reactivity fuels are more suitable for PPC because of
their resistance to auto-ignition, which results in longer ignition delay,
and are favorable especially at higher load and compression ratio
[4,12].

Among all the low reactivity fuels, there is great interest in oxyge-
nated fuels. Butanol is one of the oxygenated fuel which is considered as
an important alternative fuel in the future. It can be produced from
various feedstocks and shows good miscibility with diesel and n-hep-
tane [13,14]. In recent studies, butanol has been blended with diesel
and n-heptane with various blend ratios, resulting in soot reduction
[15,16]. Nayyer et al. reported that blending 20% of n-butanol in diesel
can achieve 59.96% reduction of smoke, 15.96% lower NOx emissions,
and 5.54% higher thermal efficiency at full load compared to diesel in a
single-cylinder engine [17]. Chen et al. compared 40% n-butanol/diesel
fuel blend (B40) with pure diesel (B00) in terms of emission and per-
formance on a single-cylinder heavy-duty diesel engine at 10 bar gross
indicated mean pressure (gIMEP) [18]. It was reported that B40 showed
a longer ignition delay, higher cylinder pressure, and burning rate
compared to B00. NOx emissions were observed to increase due to in-
creased local combustion temperature. The decreased soot emissions
were attributed to a lower local equivalence ratio and more EGR may
reduce NOx emissions without too much sacrifice on soot, CO, and HC
emissions with butanol blends. Leermakers et al. investigated the

potential of high volume ratio of n-butanol (50% to 90%) with com-
mercial diesel in PPC combustion strategy on a single-cylinder heavy-
duty engine from 8 to 16 bar gIMEP [16]. The results demonstrated that
a moderate blend ratio of n-butanol (50%) is a good EURO VI compliant
fuel with a combination of EGR and high fuel pressure. The gross in-
dicated efficiency (GIE) can reach 50% in the whole tested load range.

Another interesting group of low reactivity fuels is oxygenated
aromatic hydrocarbons. They can be derived from the non-edible
feedstock, which otherwise is often treated as waste-stream. These re-
siduals from crops and biomass are mostly made up of lignin, cellulose,
and hemicellulose [19]. Extensive studies have been carried out re-
garding the effects of oxygenated aromatic fuels on diesel engine per-
formance and emissions [20]. Some researchers reported that the fur-
ther away the functional group was located to the benzene ring, the
better the overall emissions would be [21]. Another study of aromatic
hydrocarbon on the diesel engine showed ignition delay increased with
the number of methyl branches on the ring. Benzaldehyde showed non-
monotonic behavior with ignition delay. When mixed with n-heptane,
the ignition delay first increased and then decreased as more benzal-
dehyde was added [22]. Although aromatics are generally considered
as soot precursors, a majority of research found that oxygenated aro-
matic hydrocarbons such as anisole and benzaldehyde can actually
reduce soot emissions when used as additives in diesel [23,24]. The
reason is assumed to be due to the low octane rating of oxygenated
aromatic hydrocarbons, which extends ignition delay and leads to more
premixed combustion [25,26].

These aforementioned studies have illustrated the soot reduction
potential by application of n-butanol and oxygenated aromatic fuels on
diesel engines. And most of the studies attributed the low soot tendency
to the long ignition delay. However, these oxygenated fuels also
benefited from lower stoichiometric air/fuel ratio (AFs) due to the
oxygen contained in the fuel. Also, most studies mainly qualitatively
examined the total soot mass. Due to dilution and the usage of more
volatile fuel in LTC combustion mode, ultra-fine particles like semi-
volatile organic which are not saturated enough for nucleation and
coagulation are generated [27]. The evaluation from filtered smoke
number alone might not be enough to describe the soot emissions.

In our previous study, four ternary fuel blends with similar research
octane number (RON) were investigated to isolate the effects of ignition
delay [28]. The results illustrated that at high load the alcohol fuel
blends produced the least soot among the tested fuels when they had an
identical ignition delay. However, alcohol fuel blends generated more
nucleation mode particles. Both the particle size and the number con-
centration increased as the load increased. Nevertheless, the effects of
fuel structure could not be isolated in that study due to multiple com-
ponents in the blends and different AFs of the fuel blends themselves.
Hence the reasons for the reduction of soot emissions for oxygenated
fuels are still not clear. The main goal of this study is to experimentally
investigate the combustion and emission characteristics of oxygenated
fuel with the different molecular structures on a heavy-duty engine. N-
butanol, anisole, and benzaldehyde are blended with n-heptane re-
spectively as binary fuel blends. The three fuel blends are named as:
BH80 (80 vol% n-butanol and 20 vol% n-heptane), AH60 (60 vol%
anisole and 40 vol% n-heptane) and BzH60 (60 vol% benzaldehyde and
40 vol% n-heptane). BH80 and BzH60 are chosen because they have an
identical AFs. AH60 was tested to compare with BzH60 since benzal-
dehyde and anisole both consist of a single benzene ring but have a
different functional group (aldehyde vs ether). Diesel (EN590) was used
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as a reference fuel. All experiments were performed at 12 bar and
16 bar gIMEP with sweeps in combustion phasing, injection pressure,
and EGR rate.

