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 Three pilot fuels are selected to
investigate the effect of pilot fuel
properties on tri-fuel combustion.
 Pilot fuel with high cetane number
and/or low aromatic content promotes the ignition and combustion processes.
 High cetane number and/or low
aromatic content of pilot fuels
improve combustion stability.
 The optimized hydrogen ratio is up
to 60% depends on the charge-air
temperature
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 Superlets is applied to resolve high
temporal-frequency resolution for
combustion stability.
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also play a crucial role in TF combustion, even a small amount of diesel pilot could
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dramatically affect the engine performance and combustion stability, 2) the CN and AC are

Fuel properties

the key factors affect the ignition delay time (IDT) and indicated thermal efficiency (ITE), 3)
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Cetane number

the in-cylinder pressure oscillation analysis based on a novel Superlets (SL) approach in-

Aromatic content

dicates that pilot fuel properties are important to the combustion states and combustion
stability.
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Nomenclature
AC
aHRR
ATDC
CAD
CHR
CI
CN
CWT
DF
EHVA
EN590
HVO
IDT
IMEP
ITE
LHV
NG
SOC
SOI
STFT
SL
Qapparent
MFC
MH2
PA2
PSD
m_ air
m_ diesel
m_ H2
m_ CH4
Pratio
TF
Tair

Aromatic content
Apparent heat release rate
After top dead center
Crank angle degree
Cumulative heat release
Compression ignition
Cetane number
Continuous wavelet transform
Dual fuel
Electrohydraulic valve actuator
Standard European diesel
Hydrotreated vegetable oil
Ignition delay timing
Indicated mean effective pressure
Indicated thermal efficiency
Lower heating value
Natural gas
Start of combustion
Start of injection
Short-time Fourier transform
Superlets
Apparent heat release
Mass flow controller
Hydrogen mole fraction
Aromatic-free diesel
Power spectral density
Air mass flow rate
Diesel pilot mass flow rate
Hydrogen mass flow rate
Methane mass flow rate
Pilot fuel ratio
Tri-Fuel
Charge air temperature

Greek symbols
4
Equivalence ratio
DP
Bandpass pressure

Introduction
Global warming and local pollution caused by the wide application of fossil fuels in internal combustion engines (ICEs) have
been attracted many concerns in the industry and academia. It

