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Abstract: In the current global scenario, it is essential to find more effective and practical solutions to
mitigate the problem of particulate emissions from vehicles. In this research, particulate emission
characteristics with changing GDI pressure or applying a split GDI strategy with different second
injection timings were initially explored in a Dual-Fuel Spark Ignition (DFSI) engine, which employs
Ethanol Port Injection (EPI) plus Gasoline Direct Injection (GDI). The experimental results show that
by increasing GDI pressure (Pgpj) from 5.5 MPa to 18 MPa, ignition delay (0r) shows a small decrease
of 0.68 degrees. The parameters, such as maximum in-cylinder temperature (Tjs) and exhaust
gas temperature (Trg), each increase by 53.75 K and 13.84 K. An apparent reduction of 59.5% and
36.26% was achieved for the concentrations of particulate number (Np) and particulate mass (Mp),
respectively. Particulate emissions are effectively reduced by a split GDI strategy with an appropriate
range of second injection timing (tgp2). Under tgpp = —260 °CA, Np and Mp concentrations exhibit
a relatively lower level. However, by delaying tpyp from —260 °CA to —140 °CA, there is an increase
of more than 60% in Np concentration. The research findings help offer new and valuable insights into
optimising particulate number and mass emissions from DFSI engines. Moreover, the findings could
contribute novel and valuable insights into the optimisation of particulate emission characteristics in
DEFSI engines.

Keywords: dual-fuel spark ignition (DFSI) engine; particulate emissions; ethanol port injection (EPI);
gasoline direct injection (GDI); injection pressure; split GDI strategy

1. Introduction

Particulates emitted from vehicles have been a severe problem that affects air quality,
climate change, human health, and environmental sustainability [1-4]. In order to mitigate
particulate emissions, few advanced solutions have been explored in the existing vehicle
power train.

Pure battery electric is a promising technology that has gradually gained an increasing
market share. Nonetheless, popularising battery electric vehicles is generally limited by
the anxiety of insufficient charging infrastructure in rural areas, cruising range, and long
charging time [5,6]. Hydrogen Internal Combustion Engines (ICEs) and ammonia ICEs
are newly developed solutions in recent years. However, these two solutions still face
challenges related to abnormal combustion, safety, and toxicity, which need to be resolved
to improve the stability and duration of the engines [7-9].
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The vehicles powered by typical ICEs, such as ICE-only vehicles and hybrid vehicles,
are currently the most common types of passenger transport. Moreover, new approaches are
consistently implemented for ICE-only and hybrid vehicles to improve engine combustion
efficiency and reduce exhaust emissions. Among them, Dual-Fuel Spark Ignition (DFSI)
engines fuelled with gasoline and ethanol are one of the most attractive approaches, and
can be classified into two modes. This approach can be classified into two modes, such as
Gasoline Port Injection (GPI) plus Ethanol Direct Injection (EDI), and Ethanol Port Injection
(EPI) plus Gasoline Direct Injection (GDI), as shown in Figure 1.
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Figure 1. Schematic diagram of DFSI engine fuelled with gasoline and ethanol. (a) GPI plus EDI
mode, (b) EPI plus GDI mode.

Regarding the recent important research on DFSI engines with GPI plus EDI mode,
Zhuang et al. [10] examined the emission performance of carbon monoxide (CO), nitric
oxide (NO) and hydrocarbon (HC) by changing the EDI energy ratio. Zhao et al. [11] found
that both gaseous and particulate emissions can be mitigated by the combined effects of
appropriate exhaust gas recirculation rates and the air-fuel equivalence ratio (lambda).
Li et al. [12] systematically explored the potential benefits of optimising EDI timing and
pressure on reducing particulate emissions.