2. Experiment methods and test conditions

2.1. Apparatus

Fig. 1 shows the schematic of the experimental setup. It is derived
from a six-cylinder heavy-duty diesel engine from DAF. Only the first
cylinder functions as a test cylinder, Cylinder 2 and 3 are deactivated.
The rest propel the engine to keep a given speed with the help of a
hydraulic dynamometer Schenk W450. Table 1 displays some specifi-
cations of the engine. The test cylinder is equipped with an external air
compressor to supply for the desired inlet pressure and electrical heater
to maintain targeting inlet temperature. Exhaust gas is first cooled and
then mixed with fresh air in the surge tank. The other two tanks are
used to buffer and minimize pressure fluctuation for steady flow. Fuel
pressure is supplied by a double-acting air-drive Resato HPU200-625–2
pump. Before the measurement, the engine is warmed until water
temperature and oil temperature is above 80°C. During the test, the
engine is running at A speed (1200 RPM) based on European Stationary
Cycle (ESC). Engine-out gaseous emissions like HC, CO, CO2, and NOx

emissions as well as oxygen concentration are detected by the Horiba
Mexa 7100 DEGR emission measurement system. Soot level is measured
by an AVL 415 s smoke meter in Filter Smoke Number (FSN). The 3
samples of 1 L volume are firstly averaged and then converted to a g/
kWh representation based on the correlation in [29], where Northrop
et al. assessed this correlation in 2011 and concluded it is still quite
accurate and suitable for modern engine operating conditions. Particle
size distributions are measured by engine exhaust particle sizer (TSI
EEPS 3090). To remove the nano-droplets that may have formed during
primary dilution, thermal conditioning is equipped. In this paper, ex-
haust gas was sampled at 1 Hz for a period of 1 min. During the tests,
primary dilution was set with 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. Data from
inlet and exhaust sensors, together with air and fuel flows and emission

levels were recorded at 20 Hz for a period of 40 s utilizing an in-house
data acquisition system (TUeDACS). 70 cycles of in-cylinder pressure
are measured at 0.1 CA intervals by an AVL GU21C uncooled pressure
transducer. Crank angle, fuel pressure, injector current, and in-cylinder
pressure trace are recorded and processed by a SMETEC Combi data-
acquisition system.

2.2. Test conditions

In this work, BH80, BzH60, AH60, and diesel were tested at 12 bar
and 16 bar gIMEP under the same operating conditions and settings.
The global lambda was kept similar at λ = 1.58 for all the measure-
ments. Firstly, a sweep of CA50 was performed to study the influence of
combustion phasing on the three binary fuel blends as well as diesel.
Based on the results, CA50 is fixed at 9 ± 0.5°CA after top dead center
(aTDC) in the following tests to limit the PRRmax. Secondly, the effect
of injection pressure was studied at 16 bar gIMEP. The experiments of
this section were conducted with fixed combustion phasing to in-
vestigate the influence of injection pressure and thus heterogeneity on
combustion and emissions characteristics of the different fuels. A sweep

Fig. 1. Schematic of the experimental setup.

Table 1
Cyclops engine specification.

Base engine DAF XE355c

Stroke 158 mm
Bore 130 mm
Connecting Rod 266.7 mm
Compression ratio 15.85:1
Number of Valves 4
Exhaust valve close (EVC) −346°CA
Intake valve close (IVC) −153°CA
Exhaust valve open (EVO) 128°CA
Intake valve open (IVO) 344°CA
Valve overlap 30°CA
Injector Delphi F2P
Actuating type Solenoid
Nozzle holes 7
Nozzle diameter 0.195 mm
Included spray angle 139°
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of injection pressure was performed from 1500 bar to 2000 bar in steps
of 100 bar. As the injection pressure decreased, a longer injection
duration was required and hence an earlier injection timing to reach the
same operating load and combustion phasing.

Thirdly, the EGR rate was varied to investigate its influence on
gaseous emissions and particle size distribution. Due to the layout of
this setup, the exhaust gas is cooled before induced into the surge tank
to mix with air. Water in the vapor phase will condense and remain in
the EGR cooler and surge tank. In this study, the EGR rate is defined as
the volumetric concentration ratio of CO2 in the inlet and exhaust. The
experiments were performed at 12 bar and 16 bar gIMEP. EGR rates are
increased from 25% to 45% for binary fuel blends. To prevent the in-
jector from being damaged, the EGR rate is limited to 42% for diesel
operation due to the extensive amount of soot that is generated.
Considering the high soot emissions at these high EGR rates, 1500 bar
and 2000 bar injection pressure were used respectively at 12 and 16 bar
gIMEP. Inlet pressures were slightly adjusted such that a lambda of
1.58 ± 0.03 is achieved at 25% EGR rate. Then, inlet pressures were
kept the same in the rest of the tests respectively for each fuel. The
injection timing was also modified to keep a constant combustion
phasing for all experiments. The detailed test matrix is shown in
Table 2.

2.3. Fuel investigated

The investigated oxygenated fuels are n-butanol, benzaldehyde, and
anisole. Specifically, 80 vol% of n-butanol was blended with 20 vol% of
n-heptane (BH80). 60 vol% of anisole was blended with 40 vol% of n-
heptane (AH60), and 60 vol% of benzaldehyde was blended with 40 vol
% n-heptane (BzH60). Because of the low lubricity, 0.1 vol% of
Infineum R655 was added to all the binary fuel blends to prevent in-
jector damage. Considering the low concentration of the additive, the
influence of R655 is assumed to be negligible. BH80 and BzH60 are
designed to have identical AFs while AH60 and BzH60 are compared to
explore the effect of the specific arrangement of the oxygen atom in
both mono-aromatic compounds. Additionally, diesel (EN590) was also
tested under the same operating conditions as a reference fuel. The
major physical and chemical properties of the selected oxygenated fuel
are shown in Table 3. Table 4 depicts the relevant properties of binary
fuel blends. The RON of binary fuel blends is an estimation based on a
linear relation. The purity of n-butanol and n-heptane is above 99.5%
and 99.75% respectively. Both of them are supplied by JBC solutions.
Anisole (purity ≥ 99%) and benzaldehyde (purity ≥ 99%) are supplied
by Sigma Aldrich.

