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Abstract

Combustion processes operating under the low-temperature (LTC) are a
promising alternative for internal combustion engines, achieving high effi-
ciency and low emissions within the legislative framework. Under this field
of study, the concept of Premixed Charge Compression Ignition (PCCI) was
introduced to control the combustion phase by varying the injection strategy.
The present research, based on the aforementioned combustion strategy, em-
ploys Computational Fluid Dynamics (CFD) to study the mixing, ignition
and initial combustion processes in a Rapid Compression and Expansion Ma-
chine (RCEM). The operating conditions of the PCCI strategy are achieved
through the split injection technique, which separate the injection into sev-
eral shots. In this case, the injection strategy consists of a long base injection
and two very short, consecutive post injections delivered when the piston is
close to the top dead center. Three different operating conditions have been
considered which differ mainly in the duration and the starting time of the
first injection. Large Eddy Simulations (LES) are selected to account for
the effects of turbulence. Results are validated against experimental data,
showing good agreement between both approaches. The effect of the first
injection on the second one in multiple injection strategy is appreciated as
the penetration of the subsequent fuel sprays is faster. Differences in the
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local mixture field and ignition dynamics are observed as a function of vary-
ing operating conditions. The ignition process is highly influenced by the
operating strategies affecting the distribution of the mixture and thus the
location of the low temperature oxidation. In the current computational
study, in addition to the evaporating fuel scalar, the corresponding source
term due to evaporation has also been provided to three passive transported
scalars, namely three mixture fractions, one for each injection event. This
allows for discerning the fuel stemming from each one of the pulses in the
overall distribution, thus offering new insights into the effect of the injection
strategy.

Keywords: Premixed Charge Compression Ignition, Rapid Compression
and Expansion Machine, CFD, Large Eddy Simulation, mixing and ignition
dynamics

1. Introduction

In recent decades, public concern on the increase of air contamination and
the reduction of fuel resources has risen. This has provoked governments to
further tighten regulations of the homologation tests [1, 2]. The regulations
on the level of pollution and CO2 emitted by combustion engines to the atmo-
sphere combined with ongoing quest to enhance engine efficiency, prompted
the scientific community to explore alternative methods to traditional com-
bustion systems that are capable of meeting current and future requirements.
In this context, one of the most promising alternatives is the application of
low temperature combustion (LTC) concepts for direct-injection diesel en-
gines [3]. LTC modes are characterized by highly diluted mixtures in effort to
decrease the overall temperature of the combustion process. Consequently,
complete combustion is achieved by controlling the physical and chemical
processes of the air-fuel mixture and ignition timing. Therefore, LTC has
been described by researchers as an interesting approach to increase thermal
efficiency and minimize NOx formation and soot emissions [4, 5]. Under this
field of study, the concept known as Homogeneous Charge Compression Ig-
nition (HCCI) has potential to improve efficiency. The HCCI concept has
the advantage of being applied in either compression ignition (CI) or spark
ignition (SI) engines [6, 7]. Usually, a homogeneous lean air–fuel mixture
is created due to the premixed process. It ignites automatically in several
locations and is then burned volumetrically without visible flame propaga-
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tion [8]. Once ignited, combustion takes place very rapidly and is completely
governed by chemical kinetics rather than the mixing rate in CI engines or
the turbulent flame propagation speed in SI engines. Although HCCI is ben-
eficial in terms of efficiency and emissions, it has some drawbacks such as
a higher rate of pressure increase, lack of control of the combustion phase,
unburned hydrocarbons (UHC) and a limited operating load range [9]. In
order to extend the operating load range in HCCI, numerous alternatives are
provided such as the use of exhaust gas recirculation (EGR) [10], intake air
preheating [11], variable compression ratio [12], supercharging [13] and water
injection [14, 15]. Since the ignition timing and the combustion process are
mainly determined by the composition of the fuel, it is very challenging to
achieve accurate control of the ignition timing. Consequently, the concept
of Premixed Charge Compression Ignition (PCCI) was introduced to over-
come the major weaknesses of the HCCI in terms of inadequate combustion
phases and limits of operability [16]. This approach, unlike the HCCI, has
some control over combustion by varying the injection strategy.

The PCCI combustion concept is mainly focused on separating the start
of injection from the start of combustion (ignition delay), so that a uniform
mixture environment can be reached before ignition occurs. This strategy
avoids local rich areas and, thereby, resulting in low soot emissions [17].
PCCI operating mechanism is based on combining very early or late injection
timing, high injection pressure, low compression ratio and high levels of EGR.
All these strategies allow the combustion process to occur at low temperature
below the NOx formation range. As it is already known, PCCI strategy has
a hybrid operation between conventional and HCCI combustion modes so
that the limiting processes are modified by the kinetic characteristics or the
injection strategy [18]. The present research is focused on the study of the
mixing and ignition behavior when a PCCI strategy is used and multiple
injections are applied to control the combustion phase.

Over the last years, many studies have focused on analysing LTC models
both experimentally and computationally. Desantes et al. [19, 20] performed
autoignition propagation analysis under HCCI conditions using a rapid com-
pression expansion machine (RCEM). They determined the ignition delay
of pure fuels as well as of different mixtures and evaluated the velocity and
the characteristic duration of combustion process. Kokjohn et al. [21] in-
vestigated the potential of controlling premixed charge compression ignition
(PCCI and HCCI) combustion strategies by varying fuel reactivity through
the dual-fuel technique. Their findings suggested that the overall fuel reac-
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tivity is able to control the combustion phase, but it is necessary to stratify
the fuel reactivity to control the rate of heat release as the load increases.
These studies were focused not only on the analysis of reaction kinetics but
also on the injection strategy. Advanced direct injection systems are flexible
and enable the injection to be divided into several pulses during an engine
cycle. Multiple injection strategies are one of the numerous technologies im-
plemented in modern diesel engines to improve its pollutant emissions and
high combustion noise by reducing the rate of pressure rise [22–24]. Further-
more, this method of injection improves the air-fuel mixture in the cylinder
and prevents effects such as fuel wetting on the piston walls [25]. Payri et al.
[26] carried out studies based on multiple injections in a constant pressure
and flow vessel supported with one dimensional CFD analysis. They demon-
strated that the first pulse accelerates the stationary gas in the combustion
chamber, thereby the second event loses less axial momentum and penetrates
faster than the reference single injection case. Mathivanan et al. [27] eval-
uated the effect of changing the fuel injection quantity and timing on the
performance. Their research showed about 15% improved thermal efficiency
and 24% lower smoke emission when employing multiple injections in com-
parison with the single injection case. Additionally, they found that retarding
the timing and reducing the duration of the last injection pulse decrease the
NOx emission levels. Lu et al. [28] compared single with multiple fuel injec-
tion in a PCCI engine. The studies were not only carried out experimentally
but also served for simulation validation. At low loads, there were no differ-
ences in mixture formation, emissions, and thermal efficiency between both
injection strategies. On the contrary, at high loads and compared to single
injection, a lean and homogeneous mixture formation is experienced using
multiple fuel injection. In a recent study, Doll et al. [3] experimentally mea-
sured the mixing dynamics for several split injection strategies in a RCEM
and assessed their relation to the ignition characteristics of each case.