has been reported that every 1.5  C rise in temperature might
kill around 70% of the coral reefs and some of the insects may
lose their habits [1]. These may cause significant environmental
and societal problems. To mitigate these problems, many
advanced combustion technologies and alternative fuels have
been investigated to improve engine performance and simultaneously reduce emissions. Among all alternative fuels for ICE
application, methane (CH4) and hydrogen (H2) are the most
attractive candidates due to their excellent properties in combustion to achieve decarbonization [2,3].
The concept of implementing pure H2 or CH4 as the primary
fuel ignited with diesel pilot as DF mode has been utilized for a
relatively long time [4]. It has been reported that the application
of DF combustion in compression ignition (CI) engines can
promote the use of more readily available gaseous fuels or more
efficient, advanced combustion modes [5e7]. However, either
implementing sole H2 or CH4 as the primary fuel in the DF
combustion has its inherent shortcoming. For the CH4-diesel DF
combustion, the main drawback is that the engine efficiency
decreases compared to conventional diesel at low load or partial
load. The unburned hydrocarbons (UHC) and carbon monoxide
(CO) emissions are also higher in DF mode [8e10]. This reveals a
non-optimum utilization of the gaseous fuel in ICEs. The main
reason is that the combination of low temperature and very lean
natural gas-air mixture inside the combustion chamber for low
loads or partial load may lead to incomplete combustion [11,12].
In contrast, the advantages of H2-diesel DF combustion have
been widely reported to extend the lean mixture limits and
simultaneously reduce the unburned CH4 and CO [13e18]. The
unique combustion properties of H2 such as carbon-free, low
minimum ignition energy (MIE), high flame speed and wide
flammability range make it is an ideal candidate for its application in ICEs [14]. However, engines running solely with H2
require expensive H2 generation, storage, and transportation
due to its low volumetric energy density and significant diffusivity in the air with the potential of accidental explosion.
Moreover, the low power density and abnormal combustion
such as knock [15,16], pre-ignition [17] and backfire [14,18] in
pure H2-fueled engines have currently limited its usage.
To overcome the drawbacks of the DF combustion in a
heavy-duty compression ignition engine, an effective method
is to mix the CH4 and H2 with a proper ratio and select proper
pilot fuel to control the ignition and combustion phasing. In
the engine context, igniting the CH4 and H2 mixture by a small
amount of diesel pilot can be named tri-fuel (TF) combustion.
TF combustion strategy has recently been explored as a
promising way to use H2 and CH4 mixture to compensate for
the challenges of pure CH4 or H2 combustion that possesses a
higher combustion efficiency and combustion stability [19].
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This is because H2 is thought to be an excellent enhancement
for CH4-diesel DF combustion due to its burning characteristics, such as its wide flammability, very high flame speed, low
ignition energy, and carbon-free combustion [20]. The proper
H2 substitution ratio in an H2-CH4 mixture may reduce the
cycle-to-cycle variations and improve combustion stability
[21,22]. The results from the author's previous study showed
that H2 addition enhances ignitability and combustion stability [23]. The addition of H2 in the CH4-air mixture reduces
HC, CO, CO2, and PM emissions almost linearly [24,25]. This
can be explained by the smaller quenching distance and the
higher H2 combustion temperature, which dramatically improves the combustion efficiency. However, H2 has a highburning velocity which may increase the combustion temperature in the cylinder, thereby causing higher NOx emissions [26]. Moreover, when the addition of the H2 exceeding a
specific level, it could lead to abnormal combustion (e.g.
knocking) subsequently damage the engine.
There have been numerous studies regarding CH4-H2
mixtures as primary fuel for ICEs, either experimentally
[27e33] or numerically [34e41]. These studies mainly focused
on the effects of primary fuel-air charge (H2-CH4-air) on engine performance and emissions. It has been shown that the
addition of H2 can increase combustion stability [42] and
improve thermal efficiency [43]. However, few of those studies
were concerned with the effects of pilot fuel properties.
It is well known that pilot fuel plays a crucial role in ignition
delay time (IDT) subsequently affects the pilot and charge gas
mixing, thereby determining the combustion phasing. During
the ignition delay period, the pilot fuel rapidly decomposed and
dehydrogenated. In general, a fuel with higher CN reduces IDT
and improves the dual-fuel combustion efficiency due to the
better thermophysical properties and mixture formation during the premixed combustion [44]. However, the aromaticcontaining fuel is difficult to be decomposed or oxidized
because of the heavy saturate hydrocarbons of aromatic components, which results in a lower decomposed rate and longer
IDT [45,46]. The poor decomposition of aromatic fuels could
also reduce combustion efficiency and stability [47].
According to the previous studies on DF combustion [8,46],
the implementation of different pilot fuels may lead to
different combustion characteristics and emissions in ICEs,
which could also occur in TF combustion. S. Imran et al. [48]
investigated the potential of the TF combustion with diesel
and rapeseed methyl ester (RME) as pilot fuels to achieve a
better trade-off between NOx and hydrocarbon emissions.
They concluded that the pilot fuel properties are more crucial
for the TF combustion due to the present of the H2, which may
lead to a case of typical three stage ignition. L. Tarabet et al.
[49] studied the TF combustion with eucalyptus biodiesel and
natural gas (NG) enriched by various H2 quantities (15, 25 and
30 by v%). They found that due to the good ignition ability of
the biodiesel pilot fuel in the engine as a result of the high
cetane number and fuel bound oxygen, which could achieve
higher engine performance and lower pollutant emissions
compared to conventional diesel as pilot fuel. Mahmoud
Gadalla et al. [50] numerically investigated the TF ignition
using large-eddy simulation (LES) and finite-rate chemistry.
They suggested that IDT is very important to avoid autoignition and relevant to heat release rate. Therefore, the
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higher CN or AC fuels could have a similar manner to avoid
endgas autoignition and improve engine performance. Oliva
et al. [51] has fundamentally studied the autoignition of LPG
blends with diesel and HVO in a constant-volume combustion
chamber. The results showed that fuel with higher CN such as
HVO has a better autoignition behavior than biodiesel and
conventional diesel. The above literature review highlights
the importance of pilot fuel properties in DF and TF combustion. However, to the best of the authors' knowledge, estimating the effect of pilot fuel properties on tri-fuel engine
powered by premixed methane-hydrogen and diesel pilot is
yet to be comprehensively investigated.
Considering the literature review above, it is observed that
CH4 and H2 both fuels have been extensively studied in the last
decades. While, numerous studies on 1) the CH4 or H2 as primary fuel in DF combustion, 2) the pilot fuel properties on the
CH4-diesel DF combustion. The numerical or experimental
investigation on TF combustion in a wide range of charge-air
temperature and H2 concentration is still scarce. Especially,
comprehensively estimating the effect of pilot fuel properties
on engine performance and combustion stability is yet to be
reported. Moreover, offering high-resolution in time and frequency to resolve localized intermittent periodicities of the
combustion stability in the engine is equally important.
However, the conventional continuous wavelet transform
(CWT) or short-time Fourier transform (STFT) methods can
not reveal transient oscillation events that are hidden in the
averaged time-frequency spectrum. A novel spectral estimator is fairly needed to analyze the combustion stability
based on the in-cylinder pressure.
With above motivation, this study provides a systematic
framework to fill the gaps in the literature on TF combustion
in a single cylinder CI engine fueled with different pilot fuels.
The particular objectives are stated as follows:
1. Comprehensively investigate the effect of pilot fuel properties, i.e., cetane number and aromatic content on TF
combustion at a wide range of H2 concentrations (e.g.,
MH2 ¼ 10%, 20%, 40%, 60%) and charge air temperature (e.g.,
Tair ¼ 25  C, 40  C, 55  C).
2. Clarify the effect of pilot fuel properties on the engine
performance, such as ignition delay time, combustion
duration, indicated thermal efficiency and combustion
stability at different combustion states, i.e., normal combustion, PREMIER (PREmixed Mixture Ignition in the Endgas Region) combustion and knocking.
3. Implement a novel approach, namely, Superlets instead of
short-time, the conventional continuous wavelet transform (CWT) or short-time Fourier transform (STFT)
methods to estimate the combustion stability based on incylinder pressure oscillation analysis.

Experimental setup and operating conditions
Engine and measurement device specifications
Fig. 1 demonstrates the schematic of the operated engine. An
AGCO 84AWI 6-cylinder common rail diesel engine is modified
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Fig. 1 e Visualization of the test engine.
to a single-cylinder engine under multiple-fuel modes (e.g., DF
or TF). The engine load and speed are controlled by a 45 kW
ABB low voltage motor coupled with a frequency converter
(ACS800-11). An RHM-08 Coriolis mass flow meter (Rheonik
Messtechnik GmbH) is adopted to measure charge-air mass
flow (m_ air ) and two mass flow meters/controllers (EL-FLOW®)
are employed to measure port-injected CH4 and H2 mass flow
rates (m_ CH4 and m_ H2 ), respectively. In this study, a closed-loop
PID controller is applied to maintain the charge-air mass flow
rate of 80 kg/h as the increase of charge-air temperature. The
diesel pilot is provided by a Bosch CRI3 piezo injector (3-hole),
which has very high stability and low delay. The well-defined
CH4-H2 mixtures are injected by two Bosch natural gas injectors (NGI2) into the intake manifold. A crank-angle encoder
is employed to acquire the crank angle signal at a revolution of
0.2 CA. A piezoelectric sensor (type 6125C, Kistler Co., Inc.)
with a charge amplifier (type 5011B, Kistler Co., Inc.) at a resolution of 0.2 CAD is implemented to measure the in-cylinder
pressure. Prior to the experiment, the necessary parallel systems, such as electro-hydraulic valve actuation (EHVA),
charge-air conditioning, cooling, and fuel injection systems
are monitored and can be flexibly controlled to achieve engine
operating parameters based on the National Instrument fieldprogrammable gate-array (NI-FPGA) and LabView software.
The detailed single-cylinder engine specifications are shown
in Table 1.
The most important devices to control and monitor the
operating conditions are listed in Table 2, including measured
variables, range and accuracy. All the devices have been
calibrated or validated before the experiments based on the
error analysis.

