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Abstract

This work is a comprehensive technical review of existing literature
and a synthesis of current understanding of the governing physics
behind the interaction of multiple fuel injections, ignition, and
combustion behavior of multiple-injections in diesel engines.
Multiple-injection is a widely adopted operating strategy applied in
modern compression-ignition engines, which involves various
combinations of small pre-injections and post-injections of fuel before
and after the main injection and splitting the main injection into
multiple smaller injections. This strategy has been conclusively shown
to improve fuel economy in diesel engines while achieving
simultaneous NOx, soot, and combustion noise reduction — in addition
to a reduction in the emissions of unburned hydrocarbons (UHC) and
CO by preventing fuel wetting and flame quenching at the piston wall.
Despite the widespread adoption and an extensive literature
documenting the effects of multiple-injection strategies in engines,
little is known about the complex interplay between the underlying
flow physics and combustion chemistry involved in such flows, which
ultimately governs the ignition and subsequent combustion processes
thereby dictating the effectiveness of this strategy. In this work, we
provide a comprehensive overview of the literature on the interaction
between the jets in a multiple-injection event, the resulting mixture,
and finally the ignition and combustion dynamics as a function of
engine operational parameters including injection duration and dwell.
The understanding of the underlying processes is facilitated by a new
conceptual model of multiple-injection physics. We conclude by
identifying the major remaining research questions that need to be
addressed to refine and help achieve a design-level understanding to
optimize advanced multiple-injection strategies that can lead to higher
engine efficiency and lower emissions.

Introduction

Diesel engines are one among the most efficient energy conversion
devices and are widely used in ground transportation and commercial
applications owing to their high thermal efficiency and low CO2
emission. Despite their popularity, the diesel engine suffers from high
NOx and particulate emissions. Particularly with more stringent
emission regulation requirements, the soot-NOx trade-off has been
posing a serious and consistent challenge and has continuously
garnered ever increasing attention over the years [1, 2].
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Numerous advanced in-cylinder pre- and post-combustion and
injection strategies in addition to various exhaust after-treatment
systems have been extensively researched to overcome the soot-NOx
trade-off limitation of diesel engines. The local combustion
temperature and equivalence ratio dictate the formation of NOx and
soot in a diesel engine [3]. In a conventional diesel engine, the
combustion process is a high temperature, heterogeneous event that
covers both NOx and soot formation areas in the temperature-
equivalence ratio soot-NOx map (Figure 1, [4]). However, by utilizing
EGR in conjunction with new combustion modes such as HCCI, PCCI,
LTC etc., that facilitate increased fuel-air mixing and dilution, if the
combustion temperature can be sufficiently reduced, both NOx and
soot formation can be avoided [4, 5] as highlighted in Figure 1. Higher
dilution by increased EGR rates prolongs the ignition delay thereby
enhancing the homogeneity of the air-fuel mixture with longer time
available for mixing, leading to lower mixture fraction and potentially
reduced local equivalence ratios that in turn minimize soot formation
[6]. The use of high EGR rates also allows to significantly reduce the
in-cylinder combustion temperature and Oz concentration, therefore
reduce NOx emissions [7].
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Figure 1. Soot and NOx formation zones as a function of temperature and
equivalence ratio with the conventional and other combustion processes
overlaid. Reprinted with permission from [4]. © SAE International.
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Multiple-injection and other advanced injection
strategies in modern diesel engines

Despite their promise, the implementation of these new in-cylinder
combustion modes in production engines continues to face significant
limitations, such as combustion control authority, increase in
combustion noise and CO/UHC emissions. These limitations usually
lead to a restricted use of such modes to lower loads and lower engine
speeds [5]. In the case of diesel combustion, among the various
solutions proposed to increase this operating envelope, multiple-
injection strategies have been widely adopted as this approach has been
proven to be effective in reducing combustion noise and in-cylinder
NOx formation while enhancing soot-oxidation [8]. The increased
adoption of multiple-injection strategies in modern diesel engines has
been mainly attributed to the advent of electronically controlled fuel-
injection technologies in conjunction with common-rail direct
injection (CRDI). Modern injection technologies are capable of
precisely injecting a targeted quantity of fuel more than 8 times per
cycle [9], which has allowed for achieving better control over the
heat-release and fuel-air mixing processes. Furthermore, advanced
injection technologies also provide a higher degree of flexibility in
precisely controlling the injection parameters, such as varying
injection pressure and number of injections per cycle regardless of
engine speed or load conditions without compromising the engine
performance and fuel consumption [10].

In a direct-injection diesel engine, a classical (single) injection event
consists of a single, uninterrupted, continuous supply of fuel to the
combustion chamber. However, in the case of multiple-injections, the
fuel is often divided into several smaller quantities, that can be either
equal (split injection strategy) or different (early-pilot-post-late
injection strategy) in mass and duration as shown in Figure 2. The main
difference between these two injection strategies is that in the split
injection, the targeted fuel mass is typically distributed uniformly
across a pre-determined number of pulses. On the contrary, in a
multiple-injection strategy, there is typically a main injection event,
which delivers the largest mass of fuel that is preceded (pilot) and / or
followed (post) by auxiliary injection pulses capable of injecting a
varying quantity of fuel; the same or reduced total injected fuel mass
relative to a single injection event is targeted to maintain or even
improve the fuel consumption [5].
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Figure 2. Multiple-injection profile nomenclature. Reprinted from [10], with
permission from Elsevier.

The targeted benefits of multiple-injections on engine performance and
emissions is summarized in Figure 3. In general, among multiple-
injection strategies, split injections are commonly used in HCCI
engines to achieve fuel stratification to control the ignition timing and
to avoid instantaneous heat release under high-load conditions while
reducing the possibility of wall wetting, a potential source for UHC
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emissions [11]. On the other hand, pilot injections have been shown to
decrease the combustion noise of the main injection and NOx
emissions [5, 8, 12-14]; while post injections are more often used for
reduction of soot exhaust emissions due to enhanced oxidation [15,
16]. Under conventional engine operation conditions, the pilot
injection modifies the conditions in the combustion chamber into
which the main injection develops, thereby influencing the combustion
performance by decreasing the ignition delay of the main jet [17, 18].
Due to this, the amount of fuel burned in the premixed combustion
phase is decreased [5], leading to a reduction of premixed combustion,
the associated abrupt heat release, combustion noise and NOx
formation. The exact mechanism of NOx reduction is unclear as further
discussed in the section “NO formation”. The post injection tends to
introduce momentum in the latter phase of combustion which also
enhances mixing within the cylinder bowl and the oxidation of soot
formed by the main injection [19, 20]. Furthermore, post injection can
also help in managing the exhaust gas temperature for regeneration of
diesel particulate filter and to provide hydrocarbons for NOx adsorber
catalyst [21]. Finally, dividing the pilot injection into several smaller
injections has been proven effective in further reducing the combustion
noise. An alternative/supplemental measure to pilot injection is
injection rate shaping, where the injector’s internal pressure
amplification stages or the needle lift are precisely controlled to reduce
the injection rate (and injection pressure) in the initial phase of the
main injection, only to ramp up the injection rate in the later stages.
This controlled initial rate of injection approach has been shown to
further reduce the premixed burn and offers additional NOx reduction
benefits in addition to greatly reducing combustion noise through
controlled heat release rates during the premixed and diffusion
combustion phases.
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Figure 3. Schematic representation of the different advanced multiple-injection
schedules with the corresponding benefit from each injection strategy
highlighted. Reprinted from [10], with permission from Elsevier.