The studies presented above, carried out both experimentally and compu-
tationally, demonstrate that many efforts have been conducted to understand
the behavior of LTC concepts, as well as the influence of multiple injections
on the mixing and combustion process. However, the addressed results were
mostly achieved at constant ambient densities and therefore lack the transient
behavior of a real engine cycle. In addition, the above mentioned investiga-
tions are focused on the interaction between subsequent injections without
taking into account the operational characteristics required for PCCI strate-
gies, such as mixture preparation. To the best knowledge of the authors
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none of the computational studies has modeled the geometry in detail. It is
well recognized that a computational simulation is able to reduce research
and development times as well as complement experimental findings by pro-
viding knowledge not available in the experiments. For all these reasons,
the objective and main originality of the present research is the detailed un-
derstanding of the flow phenomena occurring during a split injection PCCI
taking into account the transient behavior of a full engine cycle, focusing on
the analysis of the preparation of the mixture and the combustion behav-
ior. This allows explaining the experimental observations and confirming the
previously drawn hypothesis. The setup follows the detailed experimental
campaign employed in previous researches [3]. The survey will be carried
out computationally on a RCEM which will be operated with a split injec-
tion PCCI strategy. For this purpose, a prototype of detailed geometry close
to reality has been used so that all the effects and behavior of the fluid can be
accurately reproduced. High fidelity simulations, where existing turbulence
is addressed from Large Eddy Simulation (LES) approach, will be performed
in order to analyze the characteristics of the mixing formation during the
injection process. The research includes the evaluation of the mesh quality
to ensure precision in the results and focuses on spray behavior, local mixing
phenomena as well as in-depth thermodynamic analysis of global heat release
rates, the ignition process and fuel consumption. The present work not only
seeks precision in the results and validate them with experimental data but
also to demonstrate the capabilities of the models and sub-models involved
in the study and the limitations they have.

2. Problem description

2.1. Geometry - Rapid Compression and Expansion Machine

The RCEM is an experimental free floating piston device capable of repro-
ducing certain engine operating phases such as compression or initial expan-
sion with the advantage of greater control of initial and boundary conditions
[29]. One of the main strengths of this facility is the wide range of engine
operating conditions that can be tested and the easy optical access. Only by
varying the oil or air volume can critical combustion parameters such as com-
pression ratio or piston speed be controlled. The particular RCEM of study,
presented in Figure 1, has a modular design which allows to customize the
machine according to the desired test. It has two clearly differentiated parts:
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the experimental area composed by the combustion chamber where the opti-
cal accesses for the experiments are placed and the driving zone made up of
four different pistons and corresponding to the mechanical part. The pushing
piston, colored in blue in Figure 1, is pneumatically driven and hydraulically
coupled to the experimental/driver piston which is directly connected to the
combustion chamber. The stroke piston, colored in red in Figure 1, is hy-
draulically driven and can be adjusted to select the compression stroke. The
last piston, marked in light blue in Figure 1, contains the compressed air
that drives the machine by pushing the piston to the cylinder head.

The working principle of the RCEM is as follows: first, the driving gas
composed of compressed air pressurizes the oil. The driver piston is kept
immobile thanks to the perfect coupling with the stroke piston. Pressure is
then established downstream of the driver piston by means of a bypass valve
and the piston progresses at low speed in a slow compression process. The
oil volume should be kept constant so when the driver piston advances, the
pushing piston must also progress in the opposite direction. The driver piston
is suddenly accelerated and the rapid compression stroke starts when it leaves
the stroke piston. The driven air as well as the pushing oil reduces its pressure
due to the suffered expansion process. The piston stops its motion when the
pressure inside the combustion chamber is sufficiently high to balance the
pushing force and inertia, defining the TDC. TDC is highly dependent on the
operating conditions, and there is also a certain maximum driving pressure
for each operating condition to avoid piston collision with the cylinder head.
Once the piston reaches TDC, the pressure inside the combustion chamber
is greater than the pushing oil pressure and the expansion stroke begins.
A broader explanation of the RCEM operating principles can be found at
previous works [30–33].

The RCEM available at ETH-Zürich is originally designed by Testem
and subsequently modified (i.e. equipped with a liner heating and modified
piston and cylinder head(s)). Among its technical characteristics, highlight
the steel-made piston with 84 mm of bore and a quartz-made bowl with
cylindrical shape, 50 mm of bore and 2.2 mm of depth, which allows the
axial optical access. The flat shape of the bowl enables to capture images
without distorting them. Furthermore, it also has an optical access of 40
mm in diameter at the side. The stroke can be varied from 120 to 249 mm
being selected for the current study 245 mm. The compression ratio can
be operated between 5 and 30 and the maximum achievable pressure in the
cylinder is 200 bar. Further operational characteristics can be found in recent
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Figure 1: Schematic diagram of the RCEM: the compressed air drives the mass-balance
piston, accelerating the working piston towards the cylinder head. Adapted from [3].

publications [30, 34–36]. The employed injector is of solenoid type used and
characterized in previous studies [37] and mounted on the cylinder periphery
(5 mm below the flat cylinder head, 42.5 mm from the cylinder axis and
inclined 5o towards the piston).

2.2. Operating conditions - Multiple injection strategy

Multiple injection procedures, including pilot and post injections, are
referred to as useful means not only for traditional diesel combustion but
also for diesel PCCI combustion to regulate the exhaust emissions. This
research focuses on the analysis of the PCCI strategy together with the use
of multiple injections. The implementation of post injections has been chosen
for this study. Within post injections there are several strategies commonly
employed: single and double post injections. Both contribute to a significant
reduction in HC and CO as they encourage the complete combustion of the
unburned species. Some studies such as the one carried out by Park [38]
demonstrated a greater efficiency in reducing these unburned species with
the use of double injection posts due to the reduction of the distance of
penetration of the aerosol by the division of the injection post. That said,
the present work focuses on the use of a long main injection to provide an
adequate air-fuel mixture in the combustion chamber followed by a post
injection splitted into two small pulses tightly spaced to TDC.
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This article presents three different operating conditions which aim to
study diverse states of mixing at ignition while respecting the operating limits
of the machine (RCEM). These operating conditions have been designed
in [3] so that combustion takes place at low temperatures before the last
injection was partially premixed. Although computationally it is possible to
visualize the behavior of the flow throughout the entire domain, this is not
the case in experiments where optical access is limited. For this reason, the
operating conditions have been set so that the mixing and ignition process are
visible through the optical accesses of the RCEM. The mentioned conditions,
which follow the experimental nomenclature [3], are summarized in Figure 2.
The upper part of this image additionally represents the average in-cylinder
pressure as well as the position of the piston at the reference condition.