3. Post-processing of data

3.1. Definition of parameters

The AFs is calculated based on the global reaction Eq. (1) and Eq. (2)
(0.2314 is the oxygen mass fraction in air). The in-cylinder pressure
traces of 70 consecutive cycles are averaged and additionally 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. Due
to the layout of this setup, it is not possible to measure the brake mean
effective pressure (BMEP) from the test cylinder. So only gIMEP is
calculated based on crank angle resolved in-cylinder pressure instead,
according to Eq. (3):

+ + +C H O x y z O xCO y H O
4 2 2x y z 2 2 2 (1)

=
+ × ÷

+ +
AF

x
x y z

( ) 32 0.2314
12 16S

y z
4 2

(2)

= =gIMEP
W

V

pdV

V
gross

d d

180

180

(3)

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 re-
lease (ROHR) is calculated using the standard expression:

= +ROHR p V V p
1

1
1 (4)

where θ refers to the crank angle and γ is the specific heat capacity ratio
which is determined using the Eq. (5) [34]:

= +T T1.35 6·10 1·105 8 2 (5)

T is global temperature calculated from cylinder pressure based on
the ideal gas law without considering the heat transfer. Cylinder pres-
sures are pegged at the bottom dead center (BDC) using the measured
average inlet pressure. Thus, the accumulated heat release can be cal-
culated by the integral of ROHR. In this work, the start of combustion,
combustion phasing, and end of combustion is defined as the crank
angle where 10% (CA10), 50% (CA50), and 90% heat is released
(CA90) respectively. The start of injection (SOI) is defined as actuation
timing plus a 0.2 ms delay time. Ignition delay (ID) and burn duration
(BD) are calculated based on the Eq. (6) and (7).

=ID CA SOI10 (6)

=BD CA CA90 10 (7)

The indicated specific emission (IS[x]) is calculated by Eq. (8)

=
× × × ×+

IS x
x M

Power
[ ]

[ ] 10 3600Flow Flow
M x

6air fuel

exhaust
(8)

where x refers to a gaseous emission (ppm), Flowair and Flowfuel re-
present air mass flow (g/s) and fuel mass flow (g/s). Mexhaust and Mx are
the molar mass of exhaust gas and the specific component (e.g. 28 g/
mole for CO). Power is the engine power in kW. The factor 3600 stems
from the fact that the unit of the specific emissions is g/kWh. Global
lambda (λ) is calculated based on the Brettschneider Eq. (9) [35],
where [X] is the exhaust gas concentration in volume, H/C and O/C are
the atom ratio of fuel, and Cn is the number of carbon atom in the
hydrocarbon molecule.

Table 2
Test matrix.

CA50 sweep
Global lambda 1.58 ± 0.03
Injection strategy Single
EGR rate 25 ± 1%
Load (gIMEP) 12 ± 0.5 bar and 16 ± 0.5 bar
Inlet temperature [°C] 40 ± 1
Exhaust pressure [bar] Inlet pressure + 0.3 bar
Injection pressure sweep
Load (gIMEP) 16 bar
Injection pressure[bar] 1500, 1600, 1700, 1800, 1900, 2000
CA50[°CA aTDC] 9 ± 0.5
EGR rate 25 ± 1%
Inlet temperature 40 ± 1°C
Global lambda 1.58 ± 0.03
EGR Sweep
Load (gIMEP) 12 bar and16 bar
EGR rate 25%-45% ( ± 1%)
Inlet temperature 40 ± 1°C
Global lambda 1.58–1.18
CA50[°CA aTDC] 9 ± 0.5
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Fig. 2 displays ROHR profiles of diesel and BH80 under the same
operating conditions. Diesel combustion mostly consists of mixing-
controlled heat release and can be roughly divided into the following
parts: ignition delay (ID), premixed burn, diffusion combustion, and
late combustion. The premixed burn is mainly controlled by chemical
kinetics and depends on temperature. The total combustion duration is
mainly determined by the mixing-controlled diffusion phase which is
driven by the duration of the injection [3]. BH80 mainly shows a pre-
mixed burn and a small fraction of late combustion. The fraction of
premixed burn depends on the amount of fuel injected during the ig-
nition delay. To quantify the premixed burn fraction mathematically, a
Gaussian curve is fitted to the first (rising) section of ROHR profile,

details of the procedure can be found in [36]. The ratio between the
area of the Gaussian curve and the total ROHR profile is defined as the
premixed burn fraction.

=G x h e( ) ·
x x

a2
0

2

2

(10)

In Eq. (10), x0 represents the central position of the peak, α and h
indicate the width and height of the Gaussian curve respectively.

3.2. Uncertainty analysis

All three binary fuel blends are splash blended manually, which
inevitably induces errors. Thus, the blending process is always per-
formed by the same operator to eliminate the uncertainty as much as
possible. Given the fact that the coefficient of variance based on gIMEP
(COVgIMEP) is extremely low (< 2%) (Fig. 18 in the Appendix), the
cycle to cycle variation of cylinder pressure is negligible. Although not
every single measurement is repeated multiple times due to limited
experimental time, the ones that are repeated show very good repeat-
ability in terms of emissions and CA50. Since the error of the mea-
surements is small, the error bar is not included in the results in
Sections 4.1 and 4.3 for the sake of clarity. In Section 4.2, the error bar
in the emissions results is determined from the uncertainties of the
exhaust analyzer. The data acquisition accuracies are shown in Table 5
in the Appendix. Note that the smoke emissions from Sections 4.1 and
4.2 are close to the detectable limits of the AVL 415s.

