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ABSTRACT

While electrification of light duty vehicles is becoming a real solution to abate local pollutant as well as
greenhouse gases emission, heavy duty applications (such as long distance, freight and maritime transport) will
keep requiring fuel-based propulsion systems. In these sectors, dominated by compression ignition engines,
research on alternative biofuels and new combustion modes is still highly necessary. Dual-fuel combustion ap-
pears as a very promising concept to replace conventional diesel fuel by sustainable ones. Among the latter,
hydrogen-derived fuels (the so-called electrofuels or e-fuels) are maybe the most interesting. This work addresses
the effect of partial substitution of diesel fuel by hydrogen and hydrogen-carriers (ammonia and methane) on the
autoignition process under low temperature conditions. Tests were carried out in a constant volume combustion
chamber at different temperatures (535, 600 and 650 °C) and pressures (11, 16 and 21 bar). While the cool
flames timing and intensity was only slightly affected by the low reactivity fuel energy content, the main ignition
was delayed, this effect being much more noticeable for ammonia, followed by hydrogen and finally methane.
Kinetic simulations showed a clear competition for active radicals between both fuels (diesel and low reactivity
fuel). The combustion duration also increased with the hydrogen or hydrogen-carrier content, which greatly
points to the need of modifications in the injection strategy of compression ignition engines operating under dual
mode. A correlation was proposed for estimating the autoignition delay time for dual-fuel lean combustion at low
temperature.

1. Introduction

promising concept for either decreasing pollutant emissions (mainly
nitrogen oxides, NOx, and particulate matter, PM), or for replacing the

Electrification of light-duty vehicles is emerging as the most cost-
effective technology to reduce local pollutant emissions and to pro-
mote sustainable mobility [1]. However, applications for medium and
heavy-duty are still a significant challenge since the energy density of
batteries and fuel cells (together with the very high cost of the latter)
does not allow for their widespread and practical use [2]. These appli-
cations include maritime, freight and long-distance road transport, as
well as stationary production of electricity/heat (electrical generators
and cogeneration plants). As these sectors are mainly dominated by
compression ignition (CI) engines, research on new combustion modes,
sustainable fuels and aftertreatment technologies for limiting tailpipe
pollution as well as for increasing the efficiency (and thus reducing COy
emissions) is still highly needed [2].

Dual-fuel CI combustion has appeared in the last years as a very
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fossil diesel fuel by an alternative one, the latter with renewable origin
and/or with a low carbon content. This combustion mode is based on the
simultaneous use of two fuels, the conventional one being usually fed
into the combustion chamber (direct injection, DI) and the second fuel
being introduced either through port fuel (PFI) [3] or direct injection [4]
(the former being most common because it does not require significant
engine structure modifications). Since the reactivity of the DI fuel uses to
be higher than that of the PFI fuel, the former was identified in this work
as HRF (high reactivity fuel) and the latter as LRF (low reactivity fuel)
for clarification. This nomenclature matches that used for RCCI (Reac-
tivity Controlled Compression Ignition) operation, although RCCI is a
more specific dual-fuel combustion mode looking for high efficiencies
and very low pollutant emissions by optimizing the injection strategy as
well as the HRF/LRF ratio depending on the engine load (not necessarily
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involving sustainable fuels). As described in recent review works,
different studies on engine dual-fuel combustion have been reported in
the literature, natural gas (mainly composed by methane, CH4) [5] and
hydrogen (Hy) [6] being the most widely tested fuels because of its lower
or nil specific carbon dioxide (CO,) emissions when compared to con-
ventional liquid fuels. Works on ammonia (NHg) [7], liquified petroleum
gas (LPG) [8], methanol [9], syngas [10], biogas [6] and other com-
pounds [11] have also been reported.

The worldwide hydrogen production represents approximately 7.7
EJ/year (about 51% of which is used for ammonia production [12]).
According to the Hydrogen Council production [12], hydrogen demand
will increase from 5 to 10%, with expectations of fulfil 18% of energy
demand by 2050 and preventing 6 Gt of CO, emissions annually.
Essentially, Hy is the nil-carbon fuel par excellence, with zero direct CO5
emissions. Life-cycle CO, depends on whether the production process is
renewable or it comes from a fossil source (oil, coal, or natural gas) [13].
Water electrolysis provides an efficient, clean and proven alternative
production technology [14], which can be integrated with renewable
electricity from solar and wind power to establish the so-called Power-to-
X (PtX) schemes [15]. Electrolysis produces about 4% of the Hy world’s
production [16], the rest coming from non-renewable sources by tech-
niques including coal gasification, methane-steam reforming [17],
liquid fuels reforming and biochemical conversion [18]. Several inter-
esting reviews have been published on green hydrogen production
methods [17,19].

Ammonia is the second most manufactured chemical in the world
(176 million tonnes [20]). Although it is very mostly used as fertilizer, it
may be rapidly emerging as a potentially revolutionary source of clean
energy. In fact, the possibility of an ammonia-based energy future is
currently being discussed in literature [21,22]. Moreover, global
ammonia production capacity is expected to rise from about 235 in 2019
to approximately 290 million metric tons in 2030 [23]. Although there
are several production processes, the most important is the Haber-Bosch
(HB) thermo-catalytic synthesis, which dominates the market [24], and
in a lesser extent other methods based on electrochemical synthesis.
MacFarlane et al. [25] described the evolution of the ammonia pro-
duction process through three types of technologies or generations, in
which the third generation avoids the HB process. As hydrogen,
ammonia does not emit direct CO5. Due to its high energy density, NHgs is
an excellent Hy carrier [26]. Among the advantages over H is the long-
term storage capacity, since it can be liquefied at pressures of 8-10 bar at
room temperature, hydrogen requiring much higher values or cryogenic
storage. Another key competitive advantage is that ammonia produc-
tion, transportation, and distribution infrastructure is in place world-
wide. Even though ammonia has also important safety concerns related
to its toxic character and corrosive nature, it permits safer handling and
distribution compared to hydrogen. Despite its toxicity, its odour can be
detected even at very low concentration levels (<1 ppm). Because of the
possible need of NOx removal devices, the use of ammonia seems to be
more cost-effective for shipping applications, since no space restrictions
are expected [7].

