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ARTICLE INFO ABSTRACT

Handling Editor: Dr M Djukic In the current context of increasing demand for clean transportation, hydrogen usage in internal combustion
engines (ICEs) represents a viable solution to abate all engine-out criteria pollutants and almost zeroing CO2
tailpipe emissions. Indeed, the wider flammability limits thanks to the higher flame propagation speed and the
lower minimum ignition energy compared with conventional fuels, extend the stable combustion regime to
leaner mixtures thus allowing high thermal efficiency keeping under control the NOx emissions. To fully exploit
the potential of hydrogen as a fuel and to avoid undesired abnormal combustion processes, a deep character-
ization of the combustion process is needed. With this aim, a 6-cylinder, 12.9-L heavy-duty engine was converted
from a port-fuel injected compressed natural gas to a direct injected hydrogen spark ignition one. A wide
experimental campaign was carried out, consisting of several sweeps of relative air-fuel ratios, spark advances,
and injection timings at different engine speeds and loads, aiming to define a preliminary engine map. The effect
of each calibration parameter at different engine load and speed has been analyzed through the combination of
relevant combustion parameters, as well as NOx emissions. The results have demonstrated the critical influence
of the mixture inhomogeneity when the injection is retarded through the top dead center firing, as indicated by
the increase in NOx emissions and combustion variability. The analysis of the combustion timing has indicated
the dependence of the optimal MFB50 on the relative air-fuel ratio. Lastly, the analysis of 200 consecutive cycles
for each operating condition has allowed the evaluation of the influence of the main calibration parameters on
the cyclic variability, thus providing further insights about the lean limit of hydrogen in ICE.
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1. Introduction

In the current context of growing efforts to mitigate the effects of
climate change [1,2], the transport sector is facing significant challenges
due to the need to transition away from fossil fuel-based powertrains. In
the next years, the transport demand is expected to grow according to
various estimates [3], while the regulatory framework will simulta-
neously require a significant reduction of CO4 emissions [1]. For these
reasons, the industry is exploring several innovative technological so-
lutions to meet these regulatory requirements. This process involves the
inherent difficulty of balancing the technical feasibility with the eco-
nomic and social sustainability, as well as customer acceptance.
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Therefore, solutions that preserve existing manufacturing processes and
supply chains are preferred to exploit potential synergies during the
transition phase. In this context, clean hydrogen, produced from
renewable energy sources, is expected to play a significant role in the
transition towards a zero-carbon economy, particularly in the
hard-to-abate energy sector, including long-haul transport. Over the past
few years, the usage of hydrogen for transport has regained interest [4],
also driven by the favorable legislative framework, as evidenced by the
hydrogen strategies set by most of the developed countries worldwide
[5-7]. In many transport-related applications, there is noticeable in-
terest in using hydrogen in fuel cell systems. However, the high-load
demand and the requirement in terms of hydrogen purity [8] make
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the usage of hydrogen as fuel in internal combustion engines (ICEs) a
robust alternative. Furthermore, the favorable combustion properties of
hydrogen (e.g., high laminar flame speed over a wide range of air-to-fuel
ratios) can result in high thermodynamic efficiency with a reduced
knock risk [9]. Another advantage of using hydrogen as fuel in ICEs is
the significant reduction of engine-out pollutant emissions and the
abatement of CO, emissions. Indeed, a significant reduction of NOx
emissions can be achieved through the exploitation of a lean combustion
approach, which is beneficial also for efficiency improvement [10].