Table 3
Properties of tested fuels.

Fuels n-butanol Anisole Benzaldehyde n-heptane Dieselc

Chemical Formula C4H10O C7H8O C7H6O C7H16 NA
Density at 20°C (kg/m3) 810a 995b 1044a 659.7a 820–845
Boiling Point (°C) 117.6a 154b 178.7a 98a 149–371
Auto ignition Temperature (°C) 343a 475a 192a 220a NA
Heat of vaporization (kJ/mol) 52.35 at 25°Ca 46.84 at 25°Ca 48 at 25°Cd 36.57 at 25°Ca NA
Structure

a [30]
b [31]
c [32]
d [33]

Table 4
Major properties of tested fuels.

Fuel RON LHV[MJ/kg] AFs

BH80 77 35.08 11.85
AH60 67 36.98 10.90
BzH60 72 36.70 11.84
Diesel – 43 14.5

Fig. 2. Rate of heat release of diesel (a) and BH80 (b) under the same operating conditions.
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4. Results and discussion

4.1. Effects of combustion phasing

Fig. 3a displays the ignition delay of tested fuels at two different
loads. Among the binary fuel blends, BH80 shows the longest ignition
delay regardless of the operating load. Also, the ignition delay of BH80
and AH60 increase as combustion phasing retards, while the ignition
delay of BzH60 and diesel appears to be stable at different combustion
phasing. As the load increases, binary fuel blends exhibit a shorter ig-
nition delay time because of higher charge temperature and pressure. It
is obvious that BH80 owns the least reactivity due to the large fraction
of n-butanol contained. Both numerical and experimental works have
shown that the ignition delay time of n-butanol and n-heptane blends
increases nonlinearly with the increase of n-butanol fraction [37]. In
fact, the reaction mechanism of the n-butanol/n-heptane binary fuel
blend has been studied in detail [38]. Both fuels experience H atom
abstraction by OH radicals in the temperature range of 600 K-1000 K
with similar reaction rates. This competition for the OH radical con-
strains the consumption of n-heptane and facilitates that of n-butanol
[39,40].

Concerning AH60 and BzH60, the only difference is the fuel struc-
ture of anisole and benzaldehyde. They both have a mono benzene ring
but with methoxy and an aldehyde group respectively. Although the
reaction pathways of the anisole/n-heptane blend are not clear yet, that
of toluene/n-heptane reaction mechanisms are well-documented in the
literature. Based on their similar structure, it can be suggested that at
the experimental conditions here O-CH3 radicals undergo H abstraction
by consuming OH radicals due to its weakest bond dissociation energy
(BDE) for this molecule. This reduces the active radical pool which
inhibits the reaction of n-heptane and eventually increases the ignition
delay time of AH60 [41,42]. It is worth noting that BzH60 shows the
shortest ignition delay among the three binary fuel blends and its ig-
nition delay is quite similar to that of diesel at 16 bar gIMEP. A po-
tential reason could be that the formyl radical disassociates from the
benzaldehyde molecule rapidly. Formyl is identified as a key inter-
mediate in the chain branching reaction of formaldehyde oxidation.
The rapid formation of formyl radical likely enhances low temperature
break down reactions and increases the reactivity of BzH60 in com-
parison to the other binary fuel blends [22].

Another clear trend observed from Fig. 3b is that premixed burn
fraction of tested fuels can be sequenced by the following order:
BH80 > AH60 > BzH60 > Diesel, irrespective of the tested load. As
expected, the premixed burn fraction decreases at high load due to the
reduced mixing time and longer injection duration, similar results can
be found in [28]. Note that a strong correlation exists between pre-
mixed burn fraction and ignition delay as is shown in Fig. 3c, especially
for BH80 and AH60. The premixed burn fraction increases almost lin-
early with ignition delay. At 12 bar gIMEP, BH80 and AH60 are

dominant by premixed burn (up to 80%). As the load increases to 16 bar
gIMEP, BH80 still demonstrates a large fraction of premixed burn.
Whereas, BzH60 and diesel are burnt in a conventional mixing-con-
trolled mode due to short mixing time, with a premixed burn fraction
always below 20%. The ignition delay and premixed burn fraction of
BzH60 and diesel hardly respond to the variation of CA50 (Fig. 3b).

Fig. 4 shows the cylinder pressure and rate of heat release of all
tested fuels at similar CA50. It can be seen that overlap exists between
injection and combustion events for all fuels at both loads. As is pre-
sented in Fig. 4a, the combustion mode for BzH60 at 12 bar gIMEP is
similar to the conventional diesel combustion, consisting of a small
premixed burn peak followed by a large mixing-controlled combustion
phase. For BH80 and AH60, the ROHR profiles are much narrower than
that of BzH60 and diesel. And they consist of a large premixed peak
followed by a burn-out phase. As the load increases, all tested fuels
show the classical diesel combustion mode, a relatively small premixed
burn and a large mixing-controlled combustion phase. As postulated,
this is because of the reduced ignition delay in combination with the
elongated injection duration at these conditions. Still, BH80 and AH60
display a larger premixed burn phase than BzH60 and diesel at both
loads. Consequently, BH80 and AH60 yield a higher peak cylinder
pressure than BzH60 and diesel at both loads.