Diesel fuel consists of a complex mixture of hundreds of hydrocarbons
that differ according to crude oil sources, refining processes, regulations and
other factors. Furthermore, diesel fuel contains many fluorescing compo-
nents, precluding the application of PLIF diagnostics for experimental stud-
ies. Therefore, researchers developed alternative fuels to emulate the phys-
ical and chemical properties of diesel fuels in order to simplify the study
[39]. For this research and with the purpose of shedding light on the interac-
tion between mixing and auto-ignition, n-heptane is used as surrogate mono-
component fuel known for its diesel-like cetane characteristics. In addition,
employing n-heptane further avoids any influence from of multi-component
evaporation. The material properties of the liquid and gaseous species were
obtained from the software’s own database [40]. The injection pressure used
for all operating conditions is established to 600 bar and the back pressure
is set to the same value of 2 bar for OPs 1, 2 and 4. Since the first injection
event occurs very early, the back pressure in the chamber is correspondingly
very low, leading to large penetration and substantial spray-wall impinge-
ment as discussed. The low injection pressure was chosen to minimize this
effect. Lowering the pressures further was however found to lead to ballistic
behavior of the needle, especially for the short pulses close to TDC. That
operating condition represents realistic operating conditions for very early
injections in the engine. Regarding the piston wall temperature, it has a
experimental prescribed value of 378 K for all conditions. The cylinder liner
and head as well as the piston are heated using multiple heating elements
and a closed loop control with multiple thermocouples at different locations
is employed as discussed in [3]. Concerning the injected mass, same ener-
gizing time and therefore same injected mass has been defined in the main
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injection for OPs 1 and 4. However, OP2 has twice the energizing time of
the previous ones, thus increasing the total mass injected. The total mass
injected has been listed in Table 1 for the three operating conditions and the
different injections in each of them. In the OPs 1 and 2 the main injection
starts early in the compression stroke thus increasing the ignition delay and
allowing the air-fuel mixture in the chamber. In order to see the effect of
delaying the main injection, OP4 has been defined as 10 ms out of phase
with the rest of the conditions. The start of injection and the duration of
the splitted post injections, which means second and third injection, are the
same for all engine conditions. All of the above modifications to the operat-
ing conditions have an effect on the global compression ratio being 10.5 for
OPs 1 and 4 and 9.9 for OP2. This phenomenon is owing to the existence of
a free-floating piston in the RCEM.

Op. Condition
Injected Fuel Mass [kg]

Total Inj. Mass [kg]
(1st / 2nd / 3rd)

OP1 8.8125e-06 / 7.93125e-07 / 7.93125e-07 1.039875e-05
OP2 1.7625e-05 / 7.93125e-07 / 7.93125e-07 1.921125e-05
OP4 8.8125e-06 / 7.93125e-07 / 7.93125e-07 1.039875e-05

Table 1: Respective injected fuel mass for each injection strategy (first main injection /
second injection / third injection).

3. Computational Methodology

3.1. Model equations

The computational analysis presented in this research was carried out
using the CFD software CONVERGE v2.4, a commercial code developed
mainly for Internal Combustion Engine (ICE) simulations and based on finite
volume methods. The current study is simulated in an Eulerian-Lagrangian
framework governed by the classical equations of mass, momentum, species,
energy and turbulence. Furthermore, this analysis also describes the physics
of fuel spray through a Discret Droplet Model (DDM) approach. This im-
plies that the software provides a Lagrangian approach to capture the liquid
droplet dynamics, spray breakup, heat transfer, evaporation, collision, etc.
However, both the ambient gas and the vapor phase are solved using an Eu-
lerian framework. The different sub-models mentioned above used for this
study are listed in Table 2 and explained in more detail below.
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Figure 2: (Top) Ensemble averaged time traces of piston clearance and pressure at reactive
OP1. Shaded areas denote cycle-to-cycle experimental variations. (Bottom) Injection
strategies for investigated OPs. Respective timings (start of injection/duration) as well as
the pressures and temperatures of each operating condition are also indicated. Adapted
from [3].

A pressure-velocity coupling iteration method known as Pressure Implicit
with Splitting of Operators (PISO) was selected to solve sequentially the
transport equations. Rhie-Chow algorithm [41] is used to prevent the de-
coupling pressure-velocity originated by the location of the transportation
quantities at the center of the cell. The discretization scheme used for com-
puting the convection flux in density, energy, species and passives transport
equations is second-order central difference scheme whereas the first-order
upwind discretization is used for the turbulence. The use of a successive
over-relaxation (SOR) algorithm allows to obtain better numerical stability.
The time-step is controlled by the Courant-Friedrichs-Lewy (CFL) and result
between 10−3 and 10−10 s. Values for velocity-based Courant-Friedrichs-Lewy
(CFL) are below 1 and for viscosity-based CFD below 2.
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Physical Model Specific Model

Turbulence model Viscous One Equation
Heat transfer model O’Rourke and Amsden
Atomization model Modified KH-RT
Spray-wall interaction Wall film
Drag model Dynamic drop drag
Evaporation model Frössling
Fuel impact model NTC collision
Combustion model SAGE

Table 2: Physical sub-models defined for the present study.

3.1.1. Turbulence model

Over the years the use of LES for turbulence modelling has become
widespread. Researchers such as Kakaee et al. [42] demonstrated that al-
though Reynolds Averaged Navier-Stokes (RANS) models were good enough
for capturing overall qualitative flow trends, LES models are more accurate in
estimating velocity magnitudes, flow structures, turbulence magnitudes and
its distribution. Therefore, and with the aim of achieving greater precision
in the results, this work has focused on the use of LES methods in which the
fields are decomposed into a resolved field and a sub-grid field. First of all,
the spatial filtering operation is applied. Then, the unclosed non-linear term
of the Navier-Stokes equation is modeled. If LES decomposition is applied
to the momentum equation, the filtered transport equation looks like:

∂ρ̄ũi
∂t

+
∂ρ̄ũiũj
∂xj

= −∂P̄
∂xi

+
∂σ̄ij
∂xj
− ∂τij
∂xi

(1)

Being the terms with ‘−’ and ‘v’ the filtered quantities obtained through
the Reynolds filtering and Favre-filtering, respectively. The variables of den-
sity (ρ) and pressure (p) are Reynolds filtered, whereas velocity (ui) and
other thermodynamics variables are Favre-filtered to take into account the
compressibility of the fluid [43]. An additional sub-grid model is necessary
to close the τij defined as the stress flux tensor at the sub-grid. σij is the
stress tensor expressed by,

σ̄ij ∼= σ̃ij = µ(
∂ũi
∂xj

+
∂ũj
∂xi

)− 2

3
µ
∂ũk
∂xi

δij (2)
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For this particular study the One-Equation Viscosity Model [44, 45] sub-
grid model has been chosen for the closure. This LES model is characterized
for providing an additional transport equation for the sub-grid kinetic energy.
Furthermore, it should also be noted that sub-grid kinetic energy is used for
modeling the turbulent viscosity. The sub-grid kinetic energy equation is
given by

∂k

∂t
+ ūi

∂k

∂xi
= −τij

∂ūi
∂xj
− ε+

∂

∂xi
(
νt
σk

∂k

∂xi
) (3)

Here the sub-grid kinetic energy is defined as

k =
1

2
(uiui − ūiūi) (4)

The sub-grid stress tensor is modeled by

τij = −2νtS̄ij +
2

3
kδij (5)

being the turbulent viscosity, νt, for the one-equation model denoted as

νt = Ckk
1/2∆ (6)

where Ck is defined as 0.05 [45] for the current analysis but can be ad-
justed by the user if necessary. In this framework, ∆ is considered the grid
filter being the computational cell which determines the size and shape. In
the following study and due to the shape of the mesh, the type of filter will
be a box. The sub-grid dissipation is defined as

ε =
Cεk

3/2

∆
(7)

This sub-grid dissipation can also be tuned by adjusting the constant Cε
in the previous equation. For the present research, the value equals to 1 [44].