The scope of the present review

The physical phenomena involved during multiple-injection process
are quite complex as they involve significant interaction between the
mixture fields of the two consecutive injections and a strong coupling
between the associated ignition and combustion processes; i.c., in a
multiple-injection strategy, the resulting combustion process is likely
to be a product of the interactions between various injection events.
For the purposes of this review we will limit our discussion to a double
injection strategy — a first and a second injection. The first injection
could be interpreted as either the pilot injection of pilot-main strategy
or the first injection of a split injection approach. The same
nomenclature is used at a few instances also when an injection
schedule resembles a main-post strategy.

While the ignition and the combustion of the first jet is likely to be
controlled by the ambient conditions as well as the mixture formation
process of itself; the ignition and combustion of the second jet is likely
to be influenced by the effects of the first jet in addition to the
aforementioned parameters. For example, the combustion or even the
low temperature chemistry associated with the first jet would greatly



decrease the ignition delay of the second jet [17, 18] under regular
engine operating conditions. The flame lift-off length (LOL) of the
second jet would be shortened due to the increase of the ambient
temperature and/or interactions with the products of the first injection.
Furthermore, it is also likely that the combustion products formed from
the first injection can quite possibly lead to rapid formation of PAH
and soot from the second injection due to a reduced local oxygen
concentration [18, 22].

Despite the presence of an extensively documented literature detailing
the benefits of multiple-injection on engine performance and emission
and its widespread adoption in commercial engines, there is little
known about this complex interplay between the underlying flow
physics and combustion chemistry involved in such flows. This limited
knowledge about the physico-chemical processes that ultimately
govern the ignition and subsequent combustion processes in multiple-
injection has prevented an efficient and complete optimization of this
strategy, thereby limiting its effectiveness. To this end, in this work,
we strive to provide a comprehensive overview of the literature on the
interaction between the jets in a multiple-injection event, the resulting
mixture and finally the ignition and combustion dynamics as a function
of engine operational parameters including injection duration and
dwell. The focus of this review will be on the underlying governing
processes based on studies conducted in optically accessible constant-
volume chambers, optical engines, relevant metal engine experiments
and numerical studies. This review is not intended to offer an
exhaustive view of the engine performance and emission studies
involving multiple-injection strategies. Furthermore, we will not be
discussing the effect of post-injections on soot-reduction and the
associated mechanisms as an extensive review on this aspect was
conducted by O’Connor et al [23] and many of the open questions that
were then posted have been adequately addressed since then. However,
based on past research, a new conceptual model of multiple-injections
physics will be presented to outline the existing understanding of
underlying processes. We will conclude by identifying the major
remaining research questions that need to be addressed to refine and
help achieve a design-level understanding to optimize advanced
multiple-injection strategies that can lead to higher engine efficiency
and lower emissions.

Literature overview of multiple-injection
processes in diesel engines

Fuel mixing and jet interaction under non-reactive
conditions

Due to the complicated nature of the interaction that exists between the
two flow fields in a multiple-injection strategy which governs the
mixture formation and ultimately the ignition and combustion of the
fuel jets, several researchers have studied this interaction between
multiple fuel jets under evaporating, but non-reacting conditions. The
experimental studies [17, 24-29] carried out primarily in constant
volume chambers heavily relied on high-speed diagnostic techniques
such as diffused back illumination (DBI), schlieren imaging [24], laser
absorption scattering (LAS) [25-27], and laser induced exciplex
fluorescence (LIEF) [28].

The liquid phase [30, 31] and vapor phase penetration [32-34]
characteristics of a single injection event are well understood and can
be summarized as follows: The liquid length decreases with increasing
ambient temperature (faster vaporization), increasing ambient density
(more entrainment from a wider spreading angle and increased mass
of entrainment per unit volume of the jet at given spatial location) and
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is approximately independent of fuel-injection pressure. The vapor
penetration rate increases with increasing injection pressure (higher
initial momentum) and decreasing ambient density (spray narrows,
loses momentum slower due to different momentum exchange with
lower mass entrainment at a given spatial location) and is
approximately independent of ambient temperature.
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Figure 4. Liquid (top) and vapor (bottom) penetration for a pilot-main multiple-
injection strategy with 3mg pilot based on high-speed schlieren imaging.
Reprinted from [24], with permission from Elsevier.

The liquid and vapor penetration characteristics in the case of multiple-
injection strategy is summarized in Figure 4. In the case of multiple-
injections, the stationary liquid length of the second injection is
unaffected by both the quantity of fuel contained in the first jet and the
hydraulic separation (dwell) between the two injector pulses [24].
However the secondary injection exhibits a higher liquid penetration
rate than the prior pulse [24]. Though the rate of penetration of the
second injection was higher with decreasing dwell, the liquid phase
penetration as well as the liquid phase spreading angle remains fairly



constant [24]. The spray penetration rate of the second jet increases
with the quantity of fuel contained in the first jet and decreases with
increasing the dwell time between the two injections. As the first fuel
jet initially accelerates the stationary ambient creating a slipstream
[18], the second injection tends to lose less momentum which allows
it to penetrate more rapidly [24, 25, 27, 28] resulting in increased
mixing at the head of the spray [24, 28]. A shorter dwell time tends to
increase this “induced air driving force” as the ambient gases have less
time to decelerate i.e., slipstream remains strong. Unlike the liquid
phase spreading angle, due to the introduction of the second jet into an
ambient with slightly higher density and turbulence levels, some
researchers [24] have suggested that the vapor phase spreading angle
of the second injection increases. However, this claim about the vapor
phase spreading of the second injection has not been universally
accepted as other researchers have reported unchanged or reduced
spreading angles for the second injection. Despite the possible
variation in the spreading angle, the second injection does exhibit a
higher rate of penetration [24, 25, 27, 28].