Initial explorations of the hydrogen’s potential in ICEs were con-
ducted by adopting a port fuel injection (PFI) system [11]. This choice
has been mainly driven by the easier conversion of existing engines, thus
the shorter time-to-market [12-14]. The main advantage of this solution
is the less complex control strategy, and the almost perfect homogeni-
zation of the mixture [15]. The potential is, however, constrained by the
low density of hydrogen, which affects the volumetric efficiency and
consequently the power output [14]. In addition, PFI configurations
have been demonstrated to be prone to backfire [16,17], a pre-ignition
of the fuel during the intake stroke that directs combustion through the
intake manifold. A different approach relies on the direct injection (DI)
of the hydrogen that has shown significant potential to overcome the
abovementioned limitations. Firstly, the risk of backfire can be consid-
ered negligible when the fuel is injected during the compression stroke;
secondly, the volumetric efficiency is not negatively affected by the fuel
injection thus increasing the achievable power output. Indeed, mainly
for gaseous fuels, the low density plays a role in affecting the
compression work. Due to its density (0.09 kg/m3 at 1 bar, 20 °C),
hydrogen occupies about 30% of the volume of the whole mixture at
stoichiometric conditions. Consequently, the compression work tends to
increase with advanced injections [18]. However, DI configuration is
characterized by higher complexity since the control strategy has to face
the challenge of an adequate homogenization of the air-fuel mixture. As
evidenced in Matthias et al. [19], this aspect is crucial for a regular
combustion process and to limit NOyx emissions. To increase the time
available for the mixture formation and improve the homogeneity of the
mixture, high injection pressures can be exploited, thus shortening the
injection event. However, the injection pressure needs to be limited to
guarantee an adequate vehicle range. Therefore, the optimal injection
timing should be sufficiently advanced to guarantee enough time to
homogenize the mixture, but also retarded as much as possible to reduce
the compression work and the hydrogen backflow through the intake
ports. Hydrogen presents a high laminar flame speed over a broad range
of A values. Thus, the exploitation of lean combustion can guarantee
increased efficiency, due to the reduction of heat exchange losses
without significant drawbacks on combustion efficiency. Consequently,
the optimization of combustion timing has to consider the impact on
combustion stability and NOx emission at different A values. Moreover,
knock occurrence limits the achievable combustion advance, despite a
higher knock resistance compared to conventional fuels has been re-
ported by several works [20,21]. Additional challenges have to be
addressed when adopting a DI system. For instance, in the case of
jet-wall interaction, the lubricant film could be diluted and absorbed
within the mixture, thereby leading to higher PM emissions [22] or
acting as a pre-ignition source. This latter can be also induced by the
presence of rich local pockets due to poor air-hydrogen mixing, as
highlighted by Grabner et al. [23]. In this context, low-pressure direc-
t-injection systems result as the best compromise among costs, range,
system complexity, and power output. Therefore, high interest is
devoted to this solution with a special focus in the heavy-duty sector, as
demonstrated by the studies of [9,24,25].

In this paper, a 6-cylinder, 12.9-L heavy-duty engine was selected as
a case study. The engine was converted from a PFI compressed natural
gas (NG) engine to a DI hydrogen spark ignition one. The goal was
mainly oriented to limit the complexity of the conversion, thus
exploiting the hydrogen potential without modifying the base engine
characteristics. With this aim, a wide experimental campaign was
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carried out, evaluating the impact of the different calibration parame-
ters, such as the relative air-fuel equivalence ratio (1), spark advance,
and injection timing, on the engine performance. More in detail, the
analysis investigated brake efficiency, combustion variability and NOx
emissions formation at different engine operating conditions. Despite
particle emissions have been recognized as an important factor in DI Hy
ICEs [22], it was not investigated in this analysis, since it was not
considered as a limiting factor. Indeed, particle formation from oil
dilution does not show a clear dependency on ignition timing or injec-
tion timing [26], especially when a dedicated spay cap is adopted to
avoid spray-wall interaction as in the present study, and tailored after-
treatment systems have demonstrated high efficacy in ensuring
compliance with regulatory standards [27,28]. First of all, the effect of
injection timing was investigated to define the optimal injection window
that maximizes the efficiency limiting the hydrogen stratification and
thus the NOx emissions. A systematic understanding of how mixture
inhomogeneity contributes to combustion variability is still lacking.
Then, the effect of the combustion phasing was analyzed, highlighting
its impact on the cycle-by-cycle variability. The outcomes of this anal-
ysis have been then used for the definition of a preliminary engine map.