As for methane, it is the main component of natural gas (NG) and the
most cost-effective electrofuel [27]. Its availability is probably the most
widespread in the world, which is an important advantage. In addition,
there are many renewable production techniques [28]. Although the
production of methane from waste is a longstanding practice (bio-
methane or biogas) [29], the concept of synthetic natural gas (SNG)
obtained from CO,-captured and green-Hj has recently emerged [30]. It
is well known its direct use in vehicles based on spark ignition engines
(natural gas for vehicles or NGV [28]). Under dual-fuel CI mode, as
commented above, it has been used as the main diesel fuel substitute.
This is due to the simplicity of the molecule, with no carbon-carbon
bonds and a high H/C ratio. World natural gas production was about 3.9
trillion cubic meters in 2020 [31]. Among fossil fuels, this is the only one
whose production is expected to increase by 2035 [32].

The three above mentioned fuels (Hy, NH3 and CH4) were tested in
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this work as LRFs. The existing literature on dual-fuel combustion is
broad, but not much specifically focuses on the autoignition process (the
objective of the present work), which greatly affects the engine effi-
ciency and the pollutant emissions of CI engines. Although an exhaustive
review is beyond the scope of this paper, some relevant and general
insights are addressed below.

In a previous work, the authors analysed the autoignition behaviour
of diesel and biodiesel fuels under a hydrogen-rich atmosphere in a
constant volume combustion chamber. 10% and 20% of the energy of
the liquid fuels was replaced by H, at different temperatures and
equivalence ratios. They found that hydrogen delays autoignition and
reduces the combustion rate of the diesel fuel because of a reduction of
the OH radical pool [33]. Other studies carried out in engines [34,35]
and under very different conditions also showed a delay on the com-
bustion onset when hydrogen replaced diesel fuel. The review by
Chintala and Subramanian [36] reported that both the effect on the
autoignition time as well as on the in-cylinder pressure peak depends not
only on the amount of hydrogen but also on the engine load. They re-
ported that this fluctuating trend is due to several and sometimes
opposing Hy-derived phenomena, which include a higher concentration
of free radicals from Hy pre-reactions, a lower in-cylinder oxygen con-
tent because of the air displacement and a higher specific heat of the
compressed charge.

Feng et al [37] studied the autoignition properties of NHs/diesel
binary blends, at various NHg blending ratios (10%, 30% and 50% by
energy) in a rapid compression machine (RCM). Ignition delay times
were measured spanning a temperature range of 670-910 K, pressures of
10-20 bar, and equivalence ratios of 0.5-1.5. The authors concluded
that NHs addition has a significant nonlinear effect on the low-
temperature ignition of the blends as result of the competition for *OH
radicals between both fuels. Reiter and Kong [38], who carried out tests
in a CI engine by injecting ammonia in the intake pipe (PFI), found that
soot decreased significantly with increasing ammonia while NOy
reduced up to 40% ammonia content because of the lower flame tem-
perature. Their results showed a much more delayed combustion process
for increasing ammonia amounts. Similar results were obtained in the
computational work carried out by Boretti [39].

Methane, both neat and in the form of natural gas, has been assayed
from several years ago as a low reactive fuel, as described in the review
of Sahoo et al. [40]. Hernandez et al. [41] proved dual-fuel combustion
to be characterized by a higher brake specific fuel consumption than
conventional diesel operation due to the lower heating value of methane
as well as to the unburnt methane (mainly at low engine loads). In
addition, this work also showed that, for the diesel fuel replacements
tested (up to 40% by energy), the autoignition time was not affected by
methane. Similar conclusions were obtained by Mancaruso et al. [42] in
an optical CI engine. The lower adiabatic flame temperature of methane
has also been reported to decrease NOx emissions under CI dual-fuel
combustion mode [41].

In this work, the autoignition behaviour of diesel fuel under dual
operation with Hp, NH3 and CHy4 (the latter two considered as e-fuels)
has been analysed. As mentioned before, several works can be found in
literature dealing with this topic (mainly for methane), but most of them
were carried out in engines (usually under very different operating
conditions) and focused on performance and emissions rather than on an
exhaustive analysis of a particular phenomenon. In this work, experi-
ments were carried out in a constant volume combustion chamber
(CVCQ), typically used to measure the derived cetane number (DCN) of
diesel-type fuels [43]. This device allows for a more comprehensive
evaluation of autoignition (under very well-controlled conditions) since
it avoids the uncertainties derived from cycle-to-cycle and volume var-
iations in an engine, as well as the very relevant impact of the in-cylinder
turbulence. It therefore prevents non-fuel effects and facilitates the
comparison between the three LRFs (which, to the authors’ knowledge,
has not been done before). Furthermore, because of the evolution of low-
temperature combustion modes, in which chemical processes would
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seem to behave in a capricious manner, having experimental data at
temperatures such as those tested in this work under dual operation may
be valuable for validating/developing chemical kinetics mechanisms to
be used in computational codes.

2. Methodology and experimental setup

This section describes the experimental device as well as the meth-
odology used (experimental conditions tested). As mentioned below, the
procedure followed tried to keep the same global equivalence ratio in
the combustion device in order to isolate the effect of the fuel on the
autoignition phenomena from that of the oxygen availability.