LIEF experiments carried out have shown that the second injection
closely follows the contours of the first injection resulting in the same
radial extent and same jet angle as indicated by the lack of regions of
low fuel concentrations on radial periphery of the second jet [28].
However, more pronounced differences such as a flatter (gradual) fuel
concentration gradient at the spray head was observed in the case of
multiple-injection. This indicated a strong interaction between the two
injections governed by the dwell time, which resulted in increased
mixing at the spray head [28]. PIV based velocity measurements have
conclusively shown that the degree of interaction between the two fuel
jets and the resultant coupling of the flow fields is strongly dependent
on the dwell time. At shorter dwell times, the second injection tends to
catch up with the first jet and the jets merge to form regions of high
velocity at the spray tip that improves the mixture preparation through
turbulent mixing [28]. So far, there have been no documented literature
studies on reliable and quantitative diagnostic techniques capable of
tracking the fuel injections individually i.e., isolate fuel distribution
from each injection event in a multiple-injection strategy to help
quantify the mixing field between the consecutive injections.
Nevertheless, some time resolved mixing field measurements could
potentially shed light onto this problem.

The mixture distribution in the liquid and vapor phase at two
characteristic times during the main injection for a pilot-main and
main-post injection strategy is summarized in Figure 5 and Figure 6
respectively. The amount of air entrained during the injection event is
closely linked to the spray length and the spray angle [30, 31, 34, 35].
Thus, for a single injection that is designed to inject the same quantity
of fuel as that of multiple-injection strategies, the single injection
penetration length is expected to be the longest due to the continuous,
uninterrupted flow momentum of the spray lasting for a longer
injection duration [25]. The increased penetration length also results in
the highest amount of total air-entrainment i.e., leaner fuel-air mixture
distribution when compared to multiple-injection strategy. In the case
of multiple-injections, due to the change in the ambient concentration
caused by the first injection, it is expected that the second injection will
entrain fuel-air mixture of reduced oxygen concentration. However in
the case of multiple-injections, the “entrainment wave” [36-38]
following the end of the first injection will result in rapid leaning out
of the air-fuel mixture near the vicinity of the nozzle. Depending on
the ratio of fuel contained between the two injections, due to the higher
penetration rate of the second injection, it tends to catch up with the
first injection [24, 25, 27, 28]. Hence, the mixture formation in the
multiple-injection strategy i.e., the local equivalence ratio distribution
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is highly dependent on the ratio of fuel injected between the two
injection pulses [25, 28].
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Figure 5. LAS based equivalence ratio evolution in the vapor and liquid phase
at two characteristic times during the main injection for a pilot-main injection
strategy. Reprinted with permission from [25]. © SAE International.
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between the main and post injection schedule. Reprinted with permission from
[26]. © SAE International.
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In the case of pilot-main strategy (c.f., Figure 5), due to the higher
quantity of fuel in the second injection, it tends to quickly catch up
with the head of the first injection, resulting in lower overall
penetration and thus decreased air entrainment leading to the formation
of regions of richer mixtures [25, 28]. In the case of main-post strategy
(c.f., Figure 6), due to the reduced quantity of fuel in the second
injection, it does not catch up with the head of the first injection, where
the entrainment wave from the first injection is still in progress [25,
28]. This favorable positioning of the second jet into the lean regions
of the first jet resulted in a more homogenous mixture distribution with
an overall lean mixture i.e., equivalence ratio less than unity, by
reducing formation of large areas of rich mixtures.

In terms of the effect of dwell time on mixture formation, under
non-reactive ambient conditions, increasing dwell times simply
resulted in longer available time for leaning out of the first injected
fuel and for formation of much leaner regions near the vicinity of the
nozzle where the second injection would follow [25, 28]. The temporal
evolution of mixture distribution in the vapor phase for a single
injection and multiple-injection strategy across various dwell times is
summarized in Figure 7. It is to be noted that the negative dwell time
corresponds to injections with a temporary reduction in injection rate
during the duration of injection, though the injection essentially
remains a single injection. The single injection exhibits a more
homogenous mixture distribution than the split injection strategy in the
ASOI domain as the single injection ends earlier than the multiple-
injection strategy. However, the leaning effect of end of injection
entrainment wave [36-38] and the slipstream effect [18] is more
evident while comparing the injection strategies using the AEOI
domain. In this domain, after the end of injection, the split injection
strategy with a positive dwell exhibits much smaller regions of richer
fuel-air mixture pockets than the single injection. In the case of zero
dwell, the small differences observed at the end of injection are soon
washed out resulting in a mixture distribution almost equivalent to the
positive dwell case. However, in the case of negative dwell, due to a
combination of the reduced momentum of the first fuel jet at the end
of first injection and the increased momentum of the second fuel jet at
the start of the second injection, the second jet catches up with first jet
resulting in an overlap of the two spray heads leading to somewhat
larger zones of richer mixtures when compared to single injection.

RANS and LES simulations [39-43] on multiple-injection strategies
have also independently confirmed the aforementioned experimental
findings and provided some valuable additional insights. Due to the
“history effect” of the first injection, the second injection exhibits a
faster penetration rate thereby increasing the turbulence intensity of the
main injection and the associated scalar dissipation rate resulting in
enhanced mixing [39-43]. The level of interaction is primarily
governed by the dwell time between the two injections and to some
extent by the duration and the momentum of the second injection.
Though a short post injection following the main injection may not be
able to directly influence the mixing process despite a relatively short
dwell, it can help mitigate the expedited leaning out of the fuel-air
mixture caused by the end of injection entrainment wave by either
enriching the fuel-lean regions near the nozzle (low momentum post
injection) or by pushing the near-nozzle gases farther downstream
where there is enhanced mixing (high momentum post injection).
However, under combusting conditions where the combustion
products of the first injection are expected to influence the ignition and
combustion characteristics of the second injection, the dynamics of
mixture distribution and its impact on combustion efficiency in terms
of soot and UHC emissions needs to be explored further as net soot
generation will be determined by the balance between soot formation
and soot oxidation [16, 23].



Some important aspects of modeling multiple-injection strategies in
the RANS framework have been revealed in [42]. The RANS models
potentially cannot accurately predict the second jet penetration due to
the changed in-cylinder flow and turbulence field induced by the first
injection, despite their accurate predictions for the single injection
cases. It has been shown that re-tuning of the turbulence model
parameters might be necessary to accurately capture the second
injection. It is unclear whether this limitation universally applies to all
simulations in RANS framework. The simulations in LES framework
did not experience such drawbacks. An extensive evaluation of CFD
simulations’ capability to predict mixture distribution in multiple-
injections is still lacking; the lack of quantitative mixing data from
high-fidelity experiments is a likely contributing factor to this
knowledge gap.