Regarding the other mode, DFSI engines with EPI plus GDI, one major advantage
in practical application is that the ability of engine transient response can be enhanced,
particularly during low-load and cold-start conditions, owing to the heating value and
reduced latent heat of vaporisation [12]. Several key research advancements in the combus-
tion and emission characteristics of DFSI engines with EPI plus GDI mode have also been
achieved, as follows. Kim et al. [13] explored the impacts of varying compression ratios
and EPI timings on engine performance under a Wide Open Throttle (WOT) condition. It
was found that compared to the GDI-only mode, the EPI plus GDI mode could benefit
both the combustion performance improvement and particulate emissions reduction. The
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maximum reduction in the number and mass of particulate emissions are 87% and 98.9%,
respectively. Liu et al. [14] demonstrated that an optimal mass fraction of ethanol injection
could help minimise particulate emissions while maintaining thermal efficiency and power
output under WOT conditions. In a single-cylinder DFSI engine including EPI plus GDI
mode, Kang et al. [15] investigated the effects of spark timing on Brake Mean Effective
Pressure (BMEP), brake thermal efficiency, and combustion phase under WOT conditions.
Yu et al. [16] examined the characteristics of combustion, gaseous, and particulate emissions
by changing the GDI timing, GDI ratio, and lambda. It indicated that when lambda is 1.0
and 1.2, the total particle number shows a general rising trend by increasing the gasoline
addition ratio from 0% to 40%. By further investigating the effects of GDI timing on a
DEFSI engine, Wang et al. [17] explored the characteristics of deposited fuel film using the
laser-induced fluorescence method and analysed the engine particulate emission character-
istics under different GDI timings. It was found that increasing the injection duration from
1.2 ms to 3.0 ms could enhance the effects of impingement distance on the deposited film
mass ratio.

As stated above, DFSI engines fuelled with gasoline and ethanol have been proven to
have advantages in optimising the characteristics of combustion and exhaust emissions.
However, concerning DFSI engines with EPI plus GDI mode, the existing research has
mainly concentrated on the effects of EPI timing, GDI timing, and mass fraction of EPI
or GDI on combustion and particulate emission characteristics. Almost no findings have
been reported about the variations and optimisation of particulate emission characteristics
by changing GDI pressure or applying a split GDI strategy in DFSI engines with EPI plus
GDI mode. Moreover, improved direct injection pressure or a split injection strategy has
been widely demonstrated to effectively enhance air-fuel mixture quality, control exhaust
emissions, and improve combustion performance in gasoline engines or diesel engines of
common types [18-21].

Hence, in this research, particulate emission characteristics were quantitatively mea-
sured and analysed in an advanced DFSI engine with EPI plus GDI mode. Particularly,
particulate emission characteristics were initially investigated and optimised by changing
GDlI strategy, such as changing GDI pressure or using a split GDI strategy with different
second injection timings in the injection mode of DFSI engines. The novel findings could
significantly enhance our understanding of the correlation between particulate emission
characteristics and GDI pressure or a split GDI strategy in DFSI engines. Furthermore,
new information and knowledge about the theoretical basis and practical approach for
mitigating the particulate emissions of vehicles can be explored and gained through this
research, thereby making a significant contribution to environmental sustainability.

2. Experimental Methodology
2.1. Experimental Setup

Figure 2 presents the schematic diagram of the engine testbed used in this research.
An electrical dynamometer and a programmable Electronic Control Unit (ECU) controlled
by the calibration software ETAS-INCA were utilised to monitor the engine operating
conditions of speed and torque accurately. The DFSI engine is set to the mode of EPI plus
GDI], the specifications of which are shown in Table 1. The displacement and compression
ratio of the engine are 2.0 L and 9.6 each. The physicochemical properties of the fuels
utilised in this research can be found in Table 2 [22].
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Figure 2. Schematic diagram of the DFSI engine testbed.
Table 1. Engine specifications.
Items Content
Engine type 4-cylinder, 4-stroke
Bore x Stroke (mm) 82.5 x 92
Displacement (L) 2.0
Injection mode EPI plus GDI
Intake mode Turbocharged
Compression ratio 9.6:1
Rated speed (rpm) 5500
Rated power (kW) 160
Maximum torque (N-m) 320
Table 2. Fuel properties [22].
Fuel Type Ethanol Gasoline
Chemical formula C,H50H C5-C12
Relative molecular mass 46 95-120
Gravimetric oxygen content (%) 34.78 <1
Research octane number 107 95
Density (293 K) (kg/L) 0.789 0.73
Dynamic viscosity (293 K) (mPa-s) 1.2 0.52
Kinematic viscosity (293 K) (mm?/s) 1.52 0.71
Surface tension coefficient (293 K) (mN/m) 21.97 22
Boiling range (K) 351 303473
Lower heating value (kJ/kg) 26,900 44,300
Latent heat of vaporisation (k] /kg) 840 370
Laminar flame speed (293 K) (m/s) 0.5 0.33
Stoichiometric air—fuel ratio 8.95 14.7