2.1. Fuels

Diesel fuel (D) was used as high reactivity fuel. It was supplied by
Repsol, with no oxygen content. On the other hand, methane (CH,),
ammonia (NHs) and hydrogen (Hg) were used as gaseous fuels. They
were named as low reactivity fuels (LRFs) when describing general
features for all of them. Table 1 shows the main properties of these fuels.

2.2. Experimental procedure

Experimental tests were carried out in a Herzog Cetane ID510, which
consists of a 0.473 L constant volume combustion chamber equipped
with a common rail diesel injector (operating at 1000 bar injection
pressure), widely described in previous works [45,46]. Before per-
forming the fifteen injection events (which are averaged) used to
determine the combustion related information from the instantaneous
pressure signal (delay time, derived cetane number as defined in the
standard ASTM D6117 [43] etc.), the device carries out five pre-
injections to clean the chamber out of residual fuel from previous
tests. The experimental procedure was described in [33]. Before the
injection of the diesel fuel, the chamber was fed with a mixture of
synthetic air and the gas under study (Hp, NH3 or CH4) and held in
during approximately one minute to reach the defined temperature
setpoint. The gas concentration in the bottles was calculated considering
the desired energy replacements for the diesel fuel. The injection pulse
width used for conventional operation (only diesel) was 2500 ps, as
established in [43], this duration being shortened when diesel fuel was

Table 1
Properties of the fuels tested.
Property Method Diesel H, NH3 CH,4
C (% m/m) EN ISO 86.41°% ~ ~ 74.87
16948
H (%m/m) EN ISO 1357 100 17.76 25.13
16948
O (%m/m) EN ISO 0? ~ ~ ~
16948
N (%m/m) ~ ~ 82.24 ~
Density at 15.0C (kg/m>) 8427 ~ ~ ~
Lower heating value (MJ/  UNE 42.90°  120° 18.8° 50°
kg) 51123
Derived cetane number ASTM 51.95% ~ -~ ~
D7668
Stoichiometric fuel/air N/A 1/14.5 1/ 1/ 1/
ratio 34.33 6.05 17.41
Flammability limits (gasin ~ ~ 0.6-7.5 4-75 16-25 5-15
air) (vol. %) ©
Autoignition temperature ~ 503 844 924 723
® €
Molecular weight (kg/ N/A 203.08 2.02 17.03 16.04
kmol)
H/C ratio N/A 1.83 ~ ~ ~
@ Measured

b Taken from NIST Chemistry WebBook [44].
¢ Taken from Dimitriou et al. [7].
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replaced by gas. Because of the significant effect of the equivalence ratio
(Fr, defined as the fuel/air mass ratio with respect to the stoichiometric
one) on the ignition delay time, this was kept constant when substituting
diesel fuel with gas (Tables 2 to 4), with slight deviations with the
chamber temperature (which influences the amount of the introduced
air/gas mixture). However, and because of limitations of the device
(maximum injection duration of 3000 ps), the equivalence ratio was
quite lower (although very similar for all the replacements) when
decreasing the vessel pressure. The autoignition delay times are defined
as suggested in Lapuerta et al. [47]. With regards to the cool flame, this
time (IDc) is the elapsed time from the start of injection to the instant at
which pressure rises 0.2 bar above the initial pressure (provided that a
two-stage autoignition behaviour was observed in the dp/dt diagram),
while the main combustion timing (IDyy) is identified as the instant at
which the line connecting 1/2 and 1/4 of the rates of pressure (dp/dt)
equals zero. In case autoignition involves only one stage, the ignition
delay is identified as the IDy; previously commented.

A fraction of the energy provided by the diesel fuel was progressively
replaced by energy provided by the LRF following Equation (1) (as also
done by other authors [3,471]),

myrg-LHV rE

1
mLRF.LHVLRp + mp LHVD ( )

Evre (%) = 100.

where Ejgr is the LRF energy share ratio (in percentage), myrg y mp
are the LRF and diesel fuel mass respectively and LHV; gy and LHVp, the
corresponding lower heating values. As shown in Tables 2 to 4, three
different energy replacement levels (approximately 10, 20 and 40%)
were achieved, trying to keep constant the total energy into the cham-
ber. Substitutions of approximately 40% H; were not possible since
synthetic bottles of Hy/air mixture at the required concentration (4% by
mol.) were not available from the supplier for safety reasons. Each
combination was tested at three initial temperatures, Ty (535, 600 and
650 °C) for an initial pressure (pg) of 21 bar, and at three initial pressure
values (11, 16 and 21 bar) for an initial temperature of 600 °C. As
previously mentioned, the different initial chamber temperature led to
marginal variations in the equivalence ratio between 0.36 and 0.42 (as
shown in Tables 2 to 4). This ratio remained around 0.8, 0.5 and 0.4 for
Do equals to 11, 16 and 21 bar, respectively.

Tables 2 (replacements with Hj), 3 (replacements with NH3) and 4
(replacements with CHy4) show the results obtained for IDcp, IDy;, peak
pressure (Pmax) and maximum pressure gradient (dp/dtyax) for all tests
as a function of Ejgy, together with the most relevant experimental
conditions (diesel fuel injection duration, Atyy, and initial chamber
pressure and temperature, po and Ty respectively). These results are
commented and described in the following sections. The 95% confi-
dence limits values according to Student’s t-distribution based on the 15
cycles recorded for each condition were also included. As observed,
deviations are small with respect to the change in the mean ID values,
confirming the relevance of the trends discussed below.

3. Results and discussion

This section shows the main results regarding the autoignition pro-
cess of the fuels tested as well as the theoretical kinetics analysis, the
latter carried out to highlight the chemical effect of the LRF as well as to
identify the reasons for the proved chemical competition with the diesel
fuel.