PRRmax is one of the parameters which indicates the intensity of
the combustion process of the engine. It should not exceed 20 bar/°CA
otherwise severe engine noise and engine hardware damage may occur
[43]. It has to be noted that the upper limit of PRRmax is engine spe-
cific and this threshold of 20 bar/°CA is set in consultation with the
OEM. As it can be seen from Fig. 5 that PRRmax decreases as CA50 is
delayed for all tested fuels at both loads because of the expansion of the
piston. Furthermore, PRRmax of BH80 and AH60 is much higher than
that of BzH60 and diesel. This is consistent with the aforementioned
ignition delay and ROHR results. Since BH80 shows the longest ignition
delay time and hence the largest premixed burn fraction, more fuel
burns abruptly and cylinder pressure increases more rapidly. At 16 bar
gIMEP, BzH60 and diesel have a similar ignition delay time, they also
show identical PRRmax. In order to keep the engine running in a safe
state applying the same phasing for all fuels with proper combustion
stability, CA50 is maintained at around 9°CA aTDC for the rest of the
experiments.

Fig. 6 shows the indicated specific particulate matter (ISPM) and
indicated specific NOx (ISNOx) emissions of different fuels at different
combustion phasing. Production of NOx is sensitive to both the mag-
nitude of local temperature and the time spent at high temperature
[44–46]. Fig. 7 shows the maximum global in-cylinder temperature and
timing when it occurs. Although this global temperature does not ac-
tually reflect the local temperature, it indicates a general trend inside
the cylinder. As combustion phasing retards, the maximum in-cylinder
temperature decreases significantly (Fig. 7a) and occurs late. It suggests
that both the local temperature and residence time at high temperature

Fig. 3. Ignition delay vs CA50 (a), premixed burn fraction vs CA50 (b), and premixed burn fraction vs ignition delay (c).
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decreases. Thus, NOx emissions decrease remarkably as CA50 is delayed
for all fuels at both loads as is shown in Fig. 6. It is interesting to find
that diesel shows less NOx emissions compared to the binary fuel
blends. This is mainly caused by the concurrent lower maximum in-
cylinder temperature and decreased residence time at high temperature
zone. In addition, experiments with BH80 show less NOx emissions than
AH60 and BzH60. However, no clear difference related to the maximum
global temperature and timing can be found in Fig. 7. As mentioned
earlier, BH80 demonstrates the longest ignition delay among the three
binary fuel blends. This long mixing period makes the local lambda
closer to the global lambda, which leads to less hot regions. On the
contrary, AH60 and BzH60 will experience locally richer conditions
(closer to stoichiometric) due to their shorter ignition delay, leading to
a higher local temperature and NOx formation is prompted. Another
possible reason is that oxygenated aromatic hydrocarbons and alcohol
fuels yield a different adiabatic flame temperature. The constant pres-
sure adiabatic flame temperature of fuel at a stoichiometric air/fuel
ratio can be estimated based on the method described in [47]. As is
shown in Fig. 19 in Appendix, the adiabatic flame temperature of BH80
is lower than that of AH60 and BzH60, which also leads to lower local
temperatures than AH60 and BzH60 during the combustion event.
Thus, BH80 generates less NOx emissions in comparison with AH60 and
BzH60. Soot emissions are determined by the competition between
formation and oxidation. All three binary fuel blends and diesel gen-
erate almost negligible soot emissions under the test conditions. At
12 bar gIMEP, diesel generates more soot at a late CA50. This is likely
due to the deterioration of soot oxidation process at a delayed com-
bustion phasing (cylinder temperature decreases).

4.2. Effects of injection pressure

It is well known that decreasing the heterogeneity is essential to
mitigate the tradeoff between soot and NOx emissions [48]. Accord-
ingly, the effects of injection-related parameters on fuel–air mixing
should be fully understood. The effects of injection pressure will be
discussed in this section. Ignition delay and burn duration at different
injection pressures are shown in Fig. 8. It can be seen from Fig. 8a that
ignition delay generally decreases as injection pressure increases for all
fuels. Two possible factors may contribute to this reduction of ignition
delay. Firstly, to maintain the same combustion phasing and load, in-
jection timing is advanced at a low injection pressure case. For high
injection pressure cases, injection timing is consequently closer to the
top dead center (TDC) where the ambient air is hotter. Thus, the re-
activity of the mixture improves and the ignition delay decreases.
Secondly, a high injection pressure improves the velocity and mo-
mentum of fuel spray when it exits the nozzle which leads to better
atomization and a larger rate of entrainment of ambient air. As a result,
the mixing process between fuel and air is faster [49]. Generally, BH80
shows the longest ignition delay time, then AH60 followed by BzH60,
and finally, diesel. This ranking is also found for the burn duration. As it
can be seen from Fig. 8b, BH80 shows the shortest burn duration while
diesel shows the longest. In all cases, a long ignition delay correlates
with a faster heat release.

Fig. 9 illustrates the ISPM and ISNOx emissions for the different
injection pressures. Soot emissions are extremely low at 16 bar gIMEP
independent of injection pressure for all the tested fuels. A marginal
decrease in soot emissions with increasing injection pressure is found
for diesel, AH60, and BzH60. It should be noted that for BH80, almost
no soot is detected. With respect to NOx emissions, a slightly increasing

Fig. 4. Cylinder pressure and ROHR of tested fuels at similar CA50.

Fig. 5. Maximum pressure rise rate as a function of CA50.
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trend is noticed when the injection pressure increases. It is likely caused
by the increased local cylinder temperature due to a shortened burn
duration in these cases.