By connecting to the location in the engine exhaust main manifold before the three-way
catalytic converter, a particulate analyser (Cambustion-DMS 500) was used to measure the
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emissions of particulate within a diameter of 5 nm to 1000 nm. Based on the threshold of
30 nm diameter, particulates can be classified into nucleation mode (which is smaller than
30 nm) and accumulation mode (which is between 30 nm and 1000 nm) [23]. Additionally,
an accurate understanding of combustion characteristics would be critically important
because of a strong correlation between engine combustion and emissions. In this research,
cylinder pressure signals were measured and recorded continuously in real time using
pressure transducers (AVL-GH13Z), charge amplifiers (Kistler-5018A), a crank sensor
(Kistler 2614CK1), and a combustion analyser (AVL-641). The lambda was measured
instantaneously by a lambda meter (ETAS-LA4).

2.2. Experimental Procedure

During the experiment, the DFSI engine ran at 2000 revolutions per minute (rpm)
and 2 bar BMEP, which is a typical urban operating condition of low load. Maximum
Brake Torque (MBT) spark timing was applied for each experimental case. To simplify the
research process and make it more efficient, the fuel injection mass ratio of EPI to GDI was
maintained at 1:1 during the whole research.

The first part of this research is to optimise engine particulate emission characteristics
by changing GDI pressure from 5.5 MPa to 18 MPa. Meantime, the injection timing of GDI
was fixed at —300 °CA, and the fuel injection mass ratio of EPI to GDI was maintained
at 1:1.

The second part of this research was to optimise engine particulate emission char-
acteristics using a split GDI strategy with different second injection timings. In this part,
the injection pressure of GDI was fixed at 5.5 MPa, and the fuel injection mass ratio of
EPI to GDI was still maintained at 1:1. Two-stage injections of GDI were performed, each
accounting for 50% of the total GDI mass. The timing of the first injection was still fixed
at —300 °CA, while the injection timing of the second stage was selected at —260 °CA,
—220°CA, —180 °CA, and —140 °CA under different cases.

In order to obtain more precise results, emissions and combustion characteristics were
conducted after the engine stabilised for two minutes under each case. Moreover, cylinder
pressure was averaged over two hundred consecutive cycles, and the emission results were
taken from the average of three repeated measurements. The lambda was maintained at
1 £ 0.01, with the intercooler outlet temperature and coolant temperature stabilised at
298 £ 2 K and 360 + 2 K, respectively. As listed in Table 3, the uncertainties of measured
parameters were calculated based on Holman’s root mean square method [24].

Table 3. Uncertainties of measured parameters.

Measured Parameters Uncertainty (%)
Engine speed +0.1
BMEP +0.1
Fuel consumption rate +0.2
Pressure +0.1
Crank angle +0.1
Lambda +0.2
Coolant temperature +0.4
Intercooler output temperature +0.4
Particulate emissions +1.5

In this research, Dp (nm), Np (n/cm?), and Mp (ug/m?) are introduced to represent
the diameter, number density, and mass density of particulate measured by the particulate
analyser (Cambustion-DMS 500), respectively. The conversion from Dp to Mp (a particulate
with a size of Dp) can be seen in Equation (1) [25].

Mp(ug) = 1.72 x 1071 x Dp>%°(nm) (1)
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Further, Pgp; represents the GDI pressure. tgpp, represents the injection timing of
the second stage in the split GDI strategy. The following combustion parameters can
be obtained or calculated by the combustion analyser (AVL-641) and relevant software
(AVL-Indicom). ¢ca19 represents the Crank Angle (CA), where 10% of the cumulative heat
has been released. 0 represents the ignition delay, which is the CA interval from the spark
timing to @ca10- Tpmr and Trg each represent the maximum in-cylinder temperature and
exhaust gas temperature.