Ignition and combustion evolution processes

As discussed earlier, due to the strong interaction between the flow
fields of the two injection events, under reactive conditions this
interaction is expected to greatly influence the ignition process and the
subsequent combustion and resulting pollutant formation. Hence, in
the case of multiple-injections, it is justifiable to expect that both the
injection strategy and boundary conditions will have a strong influence
on the interacting process. Thus in the case of pilot-main strategy, at
fairly long dwell times, it is reasonable to expect that the combustion
products of the pilot injection will mix sufficiently well with the in-
cylinder ambient, so that the ignition delay at any reasonably high bulk
gas temperature before the main injection event is indistinguishable
from the single injection case. Under shorter dwell times, the
combustion products of the pilot injection may not have mixed well
with the surrounding in-cylinder ambient and a locally hot region not
reflected in the average bulk gas temperature can potentially lead to a
much shorter ignition delay of the main combustion than would be
suggested by the average bulk gas temperature.

Furthermore, the progress of reactions within the spatial extent of the
first injection is of paramount importance to the mixing, ignition,
combustion and the pollutant formation associated with the second
injection. The potential scenarios for the combustion progress of the
first injection during regular operating condition include: vaporization
without any reaction, low-temperature chemistry (i.e., first-stage, cool-
flame ignition), high-temperature chemistry (i.e., second-stage
ignition) without soot formation or high-temperature fuel-rich
chemistry leading to soot formation. However, it is justifiable to expect
that the different spatio-temporal regions within the first injection are
likely to be undergoing all of the possible reaction stages listed above,
which makes the dwell time associated with the multiple-injection
strategy a critical parameter [18]. With short dwell time between
injections, the second injection has been shown to continue its
penetration further beyond the upstream, cool flame remnants from the
first injection and it tends to ignite and burn closer to the downstream
high temperature combustion products from the first injection [28]
resulting in a longer lift-off length [17]. However, with a longer dwell,
both the cool flame and high temperature combustion products from
the first injection recede closer to the injector, which causes the
ignition and combustion of the second injection to happen much closer
to the injector resulting in a shorter ignition delay with combustion
happening in a more fuel-rich mixture [28].

Several researchers have studied this complex interaction between the
reactive flow fields of multiple-injections by experimentally probing
the spatio-temporal progression of first-stage, low-temperature
ignition and the second-stage, high-temperature ignition. Mapping of
formaldehyde distribution using PLIF [18, 28, 44-47] or softening
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(reduction in contrast due to increase in local temperature) in schlieren
imaging [18, 44, 46-50] has been widely used as an indicator of first-
stage, low-temperature ignition while tracking of second-stage, high-
temperature ignition has been typically done through OH-PLIF
imaging [28] or OH* chemiluminescence [45] or natural flame
luminosity [17, 18, 45, 50].

Under standard ECN Spray A [51] (900 K, 15% O2, 22.8 kg/m?)
conditions, the typical progress of ignition and combustion for a single
injection has been well characterized and can be summarized as
follows: The first-stage, low-temperature (cool-flame) ignition that
tends to occur first in fuel-lean equivalence ratios present
predominantly at the radial periphery of the spray head on the injector
side, rapidly spreads as a volumetric first-stage ignition event
throughout the spray, which is then followed by the second-stage,
high-temperature ignition [22].
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Figure 8. Schlieren (left) and formaldehyde PLIF (right) showing the temporal
evolution of ignition as the second jet penetrates into hot burnt residuals from
the first injection under 900 K ambient conditions. Reprinted with permission
from [18]. © SAE International.

The temporal evolution of the ignition process for multiple-injection
strategy under ambient conditions of 900 K and 750 K is summarized
in Figure 8 and Figure 9 respectively. At 900 K ambient temperature
(c.f. Figure 8), for the first injection, due to its shorter ignition delay
(~ 0.17 ms), the formaldehyde that begins to form downstream of the
characteristic lift-off length on the injector side [22, 52, 53] is quickly
consumed by the progress of “high-temperature combustion recession”
[53] whereby, the flame advances from the characteristic lift-off to the
near-injector region. Simultaneously increasing amounts of PAH
fluorescence is observable at the head of the spray indicating formation



of soot precursors [18, 44, 45, 48]. Using a closed homogenous reactor
(CHR) formulation based on the estimated adiabatic mixing
temperature and the local equivalence ratio using the Musculus-Kattke
model [36] near the lift-off length, it has been shown that the second
injection penetrates into a high temperature environment (~1200 K)
filled with reactive radical species and combustion products from the
first injection [18, 28, 44-48]. Due to the rapid penetration of the
second injection into this high temperature reactive environment left
behind by the first injection, the second injection undergoes rapid
progression into second-stage ignition without any evidence of first-
stage, cool flame reactions observed earlier for the first injection i.e.,
the high-temperature ignition delay of the second injection (~0.17 ms)
is reduced by a factor of two when compared to the first injection
(~0.35 ms) [18, 44-49]. Furthermore, the observed increase in the rate
of PAH formation [18, 46, 50] for the second injection is attributed to
a combination of the reduced Oz environment [54] left behind by the
first injection and a rapid progression of second-stage combustion with
the second injection occurring near the fuel-rich mixtures present
around the liquid length. Following the end of the second injection, a
second combustion recession follows. It is to be noted that from a
practical perspective, the consumption of incomplete combustion
products near the injector region following the end of injection can
possibly mitigate UHC emissions and improve combustion efficiency.

At 750 K ambient temperature (c.f. Figure 9), due to excessively long
ignition delay (~ 2 ms) associated with the first injection, it is still in
its cool-flame, first-stage combustion i.e., no onset of second-stage,
high temperature combustion as the second injection starts to
penetrate. Thus, the second injection now tends to interact with the
cool-flame products of the first injection unlike the high temperature
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Figure 9. Schlieren (left) and formaldehyde PLIF (right) showing the temporal
evolution of ignition as the second jet penetrates into the cool-flame products
of the first injection under 750 K ambient conditions. First injection undergoes
high-temperature ignition only after interacting with the second injection.
Reprinted with permission from [18]. © SAE International.
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ambient case discussed earlier [18, 28, 44, 45, 47, 48]. Furthermore,
the prolonged ignition delay also allows for a longer mixing time
resulting in a moderate, first-stage, heat release resulting in the
formation of a more homogeneous fuel-lean mixtures with
temperatures close to the 750 K ambient. The interaction of the second
injection with the cool-flame products of the first injection leads to its
first-stage ignition which is then followed by the onset of second-stage,
high-temperature combustion across the entire jet. Although it is
unlikely that regions of formaldehyde from the first injection overlap
with the spatial extent of the second jet penetration, the observed
reduction in the ignition delay of the second injection (again roughly
by a factor of 2) can be attributed to the presence of other reactive
intermediates such as hydroperoxyl radical that precede formaldehyde
formation in cool-flame combustion [18, 44, 46, 48]. Though it was
not conclusively shown that the spatial location of the second-stage
ignition initiates within the second injection, it is clear that the onset
of the second-stage, high temperature ignition is enabled only by the
presence of the second injection under these low temperature ambient
conditions [18, 44, 47, 48]. Further, as a majority of the upstream and
downstream mixture remain fuel lean, high-temperature combustion
appears to be confined to isolated regions as indicated by the large
regions of formaldehyde signifying broad and persistent zones of
incomplete combustion leading to low combustion efficiencies [18,
44]. Despite this, it is important to note that a single injection under
similar conditions is unlikely to even undergo second-stage ignition,
which would ultimately result in combustion efficiencies far below
75% with increased UHC emissions, making this finding relevant to
cold-start and engine idle conditions [18].