3.1. Combustion development and ignition delay time

Fig. 1 shows the averaged pressure trace obtained from the 15 in-
dividual pressure signals at 21 bar. The colour of the curves relates to the
initial temperature (650 °C in red, 600 °C in green and 535 °C in blue)
while the thickness refers to the proportion of LRF replacing the diesel
fuel. The dashed lines correspond to E;gr = O (i.e., neat diesel), and must
be considered as a baseline. Despite of the importance of the conditions
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Table 2

Results (average + 95% confidence interval) for H, at different py and T, values.
Po To Aty Equivalenceratio Eigrrp IDcp IDy Pmax dp/dtmax
(bar) [§9) (ms) (Fr) (%) (ms) (ms) (bar) (bar/ms)
21 535 2500 0.36 0.00 5.92 +0.10 7.52+0.13 42.39 + 0.06 14.15 £ 1.16
21 535 2224 0.36 11.04 5.80 + 0.06 7.85 + 0.09 41.73 £ 0.08 10.08 £ 0.62
21 535 1948 0.36 22.07 5.76 + 0.05 8.33+0.13 41.27 £0.13 7.37 £ 0.62
21 600 2500 0.39 0.00 2.36 +0.03 3.61 + 0.06 40.96 + 0.10 39.15 + 2.48
21 600 2245 0.39 10.19 2.44 +0.01 3.72 £ 0.02 40.09 £+ 0.09 32.80 +1.09
21 600 1989 0.39 20.37 2.36 +£0.01 3.74 £ 0.04 38.75 £ 0.25 25.97 £ 1.16
21 650 2500 0.41 0.00 1.84 +£0.01 2.74 £ 0.02 40.04 £+ 0.09 34.84 + 2.08
21 650 2258 0.41 9.66 1.88 +0.01 2.87 +£0.03 38.30 +£0.10 32.95 + 2.05
21 650 2017 0.41 19.32 1.88 +0.02 2.90 + 0.02 36.78 + 0.08 27.83 +1.73
16 600 2447 0.50 0.00 2.48 +0.02 4.30 £ 0.03 34.99 +£0.14 39.82 +£1.30
16 600 2247 0.50 7.76 2.60 + 0.01 4.48 + 0.02 34.58 £ 0.11 33.53+0.81
16 600 2049 0.50 15.52 2.52 +0.02 4.59 + 0.04 33.65+0.13 25.58 £ 1.15
11 600 2691 0.80 0.00 2.72 +£0.02 5.52+0.03 31.90 £ 0.23 46.70 + 1.60
11 600 2540 0.80 5.34 2.96 + 0.01 5.80 + 0.03 30.89 £ 0.16 40.53 + 1.08
11 600 2390 0.80 10.67 2.96 + 0.02 5.98 + 0.03 30.07 £ 0.15 34.65 + 1.42

Table 3

Results (average + 95% confidence interval) for NH; at different py and T, values.
Po To Aty Equivalenceratio Ergr IDcp IDy Pmax dp/dtmax
(bar) cQ (ms) (Fr) (%) (ms) (ms) (bar) (bar/ms)
21 535 2500 0.36 0.00 5.92+0.10 7.52 £0.13 42.39 + 0.06 14.15 £ 1.16
21 535 2239 0.36 10.43 5.72 £ 0.07 7.89 £ 0.09 42.97 + 0.07 9.28 £+ 0.56
21 535 1952 0.36 21.91 5.72 £ 0.06 9.15 £ 0.35 43.67 +0.17 5.78 £ 0.49
21 535 1457 0.37 41.73 5.16 £ 0.04 13.80 £ 0.78 43.53 +£0.31 2.19 £0.16
21 600 2500 0.39 0.00 2.36 + 0.03 3.61 £+ 0.06 40.96 + 0.10 39.15 + 2.48
21 600 2259 0.39 9.63 2.44 £+ 0.02 3.86 £ 0.03 40.84 + 0.08 31.59 +1.80
21 600 1994 0.39 20.22 2.52+£0.02 4.18 £ 0.03 41.06 + 0.15 21.25+1.24
21 600 1537 0.40 38.52 2.48 +0.01 4.33 £ 0.05 40.06 + 0.38 9.53 £ 0.81
21 650 2500 0.41 0.00 1.84 +0.01 2.74 £ 0.02 40.04 + 0.09 34.84 + 2.08
21 650 2272 0.41 9.13 1.92 + 0.02 2.88 £ 0.04 39.49 £ 0.15 32.23+2.11
21 650 2020 0.42 19.18 2.00 £+ 0.02 3.18 £ 0.04 39.42+0.14 28.41 +£0.84
21 650 1587 0.42 36.54 2.04 £ 0.01 3.30 £ 0.03 38.32 +£0.25 17.25 £1.45
16 600 2447 0.50 0.00 2.48 £ 0.02 4.30 £ 0.03 34.99 £ 0.14 39.82 +£1.30
16 600 2244 0.50 7.34 2.60 + 0.02 4.66 £+ 0.03 35.26 £ 0.16 30.96 + 1.00
16 600 2025 0.50 15.41 2.72 £ 0.02 5.11 £+ 0.05 35.24 £ 0.10 18.84 +£1.20
16 600 1650 0.50 29.35 2.64 £ 0.02 5.63 £ 0.08 34.52+0.13 8.95 £ 0.66
11 600 2691 0.80 0.00 2.72+£0.02 5.52 £ 0.03 31.90 £ 0.23 46.70 + 1.60
11 600 2541 0.80 5.04 3.04 +£0.01 6.10 £+ 0.05 31.07 £ 0.22 38.33 £ 1.57
11 600 2379 0.80 10.59 3.20 + 0.02 6.77 £ 0.03 30.95 +0.14 29.69 + 1.24