Engine operating conditions and test matrix
Table 3 shows the engine operating conditions. In this study,
the engine speed, charge air mass flow, SOI, equivalence ratio,
pilot duration, cooling temperature are fixed and pilot fuel,
charge air temperature and the mass flow of H2 and CH4 are
varied to concentrate the effect of pilot fuel properties on the
TF combustion at different conditions. The engine is operated

Table 1 e Single cylinder CI engine specification.
Parameter
Model
Power
Operating speed
Bore  stroke
Length of connecting rod
Displacement volume
Combustion bowl
Geometric compression ratio
Swirl Ratio
Diesel injector
Diesel injector no. of holes
x diameter
Diesel injection pressure
Gaseous fuel system
Valve System
Intake valve opening
Intake valve closing
Exhaust valve opening
Exhaust valve closing

Value
Modified AGCO 84AWI 6-cylinder
CI engine
200e298 kW @2100 rpm
1200 rpm
111 mm  145 mm
132 mm
1402 cm3
89.9 cm3
16.7:1
2.7
Bosch Piezo CRI3 injector
3  0.160 mm (symmetric)
1000 bar
2  Bosch NGI injectors
Electrohydraulic Valve Actuator
2 CAD BTDC
210 CAD ATDC
225 CAD BTDC
6 CAD BTDC

at a lean premixed charge mixture (4 ¼ 0.5) conditions with a
constant charge-air mass flow of 80 kg/h, which provides total
energy of ~130 MJ/h at 1200 rpm with a load of ~70% corresponding to the IMEP ¼ ~13 bar. The energy share ratio of pilot
fuel is 10% with an injection pressure of 1000 bar. A total of 200
continuous cycles after engine stabilization for each test point
are recorded for data analysis. More details can be seen in
Table 3. The experimental matrix is outlined in Fig. 2. It should
be noted that the appearance of heavy knocking restricts the
operation under higher MH2 or Tair.
The overarching objective of this investigation is to
assess the effects of the pilot fuel properties, in particular,
the CN and AC of pilot fuels on TF combustion at various H2
fractions (MH2) and charge air temperature (Tair) conditions.
Therefore, two cases are cataloged to compare the effect of
CN (Case A) and AC (Case B) on TF combustion as shown in
Table 4.
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Table 2 e Specification of the most important measurement devices.
Variable
Load and speed
Valve timing and lift
Cooling temperature
Charge-air supporter
Charge-air mass flow
Charge-air temperature
Charge-air pressure
Cylinder pressure
Exhaust Temperature
Exhaust Pressure
H2 mass flow
CH4 mass flow

Device type/model and manufacture

Range

Accuracy

45 KW 94 AMP MOTOR with ACS800-11 frequency converter, ABB
EHVA, Park
Cooling system, customized
E-turbo, customized
RHM-08 Coriolis, Rheonik Messtechnik
PT100, TC
Piezoelectric/AVL LPD11DA05
6125C sensor and 5011B amplifier, Kistler
Type K, TC
Piezoelectric/AVL GU21C
MVM-030-PA, EL-FLOW®
MVM-060-PA, EL-FLOW®

0e2960 rpm
0e12 mm
0e100  C
1e3 bar
0e200 kg/h
0e200  C
0e5 bar
0e300 bar
0e1000  C
0e10 bar
1e30 L/min
1e60 L/min

±10 rpm
±0.05 mm
±1  C
±0.5%
±0.5%
±0.1%
±0.1%
±0.4%
±0.5%
±0.1%
±0.3%
±0.3%

Table 3 e Engine operating conditions.
Parameter

Unit

Table 4 e Cases study of the effect of typical pilot fuel
properties on TF combustion (more details are shown in
Table 5).

Value

Pilot fuel
SOI
m_ air

PA2, HVO, EN590
CAD BTDC 7
kg/h
80
Equivalence ratio
0.5
Pilot ratio
%
10
o
C
70
Cooling temperature
Pilot Energy,
MJ/h
13.26
m_ pilot
g/h
318.4
Pilot duration
ms
0.256
25, 40, 55
Charge-air temperature oC
H2 fraction
vol%
10
20
40
m_ H2
g/h
31.52 68.58 166.48
m_ CH4
g/h
2257 2183 1987
CH4 energy
MJ/h
112.9 109.2 99.35
H2 energy
MJ/h
3.78 8.23 19.98
Total energy
MJ/h
129.7 130.4 132.6

Case Name

CN

AC, %

56
80e99

<0.1
<1.0

56
52.6

<0.1
z30

Case A: Effect of CN
PA2
HVO
Case B: Effect of AC
PA2
EN590
60
317.61
1685
84.2
38.11
135.9

emission, 3) the complementarity of the CH4 and H2 in combustion characteristics can improve the combustion efficiency
and simultaneously reduce the emissions, 4) both CH4 and H2
are gas phase, which is easy to mix.
Three pilot fuels are compared to assess the effect of pilot
fuel properties, especially the CN and AC on the TF combustion. Table 5 shows the detailed properties of the pilot fuels
(PA2, HVO, and EN590) and gaseous fuels. For the pilot fuels, 1)
PA2 is a customized diesel-like low aromatic fuel that has a
similar CN and LHV with NE590 but very low AC, 2) HVO
consists of straight-chain and branched paraffin, free-ofaromatics, is a renewable diesel produced by Neste, which
has high CN [49], and 3) standard European diesel EN590,
which has averaged CN but relatively high AC. The high purity
CH4 and H2 are provided by AGA Industrial Gases (Finland)
with a purity of 99.95% and 99.9%, respectively.

Operating parameter and data analysis
Fig. 2 e Experimental matrix.