RANS [17, 42, 43, 55] and LES [39-42, 46, 56] studies exploring
multiple-injection strategies under reactive environments have
concurred with the experimental findings discussed earlier, that the
dwell time and the boundary conditions have a strong influence on the
ignition and combustion processes associated with multiple-injections.
Under reactive conditions, the enhanced penetration rate of the second
injection is attributed to some extent to the expansion of the burned gas
that results in a lower ambient density that reduces the resistance ahead
of the second injection in addition to the residual momentum effects
from the first injection. In general, based on the dwell time and ambient
conditions, there are at least two ways by which that the first injection
can change the ignition and combustion characteristics of the second
injection resulting in a much shorter ignition delay when compared to
the first injection. First, the combustion residuals from the first
injection can enhance the reactivity of the near-nozzle region, thereby
reducing the ignition delay time of the second injection. Second, the
enhanced penetration rate of the second injection causes it to enter the
high temperature reaction zone of the first injection, which leads to a
reduced ignition delay.

The importance of combustion modeling in the context of split
injections was highlighted in [43, 57]. Though simpler combustion
models like the popular SAGE model [58] do not account for the
turbulence-chemistry interaction, these models are likely to offer a
similar performance for modeling multiple injections as when they are
used to model single injections. Furthermore, when coupled to a
machine learning frameworks, such models have been successfully
used to optimize the in-cylinder geometry and the injection strategy
with demonstrated performance improvements [59, 60]. However, on
the contrary, some more involved combustion models like the CMC
[57], RIF [61] and FGM [62] might experience issues when trying to
predict the combustion of the second injection. In simpler terms, the
progress variable (and/or the local state of the flamelet) results in a
memory effect, i.e., when fresh fuel from the second injection enters a
computational cell with predominantly burnt products, these models



typically predict the fuel rapidly combusting into a fully burnt state,
which is in clear contradiction to the experimental observations.
Successful extensions to these model have been proposed in an attempt
to handle these deficiencies, nevertheless, most commercial codes do
not include these extended models in their baseline distributions. Aside
from the increased computational cost associated with the use of such
advanced models, they also tend to require considerable level of user
experience and potentially additional tuning. Furthermore, the sub-grid
mixture fraction profile assumptions of these models can be potentially
challenged in the case of multiple-injections i.e., in the early stage of
interaction between the two jets, the common beta-PDF assumption for
sub-grid mixture fraction fails and a bi-modal distribution with the
peaks corresponding to the two separate fuel-injection streams was
observed particularly in the region where the second jet undergoes
ignition [43]. The importance of this finding has not been clarified up
to date.

A simulation work in the DNS framework with simplified injection
process investigated the interaction process between consecutive
injections on a fundamental level [63]. The findings of practical
importance include both the sensitivity of ignition delay in the jet
interaction zones to local turbulence levels, which can delay the
ignition if too high, and the finding that the ignition of the second jet
indeed proceeds through autoignition. The presence of burnt products
in the air stream tends to delay the ignition, nevertheless, the elevated
temperature of the air stream mixed with combustion products prevails
and accelerates the ignition.

Formation of NOx

Several widely accepted chemical pathways have been proposed to
describe NO formation. These include: (i) Thermal (Zeldo’vich)
mechanism (ii) prompt NO mechanism (iii) Nitrous-oxide (N20)
mechanism and (iv) Fuel-bound nitrogen conversion to NO
mechanism. The thermal NO pathway involves NO formation
primarily facilitated through dissociation of molecular nitrogen and
oxygen at high gas temperatures. Since the activation energies of the
reactions that form NO through the thermal mechanism are relatively
high, the chemical equilibrium kinetics that favor formation of NO are
fast enough to be significant in engines only at temperatures above
1900 K [64]. The thermal mechanism is most important for
stoichiometric and lean premixed flames, and on the oxidizer side of
diffusion flames. The prompt NO pathway is initiated when
hydrocarbon fragments i.e., CHx react with atmospheric nitrogen to
form intermediate species, such as HCN and NHx [65]. Depending on
the local conditions, these reactive intermediates are either oxidized to
form NO, often termed “prompt NO,” or react with NO to re-form
molecular nitrogen, as in reburning. Prompt NO chemistry is most
active in rich premixed flames and on the fuel side of diffusion flames,
where there are zones of both significant production and destruction of
the intermediate hydrocarbon species [65]. The N2O mechanism
involves NO formation through third-body reactions that lead to the
formation of N2O (O + N2 + M) which on subsequent decomposition
yields NO as opposed to the traditional Zeldo’vich direct NO
formation pathway. This N2O pathway plays a significant role in NO
formation under lean-premixed environments. In the case of diesel
engines, under increased EGR dilution rates that lead to high
combustion pressures and lower flame temperatures, N2O mechanism
for NO formation becomes prominent [66]. Since diesel fuels typically
contain insignificant quantities (<100 ppm) of fuel-bound nitrogen, the
fourth pathway is likely to be unimportant for diesel combustion.

Due to the strong temperature dependency of the NOx formation
kinetics, it is reasonable to expect lower NOx emissions with reducing
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reactant and thus reducing adiabatic flame temperature [67]. i.e., NOx
emissions correlate closely to the adiabatic flame temperatures.
However, contrary to this widespread understanding, it has also been
reported that this expected correlation between NOx formation and
adiabatic flame temperatures does not always hold, especially for
operating conditions with large proportions of premixed burn [68].
Under such conditions, it has been reported that combustion phasing
alone i.e. compression heating of reactants, is insufficient to explain
the observed NOx trend and the compression heating of burned gases
(prior to mixing with cold unburned gases) and the residence time in
these environments may be responsible for a part of the observed trend.
Under such reduced ambient temperature conditions, the adiabatic
flame temperature decreases, but due to the increased ignition delay,
the proportion of premixed burn increases. However, the associated
equivalence ratio evolution over time i.e. the mass distribution in the
equivalence ratio - temperature space with the local peak temperatures
being the closer to the adiabatic flame temperature, suggests limited
heat dissipation within the volume of burned gases and limited mixing
with unburned gases [67]. Due to the high rates of energy release
associated with the premixed combustion phase, especially in regions
of fuel-rich equivalence ratios, it is possible that combustion products
are further compressed by the ongoing reactions that increase the
pressure causing their temperatures to increase to super-adiabatic
levels (exceeding equilibrium values) briefly resulting in an increased
NOx emissions under premixed burn-dominated operating conditions
[68, 69]. But for conditions with excessively long ignition delays, it is
expected that part of the premixed fuel is likely to be too lean to form
substantial thermal NOx in the products of premixed burn [68].