Table 4

Results (average + 95% confidence interval) for CH,4 at different po and T, values.
Po To Atin; Equivalenceratio Eigr IDcg IDy Pmax dp/dtmax
(bar) “Qo (ms) (Fr) (%) (ms) (ms) (bar) (bar/ms)
21 535 2500 0.36 0.00 5.92 +0.10 7.52+£0.13 42.39 £+ 0.06 14.15 £1.16
21 535 2233 0.36 10.69 5.72 + 0.09 7.75 +0.13 42.53 + 0.09 11.05 £+ 0.98
21 535 1959 0.37 21.64 5.60 + 0.07 8.05+0.13 43.07 £ 0.14 8.06 + 0.46
21 535 1392 0.37 44.32 5.28 + 0.05 9.44 + 0.61 44.11 £ 0.22 3.90 £ 0.37
21 600 2500 0.39 0.00 2.36 + 0.05 3.61 £0.10 40.96 + 0.10 39.15+2.48
21 600 2253 0.39 9.86 2.36 +0.03 3.72 + 0.06 39.56 + 0.12 33.10 £1.37
21 600 2001 0.40 19.97 2.32 +0.02 3.77 £ 0.05 37.73 £ 0.08 24.27 +2.02
21 600 1477 0.40 40.90 2.24+0.01 3.98 £ 0.05 33.64 £ 0.08 8.80 £ 1.09
21 650 2500 0.41 0.00 1.84 +0.02 2.74 £ 0.03 40.04 £+ 0.09 34.84 + 2.08
21 650 2266 0.41 9.36 1.88 +0.02 2.87 £0.03 38.47 £ 0.10 32.54 + 2.41
21 650 2026 0.42 18.94 1.92 +0.03 3.01 £0.17 36.76 £+ 0.09 27.67 + 2.30
21 650 1530 0.42 38.80 1.92 £+ 0.02 3.28 £ 0.06 33.51 £ 0.09 14.98 + 3.24
16 600 2447 0.50 0.00 2.48 + 0.04 4.30 + 0.05 34.99 +0.14 39.82 +1.30
16 600 2242 0.50 7.52 2.56 + 0.03 4.54 + 0.04 34.21 £0.14 31.36 £ 1.72
16 600 2034 0.50 15.22 2.52+0.03 4.63 £+ 0.06 32.79 £ 0.09 22.63 +£ 0.96
16 600 1602 0.50 31.16 2.48 + 0.02 5.19+£0.10 29.89 +0.13 8.28 + 0.45
11 600 2691 0.80 0.00 2.72 +£0.03 5.52 £ 0.05 31.90 £ 0.23 46.70 + 1.60
11 600 2546 0.80 5.17 3.00 +0.03 5.92 + 0.04 30.46 + 0.16 37.85 4+ 0.98
11 600 2399 0.80 10.46 3.00 +0.03 6.08 + 0.06 29.17 £ 0.10 31.37 £ 1.02
11 600 2094 0.80 21.84 3.00 + 0.01 7.13 £ 0.07 27.73 £0.15 20.80 +1.13
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Fig. 1. Instantaneous pressure evolution for different replacements with H, (~10 and 20%, left), NH3 (~10, 20 and 40%, center), and CH4 (~10, 20 and 40%, right)

at po = 21 bar and Ty = 535 °C (blue), 600 °C (green) and 650 °C (red).

at the time of the diesel fuel injection (T, po, F;) on the eventual auto-
ignition process, the content and nature of the low-reactivity fuel also
play a very significant role under dual combustion mode. For all the
cases, the typical two-stage autoignition behaviour (cool flames and
main combustion) of alkanes (>C4-C5) under low-intermediate tem-
perature was detected. Since none of the LRFs exhibit negative tem-
perature coefficient (NTC) behaviour under the conditions studied, the
low-temperature heat release seems to be exclusively dominated by
the diesel fuel, the LRF not significantly affecting neither the intensity
nor the timing of the cool flame event. However, the main combustion
phasing is quite sensitive to the presence of the LRF (more evident at the
lower initial temperature, for which autoignition is largely deferred).

The commented insights can be more easily deduced from Fig. 2,
which shows the ID¢r and IDy at 21 bar. These results are in agreement
with those obtained by Boretti [13,39] in a diesel engine operating
under dual mode with different gases. While the effect of hydrogen and
methane on the autoignition onset was very similar, ammonia was the
gaseous fuel inhibiting the combustion development in a greater extent.
This effect was more noticeable at the lowest chamber temperature, for
which the fuel oxidation kinetics plays a more important role. A more
detailed analysis on the kinetics effect of the LRF is presented in Section
3.2.

Fig. 3 displays, as an example, the instantaneous pressure gradient
for the three low reactivity fuels at 600 °C (similar trends were observed
for the rest of conditions tested). As observed, the combustion rate
slowed down as the LRF content increased because of very leaner fuel/
air mixtures at the ignition event (derived from higher ignition delay

times). Moreover, a “M—shaped peak” pattern can be clearly detected.
This should not be confused with the typical diesel fuel premixed phase
preceding diffusive combustion under conventional diesel conditions, as
the maximum injection time does not exceed 2.5 ms in any case (much
earlier than the appearance of the M—shaped peak). As stated in the
work of Ahmad et al. [48] carried out in an optical CI engine with
methane, the first stage could correspond to the combined combustion
of the diesel fuel and the entrained LRF in the diesel plume, while the
second stage might be caused by the oxidation of the remaining LRF
through flames propagating from the diesel jets. These conclusions have
also been reported in the review of Sahoo et al [40] for the same LRF fuel
(methane). However, due to the high ignition delays under the condi-
tions tested (clearly leading to uncoupled injection-combustion events)
as well as to the extremely lean LRF/air mixture (limiting flame prop-
agation), the observed two peaks are suggested to correspond with a
highly premixed (and spatially distributed) autoignition of the diesel
fuel and the entrained LRF, followed by the autoignition of the
remaining LRF around the diesel ignition kernels. This explanation is in
agreement with the findings of Rochussen et al. [49] obtained ina 2 L
single-cylinder engine operating under dual mode at low load condi-
tions. The commented pattern was observed for the three LRFs in the
present work. It is remarkable to observe the overlapping between both
combustion regimes for the highest proportion of the LRF, also reported
by Ahmad et al. [48], in agreement with the higher amount of entrained
LRF in the diesel jets because of the more delayed ignition.