2. Experimental setup

The experimental investigation was performed on a 12.9-L heavy-
duty 6-cylinder engine. The engine was derived from a current pro-
duction PFI NG engine. To allow hydrogen operations, some modifica-
tions were made.

e Combustion system: the piston bowl design was modified to enhance
the air-fuel mixing, while the original flat head was kept unchanged.
In Fig. 1, the two different piston bowls are presented. Compared to
the baseline bowl, the adopted piston bowl presents a wider lens
design. Thanks to the interaction of the fuel jet with the piston bowl,
a tumble motion able to enhance air-fuel mixing is induced. A top
view of the cylinder head is reported in Fig. 2. The spark plug,
properly designed for hydrogen operation, was maintained in the
central position in the cylinder head, while the hydrogen injector
was located in a lateral position. The outwardly — opening injector
operates with a maximum injection pressure equal to 40 bar,
employing a strategy based on a single-injection event. A 1-hole
dedicated spray guiding cap was designed with the aim of
enhancing the mixing rate between the hydrogen jet and the sur-
rounding air. Although the 1-hole design does not provide the same
improvement of the mixing rate compared to multi-hole injector caps
[15,29], it was selected for the easier manufacturing process, and for
the reduced risk of insufficient scavenging of the cap which can act as
a potential source of pre-ignition [30,31]. The compression ratio of
the NG engine was reduced from 12 to 11 to reduce the auto-ignition
tendency.

A: Baseline Bowl B: Lens Bowl

Fig. 1. Comparison of the piston bowl design. A: baseline, from NG engine; B:
lens design adopted after the retrofitting.
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Fig. 2. Top view of the cylinder head.

e Camshaft: the intake camshaft was modified to have a wider profile
compared to the baseline NG one since the goal was to exploit lean
operation with hydrogen. In addition, the profile was optimized to
prevent hydrogen backflow. Valve profiles and injection timing, for a
specific operating condition, are presented in Fig. 3.

e Turbocharger: the requirement of high flow rates due to lean oper-
ation made necessary the exploitation of a variable geometry turbine

(VND).

The main features of the modified version of the engine are reported
in Table 1.

2.1. Test matrix

Several operating conditions spread on the whole engine map were
tested, ranging from 1100 to 2000 rpm and from 20% of maximum load
to full load, as presented in Fig. 4.

For each engine operating condition, a series of sweeps was per-
formed. First of all, the end of injection (EOI) was swept keeping the
MFB50 (crank angle at which 50% of the fuel mass is burned) constant at
8 deg ATDCf and varying A across three levels (i.e., 2.1, 2.5, 2.9). Min-
imum EOI (i.e., advanced injection event) was selected considering the
injection event when the intake valves are still open; while the
maximum value (i.e., retarded injection event) was fixed equal to —60
deg ATDCf to reduce the compression work due to the low density of
hydrogen and at the same time to guarantee sufficient time for mixture
homogenization. A further advance in injection event was not tested,
due to the increased risk of fuel backflow through the intake manifold.
At the same time, further retardation was not tested since the high
backpressure at the injector outlet might affect the control of the

Intake valve Injector

Exhaust valve

Xy

Spark Plug

X

Fig. 3. Valve and injection timing diagram.
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Table 1
Main characteristic of the engine under investigation.
Engine type 61L- DI TC Hy
Displacement 129L
Bore x stroke 135 mm x 150 mm
Compression ratio 11:1
Bowl design Lens
Turbocharger VNT
Injection system Low-pressure DI
Ignition Prototype for H2
100
Y +
0 %
— ’
X 80t - +%,
;‘ K + N
3 ’ 4 4 *.
& ’ *
) 60 L '/ + 4 + 4 ‘.\
o .
8 ;
T 40 4 4 4+
E
e}
=
20 - 4+ 4 4+ 4
----- Target
0 () L 1 1 L L
800 1000 1200 1400 1600 1800 2000 2200

Engine Speed [rpm]

Fig. 4. Operating engine map. Crosses: tested engine operating conditions; Blue
box: area of interest for long-haul applications. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version

of this article.)

injected quantity. Then, a MFB50 sweep was performed at the three
abovementioned X levels but in this case the EOI was held constant and
equal to —110 deg ATDC{, recognized as a value able to provide suffi-
ciently homogeneous mixtures at different A values. The most advanced
spark timing was selected to have a sufficient margin on knock, while
the most retarded one was defined where an increased number of very
slow-burning cycles was verified. Moreover, further retard on combus-
tion timing will cause unacceptable levels of combustion variability.

Fig. 5 shows the test matrix adopted in terms of EOI, A, and MFB50
variations for each engine operating condition under investigation. 200
consecutive pressure cycles were acquired for each operating condition,
thus allowing proper statistical analysis.