Fig. 10 shows the unburnt HC and CO emissions. Increasing injec-
tion pressure could result in more fuel impinging on the cylinder wall
and retained in the crevice volume, higher HC emissions are expected.
As is demonstrated in Fig. 10a, HC emissions are extremely low and
hardly respond to the variation of injection pressure for all tested fuels
except BH80. This is due to the injection timing being close to TDC and
the geometry of the piston; the spray is mostly targeting the piston-bowl
so that the wall impingement and fuel remained in the crevice volume
are reduced. Note that AH60 and BzH60 generally yield more HC
emissions than BH80 does. This can be attributed to the different
physical properties of the oxygenated aromatic hydrocarbons and n-
butanol. Due to the higher boiling point of anisole and benzaldehyde,
AH60 and BzH60 are more difficult to be vaporized after injection than
butanol. This may result in more unburnt fuel and a deterioration of the
combustion completeness. For CO emissions, they are mainly formed in
fuel-rich areas where incomplete combustion occurs [50]. It is both
influenced by equivalence ratio and temperature. Generally, CO oxi-
dizes into CO2 mostly in the late combustion process owing to the ex-
istence of excess oxygen. It can be seen from Fig. 10b that CO emissions
decrease at high injection pressures for all tested fuels. Due to better
atomization and air entrainment at a higher injection pressure, less fuel-
rich areas are formed. Furthermore, the concurrently decreased burn
duration will lead to higher global temperatures (Fig. 8b) and longer
residence times at these higher temperatures which is beneficial for the
CO oxidization process. However, this also promotes the NOx forma-
tion, and thus a NOx-CO tradeoff is observed under high injection

pressure.

4.3. Effects of EGR rate

In this section, the effects of EGR on combustion and emissions
characteristics of different fuels will be discussed. As is shown in
Fig. 11, the global lambda is quite similar and decreases significantly at
high EGR rate for all tested fuels. Importantly, it shows a value < 1.2 at
45% EGR rate, approaching stoichiometric combustion operation. And
it is worth to note that the variation of the global lambda with the EGR
rate is almost linear regardless of the tested fuels and operation load.

Fig. 12 demonstrates cylinder pressure and ROHR of tested fuels at
16 bar gIMEP. It can be observed that injection timing is advanced at
high EGR rate to keep constant combustion phasing for all cases. For
BH80 and AH60 (Fig. 12a and c), the ROHR profiles tend to get nar-
rower (shorter burn duration) and the premixed burn peak occurs later
at a higher EGR rate. The shape of the ROHR curves gradually becomes
a single peak. This is due to the reduced reactivity because of the lower
oxygen content in the cylinder when EGR increases. In contrast, the
EGR rate does not seem to have a large influence on the tests with
BzH60 and diesel. The ROHR profiles remain mixing-controlled com-
bustion even at the highest EGR rate and the change in ignition delay is
too small to induce a drastic change in combustion mode. For the
BzH60 and diesel experiments (Fig. 12b and d), the height of both the
premixed and the mixing-controlled phases of the ROHR get lower as
the EGR increases. Thus the peaks of in-cylinder pressure curves de-
crease. Since operating loads remain nearly constant, the late com-
bustion peak consequently will be higher.

Fig. 13a reveals that elevating the EGR rate from 25% to 45%

Fig. 6. ISPM and ISNOx emissions as a function of CA50. Dashed lines represent the ISNOx.

Fig. 7. Maximum global temperature vs CA50 (a) and the timing of maximum global temperature vs CA50 (b).
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elongates the ignition delay for all tested fuels at both loads, which
leads to a larger portion of the fuel being well mixed with ambient air.
Thus, more premixed burn can be observed at high EGR rate. This is
illustrated in Fig. 13b, where a strong correlation is shown between
premixed burn fraction and ignition delay. And the premixed burn
fraction decreases as the load increases. Additionally, BH80 and AH60
show much higher premixed burn fraction than BzH60 and diesel.
Specifically, the premixed burn fraction of BH80 increases from 69% to
86% at 12 bar when the EGR rate ranges from 25% to 45% at 12 bar.
Even at 16 bar, 70% premixed burn is achieved at 45% EGR with BH80.
BzH60 and diesel only reach 15% and 9% premixed burn respectively at
similar operating conditions.

Fig. 14 shows ISPM and ISNOx emissions at different EGR rates. All
the tested fuels can achieve Euro VI regulated NOx emissions with a
high EGR rate. However, the PM emissions vary notably among fuels.
On the one hand, the high heat capacity exhaust gases can effectively
decrease the in-cylinder temperature and oxygen fraction. As a con-
sequence, NOx emissions decrease substantially. On the other hand, the
formation of soot is also slowed down by the lower cylinder tempera-
ture [51]. However, the rate of soot oxidation decreases even faster
with lowered temperature and oxygen fraction [52]. Consequently, PM
emissions increase significantly at a high EGR rate and the so-called
soot/NOx tradeoff is observed for BzH60 and diesel. Both BzH60 and
diesel remain a low soot level with an EGR level below 30%, while a
remarkable increase of soot emissions can be seen when EGR rate is
higher than 35% at both loads as a result of a richer mixture and re-
duced oxygen fraction in the ambient. On the contrary, AH60 shows
0.05 g/kWh soot emissions and BH80 shows almost zero soot mass even

with 45% EGR rate at 12 bar gIMEP due to the premixed dominated
combustion. At 16 bar gIMEP, soot emissions of AH60 start to increase
at 40% EGR rate, while BH80 still achieves ultra-low soot level as well
as NOx emissions even at the highest EGR rate. Specifically, the NOx and
soot emissions of BH80 are 0.21 g/kWh and 0.027 g/kWh respectively
at 16 bar gIMEP with 45% EGR rate.