Basic definition and methodology
(1) Definition of IDT

Fuel properties
Compared to the other gaseous or liquid fuels, such as gasoline, ammonia, ethanol, methanol, dimethyl ether, etc. The
advantages of implementing H2 and CH4 mixture as the primary fuel in TF combustion relies to 1) both CH4 and H2 are
renewable and have been extensively applied as energy
sources, 2) very low carbon ratio, which can reduce the CO2

In the present study, the IDT is defined as the time interval
between the start of pilot injection and the start of
combustion.
IDT ¼ qSOC  qSOI

(1)

where, qSOC is the start of combustion timing, which is defined
as cylinder pressure rise rate (PRR) timing. qSOI is the start of
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Table 5 e Physical and chemical properties of the pilot and gaseous fuels [50,52,53].
Items

Unit

Molecular formula
Cetane Number
Lower heating value
Total aromatics
Polyaromatics (PAH)
Stoichiometric air-fuel ratio
Density at 15  C, 1 atm
Dynamic viscosity @ 40  C
Kinematic viscosity @ 40  C
Carbon content
Hydrogen content
C/H ratio
Autoignition Temperature
Minimum ignition energy
Flammability limits
Burning velocity in NTP
Quenching gap in NTP Air
Diffusivity in air
Research octane number
Specific heat Cp@300 K

MJ/kg

kg/m3
[mPa.s]
mm2/s
wt. - %
wt. - %
e
o
C
mJ
%
cm/s
cm
cm2/s
kJ/kg.K

EN590

PA2

HVO

Hydrogen

Methane

C12-C22
52.6
z42.7
z30
z4
14.5
820e845
1.352
2.0e4.5
86.5
13.5
6.4
250e350
e
0.6e5.5
37e43
e
~0.07
30
2.05

C9  C21
56
42.3
<0.1
e
14.4
810.2
2.16
2.66
84.94
14.06
6.04
250e350
e
e
e
e
~0.07
e
e

C15-C18
80e99
44
<1.0
<0.1
15.12
775e785
5
2.0e4.0
87.2
12
7.26
204
e
e
e
e
~0.07
e
e

H2
e
120
e
e
34.48
0.09
0.00915
e
0
100
e
650
0.02
4e75
265e325
0.064
0.63
130
14.89 (gas)

CH4
0
50
e
e
17.19
0.725
0.01177
19.47e-6
20
80
4
585
0.3
5e15
37e45
0.203
0.16
>122
2.22

injection timing. It should be noted that the definition of IDT is
different from the IDT in conventional diesel engines, which is
defined as the crank angle at 5% or 2% of cumulative heat
release (CA5 and CA2) is commonly defined as IDT [54,55].
More explanation can be seen in Ref. [23].

(4) Pilot fuel ratio (Rpilot) and H2 concentration (MH2)
The pilot fuel ratio is defined as the energy share ratio of
the pilot fuel, which is expressed as:
RPilot ¼

(2) aHRR calculation
A single-zone heat release model based on the first law of
thermodynamics is applied to calculate the aHRR, which is
expressed as:
dQ
g
dV 1
dP
¼
,P, þ ,V,
dq g  1
dq g
dq

(5)

The H2 concentration is defined as the volume fraction of
the H2 in the H2-CH4 mixture. In this study, the H2 and CH4 are
controlled by two mass flow controller, thus the volume
fraction of H2 (MH2)is calculated based on the mass flow rate as
follow,

(2)

where Q is the heat release, g is the specific heat capacity ratio
(g ¼ 1:35), q is the crank angle, P is the cylinder pressure, V is
the swept volume.

mpilot ,LHVpilot
mpilot ,LHVpilot þ mH2 ,LHVH2 þ mCH4 ,LHVCH4

MH2 ¼

m_ H2 ,WCH4
m_ CH4 ,WH2 þ m_ H2 ,WCH4

(6)

where, m_ H2 and m_ CH4 are the mass flow rate of H2 and CH4, and
WH2 and WCH4 are the molecular weight of the H2 and CH4,
respectively.

(3) IMEP and ITE

Definition of TF combustion process
The IMEP is applied to analyze the energy conversion in TF
combustion. The IMEP is derived from the following equation:
IMEP ¼

1
Vd

720
Z

PdV

(3)

0

where, Vd is the displacement volume.
The ITE is used to evaluate the fuel energy conversion efficiency. The average value of the indicated thermal efficiency
of the test engine as follows,
ITE ¼

IMEP,Vd
mpilot ,LHVpilot þ mH2 ,LHVH2 þ mCH4 ,LHVCH4

(4)

where, mpilot , mH2 , mCH4 are the mass of diesel pilot, H2 and CH4
per cycle. LHVpilot , LHVH2 , LHVCH4 denotes the lower heating
values of diesel pilot, H2 and CH4, respectively.

To clarify the combustion process, the whole combustion
process is divided into IDT (PRR-based), premixed combustion
(IDT/CA5) and main combustion (CA5/CA90) based on the
percentage of cumulative heat release as shown in Fig. 3.
Owing to the appearance of abnormal combustion at high H2
fraction or/and high charge-air temperature, the combustion
states are catalogized to normal combustion, premixed
mixture ignition in the end-gas region (PREMIER)combustion
and knocking based on the HRR. In normal combustion, HRR
shows a normal decrease after main combustion (CA50). In
PREMIER combustion, there is a small HRR rebounding after
CA50 due to the end-gas autoignition. However, in the
knocking, an extremely strong HRR rebounding can be
observed during the main combustion due to the spontaneous
main combustion and end-gas burning [56,57].

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 6 ( 2 0 2 1 ) 3 7 4 6 9 e3 7 4 8 6

37475

(SL), is implemented to assess the combustion stability based
on the in-cylinder pressure. SL is from optical superresolution, which can provide a new spectral estimator to
reveal transient oscillation events that are hidden in the
averaged time-frequency spectrum by conventional continuous wavelet transform (CWT) or short-time Fourier transform (STFT) methods [58]. SL can construct a time-frequency
representation of a time series that offers high-resolution in
time and frequency localization, so it can resolve localized
intermittent periodicities of the combustion stability in the
engine. According to the SL definition, a set of Morlet wavelets
with a fixed center frequency, f, and spanning a range of
different cycles (bandwidths) will be combined to reserve the
oscillation of in-cylinder pressure.