The target application of the engine under investigation is a class V
4x2 road tractor, which is typically employed for long-haul missions.
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Fig. 5. EOI, MFB50 and A variations for each engine operating condition.
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Table 2
Experimental tests under investigation.
Test Speed Load A MFB50 [deg EOI [deg
[rpm] [%] ATDCf] ATDCS]
#1 1100; 40; 2.1; 8 —-160 - —60
EOI sweep 2000 60 2.5;
2.9
#2 1100 40; 2.1; 6—22 —-110
MFB50 60 2.5;
sweep 2.9

The usual mission profile for this application, as derived from the pre-
retrofitting engine map, is confined to the blue region zone high-
lighted in Fig. 4, located at around 1100 rpm from 30% to 100% of
maximum load and at high load up to 1900 rpm. For this reason, in the
present work, the operating point at 40% engine load at 1100 rpm has
been selected, since it representative of a typical cruise point. Table 2
presents a summary of the experimental tests used for the present
investigation.

3. Results and discussion

3.1. Test #1: EOI sweep — effect of injection timing under different A
conditions

The first test under investigation is the EOI sweep. As previously
mentioned, having a perfect mixture homogeneity is a current challenge
in hydrogen DI engines. One possible solution relies on advancing in-
jection thus increasing the time available for mixing. However, due to
the hydrogen density (0.09 kg/m® at 1 bar, 20 °C), the compression work
increases when the injection is advanced, having a not negligible impact
on the efficiency worsening. The exploitation of high injection pressure
can also enhance the mixing rate and reduce the injection duration, but
it is limited by the need to guarantee an adequate vehicle range.
Therefore, the understanding of the impact of EOI on combustion, cyclic
variability, and emissions formation phenomena is of paramount
importance for the development of hydrogen-fuelled engines. For this
reason, the impact of EOI variation for three different A levels has been
analyzed in terms of brake efficiency, coefficient of variation (CoV) of
IMEP and NOx emissions, as shown in Fig. 6. As abovementioned, during
the test combustion anchor angle was kept constant and equal to 8 deg
ATDCS.

Fig. 6 (A) shows the impact of the injection timing on the brake ef-
ficiency. Two distinct behaviors can be identified: advanced the injec-
tion timing (up to EOI = —140 deg ATDCf) does not affect the brake
efficiency since hydrogen injection is performed when the intake valves
are still open. Conversely, remarkable improvement in brake efficiency
(~+1.5%) can be achieved with retarded injection as a result of the
reduced compression work. This result is visible for each A value tested.
However, it is worth pointing out that the highest efficiency is achieved
for A = 2.5, in which the reduction of the heat exchange losses com-
pensates for the longer combustion duration. As a reference, the effi-
ciency achieved at this operating point exceeds the efficiency of the NG
engine before the retrofitting by approximately 5%. Similar efficiency is
obtained at A = 2.9, except for the most retarded injection timing case,
where the efficiency drops down. In this condition (EOI = —60 deg
ATDCf), A = 2.9 case shows also a sharp increase in IMEP variability
(Fig. 6 (B)), highlighting a reduction of combustion stability mainly due
to the progressive deterioration of the mixture homogeneity when the
injection is retarded. However, this effect is visible only at the leanest
mixture condition (i.e., A = 2.9) where a lower jet penetration is ex-
pected [32], and thus a more difficult mixture homogenization, com-
bined with a more diluted mixture which slows the flame propagation.
The deterioration of the air-fuel mixture homogeneity when the injec-
tion is retarded is confirmed by NOyx emissions in Fig. 6 (C). The NOx
emissions trend is almost flat and constant except for the most retarded
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Fig. 6. Test #1 — EOI Sweep: effect of injection timing under different A con-
ditions.
A: Brake efficiency, B: CoV IMEP, C: NO x emissions.

injection timing, at which a sharp rise is highlighted for all the A tested.
Given the well-known dependence of NOx emissions on A [10], this
behavior can be linked to the fact that the flame reaches a local rich zone
within the combustion chamber due to the lack of homogeneity,
resulting in increased NOx emissions. From a global point of view, the
mixture enleanment leads to a NOx reduction, as expected, while the
EOI has a negligible impact on NOx emissions formation except for the
cases in which the inhomogeneity becomes relevant.