3.1.2. Atomization model

For the present study, the conventional and most commonly used method
for simulating disperse liquid sprays known as Discrete Droplet Model Sprays
(DDM) is selected. This DDM approach is based on the injection sub-model
called blob method which injects an initial drop of the size equivalent to the
effective nozzle diameter and that it follows a velocity depending on a mass
flow rate profile. For the atomization process modified Kelvin-Helmholtz
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(KH) and Rayleigh-Taylor (RT) breakup mechanisms [46] are adopted. This
modified version is characterized for not using an ad hoc breakup length
definition. Child drops are consequence of the primary atomization governed
by aerodynamic instabilities (KH model). After that, the secondary breakup
is computed by both KH and RT mechanisms. The code verifies whether the
RT mechanism is capable of breaking the droplet, if not the KH model is in
charge of the breakup.

Kelvin Helmholtz instabilities are due to the slip velocity of the droplet
which split the parent droplet into small ones. The radius rate change of the
parent droplet is associated to the following equation:

dR

dt
=
R−Rc

τKH
(8)

where Rc corresponds to the diameter of the child droplets and the
breakup time is defined as:

τKH =
3.726B1Rc

ΛKHΩKH

(9)

ΛKH and ΩKH are the wavelength and growth-rate of the instabilities,
respectively. B1 is defined as a calibration coefficient and was set at 7 for the
present work.

Kelvin Helmholtz breakup is considered to be inside the stripping regime
whereas the Rayleigh-Taylor breakup is included in the catastrophic regime.
The instabilities caused by the RT breakup model tend to accelerate the
droplets leading them to pulverize the liquid core completely. The above-
mentioned instabilities are described by characteristic time-scale and length-
scale as:

τRT =
Cτ

ΩRT

(10)

DRT = CRTΛRT (11)

Both CRT and Cτ parameters are constants which can be modified accord-
ing to atomization requirements. CRT could increase or decrease to change
the size of the predicted RT breakup radius in the same way as RT time
constant Cτ can be increased to delay RT breakup, or decreased to promote
faster RT breakup. For the present analysis, these time and size constants
have been defined as 1 and 0.1 respectively.
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The dynamic drag model is selected to account the effects of drop distor-
tion due to its velocity relative to the continuous phase. The collision effect
has also been taken into account in this study choosing the faster collision
method, No Time Counter (NTC) of Schmidt and Rutland [47]. After the
collision occurs and based on the conditions at the impact time, the out-
come of the collision can result in bouncing, stretching separation, reflexive
separation, or coalescence [48].

3.1.3. Combustion model

Among all the combustion models available in the literature, the SAGE
model [49] has been chosen for this research. This combustion model stands
out for solving detailed chemistry based on Arrhenius type correlation. The
CFD code is responsible for the transport equations while SAGE model cal-
culates the reaction rates of each primary reaction. For a specific compu-
tational cell and at each time-step, the governing equations for mass and
energy conservation are solved and the species appropriately updated.

The present work gathers the analysis of different chemical schemes in
terms of complexity for n-heptane, which is the surrogate mono-component
chosen as substitute for diesel due to its level of cetane. The main objective is
to determine the effect of the kinetics mechanism in the simulated dynamics
of combustion. Two different mechanisms have been tested for this study.
On the one hand, the one proposed by Liu et al. [50] which consists of 44
species and 112 reactions and was developed specifically for on high-pressure
non-premixed autoignition conditions. On the other hand, a more detailed
mechanism such as that of Seiser et al. [51] was implemented. The mentioned
mechanism consists of 159 species and 770 reactions.

Figure 3 reflects the results of heat release rate (HRR) and integral heat
release (iHR) for Liu and Seiser mechanisms compared to the experimental
data. The analysis of the different chemical schemes has been carried out
for a reference set of operating conditions explained in detail in the Section
2.2. Figure 3 shows that both mechanisms (Liu and Seiser) are close to the
experimental data in terms of iHR, with Liu mechanism being slightly more
precise. As far as HRR is concerned, both mechanisms differ from the ex-
perimental behaviour predicting an ignition about 1 ms later than the value
measured experimentally. Seiser mechanism provides slightly earlier ignition.
In order to elaborate on its ability to describe low temperature combustion
the temporal evolution of formaldehyde (CH2O) was investigated. Figure 4
displays that both mechanisms predict exactly the same start of formalde-
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hyde production. Therefore, the earlier ignition forecasted by the mechanism
of Seiser et al. is not related to CH2O production. Since the differences be-
tween the tested mechanisms proved to be minor, the skeletal mechanism of
Liu et al. [50] was chosen to implement and perform the following analyses
in order to reduce the computational cost.

(a) Integral heat release (b) Heat release rate

Figure 3: Integral heat release and heat release rate as a function of time after the start
of measurement for different chemistry mechanisms.

Figure 4: Formaldehyde mass fraction as a function of time after the start of measurement
for different chemistry mechanisms.

3.1.4. Wall film modeling

There are a large number of researches focused on the study of the physics
behind spray-wall collision, many of which can be extrapolated to real engine
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applications. The spray-wall interaction mainly depends on the spray mo-
mentum and the energy exchange between the spray and the environment,
therefore, the position of the injector in relation to the wall, its inclination
and the operating conditions affect this phenomenon to a great extent [52]. In
the present study and owing to the studied operating conditions (explained
in detail in Section 2.2), the incoming spray experiences a low-density envi-
ronment so the penetration is expected to be higher. As consequence, a large
part of the fuel impinges the wall and creates a thin liquid film. The effect of
incorporating detailed wall film modeling compared to the implementation of
a faster full fuel rebound model proved to be significant both with respect to
the mixing in the near wall region and to the long term integral heat released
during combustion. For these reasons, it is concluded that incorporating film
modeling is necessary for reliable results [53]. Therefore, the present study
includes wall modeling using O’Rourke film splash model based on the Weber
number, film thickness and viscosity.

3.2. Computational domain and mesh. Initial and boundary conditions

For this work, a detailed three-dimensional (3D) model of the RCEM
available at ETH-Zürich was developed. This RCEM has been previously
used in several experimental works [3, 35]. The main objective of this precise
geometry is to accurately reproduce all the effects and behavior of the flow
in order to compare and validate them with the experimental data available.
Figure 5 illustrates each of the parts defined in the domain as well as the po-
sition of the injector used for the generation of the PCCI strategy conditions
which, as mentioned above, is mounted on the perimeter of the cylinder and
inclined 5o with respect to it.