SLf ;o ¼ jf ;c jc ¼ c1 ; c2 /; co
Fig. 3 e Representative pressure traces and calculated dP/
dq, HRR and CHR, and comparison of IDTs based on
different definitions.

Combustion stability
To assess the effect of pilot fuel properties on combustion
stability, a novel wavelet transform method, namely superlets

(7)

where, o is the order of the SL (the number of wavelets in the
set), and c1 ; c2 /; co are the number of cycles for each wavelet
in the set. When o ¼ 1, the SL is a single (base) wavelet with c1
cycles (can be considered as a CWT). In other words, SL is a
finite set of wavelets spanning multiple bandwidths, o at the
same center frequency, f. The wavelets in SL can be considered multiplicatively or additively based on the number of
cycles. In a multiplicative SL, ci ¼ i,c1 , whereas in an additive

Fig. 4 e Time-frequency evaluation of cylinder pressure fluctuation with various transform approaches, (a) in-cylinder
pressure, raw data, filtered and their subtraction (bandpass pressure). (b) STFT (Blackman window) with a window size of 30
and 100 ms. (c) CWT by using Morlet wavelets with the number cycle of c ¼ 3 and c ¼ 10, roughly matching the STFT with a
window size of 30 and 100 ms. (d) Adaptive SL transform (ASLT) with linearly varying number of base cycles (c1 ¼ 3 and c1 ¼
5) with order o ¼ 1, for 10 Hz.
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SL ci ¼ c1 þ i  1, for i ¼ 2;/;o. Here, the response of an SL to a
signal, x, can be defined as the geometric mean of the responses of individual wavelets in the set as follow:


R SLf ;o ¼

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
o
Y


o
R jf ;ci

(8)

i¼1

where, R½jf ;ci  is the response of wavelet i to the signal, for
instance, the magnitude of the complex convolution (for
complex wavelets, such as Morlet) can be expressed as:


 

R jf ;ci ¼ jf ;ci * x

(9)

where, * is the convolution operator. The SL is an estimator of
the magnitude presenting the oscillation packets at the central frequency, f in the signal.
To estimate pressure oscillation intensity, the response of
the SL is simply squared. As shown in Fig. 4, the SL exhibits the
highest resolution compared to STFT and CWT methods when
doing the cylinder pressure analysis. It shows that with

Fig. 5 e Effect of CN on in-cylinder pressure and aHRR at different MH2 and Tair conditions, (a) MH2 ¼ 10%, (b) MH2 ¼ 20%, (c)
MH2 ¼ 40%, (d) MH2 ¼ 60%.
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increasing frequency resolution locally, the SL does not
significantly lose time resolution.

Results and discussion
Effect of cetane number (CN) on engine performance
In this section, a comprehensive comparison of the effect of
CN on engine performance is investigated by comparing PA2
and HVO at a wide range of MH2 and Tair conditions.
It is well known that CN is an important ignition indicator
to characterize the ignition quality of the diesel fuels in CI
engines [59e61]. Fuels with a high CN can shorten the IDT,
which leads to a premixing time for diesel pilot and charge
mixture. Therefore, the CN of diesel pilot is a fundamental
parameter to effectively control the combustion process,
allowing for high thermal efficiency. Fig. 5 illustrates the effect
of CN on cylinder pressure and HRR at corresponding
conditions.
At low Tair and MH2 conditions (Tair < 55  C and/or
MH2<40%), the normal combustion without pressure
rebounding after CA50 can be observed in Fig. 5 (a) and (b). PA2
and HVO have a similar combustion behavior after CA50 due
to the depleting of the pilot fuel. With the increase of the Tair
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or MH2 (Tair  40  C and/or MH220%), the PREMIER combustion
caused by the end-gas autoignition creates a small pressure
rebounding after CA50, which is evidently presented in aHRR,
as shown in Fig. 5 (b) (Tair ¼ 55  C and MH2 ¼ 20%) and Fig. 5 (c)
(Tair ¼ 40  C and MH2 ¼ 40%). Owing to the effect of CN on the
ignition timing, the PA2 shows an earlier end-gas autoignition
timing and a higher rebounding peak in aHRR. The explanation is that the longer IDT of the PA2 leads to a more charge
mixture in the end-gas region followed by stronger end-gas
combustion. Further increasing the Tair or MH2 (Tair  55  C
and/or MH240%) as shown in Fig. 5 (c) (Tair ¼ 55  C and
MH2 ¼ 40%) and Fig. 5 (d), the IDT and end-gas autoignition
timing are further advanced, the violate combustion caused
by the more reactive end-gas combustion leads to knocking.
This is relative to the high temperature and more reactive
mixtures in the cylinder, which dramatically promotes the
burning rate in the main combustion and end-gas combustion
region subsequent to a strong pressure oscillation. It is shown
that the end-gas autoignition timing of higher CN fuel HVO is
slightly earlier than lower CN fuel PA2, but a comparable
knocking intensity (HRR peak) can be observed in both fuels.
The interpretation is that the IDT is very short and the burning
rate of the charge mixture in the main and end-gas combustion region is extremely high, thereby the CN has limited influence on the combustion process.

Fig. 6 e Effect of CN on engine performance at various MH2 and Tair conditions, (a) IDT, (b) combustion duration, (c) ITE, (d)
IMEP.
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According to the previous study, the CN plays a crucial role
on engine performance. To clarify the effect of CN on the TF
combustion engine, i.e., IDT (basedon PRR), combustion
duration (based on CA90), ITE and IMEP are comprehensively
compared and shown in Fig. 6. An evident difference in IDT
(Fig. 6(a)) and combustion duration (Fig. 6(b)) can be observed
in HVO and PA2. It is indicated that the higher CN fuel of HVO
shows a shorter IDT but slightly longer combustion duration.
The increase of the CN prolongs the combustion might be
related to the shorter IDT, leading to less premixed pilot and
H2-CH4-air followed by a slower burning rate during premixed
combustion. However, the effect of CN on combustion duration is insignificant, maximum 0.12 ms (<1 CAD).
Fig. 6(c) and (d) present the effect of CN on IMEP and ITE. At
low Tair conditions (Tair ¼ 25  C), the IMEP and ITE of PA2 and
HVO are comparable and are increased with the addition of
H2. It can be observed that the increase of IMEP is up to 1.9 bar
and ITE is 3.8%. Nevertheless, increasing the MH2 shows a less
effect or even a negative effect on ITE at moderate Tair conditions (Tair ¼ 25  C) due to the abnormal combustion, such as
knocking. Further increasing the Tair to 55  C shows the same
trends with the Tair ¼ 25  C conditions. It is indicated that the
addition of H2 shows a more significant effect on engine performance than the effect of charge-air temperature.