The EOI sweep has been performed also at a higher engine speed
(2000 rpm) keeping constant the engine load. In this case, keeping
constant the EOI, the time available for the mixing is reduced by a factor
of 1.8 in comparison with the 1100 rpm. Fig. 7 shows the results in terms
of CoV of IMEP and NOy emissions for both the engine speeds at . = 2.1,
to focus the analysis on the mixing process effectiveness. From the NOx
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g ¥
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Fig. 7. Test #1 — EOI Sweep: effect of injection timing under different engine
speeds.
A: CoV IMEP; B: NO yx emissions.
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emissions (Fig. 7 (B)) it is evident that when the injection is retarded, the
mixture becomes largely inhomogeneous for the 2000 rpm case: this
latter, indeed, at EOI = —60 deg ATDCf shows an increase of around 900
ppm compared to the case at 1100 rpm. This homogeneity worsening at
higher engine speeds is further confirmed by the IMEP variability (Fig. 7
(A)), in which an increase of 1% in the CoV of IMEP can be highlighted
compared to the variability observed at 1100 rpm. A similar result was
obtained by Li et al. [33], where the increase in engine speed led to a
higher CoV of IMEP, as a result of a less homogeneous mixture.

To further investigate the combustion variability, the maximum of
the in-cylinder pressure as a function of the duration of the early com-
bustion phase (MFB0-10%) is plotted in Fig. 8. The correlation between
combustion variability and the MFB0-10% was proposed by Matekunas
[34]. In Fig. 8, each individual pressure cycle (i.e., 200) has been
analyzed for each operating condition, sweeping the A (2.1 in Fig. 8 (A);
2.5 in Fig. 8 (B); 2.9 in Fig. 8 (C)) and considering an early and a late
injection phasing, in red and blue respectively. A = 2.1 and A = 2.5 cases
show a clear trend: the individual cycles that exhibit longer early burn
durations also present lower peak pressures, with an almost linear cor-
relation as highlighted by the black dashed line, while the cycles at A =
2.9 in Fig. 8 (C) show a more pronounced impact of the early burn
duration. The peak pressure value is increased, mainly due to the
increased boost pressure, while the burn duration is longer because of
the reduced laminar flame speed. In addition, the late injection case
shows several cycles with long MFB0-10% and reduced values of peak
firing pressure corresponding to the peak pressure in motored condi-
tions. These cases are characterized by slow flame propagation, by
retarded MFB50, and thus reduced combustion efficiency. This behavior
is also confirmed by the trend in IMEP variability depicted in Fig. 6 (B).
Late injection is significantly more prone to the presence of
slow-burning cycles due to the inhomogeneity in the proximity of the
spark plug, where a laminar flame kernel starts to propagate after the
spark discharge [35]. The relationship between the presence of several
slow-burning cycles and the severe mixture inhomogeneity, character-
ized by leaner A in the proximity of the spark plug, was verified in an
optical investigation by Laichter et al. [36]. The results reported in Fig. 6
show agreement with respect to other studies. As expected, retarded
injection provides a relevant benefit in brake efficiency: Liang [37]
verified a brake efficiency increase of approximately 1.3% at 1600 rpm,
6 bar BMEP, A = 2.5, while Schneider [24] verified around +1% in
indicated efficiency at 1166 rpm, 10 bar BMEP, A = 2.81. When the
mixture inhomogeneity becomes more severe due to retarded injection
timing, a notable increase in NOx emissions is expected, as evidenced in
Liang et al. [37]. Additionally, Kim [38] observed a sharp increase in
combustion variability when the injection was performed at closed
intake valves. Li [33] observed a comparable trend in combustion
variability, with an increase of around 1.5% retarding the injection start
after the intake valve closure. A similar increase in combustion vari-
ability was also verified at higher engine speed, which aligns with the

International Journal of Hydrogen Energy 100 (2025) 398-406

trends shown in Fig. 7.