The boundaries of the domain have all been defined as walls and des-
ignated as non-slip conditions and modeled using the Werner and Wengle
wall function. The installation of temperature sensors in the experimental
set-up allows differentiating between two temperatures on the walls. The
upper part of the cylinder, which includes the area of the second injector,
the threaded bores and the pressure switch adapter, is at a temperature of
388 K, while the rest of the walls have a slightly lower temperature of 378
K. The computational domain was defined as a single region filled with air
(77% N2 and 23% O2). The mentioned region has been initialized, in terms
of pressure and temperature, following the specified guidelines corresponding
to each operating conditions defined for this study in the Section 2.2. Tur-
bulence condition is specified by the turbulent kinetic energy with a value of
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1 m2/s2.
The scope of the current work involves transient simulations in order to

simulate the movement of the piston and the compression inside the cylinder
caused by it. The lower part of the geometry, which corresponds to the
moving piston, follows the physical movement displayed in Figure 2. It should
be mention that this motion is identical for the OPs 1, 2 and 4. In order
for this movement to be possible and the flow of fluid within regions to
be controlled/prevented, a seal between the piston skirt and the liner has
been defined. This method creates an unrealistic crevice volume between the
piston and the cylinder liner.

Figure 5: Sketch of the computational RCEM domain used for the CFD simulation.

CONVERGE is a novel program that reduces the time required for the
mesh generation. It automatically generates a perfectly orthogonal, struc-
tured grid at run-time, based on simple, user-defined grid control parameters.
Additionally, an Adaptive Mesh Refinement (AMR) algorithm could be uti-
lized. The use of LES models implies a high dependency on cell size in energy
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modeling. The width of the filter is directly related to the grid resolution and
thus to the AMR algorithm. For that reason, it should be part of the overall
LES methodology to define the reliance of predictions on the filter width.
The final objective of this analysis is to obtain a resolved turbulent energy
above a specified tolerance. This study was carried out and is presented in
the Section 3.3. The choice of the final mesh size and refinements are based
on compliance with the quality criteria explained in the mentioned section.
Figure 6 displays the final configuration for OP1 through two different per-
spectives at 3.7 ms after 190 mm piston clearance. The selected base size is
2 mm. A fixed cone at the outlet of the injector has been defined in order to
make the injection process easier and more precise. Moreover, the walls have
been refined using two boundary layers of 0.5 mm to improve the prediction
in the area. Finally, the AMR technique has been activated based on both
variables: velocity with a criterion of 0.1 m/s as well as temperature with 2.5
K of sub-grid criteria. The minimum cell size takes place inside the cylinder
and has a value of 125 µm. The resulting mesh has a maximum cell count
around 30 million. The sprays are resolved with roughly 300000 parcels and
the total computational cost lies between 32000 and 40000 CPU hours.

3.3. LES quality assessment

The turbulent determination in scale-resolved large eddy simulations (LES)
is strongly influenced by the grid resolution and the modeling of the small
scales. The interest of CFD researchers in the application of LES concepts to
the investigation of in-cylinder flow phenomena has increased over the years.
The implementation of these models requires quality assessment to provide
adequate resolution of the turbulent flow energy and accurate results. The
resolution of the grid is an important factor to take into account since it
not only influences the contribution of the sub-grid scale model, but also the
numerical discretization error. Numerous researchers have combined their
efforts to define quality indexes that determine the numerical and model ac-
curacy [54, 55]. For the ongoing research, the criteria selected to assess the
consistency of the model would be one of the most widespread on the basis
of the viscosity specified by the model of Celik et al. [56].

� Index based on the viscosity : this criterion is based on Equation 12 and
evaluates the contribution relative to the laminar viscosity (υ), the sub-
grid viscosity (υsgs) and the numerical viscosity (υnum) to the quality
assessment. Celik et al. [57] suggested that IQυ values between 0.70
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Figure 6: Mesh details in a vertical cross section and a plane along the injection direction.

and 0.80, which means at least 70% of the turbulent kinetic energy
is resolved, can ensure appropriate LES quality for in-cylinder High-
Reynolds-number flows.

IQυ =
1

1 + αυ(
s∗

(1−s∗))
n (12)

Where s∗, always less than 1, can be defined by Equation 13.

s∗ =
〈υsgs〉+ 〈υnum〉

〈υsgs〉+ 〈υnum〉+ 〈υ〉
(13)

The two constants which appear in Equation 12 have been calibrated
at αυ = 0.05 and n = 0.53 based on DNS outcomes [58]. Typically, the
evaluation of s* requires the calculation of turbulent statistics.
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In the present case, the problem does not have any stationary phase and
due to the computational cost of a single realization, ensemble average is
not practical for this sort of analysis. Therefore, this study has been carried
out in each time-step for the transient simulation. Figure 7 displays one of
the most sensitive moments in terms of quality corresponding to the first
injection where the injected mass is higher than the split injections. The left
side of the image shows the overall quality criterion while the right side of
the image is saturated to indicate quality limits. The criterion proposed by
Celik et al. is fulfilled along the plane of interest. It is also noticed that
in the areas close to the walls the quality of the mesh is higher and this is
related to the near-wall mesh refinement in the axial and both transversal
directions of the spray applied to correctly capture the wall impingement.
There is a small area near the injector where this criterion is not satisfied,
corresponding to the area with the highest velocity in the domain. For such
simulations, agreement has to be reached on the size of the refinement in
order to meet the concentration criteria of the parcels. This, together with
the fact that the interest of the study is the mixing and combustion zone,
this quality has been assumed as suitable for the study.

Figure 7: LES quality assessment based on the viscosity criteria at 3.7 ms after 190 mm
piston clearance represented at plane A-A.

3.4. Validation experiments

The results of this research have been validated with experimental data
obtained previously in the department [3]. Two different campaigns were car-
ried out: reactive and non-reactive. The non-reactive campaign was based
on the influence of multiple injections in the air-fuel mixture. On the other
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hand, the reactive campaign focused on ignition and combustion behavior.
For the non-reactive campaign, the Schlieren and Mie Scattering techniques
were used in combination with a tracer substance at a concentration of 1.5 g/l
(TMPD) PLIF [37]. The reactive campaign was developed with Schlieren,
OH∗ chemiluminescence as well as CH2O PLIF imaging. For both reactive
and non-reactive campaigns, the start of image acquisition was externally
(position) triggered when the working piston reached a distance of 190 mm
to the piston head. All measurements were performed out at 10 kHz repeti-
tion rate. Further details about measurement techniques, characteristics and
configuration can be found in [3].