Several engine experiments [11, 70-76] have shown that multiple-
injection strategies can potentially shift the soot-NOx trade-off curves
of a diesel engine closer to the origin than those operating with
conventional single injection thereby reducing both soot and NOx
emissions significantly. Though pilot-main injection strategies have
shown to reduce NOx emissions with only a minimal increase in soot
emissions while maintaining the same combustion duration [70-72],
the mechanism behind NOx reduction in the pilot-main strategy is not
fully understood. It has been observed that the NOx exhaust levels
depend on the percentage of pilot fuel injected. With increasing
quantity of fuel during the pilot injection, there appears to be first a
decrease, then a minimum followed by an increase in the measured
NOx levels. The increase in the NOx levels with continued increase in
the pilot fuel quantity is at least in part due to the increase in the
average ambient temperature caused by pilot-fuel combustion, despite
the resulting decrease in the premixed combustion phase during the
main injection event. The pilot-main strategy has been shown to be
especially effective under lower load conditions as opposed to medium
and high load conditions, where pilot injections have not proved to be
effective in achieving NOx reduction. This is in-line with the
understanding that the pilot-injections reduce NOx formation by
limiting the amount of fuel that tends to burn in the premixed
combustion phase, which is rather low at high-load conditions with
long injections.

One reason for the observed NOx reduction with multiple-injection
strategy is attributed to the ability of the pilot injection to reduce the
duration of the main injection thereby allowing its timing to be retarded
further compared to the single injection case. The combustion of fuel
from the pilot injection increases the ambient temperature and radical
concentrations within the cylinder before the start of main injection.
This causes a considerable reduction in the ignition delay of the fuel
injected during the main injection. Hence, the combustion of the main
injection is therefore predominantly mixing controlled and
characterized by lower rates of heat release than for premixed



combustion. The relatively small amount of pilot fuel, combined with
the interruption in the rate of injection, results in a smaller amount of
premixed combustion than for a single injection, which on a
macroscopic level results on a slower increase of cylinder mean
temperature and pressure [8, 13, 14]. Furthermore, the combustion of
the pilot injected fuel prior to the main injection can produce a form of
internal EGR, i.e., if the quantity of a pilot injection is sufficiently
large, the burned gas produced by its combustion will dilute the in-
cylinder oxygen concentration for the main injection which also
contributes to the reduced NOx formation. As the Zeldo’vich
mechanism is strongly influenced by local temperature and
equivalence ratio, the NO formation rate indeed increases with
temperature increase and in correspondence of equivalence ratios near
stoichiometric conditions. Moreover, the rapid decrease of temperature
during the expansion stroke freezes the reactions involving NOx,
causing NOx exhaust levels greater than those achievable under
chemical equilibrium conditions.

One of the remaining questions is the role of prompt NO formation.
Some recent advanced optical diagnostics detected substantial NO
formation within the diesel jet head, which could be attributed to
prompt NO formation [67]. The importance of prompt NO might
increase at higher EGR rates (prompt NO formation is not strongly
impacted by EGR) as suggested by some numerical simulations of
diesel jets [67]. Nevertheless, the formation of prompt NO in diesel jet
is still largely unexplored.

In CFD, NOx models assuming the Zeldovich mechanism in general
perform reasonably well and offer some predictive capabilities.
Common approaches include either an extension of a chemical
mechanism with the extended Zeldovich mechanism or a separate
integration of NOx production using the radical concentrations from
either the combustion model or equilibrium radical concentration sub-
models [77]. The remaining questions are the importance of prompt
NOx inclusion and the importance of accurately capturing the
turbulence-chemistry interactions, which might be challenging
considering the model deficiencies discussed in the previous section.
At least under certain conditions, the turbulence-chemistry interaction
will be important as shown for single injection cases in [67]. NOx
sub-models which modify the local NOx production rate based on the
local scalar dissipation rate could potentially bridge the gap between
the direct-integration of combustion models and predictive NOx
modeling under conditions where the turbulence-chemistry
interactions can significantly affect the local NOx production rate.
Considering the connection between the premixed-burn phase and the
engine-out NOx discussed earlier, turbulence-chemistry interaction
might be of importance for NOx generation under split injection
operation. However, further research is needed to answer these
remaining questions.

Preliminary conceptual model of multiple-
injection processes: a review of current
understanding

Based on the past research, a new conceptual model of multiple-
injections physics is presented to outline the existing understanding of
the complex interplay between the underlying flow physics and
combustion chemistry involved in such flows i.e., the physico-
chemical interaction between the multiple-injections, which ultimately
govern the ignition and subsequent combustion processes thereby
dictating the effectiveness of this strategy.
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Mixing

Fuel mixing and penetration of consecutive jets is visualized in Figure
10 based on the existing understanding of multiple-injection
interaction, which is limited due to the absence of reliable mixing
diagnostics for multiple-injections and only a limited number of
published studies. It is clear that the second jet penetrates faster than
the first jet, nevertheless, no scaling laws analogous to the scaling laws
[34, 35] for a single injection have been published up to date. The
second jet penetration is dependent on the dwell time between the
injections and likely also on the end-of-injection transients like the
steepness of the ROI at the EOI. It was conclusively proven than the
liquid length remains constant for both injections despite the faster
penetration of the second jet liquid and vapor phase.
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Figure 10. A conceptual schematic of the multiple-injection strategy
highlighting the liquid and vapor penetration rates along with the mixture
distribution from the first and second injection based on the current
understanding. The empirical scaling laws [34, 35] shown here correspond to
that of a single injection.

The degree of mixing between the injections and the spreading angle
() of the second injection relative to the first injection are contested.
The current schematic (c.f. Figure 10) is based on the mixing study



from [25, 26, 28] and RANS simulations investigating the mixing
between injections. The spreading angle of the second injection
relative to the first injection remains contested, nevertheless, the
second injection does catch up with the jet head of the first injection
(unless the second injection is very short or the dwell time excessive).
RANS simulations showed that the second injection penetrates through
the vapor jet of the first injection segregating the first injection fuel
vapor to the recirculation zone behind the jet head. Further simulations
and/or experiments investigating the mixing between two jets are
needed to better characterize the mixing between the jets and the
distribution and mixing profile of the jet vapor from each injection.