3. Results and Discussion
3.1. Optimising Particulate Emission Characteristics by Changing GDI Pressure

In this section, the characteristics of particulate emission were thoroughly examined
under Pgp; values of 5.5 MPa, 10 MPa, 14 MPa, and 18 MPa.

Figure 3 presents the Np size distribution with varying Pgp;. The Np size distribution
is represented by a size spectral density in dN/dlogDp, which was obtained and presented
by the particulate analyser. The advantage of this approach is that integration across differ-
ent size ranges can be straightforwardly facilitated to determine the particle concentration.
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Figure 3. Np size distribution with varying Pspj.

The most notable feature in Figure 3 is that as Pgp; increases from 5.5 MPa to 18
MPa, the peak value of the Np size distribution curve shows a steady downward trend,
which reduces from 1.42 x 10° to 5.89 x 10°. Further, some changes can be observed
in the shape of the curve. Under the conditions of Pgp; = 5.5 MPa and Pgp; = 10 MPa,
the curve displays an approximately unimodal shape, with a peak corresponding to Dp
between 10 and 20 nm. Meanwhile, under higher P;p; conditions, the curve changes to be
a bimodal shape, including a second peak from the accumulation mode. The magnitudes of
the second peak under Pgpy = 14 MPa and Pgp;y = 18 MPa a each 4.42 x 10° and 3.19 x 10°,
which are still lower than the corresponding values under lower Pgpj.

The variation in the Np concentration subject to Pgp; can be found in Figure 4. The
overall perspective indicates that with the increase in Pgpj, a clear benefit to reducing Np
can be provided. In quantitative terms, the Np concentration of total particulates is up
t0 9.89 x 10° under Pgp; = 5.5 MPa. Then, it would progressively reduce to 8.09 x 10°,
5.87 x 10° and 4.01 x 10° when Pgpy rises to 10 MPa, 14 MPa, and 18 MPa, respectively.
Consequently, the greatest reduction in percentage can be 59.5%. Simultaneously, the
lowest values in the Np concentration of nucleation and accumulation are each 2.87 x 10°
and 1.14 x 10° under Pgp; = 18 MPa, which are 62.39% and 49.6% lower compared to the
corresponding values under Pgp; = 5.5 MPa.
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Figure 4. Np concentration of nucleation, accumulation, and total particulates with varying Pgp;.

Figure 5 presents the Mp concentration of nucleation, accumulation, and total partic-
ulates with varying P;pj. On the whole, it indicates that changing P;p; could positively
affect the Mp concentration of the DFSI engine under low load. As Pgpj rises from 5.5 MPa
to 18 MPa, the Mp concentration of total particulates decreases from 109.92 to 70.06, which is
36.26% in percentage. Meantime, for the nucleation and accumulation modes of particulates,
the maximum reductions in the Mp concentration can be 66% and 35.15%, respectively.

The main reason for the reduction in the concentration of Np and Mp is that the
process of spray atomisation would be quickly completed under the conditions of higher
Pcpi. The proportion of larger spray droplets would be greatly decreased by increasing
Pcpj, contributing to forming a more homogenous in-cylinder air—fuel mixture, thereby
lowering the possibility of particulate formation [18,26]. Further, it is noticeable that for
total particulates, the percentage reduction in Mp is significantly less than that of Np. This
is closely related to the impacts of combustion characteristics with varying Pgpj, which is
explained in the discussion and analysis of Figures 6-8.
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Figure 5. Mp concentration of nucleation, accumulation, and total particulates with varying Pspr.

The exploration of combustion characteristics can be conducted with 0, Ty, and
Trc. Figure 6 illustrates the effects of Pgp; on 6. It is observed that under Pgp; = 5.5 MPa,
O is 28.03 degrees, while it reduces to 27.66 degrees, 27.46 degrees, and 27.35 degrees as
Pgpj increases. From the view of normalisation, it shows that under Pgp; = 18 MPa, 0 is
shortened by 2.43% compared to the condition of Pgp; = 5.5 MPa. Although the shortening
of fr is not very apparent, it still means the combustion process is accelerated, which would
be helpful in promoting the improvement in in-cylinder temperature.