Compared with Tair, the addition of the H2 not only improves
the reactivity of the charge mixture but also promotes the
combustion process due to its excellent combustion properties. A comprehensive comparison of the effect of CN on IMEP
and ITE indicates that the lower CN fuel PA2 exhibits a higher
IMEP and ITE than HVO at all test conditions, especially at
Tair ¼ 40  C and MH2 ¼ 10%, the maximum difference in ITE is
~1%. This most likely resulted from the higher CN of HVO,
which leads to a shorter IDT, resulting in a less ignitable diesel
cloud for ignition kernels formation during the premixed
combustion stage. This drawback leads to a longer combustion duration after CA50 and lowers combustion efficiency.
Moreover, the short IDT of high CN fuel may induce earlier
end-gas autoignition and strong pressure oscillation, which
could also reduce the ITE.

Effect of cetane number (CN) on combustion stability
Fig. 7 illustrates the effect of CN on combustion stability at
various combustion states, such as normal combustion (Fig. 7
I), PREMIER combustion (Fig. 7 II) and knocking (Fig. 7 III). In
each subplot, the top-right plot (a) presents the bandpass
pressures. The top-right (b) and bottom-right (c) demonstrate
the contour of resonant frequency and intensity at various

Fig. 7 e Effect of CN on combustion stability, I. normal combustion, II. PREMIER combustion, III. knocking, IV. integrated PSD
comparison.
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Fig. 8 e Effect of AC on in-cylinder pressure and aHRR at different MH2 and Tair conditions, (a) MH2 ¼ 10%, (b) MH2 ¼ 20%, (c)
MH2 ¼ 40%, (d) MH2 ¼ 60%.

crank angles by the SL method. The bottom-right (d) presents
power spectral density (PSD). Finally, the cyclic (transparent
curves) and averaged (solid curves) are illustrated in Fig. 7 IV.
Fig. 7 I presents the time-frequency spectra of the incylinder pressure at HVO and PA2 of normal combustion
conditions (MH2 ¼ 20% and Tair ¼ 25  C). It can be observed that
PA2 exhibits stronger pressure oscillation and longer oscillation duration than HVO in bandpass pressure. It can be
attributed to the lower CN of PA2, resulting in a longer IDT and
unstable ignition and premixed combustion process. At PREMIER combustion conditions, the dwell between the firststage and second-stage combustion is enlarged, but the
oscillation intensity of the first-stage combustion is lower.
This is related to the shorter IDT at PREMIER combustion
conditions as shown in Fig. 7 II, which leads to a less volume or
cloud pocket in the pilot fuel and H2-CH4-air mixture subsequent to be weaker combustion during the premixed stage.

PA2 shows a higher integrated power than HVO in both stages
due to the longer IDT leads to more evident flame transition.
In knocking mode (MH2 ¼ 60% and Tair ¼ 40  C) as shown in
Fig. 7 III, two-stage combustion is combined into single-stage
combustion due to the high reactivity of charge mixture
with the increase of the MH2 and Tair.
The integrated power of pressure oscillation (Fig. 7 IV) indicates that the resonant intensity peak of knocking is ~50
times stronger than normal and PREMIER combustion (based
on peak PSD). However, in knocking mode, HVO presents a
stronger resonant intensity than PA2. This most likely resulted from the higher CN of HVO advances the ignition timing
and simultaneously promotes an earlier auto-ignition in the
end-gas region and leads to a more violate combustion. Fig. 7
IV shows the cyclic and averaged integrated oscillation power.
It is indicated that the CN has an insignificant effect on the
combustion stability at low MH2 and Tair conditions (normal
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Fig. 9 e Effect of AC on engine performance at various MH2 and Tair conditions, (a) IDT, (b) combustion duration, (c) ITE, (d)
IMEP.

combustion). With the increase of the MH2 or Tair, the difference of the integrated oscillation power is enlarged. The lower
CN fuel exhibits stronger oscillation in PREMIER combustion
but weaker oscillation in knocking. The interpretation is that
in PREMIER combustion the relatively longer IDT of lower CN
fuel has longer ignition and premixed combustion process,
which leads to lower combustion stability. However, at
knocking conditions, the higher CN fuel extremely shortens
IDT and promotes the end-gas autoignition, thereby resulting
in more violate combustion and stronger pressure oscillation.
The more comprehensive comparison of the effect of CN on
combustion stability is summarized as the averaged in-cylinder
pressure oscillation intensity, as shown in Appendix A1.

Effect of aromatic content (AC) on engine performance
In this section, a comprehensive comparison of the effect of
AC on engine performance is investigated by comparing PA2
and EN590 at various Tair and/or MH2 conditions.
In general, high AC fuels have slower physical processes (e.g,
evaporation and oxidation) and worse thermal decomposition
compared to non-aromatic fuels (e.g. paraffin and naphthenes)
due to the strong bonds connection in aromatic hydrocarbons
[62]. The lower decomposition rate of not only the aromatic
component but also other heavy saturated hydrocarbons will