Given the nearly identical global lambda in the cylinder for each
tested fuel, there are several possible reasons for this soot reduction for
BH80 compared to the other two binary fuels. To begin with, BH80
shows the longest ignition delay at both loads, which contributes to
better mixing between fuel and air so that less hot pockets with high
equivalence ratio exist. This is corroborated by the results for BH80 and
BzH60. They have a similar AFs, which gives similar local equivalence
ratios during the injection. The overall longer mixing time between fuel
and air contributes to a larger premixed burn fraction of BH80 (70% for
BH80 vs 15% for BzH60 at 45% EGR). Consequently, it is more
homogeneously mixed and will overall be closer to the global lambda.
This is one of the reasons for the low sooting tendency. Still, it cannot
be concluded that mixing is the only driving force. Since the ignition
delay is different, the effect of structure cannot be ruled out. As is re-
ported in [53,54], the soot forming tendency can be ranked from
Aromatics > Alkynes > Alkenes or branched/cycloalkanes >
Alkanes > Alcohols. Both anisole and benzaldehyde possess a single

benzene ring in their molecular structure. For AH60, the initial reaction
products from anisole are phenoxy (C6H5O-) and C6H5CH2O- radicals.
These radicals are rather stable due to electron delocalization and they
will preferably take part in radical–radical reactions [42,55]. They tend
to form polycyclic aromatic hydrocarbons (PAH) which are generally

Fig. 8. Ignition delay (a) and burn duration (b) as a function of injection pressure.

Fig. 9. ISPM (a) and ISNOx (b) as a function of injection pressure.
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regarded as soot precursors [56]. Similarly, benzaldehyde possibly
breaks down to phenyl (C6H5-) which forms PAH in the following re-
actions. Thus, oxygenated aromatic fuel blends will yield more engine-
out soot than BH80 at oxidation conditions are similar for all fuels.

Fig. 15 shows the engine-out HC and CO emissions at different EGR
rates. The HC emissions of all tested fuels almost remain nearly constant
until the EGR reaches 40%, after which HC emissions increase sharply
for BH80 and AH60. As is mentioned previously, AH60 and BzH60
display more HC emissions than BH80 for all cases due to the higher
boiling point of aromatic hydrocarbons. Moreover, it can be seen CO
emissions increase significantly after the EGR rate reaches 35% for all
tested fuels. This is mainly due to the decreased oxygen level and lower
cylinder temperature such that CO oxidation deteriorates. The results
presented here suggest that at a high EGR rate, the NOx/soot tradeoff is
replaced by the NOx/CO tradeoff. An integrated system of EGR and an
oxidation catalyst is required to mitigate the excessive CO emissions
[57]. Since the exhaust gas temperature is reduced and the global
lambda approaches stoichiometric operation as EGR rate increases, it
might require a lower light-off temperature and light-off time catalyst
and dedicated calibration for the after-treatment system [58,59].

Fig. 16 shows the particle number concentration and size distribu-
tion from four tested fuels. Based on the aerodynamic diameter, parti-
cles are generally classified as nucleation mode (< 20 nm) and accu-
mulation mode (20–500 nm). Nucleation mode particles are mainly
composed of volatile condensate while accumulation mode is mainly
comprised of carbonaceous agglomerates and absorbed material
[60,61]. It can be seen from Fig. 16 that accumulation mode particles
increase significantly at high EGR rate regardless of fuel type. At equal

entrainment rates, the decreased oxygen fraction in the ambient causes
a more fuel-rich condition during the combustion event. These high
local equivalence areas are more prone to form PAH which promotes
the soot nucleation [62]. The particles in nucleation mode then ag-
glomerate and aggregate to large particles with big diameters, conse-
quently the distribution shifts to accumulation mode at high EGR rate
[63]. Furthermore, nucleation mode particles are also suppressed by the
existence of accumulation mode particles which provides sites for ab-
sorption of volatile hydrocarbons that would otherwise be incorporated
into nucleation mode particles [61]. Last but not least, the decreased
soot oxidation rate at high EGR rate also contributes to the increased
amount of accumulation particles. In other words, a high EGR rate leads
to a cylinder condition that favors the formation of carbonaceous ac-
cumulation mode particles and constrains the nucleation mode parti-
cles. As a consequence, soot mass increases at high EGR rate as men-
tioned earlier. Specifically, a more pronounced bimodal particle size
distribution is observed for BH80 and most particles produced from
BH80 are in nucleation mode when the EGR rate is below 35%.

Fig. 17 compares the particle size distribution of tested fuels at
16 bar gIMEP with similar EGR rates. Although BzH60 and AH60
contain a large fraction of aromatic hydrocarbons, they both yield less
particles in accumulation mode than diesel does. This can be attributed
to the oxygen atom in the molecule, which increases the local oxygen
concentration. Consequently, since the air entrainment rate for all fuels
is similar, the resulting mixtures for BzH60 and AH60 tend to have
lower local equivalence than diesel. Moreover, BzH60 and AH60 show a
longer ignition delay, which increases the mixing time of the charge
and leads to even lower local equivalences ratio. Thus, the formation of

Fig. 10. HC (a) and CO (b) emissions as a function of injection pressure.

Fig. 11. Lambda as a function of the EGR rate.
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soot precursor is constrained and there will also be less time to progress
towards particles with large diameters. Among the binary fuel blends,
BH80 not only shows lower particle number concentrations but also
smaller particle diameters at both loads compared to BzH60 and AH60.
Similar results are presented in [28], where it was found that alcohol-
containing fuels generated more ultra-fine small particles and less
particles in accumulation mode than other fuel blends. The results from
particle number concentration and size distribution are in good
agreement with previously mentioned soot mass emissions. The in-
crease of particle diameter and number concentration lead to more
engine-out soot mass. Even though BH80 and BzH60 have the same
stoichiometric air/fuel ratio and experiments were performed at iden-
tical global lambda, indicating similar local equivalence ratios in the
spray, BH80 produces much less particles in accumulation mode. This is

possibly related to the longer ignition delay of BH80 such that the
overall fuel/air mixture is better mixed than BzH60 and AH60. A
confounding parameter is the fuel structure: BzH60 and AH60 contain
an aromatic ring and they will form PAH easier as mentioned before.