4. Results

4.1. Jet metrics validation

This section is mainly focused on the validation of the computational
results in terms of jet penetration. The first injection is fast and the op-
tical access limited, so there is no experimental data to validate it. Prior
experimental studies [3, 26, 59] have shown how this first injection modifies
the local flow characteristics, generating higher mixing and longer penetra-
tions of the successive injections. The surrounding gas is accelerated in the
direction of the spray, so the following injections benefit from the momen-
tum and turbulence generated, penetrating further. This effect is known as
slip-stream and may explain why the penetration length of the subsequent
injection event is longer than previous one. However, it should be mentioned
that although this occurs in constant volume chambers (CVC) studies [26, 59]
and is observed here (Figure 8) [3], this behavior does not necessarily appear
in real engine conditions. As long as the injection process occurs during
the compression stroke, the operating conditions are different, with an en-
vironment of higher pressure and density, which together with the chemical
reactions of the first and second impulse counteract the impulse gain and
thus diminish the axial penetration of the spray. The successful prediction of
the complicated spray evolution illustrates the validity of the hydrodynamics
modeling employed in the numerical methodology and proves that mixing
dynamics are accurately calculated in the simulations. It is observed that,
despite correctly capturing the behaviour of the spray and affirming that
the mixing dynamics are correct, there are certain differences between the
computational and experimental results. The reasons for these discrepancies
may be several, but among them the one that stands out is that the pulses
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used and therefore the mass injected is so small that a slight variation in
the acquisition process (data from the experiments) can completely change
the spray. Not only that, but also the experimental techniques use a specific
procedure for the calculation of the spray penetration and, while it is true
that computational attempts are made to reproduce the calculation method,
small discrepancies between techniques can lead to differences in the results.
Experimental variability is notable in studies of this type and although the
search for accuracy is interesting and possibly one of the main objectives of
computational studies, it is not absolutely necessary to seek exact numerical
values but it is also interesting to pay attention to trends, model capabilities
and limitations.

(a) OP1. (b) OP1, OP2 and OP4.

Figure 8: Jet penetration length for 2nd and 3rd in all operating conditions compared to
experimental data.

Figure 8b depicts the temporal evolution of the penetration for both 2nd

and 3rd injection in all the operating conditions studied and compares them
with the respective average over all OPs. The average of all operating con-
ditions has been chosen for comparison since, as demonstrated in [3], the
experimental penetration results obtained did not differ between operating
conditions for the 2nd and 3rd injection. It should be mentioned that the
spray model constants were calibrated using OP1 and used unaltered for
OP2 and OP4. Despite the difference in operating conditions, the evolution
of the penetration length is almost similar for the studied cases. Whereas for
OPs 1 and 4 the behavior is almost identical, especially in the last injection,
OP2 seems to reflect a small difference. For this case (OP2), where the in-
jected mass in the first injection is higher, a larger penetration is observed in
the final instants represented. In addition, the aforementioned “slipstream”
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effect is more pronounced for this operating condition.

4.2. Mixing dynamics

4.2.1. Local mixing phenomena

This section is mainly focused on analyzing the behavior of the local
mixture dynamics in the 2nd and 3rd injection. While for the experimental
analysis several repetitions were performed due to the limited precision of the
single-shot, for the computational case and due to its high computational
cost as mentioned above, the results presented are obtained from a single
sample. Figure 9 illustrates the comparison between the equivalence ratio
maps of the 2nd (upper half) and 3rd (lower half) injection for the reference
OP1 condition. As the second and third injection pulses are identical for
all OPs studied, similar dynamics were expected and also observed for OP2
and OP4, and are therefore not reproduced here. In the same way that was
done experimentally [3], and in order to compare or make a similarity in
the behavior between computational and experimental results, a threshold
of Φ = 0.5 has been applied, thus enhancing the contrast of the spray contour
with the environment (white part in Figure 9).

The mixing fields presented in Figure 9 support the results reported in
Section 4.1. The 3rd injection has a greater penetration because it benefits
from the momentum and aerodynamic effects of the injection that precedes
it. In fact and in spite of having applied the filter corresponding to the equiv-
alence ratio to determine in a clearer way the spray contours, in the lower
half part of the image (3rd injection) there are still some spots of equivalence
ratio probably belonging to the previous injection. At a certain point in the
injection process, 1.08 ms aSOI, the 3rd injection is observed to slow down
as the benefits obtained from the previous injection are damped by the in-
crease in density during the compression stroke. Another interesting effect
observed in the cross-sectional average equivalence ratio profiles is the sharp
drop at the injector tip in the 2nd injection while the 3rd injection shows a
smoother decrease. The predicted drop in the equivalence ratio is associated
with the formation of a stagnation plane which is characteristic of pulsed
jets emerging in a quiescent environment [59]. On the other hand, the effect
of the moderate drop in the equivalence ratio is once again due to increased
mixing at the jet tip due to the effect of the previous injection [60].
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Figure 9: (Left) Comparison of the equivalence ratio Φ profiles of 2nd and 3rd injection for
several time steps after the SOI (Start-of-Injection) of each injection respectively. (Right)

Cross sectional average equivalence ratio ¯̄Φ comparison between the 2nd and 3rd injection.

4.2.2. Global mixing state

For the present analysis, the global mixing state has been studied through
the use of probability density functions (PDFs) of the equivalence ratio.
The maps generated for the different operating conditions are displayed in
Figure 10. Each column of the PDF maps represents the probability of the
equivalence ratio to occur at a certain time step and it is indicated by the
color map in logarithmic scale.

Maps are plotted as a function of time after 190 mm of piston clearance
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Figure 10: PDF maps of the equivalence ratio for all the operating conditions. The color
map in logarithmic scale represents the probability that a given equivalence ratio (y-axis)
occurs at a specific time step (x-axis) after the 190 mm of piston clearance.

so the results before 18.1 ms correspond to the base load of the first injec-
tion. Similar to the experimental results, the mixing at OP1 has a maximum
probability around Φ = 0.5 and minimum or no noticeable contributions be-
yond Φ = 1.2. OP2 presents analogous distributions, but slightly moved to
higher equivalence ratios, Φ = 0.7, due to the doubled length of the base load
injection. These two previous cases (OP1 and OP2) have a similar behavior
to the experimental ones but in OP4 the computational results do not reflect
such a pronounced stratification due to the delay of the first injection. This
seems to demonstrate that fuel-air premixing is computationally faster than
the experiments. After the time of 18.1 ms (0.5 ms aSOI of the 2nd injection),
there is a steep probability structure related to the 2nd injection. This distri-
bution reveals the wide range of equivalence ratio magnitudes of the above-
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mentioned injection, which are rapidly reduced due to the momentum-driven
mixing effect. It is noticed that in OP1 and OP2 the equivalence ratio has
values lower than 2.5, whereas for the OP4 this value is well below, Φ ' 1.5.
After 19.5 ms corresponding to 0.5 ms aSOI of the 3rd injection, equivalence
ratio structures and behavior similar to those mentioned above are observed.

Despite differences between operating conditions in the characteristics of
the 1st injection, resulting in variations in the premixing state inside the
studied volume, the state of the mixture after the third injection does not
appear to differ between conditions. This suggests that it is the two post
injections, identical for all research conditions, that determine the mixing in
the plane of interest. Therefore, it is expected that the differences that might
be observed in the section on ignition and combustion processes are related
to local effects and not at the global mixing level.