result in a higher concentration of low-boiling point hydrocarbons after the ignition compared to aromatic-free fuel [63].
To clarify the effect of AC on TF combustion, the PA2 and
EN590 which have a similar CN value but different AC are
selected for comparison. As shown in Table 5, PA2 is an
aromatic-free fuel (AC<0.1) but EN590 has a high aromatic
content (ACz30). Fig. 8 depicts the effect of AC on cylinder
pressure and HRR at a variety of MH2 and Tair conditions. From
the aHRR profile, it can be observed that EN590 exhibits a longer
IDT, resulting in stronger premixed combustion but a slower
combustion rate during the main combustion at all conditions.
Moreover, the combustion duration with lower AC is shorter
than the higher AC fuel. The results indicate that besides the
CN on the IDT and combustion duration, AC also plays an
important role in IDT and combustion duration. The pilot fuel
with lower AC can be decomposed and oxidized easily during
ignition and premixed combustion process, which also promotes the combustion rate during the main combustion.
Contrarily, the pilot fuel with higher AC has poor decomposition and oxidation behavior and thermal cracking due to the
stronger carbon bond connection in aromatic rings, which
prolongs the IDT and slowers the premixed and main combustion. Additionally, the appearance of the low-boiling point
hydrocarbons generated by the aromatic components and
other heavy saturated hydrocarbons after ignition may cause
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Fig. 10 e Effect of AC on combustion stability based on SL analysis at different combustion states, I. normal combustion, II.
PREMIER combustion, III. knocking, IV. integrated PSD comparison.

incomplete combustion. However, at heavy-knocking conditions (MH2 ¼ 60% and Tair ¼ 40  C), owing to the high H2 concentration and high temperature in the cylinder (>950 K), the
decomposition of the aromatic-containing fuel is promoted and
most of the heavy hydrocarbon (C11 or above) components are
cracked and oxidized completely [44]. Therefore, EN590 exhibits
a slightly higher aHRR peak than PA2. Fig. 8
Fig. 9 (a) and (b) summarizes the effect of AC on the TF
combustion engine, i.e., IDT (based on PRR), combustion duration (based on CA90). It is observed that the lower AC fuel PA2
shows a shorter IDT and combustion duration at most corresponding conditions. The explanation can be by considering
the oxidation reaction pathway of aromatic hydrocarbons in
diesel engines, which has been described in mechanistic
studies in the literature [44e46,59,60,63,64], and can also be
applied to the DF or TF combustion. According to the above
studies, the higher AC fuel consumes more OH radicals in
stabilizing benzyl radicals, reducing the pool of reactive radical
species required for ignition and resulting in longer IDT [44].
Moreover, compared to the aromatic-free fuel, the aromaticcontaining fuel is decomposed with difficulty because of the
lower decomposition and oxidization rate of not only aromatic
components but also other heavy saturate hydrocarbons,

resulting in a higher concentration of low-boiling point hydrocarbons after the ignition [44]. Therefore, EN590 also shows
a longer combustion duration compared with PA2.
Fig. 9 (c) and (d) depict the effect of AC on ITE at different
MH2 and Tair conditions. It can be observed that the engine
performance of TF combustion is highly dependent on the AC
of pilot fuel. The lower AC fuel PA2 has higher IMEP and ITE
compared with the higher AC fuel EN590. The maximum difference of IMEP and ITE occurs at MH2 ¼ 20% and Tair ¼ 25  C,
which is up to0.7 bar and 2.4%, respectively. The results
indicate that lower AC fuel is easy to be decomposed and
oxidized, which promotes the ignition and combustion process, resulting in a better fuel energy conversion efficiency. On
contrary, a lower IMEP and ITE observed for high AC pilot fuel
combustion is related to the poor thermal decomposition and
oxidization process of aromatic hydrocarbons, which produces a high-temperature region locally and leads to slow and
incomplete combustion [42,44].
The more comprehensive comparison of the effect of AC
on combustion stability is summarized as the averaged incylinder pressure oscillation intensity, as shown in Appendix A2.
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Fig. 11 e Comprehensive comparison of the pilot fuel properties on the TF combustion at various charge-air temperature
and H2 concentration conditions. (I) Ignition delay time, (II) combustion duration, (III) indicated thermal efficiency, (IV)
combustion stability.

Effect of aromatic content (AC) on combustion stability
Fig. 10 summarizes the effect of AC on combustion stability at
various combustion states, such as normal combustion
(Fig. 10 I), PREMIER combustion (Fig. 10 II) and knocking (Fig. 10
III), and the integrated PSD comparison of the PA2 and EN590
in different combustion states is shown in Fig. 10 IV.
Fig. 11 I shows that two-stage combustion can be observed
in both PA2 and EN590, as explained in Effect of cetane
number (CN) on combustion stability. The EN590 shows
higher integrated power of pressure oscillation than PA2 in
both premixed and main combustion stages. This is because
the poor decomposition and oxidation behavior of the aromatic hydrocarbons prolonged the ignition and premixed
combustion process, which generates more pressure oscillation during the premixed combustion stage. In the main

combustion stage, the longer IDT of EN590 creates larger
premixed flame clouds and induces more pressure oscillation
due to the flame transition. At PREMIER combustion conditions, Fig. 10 II indicates that the integrated power at the
premixed combustion stage is lower than that of the main
combustion stage, also than that of the normal combustion.
This is related to the more reactive environment at PREMIER
combustion conditions, the shorter IDT reduced the premixing time between pilot fuel and charge mixtures. Thereby,
after a short and weak premixed combustion, the combustion
directly shifts to the main combustion. Again, the integrated
power of pressure oscillation of EN590 is larger than PA2. The
poor combustion stability at normal and PREMIER combustion
conditions indicates that the poor decomposition and oxidization behavior of high AC fuel could reduce the combustion
stability in TF combustion. As explained in 4.3, the high AC
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pilot fuel in the mixture acts as a sink to remove OH radicals
during the ignition delay period, preventing the build-up of
sufficient radicals to initiate ignition throughout the cylinder
charge. Thus, a longer time is needed to create a stable flame
kernel during the first stage, and additional time is required
for more fuel and air to mix to near-stoichiometric conditions
for combustion in the second stage. Additionally, the pilot fuel
with high AC can produce a high-temperature region locally
because the hydrocarbons with ring structures tend to have
higher adiabatic flame temperatures [58], which physically
reduces the combustion stability due to the inhomogeneity of
the high-temperature distribution in the cylinder. Moreover,
on the point of the chemical process, fuels with aromatics are
cracked with difficulty [12], resulting in more unstable flame
propagation in the cylinder.
Fig. 10 IV shows the cyclic and averaged integrated oscillation power. It is indicated that the AC has a significant effect
on the combustion stability at low MH2 and Tair conditions
(normal combustion). With the increase of the MH2 or Tair, the
difference in the integrated oscillation power is reduced. The
interpretation is that the increase of the MH2 or Tair improves
the reactivity of the charge mixture enhanced the decomposition and oxidization process of aromatic hydrocarbons.