5. Summary/conclusions

This paper presents the experimental results of oxygenated binary
fuel blends on a heavy-duty diesel engine at 12 bar and 16 bar gIMEP.
The combustion and emission characteristics of fuels with the different
molecular structures are investigated. Three binary fuel blends, as well
as diesel, are tested at different combustion phasing, injection pressure,
and EGR rate. Among the fuel blends, BH80 and BzH60 have identical
AFs. The only difference between AH60 and BzH60 is the functional

Fig. 12. Cylinder pressure and ROHR of tested fuels at different EGR rates.

Fig. 13. Ignition delay vs EGR (a) and premixed burn fraction vs ignition delay (b).
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group attached to the benzene ring. Also, during the tests, the global
lambda is controlled to be identical among the tested fuels. Following
conclusions can be made based on the experimental results:

1. When operated at 12 and 16 bar gIMEP with 25% EGR rate, the
reactivity of the three binary fuel blends can be sequenced by
BzH60 > AH60 > BH80 under current test conditions. BzH60
displays the combustion characteristics of diesel. Due to the long
ignition delay, BH80 results in more premixed burn fraction and
thus higher PRRmax than the BzH60 and AH60. In addition, BH80
does show lower NOx emissions than BzH60 and AH60.

2. NOx emissions decrease significantly as the combustion phasing is
retarded for all tested fuels. Compared with three binary fuel blends,
diesel produces less NOx emissions at both loads due to lower cy-
linder temperature and lower residence time at high temperatures.
Diesel does result in higher soot emissions especially at late com-
bustion phasing at 12 bar gIMEP mainly due to lower soot oxidation.

3. At a fixed CA50, increasing injection pressure decreases ignition
delay for all tested fuels due to better atomization and the implied
retarded injection timing closer to TDC. High injection pressures
have the potential to decrease soot and CO emissions at the expense
of a marginal increase of NOx emissions regardless of fuel type.

4. All fuels can achieve Euro VI regulated NOx emissions at high EGR
with a sacrifice of CO emissions. Notable soot and NOx tradeoff
relations are observed for diesel and BzH60 as the EGR rate in-
creases. AH60 remains concurrent low NOx and soot emissions only
at 12 bar gIMEP. While BH80 shows both low NOx and soot emis-
sions with high EGR rate at both loads due to longer ignition delay
and the straight-chain fuel structure of n-butanol.

5. As EGR rate increases, particle size distribution shifts to the accu-
mulation mode for all tested fuels. Both total particle number con-
centration and particle diameter increase at high EGR rates, which
consequently leads to more engine-out soot mass. Compared to the
other tested fuels, BH80 shows much less particles in accumulation
mode but more particles in nucleation mode at similar EGR rates.

The structure of the fuel molecule can influence the combustion and
emissions of a heavy-duty diesel engine significantly. Even having si-
milar AFs and global λ as BzH60 blend, BH80 shows a significantly
lower tendency to form soot. Consequently, more EGR can be applied
such that NOx can be reduced considerably with hardly any sacrifice on
soot emissions. At 12 bar gIMEP with 45% EGR, BH80 achieves zero
soot mass emissions and 0.28 g/kWh NOx emissions. When operated at
16 bar gIMEP with 45% EGR, BH80 yields 0.027 g/kWh and 0.2 g/kWh
soot and NOx emissions respectively. More importantly, it is of great
significance to reduce the reliance on fossil fuel gradually. Bio-deri-
vable fuels could be one of the solutions to achieve a clean and sus-
tainable future. The analysis described in this work offer guidelines for
applying n-butanol in advanced combustion concepts and modern en-
gine technologies. And the ultra-low soot levels indicate n-butanol as a
promising alternative fuel for PPC (i.e. blend high volume concentra-
tion of butanol with commercial diesel). In future work, it will be at-
tempted to keep both the stoichiometric air/fuel ratio and reactivity of
fuel blends the same. This can be realized either by increasing the re-
activity of BH80 (with cetane improver) or decreasing the reactivity of
BzH60 (with octane boosters). In this way, the ignition delay is similar,
and the intrinsic effect of molecular structure on soot formation can be
assessed more clearly even.

Fig. 14. ISPM and ISNOx emissions as a function of EGR rate. Dashed lines represent the ISNOx.

Fig. 15. HC (a) and CO (b) emissions as a function of EGR rate.
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Appendix

Fig. 18. COVgIMEP as a function of CA50.
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Fig. 19. Adiabatic flame temperature of three binary fuel blends vs CA50 at stoichiometric equivalence ratio.

Table 5
Data acquisition accuracy.

Measured variable Apparatus /Principle Brand Unit Accuracy

Inlet temperature k-type thermocouple Omega °C ± 1.1
Inlet/Exhaust Pressure PMP 1400 GE Pa ± 0.25% of rate
Air mass flow Micro Motion Coriolis CMF200 g/s ± 0.35% of rate
Fuel mass flow Micro Motion Coriolis CMF010 g/s ± 0.35% of rate
In-cylinder pressure Piezoelectric transducer AVL GU21C bar ≤ ± 0.3% of FS(250 bar)
CO Nondispersive infrared detector HORIBA 7100 DEGR ppm ≤ ± 1% FS / ± 2% reading
HC Flame ionization detection ppm
NOx Chemiluminescence detector ppm
O2 Magneto pneumatic detector %
CO2 Nondispersive infrared detector %
Soot Filter method AVL 415s FSN ± 0.01FSN
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