As also observed in the previous figures, replacements with LRF also
lead to a reduction of the peak pressure. This is due to several factors.

. Diesel-LRF 3 4 Diesel-LRF
14 £T,=535°C, py=21 bar 4.5 3 5 £T=650°C, p=21bar
7 z 4
& 12 S35
210 g 3
3 g _
r 8 e 2.5 Coooocd
O S,
Q 6 9. ~ [ Diesel-LRF
-y LS F 1,=600°C, p=21 bar
4 1
0O 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
EixrF Errr Errr

Fig. 2. Ignition delay times (IDcp: dashed lines, IDy: solid lines) for different replacements with hydrogen (@), ammonia (a) and methane () at po = 21 bar and T

= 535 (left), 600 (center) and 650 °C (right).
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Fig. 3. Selected dp/dt curves for different replacements with H, (left), NH3 (center), and CH,4 (right).

Firstly, to the unburned gaseous fuel which is close to the combustion
chamber walls. As the LRF/air mixture is too lean, the colder gaseous
fuel far away from the diesel fuel jet is unlikely to react. This explains
that the relative reduction in the peak pressure with the LRF content was
more significant for methane, since its lower flammability limit is
greater than that of hydrogen and ammonia [7]. Secondly, the molecular
expansion of the combustion products with respect to the reactants is
lower for the LRF, which also affects the pressure evolution [50]. The
effect of the LRF on the maximum pressure seems to be compensated at
535 °C because of the longer ignition delay time, promoting a greater
entrainment of the gas into the liquid jet, and thereby reducing the
amount of unburned LRF. Moreover, despite of keeping a similar energy
content when changing the operating conditions and the type of LRF,
lower initial chamber temperatures led to higher peak pressures. Since
the injector is located inside the chamber, this might be due to the lower
diesel fuel density. So, small variations in the amount of injected liquid
fuel are expected when changing the chamber temperature since not the
liquid mass but the volume was kept constant.

Fig. 4 shows the results obtained at different initial pressures (11, 16
and 21 bar) while keeping the initial temperature at 600 °C. Lower
pressure reduces the probability of collision between molecules, which
results in a decrease in reactivity. This was reflected through the
displacement of the autoignition delay time to higher values as py de-
creases. It is remarkable that the timing of cool flames is much weaker

pressure-sensitive than that of the main combustion. Since pressure-
dependant reactions are usually those regarding unimolecular recom-
bination paths (involving a third body), the low thermal level existing in
the NTC region does not allow for the occurrence of these reactions and
thus cool flames are not limited by pressure [37]. The pressure trace
follows very similar trends with the diesel fuel replacement (a delay on
the autoignition for the higher replacements) for all the initial pressure
values tested.

3.2. Kinetics analysis

Validation of theoretical data coming from kinetics models assuming
homogeneity with experimental data obtained in the CVCC used in this
work is not evident. Since this chamber mimics a diesel engine fuel in-
jection, the fuel is fed as a liquid and therefore not only a chemical but
also a physical (atomization, evaporation and air entrainment phe-
nomena) delay is involved on autoignition (the latter having a more
significant relative weight when the chamber temperature and/or
pressure increases). Consequently, inhomogeneities are present (richer
and poorer zones), which gradually disappear as the mixing progresses.
However, using a Closed Homogeneous Reactor, as that considered in
this work by using the CHEMKIN package [51], is valuable for a better
understanding of the LRF chemical interactions on the diesel fuel reac-
tion paths. In general, a simulation under similar CVCC conditions is
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Fig. 4. Instantaneous pressure evolution for different replacements with Hy (~0, 10 and 20%, left), NH3 (~0, 10, 20 and 40%, center), and CH4 (~0, 10, 20 and 40%,

right) at Tp = 600 °C and py = 11, 16 and 21 bar.
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likely to underestimate the autoignition delay time. Such deficiencies
could be partially overcome by CFD modelling coupled to chemical ki-
netics, as done by Luecke et al. [52] in a similar device (AFIDA,
Advanced Fuel Ignition Delay Analyser). However, for sake of simplicity
and because of autoignition was much longer than the injection duration
for all cases (the latter was shorter than 2.5 ms, as shown in Section 2.2,
while the minimum IDy; was 3.61 ms), the assumption of homogeneity at
the ignition event could be accurate enough (mainly for the higher re-
placements with the LRF and the lower chamber temperatures because
of the very delayed ignition).

For modelling the diesel fuel oxidation, a three-component surrogate
(consisting of n-hexadecane (nC;¢Hsg, 41.3% mol), isocetane (iCigHsa,
36.8% mol) and 1-methylnaphthalene (C;oH;CHs, 21.9% by mol)),
already used by other authors [37,53] and proposed by Qian et al. [54],
together with the chemical kinetic mechanism developed by CRECK
(consisting of 201 species and 4417 reactions), were used [55]. As
known, Hy and CHy are part of the core Cy-C4 mechanisms, therefore no
additional reactions were required for their consideration. In the case of
NHj3, the model proposed by Stagni et al. [56], consisting of 31 species
and 203 reactions, was added to that of the diesel fuel. This is a recent
and comprehensive mechanism, proposed to improve the modelling of
ammonia oxidation and pyrolysis at low temperatures and fuel-lean
conditions [22]. Both diesel fuel and NH3 mechanisms were merged
using the Ansys Workbench Reaction tool, obtaining a combined
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chemical kinetic mechanism of 222 species and 4598 reactions. For the
sake of simplicity, it was assumed that the interaction between the two
mechanisms is constrained to the effects of sharing common radical
pools [57], therefore possible co-oxidation reactions were not
considered.