Summary of the results
Fig. 11 summarizes the outcome of this work based on the
engine performance and combustion stability analysis, results
and averaged trends observed for all three pilot fuels. A
comprehensive comparison for IDT, combustion duration, ITE
and combustion stability can be seen in Fig. 11. In summary, it
is found out that 1) the CN of the pilot fuel is the most
important factor which influences the autoignition process, a
fuel with higher CN exhibits a shorter IDT, while AC also affects the decomposition and oxidization process during the
ignition period. In general, a low AC fuel shows a shorter IDT
with a comparable CN. 2) Combustion duration is sensitive to
the CN and AC due to their effects on the ignition and oxidization process during ignition and premixed combustion.
The low AC and averaged CN pilot fuel shows the shortest
combustion duration than others. 3) Owing to the effect of CN
and AC on ignition and combustion characteristics, they have
a significant impact on ITE. The pilot fuel with low AC can
improve the ITE up to ~2.1% compared with high AC fuel (e.g.,
EN590). 4) CN and AC exhibit a dramatic effect on combustion
stability. It is suggested that the pilot fuel with high CN has
better combustion stability in normal and PREMIER combustion, but worse combustion stability in knocking combustion.

Conclusions
The effect of pilot fuel properties, especially the effect of CN
and AC on the engine performance and combustion stability
of TF combustion engine is experimentally studied in this
paper. Three pilot fuels, a low aromatic fuel (PA2), renewable
fuel (HVO), and European standard diesel (EN590) are
comprehensively investigated at various MH2 and Tair conditions. The major findings from this study are summarized as
follow:
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(1) the IDT is predominantly determined by the CN of pilot
fuel. A pilot fuel with higher CN shortens the IDT.
Nevertheless, the presence of AC in pilot fuel prolongs
the IDT due to its difficulty in thermal decomposition
and oxidization at low in-cylinder temperatures.
(2) owing to the effect of the pilot fuel properties on the
ignition and premixed combustion process, the CN and
AC can influence the combustion duration as well. A
pilot fuel with higher CN or/and lower AC has earlier
ignition timing and weaker premixed combustion
because of the limited mixing time between pilot fuel
and CH4-H2-air mixture. This creates a smaller flame
volume during premixed combustion and subsequent a
relatively slower burning rate during the main
combustion.
(3) CN and AC of pilot fuel exhibit a significant effect on the
IMEP and ITE of TF combustion. A pilot fuel with low AC
improves the IMEP up to 0.6 bar, corresponding to ~2.1%
improvement in ITE. However, CN shows a margin effect on the IMEP and ITE.
(4) a significant effect of pilot fuel properties on combustion stability of TF combustion is observed in this study.
It is indicated that a pilot fuel with higher CN or/and
lower AC (e.g., PA2 and HVO) can improve the combustion stability at low or/and moderate MH2 and Tair
conditions (normal and PREMIER combustion). However, at high MH2 or/and Tair conditions (knocking), higher
CN and lower AC of the pilot fuel induces earlier autoignition in the end-gas region, which produces a
stronger pressure oscillation.
(5) Superlets perform well on combustion stability investigation based on in-cylinder pressure, resolving high
temporal and frequency resolution with excellent
precision.
In summary, pilot fuel as an ignitor in DF or TF combustion
plays a crucial role in engine performance and combustion
stability. A pilot fuel with low aromatic content is always
favorable for TF combustion because it can avoid difficulties in
decomposition and oxidization during the ignition and premixed combustion process. Additionally, it can improve
combustion efficiency and stability. A pilot fuel with high CN
can shorten the IDT. However, this will also induce earlier
end-gas autoignition, which may course knocking.
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Appendix 1. Effect of the PA2 and HVO on the averaged
pressure oscillation intensity
Fig. A1 presents the effect of PA2 and HVO on combustion
stability at corresponding conditions. The combustion stability is assessed based on the averaged pressure oscillation intensity. The results indicate that higher CN fuel improves
combustion stability, especially at lower MH2 and Tair conditions (e.g., normal and PREMIER combustion). However, when
the addition of the MH2 or the increase of the Tair is exceeding a
specific value, the occurrence of knocking shows an opposite
trend. It is observed that the fuel with a higher CN exhibits
stronger pressure oscillation intensity and lower combustion
stability due to the earlier ignition time induces the earlier
end-gas autoignition.

Appendix 2. Effect of the PA2 and EN590 on the averaged
pressure oscillation intensity
Fig. A2 summarizes the effect of AC on combustion stability in
TF combustion based on the averaged pressure oscillation
intensity. It is shown that the pilot fuel with lower AC (e.g.,
PA2) shows better combustion stability than higher AC fuel
(e.g., EN590) in most of the corresponding conditions. The
explanation is that, in normal or PREMIER combustion modes,
the higher AC decreases the combustion stability by the
difficulty in thermal decompositions of aromatic hydrocarbons and slow physical process, which in turn leads to locally
fuel-rich regions [14]. However, in heavy-knocking mode
(MH2 ¼ 60% and Tair ¼ 40  C), PA2 exhibits worse combustion
stability than EN590. This is related to the better decomposition and oxidization of aromatic-free fuel PA2, which leads to
a shorter IDT and induces earlier end-gas autoignition at this
high reactivity conditions and consequent to earlier spontaneous combustion in the main and end-gas regions and
stronger pressure fluctuation. Contrarily, the poor decomposition property of high AC EN590 prolongs the ignition process
and slows down the spontaneous combustion in the main and
end-gas regions, resulting in a less violate combustion.

Fig. A1 e Averaged pressure oscillation intensity of (a) PA2, (b) HVO at different MH2 and Tair conditions.

Fig. A2 e Averaged pressure oscillation intensity of (a) PA2, (b) EN590 at different MH2 and Tair conditions.
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