The changes in Ty and Tgg with varying Pgpj can be seen in Figures 7 and 8, respec-
tively. It shows that by increasing Pgpj from 5.5 MPa to 18 MPa, Ty, rises from 2518.84 K to
2572.59 K, showing a growth of 53.75 K or 2.13%. In the meantime, Trg exhibits an increase
of 1.51%, rising from 916.74 K to 930.58 K. As a result, higher Ty;; and Tgg could effectively
facilitate more complete combustion and increase the oxidation reaction rate, reducing the
probability of in-cylinder particulate formation. Further, the effects of high-temperature
pyrolysis would be enhanced under a higher Ty;;, which would promote the production of
particulate precursors [27,28]. Hence, it would partially offset the advantages in particulate
reduction by more complete combustion and enhanced oxidation, weakening the decrease
in accumulation mode particulates. Consequently, for total particulates, the percentage
reduction in Mp is relatively mild compared to that in Np.
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3.2. Optimising Particulate Emission Characteristics by Using the Split GDI Strategy with
Different Second Injection Timings

In this section, we attempted to optimise the particulate emission characteristics by
using the split GDI strategy with different second injection timings.

Figure 9 shows the Np size distribution with varying t;p,. It can be found that under
the conditions of tgpr = —260 °CA and tgppp = —220 °CA, the peak values of the Np
size distribution curve are each 1.01 x 10° and 1.28 x 10°. These values are relatively
lower than the curve’s peak of the single injection conditions under Pgp; = 5.5 MPa, which
is 1.42 x 10°, as shown in Figure 3. With the delay in t;py, the curve’s peak presents
a growing tendency, rising to 1.43 X 106 and 1.62 x 10° under tcpp of —180 °CA and
—140 °CA, respectively.
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1.43%10
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Figure 9. Np size distribution with varying tgpy».
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Figures 10 and 11 present the effects of t5p» on Np and Mp concentrations of nucle-
ation, accumulation, and total particulates. Based on the presented information, two key
features can be summarised as follows. First, under tgppp = —260 °CA, the Np concentra-
tion and Mp concentration of total particulates are each 6.66 x 10° and 56.79, which are
much lower than the corresponding values (9.89 x 10° and 109.92) of the single injection
conditions under Pgpr = 5.5 MPa, as shown in Figures 4 and 5. Second, by delaying tspr
from —260 °CA to —140 °CA, the Np concentration of nucleation, accumulation, and total
particulates shows an increase of 65.17%, 65.88%, and 62.89%, respectively. Simultaneously,
a deterioration can also be observed in the Mp concentration, which has a maximum growth
of more than 60%.
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0.0
1.0x10°

8.0x10°
6.0x10° |

4.0x10° |
2.0x10° |

0.0
4X105 1 1 1 1

N, concentration (n/cm3)

3x10° |

2x10° +62.89%T

S k-
1x10 Accumulation

0 1 1 1 1
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Figure 10. Np concentration of nucleation, accumulation, and total particulates with varying tgp».

This means that within an appropriate range of tspp, the split GDI strategy could
effectively help reduce particulate emissions from engines. This is mainly because when
applying the split GDI strategy, the mass of injected spray each time is around half of
only a single injection. Thus, the occurrence probability of spray impingement can be
significantly decreased and almost minimised due to the reduced jet penetration length. As
a result, this would contribute to improving the homogeneity of the air-fuel mixture, which
is good for mitigating PM emissions. However, due to the shorter duration of air—fuel
mixture, a delayed tgpp, could result in a relatively poor-quality air-fuel mixture, raising
the probability of particulate formation.

The variation in particulate emissions from changing the second injection timing of
the split GDI strategy can be further explained by the combustion performance characterise
by 0r, Tsmi, and Tgg, as shown in Figures 12-14.



Sustainability 2024, 16, 8713

12 of 16

M, concentration (ng/m’)

120

100 |
80
60

40

20 |

+63.38%T

+63.19%T

Accumulation

-260 2220 -180 -140
tGDIZ (OCA)

Figure 11. Mp concentration of nucleation, accumulation, and total particulates with varying tgp.

29.0

28.5

6. (degree)

Normalisation (%)

28.0

+0.73

+2.64

=260 =220 -180 -140
tepr (°CA)

Figure 12. Effects of tgpp on 6r.