Fig. 5 shows the theoretical history of pressure and mole fraction of
selected species (fuel components and *OH radical, the latter being
recognized as the most representative ignition compound) as the energy
substitution was increased from 0 (pure diesel) to 10, 20 and 40%. As
expected from the reactivity of the pure components (maximum for
paraffins and very low for the LRFs), n-hexadecane (the linear paraffinic
of the diesel fuel) exhibited the highest consumption rate, while iso-
cetane (the branched alkane) and, at a lower rate, 1-methylnaphthalene
(the aromatic fraction) were consumed slowly. As observed, the con-
centration of the gaseous fuel (LRF) remained almost unchanged up to
the autoignition event. This sequence has been highlighted by the yellow
circle of the diesel-NH3 combination (Fig. 5-middle), in which the colour
arrows refer to the previously mentioned components. The commented
trend is consistent with the fact that the reactions initiating the oxida-
tion process at low temperature are the Hy-abstraction ones, which are
characteristic of paraffins. Cool flames were more pronounced for low
LRF ratios (as confirmed by the *OH radical peaks appearing during the
first 2 ms), confirming once again (coherently with the experimental
results) the dominant role of the diesel fuel on the low temperature
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Fig. 5. Time-profile for the OH radical, the diesel fuel constituents (nC;gHz4, iC16Hsz4, C10H7CH3) and the three LRF for different replacements with Hs (top), NH3

(medium) and CH4(bottom) at pg = 21 bar and Ty = 600 °C.
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oxidation regime. This indicates that the main supplier of *OH radical is
the diesel fuel. The LRFs’ marginal consumption of *OH (as described in
the following section) might also contribute to this trend.

Fig. 6 shows the competition for *OH between diesel fuel (repre-
sented by RH) and each of the three LRFs (Hy, NH3 and CHy) at a specific
instant of the oxidation process. Each reaction pathway was constructed
to emphasise such competition at the start of the reactive process. Data
were obtained by carrying out a Rate of Production (ROP) analysis of OH
radicals by means of the CHEMKIN software. The numbers presented in
boxes corresponds to different energy replacements with the LRF (0%
bold, 10% italics, 20% underlined and 40% double underlined). Number
corresponds to data at the beginning of the diesel fuel oxidation process
(supposed as 2% conversion of n-Hexadecane). Selected general

reactions for both fuels were represented, merging into a pool of smaller
molecules that ultimately lead to combustion end products. In the centre
of the schemes, the *OH radical pool is shown separately with arrows
leading in and out of it. The solid red lines refer to *OH radical con-
sumption by the reaction to which the arrow points. The dashed red lines
indicate *OH radical production by the reactions from which the arrow
originates. In the case of diesel fuel, RH represents the set of the three
fuel components (i.e., nCigHs4, iC16Hs4 and C10H7CHgs), so that *OH
consumption and production are not discriminated for each component
but treated as one. Hence, any intermediate specie should be understood
as the total contribution of those components (i.e., ROO*: nC145-OQOOH,
iC16-OQOO0H).

The oxidation kinetics may be summarized this way. At low
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temperature, the fuel molecule RH is predominantly consumed through
H-abstractions by *OH [58,59] (and to a much lesser extent by other
species such as O), leading to the production of alkyl radicals (R®).
These radicals are further consumed by a first O, addition, producing
ROO¢, leading to hydroperoxyalkyl (*QOOH) radicals by internal H-
abstraction via five-, six-, or seven-membered transition state rings
(isomerization processes). Thus, another Oy molecule is added to the
radical site, forming peroxyhydroperoxyalkyl radical COOQOOH). This
leads to ketohydroperoxide formation (*OQOOH). The latter path is the
main *OH producer and it identifies the low temperature branching
scheme [60,61], Eventually, the decomposition of these species de-
generates into smaller species (aldehydes, ketones, etc.). In parallel, the
LRF is oxidized at a much slower rate (see Fig. 5), and its intermediates
and oxidation products flow into the same pool of smaller molecules, to
finally produce combustion products (CO, CO5, H30, etc.).

The effect of replacing diesel fuel by the LRF on the relative con-
sumption of the main active radical (*OH) is evident. In the case of Hj,
93.8% of the *OH is consumed by H-abstraction from the RH for pure
diesel fuel. Regardless of the rest of the reaction scheme, this is the key
step for the chemical interaction between both fuels [9]. With Ey, of 10,
20 and 40%, this percentage drops to 82.9, 71.5 and 50.7, respectively.
Moreover, the production of °*OH, mainly via decomposition of
*O0OQOOH and *OQOO0H, is reduced from 36.1% to 33.5% and 28.7%,
respectively. This reduction in the OH formation has also been reported
in the work of Zhu et al. for methane [62]. This proves that the presence
of Hy reduces the *OH availability for the diesel fuel decomposition,
which is ultimately responsible of autoignition. Consequently, this re-
sults in higher ignition delay times. The data for NH3 (77.8, 65.5 and 45
%) and CHy4 (89.2, 84.9 and 73.1%) regarding H-abstraction reactions
also reveals a great effect of ammonia, which demands a high proportion
of *OH, and a minor influence of CH4 on the autoignition time. These
findings are, in general, in agreement with the experimental data
described in Section 3.1, although kinetics simulations showed more
delayed autoignition processes for Hy than for NHs. Similar conclusions
can be obtained from the LRF point of view (numbers at the bottom of
each scheme), an increase in Eprp results in a higher fraction of *OH
consumed by itself (again less significant for CHy).