In Fig. 9, a comparison with the results obtained at 60% of maximum
load at 1100 rpm is shown. For the sake of brevity, only the cases at A =
2.1 and A = 2.9 are reported. Retarding the injection timing provides
similar advantages in brake efficiency (~+1.5%). A different behavior is
present regarding A. While at 40% of load the highest efficiency was
achieved at the leaner A, at 60% it was achieved at A = 2.1. In this
operating condition, the increase in the required boost pressure at A =
2.9 leads to an increase of the pumping losses (PMEP), as effect of the
higher turbine inlet pressure. This phenomenon, which is an indicator of
an imperfect turbomatching, was analyzed in detail in Pucillo et al. [39].
The operating points at 60% of load does not show different trends in

combustion variability compared to the lower load, as

evident by Fig. 9 —

(B). Fig. 9 — (C) highlights similar trends when injection timing is varied,
while an increase in NOy is verified at a higher load. This last behavior is

well expected since higher temperatures are recogniz
cause for NOyx formation.
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3.2. Test #2: MFB50 sweep — effect of combustion timing under different
A conditions

As a second step of the analysis, a combustion phasing sweep has
been performed for three different ) levels. Also in this case, the brake
efficiency, the coefficient of variation (CoV) of IMEP, and the NOx
emissions have been analyzed and are depicted in Fig. 10 as a function of
the MFB50 value, which has been adjusted by varying the spark timing.
As mentioned in Table 2, the injection phasing has been kept constant
and equal —110 deg ATDCA, to avoid the impact of the injection on the
analysis and at the same time to guarantee enough time for the mixture
homogenization.

As illustrated in Fig. 10 (A), at a constant combustion anchor angle
the brake efficiency increases when the mixture becomes leaner,
reaching its peak at A = 2.9 for the most advanced combustion (i.e.,
MFB50 = 6 deg ATDC). In this mixture condition, the efficiency loss due
to combustion deterioration is overcompensated by the reduced heat
exchange losses. The results do not indicate the presence of a peak. An
extension of the present analysis, with the aim of testing A > 2.9, might
provide higher efficiency and additional details in cyclic variability. In
addition, as well-known for SI gasoline engines, the combustion retard
progressively reduces the brake efficiency due to the less favorable
thermodynamic conditions of the mixture, resulting in slower flame
propagation. It is worth noting that the progressive reduction in brake
efficiency is more pronounced for leaner mixtures, thus indicating that
the weight of the heat exchange losses is reduced compared to the
deterioration of the combustion efficiency. In addition, retarding the
combustion process leads to an increment of cyclic variability, and the
leaner the mixture, the higher the variability, as shown in Fig. 10 (B).
Therefore, although retarded combustion allows more time for the
mixture homogenization [40], the CoV of IMEP increases due to the less
favorable thermodynamic conditions within the cylinder during the
combustion process. This result is also confirmed by the test presented in
Fig. 6 (B), in which the EOI = —110 deg ATDCf case shows that the
impact of mixture inhomogeneity is limited, thus leading to a low cyclic
variability. As far as NOx emissions are concerned, advanced

z  (J1% A
S
2
R i
]
= @ A=2.1
2 mA=25
o OA=29
1 1% B
o
i L
= ®A=21
g :El A=25 M
OA=29
1100 ppm c
B
g I
&
5 L@ A=2.1
z |mA=25
OAN=29 i,
0 4 8 12 16 20 24
MFB50 [deg ATDC]

Fig. 10. Test#2 — MFB50 Sweep: effect of combustion timing under different A
conditions.
A: Brake efficiency. B: CoV IMEP. C: NOx emissions.
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combustion phasing leads to higher emissions due to faster combustion
and higher in-cylinder temperature. The impact of combustion timing on
the NOx emissions can be highlighted for each A tested; however, the
richer condition (i.e., A = 2.1) emphasizes it showing a remarkable NOx
reduction retarding the combustion. Nevertheless, looking at the other A
values, mixture enleanment is definitely more effective than retarding
combustion for the control of NOx emissions, ensuring high efficiency at
the same time.

In Fig. 11, the average in-cylinder pressure and the corresponding
normalized burn rate are shown for the MFB50 sweep at A = 2.5. As a
consequence of the retarded combustion timing, the efficiency reduces,
so the boost pressure increases in order to maintain the same load and A.
The burn rates exhibit a similar pattern, with an initial phase charac-
terized by a rapid increase in burn rate, followed by a more gradual
decrease in the second phase. Retarding the combustion timing results in
a reduction of both the peak burn rate and the rate of burn rate growth.
As anticipated, the impact on in-cylinder pressure is a shift in timing and
a reduction in the pressure peak. Notably, for the most retarded com-
bustion timing, the peak pressure presents a value comparable to that
observed in the motored cycle.