4.3. Combustion analysis

4.3.1. Thermodynamic analysis and global combustion metrics

The thermodynamic analysis in the form of integral heat release (iHR)
is depicted and compared to the experimental data in Figure 11. Although
the phenomena of the ignition and the initial part of combustion are com-
plex and difficult to be modeled, the evolution of combustion is captured
successfully for the cases considered. For OP1 and OP4, the simulation
predicts a delay in the ignition process of about 1 ms compared to the ex-
perimental measurement. Whereas in OP2, although there is a small lag in
the CFD data, ignition occurs at similar time with both approaches. The
trends of the iHR curves agree with the experimental ones in the case of
OP1 and OP2. Whereas, simulation of OP4 shows computationally a steep
slope of the heat release value. Capturing the exact ignition evolution ac-
curately for all cases under study is an extremely difficult task considering
the interplay of turbulence, spray dynamics, evaporation and chemistry. On
top of it, computational feasibility necessitates modeling with many assump-
tions and adjustable constants. The existence of the mismatches between
computational and experimental results could not be easily attributed to a
specific source of uncertainty in the modeling process. The limitations of the
chemical mechanisms at the low temperature limit and their inaccuracy in
predicting CH2O production early enough during the low temperature com-
bustion regime (both mechanisms were developed for general purpose use)
render them a strong candidate for the source of discrepancy.
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(a) OP1 (b) OP2

(c) OP4

Figure 11: Thermodynamic analysis using the integral Heat Release (iHR) for all the
operating conditions.

The accumulated heat release is far below the level of injected energy
in all the OPs, where injected energy is defined as the total mass injected
multiplied by the calorific value of the fuel. In the case of OP1, the mass
of fuel burnt (MFB) differs from the experimental result of 66%, in absolute
value, by about 1%. On the contrary, OP2 and OP4 report a higher compu-
tational MFB value, showing an absolute difference of 7% in the case of OP2
(55% experimental MFB) and 10% in OP4 (75% experimental MFB). OP2
injects the double mass in the first injection compared to OP1, resulting in a
richer mixture so that the absolute amount of fuel burnt is higher. The OP4
has a later first injection which results in a less homogeneous mixture when
the second injection starts. This leads to the post injections (2nd and 3rd)
encountering a richer mixture resulting in a larger MFB and a steeper iHR.
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4.3.2. Ignition characteristics

The ignition process and the effect of multiple injections on mixing have
been analyzed by a sequence of time-lapse images representing the mixture
mass fraction of each injection separately and the mass fraction of CH2O pre-
sented in Figure 12. In the experiment, the fuel distribution was measured
by means of LIF, providing spatial information of the variable itself. In the
simulation, in addition to evaporating to the fuel scalar, the corresponding
source term due to evaporation has also been provided to three passive trans-
ported scalars, namely three mixture fractions, one for each injection event.
This allows for discerning the fuel stemming from each one of the pulses in
the overall distribution. The outcomes of this analysis are displayed in the
plane of interest, parallel to the injection axis, at the same global time which
has been displayed relative to each injection, aSOI of the 2nd injection in
green (aSOI2) and aSOI of the 3rd injection in black (aSOI3), in the three
operating conditions treated (OP1, OP2 and OP4). The mixture fraction
corresponding to the 1st injection is shown in yellow, the 2nd injection in
green and finally, the 3rd injection in white. In addition, the mass fraction
of formaldehyde is represented in red and is a good indicator of the ignition
process. The first and most outstanding difference between the three OPs
is the distribution of the mixture fraction corresponding to the 1st injection.
Considering the characteristics of each of the OPs, OP2 injects the first shot
at the same time as OP1 but the injection time and thus the amount of mass
injected is longer. On the other hand, OP4 has the same injected mass but
this first shot occurs very close to the post injections. Both OP1 and OP2
have enough time to carry out a homogeneous mixing throughout the study
volume, while OP4, on the other hand, has very close injections in time to
each other, which makes it impossible for the mixing to be comparable to
the other OPs.

Regarding OP1, the first early injection impinging the walls at high veloc-
ity thus distributing the fuel throughout the volume and generating a uniform
concentration with similar values observed near the walls and in the centre
of the cylinder. It is observed that the first spots of a noticeable CH2O mass
fraction can be seen in a diffuse form at time 2.08 ms aSOI2 and brighter
at 2.18 ms aSOI2 while experimentally the first samples of formaldehyde are
found at time 1.4 ms aSOI2 [3]. Therefore, as seen in the Section 4.3.1, the
ignition process in the computational case takes place at a later time than
experimentally. At this time, the mixture and thermodynamic state seem
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Figure 12: Time-resolved ignition dynamics. Superimposed mixture fraction of each injec-
tion, first injection (yellow), second injection (green) and third injection (white) together
with mass fraction of CH2O. Numbers below the image denote the time aSOI of the sec-
ond injection in green and the third injection in back.
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to be optimal to enhance the LT ignition which initially occurs in the mass
fractions corresponding to the 1st injection and which are located in the
cylinder surrounds. Microseconds later, at 2.28 ms aSOI2, the concentration
of formaldehyde becomes significant in pockets of fuel injected either during
the second injection or in the areas of mixing of the 2nd and the 3rd injections.
The temperature is still low in these areas so the high temperature combus-
tion has not been achieved yet. Formaldehyde generation increases with time
until at 2.78 ms aSOI2 when the first high temperature combustion occur-
ring spots appear. At the final stages of the process, the fuel concentrates in
the near wall region because the first injection undergoes high temperature
combustion as well. These high temperature spots appear mainly at the tip
of the 3rd injection and later, at the final stages of the process.

The behavior of OP2 is similar to that described above. In this operating
condition, there is also a concentration of fuel near the walls belonging to
the first injection. As in the experimental case, the appearance of the first
formaldehyde spots occurs at a later time than in OP1, in this case 0.2 ms
later. This effect may be due to a lower compression ratio in OP2 which
causes a slower temperature rise inside the cylinder. On the other hand, the
duration of the first injection leading to a higher mass injection results in
richer mixtures so that the equivalence ratio is high and the temperature
is too low to start LT oxidation. The first signs of CH2O mass fraction
come in areas corresponding to mixture fraction of the 1st and 2nd injections
and later extend to areas belonging to the 3rd injection. The temperature
remains at low values until the first signs of high combustion temperatures
emerge at 2.88 ms aSOI2. In the time sequence presented, for this operating
condition, the time of the start of combustion is not visible. Following the
same behavior as OP1, the first hot spots appear near the tip of the 3rd

injection and quickly spread all over the spray and the areas near the walls.
Finally, with respect to OP4, what stands out in this sequence of images

is the difference in the mixing pattern where the proximity between the 1st

and the two consecutive injections means that there is not enough time to
promote a homogeneous mixture similar to those seen previously in OP1 and
OP2. This closeness between injections may cause the 2nd jet to entrain
less fuel in the upstream regions of the spray, so that the equivalence ratio
remains below the LT ignition limit. In fact, the first samples of CH2O
product of LT oxidation reactions appear mainly in the mixture fraction of
the 1st injection accumulated in areas close to the wall where the impingement
of the mentioned injection takes place. This happens at 2.18 ms aSOI2, but
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quickly this formaldehyde formation spreads to areas at the tip of the 2nd

injection first and to the whole jet later. The temperature at this time is
low and it is not until 2.78 ms aSOI2 that the first signs of high temperature
combustion appear at the tip of the 3rd injection. Soon, as in the previous
cases, the high temperatures spread to the other areas of the studied volume.