Although the chemical effect of the LRF on the autoignition process
has been proved above, there are other phenomena which may also
modify the ignition timing (physical effect), such as those derived from
the different thermal and diffusive properties of the charge because of
the presence of the LRF. To isolate both effects and highlight the role of
kinetics for each gaseous fuel (LRF), additional modelling efforts were
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undertaken at pp = 21 bar and Ty = 600 °C. A decoupling method in
which simulations were performed by assigning the thermodynamic and
transport properties of each LRF to an inert compound was used. Spe-
cifically, the content of the LRF was removed and the thermodynamic
and transport properties of argon (Ar, with a concentration equals to
that of the LRF) were replaced by those of the LRF, so that Ar is con-
verted into a fictitious and unreactive LRF (denoted as LRF,;). A similar
procedure was previously used by Liu [63] and Rezgui [64].

The results are shown in Fig. 7, where green lines represent the
original behaviour (considering both the chemical and the physical ef-
fect) while the blue line corresponds to the unreactive LRF (LRFy,
without kinetics implications). As expected, the peak pressure values
regarding the former are higher because of the energy content of the
LRF. For clarity, each LRF/LRF,; pair of curves have been linked with a
loop. As observed, and mainly for the higher replacements of diesel fuel
(for which differences in the ignition delay are high enough to distin-
guish the analysed effects), the inert LRF lags autoignition, this delay
being more important for NHs and much less significant for CH4. These
results agree with the experimental ones (Section 3.1), and they confirm
that the LRF chemical effect on autoignition overwhelms that of
different physical (thermal and diffusive) characteristics.

3.3. Ignition delay time correlations

Since Henein and Bolt [65] established the potential of an Arrhenius-
type equation for modelling ignition delay, many authors have used it
for particular purposes, such as Hernandez et al. in the case of paraffinic
fuels [66] or Zhang et al. [9] under dual fuyel combustion by using
methanol and methane [67]. A modified version was used in this work
for estimating IDy; as a function of the energy replacement (Ergg). In
addition to the initial thermodynamic conditions such as initial pressure
(po) and temperature (Typ), the total equivalence ratio (F,) was consid-
ered. For strictly mathematical reasons, Ejgr was included as (1-Ergrg).
This prevents the correlation from leading to unrealistic results when
E;rr equals zero. The correlation is shown in Equation (2).

IDy = A*pp*F?*(1 — ELRF)e*exp( — ?" ) (2)
R* T0

The optimal value for all the fitting parameters (A, b, d, e, and E,),

displayed in Table 5, were determined by regression analysis, trying to

maximize R? (coefficient of determination) and to maximize RMSE

(Root Mean Square Error) between experimental and modelled values. It

was considered that b and d must be negative, since as pressure and
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Fig. 7. Pressure traces comparing LRF as a reactive and non-reactive component for different replacements with H, (left), NH3 (center) and CH, (right) at po = 21 bar

and Tp = 600 °C.
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Table 5
Fitting parameters for the IDy; correlation.
Parameter Diesel-H, Diesel-NH3 Diesel-CH4
A 0.0175 0.0049 0.0182
b —-0.99 —-0.99 —-0.99
d —0.32 —0.12 —0.23
e -0.39 —-1.06 —0.43
E, (J/mol) 58.7 68.4 58.9
RMSE 0.593 4.226 1.671
R? 0.988 0.970 0.978
F o Diesel-CH4
= aDiesel-NH3
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Fig. 8. Parity plot modelled vs experimental IDy,.

equivalence ratio increase (below around the stoichiometric one) the
autoignition is advanced.

As checked in Fig. 8, the proposed correlation fitted quite well with
the experimental data. However, it is remarkable that the results for
ammonia were recurrently further away from the experimental ones,
which could be due to a more inaccurate determination of the ID,; value
from the pressure traces because of the much smoother pressure increase
when compared to hydrogen and methane (derived from very diluted
conditions at ignition, leading to a significant low combustion rate).

4. Conclusions

The autoignition behaviour of diesel fuel under dual mode with Hy,
NHj3 and CHy4 (for different diesel fuel replacements in an energy basis)
has been analysed under well-controlled conditions such as those
existing in a constant volume combustion chamber. The main conclu-
sions can be summarized as follows:

e While the influence of the LRF on the cool flame’s onset as well as on
the low temperature heat release was not significant (this stage being
dominated by the liquid fuel), higher LRF energy ratios led to higher
delays for the main combustion process.

The ignition delay time was quite sensitive to the ammonia con-
centration and mainly at the lowest chamber temperature (535 °C),
with a clear non-linear trend.

Together with the longer autoignition, the combustion duration en-
larges with the LRF content because of leaner conditions at the
ignition time (more intensified for ammonia due to its low flame
speed). Although a higher ignition delay of diesel fuel was expected
to be compensated by a shorter combustion duration (derived from a
higher premixed combustion phase), the much leaner conditions
when autoignition occurs slowed down the combustion
development.
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Pressure gradient patterns proved that the diesel fuel and the LRF
oxidation process is somehow uncoupled, the combustion rate
showing a M—peak shape.

The analysis of the production/consumption rate of the main active
radical (*OH) confirms the chemical interactions between diesel fuel
and the LRF regarding H-abstraction reactions (governing the low
temperature kinetics regime). This interaction was less important for
CHy, in agreement with the experimental results.

Kinetics simulations have proved that the chemical effect of the low
reactivity fuels is much more significant than that derived from their
thermal and diffusive properties (physical effect).

Instead of highly computational time-demanding reaction mecha-
nisms, the correlations proposed for estimating the main ignition
delay for the LRFs tested could be used by CFD codes for simulating
CI dual-fuel combustion.

These results suggest the need of important modifications in the in-
jection strategy (timing and events) of CI engines working under dual
mode with any of the gases here tested. Moreover, the structural
integrity of the engine should not be compromised since pressure gra-
dients were limited by the previously mentioned issue (slower com-
bustion process), unburnt LRF fuel and the lower molecular expansion
during the LRF conversion.
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