The impact of the combustion phasing over different mixture com-
positions has been also analyzed considering the 200 individual cycles
acquired in each engine operating condition under investigation.
Therefore, Fig. 12 shows the maximum pressure for each cycle as a
function of its crank angle for the three tested A in order to add further
insights on the lean limit, as evidenced by the works of Matekunas [34],
and Granet [41]. In each plot, three combustion timings are reported,
moving from an advanced one in red to a retarded one in green.

Starting from A = 2.1 case in Fig. 12 (A), it is evident that the rela-
tionship between the maximum pressure and crank angle of maximum
pressure is linear since the operating condition is far from the lean limit.
In this case, retarding the combustion start moves the peak pressure
ahead in the engine cycle, thus resulting in lower peak pressure. This
plot provides further detail: the dispersion of the points at the same
spark timing, indeed, can be considered as an indicator of combustion
variability. Considering a certain value of the crank angle of maximum
pressure, it is possible to identify the individual pressure cycle that
shows the highest and the lowest peak pressure. Repeating this pro-
cedure to all crank angles, two lines can be identified: one corresponding
to the highest value of the peak pressure, labeled “Fast Burn”, and one
corresponding to the lowest value of the peak pressure, labeled “Slow
Burn” in Fig. 12. The terms “fast” and “slow”, already used in Matekunas
[34], are derived from the consideration that, for a specific crank angle
of maximum pressure, the highest peak pressure is achieved by a cycle in
which more fuel is burned from spark timing to the considered crank
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Fig. 11. Experimental in-cylinder pressure average cycles and normalized burn
rate of a MFB50 sweep at A = 2.5.
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angle (fast cycle), while the lowest peak pressure is reached by cycle in
which less fuel is burned (slow cycle). At A = 2.1, a parallel trend be-
tween the “Fast Burn” and the “Slow Burn” lines can be highlighted, thus
indicating that the cyclic variability of the three different combustion
timings is similar. Considering the A = 2.5 operating conditions in
Fig. 12 (B), as the combustion timing is retarded, the dispersion of the
points increases, resulting in a diverging trend between the “Fast Burn”
and the “Slow Burn” lines. This confirms that combustion retardation
leads to a significant increase in the combustion variability. The case at
A = 2.9 (Fig. 12 (C)) further confirms the above considerations. The
dispersion is largely increased for the retarded combustion timings, and
the fast and slow burn lines are no longer parallel. In addition, several
points show a constant peak pressure value with a crank angle of
maximum pressure close to TDC, thus exhibiting a slow combustion
process.

In the end, this analysis has demonstrated that the exploitation of
ultra-lean A values is an effective solution to achieve high efficiency with
acceptable combustion stability and reduced NOx emissions when
optimal combustion timings are adopted. However, the sensitivity to
combustion phasing is enhanced compared to lower X cases.

As abovementioned, in the Test #2 results, the maximum efficiency
has been reached with A = 2.9 and the most advanced combustion
timing (MFB50 = 6 deg ATDC(), as shown in Fig. 10. To better under-
stand this trend, Fig. 13 depicts the net indicated efficiency of each in-
dividual pressure cycle as a function of the MFB50, for each value of A.