Fuel ignition and combustion process

The jet-jet interaction, ignition and combustion process strongly
depend on the ambient temperature (governing the ignition delay) and
the dwell time between injections. Figure 11 visualizes three different
scenarios for different ignition delays relative to the injection duration
(short, intermediate, long). This conceptual model is primarily based
on findings from [18] with further insights from other sources when
appropriate/available.

The left column visualizes a short ignition delay case where the first
injection undergoes conventional two-stage ignition process (panel 1)
and establishes a lifted diffusion flame before the EOI (panel 2).
Following the EOI1, the end-of-injection entrainment wave [36] onsets
and leads to a lean-out of mixture upstream of the entrainment wave
head, limiting the diffusion flame to the jet head (panel 3). At the same
time, the flame recesses towards the nozzle resulting in high
temperature burnt zones located at short distance from the nozzle
orifice. The second injection then penetrates into these hot products of
the first injection flame recession (panel 4) and undergoes rapid
autoignition. It is unclear whether the second jet undergoes a cool-
flame stage or directly transits into high-temperature ignition. The
exact mechanism of ignition and the driving mechanisms are not fully
known. Following the ignition, a lifted diffusion flame stabilizes with
a shorter lift-off distance than observed for the first injection. The
mechanism for the shorter lift-off could be increased in-cylinder
temperature and/or slow lift-off stabilization following the ignition by
hot gases at an upstream location, analogous to the observations when
fuel-jet is ignited at an upstream location with a laser spark [78].

The middle column visualizes an intermediate ignition delay scenario
with the first jet igniting after the EOIl but with the ignition delay
sufficiently short that the first injection ignites reliably and
independently of the second injection progress. In this scenario, the
first injection undergoes a cool-flame first stage autoignition either
before or after the EOI1. Following the EOI1, the cool-flame recesses
towards the nozzle resulting in products of the cool-flame located even
very near the nozzle. Depending on the exact conditions, the high
temperature autoignition of the first jet occurs near the jet tip, before
or somewhat after the SOI2. The prolonged ID1 and therefore, the far-
progressed entrainment wave results in a limited extent of the diffusion
flame near the jet tip where the equivalence ratio is highest. The high
temperature ignition then only slowly recesses towards the nozzle
while the second injection penetrates into the cool-flame products of
the first injection. The second injection then rapidly experiences cool-
flames which are likely accelerated both by the radicals and increased

" Personal communication (unpublished data) with Randy Hessel
from Wisconsin Engine Research Consultants.
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temperature from the first injection cool-flames. High temperature
ignition occurs faster than for the first injection and a diffusion flame
is established, which encompasses the second injection jet extent
downstream of the liftoff length and potentially, the remaining
diffusion flame zones from the first injection (panel 4). As the second
jet catches up with the first jet penetration, both diffusion flame zones
will merge. After the EOI2, the second entrainment wave progresses
to reduce the extent of the diffusion flame to the jet tip. The cool flame
and the high temperature flame both towards the nozzle, however, due
to the lean mixtures near the nozzle the high temperature flame
recession stops before reaching the nozzle, leaving regions of UHC
near the nozzle regions.

The third scenario (right column, Figure 11) occurs when the charge
temperature is very low, resulting in long ignition delay. The first jet
might fail to reliably autoignite before a considerable interaction with
the second injection occurs. Only the fuel-richest zones within the first
injection jet undergo cool-flames leaving extensive zones of unreacted
fuel near the nozzle (panel 1). The second injection first penetrates into
the unreacted fuel vapor from the first injection (panel 2) before it
reaches the cool-flame products (panel 3) and undergoes first stage
autoignition earlier relative to the first injection. These cool flame
products are at fuel-richer conditions and therefore, proceed to the
high-temperature autoignition which is initially limited to the extent of
the second injection jet tip (panel 4). The high-temperature flames do
slowly spread to leaner mixtures (panel 5) but extensive zones near the
edges of the jet and upstream of the burnt flame zones remain too lean
to burn or even undergo cool-flames. The diffusion flame might not
establish at all since the mixtures potentially lean-out to below
stoichiometric before the ignition.
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Figure 11. A schematic conceptualizing the ignition and combustion process for two consecutive fuel injections based on the current understanding. Three scenarios
depending on the charge temperature (ignition delay) and dwell time are depicted.

Effects of in-cylinder bulk motion, jet-wall and jet-bowl
interactions

The jet-jet interactions of free jets under reactive and non-reactive
conditions are to some extent understood, however, only very limited
literature is available for jets in constrained geometry like the diesel
engine combustion chamber. This might be in part due to a large
variation of proprietary piston bowl geometries in the commercial
products, various approaches regarding the use of swirl and also the
differences in the extent of jet-bowl interaction between small-bore
light-duty engines and larger heavy-duty and off-road engines. The
piston bowl geometry has a strong influence on the in-cylinder air
motion as it tends to dictate to a great extent, the development of the
complex turbulent flow field at the end of the compression stroke [79].
For example, a wave-shaped piston [80-83] was been shown to
improve late-cycle, air-fuel mixing during the diffusion combustion
phase by efficiently guiding the near-wall jet flow back towards the
combustion chamber center thereby creating a unique recirculation
flow known as the radial mixing zone [82]. This radial mixing zone
formed by the cylinder flow interactions of the adjacent flames from
the fuel jets leads to increased level of turbulence in the reaction layer
that improves fuel-air mixing and promotes faster and more complete
combustion thereby increasing thermal efficiency and thus reducing
soot emissions [80-83].
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It is conceivable that the jet impingement on the bowl redirects the
gases back towards the center resulting in a 3-dimensional motion
which will largely depend on the angle of impingement, jet-jet
separation in multi-hole injector and other features in the piston bowl.
Experimental studies [84] carried out in constant volume chambers
have conclusively shown that soot levels are significantly lower in a
plane wall jet (wall impingement) compared to a free jet, most likely
caused by the increased fuel-air mixing and a wall-jet-cooling effect.
However, jet confinement (simulating jet-jet or jet-adjacent wall
interactions) causes combustion gases to be redirected towards the
incoming jet, causing the lift-off length to shorten resulting in
increased soot generation. However, this effect can be avoided by
ending fuel injection prior to the time of significant interaction with
redirected combustion gases or by increasing the ambient gas density
that delays jet interaction, or by using reduced ambient oxygen
concentration that increases the ignition delay [84]. Figure 12
visualizes two potential scenarios of fuel distribution after the first
injection impinged on the piston bowl, aiming to demonstrate the
implications of different in-cylinder fuel distribution of the progress of
subsequent injections. In a scenario with weak recirculation and weak
in-cylinder bulk flow (left panel), the jets impinge on the wall but do
not create strong recirculation zones and only weakly interact with
other jets. This scenario was reported in LTC combustion strategies in



heavy-duty diesel engines [7, 23]. In the case of multiple-injections, in
this scenario the ignition and combustion process of the second
injection will likely progress analogously to the free jet process (c.f.
Figure 12).