5. Conclusions

This research is mainly based on the study of the influence of multiple
injection strategies on the mixing, ignition and combustion processes in a
RCEM under PCCI relevant conditions. The effects of turbulence, which
are important in this type of approach, have been characterized by LES
approach. The split injection strategy consists of a main injection at the
beginning of the compression stroke followed by two short injections near
TDC, and it is used to generate the stratification and mixing conditions
required by the novel PCCI combustion model. Despite minor differences
in the overall equivalence ratio or compression ratio between the operating
conditions studied, variations in local fuel-air mixing as well as ignition and
combustion behavior were observed. The main findings of the analysis focus
on the short double injection and are summarized below,

� The implementation of high fidelity simulations where turbulence is
addressed from LES models allows accurate prediction of spray de-
velopment and mixture formation during the injection process. The
mentioned precision of the results has been ensured by meeting the
viscosity-based quality criterion proposed by Celik in which the re-
solved energy of the system is greater than 70% of the total.

� Validation of the jet metric demonstrates that in consecutive injections
the first one modifies the local flow characteristics which has an impact
on the next injection. This second injection has a higher mixing rate
promoted by the momentum and turbulence generated by the previ-
ous injection, resulting in longer penetration. It is also observed that
this effect is mitigated as the conditions inside the cylinder change.
The increase, albeit small, in density during the compression stroke,
in addition to the chemical reactions of the first and second pulses,
counteracts the momentum gain. However, in the local mixing state
study it was observed that there is a moderate drop in the equivalence
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ratio in the subsequent injection compared to a sharp drop in the first
injection which ensures an increase in mixing at the jet tip due to the
effect of the multiple injections.

� From the global mixing state analysis, it was determined that the mix-
ture at the end of the post-injections was similar in all the operating
conditions studied despite the difference in the characteristics of the
main injection. Thus, it seems that the overall mixing state is domi-
nated to a greater extent by the post-injections, which are identical in
all the operating strategies studied.

� The ignition analysis reveals how the OP1 and OP2, due to their early
main injection in the compression stroke, allow a more homogeneous
mixture to be generated in the cylinder before the post injections take
place than the OP4. The time between the main injection and the
post-injections in the latter operating condition (OP4) is shorter, thus
allowing reduced time for the mixing process and generating a less
homogeneous overall state than the other two tested conditions (OP1
and OP2). The presence of formaldehyde, related to combustion at LT,
takes place at similar times in OP1 and OP4 while in OP2 a delay of
about 0.2 ms is observed due to the difference in compression ratio of
this operating strategy. High temperature combustion tends to begin
initially at the tip of the 3rd injection in all OPs and quickly spreads
throughout the spray and to areas close to the walls.

In summary, the conducted research demonstrates how small changes in
the operating strategy have a significant influence on the local state of the
mixture and thus on the overall efficiency and performance of the engine. It
is therefore proposed as future studies to analyze these same strategies using
a real engine geometry in which air movements such as swirl and tumble, air
motions that can influence the mixture and global efficiency, are considered.
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Abbreviations

AMR Adaptive Mesh Refinement

BDC Bottom Dead Center

CFD Computational Fluid Dynamics

CFL Courant-Friendrichs-Lewy

CI Compression Ignition

CVC Constant Volume Cell

DDM Droplet Discrete Model

EGR Exhaust Gas Recirculation

HCCI Homogeneous Charge Compres-
sion Ignition

HRR Heat Release Rate

ICE Internal Combustion Engine

iHR Integral Heat Release

KH Kelvin-Helmholtz

LES Large Eddy Simulation

LTC Low Temperature Combustion

NTC No Time Counter

OP Operating Point

PCCI Premixed Charge Compression
Ignition

PDF Probability Density Function

PISO Pressure Implicit with Splitting
of Operators

PLIF Planar Laser Induced Fluores-
cence

RCEM Rapid Compression Expansion
Machine

RT Rayleigh-Taylor

SI Spark Ignition

SOR Succesive Over-Relaxation algo-
rithm

TDC Top Dead Center

UHC Unburned Hydrocarbons
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phenomenological explanation of the autoignition propagation under
HCCI conditions, Fuel 206 (2017) 43–57. doi:10.1016/j.fuel.2017.05.075.
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Appendix A. Adaptive Mesh Refinement (AMR) study

The proper grid resolution study as it is known in the literature refers to
is the standard procedure in RANS. However, in LES, significant differences
are expected every time the grid is refined since the scales of the resolved
turbulent structures are dependent on the turbulence resolution length scale
or filter width ∆e(x) which is directly related to the grid resolution dxk (the
mesh is the filter in the current approach). That is why, other approaches
were developed and are currently employed in the present research, such as
the criteria established by Celik et al. Despite this, and in order to see the
influence of the mesh on the results, a mesh sensitivity study was carried out
using three different cases:

� Case 1 : Base size: 2 mm; Embedding: 3 levels; Minimum size: 0.250
mm.

� Case 2 : Base size: 2 mm; Embedding: 4 levels; Minimum size: 0.125
mm.

� Case 3 : Base size: 1 mm; Embedding: 3 levels; Minimum size: 0.125
mm.

Figure Appendix A.1: Analysis of the influence of the Adaptive Mesh Refinement (AMR)
for the reference operating condition OP1.
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Comparing the macroscopic variable of penetration, there are visible dif-
ferences between the three cases analyzed. The one with the lowest refine-
ment (2 mm of base size and 3 levels of refinement) has a higher injection
velocity, penetrating faster and evaporating less fuel. This causes, as shown
in Figure Appendix A.1, a much earlier impact with the wall. Further-
more, if one looks at the mixture fraction contours and the particle velocity,
the above statement is again corroborated. It can also be noticed in Fig-
ure Appendix A.2 that the spray aperture in case 1 is much smaller and
reflects less turbulent structures than cases 2 and 3. If computational cost
is compared, the high resolution setup has minimum cell size of 125 µm
and maximum cell count around 30 million. The sprays are resolved with
roughly 300.000 parcels and the total computational cost lies between 32.000
and 40.000 CPUhours. The low-resolution setup has a minimum cell size of
250 µm and maximum cell count around 9 million. The computational cost
for this case is below 10.000 CPUhours. The complex local interactions be-
tween physical and chemical processes dictates the use of high resolution for
the production runs. These expensive calculations offer deep insights into the
detailed evolution of phenomena that cannot be measured with experimental
techniques and hence the information extracted is valuable.

Regarding the cases with the same minimum cell size (case 2 and case
3 ), it can be observed that penetration has similar trends in both cases with
cumulative errors of less than 4% and the spray shape as well as the particle
velocity show similar results. In this particular scenario, offering similar
results and with the aim of saving computational cost as these studies require
a high computational capacity, the choice to carry out the study has been
case 2 (2 mm of base size and 4 levels of refinement).
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(a) 2 mm; 3 emb (b) 2 mm; 4 emb (c) 1 mm; 3 emb

Figure Appendix A.2: Mixture fraction and particle velocity for the three different ana-
lyzed cases at t = 0.0815 ms for the reference operating condition OP1.
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