Sustainability 2024, 16, 8713 13 of 16

2520

2500 F

2480

T MI (K)

-25.31
2460 | -29.68

2440

-1.01

-1.19

Normalisation (%)
—

_3 1 1 1 1
-260 -220 -180 -140

tGDIZ (OCA)

Figure 13. Effects of tgpp on Thyj.

950

940 |

+10.92

N
T

+1.18

Normalisation (%)
=) —

-260 =220 -180 -140
tepr (°CA)

Figure 14. Effects of tgpp on Trg.

Figure 12 shows that with the delay of tgpj» from —260 °CA to —220 °CA, 0r has a
slight increase of 0.25 degrees, which is 0.91% in percentage. Then, a maximum increase of
0.73 degrees or 2.64% can be found by further delaying t;pr, to —140 °CA. Simultaneously,
a maximum reduction in Ty can also be observed, which is 29.68 K or 1.19%. Thus, it
indicates that combustion speed can be negatively impacted, leading to a more gradual and
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mild combustion process, potentially expanding the unburned area, and then increasing
the possibility of particulate formation. On the other side, Trg shows a steady rise with
the delay of tgpp, as depicted in Figure 14. Under tgppp = —260 °CA, Trg is 921.61 K,
while it has a growth to 932.53 K when tgpj» postpones to —140 °CA. Although a higher
Trc would help promote the oxidation-reduction rate of particulate, its positive effects on
emissions would be quite modest compared to the major disadvantages of the deterioration
of air—fuel mixture and combustion qualities.

4. Conclusions

Experimental research was conducted to explore and analyse the particulate emission
characteristics in a DFSI engine with EPI plus GDI mode by changing the GDI pressure or
applying a split GDI strategy with different second injection timings. The research findings
help offer new and valuable insights into the optimisation of particulate number and mass
emissions from DFSI engines. The main conclusions can be seen as follows.

(1) By increasing P;p; from 5.5 MPa to 18 MPa, 0 has a moderate reduction of 0.68 de-
grees, while Ty and Tgg show a growth of 53.75 K and 13.84 K, respectively.

(2) The peak value of the Np size distribution curve decreases from 1.42 x 10° to
5.89 x 10° with the increases in Pgp; from 5.5 MPa to 18 MPa.

(38) Positive impacts on the concentrations of Np and Mp can be provided by increasing
Pcpj. Compared to the condition of Pgpjr = 5.5 MPa, the reduction in Np and Mp for
total particulates can be 59.5% and 36.26% under Pgp; = 18 MPa.

(4) By delaying tgpyp from —260 °CA to —140 °CA, 0f increases by 0.73 degrees. Further,
Trc shows a steady rise from 921.61 K to 932.53 K, while a maximum reduction of
29.68 K in Tj;; can be observed.

(5) A split GDI strategy can be an effective method for reducing the particulate emissions of
DFSI engines by setting t;pj» within an appropriate range. Under tgppp = —260 °CA, the
Np and Mp concentrations of total particulates are much lower than the corresponding
values of the single injection conditions under the same P;p; of 5.5 MPa.

(6) With the delay in tgpp, the magnitude of the Np size distribution curve shows a grow-
ing tendency. Np concentrations of nucleation, accumulation, and total particulates
present an increase of 65.17%, 65.88%, and 62.89%, respectively.
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Nomenclature

BMEP Brake Mean Effective Pressure
CA Crank Angle
CO Carbon monoxide
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DFSI  Dual-Fuel Spark Ignition
ECU Electronic Control Unit
EDI Ethanol Direct Injection
EPI Ethanol Port Injection

GDI Gasoline Direct Injection
GPI Gasoline Port Injection

HC Hydrocarbon

ICE Internal Combustion Engine

MBT Maximum Brake Torque
NO Nitric Oxide
WOT  Wide Open Throttle

rpm revolutions per minute

Dp particulate diameter

Mp particulate mass

Np particulate number

Pepr Gasoline Port Injection Pressure

Tk exhaust gas temperature

Tmr maximum in-cylinder temperature

tepry  injection timing of the second stage in the split GDI strategy
Or ignition delay

@calg the CA where 10% of cumulative heat has been released
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