The cases with A = 2.1 show generally lower efficiencies compared
with leaner A with a reduced dispersion along the trend line. The peak
efficiency is reached for values of MFB50 between 5 and 10 deg ATDCf,
with the value that remains almost constant within this crank angle
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Fig. 13. Individual pressure cycle analysis: net indicated efficiency as a func-
tion of the MFB50 for three levels of A
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window. Increasing A up to A = 2.5, the peak efficiency increases, and
the sensitivity to the MFB50 becomes more pronounced than the A = 2.1
case. The efficiency peak is close to MFB50 = 6 deg ATDC, slightly
advanced compared to the previous one. The case at A = 2.9 exhibits the
same behavior. The peak efficiency is higher, and it is reached with a
combustion anchor angle more advanced than the other A values. In
particular, even considering the higher variability induced by the leaner
mixture composition, in this case the maximum efficiency is achieved
with a MFB50 = 4 deg ATDCH. It is worth noting that the loss of effi-
ciency is particularly evident for retarded combustion timings, thus
highlighting the fact that the leaner the mixture composition, the higher
the sensitivity to the combustion phasing. The peak efficiency is defined
as the condition at which the sum of the combustion of both duration
loss and the heat exchange losses is minimized. For leaner X\ values, the
relative weight of the heat exchange losses is reduced, due to the lower
peak temperatures reached in the combustion chamber. Another
important factor is the increase of the quenching distance with leaner
mixtures, due to the increment of the flame thickness, as demonstrated
by Suckhart et al. [42]. On the other hand, the losses resulting from the
leaner combustion process increase, due to the lower flame speed and
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Fig. 14. Test#2 — MFB50 Sweep: effect of combustion timing under different
load conditions.
A: Brake efficiency. B: CoV IMEP. C: NOx emissions.
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the increased unburnt fuel. The combination of these two factors
resulted in an advancement of peak efficiency towards the TDC. On the
contrary, at A = 2.1, the relative weight of these two components is
reversed. While combustion duration losses are less significant for the
higher flame speed, heat exchange losses are more pronounced, due to
the higher peak temperatures reached during the combustion and the
shorter quenching distance. These findings are consistent with those
reported by Fu et al. [43], which showed that in a spark timing sweep,
brake thermal efficiency reached its peak in advance when the mixture
was leaner.

In Fig. 14, a comparison with the results obtained at 60% of
maximum load at 1100 rpm is shown. For the sake of brevity, only the
cases at L = 2.1 and A = 2.9 are reported. Retarding the combustion
timing provides a similar deterioration of brake efficiency. A different
behavior is present regarding A, as abovementioned in the discussion of
Fig. 9 — (A). Also in these cases, the decrease in brake efficiency at A =
2.9 is caused by the increased PMEP. As far as concern the combustion
variability and NOx emissions, the increase of load does not introduce
significant variation in the results.

4. Conclusions

In this paper, a wide experimental analysis was carried out to
investigate and understand the influence of the main engine calibration
parameters on the performance and emissions of a 6-cylinder, 12.9-L,
direct-injection spark-ignition hydrogen ICE, retrofitted from a PFI
compressed NG one. With this aim, the impact of the relative air-fuel
equivalence ratio, spark advance, and injection timing on the combus-
tion and emissions formation phenomena was examined. The main re-
marks are summarized as follows:

1. Injection timing retard increases efficiency of around 1.5%, but,
mainly for A = 2.9 cases, the mixture results to be more inhomoge-
neous. The increase in combustion variability (+2% at A = 2.9) and
NOx emissions (+200 ppm at A = 2.1) limit the injection retard.

Definitions/Abbreviations
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Moreover, this study demonstrated that mixture inhomogeneity has
a significant influence on the duration of the initial combustion
phase (MFB0-10%), as evidenced by the increase in combustion
variability.

. The sweep of combustion timing has highlighted that the brake ef-
ficiency of lean mixtures is more influenced by the combustion
retard. The highest efficiency was achieved at A = 2.9 with the most
advanced combustion timing. Even though a peak of efficiency seems
not achieved, the exploration at higher A values was not performed,
since higher values of A could result in limitations on the turbo-
charger side. In those conditions, both combustion variability and
NOy emissions (—80% compared to A = 2.1 at the same MFB50) were
kept under control.

3. A dependency between the MFB50 of peak efficiency and the A was
identified. As the mixture became leaner, the relative change of
weight of heat exchange losses and combustion efficiency resulted in
a more advanced MFB50 of peak efficiency. A difference of around 4
deg was observed between the MFB50 of peak efficiency at A = 2.1
and the MFB50 of peak efficiency at A = 2.9.
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ICE Internal combustion engine

NOx Nitrogen oxides

PFI Port fuel injection

NG Natural gas

DI Direct injection

PM Particulate matter

MFB50 Crank angle at 50% of mass fraction burned
ATDCf After top dead center firing

A Air-to-fuel relative equivalence factor

EOI End of injection

CoV Coefficient of variability

IMEP Indicated mean effective pressure

SI Spark ignition

MFB0-10% Burn duration between 0 and 10% of mass fraction burned
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