A scenario with strong recirculation (and/or strong bulk motion) is
depicted on right panel in Figure 12 and results in a distorted first jet
fuel distribution relative to a free jet and low-recirculation scenarios.
Following the impingement, the jets are redirected in a tangential
direction until they interact with the neighboring jets creating zones
with the highest fuel concentration in the region between the initial
jets. The end-of-injection entrainment rapidly reduces the equivalence
ratio on the jet axis. A further distortion of this fuel distribution pattern
is possible due to the in-cylinder swirl. When the second jet is initiated
it might take longer until it interacts with the first jet fuel or burnt
zones. Also, it is possible that the initial jet-jet interaction first occurs
at the radial periphery of the second jet rather than at the spray tip. The
implications of such a scenario on both the effectiveness of the pilot
injection on reducing the ignition delay and NOx formation and on the
needed amount of pilot fuel are currently unclear.
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Figure 12. A schematic of potential mixing a fuel distribution scenario in a
realistic diesel engine combustion chamber, depending on the strength of
recirculation and bulk flow motion.

Summary and Remaining research questions

In summary, many unanswered questions remain a barrier to a design-
level understanding of processes governing the interaction between
consecutive fuel injections and the resulting mixture, ignition,
combustion and pollutant formation processes. This is in part due only
a limited body of literature covering this topic with advanced optical
methods and high-fidelity simulations, and in part due to the
experimental challenges when attempting to distinguish fuel vapor
from each injection, accurately visualizing the rapid progress of
ignition process in the presence of soot and PAH interferences as well

Page 12 of 16

10/12/2021

as challenges associated with in-situ visualization of NOx formation.
Since multiple-injections are routinely used in the industry with even
more than 8 injections per cycle and the associated multitude of
degrees of freedom, improving the understanding of underlying
processes can considerably reduce the time and effort needed to
develop engine operating maps and highlight the potential technology
advances through targeted improvements to the remaining technical
challenges. Below, a summary of most prominent remaining research
questions is listed:

Mixing

A conceptual understanding of mixing between the jets following the
initial interaction is lacking. This is primarily associated with the
experimental challenges characterizing such processes and might be
resolved by advanced optical techniques or recent advancements in
time-resolved mixing diagnostics which might be able to compensate
for the lacking specificity regarding which injection the fuel originated
from with high temporal resolution allowing to track the features from
each injection in time.

Regarding the engineering models of mixing and jet evolution,
currently no simple power-laws exist which would describe the second
jet cone angle and penetration speed relative to the injection pressure,
dwell time and the steepness of SOI and EOI transients.

The other remaining questions are associated with the jet-wall and jet-
bowl interactions in realistic combustion chamber geometries. The
existing optical engine data provides insights into single-injection
mixing processes under non-reactive conditions, nevertheless, the
design-level understanding of how the piston-bowl can be optimized
to ensure optimal pilot- and post-injection effectiveness remains to be
established. Despite the large variation in proprietary piston bowl
geometries on the market, such understanding could significantly
accelerate the development of new geometries.

Ignition

The remaining questions on the topic of ignition primarily persist on
finer details while the general understanding of the interaction of
second jet with the first injection has been established. On a more
fundamental level, the mechanism of ignition of the second jet under
all relevant conditions is not fully understood. The role of flame
propagation from an existing diffusion flame, autoignition due to
mixing with hot products, radicals from first and second stage ignition
and the relative role of each of those should be explored.

A large group of unanswered questions remains regarding the role of
EOI transients (steepness of the ROI at EOI, nozzle dribbling, etc.) on
the second injection autoignition process. Both the cool-flame and the
high-temperature combustion recession will be impacted by the
strength of the EOI entrainment wave while the needle dribble might
seed large droplet of fuel near the nozzle which can later serve as
ignition spots very near the nozzle. The strength of these effects on
combustion recession needs to be quantified and it has to be established
how each of these processes affect the effectiveness of pilot injection
to reduce the ignition delay while potentially avoiding excessive soot
production due to fuel ignition at very short axial distances.

Further questions involve the role of piston bowl and bulk cylinder
motion on the pilot-fuel ignition, the interaction between the jets and
the effectiveness of pilot-fuel injection.



Recirculation after the first jet impacts the piston bowl — does
this intensify or reduce the interaction between the consecutive
injections?

The role of swirl in engines — does swirl reduce the interaction
between the jets, and is this desirable or detrimental for the
ignition process?

Can the high turbulence and cold environment in early jets
extinguish the recessed flame, only to undergo autoignition at
a later time?

NOx Formation

The mechanism by which pilot injections can help reduce the
NOx formation — Is it due to reduction of prompt NOx as result
of higher extent of diffusion flame, or differences in associated
turbulence-chemistry interactions (lower peak temperature due
to turbulent mixing), compression of burnt gases or other
mechanisms?

The role of EGR and effectiveness of pilot injections for NOx
reduction in conjunction with EGR? Does the prompt NOx take
over (higher the EGR, more prompt NOx is expected)?
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Definitions/Abbreviations

CO: Carbon-di-oxide

NOx Nitrogen Oxides

NO Nitric oxide

N20 Nitrous oxide

UHC Unburned Hydrocarbons

PAH Polycyclic Aromatic Hydrocarbons

HCCI Homogeneous Charge Compression Ignition

PCCI Premixed-Charge Compression Ignition

LTC Low Temperature Combustion

EGR Exhaust Gas Recirculation

EGT Exhaust Gas Temperature

CRDI Common Rail Direct Injection

DBI Diffused Back Illumination

LAS Laser Absorption Scattering

LIEF Laser Induced Exciplex Fluorescence

PLIF Planar Laser Induced Fluorescence

ROI Rate of Injection

SOI Start of Injection

EOI End of Injection

ASOI After Start of Injection

AEOI After End of Injection

[0} Spreading Angle

LOL Lift-off Length

ID Ignition Delay

RANS | Reynolds Averaged Navier Stoke

LES Large Eddy Simulations

CHR Closed Homogenous Reactor

CMC Conditional Moment Closure

RIF Representative Interactive Flame

FGM Flamelet Generated Manifold




